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REGENERATION

Injury-induced electrochemical coupling triggers

organ growth

Jinghui Liu"?3%4, Elisa Nerli"?t, Charlie Duclut’$, Amit S. Vishen3+§, Naomi Berbee'?,
Sylvia Kaufmann'-2, Cesar Ponce'?, Aristides B. Arrenbergsﬂ, Frank Jiilicher>3%*, Rita Mateus'*

Organ injury triggers nonneuronal electric currents essential for regeneration. However, the mechanisms by
which electrical signals are generated, sensed, and transmitted upon damage to promote organ growth remain
unclear. Here, we uncover that organ repair relies on dynamic electrochemical coupling between membrane po-
tential depolarization and intracellular signaling, essential to activate cell proliferation. By subsecond live imag-
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ing of locally injured zebrafish larval fins, we identify events across time and space: a millisecond, long-range,
membrane depolarization gradient, followed by second-persistent intracellular calcium responses. In the subse-
quent hour, voltage sensing phosphatase senses the injury-driven membrane potential change and autonomous-
ly translates the electric signal intracellularly, promoting tissue-wide cell proliferation. Connecting these dynamics
with an electrodiffusive model showed that ionic fluxes and electric potential become coupled in the fin’s intersti-
tial space, enabling organ-wide signal spreading. Our work reveals the coupling between fast electrical signals
and slower intracellular signaling, ensuring complete organ recovery.

INTRODUCTION

Membrane potential (Vien) is a ubiquitous and essential property
of all cells, established by ionic fluxes across membranes (1). While
modulation of Vi has been shown to have a direct impact in de-
velopmental and regenerative processes (2-9), how these signals
instruct specific cellular behaviors is still scarcely understood.

In epithelia and epithelia-lined organs, individual cellular Vipem
assumes a collective, nonautonomous behavior, the transepithelial
potential (10, 11). On one hand, this effect stems from the polarized
distribution of ion pumps in apical versus basolateral epithelial cell
membranes, generating asymmetries in ion fluxes (12-14). On the
other hand, epithelial tissue layers can be electrically coupled by the
presence of gap junctions, which allow for rapid intercellular ion trans-
port (15, 16). Furthermore, epithelial sheets are often protective bar-
riers (17), a function that requires the presence of high-resistance
tight junctions between cells (18), contributing to the transepithelial
potential difference between the inside and outside of organs (19).

Upon organ injury, a prevalent aspect of multicellular life, the pro-
tective barrier is breached because of tight junction disruption, causing
lower resistance in the tissue, short-circuiting the organ’s transepithe-
lial potential (20-22). This results in collective ion leakage, generat-
ing an organ-outward wound current (21, 23-25) with magnitudes
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between 50 and 500 mV/mm (26, 27), which is essential for functional
organ healing across species (28-30), and can be long lasting for hours
(31). However, it remains elusive how cell-based ionic flows work as an
injury-sensing mechanism and, collectively, lead to tissue-scale electric
fields necessary for organ repair and regeneration.

Beyond wound currents, tissue damage is also known to induce
a set of transcription-independent early injury responses (32), many
conserved across species (33-43). Despite having different spatiotem-
poral dynamics, these signals convey damage recognition and relay
of such information throughout the tissue, activating downstream
repair processes (30, 34, 36-39, 41). In regeneration-competent or-
gans, the early injury responses are also linked to initiation of
specific transcriptional programs resulting in activation of cellu-
lar sources, enabling restoration of organ architecture and function-
ality (33, 44, 45). At the heart of such successful restoration is the
kickstart of cell proliferation in injured tissues (45).

Across fish species, perturbing ion flux invariably affects fin size
(25, 46-54), suggesting a role for electrical signals in controlling
processes such as cell proliferation and tissue growth. However, how
Vmem changes can regulate proliferation during organ development
and regeneration remains unknown. We therefore asked how does
organ damage affect tissue-scale bioelectrical states? How are elec-
trical signals spatiotemporally generated in tissues and sensed by cells
to promote organ (regenerative) growth?

