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ABSTRACT 

Vertebrates like urodele and teleost have an enhanced capacity for regeneration, 

when compared to mammals.  Recently, the teleost zebrafish (Danio rerio) has 

become a popular model for studying regenerative events, due to the ability to 

regenerate multiple organs such as the fin and the heart, and the diverse genetic 

approaches available for functional studies.  In my thesis studies, I have used the 

zebrafish caudal fin as a model system to understand molecular and cellular 

mechanism of appendage regeneration.  

Pharmacological and genetic studies have revealed that Fgf signaling is 

important for appendage regeneration.  To dissect the mechanism of Fgfs during 

zebrafish fin regeneration, lab colleagues and I have generated and utilized 

transgenic animals in which Fgf signaling can be experimentally increased or 

decreased.  Through these transgenic studies, I found that position-dependent 

Fgf signaling directs regenerative growth and blastemal proliferation.  Proximally-

amputated fin regenerates grow at higher rates than the distally-amputated, 

owing to position-dependent amounts of Fgf activity.  Further studies using new 

transgenics have provided an understanding of mechanisms by which Fgfs 

influence epidermal regulation of the blastema.  Loss- and gain-of-function 

studies of Fgfs reveal that Fgf signaling both positively and negatively regulated 

shh expression in the epidermis to maintain blastemal function. 
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During the fin regeneration process, pigmentation pattern is re-established 

as along with bone structures and connective tissues.  While the lineage of the 

blastema is not precisely clear, pigment cells in the fin regenerates are thought to 

be derived from melanocyte stem cells.  Therefore, melanocyte regeneration is 

an informative system to understand the mechanism underlying regulation of 

adult stem cells during regeneration.  As part of my thesis studies, we generated 

transgenic animals in which ectopic Ras expression can be experimentally 

induced.  Transgenic studies, combined with pharmacological approaches, have 

revealed that Ras controls self-renewal of melanocyte stem cells during fin 

pigment regeneration. 
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CHAPTER 1. BACKGROUND AND INTRODUCTION 

1.1 Vertebrate model systems for studying regeneration 

Regeneration is a dynamic developmental process in which adult animals 

reconstruct body parts lost or damaged by injury.  The regeneration of major 

tissues has been an intriguing subject of scientific question for a long time due to 

its spectacular nature.  In addition to its fascinating biology, the study of 

regeneration can provide therapeutic strategies to replace tissue within damaged 

or aged organs.  Currently, most studies relevant to regenerative medicine have 

focused on methodology to isolate stem cells from embryonic or adult organs, or 

to reprogram differentiated cell types as a means of creating stem cells in vitro.  

However, to fully understand the regeneration process in the context of 

biomedical interests, in vivo studies using animal model organisms with 

enhanced regenerative capacity are obligatory.  This is because a complex 

network of molecular cascade in diverse cell types is necessary to precisely 

complete regeneration (Nakatani et al., 2007; Sanchez Alvarado and Tsonis, 

2006).  

Regeneration has been studied in invertebrate animals for more than 300 

years (Galliot and Schmid, 2002).  The most commonly used invertebrate model 

systems for regeneration are the dipoblast, hydra (Hydra vulgaris) and the 

tripoblast, planarians (Schmidtea mediterranea).  Hydra is the first model 

organism in which the regeneration process was formally described (Lenhoff and 

Lenhoff, 1744).  After amputation of the head parts of the animals, regeneration 
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proceeds without cell proliferation (Holstein et al., 1991), suggesting that its 

regenerative strategy involves remodeling of pre-existing tissue into new 

structures, instead of de novo cell proliferation.  Freshwater flatworm planarians 

have been another classic model of animal regeneration for more than 100 years 

(Reddien and Sanchez Alvarado, 2004).  Unlike hydra, planarians regenerate 

injured body parts through the formation of the blastema, which arises from the 

proliferation of the somatic stem cells known as neoblasts (Newmark and 

Sanchez Alvarado, 2002).  With successful RNAi screening, molecular 

mechanisms of planarian regeneration are now being elucidated (Sanchez 

Alvarado and Newmark, 1999).  Although the most powerful genetic tool, fruit fly 

(Drosophila melanogaster) has a relatively limited regenerative capacity, its larval 

imaginal discs represent an attractive genetic model for regeneration (Sustar and 

Schubiger, 2005). 

Several vertebrate species have amazing regenerative capacities.  

Urodele amphibians like newts and salamanders are the most remarkable ones 

in this respect.  They can regenerate multiple missing body parts including limbs, 

tail, brain, spinal cord, retina, and heart muscle (Tsonis, 2000).  Most tissue 

regeneration processes in the amphibian system are thought to be mediated by 

cellular dedifferentiation or transdifferentiation (Sanchez Alvarado and Tsonis, 

2006).  For example, after amphibian limb amputation, the exposed mesenchyme 

is covered by wound epithelium.  Then, differentiated tissues are thought to 

dedifferentiate toward formation of a mass of highly-proliferative, undifferentiated 
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mesenchymal cells called a blastema.  Similarly, lens regeneration in the newt 

occurs by dedifferentiation of the pigment epithelial cells at the dorsal iris (Del 

Rio-Tsonis and Tsonis, 2003).  In addition to cellular dedifferentiation processes, 

stem cells are reported to be involved in regeneration of appendages and central 

nervous system structures (Beck et al., 2003; Echeverri and Tanaka, 2002a; 

Morrison et al., 2006).  

Although urodele amphibians are regarded as champions of the 

regeneration process, obstacles of laboratory breeding and limited genetic 

approaches have hindered further understanding of its molecular and cellular 

mechanisms.  Teleost fish like zebrafish (Danio rerio) also possess high 

regenerative capacity in many tissues.  Unlike amphibian biology, zebrafish 

biology can be accessed by powerful genetic tools like forward mutant genetic 

screening and transgenesis (Grunwald and Eisen, 2002; Poss et al., 2003; 

Stoick-Cooper et al., 2007a).  Compared with urodele amphibians and teleost 

fish, regenerative capacity of the mammals is very limited.  However, tissue 

homeostasis by multipotent stem cells maintains a continuous replacement of 

damaged tissues with new ones in specific cell types, such as blood and 

olfactory neurons in the brain (Gritti et al., 2002; Morrison et al., 1995).  Studies 

of tissue regeneration using diverse model organisms have uncovered unique 

cellular and molecular mechanisms of regeneration process in distinct animal 

species.  Revealing the differences between healing in mammals and other 

vertebrates or invertebrates could help understand why regeneration is possible 
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in some animals but not in others. Furthermore, research into the molecular basis 

of this key difference could illuminate therapies for traumatic injury or 

degenerative disorders in humans. 

 

1.2  Zebrafish caudal fin as a model system 

The zebrafish is steadily gaining popularity among those interested in 

regeneration.  Zebrafish are amenable to genetic approaches, such as 

mutagenesis screening, microarray analysis, positional cloning, and effective 

knock-down involving transgenesis or morpholinos (Thummel et al., 2006a).  

Moreover, they are easily maintained in a laboratory setting, with small size, 

short generation time, and large clutches.  Above all, zebrafish can regenerate 

multiple organs like fins, eye structures, spinal cord, pancreas and heart (Moss et 

al., 2009; Poss et al., 2003; Poss et al., 2002b; Qin et al., 2009; Reimer et al., 

2008).  Among those tissues able to regenerate, the fin is most broadly studied.  

Although all 5 fins of zebrafish can regenerate, the caudal fin is the most 

frequently used to study regeneration, due to its large size, accessibility to 

amputation, symmetric structures and characteristic pigment stripes.  

Furthermore, fins have a relatively simple organization of different cell types.  

The caudal fin is primarily comprised of epidermal tissues and segmented bony 

rays composed of concave hemirays.  Hemirays consist of multiple bone 

segments joined by ligaments and connective tissues. The rays are formed by 

direct mineralization of matrix secreted by scleroblasts surrounding each 
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hemirays.  Nerves, blood vessels, pigmented cells and fibroblast-like cells are in 

the space between the hemirays (Poss et al., 2003).  Zebrafish fins continuously 

grow through the sequential addition of segments to the end of the fin ray 

(Johnson and Bennett, 1999).  

Like appendage regeneration of newts and salamanders, zebrafish fin 

regeneration is driven by the blastema, a mass of undifferentiated mesenchymal 

cells (Figure 1A).  During newt limb regeneration, it appears likely that cellular 

dedifferentiation plays a major role in forming the blastema. However, although 

the blastema of zebrafish fin regenerate is thought to represent undifferentiated 

progenitors, the origin of these progenitor cells is unclear.  

Within the first few hours following injury, cells migrate to cover the wound 

area with a thin epidermal layer (Figure 1B).  This process occurs without cell 

proliferation and does not require vascularization (Bayliss et al., 2006; 

Nechiporuk and Keating, 2002; Santamaria et al., 1996).  The molecular 

mechanism of this process is unclear.  By 24 hours post amputation (hpa), 

fibroblasts and scleroblasts in the mesenchyme disorganize and migrate to settle 

below the wound epidermis to form the blastema.  A single layer of cuboidal 

epithelial cells within the epidermis is suspected to be the source of regulators 

stimulating blastemal formation and maintenance. Diverse molecular factors from 

wound epidermis were discovered to regulate blastemal function;  such  as Fgf, 
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Figure 1. Zebrafish caudal fin regeneration  

(A) Images of 3 dpa whole-mount zebrafish fins (33OC) stained for BrdU (red) 

and H3P (green). White dotted line indicates the blastema, highly-proliferative 

mesenchymal cells. (B-F) An amputated caudal fin undergoes rapid regeneration 

following amputation, competing most of the process by 15 dpa (26-28OC).  (B) 

After amputation, stump of the epidermis cover the wounded area 1 dpa. (C) The 

formation of the blastema is followed by wound healing stage and its proliferative 

activity reaches the highest at 3-4 dpa during the process.  (D) Regenerative 

outgrowth is led by the blastema with patterned bone structure from around 5 

dpa.  Pigment cells commence to emerge in the fin regenerates (red circles).  (E) 

At 10 dpa, the number of the pigmented melanocytes is increased and 

regenerative structures continuously outgrow.  (F) Regenerative growth is mostly 

completed and the pigment stripe pattern is re-established.  
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Shh, Wnt5b and Lef1 (Lee et al., 2009).  From 2-4 dpa, the regenerating fins 

begin to renew bone structures (Figure 1C). The blastema matures during this 

phase of regenerative growth and proliferates vigorously while scleroblasts 

secrete the matrix forming new bony lepidotrichia (Geraudie and Singer, 1992; 

Mari-Beffa et al., 1996; Santamaria et al., 1992).  Pigmented melanocytes are 

observed scattered throughout the regenerate starting around this stage (5 dpa; 

Figure 1D).  As pigmented melanocytes differentiate from melanocyte stem cells 

independent of the blastema, regulation of melanocyte emergence is likely to be 

distinct from blastemal formation or regenerative outgrowth of fin rays (Rawls and 

Johnson, 2000).   Pigment cells continue to enrich the regenerate during 

regenerative outgrowth through 10 dpa (Figure 1E).  By 15 dpa, the regeneration 

of the caudal fin structure is completed, with the fin recovering its original size 

and shape (Akimenko et al., 2003; Poss et al., 2003; Stoick-Cooper et al., 2007a) 

and most of the melanocytes arranged within stripes (Figure 1F).  Full stripe 

pattern of the fin regenerates is re-established by 30-40 dpa.  

 

1.3 Positional memory in appendage regeneration 

One of the most fascinating aspects of appendage regeneration of urodele and 

teleost animals is the recognition and replacement of only those structures 

removed by injury.  This phenomenon called positional memory has been studied 

most in the regenerating newt or axolotl limb.  Regulation of regenerative growth 
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rate is an important component of positional memory during limb regeneration. 

For instance, when a salamander is given an upper arm amputation on one limb 

and a digit level amputation on the other, regeneration of both limbs is completed 

in approximately the same time period (Spallanzani, 1768).  Therefore, the 

greater amount of tissue is amputated, the faster the regeneration growth rate is.  

This position dependent growth rate phenomenon has been observed in many 

other regenerative species, including teleosts goldfish, killifish, and gourami, and 

invertebrates like sea stars (Morgan, 1906; Tassava and Goss, 1966).  This 

evolutionary persistence suggests that position-dependent growth rate plays a 

fundamental role in the process of regeneration mechanism.  

To elucidate the mechanisms of position-dependent growth rate, various 

studies have been attempted over the past several decades.  One example was 

to identify morphologic factors that distinguish proximally amputated regenerates 

from distally amputated regenerates. During lizard tail regeneration, stump 

diameter showed no consistent correlation with regenerative growth rates, 

although proximal regenerates with faster growth rate usually have greater stump 

dimensions after amputation (Tassava and Goss, 1966).  Moreover, young 

salamanders with smaller limbs can regenerate considerably faster than older 

animals with large limbs (Goodwin, 1946).  In other studies, Maden (1976) found 

no differences in proliferation characteristics between the proximal and distal 

axolotl limb blastemas.  Similar studies show that growth rate differences were 

not observed in initial formation of the salamander limb blastema, but instead the 
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differences in growth rates were greatest during later morphogenesis and 

differentiation phases (Iten and Bryant, 1973).  Diverse morphological studies 

using salamanders have pointed out useful correlations between anatomy and 

growth rate. 

Although there has been little molecular definition of the underlying 

regulation responsible for position-specific regenerative properties, past and 

recent studies of limb regeneration using urodele and teleost animals have 

suggested molecules involved in maintenance of positional identity.  First, 

treatment of a wrist level axolotl blastema with retinoic acid (RA) stimulates 

regeneration of more proximal structures (Crawford and Stocum, 1988; Maden, 

1982).  Furthermore, direct measurements of RA in limb regenerates indicate a 

blastemal gradient, with higher RA levels in more proximal blastemas as 

compared to distal (Scadding and Maden, 1994).  These findings indicate that 

RA levels are important in determining position in blastemal cells.  In the 

regenerating zebrafish fin, RA treatment can lead to ray fusion, distalizing the 

bifurcation point of fin rays (Laforest et al., 1998; White et al., 1994), suggesting 

that fin regenerates might be proximalized to some extent by RA.  The second 

molecule implicated in positional memory is CD59, a membrane-localized protein 

whose expression is graded along the PD axis and regulated by RA in the 

amphibian limb.  When CD59 function is blocked in blastemal explant cultures, 

proximal blastemal behavior - engulfment of distal blastemal explants - is 

inhibited (da Silva et al., 2002).  
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The zebrafish caudal fin has become popular as a model system for 

regeneration studies, due to its easy manipulation of tissue and visualization of 

the regenerative events (Grunwald and Eisen, 2002; Poss et al, 2003).  

Furthermore, diverse molecular genetic analyses have provided functional 

studies to facilitate dissection of classic developmental problems like 

regeneration.  Analyses of biological phenomenon involved in zebrafish fin 

regeneration, along with functional studies will help understand the molecular 

and cellular mechanisms of positional memory during appendage regeneration.  

 

1.4 Epidermal regulation of blastemal proliferation 

The blastema is a mass of undifferentiated progenitor cells driving appendage 

regenerative process of urodele and teleost animals.  To replace complex tissues 

of appropriate shape, size, and function, the blastema is subject to 

exquisite regulation by multiple surrounding influences.  Diverse studies using 

urodele and teleost animals have revealed that the appendage blastema is 

rapidly cradled within a diverse environment that promotes regenerative 

morphogenesis.  For example, the extracellular environment is important not only 

for cellular scaffolding but also for tethering and release of growth factors during 

appendage regeneration (Vinarsky et al., 2005).  Innervation is another required 

process as a source of blastemal mitogens in regeneration (Geraudie and 

Singer, 1985; Singer, 1952; Singer and Craven, 1948). In newts, AG protein is 

released by nerves, stimulates proliferation of cultured blastemal cells, and is 
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also sufficient when introduced by plasmid electroporation to rescue regeneration 

of the limb after denervation and amputation (Kumar et al., 2007).  Furthermore, 

the blastema is neovascularized soon after its formation, a process necessary to 

support its growth (Bayliss et al., 2006; Huang et al., 2003; Rageh et al., 2002).  

One important example of blastemal regulation by neighboring tissue is a 

multi-layered epithelium that covers the amputation injury stump in wound 

healing stage (Figure 1B).  As previously introduced in this chapter, this wound 

epidermis interacts with and guides the blastema during growth, patterning, and 

differentiation.  This regeneration epidermis synthesizes various secreted factors 

to mediate this interaction with the blastema.  Both classic and recent studies 

have indicated that signals released by the overlying regeneration epidermis 

controls or contributes to proliferation of the blastema.   

Previously, lab colleagues and I found evidence that signaling by 

Fibroblast growth factors (Fgfs) active in the regenerating epidermis regulates 

blastemal proliferation during zebrafish fin regeneration, using pharmacological 

and genetic tools (Poss et al., 2000; Lee et al. 2005).  Transcription of Fgf target 

genes like mkp3, sef, and spry4 is detectable in the wound epidermal cell, and 

the Fgf receptor (Fgfr) subtype fgfr1 is expressed in subpopulations of blastemal 

and epidermal cells during regenerative outgrowth.  Moreover, a mutagenesis 

screen identified fgf20a as responsible for blastema formation in the zebrafish.  

Expression of fgf20a is near the epithelial-mesenchymal border prior to blastemal 

formation (Whitehead et al., 2005).  Another Fgf ligand, fgf24 is transcriptionally 
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detectable in the distal epidermal basal layer, implying epidermal regulation of 

the blastema by Fgf signaling.   

Expression of shh is detected in the proximal region of the basal layer of 

the epidermis, where new bone deposition occurs in regenerating fins.  

Treatment of cyclopamine, an inhibitor of the hedgehog signaling component 

Smoothened, blocks blastemal proliferation and fin regeneration.  Conversely, 

ectopic expression of shh in the blastema promotes excess bone deposition and 

mispatterning of the fin regenerate, suggesting that Shh signaling in the basal 

epidermis is essential for the proliferation and differentiation of bone-secreting 

cells during the regeneration process (Laforest et al., 1998; Quint et al., 2002).  

Moreover, recent studies show that Bmp is expressed in the epidermis as well as 

scleroblasts.  Experiments using overexpression of chordin, an inhibitor of Bmp 

signaling, demonstrates that Bmp may be required for both blastemal 

proliferation and bone doposition (Smith et al., 2006) 

The canonical Wnt ligand, wnt10a and lef1, a target transcription factor 

involved in Wnt/β-catenin signaling, are also expressed in the basal epidermal 

layer of fin regenerates (Poss et al., 2000a; Stoick-Cooper et al., 2007b).  Loss-

of-function studies for canonical Wnt/β-catenin signaling using a transgenic 

reagent which overexpresses Dkk1, an inhibitor of Wnt/β-catenin signaling, or 

Dkk1-expressing adenovirus infection, demonstrate that wound epidermis failed 

to complete its normal formation, although cells migrate to cover the wound area 

in wound healing stage (Kawakami et al., 2006; Stoick-Cooper et al., 2007b). 
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Conversely, Wnt8 overexpression increases the cell proliferation during 

regenerative outgrowth.  Interestingly, the noncanonical Wnt ligand, wnt5b, is 

also expressed in the wound epidermis of zebrafish fin regenerates by 12 hpa 

(Poss et al., 2000a).  Functional studies with a wnt5b-overexpressing transgenic 

reagent demonstrated that ectopic expression of Wnt5b inhibits β-catenin target 

gene expression and cell proliferation, and leads to complete regeneration 

failure.  In addition, zebrafish carrying a mutation in wnt5b (ppt) regenerate at a 

faster growth rate than wildtype animals, suggesting that noncanonical wnt5b in 

the basal epidermal tip plays a negative role in zebrafish fin regeneration (Stoick-

Cooper et al., 2007b).  

