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INTRODUCTION
The paired pectoral and pelvic fins of teleost fish contain two
different bone elements. Endoskeletal elements are formed as
chondral bone through endochondral ossification; exoskeletal
elements (fin rays) are formed by intramembranous ossification
(Hall, 2005). Fin rays are unique to, and common in, the fins of
actinopterygians (e.g. teleosts) and basal sarcopterygians (e.g.
coelacanths and lung fish), but this structure is never seen in tetrapod
limbs. Nevertheless, fins and limbs are thought to be homologous
organs, as they have similar developmental mechanisms, and fossil
records are consistent with this idea (Shubin et al., 2006; Mercader,
2007; Boisvert et al., 2008). The endoskeletal elements proximal to
fin rays in the teleost pectoral fin are poorly patterned along the
proximodistal (PD) axis, whereas limb endoskeletal elements exhibit
a well-organized sequential pattern (stylopod, zeugopod and
autopod) (Tamura et al., 2008). Many studies suggest that fin
structures transformed into limbs by changes in genetic and
developmental programs during tetrapod evolution (Sordino et al.,
1995; Metscher et al., 2005; Ahn and Ho, 2008; Yonei-Tamura et al.,
2008; Sakamoto et al., 2009; Woltering and Duboule, 2010).

Limb evolution involved both better endoskeletal element
patterning and the elimination of fin rays. In teleost paired-fin
development, the epithelial tissue covering the fin ray region
derives from an elongated epidermal structure, the apical fold (AF),
which does not form in developing limbs (Dane and Tucker, 1985;

Thorogood, 1991). In early paired-fin development, the apical
ectodermal ridge (AER) rims the distal edge of the fin bud along
the dorsoventral boundary and promotes cell proliferation and
mesenchyme outgrowth, which differentiates into endoskeletal
elements as seen in limb development (Grandel and Schulte-
Merker, 1998; Grandel et al., 2000; Kawakami et al., 2003).
Although the limb AER persists until the end of the digit-patterning
stage (Mariani and Martin, 2003), and disappears when patterning
of the most distal endoskeletal element (the distal phalanx) ceases,
the fin AER transforms into an extended structure, the AF, from the
middle stage of fin development (Dane and Tucker, 1985).

As the AF elongates distally, migrating mesenchymal cells
invade a slit between the AF layers, and two rows of actinotrichia
(pre-fin-ray fibers) are formed in this subepidermal space, followed
by the formation of lepidotrichia (bony fin-ray segments) (Wood
and Thorogood, 1984; Dane and Tucker, 1985; Zhang et al., 2010).
With the exception of histological descriptions, however, the AF
structure has been poorly characterized, and its function in fin
development is still unclear. Analyses of mutants or morphants that
affect the function of AER/AF marker genes have indeed shown
pectoral fin loss (Grandel et al., 2000; Fischer et al., 2003;
Kawakami et al., 2004), but those analyses have not distinguished
AF functions from AER functions. Nevertheless, one model of
limb evolution, the clock model (supplementary material Fig. S1),
suggests that a heterochronic shift of the transformation from AER
to AF determined the evolutional fin-to-limb transition
(Thorogood, 1991). In this model, the AER-AF transformation
occurs early in teleost fin development, later in sarcopterygian fin
development, and never in tetrapod limb development. However,
little embryological evidence that would test this intriguing
hypothesis has been reported.

In this study, we investigated the timing of the AER-to-AF
transformation, the structure of the AF, and differential gene
expression in the AF in detail. Moreover, we obtained experimental
embryological data on the function of the AER and the AF in
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SUMMARY
Fins and limbs, which are considered to be homologous paired vertebrate appendages, have obvious morphological differences that
arise during development. One major difference in their development is that the AER (apical ectodermal ridge), which organizes
fin/limb development, transitions into a different, elongated organizing structure in the fin bud, the AF (apical fold). Although the
role of AER in limb development has been clarified in many studies, little is known about the role of AF in fin development. Here,
we investigated AF-driven morphogenesis in the pectoral fin of zebrafish. After the AER-AF transition at ~36 hours post-fertilization,
the AF was identifiable distal to the circumferential blood vessel of the fin bud. Moreover, the AF was divisible into two regions:
the proximal AF (pAF) and the distal AF (dAF). Removing the AF caused the AER and a new AF to re-form. Interestingly, repeatedly
removing the AF led to excessive elongation of the fin mesenchyme, suggesting that prolonged exposure to AER signals results in
elongation of mesenchyme region for endoskeleton. Removal of the dAF affected outgrowth of the pAF region, suggesting that
dAF signals act on the pAF. We also found that the elongation of the AF was caused by morphological changes in ectodermal cells.
Our results suggest that the timing of the AER-AF transition mediates the differences between fins and limbs, and that the
acquisition of a mechanism to maintain the AER was a crucial evolutionary step in the development of tetrapod limbs.
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endoskeletal and fin ray development that support the clock model.
We also found that changes in ectodermal cell shape are important
for AF outgrowth at later stages of development.

MATERIALS AND METHODS
Fish stock, maintenance, staging and fin observation
Adult zebrafish (Danio rerio) were maintained at 27°C. Embryos obtained
by natural crossing were staged by a standard method (Kimmel et al., 1995),
and were raised at 28.5°C until the appropriate stages. Excised pectoral fins
and fin buds were put on glass slides filled with Tyrode’s solution under
coverslips, and analyzed under a BX51 microscope, a DP72 microscope with
e-tiling systems (Olympus) and TCS-SP5 confocal microscope (Leica).

