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Abstract

Background: The regenerating zebrafish fin skeleton is comprised of multiple bony fin rays, each made of
alternating bony segments and fin ray joints. This pattern is regulated by the gap junction protein Connexin43
(Cx43), which provides instructional cues to skeletal precursor cells (SPCs). Elevated Cx43 favors osteoblast
differentiation and disfavors joint forming cell differentiation. The goal of this article is to test if retinoic acid
(RA) contributes to the regulation of cx43 expression.

Materials and Methods: Functional studies inhibiting the RA-synthesizing enzyme Adhla2 were evaluated
using in situ hybridization to monitor gene expression and with measurements of the length of fin ray segments
to monitor impacts on SPC differentiation and joint formation.

Results: Aldhla2-knockdown leads to reduced expression of cx43 and increased expression of evx/, a gene
required for joint formation. Additionally, inhibition of Aldhla2 function leads to short fin ray segments. We
also find evidence for synergy between aldhla2 and cx43, suggesting that these genes function in a common
molecular pathway to regulate joint formation.

Conclusions: The role of RA is to promote cx43 expression in the regenerating fin to regulate joint formation
and the length of bony fin ray segments. We suggest that RA signaling must coordinate with additional

pathways that also regulate cx43 transcription.
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Introduction

ATTERNING OF THE skeleton requires appropriately sized
bones and correct positioning of joints. The determina-
tion of joint location is poorly understood. The zebrafish re-
generating fin has been used as a model to address this
question. The zebrafish fin is comprised of multiple bony fin
rays, and each fin ray is segmented. Thus, each bony segment
is flanked by joints. Regeneration proceeds rapidly following
amputation and is complete in about 2-3 weeks.! Wound
healing occurs in the first 24 h postamputation (hpa), fol-
lowed by blastema formation, and next by outgrowth and
differentiation. Within each fin ray, the dividing cells of the
blastema are located in the medial mesenchyme, while
skeletal differentiation occurs in the lateral mesenchyme.
Osteoblasts and joint-forming cells (JFCs) are derived
from a common skeletal precursor cell (SPC).? SPCs that will

become JFCs upregulate the even-skipped transcri})tion fac-
tor evxl, which is required for joint formation.>* Because
joint formation occurs when SPCs differentiate into JFCs,
and because the length of bony fin ray segments depends on
the timing of joint formation, we use segment length as a
proxy for joint formation.

Prior research has shown that gap junction intercellular
communication (GJIC) via Connexin43 (Cx43) gap junctions
influences joint formation. For example, the short fin (sof *'*%)
mutant has short fin ray segments (i.e., due to premature joint
formation) caused by hypomorphic mutations in cx43.” In-
terestingly, inhibiting Cx43-GJIC via the GAP27 peptide in-
hibitor® recapitulates the sof ?/? phenotype.” Moreover, the
cx43 ™% mutant expresses a gain-of-function allele of cx43
and has long fin ray segments (i.e., due to delayed joint for-
mation). This long segment phenotype is rescued by GAP27.”
These and other findings indicate that Cx43-GJIC inhibits
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joint formation. Clonal analyses were performed to identify
the cells in which Cx43-GJIC is required. It was determined
that Cx43 function in the medial mesenchyme controls seg-
ment length.® Thus, Cx43-GJIC acts nonautonomously to
inhibit joint formation, and thereby regulate segment length.

Because Cx43-GJIC inhibits joint formation, it must be
periodically abrogated to permit JEC differentiation. Indeed,
cx43 mRNA levels are reduced coincident with the initiation
of joint formation.® The expression of cx43 was monitored at
pre-joint initiation (72 hpa), at joint initiation (87 hpa), and at
post-joint initiation (96 hpa); cx43 mRNA is reduced at 87
hpa. Importantly, expression of evx! exhibited the inverse
pattern and was elevated at 87 hpa. Moreover, manipulating
cx43 mRNA levels in the joint formation timeline was suf-
ficient to influence evx/ and joint formation. Together, these
results indicate that Cx43-GJIC suppresses joint formation by
suppressing evx/, and that the amount of Cx43-GJIC (i.e.,
regulated in part by the amount of cx43 mRNA) is reduced at
the time of joint initiation. Taken further, oscillations of cx43
mRNA may determine the alternating pattern of bony seg-
ments (elevated cx43) and fin ray joints (reduced cx43). It is
therefore of interest to define the mechanisms that determine
the relative level of cx43 transcription in the regenerating fin.