  As introduced above, many studies have revealed the function of 

several molecules in the wound epidermis, using approaches to analyze gene 

expression and knock down gene function.  However, it is important to elucidate 

how these various molecules interact, and in which cell types, as regeneration is 

undoubtedly a complex network of cellular and molecular events.  A favorable 

system for dissecting this regulatory network in the epidermal niche is the 

regenerating zebrafish fin, as the system has relatively simple and distinct 

compartment of epidermis and mesenchyme  (Figure 2).  Moreover, several 

transgenic fish in which the activity of epidermal regulators can be experimentally 

altered are available for adult fin regeneration studies, as well as 

pharmacological materials (Laforest et al., 1998; Lee et al., 2005; Poss et al., 

2000a; Quint et al., 2002; Stoick-Cooper et al., 2007b).  The combined studies 
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Figure 2. Regulation of blastemal proliferation by wound epidermis  

(A) Images of 4 dpa whole-mount zebrafish fins (26-28OC).  Red line indicates 

the longitudinal section plane for dissecting cellular structures of fin regenerates.  

(B) Representative image of longitudinal section of 4 dpa fin regenerates (A). 

WE: wound epidermis (yellow line); B: blastema (red circle); S: scleroblast.  
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with diverse functional approaches will ensure to provide a novel understanding 

of how the epidermal factors reciprocally interact to guide the blastema and fin 

regeneration. 

 

1.5 Melanocyte regeneration in zebrafish fins 

Regenerative medicine is a conventional therapeutic strategy for highly 

renewable tissues like blood and skin, but remains a challenging and distant goal 

for the many human organs with poor regenerative capacity (Gardner, 2007). 

The promise of regenerative medicine is represented by the possibility of 

discovering multipotent stem cells, which can be manipulated to replace 

damaged tissues and organs to new ones. Current attention is focused on 

methodology to isolate stem and progenitor cells from embryonic or adult organs, 

or to reprogram differentiated cell types as a means of creating stem cells. While 

the promise of stem cell therapy is enormous, we know little about how stem and 

progenitor cells can be effectively coaxed into restoring complex tissues of 

correct size, pattern, and function after organ damage.  Therefore, understanding 

of how adult stem cells are regulated to regenerate relevant tissues/organs in in 

vivo animal systems for successful stem cell therapies. 

Pigmented melanocytes originate from melanocyte stem cells provide an 

attractive model system for the study of regeneration and stem cell biology.  

Melanocytes have some advantages of visible pigmentation phenotypes as a 

stage of differentiation and availability of pigment-defective mutant animals 
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without their lethality (Robinson and Fisher, 2009).  Although mammals have a 

limited regenerative capacity, adult skin is one of their most highly-regenerative 

organs.  Numerous epidermal skin and hair cells contain pigmented melanocytes 

that are continuously generated and replaced (Blanpain and Fuchs, 2006; 

Oshima et al., 2001).  In mammals, hair acquires pigments by relocating melanin 

into new hair shaft from differentiated pigmented melanocytes at the base of the 

hair follicle cells.  The regeneration of hair shafts commences in the bulge of the 

hair follicle where melanocyte stem cells reside (Nishimura et al., 2002; White 

and Zon, 2008).  Conversely, pigmented melanocytes transfer melanin to the 

neighboring keratinocytes to form pigmentation in the skin (Oshima et al., 2001). 

In the zebrafish, the caudal fin is the most generally studied model system 

for melanocyte stem cell renewal, primarily due to its large size, accessibility to 

amputation, symmetric structures and robust pigment stripes.  In fact, one of the 

most striking aspects of zebrafish fin regeneration is the accurate regeneration of 

pigmentation pattern after amputation.  In the first several days of regeneration, 

the melanocytes scatter throughout the rapidly regenerating tissue.  Resolution 

into distinct stripes then occurs in an approximate proximal-to-distal sequence, 

with melanocytes fully contained within stripes by several weeks after 

amputation. (O'Reilly-Pol and Johnson, 2009; Rawls and Johnson, 2000, 2001; 

White and Zon, 2008).   

Various functional studies have identified and employed genetic mutants 

with disruption of pigmentation, providing molecular insights into melanocyte 
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development in zebrafish.  Mitfa (Microphthalmia-associated transcription factor) 

has been represented as a key regulator and early expression marker in the 

melanocyte lineage (Levy et al., 2006; White and Zon, 2008).  The zebrafish 

nacre mutant, which results from mutation in a zebrafish ortholog of mitf show no 

formation of neural-crest derived melanocytes in the embryo and adult.  Ectopic 

expression of mitf promotes emergence of melanocyte cells, suggesting that mitf 

is sufficient as well as necessary for melanocyte development (Lister et al., 

1999).  Another regulator of melanocyte development, endothelin receptor B 

(Ednrb) is expressed within all types of pigmented cells including melanocytes in 

embryonic stages.  rose mutants correspond to mutations of zebrafish ednrb and 

have no pigment-defects during embryonic stages, while stripe pattern is 

imperfectly formed in adults (Parichy et al., 2000a).  panther mutant zebrafish 

carrying a mutation in the fms receptor tyrosine kinase, and fail to develop 

xanthophores, yellow pigmented cells.  Despite normal development of 

melanocytes, the lack of xanthophores results in severe disruption of pigment 

stripe patterning, suggesting that different types of pigmented cells contribute to 

maintaining the organization of melanocyte stripe formation (Parichy and Turner, 

2003) . 

Receptor tyrosine kinase c-Kit is also required for vertebrate melanocyte 

development.  Analyses of sparse mutants with mutations in c-kit revealed that 

melanocytes without c-Kit can be formed in embryonic stages, but they fail to 

migrate and disappear by 11 dpf, implicating that c-kit is required for melanocyte 
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migration and survival (Parichy et al., 1999).  Expression of c-kit in a subset of 

pigment cells is reported to be activated by Mitf, an earlier melanocyte precursor 

marker (Lister et al., 1999).  Interestingly, c-Kit influences on melanocyte 

regeneration originate from adult stem cells, as well as neural-crest derived 

melanocyte development. Recent studies found that two subtypes of 

melanocytes, both supplied by undifferentiated progenitors, pigment adult fin 

regenerates (O'Reilly-Pol and Johnson, 2009; Rawls and Johnson, 2000).  

Primary regeneration melanocytes surface in the first week of regeneration, are 

dependent on kit, and form the initial stripe patterns.  Secondary melanocytes 

appear in the second week of regeneration, emerge independently of kit, and 

supplement the primary melanocyte stripes.  Adult zebrafish can renew stripe 

pattern after at least 10 consecutive rounds of amputation and regeneration, 

demonstrating remarkable capacity for self-renewal indicative of an underlying 

stem cell population.  Thus, these findings suggest that zebrafish employ 

mechanisms that control the activity and positioning of adult stem cells as they 

renew stripes in a rapidly regenerating appendage. 
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CHAPTER 2. MATERIALS AND METHODS 

2.1 Zebrafish and surgeries 

Outbred Ekkwill (EK) wildtype, transgenic (hsp70:dn-fgfr1, hsp70:ca-fgfr1, 

hsp70:dn-ras, hsp70:v-ras, hsp70:wnt5b) and pigment mutant (nacrew2, csf1r 

kitb5) zebrafish 4~6 months of age of the strain were used for fin amputation 

studies  (Lee et al., 2009; Lister et al., 1999; Parichy et al., 2000a; Parichy et al., 

1999).  For single amputation experiments, fish were anesthetized in either 

tricaine or 2-phenoxyethanol, and one-half of the caudal fin was amputated using 

a razor blade.  To obtain double-amputated fins, a cut was first made along the 

dorsoventral axis 1-2 segments short of the cleft, representing the distal 

amputation level. Then, the remaining fin tissue was bisected along the PD axis 

approximately halfway through the remaining fin.  Finally, a third cut was made to 

remove 50% of the remaining ventral lobe tissue.  Experimental results were 

similar when the dorsal lobe was amputated more proximally.  After the surgery, 

animals were returned to recirculating water heated to 26OC or 33OC, a 

temperature that facilitates faster regeneration than 25-28OC (Johnson and 

Weston, 1995). 

For measurement of regenerative length, two rays (rays 2 and 3 with 

respect to the most lateral ray; see Figure 3) from each of the ventral and dorsal 

portions were measured using Openlab software and the average length 

between the two rays was recorded.  For statistical comparisons, the proximal 
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regenerate lengths were pooled from multiple fish and averaged, to compare 

against averages of the distal regenerate lengths.  To calculate regenerative 

growth rate, the changes in these averages as time progressed were divided by 

the time period between measurements.   

 

2.2 Immunohistochemistry and BrdU Analysis 

A 2.5 mg/ml solution of bromodeoxyuridine (BrdU) in saline was injected 

intraperitoneally 30 minutes prior to collection.  The brief BrdU exposure limits 

labeling (Nechiporuk and Keating, 2002), an approach that facilitates distinction 

of highly proliferative areas in immunostained fin regenerates.  Staining was 

performed as done previously (Poss et al., 2002a), using whole double-

amputated fins that had been fixed in Carnoy’s solution.   A rat-derived anti-BrdU 

monoclonal antibody (Accurate), a rabbit-derived polyclonal anti-H3P antibody 

(Upstate Biotechnology), a mouse zn-3 antibody (Zebrafish International 

Resource Center (ZIRC)), and rabbit polyclonal anti-Lef1 antibody (Abmart) to 

visualize scleroblasts were used for primary antibodies. For visualization of 

scleroblasts in cryosections of fin regenerate samples, the mouse monoclonal 

zns-5 antibody (ZIRC) was used for staining as described (Johnson and Weston, 

1995; Poss et al., 2002b).   

  Laser confocal microscopy (510 LSM, Zeiss) was used to image and 

analyze 1 mm slices and 10 mm projections of whole-mount samples. The 

lengths of the BrdU-dense blastemal regions of ventral and dorsal fin rays 2 and 
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3 were measured with Openlab software, using the middle slice of each 

projection.  The number of H3P-positive cells was counted by hand within an 

outlined and quantified area (or volume, as it is a projection covering a depth of 

10 mm) of BrdU-dense blastemal mesenchyme.  Mitoses in proximal regenerate 

rays 2 and 3 and the corresponding distal rays from each fish were counted and 

the averages recorded.   

 Hematoxylin staining was performed as described previously (Poss et al., 

2000b).  Both longitudinal and transverse fin cryosections of wildtype and 

transgenic animals were stained with hematoxylin for 30-45 seconds.  

 

2.3 In situ hybridization 

Whole-mount in situ hybridization of single- and double-amputated fin 

regenerates and embryos were performed as described previously Whole-mount 

in situ hybridization was performed on fins as described previously (Poss et al., 

2000b), using digoxygenin-labeled probes for mkp3, sef, spry4, pea3, shh, 

wnt5b, lef1, mitfa, and kita   (Furthauer et al., 2002; Furthauer et al., 2001; Tsang 

et al., 2004).  When assaying fin regenerates for graded expression, 

development of the staining reaction was monitored carefully and stopped 

immediately after a distinct signal developed in all of the fins (Figure 5 and Figure 

8).  Cryosectioning of fin regenerates was performed as described (Poss et al., 

2000b). 
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For quantification of in situ hybridization expression domains, signals from 

the second and third ray with respect to the most lateral ray were measured 

using Openlab software, as described (Lee et al., 2005). In experiments where 

the length of the mkp3 expression domain was measured (Figure 6), 

development of the staining reaction was allowed to progress further, until 

background staining was detectable.  In these fins, mkp3-positive areas were 

measured using Openlab software. 

 To simultaneously assess expression of mkp3 or epidermal markers and 

BrdU labeling, we cryosectioned fin regenerates (from BrdU-injected animals) 

that had been stained for expression of mkp3, pea3, shh, lef1and wnt5b by whole 

mount in situ hybridization.  Sections were then stained for BrdU 

immunoreactivity as described (Poss et al., 2002b).  

 In situ hybridization on cryosections of 4% paraformaldehyde-fixed fins 

was performed as described (Poss et al., 2002a).  For section in situ 

hybridization of hsp70:v-ras for pigmentatio studies, the animals were 

simultaneously incubated in 2µM PTU water and given daily 36°C heat shock 

prior to fin collection.  To obtain sections of fin regenerates, fins were mounted in 

1.5% agarose/5% sucrose and then saturated in 30% sucrose overnight at 

4°C.  Frozen blocks were consecutively sectioned at 10 µm and in situ 

hybridization was performed with serial sections.  At least 8 fin regenerates were 

assessed for each marker in each experiment described.  
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2.4 Transgenic animals 

A zebrafish dn-fgfr1 cassette was designed based precisely on the X. laevis 

dominant-negative Fgfr1 (Amaya et al., 1991), with the tyrosine kinase domain 

replaced by egfp coding sequence.  The construct is predicted to heterodimerize 

with all Fgfr subtypes, thereby competitively blocking signaling downstream of all 

Fgfr subtypes.  Briefly, a 3’ truncated fragment of the zebrafish fgfr1 gene was 

amplified by PCR using the primers 5’ GTT GAA TTC ATG ATA ATG AAG ACC 

ACG CTG 3’ and GTT GGA TCC AGA GCT GTG CAT TTT GGC CAG 3’. This 

1.2 kb fragment was directionally cloned into the EcoRI/BamHI site of the 

pEGFP-N3 vector (Clontech). Then, a 2.2kb NheI/AflII fragment containing the 

fgfr1-egfp fusion gene was prepared from this plasmid and subcloned behind the 

1.5 kb zebrafish hsp70 promoter (Halloran et al., 2000). Transgenic zebrafish 

were made by microinjection of the hsp70:dn-fgfr1 construct using published 

techniques (Higashijima et al., 1997).  Transgenic animals were identified by 

Egfp fluorescence due to natural hsp70 promoter activity in the lens. 

 The hsp70:ca-fgfr1 has been described recently (Marques et al., 2008).  

The construct of hsp70:ca-fgfr1 is designed with constitutively active Xenopus 

Fgfr1 driven by hsp70 promoter.  A point mutation in the Fgfr1 kinase domain 

(K562E) results in autophosphorylation of the receptor without bound ligands 

(Neilson and Friesel, 1996).  To generate hsp70:dn-ras and hsp70:v-ras lines, we 

subcloned a dominant negative N17 H-Ras (dn-ras) or constitutively active viral 

H-Ras (v-ras) behind the zebrafish heat shock protein 70 (hsp70) promoter (Ras 
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cassettes kindly provided by Malcolm Whitman) (Whitman and Melton, 1992). To 

allow for rapid identification of transgenic animals, we included a second 

gene:promoter cassette comprised of an lens-specific alpha crystallin promoter 

fused to an EFGP (hsp70:dn-ras) or DsRed-Ex (hsp70:v-ras) reporter gene, as 

described previously (Marques et al., 2008).  The three constructs, hsp70:ca-

fgfr1;α-crystallin:dsred, hsp70:dn-ras;α-crystallin:egfp and hsp70:v-ras;α-

crystallin:dsred, were injected into zebrafish embryos using standard techniques 

(Higashijima et al., 1997).  Heat-shock protocols were as described previously 

(Lee et al., 2005).  For heat-shocks of transgenic embryos, 24 hours post-

fertilization (hpf) embryos were placed in room temperature water within a 250 ml 

flask and transferred to a 38°C water bath for 40 minutes.  Embryos were 

collected at 30 hpf for further analysis. 

 

2.5 Adult heat induction experiments 

An electric heater placed in a stand-alone recirculating aquarium unit (Aquatic 

Habitats) was used for all heat induction experiments.  A digital timer 

automatically activated and deactivated the heater once per day.  Water flow 

adjustment allowed the tuning of peak tank temperatures to 35OC, 36OC, 37OC or 

38OC, from a room temperature of 26OC.  Exposure to this peak temperature was 

about 1 h, before gradual return to room temperature.  To determine effects on 

BrdU incorporation or gene expression, a single heat shock was given to animals 

5 h before collecting fins. To detect effects on regenerative growth, animals were 
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maintained in the heat induction unit after amputation and exposed daily to heat 

induction.  For hyper-pigmentation experiement, hsp70:v-ras or hsp70:v-ras with 

mutant background animals were given a single daily 36°C heat shock for 5 

days.    

 

2.6 Cyclopamine and SAG treatment 

Cyclopamine (Toronto Research Chemicals) was dissolved in 95% ethanol at 

70°C to produce a 10 mM stock.  Animals were transferred at 4 days post-

amputation (dpa) into 100 ml of 0.5% ethanol or 50 µM cyclopamine solution for 

5 or 28 hours.  BrdU was injected 30 minutes prior to collection.  To quantify the 

length between the distal limits of shh expression and scleroblasts (Figure 15C), 

three serial-sections from each of six untreated or cyclopamine-treated fins were 

used.  SAG (Calbiochem) was dissoved in aquarium water and the animals were 

incubated in 100 ml of 5 mM SAG solution in a 150 ml beaker for 2 hours.  

Transgenic animals (hsp70:wnt5b, hsp70:dn-fgfr1 and hsp70:v-ras) were given a 

heat-shock at 4 dpa and transferred to SAG solution at 3 hours post heat-shock.  

The fish were incubated in the solution for 2 hours and BrdU was injected 30 

minutes prior to collection of fins. 

 

2.7 Electrophoretic mobility shift assays  

Electrophoretic mobility shift assays (EMSAs) were performed as described 

previously (De Val et al., 2004).  A cDNA encoding solely the DNA-binding 
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domain of zebrafish Pea3 protein was transcribed and translated from the 

plasmid pCITE2A-zf-Pea3, using the TNT Quick-coupled 

Transcription/Translation System (Promega).  The Pea3 control binding site oligo 

was adapted as described (Brown and McKnight, 1992).  The sense strand 

sequences of the wnt5b oligonucleotide used for EMSA were wnt5bWT, 5’-

GGGCTAAGAACAGGAAACTGAGGCTA-3’; wnt5bMT, 5’- 

GGGCTAAGAACACCAAACTGAGGCTA-3’. 

 

2.8 Western blotting 

Fin regenerates tissue were collected from 4 dpa wildtype or hsp70:v-ras 

transgenic animals which were given single heat-shock of 38 °C 5 hours prior to 

collection of fin regenerate tissue.  The regenerate tissue was dissociated in lysis 

buffer (10mM Tris, pH 8.0, 150mM NaCl, 5mM EDTA, 1% Triton-X-100) 

containing protease inhibitor (10µM/ml).  The dissociated lysates were analyzed 

by 10% SDS-PAGE and transferred to PVDF membrane (Millipore).   The 

membrane was incubated with rabbit anti-Erk (Sigma) and mouse anti-phospho 

Erk antibodies (Cell Signaling), and then ECL-HRP linked 2nd antibody 

(Amersham).  HRP activity was detected by ECL treatment (Pierce Protein 

Research). 

 

2.9 PTU treatment 
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For phenylthiourea (PTU) treatment, the animals were transferred to the 

aquarium water containing PTU (2mM) and the water was changed everyday.  

To give heat induction simultaneously with PTU treatment, 1 L fish tanks 

(Aquarium) with 1L of 2mM-PTU water were warmed up in the 3 L fish tank in the 

regular heat shock system previously described (Lee et al., 2005).  For washout 

experiment, wildtype and hsp70:v-ras transgenic animals were incubated it the 

regular aquarium water at room temperature (26-28°C).  The number of the 

newly differentiated melanocytes was quantified 24 hour post washout in the 

aquarium water without PTU. 
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CHAPTER 3. FGF SIGNALING INSTRUCTS POSITION-DEPENDENT 
GROWTH RATE DURING ZEBRAFISH FIN REGENERATION 

 

This chapter was originally published in: 

 

Lee, Y., Grill, S., Sanchez, A., Murphy-Ryan, M., and Poss, K.D. (2005). Fgf 

signaling instructs position-dependent growth rate during zebrafish fin 

regeneration. Development 132, 5173-5183. 