Here, we applied ultraviolet (UV)-laser microdissection to pre-
cisely injure zebrafish larval fins while live imaging cellular respons-
es with subsecond resolution. This allowed us to quantitatively map
the spatiotemporal dynamics of Ve and calcium (Ca*h) signals
in vivo. We found that organ injury leads to an immediate tissue-
scale membrane depolarization gradient, followed by a diffusive
Ca®" wave. To understand the onset and propagation of these sig-
nals at milli- to second timescales in the finfold, we developed elec-
trodiffusive theory, coupling ion fluxes to tissue-scale Viey and
Ca®" dynamics. This clarified that the spreading and persistence of
these signals in the injured organ are rooted in ionic diffusion, pro-
viding a physical cause for the initiation and propagation of wound
currents and postinjury intracellular Ca** signaling in tissues.
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Manipulating Vinem and the ionic composition of the larval fins
interstitial fluid (IF) proved sufficient to not only alter the spatio-
temporal dynamics of injury-induced Ca’* signaling but also mod-
ulate tissue-wide cell proliferation and subsequent organ regrowth.
Unexpectedly, we found that Ve, depolarization prompts cell pro-
liferation within 1 hour postinjury, this being essential for successful
finfold repair and regrowth 3 days after.

At the molecular level, we identified that the injury-induced
Vmem-depolarizing signal is sensed and transduced by a conserved
transmembrane protein, voltage sensing phosphatase (VSP). Cell
autonomous VSP activity through lipid dephosphorylation at the
membrane is necessary and sufficient to trigger the cell prolifera-
tion observed at 1 hour postinjury, enabling complete organ repair.
Last, in the absence of damage, we show that stimulating VSP activ-
ity leads to longer finfolds, supporting a role for tissue-wide electri-
cal signals as a potential general mechanism contributing to organ
size. Our findings uncover a bioelectric injury-sensing mechanism
that conveys ultrafast cell-to-cell communication, necessary to initiate
organ regrowth.

RESULTS

A tissue-scale membrane depolarization gradient precedes a
Ca”* wavefront upon organ injury

To investigate the spatiotemporal dynamics of electrical signals elic-
ited by organ damage, we established an in vivo live imaging assay
joining optical electrophysiology tools with precise UV-laser micro-
dissection. This allowed millisecond resolution of tissue-scale signal
dynamics induced by injury in the 2-days postfertilization zebrafish
larval caudal finfold (Materials and Methods).

The 2-days postfertilization larval fin exhibits simple planar tis-
sue architecture, consisting of two adjacent epithelial layers that
enclose fibroblast-like cells and structural elements within its IF
(Fig. 1A and fig. S1C). The presence of tight junctions in the apical
epithelial layer of the finfold makes this tissue an effective barrier to
the extraembryonic environment (55, 56), guaranteeing high elec-
trical resistance (Fig. 1, A’ and B, and fig. S1A) (18). Notably, we find
that gap junctions are also restricted to this finfold layer (Fig. 1, A’
and B, and fig. S1B), providing electrical coupling (i.e., similar Viem)
among apical epithelial cells (15, 16).

We first focused on quantifying the postinjury dynamics of intra-
cellular Ca®*, given previous reports that it composes one of the ear-
liest wound signals that can direct cellular responses (30, 33-38, 43).
Applying our live imaging assay, we detected the formation of a
tissue-scale Ca”* wavefront as early as 100 ms postinjury, initiated
by wound-adjacent cells (Fig. 1C, fig. S2A, and movie S1). By com-
bining Ca®" signaling transgenics [Tg(ubb:GCaMP6f)™*”, i.e.,
ubb:GCaMP6f] with epithelial membrane reporter lines [apical epi-
thelial layer: Tg(—8.0cldnb:1ynGFP)Zﬂ°6, i.e., claudinb:Lyn-GFP; basal
epithelial layer: Tg(tp63:CAAX-GFP)™ 201378 e " tp63:CAAX-
GFP], we found that this wavefront concomitantly propagates in
both epithelial finfold layers up to ~120 pm from the wound (apical:
118.4 + 14.3 um, basal: 118.7 + 8.5 pm), slowing down and stopping
at ~5 s after injury (apical: 4.9 + 0.9 s, basal: 5.3 + 1.0 s) (Fig. 1D and
movie S1). At 15 s after injury, only wound-adjacent cells showed
elevated Ca®* levels. In the subsequent 30s, Ca** flashes occur in
single epithelial cells traversed by the wavefront (movie S1).

