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Abstract

Zebrafish have the remarkable ability to fully regenerate a lost appendage,

faithfully restoring its size, shape and tissue patterning. Studies over the past

decades have identified mechanisms underlying the formation, spatial organi-

zation, and regenerative growth of the blastema, a pool of proliferative progen-

itor cells. The patterning of newly forming tissue is tightly regulated to ensure

proper rebuilding of anatomy. Precise niche regulation of retinoic acid and

sonic hedgehog signaling ensures adherence to ray—interray boundaries. The

molecular underpinnings of systems underlying re-establishment of pre-

amputation size and shape (positional information) are also slowly starting to

emerge. Osteoblasts play an important role as a cellular source of regenerating

skeletal elements, and in zebrafish both osteoblast dedifferentiation as well as

de novo osteoblast formation occurs. Both dedifferentiation and proliferation

are tightly controlled, which makes it interesting to compare it to tumorigene-

sis, and to identify potential players involved in these processes.
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1 | INTRODUCTION

Across the animal kingdom, the extent of regenerative capacity varies tremendously not only between species, but also
between organs (Ricci & Srivastava, 2018). Adult mammals can efficiently repair damage to the skin, the liver, and to
epithelia of the lung, kidney and gut (Barker, 2014; Kotton & Morrisey, 2014; Yang, Liu, & Fogo, 2014), but their ability
to restore other organs is highly limited. In contrast, several non-mammalian vertebrates possess an astonishing capac-
ity to regenerate complex structures even after a severe tissue loss, an ability that is most dramatically apparent in limb
and fin regeneration in salamanders and teleost fish. While appendage amputation results in formation of a collagen-
rich scar and failure to replace lost tissue in mammals—with the exception of the digit tips (Simkin, Han, Yu, Yan, &
Muneoka, 2013), appendage regeneration in salamanders and fish involves full restoration of all cell-types (i.e., nerves,
bone, vasculature, connective tissue, etc.), of tissue architecture and appendage pattern along all three axes, and of
appendage function. The urodele appendage can be divided into three morphologically distinct domains, the stylopod
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(upper limb), zeugopod (lower limb), and autopod (hand or foot), which contain endochondral bones (endoskeleton).
In fish dorsal and anal fins, the endoskeletal elements, the radials (or hypurals in the caudal fin), occupy only a small
portion of the entire fin structure, and the majority of the fin skeleton is composed of exoskeletal fin rays (see below).
The zebrafish Danio rerio is a powerful vertebrate model to study regeneration, as it can restore organs that poorly
regenerate in mammals, including the heart, brain, spinal cord, and the appendages/fins (Gemberling, Bailey, Hyde, &
Poss, 2013). Studying appendage regeneration in zebrafish has the advantage that fins are easily accessible, their partial
amputation has no major detrimental effect on the animals in lab conditions, and regeneration can be easily followed
in live fish. After amputation of the exoskeletal part of the zebrafish caudal fin, it reliably regenerates within
2–3 weeks, restoring not only its exact pre-amputation size, but also its patterning and tissue organization. Individual
fish can repeatedly regenerate the caudal fin throughout their life span (Azevedo, Grotek, Jacinto, Weidinger, & Saúde,
2011). Since fins are thin and quite transparent (with the exception of pigment cells), regeneration of several tissues,
including bone, can be monitored by live imaging in vivo (Xu, Volkery, & Siekmann, 2015). Additionally, the zebrafish
genome has been sequenced and annotated, a plethora of mutant strains and transgenic lines have been established,
and multiple tools for genetic manipulations are available.

2 | THE ZEBRAFISH CAUDAL FIN MODEL

As a member of the teleost class of vertebrates, zebrafish possess two sets of paired fins, the pelvic and pectoral fins,
and the unpaired caudal, anal and dorsal fins. All these fin types regenerate, and although there are studies using the
pectoral fins as model, the caudal fin is mainly used for regeneration studies.

The zebrafish caudal fin consists of several endochondral bony elements at its base, which are muscularized, while
the visible part of the fin that extends from the body is formed by fin rays, and does not contain muscle. Fin rays (lep-
idotrichia) are exoskeletal elements of dermal origin, that is they are directly formed from osteoblasts without a carti-
lage template (Géraudie & Landis, 1982; Landis & Géraudie, 1990) (Figure 1a). Each ray consists of a succession of
repetitive bony units, the segments, which are connected to each other by collagenous ligaments, the joints. The
proximal-most segment is connected to the endochondral bones (the fan-like hypurals, hemal spine of preural 2, and
parhypural) and striated muscles of the fin base, which control fin movement during swimming. At the distal tip, non-
mineralized skeletal elements, the so-called actinotrichia, which are a fish-specific feature, top each ray (König, Page,
Chassot, & Jaźwi�nska, 2018). All but the most lateral rays are bifurcated at a distal position (Figure 1c). Each
lepidotrichium is composed of two opposed concave hemirays (Figure 1b,d). The hemirays are lined by a single layer of
flattened osteoblasts on the inner and outer surface, which deposit the bone matrix (Johnson & Bennett, 1998)
(Figure 1b). In contrast to zebrafish endochondral bones, the lepidotrichia do not contain osteocytes, that is bone-
forming cells that become entrapped in bone matrix (Apschner, Schulte-Merker, & Witten, 2011). Cells positive for the
osteoclast marker tartrate-resistant acid phosphatase (TRAP) are absent in the uninjured fin; however, after amputation
they are not only detected in the regenerate but also proximal to the amputation plane (Blum & Begemann, 2015a).
Yet, potential functions of osteoclasts during fin regeneration have so far not been described. The core of space between
the two hemirays, the intrarays, contains nerves, arterial capillaries and connective tissue (fibroblasts). Interray tissue is
formed by soft connective tissue (fibroblasts) covered by epidermis and contains venous capillaries (Becerra, Montes,
Bexiga, & Junqueira, 1983).