 

Yoonsung Lee is the first author of the paper, performing fin measurement, 

quantification of blastemal proliferation, expression analysis of Fgf markers, and  

functional analysis of hsp70dn-fgfr1 fish.  Sarah Grill performed analysis of partial 

block of regeneration with hsp70:dn-fgfr1.  Angela Sanchez helped generate 

construct of hsp70:dn-fgfr1. Maureen Murphy-Ryan performed in situ analysis 

and quantification of mkp3 expression between proximal and distal amputates.  
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3.1 Summary 

During appendage regeneration in urodeles and teleosts, tissue replacement is 

precisely regulated such that only the appropriate structures are recovered, a 

phenomenon referred to as positional memory.  It is believed that there exists, or 

is quickly established after amputation, a dynamic gradient of positional 

information along the proximodistal (PD) axis of the appendage that assigns 

region-specific instructions to injured tissue.  These instructions specify the 

amount of tissue to regenerate, as well as the rate at which regenerative growth 

is to occur.  A striking theme among many species is that the rate of regeneration 

is more rapid in proximally amputated appendages compared to distal 

amputations.  However, the underlying molecular regulation is unclear.  Here, we 

identify position-dependent differences in the rate of growth during zebrafish 

caudal fin regeneration.  These growth rates correlate with position-dependent 

differences in blastemal length, mitotic index, and expression of the Fgf target 

genes mkp3, sef, and spry4.  To address whether PD differences in amounts of 

Fgf signaling are responsible for position-dependent blastemal function, we have 

generated transgenic fish in which Fgf receptor activity can be experimentally 

manipulated.  We find that the level of Fgf signaling exhibits strict control over 

target gene expression, blastemal proliferation, and regenerative growth rate.  

Our results demonstrate that Fgf signaling defines position-dependent blastemal 

properties and growth rates for the regenerating zebrafish appendage.  
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3.2 Introduction 

Adult teleost fish and urodele amphibians can regenerate entire amputated 

appendages.  In striking contrast, regenerative healing of mammalian limbs is 

limited to the very tips of digits.  While appendage regeneration has been studied 

for over three centuries, many mysteries remain.  Understanding the cellular and 

molecular mechanisms by which lower vertebrate model systems are able to 

faithfully regenerate complex organs will help illuminate potential therapies for 

diseases of organ damage in humans.   

One of the most striking features of appendage regeneration is the 

replacement of only those structures removed by amputation.  This phenomenon, 

often called positional memory, has been studied most in the regenerating 

amphibian limb.  During limb regeneration, developmental regulation of 

regenerative growth rate is a prominent component of positional memory.  For 

example, when a salamander is given an upper arm amputation on one limb and 

a digit level amputation on the other, regeneration of both limbs is completed in 

approximately the same time period (Spallanzani, 1768).  Thus, the greater 

amount of tissue that is amputated, the faster is the rate of regeneration.  This 

phenomenon has been observed in many other lower vertebrates and 

invertebrates (Tassava and Goss, 1966).  The evolutionary persistence of 

position-dependent growth rate suggests a fundamental role for this regulatory 

mechanism in the process of regeneration.   
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Studies from the past several decades have attempted to identify 

morphologic factors that distinguish proximal regenerates (the more proximal 

amputation level) from distal regenerates (the more distal amputation level).  For 

instance, although proximal regenerates with high growth rate usually have 

greater stump dimensions after amputation, Tassava and Goss (1966) found that 

stump diameter showed no consistent correlation with rates of lizard tail 

regeneration.  Furthermore, young salamanders with smaller limbs can 

regenerate considerably faster than older animals with large limbs (Goodwin, 

1946).  While morphologic studies have pointed out useful correlations between 

anatomy and growth rate, there has been very little molecular definition of the 

underlying regulation responsible for position-specific regenerative properties. 

Over the past several years, the zebrafish, which regenerates fins 

(Johnson and Weston, 1995), spinal cord tissue (Becker et al., 2004), and heart 

muscle (Poss et al., 2002b; Raya et al., 2003), has gained popularity as a model 

for teleost appendage regeneration.  Indeed, molecular genetic analysis in 

zebrafish has a unique potential to facilitate dissection of classic developmental 

problems like positional memory (Grunwald and Eisen, 2002).  Zebrafish fins are 

relatively simple, nearly symmetric structures composed of several segmented fin 

rays of intramembranous bone.  Each fin ray is comprised of concave, facing 

hemirays that surround connective tissue, including fibroblasts and scleroblasts 

(osteoblasts), as well as nerves and blood vessels.  The process of fin 

regeneration involves continual, coordinated proliferation and differentiation 
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events.  During regenerative growth, new segments are progressively added to 

the distal end of each ray until the original length of the fin is achieved, usually in 

about 2 weeks (Akimenko et al., 2003; Poss et al., 2003).   

During zebrafish fin regeneration, as in other examples of appendage 

regeneration, the blastema is the engine for regenerative growth (Tsonis, 1996).  

Diverse research efforts have indicated that a signal(s) released by the overlying 

regeneration epidermis controls or contributes to proliferation of the blastema.  

Previously, we found evidence that signaling by Fibroblast growth factors (Fgfs) 

regulates blastemal proliferation during fin regeneration (Poss et al., 2000b).  The 

Fgf receptor (Fgfr) subtype fgfr1 is expressed in subpopulations of blastemal and 

epidermal cells during regenerative outgrowth. fgf24 is expressed in the wound 

epidermis, indicating the presence at least one Fgf during regeneration (Draper 

et al., 2003).  In addition, treatment with a pharmacologic inhibitor of Fgfrs, 

SU5402, blocked blastemal proliferation when applied at any stage of 

regeneration.  Thus, Fgf signaling is a prime candidate for influencing 

regenerative growth rate in a position-dependent manner. 

Here, we show that regenerative growth rate, blastemal proliferation, and 

blastemal length are each highly dependent on the level at which the zebrafish 

fin is amputated, with greater proximal values than distal.  Furthermore, proximal 

regenerates show higher expression than distal of the Fgf target genes mkp3, 

sef, and spry4.  By way of a new transgenic strain that facilitates specific, 

inducible blockade of signaling through Fgfrs, we generate an artificial gradient of 
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Fgf signaling that is capable of tightly controlling blastemal proliferation and 

regenerative rate.  Finally, while an extended depletion of Fgf signaling potently 

inhibits regenerative growth, it does not erase or reprogram the positional 

information necessary for restoration of correct structures.  Our molecular genetic 

experiments demonstrate that amputation level-specific amounts of Fgf signaling 

determine position-dependent growth rates in the regenerating vertebrate 

appendage. 
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3.3 Results 

 

3.3.1 Position-dependent rates of regenerative growth during fin regeneration 

To determine to what extent growth rate is dependent on proximodistal (PD) 

position during zebrafish caudal fin regeneration, we double-amputated caudal 

fins in a stepwise fashion (Figure 3A-3C) and measured the lengths of the 

regenerates between 1 and 15 days post amputation (dpa; at 33OC).  This 

surgery allows measurement and comparison of the second- and third-most 

lateral rays in each lobe, structures that are expected to reach the same length in 

the completed regenerate (asterisks in Figure 3A).  We found that, as expected, 

regenerative growth was greater in regenerates that had been more proximally 

amputated (proximal regenerates; Figure 3A-3D).  Statistically significant 

differences in growth were seen even at the earliest time point, 1 dpa.  From 3-15 

dpa, the ratio of proximal-to-distal regenerate sizes remained fairly constant, 

around 1.8.  Differences in regenerative growth rates calculated from these 

measurements peaked at 3 dpa (Figure 3E).  Thus, the regenerating zebrafish 

fin, like the urodele limb, assigns growth rates based on amputation level.  

 

3.3.2 Position-dependent indices of blastemal length and proliferation during fin 

regeneration 

Intuitively, regenerative growth rate is expected to be highly dependent on 

blastemal proliferation.  During fin regeneration, there is a much greater amount  
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Figure 3. Amputated zebrafish caudal fins display position-dependent rates 

of regenerative growth   

(A) Appearance of the zebrafish fin immediately following a double amputation 

surgery, with the injured portion at the top of the image.  The amputation planes 

are indicated by arrows (black = proximal, red = distal), and asterisks mark lateral 

rays 2 and 3 that are compared in this study.  (B) Only 4 d after amputation (dpa; 

assessed at 33OC), the fin has regenerated a significant number of lost 

structures.  The ventral lobe of the fin (left), after a more proximal amputation, is 

regenerating more rapidly than the right, dorsal lobe.  (C) By 7 dpa, the ventral 

regenerate has reached nearly the same PD level as the dorsal regenerate.  (D) 

Growth is greater after proximal amputations compared to distal amputations 

throughout regeneration (*t-test:  p < 0.05).  (E) Growth rate is greater after 

proximal amputations than distal throughout regeneration. 
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of mesenchymal proliferation than epidermal proliferation, with cycling cells being 

preferentially localized to the proximal portion of the blastema (Nechiporuk and 

Keating, 2002; Poss et al., 2002b).  We used whole-mount analysis of 

immunostained, double-amputated fins to assess blastemal morphology and 

proliferation at 3 dpa, when the regenerative growth rate difference is greatest 

between proximal and distal regenerates.  Thirty minutes prior to collection, 

animals were injected with BrdU.  In confocal slices of whole-mount fins stained 

for BrdU, we clearly distinguished blastemal mesenchyme with especially high 

BrdU density (brackets in Figure 4A and 4B), versus more proximal, non-

blastemal portions with lower BrdU density.   

While performing these experiments, we noticed that the length of the 

blastema appeared greater in proximal regenerates than in distal (Figure 4A and 

4B).  We used digital imaging and computer-assisted measurements to compare 

this length between proximal and distal rays 2 and 3.  We found that the average 

blastemal length of proximal regenerates from many fish was 113 ± 5 mm, 

compared with 97 ± 3 mm for the distal, a proximal:distal ratio of 1.16 (Figure 4E; 

n = 17; t-test:  p < 0.05).    We also compared blastemal length within the same 

fin to control for interfish differences and found that the average proximal:distal 

length ratio was 1.18 ± 0.07.  We then used an antibody against phosphorylated 

histone-3 (H3P) to count the number of mitoses within BrdU-dense, blastemal 

mesenchyme in double-amputated fins (Figure 4C and 4D).  Proximal regenerate 

blastemas had an average of 535 ± 73 H3P-positive cells/mm2, versus 356 ± 35 
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for distal regenerate blastemas, a proximal:distal ratio of 1.50 (Figure 4E; n = 10; 

t-test: p < 0.05;).  In intrafin proximal-to-distal comparisons, the average 

proximal:distal ratio for blastemal mitoses was 1.58 ± 0.23.  Thus, position-

dependent differences in regenerative growth rates are likely to reflect 

differences in blastemal length and mitotic index.   

 

3.3.3 Position-dependent properties of Fgf signaling activity during fin 

regeneration 

Pharmacologic studies have indicated a requirement for Fgf signaling during fin 

regeneration (Poss et al., 2000b).  Therefore, we suspected that differential 

regulation of Fgf signaling among proximal and distal regenerates might underlie 

position-dependent blastemal properties and regenerative rate.  To identify 

accurate readouts of Fgf signaling during fin regeneration, we assayed 

downstream transcriptional targets of Fgf receptor activation. map kinase 

phosphatase 3 (mkp3), sef, and sprouty4 (spry4), are each transcriptionally 

activated by Fgf application in developmental systems, and participate in a 

negative feedback loop that attenuates the transduced signal (Eblaghie et al., 

2003; Furthauer et al., 2002; Furthauer et al., 2001; Kawakami et al., 2003; 

Tsang et al., 2004). Each of these gene products negatively regulates 

extracellular signal-regulated protein kinase (Erk) activation, with Mkp3 directly 

dephosphorylating Erk (Tsang and Dawid, 2004). All three genes were induced in 

both the distal blastema and the basal epidermal layer of the fin regenerate by 3  



 

- 40 - 

 

Figure 4. Blastemal length and mitotic index depend on PD position   

(A, B) Proximal and distal 3 dpa regenerates (33OC) of the same fin stained for 

BrdU incorporation (fins collected 30 min post-injection).  The proximal 

regenerate has a greater PD length of especially BrdU-dense blastemal 

mesenchyme (brackets). (C, D) Proximal and distal 3 dpa regenerates of the 

same fin stained for phosphorylated Histone-3 (H3P), an indicator of mitosis.  

Fine points indicate individual mesenchymal mitotic nuclei.  This particular fin 

was chosen because even though it has similar blastemal sizes for the proximal 

and distal regenerates (brackets – actual BrdU stain not shown), there are clearly 

more H3P-positive cells in the proximal blastema.  As reported previously, fins 

show non-specific epidermal fluorescence at the distal edge of the regenerate 

(Poss et al., 2002a). (E) Quantification of blastemal length and mitotic index at 3 

dpa (*t-test: p < 0.05). 
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dpa, mimicking fgfr1 expression (Figure  5A; (Poss et al., 2000b).  All three 

genes were induced in both the distal blastema and the basal epidermal layer of 

the fin regenerate by 3 dpa, mimicking fgfr1 expression (Figure 5A; (Poss et al., 

2000b).  Furthermore, as described later, their mRNA expression is dependent 

on Fgfr activation.  Thus, mkp3, sef, and spry4 expression report Fgfr signaling in 

the regenerating zebrafish fin.  

To test whether amputation level determines the amount of Fgf signaling, 

we examined expression of mkp3, sef, and spry4 in double-amputated fins 

(Figure 5B).  By carefully monitoring the in situ hybridization reaction, we found 

that the majority of fins displayed a clearly higher expression level in proximal 

regenerates versus distal for each gene (mkp3:  15 of 24 fins; sef:  8 of 11; spry4:  

12 of 18).  No fins displayed a higher level of gene expression in distal 

regenerates.  These results indicate that each PD position is assigned a different 

amount of Fgf signaling after amputation. 

In addition, we used target gene expression to assess the domain of 

active Fgf signaling in proximal and distal regenerates.  After fully developing in 

situ hybridization reactions (see Materials and Methods), we observed distinct 

differences in how far proximally the mkp3 signal extended in 3 dpa proximal and 

distal regenerates.  In these experiments, we measured the distance from the 

most distal tip of the mkp3 expression domain to the most proximal limits. We 

found that the proximal regenerate expression domain extended 28% further 

than the distal (Figure 6A-6C; n = 8, p < 0.005).  We found that the proximal  
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Figure 5. Amputation level controls the amount of Fgf target gene 

expression during regeneration.   

In situ hybridization analysis of Fgf target gene expression in 3 dpa double-

amputated fins (33OC).  (A) A representative section from a single-amputated fin 

demonstrates expression for mkp3, sef, and spry4 in both the basal epidermal 

layer and the distal portion of the blastema (arrowheads indicate in situ 

hybridization signals).  (B) Whole-mount images for each gene show proximal 

and distal regenerates of the same double-amputated fin.  mkp3 (15 of 24 

regenerates), sef (8 of 11 regenerates), and spry4 (12 of 18 regenerates) were 

usually expressed more strongly in proximal regenerates than distal.  We never 

detected greater expression of these genes in distal regenerates.  



 

- 44 - 

 

Figure 5 
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regenerate expression domain extended 28% further than the distal (Figure 6A-

6C; n = 8, p < 0.005).  In intrafin comparisons, the average proximal:distal ratio of 

this length was 1.31 ± 0.10.  Thus, the length of the active Fgf signaling region is 

determined by amputation level.  Interestingly, single-amputated fins stained for 

both mkp3 expression and BrdU incorporation (30 min exposure) showed very 

little or no colabeling in blastemal cells.  In other words, the mesenchymal mkp3 

expression domain, likely corresponding to the nonproliferative distal blastema 

reported by Nechiporuk and Keating (2002), was located distal to the BrdU-

positive proximal blastema (Figure 6D-6F).  Instead, BrdU-positive blastemal 

tissue correlated better with adjacent epidermal mkp3 expression, suggesting a 

potential paracrine relationship (see Discussion).  In summary, our results 

revealed position-dependent values of regenerative growth rate, blastemal length 

and mitotic index, and properties of Fgf signaling.  In each case, proximal 

regenerate values were greater than distal regenerate values. 

 

3.3.4 Genetic attenuation of Fgf signaling controls blastemal proliferation and 

regenerative growth rate  

Fgf signaling has been implicated in appendage regeneration in urodeles 

and zebrafish, mainly by expression assays or through the use of pharmacologic 

inhibitors (D'Jamoos et al., 1998; Poss et al., 2000b; Poulin et al., 1993; 

Yokoyama et al., 2000).  In addition, Yokoyama et al. (2001) showed that 
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Figure 6.  Position-dependent length of Fgf target gene expression domains   

(A, B) Images from the same double-amputated fin regenerate demonstrates a 

longer PD length of mkp3 expression (asterisks, brackets) in proximal 

regenerates. (C) The length of the proximal signal was 28% longer than the distal 

signal on average (n = 8; *t-test, p < 0.005). (D-F) 3 dpa fin regenerate (33OC) 

stained for mkp3 expression (D) and BrdU incorporation (E).  Cells in the distal 

blastema and basal epidermal layers expressing mkp3 show little proliferation.  

However, proliferative blastemal mesenchyme is bordered by epidermal mkp3 

expression/Fgf signaling (F).  
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application of Fgf10-soaked beads to X. laevis tadpole limb stumps could extend 

the permissive period for regeneration.  To define a functional relationship 

between the amount of Fgf signals, the intensity of blastemal proliferation, and 

regenerative growth rate, we created a transgenic line to permit experimental 

tuning of Fgf signaling during regeneration.  Our molecular genetic strategy is 

similar to that of Beck et al. (2003), who made transgenic X. laevis to facilitate 

inducible modulation of BMP and Notch signaling during tadpole tail 

regeneration.  The (Tg(hsp70:dn-fgfr1)pd1 strain, referred to hereafter as 

hsp70:dn-fgfr1, harbors a dominant-negative fgfr1-egfp fusion gene (dn-fgfr1) 

driven by a heat-inducible zebrafish hsp70 promoter.  We found that this 

construct had potent inhibitory effects on Fgf signaling.  Following a brief heat-

shock at the embryo sphere stage (5 hours post-fertilization), hsp70:dn-fgfr1 

animals developed posterior truncations by 24 hpf typical of Fgfr inhibition (Griffin 

et al., 1995); Figure 7A).  By assessment of Egfp expression, Dn-fgfr1 was 

maintained in embryonic tissues at least 24 h after heat induction (Figure 7B). 

Moreover, when adult animals were given a single heat treatment, strong Egfp 

fluorescence was evoked in all cell types of the fin regenerate (Figure 7C-7E).   

To test the effect of Dn-fgfr1 induction on fin regeneration, we automated 

the heat induction protocol so that a single 38OC heat shock would be given daily 

to adult animals with amputated fins. In these experiments, persistent Dn-fgfr1 

expression maintained a robust blockade of fin regeneration (Figure 7F and 7G).  

By contrast, heat-induced expression of Egfp via a hsp70:egfp strain (Halloran et  
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Figure 7.  Transgenic fish that facilitate inducible expression of a dominant-

negative Fgfr1 construct   

(A, B) hsp70:dn-fgfr1 transgenic and wildtype embryos were raised until sphere 

stage at 28OC, shifted to 37OC for 1 h, and returned to 28OC until 28 hpf.  

Transgenic embryos are truncated and display Egfp fluorescence (arrowheads).  

(C, D) Section through a wildtype (C) or hsp70:dn-fgfr1 (D) 4 dpa fin regenerate 5 

h after heat induction.  Strong Egfp fluorescence is observed in all cells of the 

transgenic regenerate, including the fgfr1/mkp3/sef/spry4-positive basal 

epidermal layer (arrowhead) (E).  Whole mount of fin shown in (D), 

demonstrating Egfp fluorescence throughout the fin.  The regenerate shows 

stronger fluorescence than the non-regenerating portion at 4 dpa.  This is likely 

due in part to the paucity of pigment cells and differentiated bone in the newly 

formed tissue that might impede fluorescence detection.  (F, G) Adult fin 

regeneration is blocked by daily heat-induction of dn-fgfr1 at 38OC.  Wildtype (F) 

and hsp70:dn-fgfr1 (G) fins are shown at 7 dpa.   
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al., 2000) had no effect on fin regeneration.  Thus, the hsp70:dn-fgfr1 strain 

represents a new and important reagent with which to attenuate Fgf signaling 

during embryogenesis and regeneration. 

We used this strain to establish an experimental range, or gradient, of Fgf 

signaling during adult zebrafish fin regeneration.  First, we created 4 different 

heat induction protocols to apply during regeneration, defined by the peak 

temperature attained during treatment:  35OC, 36OC, 37OC, and 38OC. 