Immunochemistry and in situ hybridization
Embryos were fixed in 4% paraformaldehyde (PFA) in PBS for 10 hours at
4°C, then either dehydrated for preparing paraffin-embedded sections or put
into gelatin-embedded solution [gelatin (Sigma, G7041):30%
sucrose:DDW3:2:1] for preparing gelatin-frozen sections, which is a more
delicate and sensitive technique than other sectioning methods (Fagotto and
Gumbiner, 1994; Suzuki et al., 2010). Immunochemistry was performed as
described previously (Nechiporuk and Keating, 2002). The following
primary antibodies were used: anti-Laminin 5 rabbit IgG (Sigma), 1:200;
anti-GFP rat IgG (Sigma), 1:500; and anti-BrdU mouse IgG, 1:100. The
species-specific secondary antibodies used were Alexa 488 or 594
(Molecular Probes). Whole-mount and section in situ hybridizations were
performed as described previously (Abe et al., 2007). RNA probes were
synthesized with the following cDNA fragments: dlx5a (a kind gift from Dr
Atsushi Kawakami, Tokyo Institute of Technology, Japan), fgf10a (a kind gift
from Dr Akira Kudo, Tokyo Institute of Technology, Japan), fgf24 (a kind
gift from Dr Kyo Yamasu, Saitama University, Japan), apoE [an 800-bp
fragment isolated with the primers 5�-CAGCTCAGCAGRGARCTNGA-3�
and 5�-GTCTCCTTNACRTT RTCCAT-3� using RT-PCR on 24 hours post-
fertilization (hpf) embryo RNA] and predicted rspo2 (a 989-bp fragment
isolated from the A8DZD0_DANRE gene with the primers 5�-CCAAG -
CTCT TCCTGTTCCTG-3� and 5�-CGTGGAGAAAGGCAATTCAT-3�
using RT-PCR on 24 hpf embryo RNA). For genotype analyses of the

HG21C mutant by PCR, genome DNA was eluted from samples after in situ
hybridization and amplified by tcf7-f2/tcf7-r2 primers and by ef1a-f/ef1a-r
primers for control PCR (Nagayoshi et al., 2008). For bromodeoxyuridine
(BrdU) treatment, samples were incubated in BrdU solution (10 mM BrdU
and 15% DMSO) for 15 minutes on ice followed by 1 hour at 28.5°C prior
to fixation. All staining and observations were repeated, yielding equivalent
results (n≥5). We show a typical specimen in each figure in the Results
section.

Removal experiments and skeletal staining
Fish embryos were anesthetized and immersed in tricaine solution and 2%
methylcellulose in fish water. Fin epidermis was mechanically removed
with a fine glass-capillary needle. After excision, the embryos were placed
in E2 buffer for 30 minutes and incubated in fish water at 28.5°C. For
repeated AF removal, the excision was performed at intervals of one to two
days. For skeletal analysis of the manipulated fins, Alcian Blue and
Alizarin Red staining was performed as described previously (Grandel and
Schulte-Merker, 1998).

Inhibitor treatment
Fish embryos were incubated in 0.3 M LiCl in fish water (Joly et al., 1993)
for a maximum of 2 hours at room temperature. Control embryos were
exposed to 0.3 M NaCl in fish water. During the treatment, time-lapse
fluorescence images were taken with a Leica FW4000 every 15 minutes.
After the treatment, samples were fixed in 4% PFA in PBS for 2 hours and
stained for F-actin using phalloidin Alexa 594 (Invitrogen). Samples were
analyzed under an FV1000 confocal microscope (Olympus) and a TCS-
SP5 confocal microscope.

RESULTS
Histological observations showing timing of the
AER-to-AF transition and structure of the AF
Immunostaining of Laminin 5, which accumulates in the
basement membrane under the ectoderm (Webb et al., 2007),
enabled us to distinguish the AF from the AER during pectoral
fin development in zebrafish (Fig. 1). At 30 hpf, the distal apex

Fig. 1. AER-AF transition and morphological features in
pectoral fin development. (A-G)A series of transverse
pectoral fin bud sections (distal is to the right and dorsal is to
the top) at the indicated stages. The basement membrane
(red), shown by Laminin 5 immunostaining, is located
between the ectoderm (e) and mesoderm (m) (A). Cell nuclei
are visualized by DAPI (white). The distal portion of the AF
(magenta brackets) consists of ectodermal cells only, and
mesenchymal cells (asterisks) enter the notch of the AF
within the proximal AF region (green brackets). The
circumferential fin blood vessel (white arrows) is located at
the base of the AF (E-G), and is recognizable by GFP
distribution in fli1:EGFP y1 transgenic fish (G). ed,
endoskeletal disc. Scale bar: 50m. (H)Diagram of transverse
fin bud sections during AER/AF morphogenesis.
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of the epidermis surrounding the mesenchyme was thickened,
and the thickened epidermis existed as a single layer (Fig. 1A),
a typical morphological trait of the AER. By 34 hpf, the AER
had formed a small notch where two sheets of epidermis
approached each other (Fig. 1B), a structure also seen in the
avian AER (Todt and Fallon, 1984). At 36 and 38 hpf, the notch
started to extend and make a slit, dividing the two epithelial
layers. This distinctive morphological change marks the
transformation of the AER into the AF (Fig. 1C,D). By 46 hpf,
the distal fin mesenchyme had started migrating into the base of
the AF, and continued to invade distally in a slit between the two
layers of the AF (Fig. 1E,F, asterisks). At 56 hpf, there were two
portions to the AF: a distal region containing no mesenchyme
(distal AF, dAF) and a proximal region with migrating
mesenchyme (proximal AF, pAF) (Fig. 1F). The mesenchymal
cell migration, however, made it difficult for us to distinguish the
proximal border of the pAF (Fig. 1E,F).

