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Abstract: The regeneration of paired appendages in certain fish and amphibian lineages is a well
established and extensively studied regenerative phenomenon. The teleost fin is comprised of a
proximal endoskeletal part (considered homologous to the Tetrapod limb) and a distal exoskeletal
one, and these two parts form their bony elements through different ossification processes. In the
past decade, a significant body of literature has been generated about the biology of exoskeletal
regeneration in zebrafish. However, it is still not clear if this knowledge can be applied to the
regeneration of endoskeletal parts. To address this question, we decided to compare endo- and
exoskeletal regenerative capacity in zebrafish (Danio rerio) and mudskippers (Periophthalmus barbarous).
In contrast to the reduced endoskeleton of zebrafish, Periophthalmus has well developed pectoral fins
with a large and easily accessible endoskeleton. We performed exo- and endoskeletal amputations
in both species and followed the regenerative processes. Unlike the almost flawless exoskeletal
regeneration observed in zebrafish, regeneration following endoskeletal amputation is often impaired
in this species. This difference is even more pronounced in Periophthalmus where we could observe no
regeneration in endoskeletal structures. Therefore, regeneration is regulated differentially in the exo-
and endoskeleton of teleost species.
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1. Introduction

Due to its mythical overtones, appendage regeneration, the ability to regrow lost limbs has
fascinated many generations of scientists. The first scientific observations of the phenomenon were
made by the Italian priest and naturalist Lazzaro Spallanzani [1,2] in the 18th century, and over the next
two centuries, many scientific luminaries, including Thomas Hunt Morgan [3], have contributed to
the understanding of this important biological process. These early experimental studies were mostly
descriptive in nature and only at the end of the 20th century, with the advent of powerful molecular
techniques were scientists finally able to study the molecular processes that underpin the regeneration
of appendages in different species (see [4-7] for a comprehensive review of the field).

The burst in molecular regeneration studies coincided with the emergence of zebrafish as a genetic
model organism, and the expansion of the genetic toolkit in this species made it a natural subject for
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regeneration experiments. Due to its robustness, zebrafish fin regeneration soon became one of the
better studied regeneration paradigms [8] alongside salamander limb regeneration (see references
in [4,9]). Multiple signaling pathways [10-15] and other cellular phenomena [16,17] have been linked
to successful fin regeneration in zebrafish and recently, even enhancers specific for fin regeneration
have been identified [18,19].

On the basis of these studies, the emerging picture of fish fin regeneration is one of a typical
epimorphosis process. The cells of the blastemal tissue that forms following the injury are essentially
dedifferentiated cells from adjacent tissues which will start to proliferate and their progeny will
ultimately redifferentiate into the original tissue type [20,21]. (While dedifferentiation appears to be
the dominant regenerative process during fin regeneration, it is important to mention that alternative
pathways must exist, as osteoblasts can develop in the regenerating tissue even in the absence of other
osteoblasts in the injured fin [22]).

The implicit goal of these regenerative studies is to uncover universal mechanisms that could
be exploited to enhance limb regeneration in other vertebrate species (such as humans) with limited
regenerative capacity. Therefore, it should be noted that the majority of these experiments in zebrafish
have been performed on caudal fins. While the process appears to be broadly similar in pectoral fins
(which is orthologous with Tetrapod limbs), there are also some peculiarities specific for these latter
structures [23,24].

The typical teleost pectoral fin is formed of a muscularized endoskeleton and a dermal fin fold that
attaches to it. The endoskeleton articulates to the pectoral girdle and it is composed of proximal and
distal radials, while the fin fold is supported by multiple fin rays (exoskeleton) [25]. Both the radials and
the rays are bony structures, but their ossification happens through distinctly different developmental
mechanisms: while the radials undergo canonical endochondrial ossification (akin to the limbs of
Tetrapods), the lepidotrichia of the fin rays are formed through membranous ossification [26].