Experimental control tanks contained transgenic animals maintained at room 

temperature, or wildtype fish given a 38OC protocol.  Visualization of Egfp 

expression in transgenic fish after a single heat induction showed a clear 

increase in Dn-Fgfr1 expression with each 1OC increment in temperature (data 

not shown), indicative of different levels of Fgfr inhibition.  To directly test how 

these conditions affected Fgf signaling, we assayed single-amputated fins for 

expression of the Fgf target gene mkp3 5 h after heat induction.  Control animals 

displayed normal mkp3 expression, while 36OC, and more so, 37OC heat 

induction protocols partially inhibited mkp3 expression.  The 38OC heat shock 

protocol abolished mkp3 expression altogether (Figure 8A-8C).  Strong heat 

shock conditions also attenuated existing spry4 and sef expression, although a 

longer inhibitory period was required to deplete sef expression (data not shown).  

These results indicated that we could experimentally establish gradations of Fgf 

signaling similar to physiologic, amputation level-specific gradations. To 

determine how different Fgf signaling amounts impacted blastemal proliferation, 
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Figure 8.  Experimental attenuation of Fgf signaling alters regenerative 

proliferation and growth in a dose-dependent manner   

(A-C) Images of 4 dpa fin regenerates (26OC) that were heat-induced once at the 

indicated temperature and collected and examined for mkp3 expression 5 h later 

(violet stain).  mkp3 expression is greatest in wildtypes treated at 38OC (A), less 

in hsp70:dn-fgfr1 transgenics treated at 37OC (B), and undetectable in trangenics 

given a strong 38OC induction (C).  (D-F) Animals treated identically were 

assessed for BrdU incorporation and H3P staining.   Note that blastemal BrdU-

labeling density (arrowheads in (D)) is reduced by the 37OC shock in transgenics 

(E) and still further by the 38OC shock (F). Brackets indicate a region of Fgf-

dependent proliferation.  (G-I) Images of 15 dpa fin regenerates given a daily 

heat induction; to highlight the extent of regeneration, only the right lobe was 

amputated.  Wildtype fins induced at 38OC or uninduced transgenic fins 

regenerated normally (G), those induced at 37OC displayed partial regeneration 

(H), and those induced at 38OC showed a complete block (I).  (J, K) Animals 

were induced daily at 4 different temperatures, or had no induction, and 

regenerative growth was measured at 5, 10, 15, and 20 dpa.  Regenerative rates 

were calculated based on these numbers.  A daily heat induction to 37OC nearly 

halves the rate of regeneration at 5 dpa; daily induction to 38OC blocks 

regeneration (n = 5; *significantly different from no HS, t-test:  p < 0.05). 
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we gave hsp70:dn-fgfr1 fish the same heat induction protocols and assessed 

blastemal integrity by BrdU incorporation.  We found that blastemal proliferation 

was affected in a dose-dependent manner by Fgfr inhibition (Figure 8D-8F).  A 

36OC or 37OC treatment markedly reduced the number of BrdU-positive cells in 

the blastema, while the 38OC treatment nearly abolished this structure.  

Interestingly, only cellular proliferation within the blastema was affected by Fgfr 

inhibition, while cell populations proximal to the blastema appeared to proliferate 

normally.  Accordingly, we could easily identify an Fgf-dependent proliferative 

blastemal region that corresponded to an area normally flanked by epidermal Fgf 

target gene expression (brackets in Figure 8F). 

Next, we applied daily heat inductions to test the effects of this 

experimental Fgf signaling continuum on regenerative growth rate.  We found 

that regenerative growth rate was also highly sensitive to 1OC temperature 

increments (Figure 8G-8K).  The 37OC incubation slowed regeneration down to 

about half the rate of uninduced hsp70:dn-fgfr1 fish at 5 dpa (Figure 8J and 8K.).  

Interestingly, 36OC and 37OC regenerates appeared grossly normal, albeit small, 

with fin ray segments of approximately normal size (Figure 8H).  This observation 

suggested that rate, and not ray patterning, were the main targets of the 

inhibition.  Our experiments together support the idea that the observed PD 

disparities in Fgf signaling between proximal and distal regenerates directly 

translate into different blastemal proliferation and regenerative growth rates.  In 
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other words, the amount of Fgf signaling represents an amputation level-specific 

instruction for position-dependent regenerative growth rates. 

A prediction of this model is that a constant level of Fgfr blockade should 

have greater effects on distal regenerates, containing less Fgf signaling, than 

proximal regenerates.  To test this prediction, we double-amputated hsp70:dn-

fgfr1 fish and assessed regenerative growth at each amputation level under 

partial regeneration conditions (36OC) over 12 days.  We found that growth of 

both proximal and distal regenerates was reduced by partial Fgfr inhibition 

(Figure 9A).  However, while the average P:D length ratio of untreated 

transgenics at 12 dpa was 1.83 ± 0.06, those heat-shocked at 36OC displayed a 

~30% higher ratio of 2.39 ± 0.14 (Figure 9B; n = 18-21; p < 0.001).  Between 0 

and 8 dpa, the average P:D length ratio was consistent (1.9999- 123) in 

untreated fish, while there was a trend toward higher P:D ratios in heat-shocked 

animals.  Remarkably, we observed a few cases in which distal regeneration was 

robustly blocked despite ongoing proximal regeneration (Figure 9C-9E).  These 

results provide further support that greater amounts of endogenous Fgf signaling 

are established in proximal regenerates versus distal after amputation, and that 

these amounts direct regenerative rate.   

 

3.3.5 Positional memory is maintained during Fgfr inhibition   

While our experiments demonstrated an intimate relationship between position-

dependent Fgf signaling properties and growth rate, we were also curious about 
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Figure 9. Distal fin regenerates are more sensitive to partial Fgfr inhibition than 

proximal regenerates.   

(A) Daily exposure of double-amputated hsp70:dn-fgfr1 zebrafish to 36OC heat shock 

has a significant effect on the growth of proximal and distal fin regenerates.  

Measurements were averaged from 18 untreated and 21 36OC-treated animals 

(*significantly different from no HS, t-test:  p < 0.05; ** significantly different from no HS, 

t-test:  p < 0.001).  (B) Graph of intrafin proximal to distal length ratios from animals in 

(A).  The higher proximal:distal length ratio in 12 dpa 36OC heat-shocked animals 

indicates a greater sensitivity of distal regenerates to partial Fgfr inhibition.  (C-E)  

Representative transgenics at 5 dpa given no HS (C), or 36OC heat shocks (D and E).  

At earlier timepoints, heat-shocked transgenics as a group displayed considerable 

variability in the extent of distal blockade.  Observations of both minor (D) and more 

obvious (E) differences between proximal and distal regenerate lengths at 4 and 8 dpa 

are reflected by the large standard error bars shown in (B). 
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whether the Fgf signaling profile represented positional memory in total.  That is, 

does it define both growth rate and the structures to be regenerated?  

To examine the validity of this idea, we assessed mkp3 expression at 

several timepoints in mid-amputated fins throughout the duration of regeneration 

(15 dpa).  In these experiments, mkp3 expression was a robust indicator of PD 

position.  Regenerates displayed a gradual loss of mkp3 expression intensity, 

with scarcely detectable marker expression by 15 dpa (Figure 10A-10C).  The 

PD length of the mkp3 expression domain also decreased gradually during 

regeneration (Figure 10D).  These observations are consistent with the notion 

that Fgf signaling properties might indeed encode positional memory. 

To functionally test this idea, we artificially depleted Fgf signaling for 30 d 

after amputation by applying a strong heat shock daily to hsp70:dn-fgfr1 fish.  By 

blocking Fgf signaling and regeneration for approximately twice the normal 

duration of fin regeneration, we mimicked the low or absent Fgf signaling 

normally present at the very end of regeneration (Figure 10C).  To 24 animals 

that displayed no regeneration after amputation and 30 d of Fgfr inhibition, we 

then restored Fgf signaling for 15 d by removing heat induction (Figure 10E-

10H).  Strikingly, 19 of 24 animals showed essentially complete regeneration or 

patterning defects blocking regeneration of only a small number of rays.  Four 

animals displayed regenerative failure in more than 50% of rays; yet, the correct 

number of structures were regenerated in the unaffected rays.  Only one animal 

failed to regenerate any rays.  We deduce from these experiments that Fgf 
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signaling is dispensable for maintaining positional memory.  Even if regenerative 

mechanisms are caged without Fgf signals for 30 days after amputation, stump 

tissues retain the information necessary to instruct renewal of only those 

structures lost by injury.  
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Figure 10. Positional memory is maintained in the absence of Fgf signaling   

(A-C) Expression of mkp3 assessed by in situ hybridization in 3, 7, and 15 dpa 

single-amputated fins (33OC).  The intensity of mkp3 expression signal wanes as 

regeneration progresses.  (D) The PD length of the mkp3 signal is also reduced 

as regeneration progresses (n = 10; *significantly different from 3 dpa, t-test:  p < 

0.001; **significantly different from 3 and 7 dpa, t-test:  p < 0.005).  (E-H) To test 

whether a long-term block of Fgf signaling could alter positional memory, 

hsp70:dn-fgfr1 fins were amputated and exposed to 30 d of heat induction, 

followed by 15 d of room temperature treatment.  Regeneration was fully blocked 

during the 30 d period.  One of 24 animals showed no recovery after 15 d of 

restored Fgf signaling (E), while a small number (4/24) had regenerative blocks 

affecting more than half of the rays (F).  The majority of regenerates had more 

than half of rays (G) or all rays (H) normally regenerate.   
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3.4 Discussion 

 

3.4.1 A model for position-dependent regulation of regenerative growth rate 

Here, we have identified molecular and cellular features that distinguish proximal 

from distal regenerates and explain major position-dependent differences in 

regenerative growth rate during zebrafish fin regeneration.  Our data point to a 

model for position-dependent control of growth rate mediated by Fgf signaling 

(Figure 11A and 11B). 

Amputation of the zebrafish caudal fin stimulates formation of a wound 

epidermis, blastemal morphogenesis, and rapid growth.  This growth is 

dependent on synthesis of Fgfs and signaling through Fgfrs.  The more proximal 

the amputation, the longer the region of active Fgf signaling in epidermal cells.  

Consequently, more proximally amputated fins establish a greater proximal 

extension of proliferative blastemal cells adjacent to these epidermal domains.  

Furthermore, greater amounts of Fgf signaling activity in proximal regenerates 

translate into higher blastemal mitotic indices.  Such position-dependent 

differences in blastemal function might explain position-dependent growth rate, 

defining Fgf signaling as a graded component of the positional instructions 

required for accurate regeneration.   

While most of our experiments focused on comparison of two amputation 

levels within a single fin, our data from single-amputated fins support this model.  
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Figure. 11 A model for position-dependent regulation of regenerative 

growth rate   

(A) After amputation, yet undetermined signals recognize position and establish 

cellular identity.  These signals are thought to be present in a gradient along the 

PD axis, and introduce position-dependent properties of Fgf signaling. (B) The 

amount and PD length of Fgf signaling, each of which are greater in proximal 

regenerates, determine the PD length and the mitotic index of adjacent blastemal 

mesenchyme (blue).  Because there is little overlap between highly proliferative 

blastemal tissue and regions of active Fgf signaling in the epidermis (green) and 

the distal portion of the blastema (red), it is likely that an Fgf-dependent 

epidermal mitogen mediates blastemal proliferation (arrows).  Greater influences 

by Fgf signaling on blastemal cells of proximal regenerates lead to higher growth 

rates than distal regenerates. 
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Both amounts and proximal extension of Fgf signaling gradually diminish during 

regeneration, aligning these parameters with PD position until the process is 

completed.  Such observations explain the gradual decrease in regenerative 

growth rate from 3 to 15 dpa (Figure 3).  They also indicate that there is not only 

a mechanism to establish a position-dependent amount of Fgf signaling after 

amputation, but an additional, related mechanism for gradual, position-dependent 

reduction in these amounts to slow and then stop regeneration as it concludes.   

Our data suggest that the effect of Fgfr activation on blastemal cells is cell 

non-autonomous; that is, Fgf signal transduction in basal epidermal cells 

somehow influences nearby blastemal cells.  Because the Erk signaling inhibitors 

mkp3, sef, and spry4 are induced in epidermal cells and are Fgf-dependent 

during fin regeneration, we suspect that Fgfrs regulate blastemal function via a 

mechanism that involves epidermal Erk activation.  According to this model, 

epidermal cells then release a mitogen that diffuses to adjacent blastemal cells 

(Figure 11B).  shh is a candidate for this mitogen, as it is expressed in basal 

epidermal cells and its transcription is dependent on Fgfr activation (Laforest et 

al., 1998; Poss et al., 2000b).  Furthermore, cyclopamine, the pharmacologic 

inhibitor of Hedgehog signal transduction, was recently shown to block blastemal 

proliferation in the regenerating zebrafish fin as well as the amputated axolotl tail 

(Quint et al., 2002; Schnapp et al., 2005).  Continued candidate approaches 

should help resolve the downstream mechanisms by which Fgfs modulate 

blastemal function. 
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3.4.2 Positional memory 

How does position determine Fgf signaling properties in injured tissue?  

Interestingly, fin cells support faithful regeneration even after many successive 

amputations.  Also, cultured fin cells act immortal in culture and can be passaged 

for years (Paw and Zon, 1999).  These findings suggest that positional 

information is quickly set after injury and not based on pre-injury, position-

dependent limitations of fin cells with respect to how much and how fast to 

regenerate. In our experiments, we detected PD differences in growth rate as 

early as 1 dpa, indicating that instructions for growth rate are followed even as 

the blastema forms. 

It is reasonable to suspect that an Fgf ligand gradient is responsible for 

the Fgf signaling gradient described in our experiments.  We have not been able 

to conclusively detect position-dependent regulation of fgf24 mRNA levels (Y.L. 

and K.D.P., unpublished observations), but there are many fgf genes to be 

examined for position-dependent regulation at the RNA or protein level during fin 

regeneration. Whatever the primary rate-determinant in the Fgf signaling 

pathway may be, our data indicate that Fgf signaling translates position into rate, 

but lies downstream of the master regulator(s) that furnishes position-dependent 

instructions (Figure 11A).  Removal of Fgf signaling for an extended period does 

not irreversibly change positional values, while disruption of more upstream 

factors that regulate the positional memory program is predicted to do so.   
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Two molecules to date have been implicated in maintenance of positional 

identity during amphibian limb regeneration. Treatment of a wrist level axolotl 

blastema with retinoic acid (RA) stimulates regeneration of more proximal 

structures (Maden, 1982; Crawford and Stocum, 1988).  Furthermore, direct 

measurements of RA in limb regenerates indicate a blastemal gradient, with 

higher RA levels in more proximal blastemas as compared to distal (Scadding 

and Maden, 1994).  These findings indicate that RA levels are important in 

determining position in blastemal cells, possibly through regulation of Meis genes 

as reported by Mercader et al., (2005) in analysis of axolotl limb regeneration.  In 

the regenerating zebrafish fin, RA treatment can lead to ray fusion, distalizing the 

bifurcation point of fin rays (White et al., 1994; Laforrest et al., 1998).  This result 

suggests that fin regenerates might be proximalized to some extent by RA, 

although the idea that RA modulates positional memory in the zebrafish fin 

requires further experimental testing.  Interestingly, RA and Fgf signaling have 

recently been shown to interact in multiple developing systems (Shiotsugu et al., 

2004; Moreno and Kintner, 2004).  Thus, it is possible that RA levels assist in 

establishing regenerative growth rate through the adjustment of Fgf signaling 

amounts.   

The second molecule implicated in positional memory is CD59, a 

membrane-localized protein whose expression is graded along the PD axis and 

regulated by RA in the amphibian limb.  When CD59 function is blocked in 

blastemal explant cultures, proximal blastemal behavior - engulfment  of distal 
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blastemal explants - is inhibited (da Silva et al., 2002).  Furthermore, CD59 

overexpression in electroporated axolotl limb regenerates appears to proximalize 

blastemal cells (Echeverri and Tanaka, 2005). The mechanism by which CD59 

might control positional memory remains unclear.  Therefore, it would be 

interesting to functionally examine CD59 during zebrafish fin regeneration as 

done here for Fgf signaling.  Moreover, unbiased genetic screens for defects 

during fin regeneration are possible in zebrafish (Johnson and Weston, 1995; 

Poss et al., 2002b; Nechiporuk et al., 2003), and can be modified to identify 

mutants that regenerate too few or too many structures.  Such approaches 

represent an attractive method for increasing the molecular resolution of 

mechanisms by which positional memory directs appendage regeneration. 
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CHAPTER 4. MAINTENANCE OF BLASTEMAL PROLIFERATION BY 
FUNCTIONALLY DIVERSE EPIDERMIS IN REGENERATING ZEBRAFISH 
FINS 

 

This chapter was originally published in: 

 

Lee, Y., Hami, D., De Val, S., Kagermeier-Schenk, B., Wills, A.A., Black, B.L., 

Weidinger, G., and Poss, K.D. (2009). Maintenance of blastemal proliferation by 

functionally diverse epidermis in regenerating zebrafish fins. Dev Biol. 
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fish and pharmacological treatment.  Danyal Hami and Airon Wills helped 

generate and maintain hsp70:v-ras and hsp70:dn-ras animals. Sarah De Val 

performed EMSA analysis. Birgit Kagermeier-Schenk performed in situ analysis 

with hsp70:wnt5b fins. 
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4.1 Summary  

Appendage regeneration in salamanders and fish occurs through formation and 

maintenance of a mass of progenitor tissue called the blastema.  A dedicated 

epidermis overlays the blastema and is required for its proliferation and 

patterning, yet this interaction is poorly understood.  Here, we identified 

molecularly and functionally distinct compartments within the basal epidermal 

layer during zebrafish fin regeneration.  Proximal epidermal subtypes express the 

transcription factor lef1 and the blastemal mitogen shh, while distal subtypes 

express the Fgf target gene pea3 and wnt5b, an inhibitor of blastemal 

proliferation.  Ectopic overexpression of wnt5b reduced shh expression, while 

pharmacologic introduction of a Hh pathway agonist partially rescued blastemal 

proliferation during wnt5b overexpression.  Loss- and gain-of-function 

approaches indicate that Fgf signaling promotes shh expression in proximal 

epidermis, while Fgf/Ras signaling restricts shh expression from distal epidermis 

through induction of pea3 expression and maintenance of wnt5b.  Thus, the fin 

wound epidermis spatially confines Hh signaling through the activity of Fgf and 

Wnt pathways, impacting blastemal proliferation during regenerative outgrowth.  
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4.2 Introduction 

Regeneration is a dynamic developmental process in which adult animals 

reconstruct body parts lost or damaged by injury.  Because of its spectacular 

nature and therapeutic implications, the regeneration of major appendages in 

non-mammalian vertebrates like urodele amphibians and teleost fish has been a 

subject of scientific inquiry for centuries.  Critical to appendage regeneration is 

formation and maintenance of the blastema, a mass of highly proliferative, 

undifferentiated tissue from which new structures derive (Brockes and Kumar, 

2005; Stoick-Cooper et al., 2007a).   

To replace complex tissues of appropriate shape, size, and function, the 

urodele or teleost blastema is subject to exquisite regulation by multiple 

surrounding influences.  For example, the amputation injury stump is covered 

rapidly by a multi-layered epithelium that interacts with and guides the blastema 

during growth, patterning, and differentiation.  This regeneration wound 

epidermis synthesizes many secreted factors to mediate this communication, 

including Fgfs, Shh, Bmps, Activin, anterior gradient (AG), and Wnts (Beck et al., 

2003; Jazwinska et al., 2007; Kumar et al., 2007; Lin and Slack, 2008; Poss et 

al., 2000a; Poss et al., 2000b; Quint et al., 2002; Schnapp et al., 2005; Smith et 

al., 2006; Stoick-Cooper et al., 2007b).  

A favorable system for dissecting this regulatory niche is the regenerating 

zebrafish fin(s), complex structures comprised of bone, connective tissue, 

nerves, blood vessels, epidermis, and pigmentation.  Experimentally useful 
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features of zebrafish fin regeneration include the rapid and reliable nature of 

regenerative events, the relative simplicity of epidermal and mesenchymal 

structures, and the availability of genetic approaches (Poss et al., 2003; Stoick-

Cooper et al., 2007a).  A highly proliferative blastema is maintained at the end of 

each bony ray and drives regenerative events.   

