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Teleost fishes and urodele amphibians can regenerate amputated appendages, whereas
this ability is restricted to digit tips in adult mammals. One key component of append-
age regeneration is reinnervation of the wound area. However, how innervation is regu-
lated in injured appendages of adult vertebrates has seen limited research attention.
From a forward genetics screen for temperature-sensitive defects in zebrafish fin regen-
eration, we identified a mutation that disrupted regeneration while also inducing paral-
ysis at the restrictive temperature. Genetic mapping and complementation tests identify
a mutation in the major neuronal voltage-gated sodium channel (VGSC) gene scn8ab.
Conditional disruption of scn8ab impairs early regenerative events, including blastema
formation, but does not affect morphogenesis of established regenerates. Whereas
sen8ab mutations reduced neural activity as expected, they also disrupted axon regrowth
and patterning in fin regenerates, resulting in hypoinnervation. Our findings indicate
that the activity of VGSCs plays a proregenerative role by promoting innervation of
appendage stumps.
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Regenerative capacity is heterogenous across animal species. Teleost fishes and urodele
amphibians possess a remarkable ability to regenerate damaged appendages, spinal cords,
hearts, and brains, but adult mammals exhibit comparatively limited regenerative capacity
(1-3). The central question in the field remains: What genes instruct regeneration? One
strategy to select regeneration-associated candidate genes is to dissect the roles of genes
expressed differentially upon injury, as these genes are candidates for possessing function
during regeneration. In another common strategy, genes with known roles in embryonic
development are pursued, as they are candidates for reactivation upon injury to facilitate
regeneration (4). However, reverse genetic approaches can fail to detect important candi-
dates if they do not display differential expression upon injury or if they are not known to
play developmental roles. As an alternative approach, forward genetics can be employed
to identify essential or unexpected genetic factors that would otherwise be challenging to
uncover. Forward genetic strategies to regeneration have been previously employed with
adult zebrafish fins, which regenerate upon injury, leading to the discovery of novel muta-
tions influencing regeneration (8-10). Here, we conducted a large-scale forward genetics
screen with adult zebrafish and isolated mutants exhibiting regeneration defects.

The dependance of appendage regeneration on intact innervation has been studied
since the 1820s, when Tweedy ]. Todd demonstrated that salamander limbs that had
been denervated after wound healing exhibited impaired limb regeneration (11-14).
Studies of regenerating teleost fish fins and mouse digit tips have also demonstrated nerve
dependance (12-15). Strikingly, deviation of nerves to an injury on the surface of a limb
can lead to the development of an accessory limb in salamanders (12, 18). Early studies
by Marcus Singer and colleagues indicated that limb regeneration is determined in part
by the total number of nerves present near the amputation plane and their cumulative
neurotrophic effects (19, 20). Many candidate neurotropic factors, including fibroblast
growth factors, bone morphogenic proteins, neuregulin-1, oncostatin M, platelet-derived
growth factor, and anterior gradient protein, have been recently reported to regulate blas-
tema formation (16, 21-23). The regenerative effects of these factors likely require a
sufficient nerve density threshold, yet, to our knowledge, the molecular mechanisms
explaining a quantitative requirement of nerve fibers have not been explored.

Results

Forward Genetics Screening Identifies a Temperature-Sensitive Mutant Defective in
Locomotion and Fin Regeneration. To identify essential factors mediating adult tissue
regeneration, we conducted an unbiased forward genetics screen combined with a
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temperature-shift assay (S Appendix, Fig. S1A4). We mutagen-
ized male fish with ethylnitrosourea (ENU), an alkylating agent
and point mutagen, and generated F; families, which were
expected to be homozygous for ENU-induced mutations (S7
Appendix, Fig. S1A). Because regeneration genes often play
crucial developmental roles, we reasoned that mutations in
regeneration genes may affect embryonic development, thereby
causing developmental lethalicy (8-10). As previous screening
approaches circumvented this problem and successfully isolated
mutants (9, 10), we applied the same screening strategy to iden-
tify temperature-sensitive mutations (S/ Appendix, Fig. S1B). To
do this, F5 families were raised at 26 °C (a permissive tempera-
ture) for at least 2 mo and then shifted to 33 °C (a restrictive
temperature) immediately after caudal fin amputatdon. We then
quantified fin regeneration at 7 days post-amputation (dpa) and
idendified fin regeneration—impaired mutants.

Unexpectedly, our screening isolated one mutant (pd291)
exhibiting temperature-sensitive locomotion and fin-regeneration
defects (Fig. 1, SI Appendix, Fig. S1 C-E, and Movies S1-54).
The locomotion defects had complete genetic linkage with
impaired fin regeneration. The p4291 mutants sank to the bot-
tom of their aquaria and displayed little or no movement when
transferred from 26 °C to the restrictive temperature of 33 °C.
Movement was regained when the temperature was allowed to
decrease to 29 °C, indicating that this defect is reversible (Fig. 1
A-Cand SI Appendix, Fig. S1 C and D). Because the restrictive
temperature triggered cataplexy-like behavior, characterized by a
sudden loss of muscle tone and strength (24), we named this
mutant temperature-triggered cataplexy (temca). We quantified
swimming behavior of wild-type siblings and zemca mutants at
26°C or 33°C using the automated tracking systems idTracker
(25) and Tracktor (26). The average distance traveled by zemca

mutants was reduced by 65% at 33 °C compared with controls
(Fig. 1 A and B) and was defined by long periods of immobility
(Fig. 1C and SI Appendix, Fig. S1C). The swimming activity of
temca mutants was normal at 26 °C (Fig. 1 A-C and SI Appendix,
Fig. S1D). To quantify regenerative ability, we measured the
lengths of regenerates from wild-type and emca siblings at 7 dpa.
The temca mutants displayed normal regeneration at 26 °C, but
regenerated structures were truncated by 25% at 33 °C (Fig. 1 D
and £). Fin rays of zemca exhibited a range of phenotypes, includ-
ing complete blockage, reduced length, or patterning defects (57
Appendix, Fig. S1E). Swimming disability of femca mutants
showed 100% penetrance, whereas fin-regenerative defects exhib-
ited ~50 to 75% penetrance.