3 | CAUDAL FIN REGENERATION

After partial fin amputation, a precise sequence of events proceeds to ensure the successful regeneration of the lost
tissue.

In addition to the recruitment of neutrophils and macrophages, one of the earliest responses to the injury is the
migration of epithelial cells, which form an epithelium covering the wound (Figure 2a) (Poleo, Brown, Laforest, &
Akimenko, 2001; Shibata, Ando, Murase, & Kawakami, 2018). Within the next hours to days, the epithelium becomes a
multilayered structure, termed the wound or regeneration epidermis (Chen et al., 2015; Shibata, Ando, et al., 2018). In
contrast to mammalian limb injury, which is associated with local tissue degradation (Simkin et al., 2015), in zebrafish
the regeneration process starts immediately after wound closure. The next crucial step, which separates regeneration
from mere wound healing, is the formation of a blastema (Figure 2a,b). Generally speaking, a blastema is an
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accumulation of undifferentiated, proliferative cells which are thought to contain the majority of the cells necessary to
regenerate the missing structure (Pfefferli & Jazwinska, 2015; Poss, Keating, & Nechiporuk, 2003). Historically, regener-
ation of a particular organ/structure has been described to involve formation of a blastema if a population of small cells
lacking the morphology of differentiated cells can be identified simply by light microscopy using non-specific histologi-
cal stainings. Typical examples include regenerating salamander limbs, and the regeneration of planarian heads or tails.
Yet in other regenerating systems, for example the zebrafish heart, blastemas fulfilling the above definition cannot be
distinguished, although a zone of proliferating cardiomyocytes can be detected using molecular markers at the wound
border of regenerating hearts (Poss, Wilson, & Keating, 2002; Schnabel, Wu, Kurth, & Weidinger, 2011). Thus, whether
blastemas (as an accumulation of easily identifiable undifferentiated cells) form or do not form during regeneration
likely does not reflect fundamental differences in the underlying cellular mechanisms, but might rather be related to
the scale at which proliferative cells accumulate at the wound site. In the zebrafish fin, accumulation of small
undifferentiated cells occurs mainly in the regions distal to the bony rays, and much less so in interray areas, thus each
fin ray appears to form its own blastema (Figure 2b). This conclusion is also supported by the expression pattern of
genes like the Msx homeobox family member msxb, a marker for undifferentiated, progenitor-like cells, which is stron-
gest distally to the bony rays (Figure 2b). Similarly, the activity of several signaling pathways that are required for fin
regeneration is largely confined to the regenerate distally to the rays. For example, bmp4 is exclusively expressed in the
regenerate tissue atop of each ray (Murciano et al., 2002), and components of the Wnt/ß-catenin pathway are restricted
there as well (Wehner et al., 2014). Overall, it thus appears that blastemas sensu stricto form only distally to bony rays.

Blastemas are initially formed by distally migrating and proliferating fibroblasts, followed by dedifferentiated osteo-
blasts. Subsequently, the blastema is partitioned into several regions with different proliferation profiles. In particular, a
small group of cells at the distal tip of the blastema hardly proliferates and was suggested to barely participate in build-
ing the regenerate but to rather serve as a signaling center that organizes proliferation and patterning of other regions
of the blastema (Nechiporuk & Keating, 2002; Wehner et al., 2014). The progenitor cells in the proximal blastema
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FIGURE 1 The zebrafish caudal fin. (a) Brightfield image (left) and scheme (right) of an adult caudal fin. Shown is only the exoskeletal

part of the fin that extends from the body, which is formed by fin rays. The dashed lines represent the segmented bifurcating fin rays

running from proximal to distal. Medial rays are shorter than lateral rays, resulting in a shape with two lobes. Note that for the caudal fin

the proximodistal axis is the same as the rostral-caudal axis. (b) A single layer of osteoblasts is located on the inner and outer surface of the

segmented hemiray bone, as revealed by immunofluorescence using the Zn5 antigen, that labels osteoblasts of all differentiation stages, and

also cells located at the joints (yellow arrows) between segments. Scale bar = 10 μm. (c) Whole mount view of a single bifurcated ray with

segments and actinotrichia. (d) Cross section of the caudal fin
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differentiate to restore the lost tissue; in the fin this is best described for osteoblasts, which are located in lateral regions
of the blastema. These undergo a succession of specification and differentiation steps along the proximodistal axis, with
runx2-positive osteoblast progenitors being located distally in the proximal blastema, succeeded by sp7 (osterix)-positive
committed osteoblasts and bglap (osteocalcin)-positive differentiated cells further proximally (Brown, Fisher, &
Iovine, 2009).