Close inspection of the zebrafish fin blastema has revealed that it is 

compartmentalized into a very small, distal region comprised of mostly non-

proliferating cells, and a larger, more proliferative proximal domain.  Trailing 

closely proximal to and surrounding the blastema, new osteoblasts, usually 

referred to as scleroblasts, actively align and begin to deposit bone matrix 

(Nechiporuk and Keating, 2002).  Because the heterogeneity and lineage 

decisions of fin blastemal cells have not been elucidated, it is possible that 

proliferating scleroblasts comprise a cellular subpopulation within the blastema.  

There is evidence that mesenchymal compartmentalization is critical for 

regeneration, with the adjacent epidermis suspected to influence position, size, 

and mitotic activity of the blastema as regeneration proceeds (Lee et al., 2005; 

Poss et al., 2002a).  Under this model, appropriate epidermal guidance factors 

are maintained in domains that must be continually shifted and/or reestablished 

during the course of regeneration, to influence proliferation distally while also 

facilitating proximal scleroblast patterning.  Recent studies have identified several 

developmental regulators synthesized within the regeneration epidermis, with 

functional data attributing positive or negative effects to these factors (Kawakami 
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et al., 2006; Laforest et al., 1998; Lee et al., 2005; Poss et al., 2000a; Quint et 

al., 2002; Stoick-Cooper et al., 2007b).  However, it is unknown how such factors 

integrate spatially and temporally to instruct regenerative events. 

Here, we demonstrate the emergence of two spatially and functionally 

distinct cellular subtypes within the basal layer of the epidermis during zebrafish 

fin regeneration.  A consequence of these epidermal territories is to establish a 

precise domain of Shh synthesis in a proximal portion of the epidermis, guiding 

events in adjacent mesenchyme.  Fgfs provide both positive and negative 

regulation to help localize Hh signaling, activating and maintaining shh in 

proximal epidermis while restricting its expression from distal epidermis via Ras 

signaling.  Our data indicate that wnt5b is maintained in distal epidermal cells by 

Fgf/Ras signaling, where its presence has inhibitory effects on shh expression.  

These findings represent a new cellular and molecular mechanism by which 

epidermal signals for proliferation and patterning are positioned in regenerating 

adult tissue. 
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4.3 Results  

 

4.3.1 shh, lef1, and wnt5b mark distinct cellular subtypes within the basal layer of 

the regeneration epidermis 

Recent studies of zebrafish fin regeneration have assigned functions to a number 

of factors expressed in the basal epidermal layer of regenerating zebrafish fins.  

First, Lef1 is a transcriptional target of canonical Wnt signaling and a 

downstream transcriptional activator of other Wnt-responsive genes.  Wnt/Beta-

catenin signaling was recently shown to have stimulatory effects on fin 

regeneration (Kawakami et al., 2006; Poss et al., 2000a; Stoick-Cooper et al., 

2007b).  Second, Shh is an important embryonic morphogen that was reported to 

promote both blastemal proliferation and scleroblast patterning (Laforest et al., 

1998; Quint et al., 2002).  Third, Wnt5b is a presumed non-canonical Wnt ligand 

with inhibitory effects on blastemal proliferation and regenerative growth, based 

on gain-of-function and loss-of-function studies (Poss et al., 2000a; Stoick-

Cooper et al., 2007b).  Its paralog wnt5a is expressed in a similar pattern (Stoick-

Cooper et al., 2007b). 

Interestingly, examination of published whole-mount in situ hybridization 

experiments performed by us and others suggested to us there are two distinct 

expression domains for lef1, shh, and wnt5b within the basal epidermal layer 

(Figure 12A) (Laforest et al., 1998; Poss et al., 2000a).  To confirm these data in 

a quantitative manner,  we  measured  the  lengths  of  expression  domains from  
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Figure 12.  Expression of epidermal regulators in the regenerating 

zebrafish fin   

(A) Whole-mount in situ hybridization of 3 dpa fin regenerates (33°C) for lef1, shh, 

wnt5b and pea3 (Black arrowheads, violet).  (B and C) Quantification of 

epidermal expression domains measured from either 3 dpa (B) or 6 dpa (C) 

whole-mount in situ hybridization-processed fins, plotted as mean ± SEM.  White 

bars: length from distal tip of regenerate to proximal end of in situ hybridization 

signal; colored bars: total length of in situ hybridization expression domain.  (D 

and E) Cartoon representation of data from (B and C), represented as a 

longitudinal section of 3 dpa (D) or 6 dpa (E) fin regenerates.  (F and G) Whole-

mount staining for BrdU (green) and scleroblasts (red) in 3 dpa (F) and 6 dpa (G) 

fin regenerates.   Bracket indicates the proliferative blastema.   
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Figure 12 
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new whole-mount in situ analysis, in which we could readily identify specific rays 

for measurement (Lee et al., 2005).  Through quantification of expression 

domains from many animals, we found that distally localized epidermal cells were 

wnt5b-positive and negative for shh and lef1, while more proximal cells 

expressed mainly the latter two factors (Figure 12B and 12D).  To determine 

whether this epidermal profile is maintained throughout regeneration, we also 

measured expression domains from 6 dpa regenerates, a stage at which the 

blastema has decreased in size and mitotic activity and regeneration begins to 

slow to completion (Figs. 12F and 12G) (Lee et al., 2005).  Similar epidermal 

compartments, albeit compacted, were seen in these later-stage regenerates 

(Figs. 12C and 12E), indicating that this organization is maintained throughout 

the regenerative process. 

To characterize these domains, we performed in situ hybridization on 

adjacent, serial sections from caudal fin regenerates at 3 dpa.  This analysis 

confirmed two compartments with little overlap, a proximal region expressing shh 

and lef1, and a distal wnt5b-positive compartment (Figure 13A).  To authenticate 

colocalization of shh and lef1 and their restriction from the distal epidermis, we 

generated an antibody against Lef1 and assessed its localization in fin 

regenerates from shh:EGFP transgenic zebrafish (Wills et al., 2008).  These 

experiments confirmed in situ data, although Lef1 protein localization extended 

further proximally than EGFP fluorescence driven by the shh promoter (Figure 

13B).  Sections of fin regenerate stained for BrdU and lef1, shh, or wnt5b after a  
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Figure 13.  The regenerating zebrafish fin has two epidermal cellular 

subtypes.   

(A) in situ hybridization for lef1, shh, wnt5b and pea3 in serial sections from a 

single 3 dpa (33°C) fin regenerate.  Arrows indicate the distal end of the lef1, shh 

or the proximal end of the wnt5b, pea3 signals.  Note that section in situ 

hybridization (A) gives slightly different domain representation than whole-mount 

in situ hybridization as in Figure12A, based on differences in probe penetration 

and signal development (Smith et al., 2008).  (B) Antibody staining for Lef1 in a 

section from 3 dpa (33°C) shh:EGFP fin regenerates.  The distal limit of the Lef1 

staining (red) is aligned with the distal limit of Shh expression (green).  (C) in situ 

hybridization for shh, wnt5b and antibody staining for zns-5 to mark scleroblasts, 

using serial sections from single 3 dpa (33°C) fin regenerate.  Black and white 

arrows indicate the distal end of the shh and zns-5 signal, or the proximal end of 

the wnt5b signal.  Red arrows indicate distal limits of weak signals, still similar 

between shh and zns-5, and non-overlapping with wnt5b.  
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     Figure 13 
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Figure 14.  Proximal and distal epidermal territories   

Representative sections from 3 dpa fin regenerates (33°C) stained by section in 

situ hybridization for lef1, shh, wnt5b and pea3, and for BrdU (30 minutes 

incorporation) to mark proliferative blastemal cells (red).  Brackets indicate 

proximal or distal limits of detectable expression.  
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30-minute BrdU labeling period placed the majority of proliferating blastemal cells 

adjacent to epidermis positive for each of these markers (Figure 14).  

Furthermore, the distal limit of aligned mesenchymal scleroblasts was typically 

adjacent to the distal limits of lef1 and shh expression, as previously described 

(Laforest et al., 1998; Poss et al., 2000a), while the proximal detectable limit of 

wnt5b expression was distal to aligned scleroblasts (Figure 13C).  

In summary, our data demonstrate two distinct epidermal territories along 

the proximodistal axis, the surrounding the blastema and associated with the 

distal limits of patterned scleroblasts.   

 

4.3.2 Wnt5b restricts expression of the proliferation and patterning factor shh 

Recently, Akimenko and colleagues determined that cyclopamine, an antagonist 

of Hh signaling, reduced mesenchymal proliferation and stunted regeneration 

when treated immediately after amputation (Quint et al., 2002).  We initiated 

cyclopamine (50 mM) treatment at 4 dpa and found that it also markedly reduced 

BrdU incorporation in an established blastema (Figure 15A and 15B).  In addition, 

Quint et al. (2002) found that cyclopamine treatment immediately after 

amputation led to abnormally patterned bone in the stunted regenerates, and that 

Shh delivery into regenerates by plasmid injection caused ectopic bone formation.  

We directly examined the effects of ~1 day of cyclopamine treatment during 

ongoing scleroblast patterning, and found that shh mRNA expression was 

grossly unchanged in level and location.   However,  the  distal  limit  of  aligned  
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Figure 15. Pharmacologic manipulation of Hh signaling in ongoing 

regenerates affects blastemal proliferation and scleroblast patterning.  

(A and B) Analysis of BrdU incorporation in 5 dpa fin regenerates (26°C) of 

animals treated with 50 µM cyclopamine for 28 hours.  Cyclopamine treatment 

dramatically reduced blastemal BrdU incorporation (B), as compared to vehicle-

treated control animals (A; yellow arrowheads indicate blastema). (C and D) 

Serial sections of vehicle- (C) and cyclopamine-treated fin regenerates (D) 

stained for shh mRNA localization or scleroblasts (zns-5).  Mesenchymal 

scleroblasts align with epidermal shh signals in vehicle-treated regenerates, 

while they significantly trail these signals after 28 hours cyclopamine treatment.  

Arrows indicates the distal limit of detectable shh or scleroblasts.  (E) 

Quantification of distance between distal limits of shh expression and patterned 

scleroblasts.  White bar = vehicle; gray bar = cyclopamine (n = 11; mean ± SEM; 

Student’s t-test, *P < 0.05).  (F and G) Images of H3P staining of 4 dpa fin 

regenerates (26°C) of animals treated with 5 µM SAG or vehicle for 2 hours.  

Activation of Hh signaling by SAG treatment enhanced the number of mitotic 

blastemal cells (G).  (H) Quantification of mitotic counts in SAG- and vehicle-

treated animals.  White bar = vehicle; black bar = SAG (n = 12; mean ± SEM; 

Student’s t-test, *P < 0.05).  
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Figure 15 
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scleroblasts shifted ~20 µm proximally during this treatment (Figure 15C-15E), 

suggesting that new patterning events were delayed and uncoupled from 

epidermal shh mRNA expression.   

To test the effects of increasing Hh signaling during regeneration, we 

treated 4 dpa fin regenerates with 5 mm Smoothened agonist (SAG) for 2 hours.  

This treatment increased by ~98% the number of blastemal cells in mitosis, 

including metaphase, anaphase, and telophase nuclei (Figure 15F-15H).  The 

published and these new functional data with Hh pathway modulators do not 

distinguish between potential roles of shh and other Hh ligands; in particular, ihh 

is detectable in scleroblasts during fin regeneration (Avaron et al., 2006).  

Nevertheless, they reinforce the idea that Hh signaling is critical for both 

proliferation and patterning, and that Shh release requires precise regulation 

during regeneration. 

Because the distal epidermal factor wnt5b showed little colocalization with 

shh, and is known to negatively impact blastemal proliferation (Stoick-Cooper et 

al., 2007b), we hypothesized that it may help restrict shh to the proximal 

epidermis.  To test this idea, we assessed shh and lef1 expression 5 hours after 

a single heat-shock in 4 dpa wildtype and hsp70:wnt5b fin regenerates.  This 

protocol markedly reduced expression of both lef1 and shh, but had no 

detectable effect on a more distal basal epidermal marker, the Fgf target gene 

pea3 (see below; Figure 16A).  Remarkably, a brief SAG treatment was able to 

increase BrdU incorporation during wnt5b overexpression by 36% compared to 
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vehicle, indicating a partial rescue of blastemal proliferation (Figure 16B-16D). 

This result implicates shh as a significant target of the inhibitory effects of Wnt5b 

presence in distal epidermal tissue. 

 

4.3.3 Fgf signaling is required for expression of both proximal and distal 

epidermal regulators 

To further investigate the regulation and significance of epidermal subdivision 

during regeneration, we examined participation by Fgf signaling.  We and others 

have demonstrated requirements for Fgf signaling in formation and proliferation 

of the zebrafish fin blastema (Lee et al., 2005; Poss et al., 2000b; Whitehead et 

al., 2005).  The Fgf receptor fgfr1 is expressed in basal epidermal cells during 

regenerative outgrowth, as are several Fgf target genes like mkp3, sef, and spry4 

(Lee et al., 2005).  Because these target genes enable negative feedback of the 

pathway, their potential functions may be difficult to interpret.  Therefore, we 

examined the expression at 3 and 6 dpa of pea3, an Ets-related transcription 

factor downstream of Fgfr activation and not implicated in negative feedback.  

Qualitative and quantitative assessment of pea3 revealed expression in distal 

epidermal tissue, overlapping mainly with wnt5b in the distal epidermis and less 

with lef1 and shh expression domains (Figure 12A-12E and Figure 13A).  

Because of the expression pattern of pea3, we suspected that Fgf signaling 

helps to maintain epidermal cell territories. 
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Figure 16.  Wnt5b restricts epidermal expression of shh.   

(A) Whole-mount in situ hybridization and representative sections of epidermal 

gene expression 5 hours after a single heat-shock in 4 dpa wildtype and 

hsp70:wnt5b fin regenerates.  Ectopic overexpression of wnt5b diminishes 

expression of epidermal markers lef1 and shh (arrowheads), while it has no 

detectable effect on the Fgf target gene pea3. (B and C) Images of BrdU 

incorporation in 4 dpa fin regenerates of hsp70:wnt5b animals given a heat-

shock, followed by SAG or vehicle treatment.  SAG treatment partially rescued 

proliferation in hsp70:wnt5b regenerates.  (D) Quantification of BrdU-positive 

cells in SAG- and vehicle-treated hsp70:wnt5b animals (n = 9; mean ± SEM; 

Student’s t-test, *P < 0.05). 
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Figure 16 
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Figure 17. Transgenic Fgfr blockade depletes both positive and negative 

epidermal regulators.   

(A) Whole-mount in situ hybridization for epidermal markers, and representative 

sections, 5 hours after a single heat-shock in 4 dpa wildtype and hsp70:dn-fgfr1 

regenerates.  The expression of Fgf target genes pea3 and erm is markedly 

reduced during Fgfr inhibition, as are other epidermal markers lef1, shh, and 

wnt5b (arrowheads). (B and C) Images of BrdU incorporation in 4 dpa fin 

regenerates of heat-shocked hsp70:dn-fgfr1 animals treated with SAG.  SAG 

augmented blastemal proliferation in hsp70:dn-fgfr1 animals.  (D) Quantification 

of BrdU-positive cells in SAG- and vehicle-treated hsp70:dn-fgfr1 animals (n = 

12; mean ± SEM; Student’s t-test, *P < 0.005). 
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Figure 17 
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To determine requirements for Fgfr activation in epidermal specification, 

we used a transgenic line that facilitates heat-inducible expression of a dominant 

negative zebrafish Fgfr1 (hsp70:dn-fgfr1).  After regeneration was allowed to 

occur normally for 4 days, a single heat-shock was applied 5 hours prior to 

collection of fins.  This protocol has been shown to strongly inhibit blastemal 

proliferation and associated regenerative events (Lee et al., 2005; Yin et al., 

2008).  In these experiments, it severely reduced expression of pea3, as well as 

that of a second Ets transcription factor and Fgf target gene with similar 

expression, erm.  Thus, although pea3 and erm can be regulated by pathways 

other than Fgf in certain developmental contexts, expression of these genes is 

largely or wholly dependent on Fgf signaling during fin regeneration (Figure 17A).   

Notably, we found that brief, transgenic Fgfr inhibition also diminished the 

level of additional epidermal markers lef1, shh and wnt5b (Figure 17A).  

Treatment with SAG during Fgfr inhibition partially rescued blastemal proliferation 

defects, to similar extents as it had in hsp70:wnt5b animals (~27%; Figure 17B-

17D).  These findings indicate that Fgf signaling, a pathway essential for 

blastemal proliferation, controls epidermal gene expression and helps define 

epidermal territories by maintaining expression of distal wnt5b as well as 

proximal shh and lef1.  Moreover, they suggest that one of the means by which 

Fgfs stimulate blastemal proliferation is through maintenance of shh expression. 
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4.3.4 Transgenic increases in Fgf/Ras signaling distalize the regeneration 

epidermis  

Paradoxically, our loss-of-function experiments indicated that Fgf signaling 

promotes expression of both positive (shh, lef1) and negative (wnt5b) effectors of 

blastemal function. To clarify this finding, we sought to test the impact of 

increased levels of Fgf signaling during regeneration.  First, we created a 

transgenic line that would facilitate inducible expression of a ligand-independent, 

constitutively active fgfr1 cassette (hsp70:ca-fgfr1) (Marques et al., 2008; Neilson 

and Friesel, 1996).  Two additional transgenic lines were generated that facilitate 

heat-inducible expression of either a dominant-negative (hsp70:dn-ras) or 

constitutively active (hsp70:v-ras) Ras, a common downstream component of Fgf 

signaling in diverse developmental processes (Neuhaus et al., 2003; Poulain et 

al., 2006; Shinya et al., 2001; Whitman and Melton, 1992). To determine the 

ability of these transgenic strains to modulate Fgf signaling, we gave a single 

heat-shock to 24 hpf embryos and examined expression 6 hours later of the Fgf 

target genes pea3 and erm.  At this stage, pea3 and erm mRNAs normally co-

localize with fgf8 mRNA in the midbrain-hindbrain boundary, the pharyngeal 

arches, and the tailbud (Munchberg et al., 1999).  As expected, Ras inhibition 

diminished pea3 and erm expression in a manner comparable to direct Fgfr 

inhibition. Conversely, ectopic Fgfr and Ras activation each elevated and 

expanded pea3 and erm expression (Figure 18A).  Thus, we have generated 

three  new   strains   with  which   to  inducibly  manipulate   Fgf/Ras  signaling  in  
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Figure 18.  Transgenic activation of both Fgf and Ras induces Fgf target 

genes and wnt5b in embryos.   

(A) Whole-mount in situ hybridization of 30 hpf embryos from hsp70:dn-fgfr1, 

hsp70:ca-fgfr1, hsp70:dn-ras, or hsp70:v-ras transgenic lines that had been heat-

shocked at 24 hpf.  The expression of Fgf target genes pea3 and erm decreases 

in transgenic embryos with Fgfr or Ras inhibition, while their expression is 

increased and expanded in transgenic embryos in which Fgfr or Ras activity is 

boosted.  Arrows indicate midbrain-hindbrain boundary.  (B) Whole-mount in situ 

hybridization of 30 hpf embryos from wildtype and hsp70:ca-fgfr1 or hsp70:v-ras 

transgenic lines, that had been heat-shocked at 24 hpf.  pea3 and wnt5b have 

similar expression domains in 30 hpf wildtype embryos (arrowheads), and 

expression of each is increased and expanded upon ectopic activation of Fgfr1 or 

Ras in transgenic embryos.  
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Figure 18 
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 zebrafish. 