To understand the basis of the Ca®" wavefront activation, we mea-
sured the total intracellular Ca** intensity change per cell (Fig. 1E
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and fig. S2B) and extracted a characteristic time of Ca®* cell activa-
tion (Materials and Methods). We found a robust power-law depen-
dence between distance from wound and Ca*" activation time, with
a ~0.5 exponent in both finfold epithelial layers (apical cells: 0.48 +
0.02, basal cells: 0.46 + 0.01; Fig. 1F and fig. S2, C and D), indicating
diffusive (57) propagation of the Ca®" activation signal from the injury.
We then extracted diffusion coefficients per layer (apical: 1677 +
170 pm?/s, basal: 1877 + 179 pm?/s; Fig. 1F and fig. S2, C and D),
which are in comparable ranges to ion diffusivity in aqueous medi-
um [Na*t: 1334 pm?%/s, K*: 1957 pm?/s, and CI™7: 2032 pm?/s (58)].
Notably, this diffusive propagation is invariant to differences in in-
jury shape, size (fig. S3, A and B, and movie S2), or type (laser or
mechanical cut; fig. S3C and movie S3). Furthermore, analyzing the
Ca®* wave dynamics in transgenics expressing only ubb:GCaMP6f
ensured that these dynamics were not obscured by membrane green
fluorescent protein (GFP) signals (figs. S2C versus S12H and movies
S$10 and S11).

The subsecond Ca®* wavefront dynamics occurring in both fin-
fold epithelial layers suggested the presence of a signal that could act
faster than known chemical regulators arising upon injury (32). In
particular, the observed diffusive Ca®* dynamics pointed toward a
physical mechanism rooted in tissue-scale ion fluxes altered by or-
gan injury, i.e., a wound current (21, 23-25).

Motivated by the known coupling between Ca** signaling and
voltage changes in single cells, namely, neurons (59, 60), we asked
how the injury affects Viyem. To probe changes in Viem per epithelial
layer, we expressed a fluorescence resonance energy transfer (FRET)-
based voltage reporter, Voltron2 (61), into the previously used api-
cal or basal epithelial membrane reporter lines (Fig. 1, G and H; fig.
S4, A- and B; and Materials and Methods) and applied our live im-
aging injury assay.

Notably, at 100 ms after injury, we detected widespread membrane
depolarization in cells of both epithelial finfold layers, correspond-
ing to a spatially graded drop of Voltron2 fluorescence spanning
~200 pm from the wound (Fig. 1, H, I, and K, and fig. S4, A and B).
In contrast, at 100 ms, intracellular Ca** is only activated within 20 pm
from the wound (Fig. 1C). Over the next 5 s, Voltron2 intensity is
maintained (Fig. 1]), suggesting that cells remain depolarized, as the
Ca®" wavefront propagates through the finfold. By quantifying the
fractional change of Voltron2 intensity occurring after cut (-AF/
Funcuss Materials and Methods), we found that the spatial gradient of
Vmem depolarization displays an exponential profile with compara-
ble characteristic lengths [ for both epithelial layers (apical: 206 +
48 pm, basal: 187 + 24 pm; Fig. 1K and fig. S4, C to F). These results
establish that a tissue-scale depolarization gradient spatiotemporal-
ly precedes the Ca** wave in injured larval fins, and together, these
multiscale signals compose the earliest tissue-wide injury responses
yet detected.