A large number of signaling pathways have been shown to be involved in wound healing, blastema formation and
regenerative growth. Since these have been reviewed elsewhere, we will concentrate on other aspects of fin regenera-
tion here (Gemberling et al., 2013; Sehring, Jahn, & Weidinger, 2016; Wehner & Weidinger, 2015).

4 | FIN AND BODY SCALING

When a fin is amputated, it regenerates only the missing parts, and thus grows to pre-amputation length with high pre-
cision. Fin size is also tightly regulated during regular, physiological growth of the zebrafish, since the ratio of fin to
body length remains constant. The molecular mechanisms ensuring fin/body scaling and those mediating regeneration
to pre-amputation length are very incompletely understood; interestingly, it is also unclear to which extent these two
scaling processes share molecular mechanisms.

The isometric, physiological growth of the fins (proportional to body size) is controlled through mechanisms regu-
lating segment length and segment number (Iovine & Johnson, 2000). Most of the limited knowledge we have about
molecular mechanisms regulating isometric growth comes from the analysis of mutants that display disturbed scaling
of fin size relative to body size. In short fin (sofb123) mutants, where shorter fins result from short bony ray segments,
the gap junction protein connexin43 (cx43) is mutated (Iovine, Higgins, Hindes, Coblitz, & Johnson, 2005; Sims, Eble, &

FIGURE 2 Early steps of fin regeneration. (a) After amputation, the wound is closed within 12 hours postamputation (hpa) by

migrating epithelial cells which form a multilayered epithelium, the wound epidermis. Next, a blastema (orange), an accumulation of

proliferative, undifferentiated cells, is formed atop of each ray by distally migrating cells. During regenerative outgrowth, blastema cells

proliferate and differentiate to replace missing tissue. (b) Accumulation of a population of small mesenchymal cells, which constitute the

blastema, is primarily seen distally to rays in differential interference contrast (DIC) images, and highlighted with DAPI and phalloidin

staining. Expression of genes like msxb, that are considered blastema markers, is strongest in the mesenchyme distal to the bony fin rays.

Thus, blastemas are largely confined to the regenerate distal to rays, and blastemas sensu stricto do not form in the interrays. Scale bars,

100 μm (left), 10 μm (right)
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Iovine, 2009). Concurrently, in the another long fin (alfcdty86) mutant, which possesses elongated segments, increased
cx43 expression was observed (Sims et al., 2009). While these genetic data strongly suggest that communication between
cells via gap junctions is essential for proper scaling of segments, the molecules that presumably need to travel through
the tissue via gap junctions have not been identified. Causative for the increased growth of fins in alf mutants are gain-
of-function mutations in a potassium (K+) channel, knck5b, which increase K+ conductance of the channel (Perathoner
et al., 2014). This intriguingly indicates that isometric fin growth is controlled by bioelectrical signals. Segment length
and fin size is also increased when the protein phosphatase calcineurin is inhibited (Daane et al., 2018; Kujawski et al.,
2014). Surprisingly, calcineurin inhibition has no effect on growth in knck5b (alf ) mutants, and calcineurin was
suggested to directly modify conductance of the channel (Daane et al., 2018). How bioelectrial signals are induced and
regulated and how knck5b/calcineurin signals regulate fin growth, will be interesting avenues for future research. While
fin growth is isometric to body growth under physiological conditions, during regeneration of amputated fins, a fast
growth rate is achieved by switching to allometric growth. When the fin is restored to its original size, the fin returns to
isometric growth, preventing excessive outgrowth. This switch between isometric and allometric growth might, at least
in part, be regulated via calcineurin, since calcineurin activity is reduced during regenerative growth (Kujawski
et al., 2014).

5 | POSITIONAL INFORMATION

When the fin is amputated at a distal position, only the missing distal part will be regenerated. After amputation close
to the fin base, the whole fin will be restored (White, Boffa, Jones, & Petkovich, 1994). In addition, the shape of the fin
along the dorsoventral axis will faithfully regenerate, that is lateral fin rays regrow to a bigger length than medially
located rays. Faithful regeneration of only the missing anatomy is also observed in salamander limbs. These are highly
patterned along the proximodistal axis, that is an upper arm is anatomically very different from a lower arm or hand,
and this pattern is faithfully restored during regeneration. Thus, cells at the amputation plane in salamanders are
known to contain information about their proximodistal location, and this positional memory ensures regeneration of
only the appropriate missing structures distal to the amputation plane (Nacu & Tanaka, 2011). In zebrafish, all bony
segments of a fin ray exhibit a uniform anatomy, except for the segment where bifurcation occurs, and except for the
fact that proximal segments are thicker than distal segments (see also below). Due to this rather uniform anatomy of
the fin rays along the proximodistal axis, it is difficult to apply the same concept of positional memory that has been
developed in salamanders to zebrafish fins. Yet, a system that measures how much of a ray is missing must also exist in
zebrafish fins, since each ray regrows until its pre-amputation size is achieved. One remarkable feature of this system is
that after a proximal amputation, the growth rate is faster than after a distal amputation, and a higher number of prolif-
erating cells can be detected (Lee, Grill, Sanchez, Murphy-Ryan, & Poss, 2005). This ensures that the regeneration pro-
cess of the longer lateral rays is completed simultaneously with that of the shorter medial rays (Figure 3a).