Further experiments focused on the hsp70:v-ras line, as transgene 

inducibility was absent in adult fin tissues of hsp70:ca-fgfr1 animals (data not 

shown).  These effects most likely reflect epigenetic silencing as have been 

reported with other hsp70-driven constructs (Thummel et al., 2006b).  To 

examine the impact of ectopic Ras activation during regeneration, we first 

assessed Fgf target genes by whole-mount in situ hybridization after only a brief 

(5-hour) induction of v-ras.  The expression of pea3 and erm, as well as 

additional Fgf target genes mkp3 and spry4, was elevated and also extended 

many cell diameters proximally within the basal epidermis (Figure 19A).  To 

confirm that these effects on pea3 and erm were downstream of Fgfrs, we heat-

shocked hsp70:dn-fgfr1;hsp70:v-ras animals at 4 dpa.  In these experiments, 

double-transgenic regenerates had enhanced and extended pea3 expression 

that was indistinguishable from single-transgenic hsp70:v-ras regenerates 

(Figure 19B).  These findings indicate that several Fgf target genes like pea3 and 

erm are normally regulated through Ras during fin regeneration. 

To define the effects of ectopic Ras activation on epidermal territories, we 

assayed the subtype-specific markers lef1, shh, and wnt5b.  Strikingly, wnt5b 

expression was expanded many cell diameters proximally by this treatment, 

mimicking effects of Ras activation on pea3 and erm.  By contrast, ectopic Ras 

activation abolished expression of the proximal epidermal markers lef1 and shh 

(Figure 20A).    These  results  indicate  that  brief  Ras  activation  distalized  the  
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Figure 19.  Transgenic Ras activation induces Fgf target genes in fin 

regenerates.   

(A) Whole-mount in situ hybridization and representative sections of epidermal 

gene expression 5 hours after a single heat-shock in 4 dpa wildtype and hsp70:v-

ras regenerates.  Brief Ras activation increases and expands pea3 and erm  

expression in the basal epidermal layer, as well as the other Fgf target genes 

mkp3 and spry4 (arrowheads).  (B) Images of whole-mount in situ hybridization 

and representative sections of 4 dpa regenerates from hsp70:dn-fgfr1, wildtype, 

hsp70:v-ras, and hsp70:dn-fgfr1; hsp70:v-ras animals, collected 5 hours after a 

38°C heat-shock.  While Fgfr inhibition depletes pea3 expression from the basal 

epidermal layer (far left), Ras activation expands pea3 expression proximally 

(third from left).  Double-transgenic hsp70:dn-fgfr1; hsp70:v-ras regenerates (far 

right) display similar ectopic induction of pea3 expression as hsp70:v-ras single 

transgenics. 
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        Figure 19 
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Figure 20.  Transgenic Fgf/Ras distalizes the regeneration epidermis, 

blocking blastemal proliferation.   

(A) Whole-mount in situ hybridization and representative sections of 4 dpa 

regenerates from hsp70:v-ras animals, collected 5 hours after a heat-shock.  lef1  

and shh expression are abolished during Ras activation, while wnt5b expression 

is expanded.  (B and C) BrdU incorporation and phosphorylated Histone 3 (H3P) 

assessment in wildtype (B) and hsp70:v-ras (C) 4 dpa fin regenerates 5 hours 

after a single heat-shock.  Blastemal proliferation (arrowheads) is markedly 

reduced by brief Ras activation in transgenic regenerates, as compared to 

wildtype. (D and E) Images of BrdU incorporation in 4 dpa fin regenerates treated 

heat-shocked hsp70:v-ras zebrafish treated with SAG or vehicle. SAG partially 

rescued blastemal proliferation.  (F) Quantification of BrdU-positive cells in SAG- 

and vehicle-treated hsp70:v-ras animals (n = 12; mean ± SEM; Student’s t-test, 

*P < 0.05).  (G) Electrophoretic mobility shift assays of binding by zebrafish Pea3 

protein to a binding element upstream of the zebrafish wnt5b transcription start 

site.  (Left) Excess addition of non-labeled wnt5b oligo (wnt5bWT) effectively 

competes for binding between in vitro translated Pea3 DNA-binding domain and 

a radiolabeled canonical binding site (Pea3 control; Ct).  Arrow indicates 

unbound radiolabeled oligo; double asterisks marks shifted complex.  A wnt5b 

oligo containing two nucleotide changes (wnt5bMT) fails to compete.  (Right) 

Radiolabeled wnt5bWT mobility is shifted by the zebrafish Pea3 DNA-binding 

domain, an interaction competed by excess unlabeled wnt5bWT oligo. 
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Figure 20 
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epidermal profile, with several distal markers expanded at the expense of 

proximal markers.  To gauge the impact of this transformation, we assessed 

BrdU incorporation after 5 hours of increased Ras activity.  Consistent with what 

would be predicted based on the loss of lef1/shh and expansion of wnt5b, 

blastemal proliferation was sharply reduced (Figure 20B and 20C).  When 

hsp70:v-ras regenerates were treated briefly with SAG, BrdU incorporation was 

partially rescued (~32%), pointing again to shh as an important mitogenic 

regulatory target synthesized in the proximal epidermis (Figure 20D-20F). 

Colocalization, loss-of-function, and gain-of-function experiments 

described above indicate that wnt5b is regulated by Fgf/Ras signaling during fin 

regeneration, a relationship that to our knowledge has not been reported in any 

developmental system.  To identify this regulation in a different developmental 

context, we looked at 30 hpf zebrafish embryos.  First, we noted expression of 

both pea3 and wnt5b in the tailbud and branchial arches, consistent with co-

regulation.  Then, we examined the impact on wnt5b expression of brief 

increases in Fgf and Ras signaling in hsp70:ca-fgfr1 and hsp70:v-ras embryos, 

respectively.  In both strains, like pea3 expression, wnt5b expression was 

strongly augmented in rostral and caudal structures compared to wildtype 

embryos (Figure 18B).  Thus, brief activation of Fgfr or Ras stimulates wnt5b 

expression in embryonic tissue.   

Taken together, our data support a working model in which Fgf signaling 

modulates epidermal influences through two important mechanisms (Figure 21).  
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First, Fgfs activate expression of the critical proliferation and patterning factor 

shh in the proximal epidermis, through a mechanism that is ostensibly 

independent of Ras and Pea3/Erm.  Second, Fgfs act in distal epidermis to limit 

shh expression in this territory, through a mechanism that involves Ras, Pea3, 

and the typically non-canonical Wnt ligand Wnt5b. Because multiple predicted 

Pea3 recognition sequences are present 5’ of the wnt5b start codon (data not 

shown), the latter regulation might involve direct regulation of wnt5b transcription 

by Pea3.  Indeed, electromobility shift assays using in vitro translated zebrafish 

Pea3 demonstrated efficient binding to a labeled putative binding element ~2.3 

kb upstream of the predicted transcriptional start site, containing nucleotide 

sequence highly conserved among vertebrates (Figure 20G).  Future studies to 

solidify a direct regulatory relationship during regeneration will require a series of 

new transgenic reporter strains and functional studies.  In summary, the Fgf 

signaling pathway employs both positive and negative regulation to control 

important epidermal gene expression during fin regeneration. 
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Figure 21.  Model for control of epidermal compartments during fin 

regeneration.   

Fgf signaling helps establish expression of lef1 and shh in proximal regions of the 

basal epidermal layer, supporting morphogenesis in this area.  Distally, a second 

arm of Fgf signaling acts through Ras to promote wnt5b expression, regulatory 

events that restrict lef1 and shh expression from distal-most areas of the 

regeneration epidermis.  Gray = bone; red circles = blastema.  
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4.4 Discussion 

 

4.4.1 Distinct compartments within the fin regeneration epidermis 

Amputation of an adult fin or limb causes massive trauma and disorganization, 

followed by rapid formation of a wound epidermis.  In order to regenerate 

structures of correct pattern and function, intricate spatial and temporal regulation 

of epidermal niche signals is necessary.  Here, we have identified new cellular 

and molecular aspects of regulation exerted on the zebrafish fin blastema by its 

epidermal covering. 

Our data reveal new diversity in cells of the basal layer of the wound 

epidermis directly adjacent to the blastema.  While distal epidermal cells express 

the effectors pea3 and wnt5b, more proximal subtypes express shh and lef1.  We 

postulate that this compartmentalization is important for the process of 

regenerating patterned bone from the adjacent mesenchyme.  By confining shh 

to a proximal portion of the regeneration epidermis, its mitogenic effects can be 

targeted to adjacent mesenchyme, helping to localize the blastema.  In addition, 

effects of Shh on patterning scleroblasts is restricted proximally, where bone 

deposition trails the proliferative blastema.  The initial cellular targets of 

epidermal Shh are thought to be the basal epidermal layer and scleroblasts, 

areas where the receptor Patched1 is detectable (Laforest et al., 1998; Quint et 

al., 2002); tissue-specific tools for gene manipulation in adults will be necessary 

to dissect functions in the different cell types.   



 

- 102 - 

A second consequence of positional specification in epidermal cells is the 

placement of an inhibitor of blastemal proliferation, Wnt5b, in the distal portion of 

the basal epidermal layer.  It is likely that this negative influence contributes to 

the non-proliferative properties of the very distal portion of the blastema 

(Nechiporuk and Keating, 2002); however, the purpose of this region of 

mesenchyme is unknown.  Interestingly, our data indicate that Wnt5b exerts 

negative effects at least in part through restriction of effectors like lef1 and shh to 

proximal epidermal cells.  Thus, fin regeneration proceeds by establishing a 

domain of inhibitory epidermis at the distal tip of the regenerate, regulatory tissue 

that can help ensure that stimulatory functions of Shh, and possibly Lef1, are 

maintained in the correct epidermal compartment. 

 

4.4.2 Fgfs regulate epidermal expression domains  

A surprising aspect of this model is how Fgfs direct the process.  Our results 

indicate that Fgfs have both positive and negative impact on expression of shh 

and lef1 in epidermal cells.  Initially paradoxical, this result can be explained by 

integrating Pea3 and Wnt5b into the regulatory model.  In proximal epidermal 

cells, Fgfs maintain shh expression through a mechanism that does not appear 

to involve Ras and Pea3.  SAG rescue events in this study indicate that 

maintenance of shh expression contributes to the positive effects of Fgfs on 

blastemal proliferation.  This is unlikely to be the only mechanism by which Fgfs 

maintain blastemal proliferation (Yin et al., 2008).  At the same time, Fgfs 
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function in a negative manner within the distal epidermal cells.  Here, by 

maintaining pea3 and erm transcription through Ras signaling, inhibitory signals 

like Wnt5b and possibly other factors are induced.  Our data indicate that Fgf and 

Ras signaling induce wnt5b transcription in both embryonic and adult tissue, and 

suggest that Pea3 can directly regulate wnt5b transcription.  Thus, under this 

model, Fgfs released in the regenerate provide both the initiating proximal signal 

for shh expression, as well as the distal cutoff.  This is likely to result in the 

observed tight epidermal domain of shh as regenerative outgrowth proceeds, and 

explains how Hh agonist treatment can partially rescue too much or too little 

Fgf/Ras signaling.  It is unclear without genetic cell labeling studies whether this 

epidermal domain is maintained during rapid growth through translocation of a 

committed subpopulation of epidermal cells, or through recurrent reprogramming 

of epidermal cells into new proximal and distal zones.   

We postulate that different expression domains of Fgfrs or Fgf ligands 

enable this apparent dual regulation of shh during fin regeneration.  Indeed, ISH 

on serial sections revealed different proximodistal expression domains of fgfrs1-

4, with fgfr1 throughout the mesenchymal and epidermal compartments, fgfr2 in 

distal basal epidermal cells, and fgfr3 and fgfr4 in proximal scleroblasts (Figure 

22A).  Also, fgf20a and fgf24, ligands previously localized in regenerating fins 

(Poss et al., 2000b; Whitehead et al., 2005), showed differential expression in 

basal epidermal cells.  fgf24 was detectable in a restricted distal domain, while 

fgf20a occupied a broader proximodistal domain of basal layer cells (Figure 22B).  
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These data await conditional mutagenesis for functional confirmation, but are 

consistent with differential roles for ligand/receptor pairs during regeneration.  

Notably, similar dual effects on shh by Fgfs have been recently observed during 

limb development in vertebrate embryos (Mao et al., 2009; Zhang et al., 2009).  

There, Fgfs have positive effects on shh expression within the zone of polarizing 

activity at the posterior margin, but also restrict its expression from distal 

mesenchyme via ETS factors Etv4 and Etv5.  It is thus likely that this form of bi-

directional regulation of shh by Fgfs is utilized in other examples of embryonic 

and regenerative development, perhaps with differing intermediary factors. 
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Figure 22.  Expression patterns of fgfr and fgf genes during fin 

regeneration.   

(A) In situ hybridization of serial sections for fgfr1-4 and pea3 from a single 3 dpa 

(33°C) fin regenerate, showing differential expression of receptors.  fgfr1 is 

expressed broadly in the basal epidermis, mesenchyme, and scleroblasts, fgfr2 

in the basal epidermis, and fgfr3 and fgfr4 predominantly in scleroblasts.  (B and 

C) Two representative serial sections from 3 dpa fin regenerates (33°C) stained 

by section in situ hybridization for fgf20a and fgf24.  While each ligand is 

expressed in the basal epidermal layer, fgf20a expression extends more 

proximally than fgf24.  
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   Figure 22 
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CHAPTER 5. ZEBRAFISH REGENERATE FIN STRIPES THROUGH RAS-

CONTROLLED EXPANSION OF MELANOCYTE PRECURSORS  

 

 

Lee, Y., Klinsawat, P.W., Hami, D., Poss, K.D. (In preparation).  

 

Yoonsung Lee performed most analyses of pigment cells and gene expression 

using hsp70:v-ras transgenic animals and pigment-defective mutant.  Pai 

Klinsawat helped perform hematoxylin staining. 
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5.1 Summary  

After zebrafish fins are amputated, melanocyte stripes faithfully regenerate 

concomitantly with complex fin structures.  Distinct populations of melanocyte 

precursors emerge and differentiate to pigment the regenerate, yet the regulation 

of their proliferation and patterning is incompletely understood.  Here, we found 

that pharmacologic MAPKK inhibition reduced melanocyte density during 

zebrafish fin regeneration, while transgenic increases in active Ras elevated 

phospho-Erk levels and dose-dependently hyperpigmented regenerates.  

Lineage tracing and marker analysis indicated that Ras stimulated the in situ 

amplification of undifferentiated melanocyte precursors expressing mitfa and 

kita.  Active Ras also hyperpigmented early fin regenerates of kita mutants, 

normally devoid of primary regeneration melanocytes, suppressing defects in 

precursor function and survival.  By contrast, active Ras failed to impact 

pigmentation by secondary regulatory melanocyte precursors in late-stage kita 

regenerates.  Our results indicate that Ras activity levels finely control 

repopulation and expansion of adult melanocyte precursors after tissue loss, 

enabling stripe recovery during zebrafish appendage regeneration.  
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5.2 Introduction 

Regenerative medicine is a conventional therapeutic strategy for highly 

renewable tissues like blood and skin, but remains a challenging and distant goal 

for many human organs with poor regenerative capacity.  Current attention is 

focused on methodology to isolate stem and progenitor cells from embryonic or 

adult organs, or to reprogram somatic cell types as a means of creating stem 

cells (Takahashi and Yamanaka, 2006).  While the promise of stem cell therapy 

is enormous, we know little about how stem and progenitor cell populations can 

be successfully manipulated to restore complex tissues of correct size, pattern, 

and function after organ damage.  

Critical context for this degree of stem cell control can be gained by direct 

study of natural examples of complex tissue regeneration, during which healthy, 

patterned adult structures are renewed after severe injury.  Among vertebrate 

model systems, urodele amphibians like salamanders and teleost fish like 

zebrafish have the greatest capacity for organ regeneration.  Together, these 

species are able to renew pieces of brain tissue, intestinal segments, a fully 

transected spinal cord, injured eye parts like a damaged retina or dissected lens, 

resected heart muscle, and amputated jaws and major appendages (Brockes 

and Kumar, 2005; Stoick-Cooper et al., 2007a).  The zebrafish serves as an 

increasingly popular model for investigating regenerative events, given the large 

number of available community resources (Grunwald and Eisen, 2002).  The 

best-studied example of regeneration in zebrafish is their rapid and virtually 
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indelible renewal of amputated fins.  Adult zebrafish fins contains several 

segmented fin rays of intramembranous bone, each comprised of concave, 

facing hemirays that surround connective tissue, including fibroblasts and bone-

depositing scleroblasts, as well as nerves and blood vessels.  The hallmark of fin 

regeneration is formation of the blastema, a proliferative mass of mesenchymal 

cells that is maintained as a zone of progenitor tissue for new structures.  

Regenerative growth proceeds from the blastema by progressive addition of new 

bone segments to the distal end of each ray, until the original length of the fin is 

achieved roughly two weeks after the amputation injury (Akimenko et al., 2003; 

Poss et al., 2003). 

One of the most striking aspects of zebrafish fin regeneration is the accurate 

regeneration of pigmentation pattern after amputation.  In the first several days of 

regeneration, new melanocytes scatter throughout the rapidly regenerating 

tissue.  Resolution into distinct stripes then occurs in an approximate proximal-to-

distal sequence, with melanocytes fully contained within stripes by several weeks 

after amputation.  While it is unclear whether the fin blastema is comprised of or 

derives from a stem cell population, the melanocytes of the regenerate are 

known to originate from unpigmented precursors (O'Reilly-Pol and Johnson, 

2009; Rawls and Johnson, 2000, 2001; White and Zon, 2008).  Recent studies 

revealed that two populations of melanocytes, both supplied by undifferentiated 

precursors, pigment adult fin regenerates.  Primary regeneration melanocytes 

surface in the first week of regeneration, are dependent on the receptor tyrosine 



 

- 111 - 

kinase Kita, and form the initial stripe patterns.  A secondary population of 

regulatory melanocytes is suspected to play only a minor role during stripe 

regeneration.  However, this population is prominent in the absence of functional 

Kita, where it emerges in late-stage regenerates and has capacity to renew entire 

stripes (Rawls and Johnson, 2000).  Adult zebrafish restore stripe pattern after at 

least 10 consecutive rounds of amputation and regeneration, demonstrating a 

remarkable capacity for self-renewal indicative of an underlying stem cell 

population.  Thus, zebrafish employ mechanisms largely uncharacterized at the 

molecular level that control the self-renewal and patterning of adult stem cells as 

they renew stripes in a rapidly regenerating appendage. 

Here, in attempts to identify new regulators of stem cell activity during 

zebrafish fin stripe regeneration, we used pharmacologic and transgenic 

approaches to discover a central role for the small GTPase Ras.  Most 

remarkably, transgenic increases in active Ras amplified undifferentiated 

melanocyte precursors during fin regeneration, hyperpigmenting new fin 

structures and disrupting stripe pattern.  This striking phenotype was observed 

even in the absence of Kita function.   Our findings reveal that Ras signaling 

calibrates the supply of melanocyte precursors, facilitating stripe pattern recovery 

during zebrafish fin regeneration.  
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Figure 23. Activation of Ras enhances the creation of pigmentation during 

fin stripe regeneration.  

(A) After adult zebrafish caudal fins are amputated, the classic pigmentation 

stripes are regenerated within 30 dpa (bracket), in addition to bone and their 

major structures (Red arrows indicate amputation plane).  (B and C) Images of 

caudal fin regenerates of 5dpa zebrafish incubated in vehicle (B, 0.1% DMSO) or 

20µM PD98059, MEK inhibitor (C) for 3 days (2 dpa-5 dpa).  Distribution of 

pigmented cells in the regenerates decreased in the presence of PD98059.  (D) 

Ras activation in fin regenerates of hsp70:v-ras transgenic animals induces 

phospholyration of Erk.  (E and F) Wildtype and hsp70:v-ras transgenic reagent 

were given 36 °C daily heat shock for 5 days.  Induction of Ras transgene 

activates pigmentation in the caudal fin regenerates (bracket).  (G-J) Hematoxylin 

staining of longitudinal (G and H) and transverse (I and J) cryosections of caudal 

fin regenerates of wildtype (G and I) and hsp70:v-ras (H and J).  Generation of 

melanocytes is highly promoted in the mesenchymes of the fin regenerates by 

Ras activation (white arrowheads).  (K and L) Anal fin regenerates of wildtype (K) 

and hsp70:v-ras transgenic (L) animal given 36 °C daily heat shock for 5 days.  