temca Encodes the VGSC scn8ab. To identify the molecular
basis of temca, we scored paralysis phenotypes in genetic map-
ping crosses and performed whole-exome sequencing with
genomic DNA extracted from wild-type siblings and zemca
mutants. Linkage analysis was first performed with the map-
ping tool SNPtrack, which identifies mutant-specific single
nucleotide polymorphisms (SNPs) and regions of homozygosity
(27). SNPtrack analysis yielded a single ~27.5-Mb peak on
chromosome 6 with high homozygosity in temca mutants (S/
Appendix, Fig. S2A). We raised progenies generated from cross-
ing of heterozygotes at 26 °C and performed phenotyping at
33°C to isolate 198 homozygous mutants. Restriction frag-
ment length polymorphism analysis with these homozygotes
defined the temca mutation within an 801-kb region (87
Appendix, Fig. S2A). Mutant SNPs present in this region were
filtered against an SNP database established from other mutants
isolated from the same screening and SNPfisher (28). After
filtering, we identified a nonsynonymous (T to A) mutation
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Fig. 1. The temca mutants display temperature-sensitive locomotion and fin-regeneration defects. (A) Swimming behavior of control (wild-type siblings) and
temca at 26 °C (Left) and 33 °C (Right). (Bottom) Representative 1-min swimming trajectories of individual fish. Color code indicates video frame, and the dis-
tance between dots indicates speed. (B and C) Quantification of 3-min swimming behavior of control and temca mutants at 26 °C (Left) and 33°C (Right).
(B) Average distance traveled (n = 5). (C) Duration of immobility at the bottom of swimming tanks (n = 5). (D) Representative whole-mount images of control
and temca 7 dpa fins at 26 °C (Left) and 33°C (Right). White arrows indicate impaired fin regenerates of temca mutants. Red arrows indicate amputation
plane. (E) Quantification of fin-regenerate lengths at 7 dpa at 26 °C (n = 62 and 39 for control and temca, respectively) and 33°C (n = 51 and 43 for control
and temca, respectively). Data are presented as mean + SD. Student’s unpaired two-tailed t test.
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Fig. 2.

Control scn8abtemcals

temca Encodes the VGSC alpha subunit, scn8ab. (A, Top) Schematic of Scn8ab (Nav1.6) protein structure. Red arrow points to temca mutation in pore-

loop (P-loop) of the third domain. Deleted region of scn8ab deletion allele (scn8ab?) is shown. (Middle) sgRNA target sites are depicted for 5.7-kb deletion of
scn8ab and primers used to confirm deletion. (Bottom) A representative DNA gel image indicating scn8ab® is shown. (B) Sanger sequencing chromatograms
from control (wild-type siblings) and temca. The temca mutation within the scn8ab coding sequence causes an asparagine (N) to lysine (K) change. (C) Amino
acid sequence alignment across distant species. Black boxes mark conserved residues. Red box and arrow indicate temca N to K mutation. (D-H) Complementa-
tion analysis for temca and scn8ab®. (D) Swimming behavior of control (scn8ab*™) and scn8ab compound heterozygotes (scn8ab®™“2) at 33 °C. (Bottom) Repre-
sentative 1-min swimming trajectories of individual fish. (€ and F) Quantification of 3-min swimming behavior at 33 °C. (E) Average distance traveled (n = 6). (F)
Duration of immobility at the bottom of swimming tanks (n = 6). (G-/) Regeneration in scn8ab®™% normalized to uninjured fin lengths. (G) Representative
whole-mount fin images of 7 dpa control and scn8ab®™2 at 33°C. (H) Fin lengths at 7 dpa (b in G) normalized to uninjured fin length (a in G). The graph indi-
cates the value of “b/a". (/) Position of amputation plane. Lengths from base to amputation plane (c in G) were divided by uninjured fin lengths (a in G). The
graph indicates the value of “c/a”. The amputation plane was ~50% of caudal fins in control and scn8ab®™”2, n = 8 and 6 for control and scn8ab®™2, respec-

tively. Data are presented as mean + SD. Student's unpaired two-tailed ¢ test.

causing an asparagine (N) to lysine (K) amino acid change at
position 1423 of sen8ab, which encodes the voltage-gated
sodium channel (VGSC) alpha subunit Nav1.6 (scn82b*4?9! or
sen8ab™”™*) (Fig. 2 A-C). N1423 is a highly conserved residue
in the pore loop of Navl.6, which folds toward the channel
pore and impacts channel activity (29, 30) (Fig. 2 A and O).
Our analyses, therefore, indicate that the zemca phenotype
likely results from an N1423K mutation in sen8ab.

To assess the causative nature of the N1423K mutation by
complementation analysis, we generated a loss-of-function allele
by deleting 5.7 kb of scn8ab (scn8abl™* or sen8ab®™) (Fig. 24
and ST Appendix, Fig. S2B). The scn8ab”™ allele lacks a portion of
the third domain and the entire fourth domain of Nav1.6, which
we speculate renders the protein nonfunctional. We then crossed

PNAS 2022 Vol.119 No.28 2200342119

sen8ab™"™ heterozygotes with scn8ab"* homozygotes and raised
their progeny at 26 °C. Analysis of swimming activity using size-
matched adults revealed that the average distance traveled by
sen8ab’"* adults was reduced by 84% at 33 °C compared with
heterozygous siblings (sc#846"”*“"), and periods of immobility
were increased (Fig. 2 D-F and Movie S5). The swimming activ-
ity of scn8ab compound heterozygotes was normal at 26 °C (87
Appendix, Fig. S2 C and D). With respect to fin regeneration at
adult stages, size-matched scz8ab compound heterozygotes regen-
erated fins normally at 26 °C (8] Appendix, Fig. S2 E and G);
however, lengths of regenerated fin rays of size-matched scn8ab
compound heterozygotes were reduced by 37% at 33 °C com-
pared with heterozygous siblings (S/ Appendix, Fig. S2 Fand H).