6 | PROPERTIES OF THE POSITIONAL INFORMATION SYSTEM

An important question is whether positional information is autonomous to individual fin rays, or rather only
established in the context of an entire fin. Shibata et al. tested this question using elegant transplantation experiments
of rays along the dorsoventral (medial-lateral) axis of the fin (Shibata, Liu, Kawasaki, Sakai, & Kawakami, 2018). When
long rays located in lateral positions are grafted into the center of the fin, which contains shorter rays, the grafted rays
regenerate to a greater length than the adjacent central rays. Likewise, central rays transplanted to the lateral side
regenerate to shorter lengths than their neighbors. Interestingly, these rays exhibit an intermediate length, between the
length appropriate for the original-position and the one of the new adjacent rays. Thus, it appears that the positional
information for the dorsoventral axis is retained within the cells of individual fin rays, yet some communication
between adjacent rays exists. Moreover, Shibata et al. could show that this ray-autonomous positional information is
quite long-lived, as it was kept even after a second amputation. It would be interesting to test if, with further repeated
amputations of a transplanted ray, the ray-intrinsic information would persist, or if the positional information from the
surrounding region would eventually prevail.

During axolotl limb regeneration, it was shown that blastemas transplanted between different proximodistal ampu-
tation planes induce regeneration of all tissue distal to their original position, independent of their current location
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(Echeverri & Tanaka, 2005). Thus, blastemas appear to autonomously contain positional information. In contrast,
zebrafish fin distal blastemas transplanted to a proximal amputation site did not induce less outgrowth of the regener-
ate, as one might assume if they retained a memory of their origin (Shibata, Liu, et al., 2018). However, the absence of
obvious anatomical heterogeneity along the proximodistal axis in zebrafish fin rays makes it more difficult to reveal dif-
ferences in proximal vs. distal regenerates, and thus these transplantation experiments might lack the sensitivity neces-
sary to reveal blastema-autonomous positional memory. Nevertheless, differences between the positional information
system between salamanders and zebrafish were also indicated by lineage tracing of fibroblasts. Tryptophan hydroxylase
1b (tph1b) is upregulated in the zebrafish blastema after amputation, and lineage tracing of tph1b + blastemal cells
using a tph1b:CreERT2 transgenic line revealed that these cells give rise to fibroblasts in the regenerate (Tornini et al.,
2016). Under conditions of mosaic recombination, the authors could observe an organization of the blastema which
they term “pre-patterning,” where in most cases the spatial localization of a clone within the blastema is retained in its
spatial contribution to the regenerate; for example, proximal blastemal cells have a higher likelihood to contribute to
proximal clones in the regenerated fin. Interestingly, this proximodistal identity of a clone is not conserved through
multiple amputations; re-amputation of fins with proximal clones resulted in a heterogeneous distribution of the prog-
eny along the proximodistal axis of the second regenerate. These observations suggest that in zebrafish fibroblasts do
not carry positional information. This is in contrast to salamanders, where cells containing positional information are
assumed to be localized within the connective tissue (Bryant, French, & Bryant, 1981; Nacu et al., 2013). Whether other
cell types within the zebrafish blastema possess autonomous memory of their location along the proximodistal axis
remains to be tested.

In summary, transplantation of entire fin rays has indicated that they contain autonomous information about their
pre-amputation length, which differs along the dorsoventral axis (medial-lateral axis) of the fin. Thus, rays appear to

FIGURE 3 Models for positional information and growth rate regulation. (a) A putative proximodistal molecular gradient in the fin

results in different concentrations of unknown molecules at proximal and distal amputation sites, which effect growth rates. Growth rates of

proximal amputation sites are higher. (b) Elevated growth at proximal amputation sites might be regulated by differential characteristics of

the blastema. For v-ATPase activity, aldh1a2 expression and Fgf signaling, increased levels in proximal compared to distal blastemas have

been demonstrated. Schematic longitudinal view of a single ray; gray lines, bone; red dashed lines, amputation sites; green area; field of v-

ATPase activity, aldh1a2 expression and Fgf-signaling
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“remember” their position along this axis of the fin, because they regenerate to the length appropriate for their original
position. However, autonomous memory along the proximodistal axis of rays could not be shown by blastema trans-
plantation experiments and—if it exists—does not appear to be encoded by fibroblasts. While further experiments will
be needed to clarify the properties of positional information in the fin, the current results could be interpreted to indi-
cate that a positional information system, which entails cell-autonomous memory of proximodistal position of at least
some blastema cell lineages, might actually be less important in fish than in salamanders. This might be a reflection of
the different degree of anatomical heterogeneity along the proximodistal axis in salamander limbs and fish fin rays,
where regeneration of different anatomy dependent on the amputation plane is only necessary in salamanders. Yet, a
system ensuring proper scaling of the fin along the proximodistal and dorsoventral axis during regeneration exists, and
several studies have attempted to shed light on its molecular nature.