The skeletal and developmental homologies between zebrafish pectoral fins and Tetrapod limbs
are still the subject of investigation, but until recently, the consensus view was that distal (endoskeletal)
radials of the Teleost fin are homologous with the autopod of Tetrapods [27-29]. A recent study, however,
suggested a common developmental origin also for fin rays and digits [30]. Although the available
evidence clearly shows that similar mechanisms are activated during the development of both structures,
whether such shared features reflect a true (anatomical) homology still remains to be conclusively
demonstrated. The issue of anatomical homology is relevant, as almost all of the regeneration studies
in zebrafish observe the process following exoskeletal amputations. Some researchers also argue that
the remarkable regenerative property is a unique property of the fin folds, due to their simple structure
and specific development [31,32].

To test this hypothesis, we performed endoskeletal amputations in zebrafish pectoral fins and
followed the regenerative process. As zebrafish have only a small pectoral endoskeleton, we decided
to extend our studies to another teleost species. We chose a mudskipper (Periophthalmus barbarous),
as representatives of this family have equally well developed pectoral endo- and exoskeletons
(Figure 1) [33]. Our results from both species suggest that the regenerative capacities of the Teleost
endoskeleton are negligible compared with that of the exoskeleton.

2. Results

2.1. Endoskeletal Regeneration in Zebrafish

To characterize the regenerative capacity of the zebrafish endoskeleton, we performed amputations
through the right pectoral fin endoskeleton of young adult females and followed their regeneration
(Figure 2). Previous studies showed that exoskeletal regeneration both in caudal and pectoral fins are
completed by the end of the second week post amputation [8,23]. In contrast, by the end of the second
week, we were able to observe only a small fin stump in the case of the endoskeletal amputations
(Figures 2b and Ala), and regenerative growth was only completed by the end of the sixth week



Fishes 2019, 4, 51 30f12

(Figure 2d). The regenerated pectoral fins had a heteromorphic character, the exoskeletal fin rays
always being smaller (21/26) and often taking a twisted shape (5/26) (Figure 2d—f). In 5/26 cases, we
did not observe regeneration at all. Interestingly, whenever regeneration occurred, we could observe
distinct regenerated structures as soon as 2 weeks post-amputation (wpa)—the time-frame for normal
exoskeletal regeneration in this species. Conversely, if by 2 wpa, no regenerated tissue formed and
regeneration was not observed at all during our 6-weeks observation period (Figure Ala,b).
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Figure 1. The homology of skeletal elements in the pectoral fins and forelimbs of selected vertebrates.
The figure shows the phylogenetic relationships between different taxa, their estimated time of
divergence, with the hypothesized homologous regions being highlighted with similar colors. Mya:
million years ago. (Based on [27,28,34]).

Pectoral fins have a well defined antero-posterior (AP) axis, and the transcriptional hallmarks of
this AP pattern have been recently identified [24]. The irregular structure of the fins that develops
after endoskeletal amputation could reflect a breakdown in this AP pattern. Therefore, we decided
to test if there is a difference in the expression of characteristic anterior (alx4 and id4) and posterior
(hand2 and hoxd11) patterning genes. We found that the relative expression differences between the
anterior and posterior compartments were significantly altered in the regenerated fins for all the genes
examined (Figure 2g). Our analysis suggests that the graded expression of the anterior-specific genes
was essentially abolished due to a drop in gene expression levels in the anterior part, and the expression
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gradient of posterior-specific genes was also reduced, albeit mostly due to increased expression in the
anterior compartment (Figure Alc). These results indicate that when endoskeletal regeneration occurs,
it results in fins with an overall “posterior-like” character.
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Figure 2. Endoskeletal regeneration of zebrafish. (a) Blastemal tissue one week post amputation
(wpa), dorsal view. (b) Small heteromorphic fin stump at 2 wpa, dorsal view. (c) Regenerated pectoral
fin stump at 3 wpa, dorsal view. (d) Regenerated pectoral fin at 6 wpa, dorsal view. (e,f) Alcian
Blue and Alizarin Red stainings of control and 6 wpa regenerated fins (Yellow dashed lines denote
the approximate site of the original amputation). (g) Relative (anterior/posterior) gene expression of
alx4, id4, hand2 and hoxd11 in control and regenerated fins suggest that AP patterning is impaired in
regenerates (*: p < 0.05; **: p < 0.01). (h,h") Lack of regeneration after second endoskeletal amputation
(n = 2). (i) Regenerated fin piece after a second endoskeletal amputation.