We noticed that a blood vessel formed a stable landmark of
the border between the AF and non-AF regions (i.e. fin ray and
endoskeletal regions) (Fig. 1E,F, arrows), and we used fli1:EGFP
y1 transgenic fish (Isogai et al., 2001; Lawson and Weinstein,
2002), which enabled us to visualize endothelial cells in blood
vessels and endochondral cells in the endoskeletal region of the
paired fins (Fig. 1G,H). In the pectoral fin bud, blood vessels
invade from anterior and posterior sides at ~43 hpf (Fig. 2A),
emigrate peripherally, and are connected at the posterior portion
of the bud at ~48 hpf (Fig. 2B). The circumferential blood vessel
loop divided the fin bud into endoskeletal and AF regions (Fig.
2C), and the mesenchyme region for the endoskeleton was
always inside the circumferential blood vessel loop (Fig. 1G,
Fig. 2D-G). The AF can be therefore defined as the epithelial
structure distal to the circumferential fin blood vessel. This
definition enabled us to further divide the AF into two regions:
dAF and pAF (Fig. 1H, see also Fig. 9). The dAF consists only
of epidermis. The pAF has two epidermal cell layers separated
by a split into which mesenchymal cells migrate; its proximal
border is at the circumferential fin blood vessel. The AF
epidermal cell nuclei were markedly flattened (Fig. 1F,G), as
described previously (Dane and Tucker, 1985).

Spatiotemporal pectoral fin shape changes
Using the circumferential fin blood vessel as a reliable landmark,
we observed the spatiotemporal fin shape changes, focusing on AF
morphogenesis. The PD length of the endoskeletal region increased
continuously but mildly after AF formation (Fig. 2D-G). The AF
region grew more rapidly than the endoskeletal region until ~60 hpf
(Fig. 2H). These observations revealed that in pectoral fin
morphogenesis, elongation of the AF region after the AER-AF
transition mainly contributes to fin outgrowth.

To visualize the distal AF compartment, we took advantage of
Tol2 enhancer trap constructs (Asakawa et al., 2008; Nagayoshi et
al., 2008) in genetic screens, and found that the
hspGFFDMC131A line expressed Gal4FF, as visualized by
UAS:GFP reporter gene expression, in the distal epidermis in the
pectoral fin bud AF (Fig. 3). This line harbored a Tol2-transposon
insertion, hspGFFDMC enhancer trap construct, neighboring the
R-spondin2 (rspo2, ENSDARG00000079570) gene (Fig. 3A).
Rspo2 in amniotes is expressed in the AER (Nam et al., 2007;
Aoki et al., 2008). In the hspGFFDMC131A;UAS:GFP line, GFP
fluorescence was distributed at the edge of the AF (Fig. 3B) as
well as in the brain, branchial arch and spinal cord, and at the AER
and the edge of the median fin fold (MFF) (supplementary
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material Fig. S2). The rspo2 gene was expressed at the pectoral
fin bud in a similar pattern (supplementary material Fig. S3). To
examine whether the GFP (rspo2)-expressing region corresponds
to the dAF, we crossed hspGFFDMC131A;UAS:GFP fish with the
fli1:EGFP transgenic line. We found that GFP-positive epidermal
cells in hspGFFDMC131A;UAS:GFP fish were located far from
the circumferential fin blood vessel (Fig. 3C). The pAF was GFP-
negative, indicating that the GFP-positive cells in the
hspGFFDMC131A;UAS:GFP fish were dAF epidermal cells.
Analysis of GFP expression in the pectoral fin over time
confirmed that the AF region, a GFP-negative space for the pAF
in particular, continued to extend considerably (Fig. 3D-H).
Detailed observation of cell shape revealed that morphology of
ectodermal cells in both the dAF (Fig. 3I,J) and the pAF (Fig.
1F,H) changes from spindle-shaped and slender (Fig. 3I�) to thin,
flat and polygonal (Fig. 3J�).