Normalized regenerate lengths of 7 dpa femca fins with uninjured
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fins also indicated a 21% reduction (Fig. 2 G-1). Our comple-
mentation test demonstrates that zemca is a conditional allele of
sen8ab required for mobility and fin regeneration.

scn8ab Is Dispensable During Embryogenesis and Acquires
Functionality in Mature Animals. While genotyping progeny
generated by crossing scn8ab*’* heterozygotes, we noticed that
sen8ab™ homozygotes reached swimming stage (5 days post-
fertilization [dpf]) but failed to survive to adulthood (Fig. 3A).
Notably, compound scz8ab heterozygous (scn8ab™ ™) juveniles
and adults were smaller than scn8a6"”““* siblings, indicatin§
that femca is an scn8ab hypomorphic allele and that scn8ab
results in a null allele at the permissive temperature (Fig. 3 B-D).
To determine when scn8ab is required for mobility, we trans-
ferred temca mutants to 33 °C at various developmental stages
and monitored swimming ability. Erratic swimming behavior of
temca mutants was first observed at ~2 months post-fertilization
(mpf) (Movies S6 and S7), indicating that scn8ab activity
becomes vital during the juvenile stage.

To further explore the functionality of scn8ab at the eatly
developmental stage, we evaluated swimming and regenerative

abilities of temca larvae. Analysis of swimming behavior of 6
dpf larvae at the restrictive temperature revealed no difference
in the total distance traveled between temca mutants and their
wild-type siblings (Fig. 3 E and F and S/ Appendix, Fig. S3 A
and B). To assess regenerative ability, we amputated fin folds of
wild-type and zemca larvae at 3 dpf, transferred the larvae to
33 °C, and measured the regenerate lengths at 3 dpa. Fin-fold
regeneration of temca mutants was similar to that of their het-
erozygous wild-type siblings (Fig. 3 G and H). We also ana-
lyzed locomotion and regenerative ability in homozygous
sen8ab deletion mutant larvae (sen84#*") and found no signifi-
cant defects in swimming behavior or fin-fold regeneration at
33°C compared with control siblings (S/ Appendix, Fig. S3
C-E). Thus, our data indicate that scn8ab is dispensable during
immacture zebrafish developmental stages.

scn8ab Mutation Leads to Abnormal Neuronal Function in the
Adult Brain. Mammalian SCN8A/NaV1.6 is present primarily in
neurons (31, 32), where it is localized to the axon initial segment

and the nodes of Ranvier (33, 34). To determine the spatial

expression pattern of scn8ab, we performed in situ hybridization,

A Larvae (5 dpf) Adult (>3 mpf)
Genotype Observed Expected Genotype Observed Expected
scn8ab+ 26 24 scn8ab*/+ 18 16
scn8ab*/A 49 48 scn8ab*/A 46 32
scn8abd/A 21 24 scn8abd/A 0 16
Total 96 96 Total 64 64
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3 mpf 250 £<0.0001 20 p<0.0001
o 1S e
scn8ab*A S Ern Enof s .
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Fig. 3. scn8ab Is dispensable during early development. (4) Number of zebrafish with scn8ab**, scn8ab*, and scn8ab** genotypes scored at 5 dpf (Left)
and at 3 mpf (Right). The observed genotypic ratio matched the expected ratio in 5 dpf larvae from scn8ab®’* in-crosses, but no scn8ab® homozygotes recov-
ered at adult stages (>3 mpf). (B) Representative whole-mount images of control (heterozygous sibling) and temca at 3 mpf. (C and D) Quantification of body
weight (C) and body length (D) at 3 mpf (n = 41 and 53 for scn8ab™ ™™+ and scn8ab™™*2, respectively). (E) Control (heterozygotes) and temca 6 dpf larvae
swimming tracks at 34°C. (F) Quantification of swimming behavior of 6 dpf control and temca larvae (n = 16 and 20 for control and temca, respectively).
Two-way ANOVA, temperature [F(1,33) = 0.01992, P = 0.889]; genotype [FA(1,33) = 0.005127, P = 0.943]; genotype x temperature interaction [A1,33) = 4.119,
P = 0.051]. (G) Representative images of control (heterozygotes) and temca regenerated fin folds 3 dpa at 33°C. (H) Quantification of 3 dpa larvae fin
fold-regenerate lengths at 33°C (n = 13 and 17 for control and temca, respectively). Scale bars, 1 cm in B, 200 pm in G. (C, D, and H) Data are presented as

mean =+ SD by Student’s unpaired two-tailed ¢ test.
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identifying strong scn8ab transcript signals in brain neurons but
no detectable expression in regenerating fin tissues (Fig. 44 and
SI Appendix, Fig. S4). We also examined sen8ab transcript levels
using alternative assays, including RT-PCR and RNA sequenc-
ing (RNA-seq) analyses, both of which also failed to detect
scn8ab transcript expression in fin tissues (Fig. 4 Band Cand S/
Appendix, Fig. S5). As the epitope of the available pan-VGSC
antibody (pan-Nav Ab) is entirely intact in Scn8ab (87
Appendix, Fig. S6 A and B), we performed whole-mount immu-
nostaining to determine the spatial expression of VGSCs,
including Scn8ab, in the fin. Notably, pan-Nav Ab labeled
nerves, but we observed little to no expression in other cell types
in uninjured and 2 dpa fins (Fig. 4 D and E). These results sug-
gest that VGSCs are present in fin neurons. While we cannot
detect scn8ab transcript, it is clear that family members are

expressed in fin axons, which might include Scn8ab at levels not
detectable by RNA-seq.