Importantly, unlike in the case of caudal fin exoskeletal amputations, where a practically unlimited
regenerative capacity was described previously [8], repeated amputations of the endoskeleton reveal a
limited regenerative capacity in the pectoral fin. Out of the three cases examined, in two cases, we
observed no regeneration (Figure 2h,h’) and in one case, only a very reduced fin-stump could be seen
after the second amputation during a 6-week period (Figure 2i).
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2.2. Comparison of Endo- and Exoskeletal Regeneration in Mudskippers

As zebrafish have a reduced endoskeleton, we decided to extend our studies to a species with
well developed radials (Figure 3a,b). Using the mudskipper, Periophthalmus barbarous, we performed
both exo- and endoskeletal amputations and followed the regeneration of the pectoral fins for over one
hundred days (Figure 3c-f).
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Figure 3. Differing exo- and endoskeletal regenerative capacities in mudskippers. (a,b) Mudskippers
have well-developed endoskeletons with four large proximal radials (ar—anterior radials; dr—distal
radials; fr—fin rays). (c) 104 days after exoskeletal amputation, a completely regenerated fin can be
observed (The yellow asterisk denotes the regenerated fin). (d) The dynamics of the regenerative
process shows gradual regeneration. (e) After endoskeletal amputation, no regeneration was observed
(Red asterisk denotes the side of the amputated fin). (f) During the observation period, the size of the
amputated stump did not change (**: p < 0.01; ****: p < 0.0001; ns: not significant).
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Exoskeletal regeneration was complete by the end of the observation period, the fins in all
the observed animals recovering their original length (Figure 3c,d). In stark contrast, endoskeletal
regeneration was not followed by substantive regeneration. Although blastema-like structures
appeared (not shown), the amputated stumps remained essentially the same size over the whole period
(Figure 3e,f).

3. Discussion

The dermal fin folds are useful during swimming, but due to their fine structure, they can get easily
injured, therefore, the capacity to regenerate them has clear adaptive value. Exoskeletal regeneration
has been described in many Actinopterygian species, (e.g., sturgeon (Acipenser oxyrinchus) [35],
short-lived killifish (Nothobranchius furzeri) [36], sailfin molly (Poecilia latipinna) [37], mexican cavefish
(Astyanax mexicanus) [38], medaka (Oryzias latipes) [39], loach (Paramisgurnus dabryanu) [40] and several
others [41]), suggesting that this is an ancestral trait of ray-finned fishes.

In contrast to the numerous well-documented exoskeletal regeneration studies, there are
only a few studies on endoskeletal regeneration within the Actinopterygian clade. Complete
endoskeletal regeneration has been reported in the case of two Polypterid species, the bichir (Polypterus
senegalus) [34,42,43] and the ropefish (Erpetoichthys calabaricus) [43]. In a recent study, Schneider and
coworkers provided evidence that endoskeletal regeneration can be also observed in two other basal
Actionpterygians, the paddlefish (Polyodon spathula) and the spotted gar (Lepisosteus oculatus) [44].

In the same study, the authors also examined four teleosts, the convict (Amatitlania nigrofasciata),
the oscar (Astronotus ocellatus), the blue gourami (Trichogaster trichopterus) and the goldfish (Carassius
auratus). They observed absent (blue gourami) or limited regeneration after pectoral endoskeletal
amputations in these species, and if regeneration did occur, it often resulted in fins with a reduced
and/or twisted morphology (e.g., oscar and goldfish) [44], similarly to our observations in zebrafish
(Figure 2).