Multicompartment electrodiffusion model explains voltage
and Ca”" injury responses

Our measurements of the larval fin injury responses led to two cen-
tral questions: How does a local lesion induce a widespread (~200 pm)
membrane potential response in a tissue within milliseconds (100 ms)?
How do Ca®" injury responses emerge on a different timescale than
voltage yet displaying activation dynamics similar to ionic diffu-
sion? To address these, we developed electrodiffusion theory in
multiple compartments to solve for the changes of ion fluxes and
electric potentials upon injury in the 2-days postfertilization larval
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Fig. 1. A membrane depolarization gradient and diffusive Ca>* wavefront are rapid organ-wide injury responses. (A) Zebrafish larva at 2 days postfertilization
(dpf), highlighting caudal finfold architecture, junctions (A’), and amputated region (red dash). (B) Micrographs of 2-days postfertilization finfold with annotated junctions
in apical (black) and basal (red) epithelial layers. (C) Two-days postfertilization finfold before and after cut in transgenics labeling intracellular Ca** (ubb:GCaMP6f) and
membranes of apical epithelial cells (claudinb:Lyn-GFP). Blue inset: Cellular detail. White lines: Ca®* wavefront. (D) Velocity of Ca®" wavefront versus position relative to
wound in apical (black) and basal (red) epithelia. Shades: SD. (E) Change of cytosolic Cca’t intensity (AF) versus time. Cyan: average. (F) Position of apical cells relative to
wound versus time of Ca>" wavefront (triangle) or flash (cross) activation. Shade: 25 to 75% percentile. Cyan lines: diffusive fit in linear scale (D: diffusion coefficient), linear
fitin log-to-log scale (right) (a: scaling exponent) (0.1 to 5 s). Cyan dash: diffusive fit at 0.1 to 20 s. (G) Voltron2 schematics. a.u., arbitrary units. (H) Left: Apical epithelium
of uncut 2-days postfertilization finfold labeled with Voltron2. Inset: Change of Voltron2 intensity (AF) in uncut. Right: Change of Voltron2 intensity (AF) at 0.1 s postcut.
Black inset: Cellular detail. (I) At 0.1 s postcut, changes of Voltron2 (line) or membrane fluorescence (dash) intensity (AF) versus position relative to wound, per epithelial
layer. (J) Average fractional drop of Voltron2 or membrane fluorescence intensity per cell over time (~AF/Fyncut)- Shades: SD. (K) At 0.1 s postcut, fractional drops of Voltron2
intensity (-AF/Fyncut) in apical or basal cells versus position relative to wound. Left: Mean and 25 to 75% percentiles. Right: Individual apical or basal cells. Cyan: exponen-
tial fits in linear (left) and log-to-linear (right) scales. Error: 95% confidence interval (Cl) of parameter fits. R% goodness of fit. N: number of larvae [(D), (F), (), and (J)]. n:
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fin. Our theory minimally describes this organ as an electrically cou-
pled epithelial sheet that separates the high-osmolarity IF (62, 63)
from the low-osmolarity extraembryonic environment (Fig. 2A).
The inherent leakiness of the tight junctions present in the finfold’s
apical epithelial layer at this developmental stage (55) allows for
paracellular ion fluxes (19) between the interstitial and extraembry-
onic spaces (Fig. 2A and note S1).

The injury leads to a sudden change of tissue boundaries: the
high and low osmolarity media from inside and outside the zebraf-
ish become connected (Fig. 2A"), inducing the short circuit of the
finfold’s transepithelial potential (20-22). This short circuit corre-
sponds to changes of individual cellular Ve, that are spatiotempo-
rally coupled in the tissue via electrodiffusive dynamics of cation (Na™*)
and anion (CI") species inside the finfold’s interstitial space (Fig. 2B
and note S1). Our model postulates that, upon injury, the electric
potential and ion concentration change at different timescales.