To investigate whether neural activity in the brain was altered
in the femca mutants, we assessed ERK phosphorylation as a fast
readout of brain activity (35-37). The femca mutants and het-
erozygous siblings were shifted to 33 °C for 2 h before brain dis-
section and p-ERK staining. The zemca brains displayed a 52%
decrease in the number of p-ERK™ neurons compared with con-
trols (Fig. 4 Fand G), indicative of impaired neuronal activity.
Bulk RNA-seq analysis of whole-brain tissues dissected from
control and zemca fish placed at 33°C for 1 d identified 649
genes (7 = 369 and 280 for up and down-regulated genes,
respectively) with significantly changed expression levels
(adjusted P [P-adj] < 0.05; fold change > 1.5) (Fig. 4H and
Dataset S1), including genes influencing brain function, such as
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scn8ab Regulates neuronal activity in the brain. (A) Representative section in situ hybridization of scn8ab transcripts in brain and 2 dpa fins of wild-type

fish. Black arrows indicate scn8ab expression. Black arrowhead marks amputation plane. (B) RT-PCR showing scn8ab expression in the zebrafish brain but not
in uninjured or regenerating (2 dpa) fins. huC/elavi3 Is used as a brain-specific gene; and4 is a representative gene for regenerating fins; and actb2 is used as a
loading control. (C) RNA-seq genome-browser tracks of fin-specific genes (and4 and cldn1), brain-specific genes (elav/3 and elavl4), and scn8ab. Brain and unin-
jured and 36 h postamputation (hpa) fin profiles of controls were used. (D and E) Confocal, whole-mount, immuno-stained image against pan-Nav antibody of
uninjured and 2 dpa wild-type fins. Dashed white lines mark amputation plane. (F) Representative images of brain phosphorylated ERK (p-ERK; red) and HuC/D
(green) immunostaining in control (heterozygous siblings) and temca placed at 33°C for 2 h prior to dissection. White arrows indicate p-ERK*/HuC/D* double-
stained neurons. (G) Quantification of p-ERK* neurons in 300 x 300 pm? dorsal telencephalon region (n = 6). Data are presented as mean + SD. Student's
unpaired two-tailed t test. (H) RNA-seq volcano plot displaying significantly reduced genes in temca placed at 33°C for 1 d before brain collection. (/) Top Gene
Ontology terms for genes up-regulated and down-regulated in temca brains. (D-F) Scale bars, 50 pm. ac-Tub, acetylated a-tubulin; Adjust, adjusted.
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npas4a and fosab (38, 39), circadian clock genes (nrldl, nocta,
and ciarta) (40-42), and steroid biosynthesis genes (hsd11b2,
op51, and srd542b) (43). Gene Ontology analysis of up-regulated
genes indicated enrichment in responses to cadmium ions,
whereas the down-regulated genes were enriched for steroid/ste-
rol/cholesterol biosynthesis/metabolic processes, and circadian
regulation terms (Fig. 4/). Consistent with Gene Ontology anal-
ysis, gene-set enrichment (GSE) analysis (44) demonstrated sig-
nificant reductions in components related to circadian rhythm
and steroid biosynthetic processes in femca mutants, as well as
genes associated with ribosome-related processes and translation
(ST Appendix, Fig. S7). These analyses revealed abnormal neuro-

nal function in temca mutants.

Inactivation of scn8ab Affects Early Fin Regeneration Events.
To understand the defects in fin regeneration caused by the
temca mutation, we shifted animals from 26 °C to 33 °C imme-
diately after fin amputation to impair scn8ab function either
during blastema formation or at 2 dpa to disrupt scn8ab activity
after the blastema has been formed (Fig. 54). Whereas an
immediate temperature shift reduced the lengths of regenerat-
ing temca fins, shifting at 2 dpa had minimal effects on the ulti-
mate size and shape of regenerates (Fig. 5 B and (). Blastema
cell-cycling indices were reduced at 2 dpa of zemca mutants (Fig.
5 Dand E), and expression of a t¢fsiam:EGFP reporter, an in vivo
Wnt biosensor that labels proliferative proximal blastema cells

A . Observation
Amputation 2 dpa 7 dpa
33°C duration 0 dpa shift
— 2 dpa shift
B
Control temca

F

0 dpa shift

!

Control

MHHW tcfsiam:EGFP (33°C)

Amputate@ B ® & © 6

(45, 46), was delayed and reduced at early time points (Fig. 5
F-H). RNA-seq analysis of uninjured fins collected at 1 d after
33°C treatment showed similar transcriptome profiles between
control (heterozygotes) and zemca fins (n = 4 and 7 significantly
down- and up-regulated genes in temca uninjured fins, respec-
tively; P-adj < 0.05; fold change > 1.5) (SI Appendix, Fig. S84
and Dataset S2). In contrast, RNA-seq analysis of 2 dpa temca
and control fin regenerates identified 337 genes with significant
changes in expression levels (P-adj < 0.05; fold change > 1.5),
including 135 and 202 genes with increased and decreased
expression, respectively (S Appendix, Fig. S84 and Dataset S3).
Significantly down-regulated genes in zemca mutants included
several transcription factors that are known to mediate the early
regenerative or injury response (S Appendix, Fig. S8A). Genes
with reduced RNA levels were enriched for Gene Ontology terms
related to circadian rhythm, regulation of cell cycle, and extracel-
lular matrix organization, whereas up-regulated genes did not
yield any significantly enriched terms (S/ Appendix, Fig. S8B).
GSE analysis similarly indicated reduced expression of DNA rep-
lication and cell-cycle gene sets (SI Appendix, Fig. S8 C-E). These
results suggest that early regeneration events, including blastema
formation, are dependent on sen8ab function.

The temca Mutation Impairs Reinnervation. Innervation of
appendages is a key early regenerative event (12, 47), and scn8ab
plays roles in neurons (29, 48), prompting us to explore whether
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Early fin regeneration is impaired in temca mutants. (A) Schematic of temperature shift assay. (
(heterozygotes) and temca fin regenerates at 7 dpa shifted to 33°C right after amputation (0 dpa shift) or at 2 dpa (2 dpa shift).