Because treatment of regenerating fins with retinoic acid
(RA) also appears to inhibit evx/,” RA is a likely candidate
for regulating cx43 expression. This possibility has not been
tested. The goal of this work is to determine if RA contributes
to the regulation of cx43 expression during joint formation.

Materials and Methods
Fish maintenance

Danio rerio were maintained in a circulating water system
(Aquatic Habitats) in accordance with previously described
conditions.” Animal handling was performed in accordance
with the Institutional Animal Care and Use Committee
guidelines for Lehigh University (Protocol #256).

Zebrafish strains

We used an equal number of wild-type (WT) and sof *’%

male and female fish aged between 6 and 18 months age
matched within each experiment. Caudal fin amputations
were performed using 0.1% tricaine anesthesia solution. For
monitoring gene expression during the joint formation
timeline, amputations were performed at the 33% level as
described.® All other amputations were performed at the 50%
level. Fish recovered in fresh water following amputation.

In situ hybridization

In situ hybridization (ISH) was performed on fins fixed in
4% paraformaldehyde/phosphate-buffered saline for 4h at
room temperature and dehydrated in 100% methanol at
—20°C for at least 24 h. Antisense di§oxigenin-labeled probes
were generated as described (evxI”; cx435; shhlo). Whole-
mount ISH was performed as described.'! Three independent
trials of at least five fins per trial were completed.

Protein lysates and immunoblotting

Fins were amputated, as described above, and harvested
24 h posttreatment (hpt). Regenerates of three fins were pooled
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into 1.5 mL Eppendorf tubes and placed on ice. Fins were then
fixed with a 1:1 solution of heptane and methanol for 5 min on
a rocker. Fins were then washed twice with methanol and
subsequently twice with embryo buffer.'? After removing the
supernatant, 50 uL. embryo buffer and 1 uL. Protein Inhibitor
Cocktail was added and fins were manually homogenized with
pestles (Fisher 12-141-363) on ice. Next, 50 uL 5 X sodium
dodecyl-sulfate loading buffer was added, and samples were
heated to 95°C for 5 min and loaded on 10% sodium dodecyl-
sulfate polyacrylamide gel electrophoresis gels.

Following electrophoresis, gels were washed briefly in
Tris-buffered saline with Tween-20 (TBST) and transferred
using a Trans-Blot Turbo Transfer System (BIO RAD). After
transfer, blots were washed briefly with TBST then incubated
in 5% bovine serum albumin (BSA)/TBST for 1 h. Blots were
then incubated overnight at 4°C in anti-Aldhla2 antibody
(1:500; GeneTex GTX124302) and anti-o-Tubulin (1:1000;
Sigma T6074) in 5% BSA/TBST. Secondary fluorophore-
tagged antibodies were incubated with the blots the following
day (1:1000 donkey anti-rabbit Alexa Fluor 647; Invitrogen
A-31573 and 1:1000 goat anti-mouse Alexa Fluor 488; In-
vitrogen A-11001) in TBST. Imaging was performed on the
ChemiDoc MP Imaging System (BIO RAD). Band intensity
analysis was performed using ImageJ] (NIH).

Morpholino-mediated gene knockdown

Morpholinos (MOs) were tagged with fluorescein to permit
confirmation of cellular uptake and purchased from Gene Tools,
LLC (ATG-MO-CTGGAGGTCATCGCGTCTATTGAA; SB-
MO-ACAGGGCCAAAACACTCACAGGAAT).  Standard
control MO (SC-MO) was used as a negative control. Micro-
injection and electroporation procedures were performed as
described previously.'* Twenty-four hours postinjection and
electroporation, the fins were evaluated for MO uptake by
checking for fluorescence using an X-Cite 120 Illumination
System (EXFO) connected to a Nikon Eclipse 80i imaging mi-
croscope. Fluorescein-positive fins were evaluated for gene ex-
pression changes at 4 dpa/l dpi via ISH, for protein levels by
Western blot at 5 dpa/1 dpi, and for segment length at 7 dpa/4 dpi.