Earlier experiments demonstrated that zebrafish possess an almost unlimited potential to
regenerate their exoskeleton [8]. In contrast, our present results demonstrate that the ability of
zebrafish to regenerate the pectoral endoskeleton is much more limited and results in heteromorphic
fins. Previous studies have uncovered similar differences in the regeneration capacity of the tail:
whereas simple caudal fin amputations always results in fully regenerated tissue, the regeneration
following tail (thus endoskeletal) amputations is successful only in about half of the cases, and when
it occurs, the process is slow and results in heteromorphic fins [45]. Our results also suggest that
the abnormal shape of the regenerated pectoral fins could be partially explained by changes in the
expression of AP patterning genes (Figures 2 and A1l). Anterior-specific genes are downregulated,
while posterior-specific ones are upregulated in the anterior fin rays.

We see two possible explanations for the impaired expression of the AP patterning genes, which
could also account for the reduced width of the regenerated fins. First, the results might be due to
incomplete (exoskeletal rather than endoskeletal) amputation of the posterior pectoral fin. Secondly,
they could be attributable to a differential capacity for regeneration between the anterior and posterior
parts of the endoskeleton. On the basis of our data, we cannot exclude completely the former
explanation. But deeper amputation planes would cause excessive damage to the body wall, creating
another confounder for the experiment. On the other hand, a differential regenerative capacity has
been demonstrated during exoskeletal regeneration in male zebrafish [20], suggesting that anterior and
posterior pectoral fin blastemas have unequal regenerative capacities. Overall, our results demonstrate
that the endoskeletal regeneration potential of zebrafish is low.



Fishes 2019, 4, 51 7 of 12

Zebrafish, however, have a reduced endoskeletal component in their pectoral fin, which could
explain their reduced regenerative capacity. Therefore, we decided to compare exo- and endoskeletal
regeneration in a Teleost species with equally well-developed endo- and exoskeletal parts. Due to
their lifestyle, mudskippers have pectoral fins that fit this description, which also makes them a good
model to understand the evolution of terrestrial locomotion [46,47]. We followed the regeneration
of exo- and endoskeletons in mudskippers for over one hundred days, and while the size of the
exoskeleton recovered completely by this time, no regeneration was observed in the case of endoskeletal
amputations (Figure 3).

Besides the aforementioned Actinopterygians, endoskeletal regeneration was also observed in the
basal Sarcopterygian lungfish [48] and caudate amphibians (see references in [4,9]). On the basis of
currently available data on endoskeletal regeneration, this feature could be an ancestral trait of the
Osteichthyan group, which was parallely lost (or reduced) in most other Sarcopterygian clades and
teleosts. However, it is noteworthy that finfold regeneration is absent from basal gnathostomes, like
sharks [49]. Therefore, at this point, we cannot completely rule out the possibility that regeneration is
a derived feature, and the differing levels of skeletal regeneration observed in certain Osteichthyan
lineages reflect adaptive traits acquired by these groups. Further studies in other basal gnathostomes
should help to resolve this question.

Our results show that endo- and exoskeletal regenerative capacities are not correlated in Teleosts,
which suggests that the results from exoskeletal regeneration studies are not necessarily directly
applicable to other species where the limbs are composed only of endoskeletal elements. Yet, the
existence of the limited endoskeletal regenerative potential observed in such a well-established model
species as the zebrafish suggests that there is scope for research programs that aim to understand
this phenomenon better. Just as Xenopus has been used recently to study regeneration by comparing
regeneration competent and incompetent stages [50,51], a comparative analysis of zebrafish exo- and
endoskeletal regeneration could uncover important new factors for limb regeneration. It will be
interesting to understand if the genetic program regulating teleost endoskeletal regeneration shares
the commonalities of the bichir, lungfish and salamander regeneration programs [42,48] and to identify
the genetic and environmental factors that can modulate this program.

4. Materials and Methods

4.1. Fish Maintenance

Wild type (ekwill) zebrafish used in this study were maintained in the zebrafish facility of ELTE
Eotvos Lorand University according to standard protocols [52]. Prior to surgical procedures, fish
were anesthesized using tricaine (E10521, Sigma-Aldrich, Saint Louis, MO, USA). All protocols used
in this study were approved by the Hungarian National Food Chain Safety Office (Permit Number:
XIV-1-001/515-4/2012).