The first response, occurring at milliseconds, pertains to the elec-
tric potential and is faster than ion diffusion (58). Hence, the dy-
namics of electric potential reduces to that of cable theory (64, 65).
Here, cable theory represents the epithelium as a capacitor and re-
sistor in parallel, taking into account the conductivity of the IF
(Fig. 2B and note S2). Upon injury, the electric potential in the IF
relaxes to a quasi-steady state over 100 ms. After relaxation, it as-
sumes an exponential profile that decays over a characteristic length
I=4/D /A, set by the diffusion constant of ions D, and the param-
eter A, describing ion leakage through tight junctions. By explicitly
considering ion transport across the basolateral cell membrane fac-
ing the IF, we show that the potential difference across this mem-
brane is proportional to the transepithelial potential and therefore
also assumes an exponential profile (Fig. 2B, top graph). Using dif-
fusion constants of Na* and CI~, geometric parameters from the
finfold architecture (fig. S1, D and E) and the determined character-
istic length [ (Fig. 1K), we estimate the epithelial ion permeability to
be A= 0.05 s™! (note S3). For typical concentration of ions in the
zebrafish IF (62, 63), this corresponds to an epithelium resistance in
unit area of ~200 ohm.cm?, well within the range of values reported
for resistance of epithelial tissues (18).

At a slower timescale, seconds subsequent to injury, ion diffusion
takes place from the highly concentrated IF to the low-concentration
extraembryonic medium. Here, the dynamics of ions and electric
potential become coupled, being well described by effective diffusion
equations with a source term stemming from ion transport across
the larval fin’s apical epithelium (Fig. 2B and note S2). As a result, an
ionic concentration profile is established along the larval fin’s inter-
stitial space from the wound site (Fig. 2B, bottom graph). This spatial
concentration profile is predicted to drive the postwound intracellu-
lar Ca®* dynamics, leading to the observed diffusive activation wave
in the tissue.

To test whether the observed Ca** wave could originate from
sources alternative to our model’s proposed explanation, we per-
formed injury experiments, depleting the extraembryonic Ca* in the
media and blocking gap-junction pore formation. The postinjury
Ca”* wave dynamics remained unaffected in both situations (fig. S5
and movies S5 and S7), corroborating our models result that the ob-
served postinjury Ca®* wave is accounted for by the ion concentration
gradient dynamics established along the larval fin’s IF (Fig. 2, A" and B).

Last, to further understand the dynamics of the observed Ca**
injury responses at the single-cell level, we also developed a minimal
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nonlinear model that qualitatively captures the rising time and
amplitude decrease (Fig. 2C and note S3). This recapitulates an
activation front of intracellular Ca** with a close-to-ion diffu-
sion coefficient (Fig. 2D and movie S4). Moreover, the dispersion
of the experimental Ca** activation data (Fig. 1F and fig. S2C)
can be accounted for in a stochastic version of the model (fig. S18
and note S3). Together, our results put forward that the observed
postinjury dynamics of Ca** signaling are driven solely by the
electrical and ionic changes that take place inside the larval fin’s
interstitial space.

Potassium flux remodels organ-scale injury responses

Our physical model suggests that the observed Ca** wave is rooted
in the ionic changes occurring in the larval fin upon injury, i.e., the
wound current. We thus asked whether changing ion composition
and fluxes would spatiotemporally affect this injury response. We
focused on potassium (K*) because this ion plays a central role both
in setting the cellular V},er, (66) and is connected to fish fin size regula-
tion through activity of specific channels (47, 49-52, 54). Consider-
ing this, we incorporated K* into our model (note $4), predicting that
K* perturbations would lead to changes in the larval fin’s IF ionic
composition and modifying the cell's Vipep.