7 | POSITIONAL INFORMATION VIA GRADED EXPRESSION OF
MOLECULES

Most studies have assumed that a molecular system ensuring fin regeneration to pre-amputation length would consist
of at least two components: One allows cells to assess their position along the proximodistal axis of the ray and another
translates this information into differential growth rates—proximal high, distal low. The first system might consist of
molecules that are expressed in a graded fashion along the proximodistal axis (Adell, Cebrià, & Saló, 2010; Wolpert,
2016). These gradients might be established by the diffusion of molecules, and a mathematical model invoking such
gradients was found to be able to explain the growth patterns of regenerating zebrafish fins (Rolland-Lagan, Paquette,
Tweedle, & Akimenko, 2012). Yet, it is difficult to imagine that stable gradients could be established by diffusion in a
structure that is up to 4 mm in length and heavily vascularized, and indeed no evidence for the existence of gradients of
diffusible molecules along the proximodistal axis of fin rays exists. Accordingly, better candidates for graded expression
might be molecules tethered to the extracellular matrix or to the plasma membrane of cells. Prod1 is a GPI-linked pro-
tein that was shown to be expressed in a gradient in salamander limbs, and in gain-of-function experiments it can
instruct distally located cells to adopt more proximal identity in salamanders (Da Silva, Gates, & Brockes, 2002; Kumar,
Gates, & Brockes, 2007). While it thus is the best candidate mediating positional memory in any vertebrate regeneration
model, loss-of-function data confirming its role are missing, and no homologs of Prod1 have been identified outside sal-
amanders (Garza-Garcia, Harris, Esposito, Gates, & Driscoll, 2009).

To identify molecules that are present in a graded pattern in nonamputated zebrafish fins, Rabinowitz et al.
compared transcriptomic, proteomic and metabolomic profiles between different regions along the proximodistal
axis of the caudal fin (Rabinowitz et al., 2017). Their comprehensive study identified over a thousand transcripts
that are differentially expressed between proximal and distal regions. Comparison of transcriptomic and proteomic
data revealed a surprisingly small number of these transcripts to have a comparable graded protein expression,
suggesting that extensive posttranscriptional regulation takes place, which reduces the differences in protein
expression along the axis of the fin. The authors propose a high confidence list of 32 candidate molecules which
exhibit a significant difference on both RNA and protein level between proximal and distal regions. Here, proxi-
mally as well as distally enriched molecules exist. In-depth analysis of two candidates, the proximally enriched
aldehyde dehydrogenase Aldh1l1 and the distally enriched carbonic anhydrase Ca2, revealed their conserved differ-
ential expression pattern across different fins (caudal, dorsal and pectoral fins). Graded expression of these mole-
cules also scaled with the shorter and longer fin length seen in short fin (sof ) and long fin (lof ) mutant lines.
Thus, these enzymes might indeed be involved in the establishment of positional memory during regeneration.
The data obtained in this study are a valuable starting point for further work aimed at identifying molecular
players involved in positional memory.

One caveat with the interpretation of such expression data is that fin ray bone displays different levels of maturity
and thickness along the proximodistal axis (Blum & Begemann, 2015a). Fins grow by sequential addition of new seg-
ments distally, and fin growth continues also in adult fish. While newly added segments are relatively thin, the bone
matrix broadens and thickens over time, and the curvature of the hemirays increases. Thus, a gradient of bone amount
and maturity exists along the proximodistal axis of the fin, which could be causative for the differential expression of
molecules along this axis of the fin. Thus, it will be important to test whether molecules expressed in a gradient indeed
mediate positional memory. On the other hand, it is conceivable that fins actually use this gradient of bone amount
and maturity to assess the proximodistal position of amputation planes.
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In the pelvic fin, fin rays are of different length along the anteroposterior axis. Sequenced-based profiling has rev-
ealed a graded expression of many genes along this axis (Nachtrab, Kikuchi, Tornini, & Poss, 2013). This study as well
as the caudal fin study (Rabinowitz et al., 2017) showed a differential expression for genes involved in developmental
processes, including many transcription factors. These findings suggest that transcription factors that are active during
development retain a differential expression in adult tissues, where they are important for tissue size regulation and
positional memory.