Ras activation also enhances pigmented melanocytes in the anal fin regenerates. 
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      Figure 23 
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5.3 Results 

 

5.3.1 Ras activity controls zebrafish fin stripe regeneration  

Under our husbandry conditions, zebrafish fins recover full proximodistal stripe 

pattern within 30-40 days of removal of half of the caudal fin (Figure 23A).  To 

identify molecular mechanisms of regenerative pigmentation, we first tested the 

effects of pharmacological inhibitors.  We found that treatment with 20 mM 

PD98059, an inhibitor against Mitogen-activated protein kinase (MAPK) signaling 

in zebrafish embryos (Le et al., 2008), reduced melanocyte density when applied 

to regenerating fins from 2 dpa to 5 dpa (Figure 23B and 23C).   These results 

These results indicate that MAPK/Erk signaling is required for normal 

pigmentation of the regenerate. 

 Off-target or toxic effects of pharmacologic inhibitors are possible or 

likely when applied in water to the entire animal, as it is difficult to control the 

concentration of drug seen by the target cell type.  Therefore, to substantiate this 

pharmacological data and apply a gain-of-function approach, we used a 

transgenic tool to increase MAPK activity during regeneration.  The Ras small 

GTPase is a primary upstream activator of MAPK in many biological contexts 

(Takai et al., 2001).  Recently, we generated a transgenic zebrafish line in which 

a constitutively active Ras transgene is driven by a heat shock-inducible hsp70 

promoter, enabling inducible activation of Ras during adult regenerative events 
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(hsp70:v-ras) (Lee et al., 2009).  A strong, 38°C heat shock inhibits blastemal 

proliferation, ostensibly through increasing the presence of the negative regulator 

Wnt5b in the regeneration epidermis and reducing expression of the mitogen shh.  

We assayed 4 dpa wildtype and hsp70:v-ras regenerates for phosphorylated Erk 

5 hours after a single heat shock, and found dramatically higher levels in 

transgenic regenerates (Figure 23D).   

 To test the effects of increases in active Ras and phosphorylated Erk on 

stripe regeneration, we amputated caudal fins from wild-type and hsp70:v-ras 

animals and gave a daily 36°C heat-shock during the first 5 days of fin 

regeneration.  This heat-shock protocol occasionally had slight inhibitory effects 

on regenerative growth.  However, the regenerates were strikingly 

hyperpigmented, with most rays of each fin showing this phenotype (Figure 23E 

and 23F).   Active Ras also induced hyperpigmentation in regenerating anal fins, 

which, unlike caudal fins, contain stripes parallel to the plane of amputation 

(Figure 23K and 23L).   

 To determine whether amplified melanocytes in hsp70:v-ras regenerates 

had assumed ectopic locations, we assessed regenerates histologically.  Intraray 

melanocytes typically align adjacent to bone within intact and regenerating fins 

(Figure 23G and 23L).  Analysis of hsp70:v-ras fin regenerates revealed a much 

greater presence of melanocytes within the rays; however, these cells were 

observed in the expected compartments adjacent to paired hemiray bone (Figure 

23G-23J).   Similarly,  we have not observed unusual pigmented foci indicative of  
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Figure 24. Ras-induced pigmentation is resolved to form normal stripe 

without further Ras activation. 

Images of whole fin structure (upper panel) and its high-magnification images 

(bottom panel with blue rectangle) of wildtype and hsp70:v-ras animals given 

daily heat shock for 10 days, followed by incubation at 26-28 °C.  Pigmentation in 

the fin regenerates is enhanced with daily heat shock for 10 days in hsp70:v-ras 

animals (D), compared with wildtype (A).  Hyper-pigmented melanocytes of 

hsp70:v-ras are resolved to form normal stripe formation (E and F) like wildtype 

animals (B and C), after the fish were removed from heat shock protocol. 
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Figure 24 
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malignancy.  When hsp70:v-ras zebrafish were removed from the heat shock 

protocol for days to weeks after an initial 10-day hyperpigmentation period, stripe 

pattern reverted to that typical of a wildtype clutchmate (Figure 24).  In summary, 

our results reveal that Ras activity controls melanocyte number and proper stripe 

renewal in regenerating zebrafish fins, ostensibly through modulation of 

phospho-Erk levels. 

  

5.3.2 Active Ras hyperpigments regenerating fins by amplifying melanocyte 

progenitor cells 

To determine whether the effects of active Ras on fin pigmentation required a 

regenerative context, we amputated one of the two caudal fin lobes and followed 

pigmentation in hsp70:v-ras animals that had been heat-shocked for several 

days.  This protocol hyperpigmented the regenerating lobe but had no noticeable 

effect on pigmentation within the intact lobe, indicating that the effects of active 

Ras were regeneration-specific (Figure 29).   

 Regenerating melanocytes normally originate from undifferentiated 

precursors, as opposed to division of existing differentiated pigment cells (Rawls 

and Johnson, 2000).  Given the abundance of melanocytes caused by Ras 

activation, we wanted to distinguish if this disturbance amplifies melanocyte 

progenitors or instead stimulates direct proliferation within melanocytes.  To 

address this, we blocked melanin synthesis during regeneration with the 

chemical phenylthiourea (PTU), and assessed melanocytes in the regenerate for 

pigmentation.  If the regenerates were again filled with pigmented melanocytes 
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Figure 25. Ras promotes pigmentation through activation of unpigmented 

melanocyte precursors, not self-division of differentiated melanocytes. 

(A and B) Low- (left) and high-magnification (right) images of  PTU-treated wild-

type and hsp70:v-ras animals after 5 days of regeneration and daily 36°C heat-

shocks. PTU treatment blocked appearance of pigmented melanocytes in both 

wild-type (A) and hsp70:v-ras (B) regenerates.  (C-H) Washout experiments in 

wild-type and hsp70:v-ras regenerates after 5 days of regeneration, PTU 

treatment, and heat-shocks.  Pigmentation is blocked by PTU in the regenerates 

of both wild-type (C) and transgenics (F).  PTU removal and 26-28°C (RT) 

incubation for 1 or 6 days enabled melanin synthesis and uncloaked melanocytes 

in wild-type (D and E) and hsp70:v-ras (G and H) regenerates.  The same fins 

are shown in (C-E) and in (F-H).  (I) Quantification of melanocytes in fin 

regenerates of wild-type and hsp70:v-ras animals after 1 day of PTU washout at 

26-28°C, following 5 days of regeneration and daily 36°C heat-shocks (n=8, 

mean ± SEM; Student’s t-test, *P < 0.001).  (J) Dose-dependent effects of Active 

Ras on melanocyte number.  A second experiment quantifying melanocytes in fin 

regenerates of wild-type and hsp70:v-ras animals after 1 day of PTU washout at 

26-28°C, following 5 days of regeneration and daily 35°C or 36°C heat-shocks 

(n=10, mean ± SEM; Student’s t-test, **P << 0.001, significantly different from 

36°C wild-type. ***P<<0.001, significantly different from 36°C wild-type and 35°C 

hsp70:v-ras).  (K-M) Representative high-magnificaiton images at 6 dpa of 

animals from (J). 
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 Figure 25 
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during Ras activation, these could derive only from melanocytes existing and 

pigmented prior to amputation. Wildtype and hsp70:v-ras transgenic fish were 

incubated in PTU immediately after amputation, and given a daily 36°C heat 

shock for 5 days.  We found that neither wildtype nor transgenic PTU-treated fish 

showed pigmentation in 5 dpa  fin  regenerates  (Figure  25A  and  25B).  To 

confirm that the PTU treatment did not ablate melanocytes, we followed wildtype 

and transgenic animals for an additional day under conditions permitting melanin 

synthesis.  Pigment cells could be visualized after a 1-day wash in aquarium 

water, punctate in appearance and easy to quantify (Figure 25C-25H).  We 

observed 3-4 times as many melanocytes in hsp70:v-ras regenerates as in wild-

type regenerates after this protocol (Figure 25I and 25J).  This effect of v-ras was 

dose-dependent, as a lower, 35°C degree heat-shocks merely doubled the 

density of melanocytes compared with wildtypes given 36°C treatments (Figure 

25J-25M).  Our results demonstrate that active Ras alters stripe patterning by 

expanding the melanocyte stem or precursor cell population in a dose-dependent 

manner, rather than amplifying the existing differentiated melanocytes.  

 To directly analyze melanocyte precursors, we performed in situ 

hybridization on cryosections from wildtype and hsp70:v-ras 5 dpa regenerates 

treated with PTU, using probes that mark these cells.  mitfa is a transcription 

factor and the earliest known marker of melanoblasts at 1 dpa, necessary for 

survival and differentiation of melanocytes (Lister et al., 1999).  kita is detectable 

by 1.5 dpa and thought to  mark  a  committed  but  undifferentiated  melanoblast  
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Figure 26.  Ectopice Ras expression activates differentiation and 

proliferation of melanocyte precursor stem cells 

(A-D) In situ hybridization of 10µm cryosections of wildtype and hsp70:v-ras fin 

regenerates, using probes of mitfa (A and B) and kita (C and D).  Both 

expression of in situ hybridization signals (violet, black arrowheads) was 

augmented in hsp70:v-ras animals (B and D).  Red arrows indicate amputation 

plane.  (E-H) Two representative images of colabeling between BrdU and in situ 

hybridization of mitfa using BrdU-injected hsp70:v-ras animals.  Two examples 

show co-location of BrdU- and mitfa-positive cells (G and H; black arrows). White 

arrows indicate BrdU-positive cells which are not co-localized with mitfa-

expressing cells but juxtaposed with the scleroblast like Ras-induced pigmented 

cells (Figure 23F and 23H). 
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Figure 26 
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Figure 27.  Ras effects on the pigment stripes independent of as c-kit 

(A and B) mitfa and mitfa; hsp70:v-ras regenerates after 5 days of regeneration 

and daily 36°C heat-shocks.  No melanocytes appear in transgenic melanocytes 

in the absence of Mitfa function.  (C and D) csf1r and csf1r; hsp70:v-ras 

regenerates after 5 days of regeneration and daily 36°C heat-shocks.  csf1r fins 

contain fewer melanocytes than wild-type fins; thus, hyperpigmentation by Active 

Ras is especially noticeable.  (E and F) kita and kita; hsp70:v-ras regenerates 

after 5 days of regeneration and daily 36°C heat-shocks. kita regenerates contain 

no regenerated melanocytes at this timepoint (E), whereas ectopic Ras 

expression is sufficient to hyperpigment regenerates in the absence of Kita 

function (F).  (G and H) Wild-type regenerates before (G, 10 dpa) and after (H, 

15 dpa) 5 days of heat-shocks initiated at 10 dpa.  (I and J) hsp70:v-ras 

regenerates before (I, 10 dpa) and after (J, 15 dpa) 5 days of heat-shocks 

initiated at 10 dpa.  v-ras expression from 10-15 dpa continues to hyperpigment 

late stage regenerates.  (K and L) kita regenerates before (K, 10 dpa) and after 

(L, 15 dpa) 5 days of heat-shocks initiated at 10 dpa.  Secondary regulatory 

melanocytes have begun to form stripes.  (M and N) kita; hsp70:v-ras 

regenerates before (M, 10 dpa) and after (N, 15 dpa) 5 days of heat-shocks 

initiated at 10 dpa.  The regenerated pigmentation is indistinguishable from that 

of kita mutants, indicating that active Ras fails to expand the Kita-independent 

secondary regulatory melanocyte population. 
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    Figure 27 
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population.  Multiple functions for kita have been proposed, including 

melanoblast migration and survival (Rawls et al., 2001; White and Zon, 2008).  

We were able to identify a small number of faintly-expressing mitfa- or kita-

positive cells in wildtype regenerates (Figure 26A and 26C).  By contrast, 

hsp70:v-ras regenerates showed a clear expansion of cells expressing either of 

these progenitor markers (Figure 26B and 26D).  As was the case with 

differentiated melanocytes, Ras activation did not alter the spatial distribution of  

melanoblasts within regenerating  mesenchyme.    Though amplified, mitfa- and 

kita-positive cells remained adjacent to the hemiray bone layer (Figure 26B and 

26D).  To confirm that these cells arose via proliferation, we labeled hsp70:v-ras 

animals with BrdU for the final 30 minutes of a regimen of PTU treatment, heat 

shock, and regeneration.  As expected, we found that many mitfa-positive cells 

that were labeled with BrdU (Figure 26E-26H).  In total, our results indicate that 

levels of Ras activation control the renewal of melanocyte progenitor cells during 

fin regeneration, enabling stripe recovery.   

 

5.3.3 Active Ras recovers primary stripe pigmentation in the absence of kit 

function 

To genetically position Ras with respect to known mediators of fin stripe 

regeneration, we crossed the hsp70:v-ras transgene onto backgrounds deficient 

for either mitfa, csf1r, or kita.  The null mutant of mitfa (referred to as nacrew2) is 

viable throughout adulthood, but deficient of all melanocytes, including fin 

pigment stripes (Lister et al., 1999).  Xanthophores, yellow pigment cells that 
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normally form alternating stripes with melanocytes, are distributed evenly 

throughout the fins of these mutants.  We saw no gross effects of active Ras on 

xanthophore recovery during fin regeneration, nor did we observe melanocyte 

pigmentation in the absence of functional mitfa (Figure 27A and 27B).  The null 

mutant of csf1r (referred to as fms) is deficient of xanthophores, resulting in fins 

with low numbers of evenly distributed melanocytes (Parichy et al., 2000b).  

Active Ras had no effect on the xanthophore deficiency in regenerating fins 

devoid of functional csf1r, but greatly increased the number of melanocytes 

(Figure 27C and 27D).  Together, these results demonstrate that excess 

melanocyte precursors generated by increases in active Ras remain dependent 

on mitfa for differentiation and survival, and also do not arise indirectly as a result 

of primary effects on xanthophores.   

 Finally, we examined the kita mutant, which is unable to regenerate 

primary melanocytes in the first week post-amputation (Rawls and Johnson, 

2000).  Strikingly, the kita phenotype was genetically suppressed by 5 days of 

active Ras expression after amputation (Figure 27E and 27F).  Most fin rays from 

kita; hsp70:v-ras animals were densely filled with melanocytes positioned well 

past the amputation plane at 5 dpa, differing notably from similarly treated, non-

transgenic kita mutants.  Through lineage-tracing studies with PTU, we found 

that these kita mutant melanocytes regenerated by de novo differentiation from 

unpigmented precursor cells (Figure 28).  Thus, Ras activity amplifies 
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melanocyte precursors through a mechanism that does not depend on intact Kita 

signaling.   

 In the absence of Kita function, a secondary regulatory population of 

melanocyte precursors arrives later during regeneration and pigments 

regenerating fins (Rawls and Johnson, 2000).  To examine the impact of active 

Ras on this cell population, we induced expression of the v-ras transgene from 7-

12 or 10-15 dpa in otherwise wildtype and kita mutants.  Even though transgene 

induction occurred in the last stages of bone regeneration, active Ras still 

conspicuously hyperpigmented otherwise wild-type fin regenerates (Figure 27G-

27J).  By contrast, kita; hsp70:v-ras regenerates showed some pigmentation in 

the proximal portions of the regenerates by 12 or 15 dpa, but at patterns and 

densities indistinguishable from kita mutants alone (Figure 27K-27N).  Thus, 

unexpectedly, given its suppression of effects of the kita mutation on primary 

regeneration melanocytes, active Ras failed to expand the secondary regulatory 

population.  These findings indicate that Ras specifically functions to regulate 

numbers of primary melanocyte precursors during fin stripe regeneration.  

Interestingly, these results also reveal a critical period in the first week after 

amputation during which primary regeneration melanocyte precursors possess 

competence for expansion in the absence of Kita function.  
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Figure 28. Ras-mediated melanocyte generation without activity of kit 

signaling is induced by de novo activation of melanocyte precursor stem 

cells  

PTU-treated kit (A) and kit; hsp70:v-ras (B) animals which were given daily heat 

shock for 5 days.  Five day PTU-treated fin regenerates show no emergence of 

pigmented melanocytes in the presence or absence of ectopic Ras expression.  

Red arrows indicate amputation planes.  The unpigmented melanocytes of kit (C) 

and kit; hsp70:v-ras (D) treated with PTU and heat shock, synthesize melanin 

after transferred to 26-28 °C water without PTU. 
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Figure 29. Ras-induced melanocyte generation is regeneration-dependent. 

(A and B) Both wildtype and hsp70:v-ras were daily heat-shocked for 5 days 

without amputation. Low and high magnification (Blue rectangle) images of both 

wildtype and transgenic reagents show no alteration of pigment cell distribution 

with daily heat induction, suggesting that Ras-mediated hyperpigmentation is 

dependent of regeneration process.  (C and D) Images of 5 dpa (upper) and 10 

dpa (bottom) wildtype (C) and hsp70:v-ras (D) in which only ventral part of fin 

was amputated.  The animals were daily heat-shocked for 10 days. Regenerate 

part of the fin (Right) shows hyper-pigmentation in transgenic animals, while 

unamputated part show no alteration of pigment formation (D). 
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Figure 29 



 

- 132 - 

 

5.4 Discussion  

In conclusion, our experiments reveal an important mode of regulation by which 

pigment stripes are restored during the regeneration of complex appendage 

tissue.  The level of active Ras in regenerating zebrafish fins controls the density 

of melanocyte precursors and differentiated progeny within newly forming fin 

structures.   

Several findings support a model in which Ras acts as a downstream 

effector of Kita signaling within primary regeneration precursors, promoting their 

self-renewal.  First, this molecular model would be predicted by a number of 

studies placing Ras downstream of ligand binding to receptor tyrosine kinases, 

including c-Kit (Carlson et al., 2007; Pazin and Williams, 1992; Schlessinger, 

2000).  Second, in our studies, active Ras expanded a kita+ cell population during 

fin regeneration.  Third, Kita loss-of-function and active Ras both impact the 

primary melanocyte precursor population, and do not have direct effects on 

secondary melanocytes.  Fourth, active Ras rescued the presence of precursors 

and pigmented melanocytes in fin regenerates in the absence of Kita signaling.  

Therefore, our data favor the idea that Ras activity is a major point of control in 

melanoblast amplification, following Kita receptor activation and ostensibly 

through regulation of phospho-Erk levels.  However, as Ras is involved in other 

aspects of regenerative growth (Lee et al., 2009), and v-ras is induced in multiple 

cell types within hsp70:v-ras regenerating fins, it remains possible that there are 
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alternative or additional mechanisms by which Ras can modify pigmentation 

pattern.  Our analysis with mutants deficient in mitfa and csf1r indicate that such 

mechanisms would not include indirect effects caused by modulating the 

xanthophore population. 

It is interesting that we observed hyperpigmentation, but not melanomas, 

in regenerates expressing oncogenic Ras.  This contrasts with a recent report 

describing zebrafish injected with a construct directing expression of the same v-

ras cassette from the mitfa promoter (Michailidou et al., 2009).  In that study, 

60% of mosaic animals injected with the v-ras construct developed patches of 

ectopic melanocytes, with 30% showing tumor nodules by 12 weeks of age.  We 

suspect that this difference can be explained by lower levels of active Ras in our 

study, and a shorter observation time.  Nevertheless, it is interesting that, despite 

the major expansion of melanoblasts and melanocytes caused by active Ras 

during fin regeneration, these cells remain within their normal niche adjacent to 

hemirays.   

Our data show that the transcription factor Mitfa is required for adult 

melanoblast development to a stage competent for expansion through Kita and 

active Ras, consistent with previous reports (Rawls and Johnson, 2000; White 

and Zon, 2008).  Then, Kita, Ras, and MAPKK are critical for rapidly populating 

the fin regenerate with a burst of primary regeneration melanocyte precursors.  