In the first prediction, considering the tight junction ion perme-
ability in the finfold’s apical epithelium and the low K* concentra-
tion in the finfold’s interstitial space (62, 63), the IF ionic composition
should change upon exposure to high extraembryonic K*, resulting
in altered electrodiffusive Ca** responses upon injury (note S4). To
test this, we incubated larvae in highly concentrated potassium chlo-
ride (high KCI) (Materials and Methods). By inducing injuries un-
der this condition, the Ca** wave propagated for more than 300 pm
in the finfold, threefold longer than wild type (WT) (Fig. 2, E and F;
fig. $6, A, B, and B'; and movies S8 and $9). This Ca®* wave also propa-
gated with a smaller diffusion coeflicient compared to WT (Fig. 2, G
and H), consistent with our theory (note S4).

Second, our theory also predicts a direct effect of high KCl on the
Vmem shared by the apical epithelial finfold cells, independently of
injury (note S4). This is rooted in a reduction of the K*’s cellular ef-
flux (66), given the high extraembryonic KCI concentration. By mea-
suring Voltron2 intensity while treating larvae with high KCI, we
verified that indeed the Ve, of apical epithelial cells becomes depo-
larized (fig. S6E). This treatment also led to a reduction of wound-
induced Ca®" flashes in the same finfold layer (Fig. 2H, fig. S7C, and
movie S9), reminiscent of neuronal systems where high KCI affects
single-cell Ca** flashes (60, 67).

In contrast, we rationalized that cellular K* efflux would be in-
creased with two known functional assays, leading also to Viem
hyperpolarization (47, 54, 68-71): kenh2a'"f gain-of-function
mutants, which present ectopic up-regulated expression of kcnh2a,
a K™ voltage-gated channel (51-53), and FK506 treatment, a Calci-
neurin inhibitor known to interact with kcnk5b K* leak channels,
maintaining them open (48, 49, 54). In both cases, injury led to
prominent Ca®" flash increase in the apical finfold epithelium
(Fig. 2J; figs. S6, Cand D', and S7, C and D; and movie S9). The Ca’t
wave, on the other hand, remained mostly unaffected under these
conditions (Fig. 2, I and J; and figs. S6, C and D’, and S7, A and B).
Together, we conclude that K* flux modulation is sufficient to mark-
edly remodel voltage and Ca** injury responses in space and time by
regulating the larval fin’s IF ionic composition and Vyem.
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Fig. 2. Potassium perturbations modulate tissue-scale Ca?* dynamics upon injury. (A) Electrodiffusive model for the apical finfold epithelium enclosing IF, before and
after cut (A'). (B) Top: Predicted changes of transepithelial potential versus position relative to wound within 100 ms. Bottom: Predicted changes of IF ionic concentration
versus position relative to wound between 100 ms and 15 s, with steady-state profile. Model equations obtained using electroneutral approximation of Poisson-Nernst
equations for two monovalent ionic species. See box for symbolic representations. (C) Top: Measurements of position-averaged changes of normalized cytosolic Ca* in-
tensity (AF/maxAF, maxAF = max value obtained from AF dataset, normalized per embryo) versus time. Bottom: Model calculated changes of the cytosolic Ca>* versus time.
(D) Diffusive fit to Ca>* front position versus time in experiments (line; from Fig. 1F) versus model (dash). (E) Two-days postfertilization fins at 10 s (left) and 30 s (right)
after cut in transgenics labeling intracellular Ca®* (ubb:GCaMP6f) and apical epithelial membranes (claudinb:Lyn-GFP) in E3 medium (top) or KCl-treated (bottom) condi-
tions. Cyan: Ca** wavefront. (F) Ca* front traverse distance in control (5 s) versus in KCl-treated larvae (45 s). Error bars: SD. (G and 1) Position-averaged changes of normal-
ized cytosolic Ca’* intensity (AF/maxAF) from apical epithelium versus time in high KCI (G) or kcnh20"’f/’°f(l). Insets: Condition-specific depiction of K* flux across epithelia.
(H and J) Position of apical epithelial cells relative to wound versus time of Ca®* wavefront (triangle) or flashes (cross) activation in high KCI (H) or kenh2a®”" finfolds (J).
Shades: 25 to 75% percentile. Cyan lines: diffusive fit in linear scale; linear fit in log-to-log scale (0.1 to 5 s). Cyan dash: diffusive fit at 0.1 to 20 s. Error: 95% Cl of parameter
fits. R%: goodness of fit. N: number of larvae [(F), (G), (1), and (K)]; n: number of cells [(C), (F), (H), (1), (J), and (K)]. Scale bars, 50 pm.
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Membrane potential regulates proliferation associated with
tissue growth