8 | INTERPRETATION OF POSITIONAL INFORMATION: REGULATION OF
DIFFERENTIAL GROWTH RATES

More progress has been made in the identification of molecules that are involved in regulating differential growth rates
at proximal vs. distal amputation planes (Figure 3b). Different regeneration rates might be obtained by variation in the
expression strength of amputation-induced genes. The vacuolar-type proton transporter H+ -ATPase (v-ATPase) dis-
plays such a dynamic expression: it is earlier and more strongly upregulated in proximal than in distal blastemas,
resulting in a similarly patterned difference in H+ efflux (Monteiro et al. (2014). Inhibition of v-ATPase function
reduces proliferation and subsequently regenerative growth. Regulation of proliferation by v-ATPase was also shown
during Xenopus tail regeneration (Adams, Masi, & Levin, 2007). A potential link between v-ATPase function and cell
proliferation is the Fibroblast growth factor (Fgf) signaling pathway, which controls cell proliferation during blastema
formation (Poss et al., 2000). Higher Fgf signaling activity in proximal than distal regenerates has also been shown to
be causative for their faster growth and the Fgf signaling target gene mkp3 is more strongly expressed in proximal than
distal regenerates (Lee et al., 2005). V-ATPase knockdown inhibits mkp3 expression, suggesting a potential requirement
of v-ATPase activity for Fgf signaling activity (Monteiro et al., 2014). v-ATPase activity has also been found to be neces-
sary for the expression of the retinoic acid synthetase aldh1a2 (Monteiro et al., 2014). Retinoic acid (RA) signaling is
required for blastema proliferation (Blum, Begemann, Rauch, Geisler, & Ingham, 2012). aldh1a2 is more strongly
expressed in proximal than in distal stumps (Monteiro et al., 2014), indicating that patterned RA signaling might also
be modulated by v-ATPase activity and might be involved in regulating the differential growth rates of proximal
vs. distal blastemas. v-ATPase might also act upstream of mTORC1 activation by regulating lysosomal acidification
(Takayama, Muto, & Kikuchi, 2018). Lysosomal acidification and mTORC1 activation are stronger in proximal than in
distal regions, constituting further candidates for systems mediating differential regeneration rates. Amino acids, espe-
cially leucin, are important activators for mTORC1 (Zheng et al., 2016), which is a central regulator of cell growth.
Interestingly, the study by Rabinowitz et al., which looked for molecules differentially expressed along the
proximodistal axis (discussed in detail above), identified leucin to be proximally enriched in unamputated fins
(Rabinowitz et al., 2017). Whether v-ATPase activity regulates Fgf and RA signaling directly remains to be determined.
v-ATPase might regulate the pathways via modulating endocytosis and vesicle recycling events, ultimately affecting the
expression of downstream genes, as it was shown for Notch, Wnt and VEGF signaling (Cruciat et al., 2010; Rath, Liebl,
Fürst, Vollmar, & Zahler, 2014; Vaccari, Duchi, Cortese, Tacchetti, & Bilder, 2010). At any rate, additional studies, par-
ticularly genetic loss- and gain-of-function analyses, are necessary to further validate these findings.

9 | RAY—INTERRAY BOUNDARIES

After amputation of the caudal fin, not only its shape and size are restored, but also the complex pattern of lepidotrichia
bone, blood vessels, nerves, connective tissue (fibroblasts), pigment cells and their relative arrangement to one another.
Fin rays are separated by interray tissue, which has a similar architecture as skin, consisting of multi-layered epidermis
covering mesenchymal connective tissue (fibroblasts) (Figure 1c,d). Regeneration of the rays is driven by blastemas,
which form atop of each fin ray, and new bone forms as a direct straight extension of the existing amputated bone of
each ray. Interray skin likewise regenerates, and under normal conditions, no thickening or spreading of bony tissue in
the regenerate can be observed, rather the ray-interray organization is faithfully restored (Stewart & Stankunas, 2012).
This indicates that there are mechanisms in place which control ray—interray patterning. One study proposed the
involvement of retinoic acid (RA) signaling in the establishment of the ray—interray organization (Blum & Begemann,
2015b). Aldh1a2, the rate-limiting enzyme for the synthesis of RA, is highly expressed in the blastema (Mathew et al.,
2009), as is the RA receptor rarga (White et al., 1994). Blum & Begemann proposed that the RA-degrading enzyme
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cyp26a1 establishes an RA-free niche in the proximal basal epidermal layer of the regenerate, which is responsible for
the strict adherence of regenerating osteoblasts to the ray (Figure 4a). Abolition of this zoning by either RA administra-
tion or inhibition of cyp26a1 activity results in ectopic bone formation in interray locations (Figure 4b), indicating that
an initial arrangement of pre-osteoblasts in the nascent blastema is necessary for correct organization of ray—interray
tissues. This is supported by the observation that blood vessels in the blastema also ignore ray—interray boundaries
after RA treatment. The authors could further show that RA degradation is required for sonic hedgehog a (shha) expres-
sion. During zebrafish fin regeneration, shha is expressed in basal epidermal cells on both sides of the distal stump and
regenerate, and its expression domain splits into two discrete domains preceding ray bifurcation (Lee et al., 2009; Quint
et al., 2002). Ectopic expression of shha and bmp2b between the blastemas of two sister rays induces ectopic bone for-
mation (Quint et al., 2002), and laser ablation of shha-expressing basal epidermal cells results in a delay in branching
(Zhang, Jeradi, Strähle, & Akimenko, 2012). Altogether, these data indicate that during fin regeneration, shha signaling
is involved in the regulation of lepidotrichia branching by mediating epithelial-mesenchymal interactions. This poten-
tial role is challenged by a study which showed a permanent expression of shha in two separate domains in the basal
layer of the epidermis, also in regions of regenerating fin where bifurcations do not occur (Figure 4b), thus arguing that
shha expression in two separate domains is not sufficient to trigger the formation of bifurcations (Azevedo, Sousa,
Jacinto, & Saúde, 2012). Consistently, Shha/Smo signaling inhibition blocks ray bifurcation, although the two distinct
epidermal shha positive domains are retained (Armstrong, Henner, Stewart, & Stankunas, 2017). The authors thus pro-
pose a model in which shha-driven Hh/Smo signaling promotes ray bifurcation by directing the migration of osteoblast
progenitors into two spatially separated pools, while the splitting of shha-expressing epidermis itself is not Hh/Smo sig-
naling dependent.