cDNA synthesis and quantitative RT-PCR

Total RNA was isolated from 5 dpa caudal fin regenerates
(6 per replicate, 3 replicates) using Trizol. cDNA was syn-
thesized from 1 ug of total RNA with SuperScript III reverse
transcriptase (Invitrogen 56575) and oligo dT primers (In-
vitrogen 5730G). cDNA was diluted 1:10 in sterile dH,O
before use in quantitative RT-PCR (qPCR). Primers used
were as follows: cx43 (F: 5-TCGCGTACTTGGATTTG
GTGA-3; R: 5-CCTTGTCAAGAAGCCTTCCCA-3),
evxl (F: 5’-TTGGCGGCTGCCTTAAATT-3; R: 5-TGTCC
TTCATGCGACGGTT-3"), aldhla2 (F: 5-GCTGATGTG
GATAAAGCTGT-3; R: 5-ACTCCAGGGTAGCAAGG
TAA-3’), and as a housekeeping gene, keratind (F: 5'-
TCATCGACAAAGTGCGCTTC-3"; R: 5-TCGATGTTG
GAACGTGTGGT-3)).

The 2xQuantiNova SYBR Green PCR Master Mix
(Qiagen 1076717) was used. Analysis was done using Rotor-
Gene 6000 thermocycler and software (Corbette Research).
The average cycle number (Cr) for each gene was normalized
to keratind Ct values to give ACt values. For each gene of
interest, the ACt value of the control group was then
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subtracted from the ACy value of the experimental group to
give the AACt value which represents the normalized dif-
ference in Ct between the %roups. Finally, fold difference is
reported as the value 2(-AAET)

Segment length

Bony segments and fin ray joints were visualized using the
vital dye calcein.'® Fish were allowed to swim for 1 h in 0.02%
calcein (pH 7.4) in a dark closet at room temperature, then
returned to fresh water which was changed every 5 min for a
total of 15 min. Fish were anesthetized using tricaine and im-
aged using a Nikon Eclipse 80i imaging microscope and NIS
Elements BR 4.60.00 software. Measurement was taken on the
third-most dorsal or ventral ray of the caudal fin as previously
established.'> Segments were measured as the distance from
the first joint formed in the regenerate to the second joint.

Pharmacological inhibition of Aldh1a2 activity

The ALDHI inhibitor WIN-18446 (Tocris 4736) was
dissolved to a stock solution of 12.5mM in dimethyl sulf-
oxide (DMSO) and diluted to the appropriate concentration
(i.e., 100 or 500nM) in 500 mL of fish system water. Fish
with 3 dpa regenerating fins were placed in either WIN-
18446-treated water or water containing an equal concen-
tration of DMSO. For segment length measurements, water
was replaced with fresh WIN-18446 after 48h (2 dpt). Seg-
ment length was measured 2 days later (7 dpa/4 dpt). Three
trials were conducted using 68 fish per trial.

Statistical analysis

Statistical analysis was completed using GraphPad Prism
software (9.5.1). When comparing two samples, an unpaired
t-test was performed. When comparing three or more sam-
ples, a one-way analysis of variance (ANOVA) was per-
formed followed by the Tukey posthoc analysis. Analysis of
grouped knockdown (KD) replicates compared to control
replicates for qPCR was performed via two-way ANOVA
followed by Dunnett’s multiple comparison test.

Results

RA acts as a genetic regulator of cx43 and evx1

RA is a derivative of lipophilic Vitamin A and is synthesized
locally by aldehyde dehydrogenase 1 (Aldhl) family members.
In the zebrafish-regenerating fin, aldhla?2 is expressed in the
distal most blastema.'® Once synthesized, RA can enter target
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tissues and associate intracellularly with RA receptors (RARs)
that bind to RA response elements (RAREs) and regulate gene
transcription.'” We first tested if aldhla2 is reduced at the time
of joint initiation in WT fins. We monitored expression of
aldhla? at 72 hpa (preinitiation), 87 hpa (initiation), and 96 hpa
(postinitiation) by ISH. Indeed, we found that expression of
aldhla2 is decreased corresponding with joint-initiation
(Fig. 1). While correlative, this result is consistent with the
model that RA synthesis is part of the endogenous mechanism
that regulates cx43 expression during joint initiation.

To provide more direct evidence for the role of RA in
influencing cx43 and evxI, we next tested if inhibition of
Aldhla2 impacts cx43 and evxl expression during regener-
ation. We utilized MO-mediated KD of Aldhla2 to reduce
protein levels. To minimize the chance of observing off-
target effects, we tested two nonoverlapping MOs. We used
one translation blocking MO (ATG-MO), and one splice
blocking MO (SB-MO), and we compared each to the SC-
MO as a negative control. To validate the MOs, we first
confirmed that Aldhla2 protein is reduced by immunoblot-
ting (Fig. 2A, B). Next, we confirmed that reduced Aldhla2
was sufficient to impact the exPression of the known RA
target sonic hedgehog (shh)."® As expected, reduced
Aldhla2-KD led to ectopic expression of shh via ISH and
aberration of the typical two-domain patterning in the re-
generating fin (Fig. 2C).