Fig. 2. Pectoral fin outgrowth after the AER-AF transition.
(A,B)fli1:EGFP y1 fish fin at 43 (A) and 48 (B) hpf, showing developing
circumferential fin blood vessel (white arrows). (C)Schematic of a
pectoral fin bud. ed, endoskeletal disc. (D-G)Whole-mount observation
of pectoral fin bud outgrowth at the indicated stages. GFP (green) was
distributed in the circumferential blood vessel (white arrow) and the
endoskeletal disc (asterisk). White dots indicate the fin margin.
(H)Temporal changes in AF and endoskeletal region lengths (see also
supplementary material Table S1). Error bars indicate s.e.m. AF growth
rate (ratio of AF length to total length of the pectoral fin) increased
most rapidly until ~60 hpf (data were analyzed by Student’s t-test;
*P<0.05; **P<0.001). Scale bars: 100m.
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Gene expression in the AER/AF suggest different
roles for the distal and proximal AF
The dAF-specific GFP expression pattern, implying a distinct
function, led us to investigate dAF-specific expression of other
genes. Although several genes have been shown to be expressed
in the AER/AF (Monnot et al., 1999; Draper et al., 2003; Abe 
et al., 2007), detailed expression patterns at later pectoral fin 
bud stages have not been clarified. We found differential
expression patterns of fgf24 (fibroblast growth factor 24) 
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(Draper et al., 2003), dlx5a (distal-less homeobox gene 5a)
(Akimenko et al., 1994), apoE (apolipoprotein E) (Monnot et al.,
1999) (Fig. 4) and rspo2 (predicted R-spondin 2) (supplementary
material Fig. S3) at later stages. In early AF formation (40 
hpf), all of these genes were expressed throughout the AF
epidermis (Fig. 4A,D,E), as reported above for the fin AER.
However, at later stages, from 58 to 76 hpf, fgf24 continued to
be expressed in the entire AF epidermis (Fig. 4B,C), whereas
transcripts of apoE (Fig. 4F,G) and rspo2 (supplementary
material Fig. S3) were distributed in the dAF. dlx5a expression
disappeared by 58 hpf (not shown). These results support the
idea that the AF region can be divided into two distinct regions
(dAF and pAF) that have different tissue organization and gene
functions.

Fig. 3. GFP distribution within the distal AF in the
hspGFFDMC131A;UAS:GFP line. (A)The hspGFFDMC131A insertion
is located 6.6 kb downstream of the R-spondin 2 (rspo2) gene on
chromosome 16. (B)An hspGFFDMC131A embryo crossed with the
UAS:GFP line. The panel is a lateral view of the pectoral fin bud at 76
hpf; the GFP-positive region is within the edge of the AF (arrowheads).
(C-C�) One section of the pectoral fin at 76 hpf (B) processed for three-
color immunostaining [C, GFP (green) and Laminin 5 (magenta); C�,
DAPI (gray); C�, merged image]. Scale bar: 50m. Arrow and
arrowhead indicate the fin blood vessel and pAF/dAF boundary,
respectively. (D-H)Lateral view of the pectoral fin buds. Scale bar:
100m. Arrow indicates the fin blood vessel. Arrowhead indicates the
pAF/dAF boundary. (I-J�) High-magnification views of dAF cells (white
brackets) at 46 (I-I�) and 70 (J-J�) hpf. Asterisk indicates not the AF but
the endoskeletal region. Scale bars: 50m.

Fig. 4. Spatiotemporal expression pattern of AER/AF marker
genes. (A-G)Spatial change of expression domain of fgf24 (A-C), dlx5a
(D) and apoE (E-G) at the indicated stages. D�-G� show cell organization
(gray: DAPI). Distal is to the right; dorsal is to the top in transverse
sections. Arrows indicate circumferential fin blood vessel. Arrowheads
indicate the base of the AF notch.
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AF function revealed by AF removal
Next, we investigated the role of AF at later stages of fin
development. In both amniotes and teleosts, the AER is essential
for the induction and outgrowth of the limb/fin buds (Grieshammer
et al., 1996; Grandel et al., 2000; Kawakami et al., 2003; Mariani
and Martin, 2003; Lu et al., 2008; Yu and Ornitz, 2008). The AF’s
function, by contrast, has not been described. Therefore, we
decided to examine the effect of removing the AF microsurgically.
In the AF ablation experiments at 40 hpf, when we could recognize
the AF structure, only the ectoderm was removed, and the
mesenchyme region for the endoskeleton, including the
circumferential blood vessel, remained after the manipulation
(supplementary material Fig. S4A-C). We observed no phenotype
in the skeletal pattern of the endoskeletal elements (data not
shown), unlike the deletion of distal elements observed after AER
removal in amniote limb buds. Instead of distal truncation, we
found that the endoskeletal region slightly extended distally (data
not shown). Histological observations revealed that epidermis
regenerated to reform a thickened AER structure within six hours
of AF removal, and the AER was re-transformed into the AF by
one day after AF removal (supplementary material Fig. S4D-F).

We thought that the slight extension of the endoskeletal region
after AF removal might be due to extended exposure to the AER.
Thus, we repeatedly removed the AF to expose the endoskeletal
mesenchyme to the AER over a longer period, mimicking a delay
of the transition from the AER to the AF (Fig. 5A; supplementary
material Fig. S1E). Removing the AF three times resulted in
excessive distal elongation of the endoskeletal region compared
with the fin bud on the control side (n13/15; Fig. 5B). In this
process, the dlx5a, fgf24 and sp9 mRNAs were expressed in the
regenerated AER and AF, and fgf10a and mkp3 (dusp6 – Zebrafish
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Information Network) were re-expressed in the endoskeletal
mesenchyme region (Fig. 5C-H; data not shown). To examine
cellular effects on fin buds by AF removal, we checked the
distribution of BrdU-positive cells 18 hours after AF removal (done
at 58 hpf; second removal time). Whereas there were BrdU-
positive cells at the distal edge of the endoskeletal region in the
control side of the fin (Fig. 5I), in the side in which the AF had
been removed, BrdU-positive cells were located broadly (with
large numbers both in the re-formed AER/AF region and in the
endoskeletal region) (n13/16; Fig. 5J). It is possible that the re-
induced AER signals kept the mesenchyme in an undifferentiated
and growth state, even though the control side of the fin bud had
already started differentiating.