B) Representative whole-mount images of control
(€) Quantification of fin

regenerate lengths at 7 dpa (n = 12, 14, 12, and 11 for 0 dpa shift control and temca and for 2-dpa shift control and temca, respectively). (D) Representative
EdU-staining images of control and temca fin regenerates at 2 dpa. (F) Quantification of EdJU* cells in blastema area of 2 dpa fin regenerates (n = 8). (F) Sche-
matic showing amputation and imaging time points of tcfsiam:EGFP transgenic reporter line. (G) Representative whole-mount images of tcfsiam:EGFP control

(heterozygotes) and temca fin regenerates at 24, 30, 36, 42, and 48 h postamputation (hpa) at 33 °C. (H) Quantification of tcfsiam:EGFP signal intensity (n = 10
and 9 for control and temca, respectively). Red arrowheads indicate amputation planes. Scale bars, 1 mm in B; 150 um in D. Data are presented as mean +
SD. Student's unpaired two-tailed t test.
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sen8ab influences nerve regeneration in fins. In assessing innerva-
tion during fin regeneration, we observed that nerves near the
amputation plane underwent Wallerian degeneration (49), an
active process of retrograde degeneration of nerve endings, by
1 dpa (S Appendix, Fig. S9A). By 2 dpa, at the onset of blas-
tema formation, significant numbers of axons had re-emerged
in the regenerates, indicating that reinnervation precedes blas-
tema formation (Fig. 6 A-D). Nerve fibers congregate at the
center of fin rays to form a nerve bundle with an average
diameter of 2.8 pm in control animals. The diameter of this
bundle is similar in regenerated tissue to that below the
amputation plane (an 83% nerve bundle ratio in controls)
(Fig. 6 E-H). This thick nerve bundle runs vertically along
the proximal—distal axis in the regenerates. By contrast, we
found that innervation of femca mutant fins exhibited multi-
ple defects. Axon density in zemca mutants was reduced by
30% compared with that of their heterozygous siblings, indi-
cating impaired axon regrowth (Fig. 6 A-D). In some regener-
ating temca fins where axon regrowth occurred, patterning

Control temca

Control
7 dpa

No defect

Patterning
defect

43/49 (87.76%) | 10/39 (25.64%)

6/49 (12.24%) | 29/39 (74.36%)

C

Axon density

(%area)
o v & O o

defects were evident. The diameter of nerve bundles in the
regenerated portion of femca fins was noticeably thinner
(1.5-pm diameter on average) (Fig. 4 E-H), and their direc-
tion of regrowth was less consistent, indicative of misguided
innervation (Fig. 4 /-K). These results suggest that scn8ab dis-
ruption results in the absence of innervation or hypoinnerva-
tion prior to or during blastema formation.

To determine how early innervation defects contribute to fin
regeneration, we assessed 7 dpa regenerates (Fig. 6 L and M
and SI Appendix, Fig. S9C). While all control fins regrew, we
observed that 15% of temca fins displayed completely blocked
fin regeneration with lack of innervation (Fig. 6, Inser). Due
to the hypomorphic nature of remca, many temca fin rays
slightly regenerated, but the majority of these fins exhibited
patterning defects (Fig. 6L and SI Appendix, Figs. S1E and
S9B). These misshaped fin regenerates likely grew in the same
direction as the misguided nerve bundles, and their axon densi-
ties were lower than that of controls (S Appendix, Fig. S90).
Overall, our experiments indicate that scn84b is essential for fin

O
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Fig. 6. The temca mutation causes innervation defects in regenerating fins. (A) Schematic of method for assessing axon density and total axon length in 2
dpa fin regenerates. (B) Representative images of acetylated a-tubulin (ac-Tub) staining in 2 dpa control (heterozygotes) and temca fin regenerates at 33°C.
(C and D) Quantification of axon density (C) and total axon length (D) in a 150 x 200 pm2 area of control and temca 2-dpa fin regenerates at 33 °C. (E) Sche-
matic of method for measuring axon bundle thickness and ratio in 2 dpa fin rays. (F-H) Representative images of ac-Tub staining (F) and quantification of
axon bundle thickness (G) and ratio (H) in control and temca 2 dpa fin regenerates at 33 °C. (/) Schematic depicting angle of nerve bundle regrowth in 2 dpa
fin regenerates. (/ and K) Representative images of ac-Tub staining (/) and rose plots depicting orientation of regenerated nerve bundles (K) in control and
temca 2 dpa fin regenerates at 33°C (n = 8 and 12 for control and temca, respectively). (L) Representative whole-mount images of control and temca 7 dpa
fins at 33 °C. (M) Representative images of ac-Tub staining in control and temca 7 dpa fin regenerates at 33 °C. White arrows indicate misshaped fin rays hav-
ing misguided nerve bundles. White arrowheads indicate fin rays with complete blockage of regeneration. Insets display an enlarged version of the area in
the white boxes. White dotted lines mark the distal tip of epidermis. Scale bars, 50 pm in B and J; 1.5 mm and 500 pm in L Top and Bottom, respectively; 250
pm in M. Data are presented as mean + SD. Student’s unpaired two-tailed t test.
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regeneration by facilitating reinnervation through the regula-
tion of axon regrowth and guidance.

Discussion

SCN8A/NaV1.6 controls neural activity, and SCN8A muta-
tions in humans and mice cause epilepsy and movement defects
(29, 50-52). Our study indicates that sc#8ab in zebrafish brains
plays a similar role to modulate neural activity and influence
swimming behavior. In addition, we demonstrate that impaired
scn8ab function leads to defective appendage regeneration,
ostensibly through reduced axon regrowth and misguided
innervation. Given the fact that sc#846 is a main modulator of
neural activity, we speculate that scn8ab-mediated electrical sig-
nals in fin neurons are crucial for axon regeneration upon fin
amputation. Multiple studies in developing embryos have pro-
vided evidence that neuronal activity can affect neurite develop-
ment and further establishment of neural networks (53, 54).
For instance, knockdown of scn8aa in developing zebrafish
embryos leads to aberrant axonal trajectories and delayed
growth of secondary motor neurons (53). Decreased neural
activity in developing zebrafish larvae increases the incidence of
pathfinding errors in primary motor neurons (54). Our data sug-
gest that the voltage-gated channel activity of Scn8ab is required
for nerve reconstruction and for nerves to reach a sufficient
threshold number in zebrafish fins, which enable normal blastema
formation. According to the neurotrophic-factor model of nerve
dependence, reduced nerve density below a certain threshold
(hypoinnervated appendages) results in decreased secretion of
proregenerative factors from nerves or nerve-associated cells, lead-
ing to impairment of blastema formation and proliferation (19,
55-58). Once the blastema forms, however, scn8ab-dependent
neural function is likely dispensable for blastema maintenance
and outgrowth in the late phases of regeneration.