We then examined cx43 and evx! transcripts via ISH and
gqPCR (Fig. 3). Reduced Aldhla2 also downregulated the
expression of cx43, suggesting that RA availability promotes
levels of cx43 during regeneration. Conversely, evx] ex-
pression was upregulated by Aldhla2-KD, which is consis-
tent with the previously discovered role of RA in suppressing
evxl expression.” These changes in gene expression were
observed for both the ATG-MO and the SB-MO treated fins
(SB-MO treated fins not shown), and by both ISH and qPCR.
Together, these findings indicate that RA acts upstream of
cx43 and evx1. To test for the possibility of feedback between
aldhla2 and cx43, we performed aldhla2 ISH and qPCR in
WT and sof ?’%? fins. Expression of aldhla2 remained un-
changed in sof /% fins compared to WT regenerating fins
using both methods (Fig. 4), indicating that RA levels are not
influenced by Cx43.

RA acts in a common pathway with Cx43 to influence
joint formation

Since Aldhla2 influences cx43 and evx] expression, we
next examined if Aldhla2-KD also influences segment-

FIG. 1.

Expression of aldhla2 changes during the joint-initiation timeline. Fins were amputated to the 33% level and

harvested at either 72 hpa (preinitiation), 87 hpa (initiation), or 96 hpa (postinitiation). Amputation planes are denoted by
the white dotted line. ISH using antisense digoxygenin-labeled probe against aldhla2 was used to examine relative gene
expression. Expression of aldhla? is localized to the distal-most blastema (white arrow). At 87 hpa aldhla2 expression is
notably reduced, corresponding to joint initiation. Three independent trials were performed. ISH, in situ hybridization.
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FIG. 2. MO-mediated KD of Aldhla2 reduces protein levels and disrupts shh expression. (A) Cartoon illustration of
unspliced aldhla2 mRNA with MO binding sites denoted in red. Western blot of Aldhla2 protein levels shows reduced
levels normalized to Tubulin loading control in both ATG-MO and SB-MO treatments. (B) Quantification of relative protein
levels of KD fin lysates (n=3 lysates of 3 pooled fins each; mean values [SC-MO=1, ATG-MO=0.65, SB-MO=0.57]).
Both MO KD groups show a significant reduction in protein levels (one-way ANOVA followed by posthoc Tukey test).
(C) ISH using antisense digoxygenin-labeled probe against skh was used to examine relative gene expression in fins injected
with either SC-MO or Aldhla2 ATG-MO. Typical expression of shh is found in two distinct domains, as observed in SC-
MO fins. Separation of these domains is not observed in ATG-MO fins (white arrows). Amputation planes are denoted by
the white dotted line. Three independent trials were performed. ANOVA, analysis of variance; ATG-MO, one translation
blocking MO; KD, knockdown; MO, morpholino; SB-MO, splice blocking MO; SC-MO, standard control MO; shh, sonic

hedgehog.
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FIG. 3. MO-mediated KD of Aldhla2 decreases expression of c¢x43 and increases expression of evx/. (A) ISH using
antisense digoxygenin-labeled probe against cx43 was used to examine relative gene expression in fins injected with either
SC-MO or ATG-MO. Expression of cx43 is decreased following KD of Aldhla2 (white arrows). (B) ISH using antisense
digoxygenin-labeled probe against evx/ was used to examine relative gene expression in fins injected with either SC-MO or
ATG-MO. Expression of evx! is increased following KD of Aldhla2 (white arrows). Similar results were observed using
the Aldhla2 SB-MO (not shown). Amputation planes are denoted by the white dotted line. (C) Gene expression levels
quantified by qPCR in aldhla2 KD fins. Graph shows each biological replicate, mean fold difference, and standard
deviation. A fold difference of one represents no change from SC-MO expression, shown by the black dotted line.
Expression of cx43 is significantly reduced in following injection of both ATG- and SB-MO, while evx/ levels are
significantly elevated in each (two-way ANOVA followed by Dunnett’s multiple comparison test). Three independent trials
were performed. qPCR, quantitative RT-PCR.
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FIG. 4. Expression of aldhla2 is similar between WT and sof /% fins. (A) ISH usbi]nzg antisense digoxygenin-labeled