After two weeks, as a result of repeatedly (three times) removing
the AF, the endoskeletal disc was deformed and appeared more
oblong along the PD axis than that of the control fin (Fig. 6A,B).
PD length of the disc was increased (Fig. 6C; supplementary
material Table S2), but the change in width along the
anteroposterior axis was not significant (Fig. 6D; supplementary
material Table S2). After two months, the morphology of the
resultant endochondral bones, the proximal and distal radials, was
affected in adult fins (n6/6; Fig. 6E-H, see also supplementary
material Fig. S5). In normal pectoral fins, an endoskeletal disc is
subdivided into four parts and differentiates into four proximal
radials, while six to eight distal radials are dotted distal to the
proximal radials (Fig. 6E,G) (Grandel and Schulte-Merker, 1998).
After removing the AF three times, a sample (Fig. 6F,H) had only
three proximal radials, and the fourth radial was missing or fused
with the third one. In this sample, the second and third radials had
widened and adhered to each other, and the third radial appeared to
be divided into two along the PD axis. An additional distal radial

Fig. 5. Repeated AF removal caused prolonged developmental gene expression and excessive elongation of the endoskeletal region.
(A)Experimental strategy for continuous AER presence. Bars indicate pectoral fin development time scale (control and removal sides of the fin).
(B)A sample (7 days post-fertilization) after AF removal was performed three times on the left side of the pectoral fin bud. Black brackets indicate
the endoskeletal region. Scale bar: 200m. (C,D)Dorsal and lateral views: 12 hours after the third AF removal, dlx5a was expressed in the re-
formed AER (left side). (E-H�) Expression pattern of fgf24 and fgf10a 12 hours after the third AF removal. Fgf24 was expressed in the regenerating
AER, and fgf10a was expressed in the distal portion of the endoskeletal region (F,H). Distal is to the left on the control side (E,E�,G,G�) and to the
right on the AF removal side (F,F�,H,H�). (I-J�) Distribution of BrdU-positive cells after formation of a new AER. Whereas there are BrdU-positive cells
at the distal edge of the endoskeletal region in the control side of the fin (I), in the side in which the AF had been removed, BrdU-positive cells are
mainly located in the re-formed AER/AF region (white brackets) and in the endoskeletal region (J). Distal is to the right on the control side (I-I�) and
to the left side on the AF removal side (J-J�). Blue dots indicate the fin margin. Scale bars: 100m in I,J.
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had formed between the proximal and distal radials (supplementary
material Fig. S5A). Thus, removal of the AF three times caused
excessive distal fin bud outgrowth and gave rise to changes in
endoskeletal morphology, suggesting that the temporal range of
exposure to AER signals controls the outgrowth and morphology
of the endoskeletal region. The AER-to-AF transition might restrict
the growth and shape of the endoskeletal region.

Effect of distal AF removal on pAF region growth
Although entirely removing the early AF suggested that the AER-
AF transition has roles in endoskeletal patterning, it could not
reveal the function of the AF itself. To examine the role of the AF,
we removed only the dAF at a later stage, 53 hpf, when it could be
visualized by a GFP reporter (Fig. 7). When the whole dAF was
removed, the pAF stopped growing for ~24 hours (Fig. 7A-C), but
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resumed outgrowth after the dAF formed again. The length of the
manipulated AF caught up with that of the control by 36 hours
(Fig. 7D). These results suggest that the dAF has a crucial function
in AF elongation. To clarify dAF’s function further, we next
removed either half of the dAF to examine the effect directly in the
same fin. When the anterior half of the dAF was removed (Fig.
7E,F), the remaining anterior half of the pAF stopped growing for
~24 hours and a shortened AF was seen at the removal site (Fig.
7G). After 36 hours, the length of the AF at the removal site had
recovered (Fig. 7H). Removing the dAF posterior half caused delay
in posterior pAF outgrowth (n3/4, not shown). It is likely that
dAF signals play roles in the elongation and outgrowth of the pAF
region. In contrast to the AF removal in early stages, the
endoskeletal region was not affected by dAF removal, suggesting
that dAF signals play roles restricted to the AF region.

As a candidate of the epidermal signal, we examined FGF
function in elongation of the AF by a pharmacological assay with
a specific blocker of Fgf signaling, SU5402 (supplementary
material Fig. S6, Table S3). After SU5402 treatment, the AF
elongation was significantly diminished. However, the endoskeletal
region was also affected, and it is possible that the AF reduction by
SU5402 might be due to a secondary effect of a disorder in the fin
mesenchyme. These results suggest that the Fgf signaling pathway
is important for fin outgrowth but that its function is not specific to
the AF region.

Ectodermal cell shape controls AF outgrowth
The results described above showed that AF outgrowth is caused
under the control of dAF signals. Interestingly, immunostaining for
BrdU (supplementary material Fig. S7) and active Caspase 3 (data
not shown) did not show any significant deviation in cell
proliferation or death in the developing fin bud epidermal layer,
suggesting that other changes, such as changes in the AF epidermal
cell shape (shape of nuclei in Fig. 1C-G, and cell shape in Fig. 3I,J)
and in extracellular matrix accumulation, led to extension of the
dAF/pAF region.