Our results show that electrical signals in the form of fast tissue-wide
Vmem depolarization arise upon organ injury. However, successful
organ repair often relies on cell proliferation to recover functionality,
which occurs over hours or even days postdamage (72, 73). While
electrical cues have been shown to trigger diverse cell behaviors in
injured tissues (2-6, 22-24, 28-30,74), it remains unclear how cells
can use fast changes of electrical signals to control slower organ growth.
To fill this gap, we extended our experimental assay to explore how
spatial Vyyen changes triggered by injury could be linked to prolifera-
tion and organ growth (Fig. 3A).

After injury at 2 days postfertilization, the zebrafish finfold re-
grows within 3 days, not only recovering the lost part of the tissue
but also compensating for developmental time by adjusting its growth
rates (45, 72, 75). In effect, upon amputation, this organ “catches up”
with its developmental age (5 days postfertilization), reacquiring
functional size, architecture, and patterning, without defects or tu-
mor formation (Fig. 3B and fig. S8, A to D) (45).

Damage-induced proliferation in the 2-days postfertilization larval
fin is reported to occur mostly within the first day postinjury (72).
By revisiting such data and labeling proliferative cells [5-ethynyl-
2'-deoxyuridine (EdU™)] in 2-hour intervals after injury, we found
two proliferation peaks occurring within 13 hours across all finfold
layers (Fig. 3, C to E): the first at 1 to 3 hours postamputation, span-
ning ~200 pm from the wound into the tissue (fig. S8, E and F), and
the second at 7 to 9 hours postamputation, occurring only at distant
positions from the wound (fig. S8, E and F). Spatial analysis further
showed that between 1 and 3 hours postamputation, proliferation
is higher within ~100 pm from the wound when compared to 7 to
9 hours postamputation (Fig. 3, E and F, and fig. S8, E and F).

The similar length scales between cell proliferation and Viyem de-
polarization in injured finfolds at 1 hour postamputation (100 pm,
considering the larger changes in membrane depolarization; Fig. 1K)
made us ask whether the electrical signals arising upon tissue injury
could trigger proliferation. To test this, we measured proliferation
and finfold size (Fig. 3A) under the ion flux perturbations tested
previously. In kenh2a"”' and FK506-treated larvae, both Vien-
hyperpolarizing conditions (47, 54, 68-71), the first proliferative
peak occurring after injury (1 hour postamputation) was impaired
without affecting proliferation at 7 hours postamputation (Fig. 3G
and figs. SOF and S10, F and G). This impairment is also evident
spatially, as no increase in proliferation is observed within 100 pm
from the wound (Fig. 3H) when compared to WT. The lack of cell
proliferation at 1 hour postamputation resulted in finfold length de-
fects observable in the first day postamputation (figs. S9, A to C/,
and S10, A to C’), ultimately leading to smaller larval fin sizes at
3 days postamputation (Fig. 3, I and J, and figs. S9, B, D, and E, and
§10, B, D, and E). These phenotypes appear specific to damaged fin-
folds because the perturbations applied did not influence develop-
mental proliferation or length of uninjured larval fins (figs. S9, A, B,
and G, and S10, A, B, and H).