probe against aldhla2 was used to examine relative gene expression in WT and sof
compared to WT (white arrows). Amputation planes are denoted by

pression levels of aldhla2 appear unchanged in sof **

regenerating fins (5 dpa). Ex-

the white dotted line. (B) Gene expression levels quantified by qPCR in WT versus sof ?/?’ fins. Graph shows each
biological replicate, mean fold difference, and standard deviation. A fold difference of one represents no change from WT

expression, shown by the black dotted line. Expression of aldhla2 in sof '%

does not significantly differ from levels in WT

(unpaired #-test). Three independent trials were performed. WT, wild-type.

length. To monitor changes in segment length, we inhibit
gene function at 72 hpa, before joint initiation (87 hpa). Then,
we evaluate segment length at 4 days posttreatment by
measuring the first completed segment distal to the amputa-
tion plane. To examine the impacts of gene KD during fin
regeneration, we inject/electroporate the MO (i.e., gene-
targeting or control MOs) into one half of the fin, leaving the
other half of the fin as an uninjected internal control.'” We
measure similarity of about 100% that indicates little dif-
ference between the injected and uninjected lobes.”® In
contrast, Aldhla2-KD using either the ATG-MO or the SB-

FIG. 5.

MO showed a percent similarity of about 85%, compared to
the near 100% similarity for the SC-MO treated fins (Fig. 5).

As an alternate means to reduce Aldhla2 function we used
the pharmacological agent WIN-18446, which inhibits en-
zymatic activity.?' Note that because fish are treated sys-
temically with WIN-18446/DMSO, the percent similarity
method is not possible. Absolute segment length is reported
instead. Following treatment beginning at 72 hpa (i.e., pre-
initiation), segments were significantly shorter in the drug
treated fins compared to vehicle alone (Fig. 5). Because two
independent targeting MOs, as well as pharmacological

P = 0.0024
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Inhibition of Aldhla2 reduces segment length in regenerating fins. (A) MO injected fins were calcein-stained and

measured for segment length (white arrows). Percent similarity was calculated. Only fins for ATG-MO and SC-MO are shown.
Amputation planes are denoted by the white dotted line. (B) Fins treated with 500 nM WIN-18446 in system water or DMSO
alone were calcein-stained and measured for segment length (white arrows). All fins were amputated to the 50% level and
imaged at 7 dpa/4 dpt. Amputation planes are denoted by the white dotted line. (C) Quantitation of the analyses of segment
length in fins treated for MO-mediated KD. Both ATG-MO and SB-MO treated fins show significant reduction in segment
length percent similarity compared to SC-MO (one-way ANOVA followed by posthoc Tukey test). (D) Analysis of WIN-
18446 treated fins was performed by comparing segment length of treated fins compared to DMSO alone. Treatment with
WIN-18446 significantly reduces segment length compared to DMSO alone (unpaired #-test). DMSO, dimethyl sulfoxide.
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inhibition of Aldhla2 activity, all lead to reduced segment
length, the conclusion that RA influences the timing of joint
formation is well supported.

To determine if Aldhla2 acts in a common pathway with
cx43 to inhibit joint formation, we tested for synergy by
combining subthreshold doses of WIN-18446 and cx43
function. We found that the dose of 100 nM of WIN-18446
did not influence segment length (Fig. 6). We combined this
low dose of WIN-18446 with sof’ 23/+ heterozygous fish.
The sof’’?’/+ fins exhibit subthreshold activity of cx43
function.>** We observed significant reduction in segment
length in the WIN-18446-treated sof’’?*/+ fins compared to
either 100nM WIN-18446 (in WT-treated fish) or sof’’%7/+
(plus DMSO vehicle) (Fig. 6). Taken together, these data
suggest that aldhla2 (and therefore RA) functions in a
common pathway with cx43 to influence segment length/joint
formation.