The scn8ab transcript is undetectable in fin tissues, as sen8ab
messenger RNA (mRNA) may not be transported to the distal
peripheral axons or the transported scz826 mRNA level may be
highly restricted. However, our pan-Nav staining demonstrates
the presence of VGSCs in the nerves within fins. Our analysis
indicated that the pan-Nav Ab can detect most Scna/Nav
homologs in zebrafish (87 Appendix, Fig. S6B). These VGSCs,
including Scn8ab, are known to be primarily expressed in the
neurons and muscle (59, 60), and caudal fin muscle is mainly
located at the base but not other areas of fins. These facts sug-
gested that scn8ab expressed in neurons rather than other cell
types influences fin regeneration. We observed that some fin
nerves are not labeled by pan-Nav Ab staining, suggesting het-
erogeneity of peripheral nerves based on the expression level of
VGSCs. Pan-Nav—negative neurons may be distinct subtypes
that may not have abundant levels of VGSCs. It will be impor-
tant to identify which types of neurons are majorly modulated
by scn8ab during fin regeneration.

Our transcriptome analysis indicated up-regulation of
immune response—related genes in the regenerating fins of
temca mutants (SI Appendix, Fig. S7 C-E). As peripheral neu-
rons interact with immune cells in various contexts (61), scn8ab
can modulate neuronal activity upon injury to regenerate
axons, which coordinate immune cell responses at the wound
area. At the early phase of appendage regeneration, infiltration
of neutrophils and macrophages to injury sites is one key event
for successful regeneration (62, 63). It is interesting to note
that the ablation of macrophages impairs fin regeneration and
patterning (63), a similar phenotype to that of femca mutants.

https://doi.org/10.1073/pnas.2200342119

Identifying molecular regulators mediating reinnervation and
neuro-immune response will be an important next step.

Previous work in salamanders suggested that VGSCs contrib-
ute to regeneration after blastema formation, as overexpression
of Sen5a in blastema cells caused patterning defects (64). In
addition, a recent study of paralytic (para), which encodes the
sole VGSC alpha-subunit gene in Drosophila, reported the roles
of this VGSC in neuroblast proliferation (65). Further investi-
gation of Scn8a mutant animals during regeneration across
tissues and species can broaden our understanding of the mech-
anisms and targets governing the nerve dependence of tissue
regeneration.

Materials and Methods

Zebrafish Maintenance and Procedures. Wild-type or transgenic male and
female zebrafish of the outbred Ekkwill (EK) or WIK strains ranging up to 18 mo
of age were used for all zebrafish experiments. The water temperature was main-
tained at 26 °C for animals, unless otherwise indicated. Work with zebrafish was
performed in accordance with Duke University and University of Wisconsin-
Madison guidelines. Animals were anesthetized in 0.02% tricaine until gill
movement stopped. For caudal-fin amputations, 50% of the fin was removed
using a razor blade. Fin regenerate lengths were measured starting from the
amputation plane to the distal tips of the third to fifth fin rays in both the dorsal
and ventral caudal fin lobes, using Zeiss ZEN software. For regeneration normal-
ized to uninjured fin (S/ Appendix, Fig. S2 G and H), fin rays 3 to 5 were mea-
sured from the base of the fin to the tip of 7 dpa fins and divided by the length
of the corresponding uninjured fin. To amputate the fin fold of larvae, we used a
surgical blade (no. 10) to transect the proximal region of the pigment gap that
marks next to the circulatory loop of the caudal vein at 3 dpf and allowed them
to regenerate for 3 d. At 3 dpa, fin folds were imaged, and regenerate lengths
were measured from the edge of the blood vessel to the caudal tip of the fin
fold, using ZEN software.

Generation of scn8ab Deletion Line by CRISPR/Cas9. To generate scn8ab
deletion allele (pd298), CRISPR single-guide RNA (sgRNA) target sites were
designed using the CRISPRscan web tool (https://www.crisprscan.org/) (66).
sgRNAs were synthesized by a cloning-free method as described in ref. 67.
Briefly, primers containing T7 promoter, sgRNA target, and partial sgRNA scaffold
sequences were annealed with the universal sgRNA 3 scaffold primer, and the
annealed oligos were filled using the thermocycler to generate sgRNA templates.
sgRNAs were synthesized using the MEGAshortscript T7 Transcription Kit (Invitro-
gen, AM1354) and purified by the RNA Purification Kit (Zymogen, R1016)
according to the manufacturer's instructions. An sgRNA pair targeting scn8ab
(each 12 to 15 ng/uL) was mixed and coinjected with Cas9 protein (0.5 pg/pL;
PNABio, CP01) into the one-cell-stage embryos. Genomic DNA was extracted
from one to two embryos at 2 dpf for genotyping. Deletion was detected by PCR
using primers listed in S/ Appendix, Table S1. Fq clutches were raised to adult-
hood, and founders were screened with F; progenies. The founder was out-
crossed with wild-type animals to generate heterozygous animals.

Mutagenesis, Exome Sequencing, Genetic Mapping, and Positional
Cloning. EK males were mutagenized by incubating with fish water containing
3 mM ENU for 1 h/wk for 4 wk (68). Mutagenized males were mated to females
of the WIK strain to generate F; families (S/ Appendix, Fig. S14). A total of 373
F; families (a total of 9,740 individual fish) were generated for identifying
temperature-sensitive fin-regeneration mutants. F fish were raised at the per-
missive temperature (26 °C) for at least 2 mo. After caudal fin amputation, they
were shifted to the restrictive temperature (33 °C) and screened individually at
7 dpa for regeneration defects, using a dissecting microscope. Putative mutant
families were out-crossed again to either EK or WIK strains to generate F, hetero-
zygotes, which were in-crossed to generate Fs families. F5 families were used for
secondary screening to validate the fin-regeneration phenotype. Secondary
screening validated a total of 16 mutants from 37 putative F; families.