To confirm the importance of changes in ectodermal cell shape,
we observed two types of pectoral fin phenotype in HG21C
embryos (tcf7 mutant fish) and LiCl-treated embryos. Nagayoshi
et al. previously reported that disruption of the tcf7 gene, which
encodes a transcription factor mediating Wnt signaling, resulted in
mildly shortened and wavy AF and MFF (Nagayoshi et al., 2008),
but no further details about fin phenotypes are known. In order to
understand the fin shrinkage, we observed ectodermal cell shape in
the pectoral fin of tcf7 mutants and measured the lengths of the
endoskeletal region and the AF region at 70 hpf (Fig. 8). The
pectoral fin bud of the homozygous mutants was dwarfish (Fig.
8D,D�) compared with the control fin (heterozygous mutant; Fig.
8B,B�). We found that the AF ectodermal cell shape was
disorganized in homozygous mutants of tcf7 (Fig. 8C�,D�)
compared with the hexagonal cell shape of the control AF (Fig.
8A�,B�). We also found that AF formation was incomplete,
although the endoskeletal region developed normally (Fig. 8E). We
did not observe disorders of initiation of the pectoral fin bud in tcf7
homozygous mutants before AF formation (supplementary material
Fig. S8) as reported previously (Nagayoshi et al., 2008), suggesting
that the HG21C fish gives rise to a short fin phenotype not by
inherent entire fin defects but by disruption of the AF ectodermal
cell organization.

Furthermore, when well-developed pectoral fins (70 hpf) were
treated with 0.3 M LiCl, the AF shrank along the PD axis
(supplementary material Fig. S9A). Interestingly, as the fin buds

Fig. 6. Repeated AF removal affected endoskeletal bones.
(A,B)Alcian Blue staining of the pectoral fin 14 days after AF removal
(three times). Scale bar: 100m. (C,D)PD length (C, black brackets in
A,B) and AP width (D, yellow brackets in A,B) of endoskeletal disc after
removing the AF three times. Error bars indicate s.e.m. Data were
analyzed by Student’s t-test (*P<0.05). Measurements are shown in
supplementary material Table S2. (E-H)Alcian Blue and Alizarin Red
staining of the pectoral fin 2 months after AF removal. Specimens (E,F)
are outlined and highlighted, focusing on endoskeletal bones (G,H).
Proximal radials (pr) are outlined in black. Distal radials (dr) are outlined
in red. Scale bar: 100m.
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were not completely lost and the proximal part was not affected,
there was no resultant change in the endoskeletal region’s size or
shape. We found that epithelial cells had a polygonal shape in the
normal AF (Fig. 8F-G�), but after LiCl treatment, cell shape had
collapsed in four or five rows of ectodermal cells within the whole
AF along the PD axis (Fig. 8H-I�). The morphology of the MFF
cells was also affected by LiCl treatment (supplementary material
Fig. S9B-D).

These observations suggest that changes in AF cell shape along
the PD axis play a crucial role in AF outgrowth and increase in its
size at later stages of fin development.

DISCUSSION
AF morphogenesis
We showed that AER elongation began at ~36 hpf and that the
structure grew considerably in the distal direction. We define the
elongated epidermal structure after 36 hpf as the AF, which has a
double-layered basement membrane between the epidermal sheets.
Consistent with these histological aspects, fgf4 and fgf8, which are
AER markers in the amniote limb, are expressed in the AF after 36
hpf, whereas fgf16 and fgf24 are preferentially expressed in the
AER before 34 hpf (Fischer et al., 2003; Nomura et al., 2006).
These findings indicate that the AER-AF transition phenomenon is
accompanied by histological and molecular changes at ~36 hpf in
the pectoral fin bud. The basement membrane is recognizable by
an accumulation of Laminin 5, which plays a role in establishing
the AF (Dane and Tucker, 1985; Webb et al., 2007), and the
elongating AF can then be divided into two parts: the dAF and the
pAF. The pAF is the proximal portion, into which the
mesenchymal cells migrate. The proximal end of the pAF borders
on the endoskeletal region, and the circumferential blood vessel
surrounding the endoskeletal region divides the fin bud into the fin
ray region and the endoskeletal region. As precise cell lineage
tracing of the fin ectoderm has not been successful, it is not clear
where AF cells come from. It is both possible that non-AER
ectodermal cells participate in the development of dAF and pAF
and that AER cells form them. Considering the reduced
proliferation of ectodermal cells (supplementary material Fig. S7),
we speculate that some non-AER cells convert to AF cells;
recruitment of adjacent epithelial cells might contribute to fold
elongation.