Twenty mudskippers (ten males and ten females) were purchased from a local pet store and kept
in the animal facility of ELTE E6tvos Lorand University. Fish were housed in a 30 L aquarium, where
water was changed weekly. Water with a salinity of 30 ppt was prepared using Instant Ocean® Sea Salt
mix dissolved in filtered water. Fish were fed once a day with medium sized crickets also purchased
from a pet store. Similarly to zebrafish, mudskippers were anesthesized using 160 pg/mL tricaine
before surgical procedures and documentation. All protocols were approved by the Pest County
Governmental Office (Permit Number: PEI/001/1459-11/2015).
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4.2. Data Acquisition and Analysis

Images of the animals were taken from dorsal and lateral perspectives. In the dorsal perspective,
the limbs were positioned as they would be naturally positioned and in the lateral perspective,
the limbs were straightened. The images were processed using Image] (https://imagej.nih.gov/ij/).
The measurements were taken using the pixel length of the segmented lines within the toolbox of
Image]. We measured the distance from the limb attachment site at the body wall to the furthest
fin-ray tip or the furthest point in the callus tissue (total limb length). The distance from the limb
attachment site to the start of the callus tissue was also recorded (lower limb length). Using these two
measurements, we calculated the lower limb length to total limb length ratio. As a control, we also
measured the contralateral side limb lengths throughout the experiment.

A statistical analysis and visualization of the data was performed in RStudio using the ggplot2
package [53]. For the statistical comparison, we used the Mann-Whitney-Wilcoxon test.

4.3. gqRT-PCR Analysis

Total RNA was extracted with the TRI Reagent (Invitrogen, AM9738, Carlsbad, CA, USA), using
the anteriormost and posteriormost three ray-segments of the pectoral fins, respectively. For control
and 6 wpa samples material from 3-3 individuals were pooled. cDNA was synthesized from 130 ng
total RNA using the SuperScript™ III Reverse Transcriptase Kit (Thermo Fisher Scientific, 18080093,
Waltham, MA, USA). Quantitative real-time polymerase chain reaction (QRT-PCR) mixtures were
prepared with Promega GoTaq® qPCR kit (Promega, A6001, Madison, WI, USA) and run on the Biorad
CFX 384 Real Time Cycler. Primers used to amplify alx4, hand2, hoxd11, id4 and S-actin were described
previously [24]. Ct values of alx4, hand2, hoxd11 and id4 were normalised to -actin using the ACt
method to calculate fold change.

4.4. Cartilage and Bone Stainings

For Alcian blue and Alizarin red stainings. wholemount specimens were fixed in 7%
paraformaldehyde, washed with PBS, and stained in 0.01% Alcian solution (20% Acetic Acid) for 1-2
days. Specific stainings were differentiated in EtOH and then rehydratated. Alizarin-Red-S staining
(in 2% KOH) was performed for 1-2 days. After dehydration, samples were stored in 87% glycerol.

4.5. Micro-CT Imaging

The pectoral girdle from one of the stained specimens was removed and placed into a scintillation
vial and imaged in a SkyScan 1272 (Bruker, Kontich, Belgium), using an X-ray source of 50 kV,
200 pA. Pixel size was 26.6 X 26.6 X 26.6 um and a total of 423 projection images were recorded for
the reconstruction.
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Appendix A
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Figure Al. Impaired regeneration of the zebrafish pectoral fin following endoskeletal amputation.
(a) In individuals where a regenerated fin could be seen at 6 wpa a visible regenerate was already
observable at 2 wpa (black arrowhead). (b) Absence of regenerated fin at 2 wpa was indicative for the
general failure in regeneration. (c) Gene expression measured by RT-qPCR of alx4, id4, hand2 and hoxd11
in anterior and posterior parts of control and regenerated fins (Error bars show variation between
technical replicates). Results suggest that regenerated fins have an overall “posterior-like” character.
Data for three biological replicates are shown, expression values are normalized to S-actin.
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