Discussion

Prior studies revealed that cx43 mRNA levels are transiently
reduced at the time of joint initiation.® We interpret these
findings to indicate that oscillations of cx43 mRNA contribute
to the functional level of Cx43-GJIC, that in turn determines
the alternating pattern of bony segments and joints in the
zebrafish fin. This report adds insight to this model by dem-
onstrating that RA represents one of the endogenous mecha-
nisms regulating cx43 expression. First, aldhla?2 levels are
similarly reduced concomitant with joint initiation. More im-
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FIG. 6. Evidence for synergy between aldhla2 and cx43.
The subthreshold dose of 100 nM WIN-18446 did not affect
segment length compared to DMSO alone; sof */**/+ het-
erozygous fish do not have short segments. However,
sof % /+ regenerating fish treated with 100 mM WIN-18446
show a 51gn1ﬁcant reduction in segment length compared to
either sof ?/?’/+ with DMSO alone, or to WT fins treated
with 100nM WIN-18446 (one-way ANOVA followed by

post-hoc Tukey test).
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portantly, Aldhla2-KD reduces cx43 while increasing evx/.
Furthermore, Aldhla2-KD leads to reduced segment length
and synergizes with cx43 to influence segment length.

Before considering how RA influences segment length, we
note that both RA and Cx43 are also required for cell pro-
liferation in the regenerating fin blastema.'®* However,
mechanisms regulating segment length are independent of
mechanisms regulating cell proliferation (i.e., which regu-
lates regenerate length),'®** thus precluding the possibility
that the influence of RA on cell proliferation in turn alters
segment length. Rather, segment length is a specific readout
of the timing of joint formation.

Important questions remain regarding the role of RA on
evx] expression and joint formation (Fig. 7). For example,
Cx43-GJIC inhibits evx].”® Therefore, it is tempting to
speculate that RA promotes cx43, and then elevated Cx43-
GJIC inhibits evx]. However, the data presented here do not
rule out the possibility that RA enters SPCs and directly in-
hibits evx! transcription. Distinguishing these possibilities
will require identifying and disrupting RAREs in the regu-
latory regions for both cx43 and evx/, and monitoring the
impacts on gene expression and segment length.

Irrespective of how evx] expression is regulated, this ar-
ticle provides evidence that RA is part of the mechanism that
regulates cx43 expression levels during skeletal regeneration.
This is not the only mechanism. For example, calcineurin
inhibits cx43 expression.g’25 Thus, treatment with the calci-
neurin inhibitor FK506 leads to an upregulation of cx43 (and
loss of evx] and joints).®?® Interestingly, FK506 treatment
also influences the expression of several RA metabolism
genes, consistent with a role for calcineurin inhibiting RA
signaling.”® Future studies will reveal if calcineurin and RA
act together or separately to regulate cx43.

Another way that cx43 expression is known to be regulated
is by the micro-RNA miR133a.**" Interestingly, both calci-
neurin pathways and the miR133a inhibit cx43 expression,
while we find that RA promotes cx43 expression. Therefore,
these and other multiple inputs must be coordinated in time
and space for cx43 transcription to be precisely regulated
during skeletal patterning. Moreover, it remains possible that

B
aldh1a2
a_.-". b
v .,y
cx43 ——évx1

FIG. 7. Model for interactions between RA, cx43, and
evxl in regenerating fins. (A) The gene coding for the RA-
synthesizing enzyme aldhla? is expressed in the cells of the
distal most blastema (purple). The cx43 gene is expressed in
the cells of the proximal blastema (pink). SPCs are located
lateral to the proximal blastema (cyan). RA is lipophilic and
may enter cells of the proximal blastema and the lateral
SPCs. E, epidermis; M, mesenchyme. (B) RA is synthesized
in aldhla? expressing cells, and promotes cx43 and inhibits
evxl. Thus, evx! inhibition may be the result of RA elevating
cx43 which inhibits evx/ (a), may be due to direct inhibition
(b), or both. RA, retinoic acid, SPC, skeletal precursor cell.
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regulation of Cx43-GJIC also occurs at posttranscriptional
levels, such as through regulation of the Cx43 half-life.*®
Continued studies will provide critical insights into the col-
lection of Cx43 regulatory pathways, and their regulation, in
the fin skeleton.

Conclusions

We suggest that oscillations of Cx43-GJIC are responsible
for the alternating pattern of bony segments and joints in the
regenerating zebrafish fin. Prior research identified reduction
of cx43 mRNA levels coincident with joint initiation.
Therefore, mechanisms regulating cx43 transcription likely
contribute to the periodic abrogation of Cx43-GJIC. Here, we
demonstrate that RA promotes cx43 expression and is re-
quired for the appropriate length of fin ray segments. Future
studies will focus on understanding how RA signaling is
coordinated with other pathways that regulate cx43 mRNA
levels and on how RA regulates the expression of evx]/.
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