10 | THE FATE OF OSTEOBLASTS

An important aspect in understanding fin regeneration is to determine the cellular source(s) of regenerating skeletal
elements. Recently, work in several systems, including the zebrafish fin, has revealed that regeneration can involve
intriguing cases of cellular plasticity (Tata & Rajagopal, 2016). Potential sources of regenerating tissue can be stem/pro-
genitor cells, or differentiated cells. However, differentiated cells are usually postmitotic. Thus, when differentiated cells
are recruited as source cells, they would have to undergo a process of dedifferentiation, that is they have to lose mor-
phological, functional and/or molecular characteristics of the differentiated state and gain characteristics of a (develop-
mental) progenitor state. Another interesting question is whether cells can alter or expand their potency during
regeneration. That is, can stem/progenitor cells that are committed to give rise to one cell type during homeostasis gain
the potency to form also other cells types during regeneration, or can differentiated cells even transdifferentiate into
another cell type, either directly or via dedifferentiation into a multipotent progenitor? From several studies examining
the source of osteoblasts during fin regeneration, it appears that there is not just one single source, but that bone regen-
eration is achieved by cellular mechanisms displaying a high degree of plasticity and redundancy. Using genetic fate
mapping and transgenic reporters of the osteoblast differentiation status, it has been shown that differentiated osteo-
blasts close to the amputation plane dedifferentiate, that is, they lose the expression of the differentiation marker bglap

FIGURE 4 Establishment of ray—interray organization. (a) Whole mount view of the expression domains of cyp26a and shh during

regeneration. (b) Inhibition of RA degradation results in loss of shh expression and ectopic bone formation
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(osteocalcin), gain the progenitor marker runx2, proliferate, and migrate toward the amputation plane and beyond into
the forming blastema (Knopf et al., 2011; Sousa et al., 2011; Stewart & Stankunas, 2012). These cells stay lineage
restricted and only give rise to osteoblasts in the regenerate (Knopf et al., 2011; Tu & Johnson, 2011). Similarly, eight
more cell types, including epidermis, dermal fibroblasts and endothelium, have been proposed to remain lineage
restricted during fin regeneration, using tracing of randomly induced clones of cells expressing GFP (Stewart &
Stankunas, 2012; Tu & Johnson, 2011).

While it is thus well established that bone can regenerate from differentiated osteoblasts in the zebrafish fin
(Figure 5a), in a study combining genetic ablation and fate mapping approaches, Singh et al. found that osteoblasts can
also regenerate through de novo differentiation from cells that do not have osteoblast character (Singh, Holdway, &
Poss, 2012). Genetic ablation of osteoblasts in the zebrafish fin was achieved by treating fish expressing nitroreductase
under control of osterix (sp7) regulatory elements with metrodinazole. The osterix transcription factor is critical for the
differentiation of osteoblast precursor cells and is considered a specific marker of committed osteoblasts in the fin
(DeLaurier et al., 2010; Li, Felber, Elks, Croucher, & Roehl, 2009; Nakashima et al., 2002). Interestingly, after ablation
of seemingly all osterix + osteoblasts, bone can nevertheless regenerate (Singh et al., 2012). This indicates that a non-
osteoblast population of cells can differentiate into osteoblasts and can drive complete bone regeneration (Figure 5b).
From this observation, two important questions arise. First, what is the identity and normal fate of these non-
osteoblastic cells that are able to regenerate bone, and second, are these cells always deployed to contribute to bone
regeneration, or do they only get activated when the potential standard source of regenerating osteoblasts is not avail-
able? Such an activation of a dormant regenerative mechanism can be observed in several other systems. For example,
mammalian pancreatic β-cells regenerate by self-replication (Dor, Brown, Martinez, & Melton, 2004), yet after β-cell
ablation, they can be generated by transdifferentiation of α-cells (Thorel et al., 2010). Likewise, biliary cells can
transdifferentiate to hepatocytes when the default pathway of liver regeneration by hepatocyte proliferation is blocked
(Choi, Ninov, Stainier, & Shin, 2014; Schaub et al., 2018) The potential identity of cells contributing to osteoblast
replenishment was recently addressed in a study by Ando et al. (Ando, Shibata, Hans, Brand, & Kawakami, 2017).
Using genetic lineage tracing, they found that cells expressing matrix metalloproteinase 9 (mmp9) function as osteoblast
progenitor cells (OPC) not only during fin regeneration, but also during fin bone maintenance. Mmp9 might seem like
an unlikely marker for osteoblasts, as it is assumed to be expressed in osteoclasts in mammals (De Vrieze, Sharif, Metz,
Flik, & Richardson, 2011; Sharif, de Bakker, & Richardson, 2014). However, the authors could show that mmp9 and the
osteoclast marker TRAP are expressed in different cell populations in the fin. In uninjured fins, mmp9 positive cells are
located in the joints between lepidotrichia segments. Intriguingly, newly regenerated joint cells initially express the
osteoblast progenitor marker runx2, but do not become positive for osterix, indicating that they represent immature
osteoblasts. However after amputation, lineage tracing of mmp9+ cells using a mmp9:CreERT2 transgenic line showed
that progeny of these cells migrate into the regenerate and become positive for osterix, suggesting that they serve as
OPCs (Figure 5c). At presumptive new joint sites, they remain osterix negative. Presumptive joint cells sequentially
upregulate hoxa13a, evx1 and pthlha and maintain expression of these joint-specific genes, indicative for a commitment
to a new cell fate (McMillan et al., 2018). Treatment with RA results in a loss of these markers, upregulation of the dif-
ferentiation marker bglap and ectopic bone deposition in the joints. These observations are in good agreement with the
RA data discussed above, strengthening the model of tightly controlled spatially diverse RA levels steering osteoblast
positioning and bone formation.