However, Kita and Ras do not appear to participate directly in the resolution of 

scattered pigment cells into stripes, or in regulatory maintenance of established 
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fin melanocytes within stripes. Pigment patterning in adult fish is known to be 

dynamic and highly regulative, occurring through community interactions among 

the different differentiated pigment cell types.  For instance, we observed that 

active Ras induction regularly filled regenerated ray structures with melanocytes, 

even though they had originated from rays lacking melanocytes.  Yet, within days 

of withdrawal of v-ras expression, the dispersed and overrepresented 

melanocyte pigmentation resolved rapidly into a typical stripe pattern.  Recent 

genetic studies and ablation/regeneration studies of zebrafish skin pigment cells 

indicate that a stripe pattern will regenerate independent of the pre-pattern 

(Parichy and Turner, 2003; Yamaguchi et al., 2007).  The proposed mechanism 

for autologous generation of spacing between two populations of skin pigment 

cells invokes the reaction-diffusion model first proposed by Turing, in which 

melanocytes and xanthophores exert stimulatory or antagonistic effects 

depending on distance from each other (Nakamasu et al., 2009; Turing, 1952).  

This signaling network remains to be elucidated at the molecular level, and it is 

likely that the same mechanisms become activated within fin rays after 

amputation and complex tissue regeneration.  In this way, the Kita/Ras pathway 

supplies a sufficient amount of precursors and differentiated melanocytes for 

newly regenerated tissue, after which their numbers and organization can be 

refined by secondary regulatory precursors and reciprocal patterning interactions. 
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CHAPTER 6. CONCLUSION AND DISCUSSION  

During my graduate research, I have studied the mechanism of adult tissue 

regeneration using zebrafish caudal fin as a model system.  One fascinating 

phenomenon of regeneration is positional memory, which precisely regulates 

regenerative growth and patterning to generate new tissues of the appropriate 

size and shape.  Regulation of regenerative growth rate is an important 

component of positional memory during vertebrate appendage regeneration.  To 

investigate how position determines growth rate, my colleagues and I have 

generated and analyzed several transgenic reagents.  Using a transgenic fish in 

which the activity of Fgf signaling can be experimentally reduced, I found that fins 

with proximal amputations regenerate at higher rates than distal amputations, 

owing to position-dependent amounts of Fgf signaling (Lee et al., 2005).  I have 

continued conducting functional studies with new transgenic lines to determine 

how Fgfs control blastemal proliferation.  Using inducible loss- and gain-of-

function reagents of Fgf signaling or its downstream, Ras, I found that Fgfs 

employ both positive and negative regulation of Shh expression within the basal 

epidermis.  Unique expression profiles maintained by Fgfs organize the blastema 

proliferation and patterning (Lee et al., 2009).  Finally, I observed surprising 

effects on pigment stripe regeneration upon induced activation of Ras, and with 

pharmacological inhibitor against MAPK signaling.  In this work, I found that self-

renewal of melanocyte stem cells are regulated by Ras signaling during fin stripe 

regeneration (Lee et al., in preparation). 



 

- 136 - 

Figure 30.  Transgenic fish that facilitate inducible expression of a 

constitutively-active Fgfr1 construct.  

(A and B) wildtype and hsp70:ca-fgfr1 transgenic embryos were raised until 10 

hpf at 28OC, shifted to 37OC for 20m, and returned to 28OC until 24 hpf.  

Transgenic embryos are severely ventralized with ectopic expression of CA-Fgfr1 

(B).  (C and D) Images of wildtype and hsp70:ca-fgfr1 transgenic adult fin 

regeneration at 10dpa with daily 38 OC  heat shock. Regeneration was normally 

completed in the presence of Fgfr1 activation (D).  (E-H) Section in situ 

hybridization of 4dpa heat-shocked fin of hsp70:ca-fgfr1 using probes for the 

transgene, ca-fgfr1 cassette (E and F) and hsp70:dn-fgfr1 using probes for dn-

fgfr1construct (G and H).  While dn-fgfr1 RNA is homogeneously expressed in 

the fin regenerate of hsp70:dn-fgfr1 (H), hsp70:ca-fgfr1 animals fail to express its 

construct successfully, as the construct RNA is likely to be trapped and silenced 

in the subcellular organelles of each cell of the regenerates (F).   
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Figure 30 
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6.1 Genetic approaches of adult tissue regeneration studies 

The generation of functional reagents is critical to identify specific molecular 

regulators of complex biological phenomena like regeneration.  We generated a 

heat-inducible, dominant-negative form of zebrafish Fgfr1  (hsp70:dn-fgfr1) to 

inducibly block the Fgf signaling pathway at any point in the lifetime of an adult 

zebrafish.  This transgenic reagent was critical for my thesis work, providing a 

new understanding of how position-dependent growth rate is directed by Fgf 

signaling during zebrafish fin regeneration.   

To further investigate how Fgf signaling controls the growth rate of fin 

regeneration, I created new transgenic animals for gain-of-function studies.  The 

ultimate goal of this endeavor was to enhance regenerative growth ectopically, 

possibly leading to accelerated growth rates and/or abnormally large 

regenerates.  A cassette containing a constitutively active fgfr1 (ca-fgfr1), with a 

point mutation in kinase domain of Xenopus fgfr1, was placed behind an hsp70 

promoter.  hsp70:ca-fgfr1 embryos showed ventralized phenotypes upon ectopic 

expression of ca-Fgfr1 (Figure 30A and 30B).  Furthermore, pea3 and erm, target 

genes of Fgf signaling were enhanced by activation of ca-fgfr1 (Figure 18A).  

Recent studies using this transgenic zebrafish found that increased Fgf signaling 

can expand the embryonic heart field (Marques et al., 2008).  Unfortunately, in 

adult animals, neither target gene expression or fin regeneration was altered by 

ca-Fgfr1 induction (Figure 30C and 30D).  To clarify this result, we examined 

transgene expression in hsp70:ca-fgfr1 regenerates by in situ hybridization.  
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Surprisingly, the RNA of the ca-fgfr1 transgene cassette was localized within 

unidentified subcellular organelles in every cell of the hsp70:ca-fgfr1 fin 

regenerates, likely Cajal bodies, resulting in the failure of normal translation 

(Figure 30E and 30F).  This is in contrast to hsp70:dn-fgfr1 fin regenerates, 

which display homogeneous expression of the transgene cassette (Figure 30G 

and 30H).  Interestingly, transgenic animals with heat-inducible Fgf ligands like 

fgf3 and fgf8, which are reported to be successfully induced by heat shock during 

embryogenesis (Maves et al., 2002), also failed to express in adult fin tissues.  

We suspect that epigenetic silencing of the hsp70 promoter is likely to cause 

these effects (Thummel et al., 2006b).  In attempt to avoid silencing in adult 

tissues, our lab is currently focused on transgenesis techniques using the I-SceI 

meganuclease or bacterial artificial chromosome (BAC) (Soroldoni et al., 2009; 

Yang et al., 2009). 

For alternative gain-of-functional reagents, we created other transgenic 

reagents related to Fgf signal transduction.  The small GTPase Ras is a well-

known downstream effector of Fgfs.  Therefore, we generated transgenic fish in 

which Ras activity can be experimentally increased (hsp70:v-ras), as well as 

transgenic animals facilitating experimental reductions (hsp70:dn-ras; See 

Materials and Methods and Figure 18A).  Fortunately, hsp70:v-ras was inducible 

in adult tissue by heat shock; however, hsp70:dn-ras failed to induce in the adult 

zebrafish.  hsp70:v-ras transgenics have helped provide a new understanding of 

epidermal regulation of blastemal proliferation by Fgf signaling (Chapter 4), as 
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well as the effect of Ras on melanocyte re-establishment in the regenerating fins 

(Chapter 5).  

One of disadvantages of hsp70-driven transgenic animals for regeneration 

studies is its ubiquitous expression in all tissues.  This ubiquitous expression is 

likely to cause side effects within different tissues of the fish.  For example, 

hsp70:v-ras animals are healthy enough to investigate the fin regeneration 

process at 5 hours after a strong heat-shock, when analyses of gene expression 

and proliferation can be performed.  However, the animals become sick and 

usually die by 24-48 hours post heat shock.  This severe effect limited my 

assessment of regeneration to the first day after heat-shock.  To circumvent this 

limitation, we have tried to heat-shock fin tissues specifically. However, these 

experiments have not been successful.  

Another potential approach to induce transgenes in a tissue-specific way 

is to generate chimeric or mosaic transgenic animals, with transgenic fins 

attached to wildtype bodies.  To test this idea, Sumeet Singh, a graduate student 

in the lab, and I designed a new protocol for tailfin transplants in embryos.  We 

transplanted tail tissue fragments of 68 hpf hsp70:v-ras embryos to wildtypes. 

Genetically marked donor tissue integrated successfully into the recipient.  

However, we have not been able to readily detect donor tissue by 30 dpf; 

certainly, donor melanocytes do not endure into adulthood.  Because fish strains 

are not genetically identical like inbred mice, these transplants had to be 

performed prior to maturation of the immune system. 
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Thus, we suspect that tissue-specific functional reagents will be necessary 

to understand problems in fin regeneration with greatest specificity.  The Poss 

lab is heavily engaged in the identification of new tissue-specific promoters, and 

the establishment of inducible, Cre-based methods to target gene expression to 

specific cell types at specific times.  Such technology once established will 

provide critical understanding of the developmental lineage of specific cell types 

during zebrafish regeneration, and of key molecular mechanisms.  

In addition to transgenesis, forward genetic approaches are important for 

understanding fin regeneration.  A proven approach to find novel genes involved 

in fin regeneration is an N-ethyl-N-nitrosourea (ENU)-based mutagenesis screen 

for regeneration-defective phenotypes.  Mutagenesis screens are an excellent, 

unbiased method to discover genes that underlie interesting biological events.  In 

the case of fin regeneration, Fgf20a was identified by a genetic screen, and is 

ostensibly required for fin regeneration but not for embryonic fin development 

(Whitehead et al., 2005).  Unlike screens for embryonic defects, regeneration 

screens require animals to survive and grow to adulthood.  Thus, screening for 

conditional, temperature-sensitive (TS) mutants is necessary.  In previous 

studies, screens based on early pressure parthenogenesis were used to 

generate TS mutants (Nechiporuk et al., 2003; Poss et al., 2002a).  This 

procedure foregoes one generation of mating crosses; however, it decreases the 

survival of embryos (Grunwald and Streisinger, 1992).  Moreover, it is biased 

against the identification of genes distal from centromeres (Nusslein-Volhard and 
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Dahm, 2002).  To avoid these issues, we have recently initiated a three-

generation screen for fin regeneration mutants.  Starting in 2006, our lab has 

mutagenized male adult fish using ENU to induce point mutations in 

spermatogonia (Mullins et al., 1994), and crossed these males with wildtype 

females to generate 700 F1 progeny with unique sets of mutations.  F1 

individuals were intercrossed with each other to form F2 families, and then 

around 200 F2 families were used to generate ~800 F3 families containing 

homozygous ENU-induced mutations.  To identify TS mutants with defects in fin 

regeneration, fins of fully-grown F3 fish are amputated and moved from 26°C to 

33°C for 1-3 weeks to regenerate.  Fin regeneration is generally completed in 10 

days, but more extended time for the process enables one to exclude cell 

survival mutants and discover late stage phenotypes.  Currently, we have 

identified about 10 mutant phenotypes from our screen that the lab intends to 

pursue by genetic mapping and positional cloning. 

 

 

6.2 Regulation of Fgf signal transduction during fin regeneration.  

 

6.2.1 Master regulators controlling Fgfs during fin regeneration? 

Pharmacological and genetic tools have shown that Fgf signaling is required for 

blastemal proliferation and fin regeneration (Lee et al., 2005; Poss et al., 2000b).  

As mentioned earlier, position-dependent levels of Fgfs control blastemal 
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proliferation and regenerative growth rate in a dose-dependent manner.  Fgf 

ligands are logical candidates for the first factors in the Fgf signaling pathway 

whose levels are impacted by position.  However, we could not detect position-

dependent differences of fgf24, a ligand expressed in the epidermis of fin 

regenerates (Poss et al., 2000b).  fgf20a is another strong candidate, but its 

position-dependent distribution is also not clear.  Thus, any signals upstream of 

Fgfs necessary to set these levels remain uncharacterized. 

According to our experiments employing hsp70:dn-fgfr1, removal of Fgfr 

activity for an extended period (15-30 days) does not irreversibly change 

positional values (Figure 10E-10H), implying that Fgfs are dispensable for 

memory of position.  These findings suggest that there exist master upstream 

regulators that provide position-dependent supervision of Fgf levels during fin 

regeneration.  Related studies in amphibian systems point to potential master 

regulators that direct the positional memory.  As introduced earlier, RA and 

Prod1 (CD59) have been implicated in maintenance of positional identity during 

amphibian limb regeneration, suggesting that RA or Prod1 might assist in 

position-dependent regenerative growth rate through the adjustment of Fgf 

signaling amounts.  Therefore, it would be interesting to functionally examine RA 

or Prod1 during zebrafish fin regeneration as done here for Fgf signaling.   

Recent studies, profiled gene expression during zebrafish fin regeneration 

by microarray analysis, an unbiased method of assaying expression genome-

wide (Schebesta et al., 2006).  It is possible that microarray analysis can identify  
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Figure 31. Gene profiles of fin regenerates without Fgf activity  

A heat map of relative RNA expression between wildtype (wt) and hsp70:dn-fgfr1 

transgenic fin regenerates collected 5 hours after heat shock. Green indicates 

lower expression while red indicate higher expression.  
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regulators upstream of Fgfs that are differently present between proximal and 

distal regions in intact or early regenerating fins. 

 

6.2.2 Downstream factors of Fgf signaling pathway mediating regeneration  

The target genes for Fgf signaling, like mkp3, pea3, erm, spry4, and sef are 

detectable in the basal layer of the regeneration epidermis.  Yet, blastemal 

proliferation is maintained in the proximal blastema, suggesting that blastemal 

proliferation is not regulated directly by activation of Fgfr signaling.  According to 

the epidermal regulation model, Fgf-dependent epidermal cells may release a 

mitogen that diffuses to adjacent blastemal cells to induce proliferation (Figure 

11).  In Chapter 4, I show that Shh is a critical downstream regulator of Fgf 

signaling, controlling blastemal proliferation.  Treatment of either a 

pharmacological agonist (SAG) or antagonist (cyclopamine) of Hedgehog 

signaling indicates that Shh, a critical downstream regulator of Fgf signaling, is 

likely to be both sufficient and necessary for the blastemal proliferation.  

However, while SAG treatment could activate blastemal proliferation in the 

presence or absence of Fgf activity, it was not sufficient for regeneration of fin 

structures in the absence of Fgf signaling (data not shown).  This result implies 

that a more complicated signal transduction cascade relating more than 

Hedgehog pathway activation, is involved in completing the regeneration 

process. 

To find downstream effectors of Fgfs during fin regeneration, unbiased 
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microarray analysis can be one effective method.  Recent studies inspired by 

microarray analyses of microRNA expression revealed that miR-133 is negatively 

regulated by Fgf signaling to control fin regeneration (Yin et al., 2008).  In a 

similar way, we recently performed microarray analyses of mRNAs between 

wildtype and hsp70:dn-fgfr1 animals, to analyze gene expression controlled by 

Fgf signaling during fin regeneration (Figure 31).  Total RNA of fin regenerates 

was collected 5 hours post-heat-shock and hybridized to Affymetrix Zebrafish 

genome arrays.  Detailed comparison of these data promise to reveal genes 

normally induced by, or repressed by, Fgf signaling during fin regeneration.  In 

addition, they stand to reveal specific regulators or markers for the blastema.  

In addition to searching for new downstream factors, basic functional 

analyses of known genes like lef1, mkp3, and pea3 will be informative for 

understanding molecular mechanisms of fin regeneration.  Functional studies of 

Lef1 and Pea3 are currently challenging, given less obvious dominant-negative 

or pharmacological strategies. The spatial distribution of lef1 in fin regenerates 

overlaps nicely with shh expression.  Moreover, lef1 and shh expression respond 

similarly to manipulation of Fgf signaling or Wnt5b levels.  In the same way, the 

expression of either gene is not altered by inhibition of Hedgehog signaling (data 

not shown).  These results suggest that Lef1 might effect blastemal proliferation 

through a mechanism involving Shh signaling.  Pea3 is also a very interesting 

molecule that may activate expression of the negative regeneration effector 

Wnt5b.  Our EMSA experiment indicates that Pea3 may in fact regulate the 
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wnt5b promoter.  Thus, functional reagents to directly manipulate Pea3 will be 

illuminating. 

 

6.3 What is the blastema? 

The blastema is the main engine driving regenerative outgrowth.  It is highly-

proliferative and undifferentiated, and its constituents are thought to differentiate 

into patterned bone structures of the fin.  However, we still know little about its 

molecular and cellular properties.  Most prominently, its origin is very poorly 

understood.  There have been several obstacles to elucidate components and 

origin of the blastema; however, these are likely to be overcome in the next few 

years.  

One method to characterize the property of the specific cells is to isolate 

and purify that population of the cells, before analyzing them in vitro.  For this 

method, a specific marker(s) for that cell population is necessary that could 

stimulate generation of a specific antibody or genetic tool.  Previous studies 

indicated that msxb and msxc mark blastemal cells (Akimenko et al., 1995).  Both 

of these genes were downregulated by Fgfr inhibition, and knockdown of msxb 

by morpholino inhibited fin regeneration (Poss et al., 2000b; Thummel et al., 

2006a).  However, recent studies revealed that msxb and msxc expressions are 

not restricted to blastemal cells, but rather expanded in all mesenchymal cells.  

This discovery was based on section in situ hybridization techniques, which are 

more stringent than whole-mount in situ analysis (Smith et al., 2008)..  To clearly 
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identify or characterize the blastema, we still need to find a specific marker of the 

proliferative blastema.  After identifying such a marker, new transgenic strains 

with blastema-specific reporters may be created that can be used for gene 

expression analysis, cell transplantation, or in vitro culture assays. 

The origin of blastema cells is perhaps the most prominent unaddressed 

issue. During zebrafish fin regeneration, mesenchymal cells appear to 

disorganize and migrate into the injured areas to form the blastema following 

amputation (Poss et al., 2003).  However, the composition, heterogeneity, and 

developmental potential of the blastema are certainly unclear.  To visualize 

lineage decisions within the blastema, I have attempted localized dye injections 

(data not shown), but this approach precluded the targeting of small or specific 

cell populations. 

During appendage regeneration in highly-regenerative urodele 

amphibians, the limb blastema is also the central player.  It has been long 

thought that the amphibian limb blastema is a homogeneous mass of pluripotent 

progenitor cells emanating from dedifferentiation of several tissue types 

(Echeverri and Tanaka, 2002a, b; Morrison et al., 2006; Wallace, 1972).  

However, this view has very recently been disputed (Kragl et al., 2009).  Kragl 

and colleagues performed transplantations of specific tissue types from 

transgenic EGFP-expressing animals into an unlabeled host, before amputating 

and assessing contributions from the donor tissue type to the resulting blastema 

and regenerate.  Interestingly, they found that most regenerative cell types, 
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except for dermis, are restricted to their own tissue identity during axolotl limb 

regeneration.  These new findings oppose long-held views, and support the idea 

that the blastema is a heterogeneous population of tissue-specific progenitor 

cells restricted to their original tissue type.  It is possible but doubtful that this 

phenomenon is specific to axolotl limb regeneration, and thus may also be 

relevant to zebrafish fin regeneration.  Thus, dissecting the lineage of the 

blastema of zebrafish fin regenerates will not only help us to understand this 

regenerative process, but also whether this cellular mechanism for blastema 

formation is universal. 

Although transplant experiments are easily performed in urodeles, there is 

undoubtedly some error when specific cell types transplanted.  Moreover, as 

introduced earlier, tissue transplantation is not practical in the fish system, 

because of host rejection scenarios.  However, unlike amphibians, genetic 

manipulation is much more feasible in fish, and the Poss lab is actively pursuing 

CreER/loxP-based methods to understand blastemal origins.  The inducible 

CreER/loxP system has proven a very advantageous experimental tool for cell 

lineage tracing in mice (Metzger and Chambon, 2001).  A promising line of work 

for the future of the fin regeneration field is to establish a catalog of tissue-

specific inducible CreER transgenic lines for diverse tissues like mesenchyme, 

epidermal cells, scleroblasts, nerves and vascular cells.  With these tools and by 

cell lineage tracing, one can identify the origin of cells within the blastema, as 
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well as each tissue type in the fin regenerate, and advance considerably toward 

the answer for the critical question: “What is the blastema?”. 
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