Conservation of and differences between fin and
limb epidermal structures in development
The dAF, which retains a double-layered, back-to-back basement
membrane with no mesenchyme therein, appears to have a
distinct function. This distinct epithelial region is recognizable by
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GFP-positive epidermal cells in hspGFFDMC131A;UAS:GFP
fish. The hspGFFDMC131A insertion was close to the rspo2
gene and presumably trapped its enhancer activity. Interestingly,
rspo2 is crucial for AER maintenance, and rspo2 knockout mice
have limb defects (lack of fibula or distal phalangeal bones)
(Nam et al., 2007; Aoki et al., 2008), but the functions of the
rspo2 gene in fin development remain unknown. Regarding
another dAF signal, Gautier et al. (Gautier et al., 2008) showed
that some members of fras1/frem gene family are expressed in the
distal margin of the pectoral fin bud. We examined the expression
of these genes and found that frem2a expression was stronger in
the dAF than in the pAF (Yano and Tamura, 2012). Interestingly,
we also found GFP-positive cells in the pectoral fin AER prior to
the transition in hspGFFDMC131A;UAS:GFP fish, suggesting a
common function in the AER and dAF. This is also supported by
the finding that some genes, including apoE, were expressed in
both the AER and the dAF. The expression of apoE has been
shown in the distal margin of the bud (Monnot et al., 1999); the
apoE-positive region at later stages should be the dAF. GFP was
also found in the distal margin of the MFF in the double-
transgenic fish. Thus, there might be shared mechanisms in AF
and MFF formation and function. Further studies are needed to
understand the similarities in fin AER/AF (pAF and dAF) and
MFF function, and the evolutional conservation of that function
among these structures and the limb AER. Although the nature of
the epidermal signals remains unknown, our results obtained by
using an FGF-signaling inhibitor suggest that the signaling
pathway is a good candidate. Nevertheless, the function of FGF
signaling in the AF remains inconclusive because the inhibitor
treatment did not cause complete loss of the AF, and contribution
of other signals is probable.

Many studies, including investigations of the fin AER’s function
in development of the endoskeletal region (Grandel et al., 2000;
Norton et al., 2005), have suggested that the limb and fin AERs
correspond to each other functionally, and thus previous studies
have focused on conservation and similarity of mechanisms
between the limb AER and fin AER. Little was known about the
diversity and differences between them despite their clear
developmental and morphological differences. Removal of the dAF
delayed pAF outgrowth, suggesting that the dAF plays a role in
pAF outgrowth. AER signals before the transition are necessary for
the survival, growth and maintenance of an undifferentiated state
of ‘mesenchyme’, and the dAF at the apex of the expanding AF
might have the same function against the AF ‘epidermis’. The
region responding to the epidermal signals should change from the
endoskeletal region to the AF region at the time of the AER-to-AF
transition (Fig. 9).

Fig. 7. Distal AF removal affected AF outgrowth. The dAF is
visualized in the hspGFFDMC131A;UAS:GFP line; the AF base is
shown by fli1:EGFP (arrowheads). (A-C)When the dAF was
completely removed from the left fin (B), pAF (GFP-negative)
development was delayed compared with the control side (C)
(n3/3; white brackets). (D)By 36 hours post-amputation (hpa), the
AF length (white brackets) had returned to normal. (E-G)When the
anterior part of the dAF was removed (E,F), only the anterior pAF
development was delayed (n6/8; compare with white brackets in
E,F). (H)By 36 hpa, the fin shape had returned to normal. Arrows
represent the removed/unremoved boundary. The pectoral fin bud
was dissected from the fish body and mounted on a glass slide.
Scale bars: 200m in A,B,E-H; 20m in C,D.
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Cell-shape changes mediate the mechanism of
apical fold outgrowth
Although ectodermal cells proliferate markedly in the amniote
AER (Fernandez-Teran et al., 2006), there was no significant
proliferation in the teleost fin AER or AF (supplementary material
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Fig. S7), suggesting that cell proliferation cannot directly explain
AF outgrowth. Apoptosis also occurs in the AER in the limb bud
(Fernandez-Teran et al., 2006). If cell death also occurs in the AER
in the early fin bud, and the AF stops dying after AER-to-AF
transition, the number of ectodermal cells might increase. However,
observations of cell death (Camarata et al., 2010) (our unpublished
observation), showing few dying cells both in the fin AER and AF,
ruled out this possibility. We confirmed that ectodermal cells in the
AF have a spindle shape at early stages and then become flattened,
as suggested by Dane and Tucker (Dane and Tucker, 1985). Here,
we propose that a change to a flattened or enlarged ectodermal cell
shape is important for AF outgrowth (Fig. 9). After the AER-AF
transition, the AF starts to develop distally with little proliferation,
and the shape of AF cells changes. We demonstrated a unique
phenotype of AF outgrowth by disruption of Tcf7-related
pathways. These are new insights into fin development, but further
investigation is needed to identify candidate signaling cascades for
ectodermal cell organization. It is noteworthy that AF formation
still occurs in the tcf7 mutant but that double knockdown of tcf7
and lef1, both of which are targets of the Wnt canonical pathway,
causes complete loss of pectoral fins (Nagayoshi et al., 2008). Tcf7
is also involved in Notch signaling (D’Angelo et al., 2010; Germar
et al., 2011). Moreover, LiCl treatment affects several pathways
(e.g. Wnt canonical pathway, Wnt/JNK pathway, actin cytoskeleton

Fig. 9. A model of pectoral fin development. (A)Until 36 hpf, the
AER (red) is crucial for fin mesenchyme outgrowth (straight arrow).
(B)After AER-AF transition, the dAF acts on the outgrowth of the AF
(curved arrows). (C)Later, the dAF is distinguished from the pAF by
tissue organization and gene expression. As fin buds develop distally,
the ectodermal cell shape in the AF changes from a spherical and
slender morphology (B) to a thin, polygonal one (C).