In the future it will be very interesting to determine, by quantitative lineage tracing, the relative importance of oste-
oblast dedifferentiation versus de novo osteoblast formation from mmp9+ or other yet unidentified cells for bone regen-
eration in the zebrafish fin. It is likely that the availability of both differentiated and progenitor cells for bone formation
makes bone regeneration more robust.

11 | REGENERATION VERSUS TUMORIGENESIS

During regeneration, cell proliferation and dedifferentiation must be precisely regulated and executed to restore the
organization of tissues. In contrast to regeneration, tumor formation represents a tissue formation process in adults that
has gone awry. Tumor suppressor genes, which are inactivated in mammalian tumors, regulate a wide array of cellular
activities, including growth, proliferation, and differentiation (Sherr, 2004). The relationship between tumor formation
and regeneration has been controversially debated. In particular, it has remained unclear whether tumor suppressors
play a beneficial or debilitating role in regeneration (Pomerantz & Blau, 2013). By restricting proliferation, they might
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FIGURE 5 Sources for osteoblasts during regeneration. Schematic

longitudinal view of a single ray. (a) Mature osteoblasts in the stump

dedifferentiate, migrate into the blastema and re-differentiate. (b) After

osteoblast ablation, osteoblasts form de novo in the regenerate.

(c) Osteoblast progenitor cells (OPC) in the joints migrate into the

blastema and differentiate to osteoblasts
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impair regeneration and thus might have to be inactivated for successful regenerative growth. Conversely, their func-
tion in controlling organ size might be utilized to orchestrate proper tissue formation during regeneration. For the
tumor suppressor protein Arf, which is formed from an alternative transcript of the cdkn2 gene, which also codes for
p16, no ortholog can be found in zebrafish (Hesse, Kouklis, Ahituv, & Pomerantz, 2015). Interestingly, a transgene con-
taining the regulatory elements of the human Arf gene is not expressed in zebrafish, except after fin amputation in
the blastema (Hesse et al., 2015). However, expression of the Arf coding sequence blocks fin regeneration. This
might imply that the regenerative context resembles tumor formation and that successful regeneration requires
relaxed tumor suppressing mechanisms. This hypothesis was addressed in a systematic gene expression study where
normal fin tissue was compared to blastema tissue, and genes upregulated in the blastema were cross-referenced to
the Oncomine cancer database (Hagedorn et al., 2016). This study found that 40% of the blastema-upregulated genes
are overexpressed in melanoma, indicating that expression of these genes plays a role both in tissue regeneration
and in melanoma progression. This group of genes included several members of the FK506-binding protein family
(FKBP proteins). It was previously shown that FK506 induces excessive fin outgrowth during regeneration
(Kujawski et al., 2014). Of note, in uninjured fins FK506 treatments led to increased cell proliferation at the distal
tip of the fins only, resulting in allometric fin outgrowth but not dysmorphic growth. The FK506-FKBP complex
inhibits the protein phosphatase calcineurin (Liu et al., 1991), and calcineurin activity in the blastema is at a mini-
mum during maximal regenerative growth (Kujawski et al., 2014). Altogether, these data suggest that during regen-
eration, pathways controlling growth are modified to allow fast regeneration, and these pathways might also be
disturbed during tumorigenesis (Figure 6).

12 | CONCLUSIONS

Zebrafish regenerate an amputated caudal fin to its previous size within 2–3 weeks. The fin is not only restored in both
its size and shape, but also in its patterning and tissue organization. Multicellular mechanisms are organized through
local interactions, which are influenced by global spatial patterning. The findings discussed here provide the beginnings
of a comprehensive understanding of the molecular control of positional memory and patterning during fin regenera-
tion. However, to date, many studies into the mechanisms of fin regeneration are based on pharmacological approaches
or global genetic interventions, thus genetic analyses and cell-type-specific manipulations will be necessary to provide
further insight into the mechanisms and to understand how they are dynamically remodeled during regeneration.
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