For exome sequencing, genomic DNA was isolated from pools of homozy-
gous mutants and wild-type siblings, using the Puregene Core Kit (Qiagen).
Library construction and exome capture were performed at the Duke Center for
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Genomic and Computational Biology using an Agilent early-access SureSelect XT
Zebrafish exome kit. Sequencing was performed using an Illumina HiSeq2000
with 100-bp paired-end runs. A total of 38,006,214 and 41,005,368 paired-end
reads were collected for the wild-type sibling and mutant pools, respectively.
Exome-sequence files were further analyzed using SNPTrack (genetics.bwh.
harvard.edu/snptrack/) (27) to identify SNPs of wild-type sibling and mutants.
SNPs were filtered against our SNP dataset generated from other mutant fami-
lies selected from the same screening and SNPfisher (28). For genetic mapping,
heterozygous fish were crossed to generate pools of wild-type siblings and
homozygous mutants. We designed primers to genotype individual SNPs using
restriction fragment length polymorphism assay and identified a nonsynony-
mous SNP found in the scn8ab genomic region. All primers and restriction
enzyme information are available in S/ Appendix, Table S1. To design a genotyp-
ing method of scn8ab™™®, we searched for restriction enzymes to cut the
mutated region and found that Apol cuts the mutated DNA but not wild-
type DNA. Primers for genotyping were 5-TGTAGGTTGTGGTGAACGCT-3' and
5-GCTCAATCCACAGTGGTAGTCA-3'. Apol digested PCR products of wild-type DNA
to generate 63-, 65 and 313-bp fragments. Apol digested PCR products of
scn8ab™™ to generate 63-, 65-, 67-, and 246-hp fragments.

Immunostaining and Histology. For whole-mount fin immunostaining, fins
were fixed with 4% paraformaldehyde (PFA) overnight at 4 °C. After fixation, fins
were washed several times in phosphate-buffered saline (PBS) at room tempera-
ture. Fins were then dehydrated in serial dilutions of methanol and PBS for
10 min each. After that, fins were incubated in 20% dimethyl sulfoxide (DMSO)
and methanol at 4 °C for 30 min and rehydrated in a series of methanol and
0.3% Triton X-100 in PBS (PBST0.3) dilutions. Fins were then permeabilized with
acetone for 20 min at 4 °C and washed three times with PBST0.3 at room tem-
perature. Fins were transferred to blocking solution (5% goat serum, 1% bovine
serum albumin, 1% DMSO, and 0.3% Triton X-100) for 1 h at room temperature
and treated with primary antibody overnight at 4 °C. The next day, fins were
washed and incubated with secondary antibodies at 4 °C overight. The primary
and secondary antibodies used in this study were as follows: anti-acetylated
o-tubulin (rabbit; #5335, Cell Signaling Technology; 1:500), anti-pan-VGSC
(mouse; #58809, Millipore Sigma; 1:500), anti-phospho-ERK1/2 (rabbit; #9101,
Cell Signaling Technology; 1:250), anti-HuC/D (mouse; clone 16A11, #A21271,
Invitrogen; 1:100), Alexa Fluor 488 (mouse, rabbit, and goat, A11029, A11034,
and A11055, respectively, Life Technologies; 1:500), and Alexa Fluor 594
(mouse and rabbit; A11032 and A11037, respectively, Life Technologies;
1:500). For making frozen sections, fins and brains were fixed with 4% PFA over-
night at 4 °C, then washed with 0.1% Tween-20 in PBS 3 times for 10 min. Tis-
sues were then embedded in 1.5% agarose with 5% sucrose and incubated in
30% sucrose overnight at 4 °C. Frozen blocks were sectioned at 14 pm in
a cryostat.

Imaging. Whole-mount fin images were acquired using an AxioZoom stereo
fluorescence microscope (Zeiss) at the time points indicated. For imaging Wnt
responsive cells, Tg(7xTCFXla.Siam:EGFPY* (tcfsiam:EGFP) fish were used, and
images were processed using the Zen software (Zeiss) (69). Whole-mount 2 dpa
fin innervation images were acquired using a Nikon A1R-s confocal laser scan-
ning microscope and processed using the NIS-Elements software (Nikon). The 7
dpa fin innervation images were captured using a Keyence BZ-X800 fluorescence
microscope and analyzed using Keyence software. Image stitching was automati-
cally processed using NIS-Elements or Keyence software during image acquisi-
tion. Maximum projections were obtained using 30 and 20 slices every 1 pm
for 2 and 7 dpa fin innevation images, respectively. Further image processing
was carried out manually using Photoshop or FlJl/imageJ software. Regenerate
fin lengths were measured and quantified by averaging fin rays 3, 4, and 5 from
the dorsal and ventral lobes of the fin.

In situ hybridization on cryosections of 4% PFA-fixed fins was performed as
previously described (70). To generate digoxigenin-labeled probes for scn8ab,
we used the 3" untranslated region of scn8ab cDNA, which does not show con-
servation with other scn genes (60). Primer sequences of scn8ab, fgf20a, and
fn1b are listed in SI Appendix, Table S1.

EdU Incorporation Assay. EdU incorporation assays were done as previously
described (46). Briefly, 10 L of EdU solution (TCI chemical, E1057; 10 mM in
PBS) was injected intraperitoneally 40 min prior to collection of fin regenerates,
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which were then fixed in 4% PFA overnight at 4 °C. After fixation, fins were
washed once with TBS for 10 min and incubated in freshly made EdU staining
solution (1 mM CuSO,, 50 mM ascorbic acid, 10 mM florescent azide, and
100 mM Tris buffer, pH 8.0) for 60 min at room temperature. Fins were washed
several times with 0.2% Triton X-100 in TBS and costained with DAPI.