Fig. 8. Disruption of cell shape caused AF shrinkage.
(A-E)Heterozygotes for control (A,B) and homozygotes (C,D) of tcf7
mutants [HG21C line (Nagayoshi et al., 2008)]. The AF is shortened
and wavy with abnormal shrunken cells (C,D). Insets (bottom left in A-
D) show images of whole fin and high magnification of the cell shape
is shown in B�,D�. (E)PD lengths of the endoskeletal region (left) and
AF region (right) at 70 hpf in heterozygotes (n12) and homozygotes
(n9). Measurements are shown in supplementary material Table S4.
Data were analyzed by Student’s t-test (**P<0.001). Error bars 
indicate s.d. (F-I�) LiCl treatment. Cytoskeletal disruption of the AF was
detected by immunostaining for F-actin (magenta) using the
hspGFFDMC131A;UAS:GFP fish (green). About five rows of
ectodermal cells (white brackets) were located in the control fin (0.3 M
NaCl) (F,G, high magnification of the AF in F�,G�). The LiCl-treated fin
had the same number of ectodermal rows as the control, but the cells
were flattened along the PD axis (H,I, magnification of the AF in H�,I�).
Note that the endoskeletal region (yellow brackets) was hardly
affected in this experiment. Scale bars: 100m in A,C,F-I�; 50m in
B�,D�.
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and microtubule dynamics) (Cohen and Frame, 2001; Grimes and
Jope, 2001; Eldar-Finkelman, 2002; Kaytor and Orr, 2002; Pandur
et al., 2002; Doble and Woodgett, 2003; Kawano and Kypta, 2003;
Sun et al., 2009), and results of further studies should provide an
insight into the molecular mechanisms of AF morphogenesis.
Signals from the dAF are crucial for AF outgrowth (Fig. 7) and
may act as both autocrine signals in the dAF and paracrine signals
to the pAF to flatten the ectodermal cell shape. Mesenchyme that
has migrated into the pAF and actinotrichia as a supporting
material might play a supportive role in AF extension because lack
of them gives rise to an abnormal and reduced shape of the AF,
although in the absence of them, the AF or MFF can be elongated
at the early stage of AF/MFF development (Sakaguchi et al., 2006;
Zhang et al., 2010).

The clock model and appendage evolution
Repeated AF removal elongated rather than truncated the
endoskeletal region along the PD axis, which is striking because
AER removal in the tetrapod limb bud is known to result in distal
truncation and never in elongation. Interestingly, cellular
proliferation status is changed by AF removal. Mesenchymal cell
proliferation increases beneath a newly formed AER. Prolonged
AER formation seems to cause distal outgrowth of the
endoskeleton and to give rise to extra elements in the resultant
skeleton. By contrast, AP width of the endoskeletal region was not
changed, but the final skeletal patterns tended to be reduced along
the AP axis (skeletal fusion of proximal radials). The cause of AP
deformation remains vague, and some morphogenetic conditions
in the endoskeletal region might be changed at a much later stage,
following or accompanying morphological change along the PD
axis. Our analyses of gene expression suggest that the PD elongates
owing to repeated AER signal exposure, which is thought to
prolong many signal pathways for morphogenesis in the
endoskeletal region. The pathways might include the Shh pathway,
which is known to have a feedback loop with the AER, because
activating the signaling pathway elongates the endoskeletal disc
(Sakamoto et al., 2009). We cannot eliminate the possibility of side
effects of AF surgery, because of technical limitation of
experimental embryology; other methods, such as non-surgical
induction or inhibition of the AER-AF transition, will help to
further clarify the AER/AF function. The AER and AF also appear
to have different functions in the endoskeletal region. The dAF is
distanced from the endoskeletal region as fin development
proceeds, and cannot continue to regulate the morphogenesis of the
endoskeletal region (Fig. 9). Thus, the AER-to-AF transition marks
a time at which the AER/AF responding region shifts from the
endoskeletal region to the AF.

This interpretation reminds us of the clock model
(supplementary material Fig. S1), which explains fin-to-limb
transition in evolution as a heterochronic shift of the timing of
AER-to-AF transition (Thorogood, 1991; Sordino et al., 1995;
Freitas et al., 2007; Yano and Tamura, 2012). Our data from
prolonged experimental AER signal exposure in the fin bud
support the clock model. It is possible that repeatedly removing the
AF prolonged the period of exposure to AER signals, altering the
gene expression, endochondral disc shape, and endoskeletal
pattern. It is noteworthy that implanting an FGF bead at a certain
stage of chick limb development causes the unusual elongation of
a digit (Uejima et al., 2010), and extended maintenance of the AER
in the dolphin limb bud correlates with hyperphalangy in the digits
(Richardson and Oelschlager, 2002).

Our findings suggest that early AF formation causes less
endoskeleton patterning along the PD axis than does late AF
formation. Therefore, extremely late AF formation, that is, AF loss,
might have enabled early tetrapods to acquire a well-elongated and
segmented pattern of limb skeleton. Throughout the present article,
we have shown both similarities (in the formation and function of
the AER) and differences (in the formation and function of the AF)
between the developmental programs for fins and limbs. We
propose that these developmental data help explain the deep
homology in genetic networks and the variety of limb and fin
structures (Shubin et al., 2009). Further investigations of teleost fin
development at the cellular and molecular levels will elucidate
further the fin-to-limb transition from an evolutionary development
perspective.
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