Analysis of Swimming Trajectories. Swimming trajectories of adult zebrafish
were analyzed using the free tracking-software tools idTracker and Tracktor
(25, 26). For quantification of distances traveled, single adult zebrafish were
placed in a 1.5-L tank and allowed to acclimate for 5 min, after which they were
filmed for 4 min. Videos were then run on idTracker (25) to calculate distances
traveled or in Tracktor (26) to generate swimming trajectory plots, changing
tracking parameters as necessary to detect only one animal throughout the video
and minimize background noise. Total distances traveled were calculated using
MATLAB from the coordinates generated by idTracker.

For larval zebrafish, spontaneous swimming was recorded, and total distance
moved was quantified over 3-min periods at 28 °C and 34 °C. We placed 6 dpf
larvae individually in 22-mm-diameter wells of 12-well plates and allowed them
to acclimate for at least 1-h. Spontaneous movement was then recorded for each
larva at both 28°C and 34 °C. Larvae were allowed to acclimate for 15 min
between temperature changes and recordings. The starting temperature was
alternated so that 28 °C or 34 °C was tested first in equal proportions. Video was
recorded from above using a MotionPro Y4 high-speed camera (Integrated Design
Tools) with a 50-mm macro lens (Sigma Corp. of America) at 1,000 frames/s.
Larvae were illuminated from above with a mounted light-emitting diode light
(MCWHL5 6500 K LED, powered by LEDD1B driver; Thorlabs) and below with
an infrared light source (IR Illuminator CM-IR200B; C&M Vision Technologies).
Swimming trajectories were analyzed and total distance moved was quantified
using the free tracking software tool Flote (71).

RNA Isolation, RT-PCR, and Sequencing. RNA was isolated from uninjured
and regenerated fins and brain tissues using Tri-Reagent (ThermoFisher). Com-
plementary DNA (cDNA) was synthesized from 300 ng to 1 pg of total RNA using
an NEB ProtoScript Il first:strand cDNA synthesis kit (catalog no. E6560). For
RT-PCR, HuC/elavi3 was used for the brain-specific marker; and4 was used for
regenerating fin tissue markers; and acth2 was used as a loading control. The
sequences of the primers used for RT-PCR are listed in S/ Appendix, Table S1.

For RNA-seq, total RNA was prepared from two biological replicate pools of
uninjured and 36 h postamputation caudal-fin samples of heterozygote siblings
and temca mutants at 33 °C. Two biological replicate pools of brain samples of
heterozygote siblings and temca mutants were dissected 1 d after 33 °C incuba-
tion. Generation of mRNA libraries and sequencing were performed at the
Biotechnology Center at University of Wisconsin-Madison using an lllumina
NovaSeq with 150-bp paired-end runs. Adapter sequences were trimmed by
Cutadapt. Sequences were aligned to the zebrafish genome (genome assembly
GRCz11, Ensembl gene annotation release 104) using HISAT2. Differentially reg-
ulated transcripts were identified using featureCounts and DESeq2. The acces-
sion number for transcriptome datasets is GSE186729.

To determine the scn8ab transcript level by RNA-seq analysis, we used RNA-
seq profiles generated by this study and datasets generated by other studies.
These include PRJEB39269 [3 dpf, 5.5 mpf, and 30 mpf uninjured brain (72)];
PRIJNA307985 [uninjured and 4 dpa adult fin (70)]; PRINA669701 [uninjured
adult fin, anterior cut edge of 2 dpa adult fin, and posterior cut edge of 2 dpa
adult (73)]; PRINA523009 [uninjured and 4 dpa adult fins (74)]; PRINA517717
[microdissected distal and proximal regenerating fin tissues from 4 dpa adult
fins (75); PRINA612515 [uninjured and 2 dpa adult fins (76)]; and
PRIJNA559885 [uninjured and 1-dpa adult fins (77)]. RNA-seq profiles were
aligned to the zebrafish genome (genome assembly GRCz11, Ensembl gene
annotation release 104) using HISAT2. Aligned RNA-seq profiles were visualized
using the Integrative Genomics Viewer (Broad Institute).

Data Collection and Statistics. All statistical analyses were performed using
GraphPad Prism 7. Significance was calculated using unpaired two-tailed Stu-
dent's t tests or two-way ANOVA with P < 0.05 used to denote statistical signifi-
cance. Clutchmates were randomized into different treatment groups for each
experiment. No animal or sample was excluded from the analysis unless the ani-
mal died during the procedure. Sample sizes were chosen on the basis of previ-
ous publications and experiment types and are indicated in each figure legend
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or in Materials and Methods. No statistical methods were used to predetermine
sample size. For expression patterns, at least five fish from each transgenic line
were examined. We pooled 6 fins and 3 brains of each group for RNA purifica-
tion and subsequent RT-gPCR or RNA-seq. Sample sizes, statistical tests, and
P values are indicated in the figures or their legends.

Data and Materials Availability. New sequencing data have been deposited
in GEO under accession code GSE186729 (https://www.ncbi.nlm.nih.gov/geo/
(Luery/acc .gi?&acc=GSE186729) (78). Prewouslg published data were used for

this work |nc|ud|ng PRIEB39269 (https://www.ncbi.nlm.nih.gov/bioproject/?term=
PRJEB39269) (79), PRINA307985 (https: //Www.ncbi.n|m.nih.gov/bi0project/
?term=PRINA307985 and (72)) (80), PRINA669701 (https://www.nchi.nlm.nih.
gov/bioproject/?term=PRINA669701 and (70)) (81), PRINA523009 (https://www.
ncbi.nlm.nih.gov/bioproject/?term=PRINA523009 and (73)) (82), PRINA517717
(https:/lwww.ncbi.nIm.nih.gov/bioproject/?term=PRINA517717 and (75)) (83),
PRINA612515 (https://www.ncbi.nlm.nih.gov/bioproject/?term=PRINA612515
and (76)) (84), and PRINA559885 (https://www.ncbi.nlm.nih.gov/bioproject/
%term=PRINA559885 and (77)) (85).
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