In contrast, to understand whether tissue-wide Vyyep, depolariza-
tion (fig. S6E) can trigger proliferation and organ growth indepen-
dently of wounding, we exposed 2-days postfertilization zebrafish to
high KCl for 1 hour (Materials and Methods). Unexpectedly, in the
absence of injury, this treatment led to larval fin overgrowth (Fig. 3,
Kand L, and fig. S11B; 10% length increase) by amplifying finwide
proliferation (Fig. 3, M and N, and fig. S11E). Longer KCl treatment
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(Materials and Methods) also led to longer finfolds (fig. S11F). In
addition, upon injury at 2 days postfertilization, 1 hour of high KCI
exposure still resulted in recovery of larval fin size at 5 days postfer-
tilization (fig. S11, A to D). Inducing Viem depolarization by KCI
treatment was able to rescue the kcnh2a”'”f finfold regrowth phe-
notype (Fig. 3, I and J, and fig. SOH), suggesting that kcnh2a"""f
mutants are unable to trigger cell proliferation at 1 hour postampu-
tation due to the hyperpolarized Vi,.nm state, potentially caused by
increased cellular K* efflux (70, 71).

Overall, our results indicate that electric signals resulting from
wounding trigger the initial proliferative cellular responses neces-
sary for complete larval fin repair, and tissue-wide Vyer depolariza-
tion is sufficient to induce cell proliferation independently of wounds
within 1 hour.

VSP relays Vy,em depolarization into cell proliferation

Next, we set out to investigate the molecular effector that could
sense Vinem depolarization, transmitting such signals intracellularly
to initiate proliferation. Therefore, we probed the literature for can-
didate membrane proteins with voltage sensing domains, coming across
the conserved protein Voltage Sensing Phosphatase, VSP (76), encoded
in zebrafish by tpte (77, 78). This integral membrane protein becomes
active when its N-terminal voltage sensor domain detects large
Vmem depolarization. Its C terminus encodes a phosphatase, having
as substrates the lipids phosphatidylinositol (3, 4, 5)-trisphosphate
(PIP3) and phosphatidylinositol 4,5-bisphosphate (PIP2). VSP chang-
es conformation upon membrane depolarization above ~+40 mV,
activating its cytosolic phosphatase and dephosphorylating PIP3
and PIP2 (76, 79-81). In vitro studies have suggested that changes in
Vmem can trigger proliferation through remodeling of membrane
phospholipids (82), but the molecular sensor and effector of Viem
changes remain unknown. Consequently, we hypothesized that VSP
senses and transduces the injury-driven Ve, depolarization sig-
nals (Fig. 1H), leading to the observed cell proliferation at 1 hour
postamputation (Fig. 3C).

We found that VSP is expressed in the 2-days postfertilization
larval caudal finfold, being localized at the membranes of the apical
epithelial cells (Fig. 4A). This prompted us to further investigate
whether proliferation is spatially biased across the two epithelial fin-
fold layers. While during finfold development, proliferation occurs
mostly in the basal epithelium (83), upon injury, the number of api-
cal epithelial cells undergoing division unexpectedly increases, both
at 1 and 7 hours postamputation (Fig. 4B, cut). In contrast, the num-
ber of proliferating basal cells remains unchanged or even decreases
upon injury (Fig. 4B).

To test whether VSP is responsible for the proliferative response
occurring in the apical epithelial layer upon injury, we generated a
tpte CRISPR mutant that carries a stop codon in the 5" region of its
coding sequence (tpted’gzz; Fig. 4C). While homozygous tpte mu-
tants (i.e., tpte”’”) lack VSP expression (Fig. 4D, fig. S12A), they do
not show evident developmental defects (fig. S12, B to E). In con-
trast, injured ¢pte”’~ mutants are unable to successfully regrow their
larval fins by 3 days postamputation (Fig. 4, Iand ], and fig. S12, E to
G), similar to the observed kcnh2a”"f phenotypes (Fig. 3,1 and ).

Notably, within the first 11 hours postamputation in injured
tpte”’~ finfolds, we find only the first proliferative peak to be absent
(1 to 3 hours postamputation; Fig. 4, E to H, and fig. S12, I and J),
while the Ca®* wavefront remains unaffected (fig. S12H), indicating
that early injury responses still occur. We confirmed the specificity
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Fig. 3. Vmem changes regulate cell proliferation at 1-hour postinjury. (A) Finfold proliferation and regrowth assays. (B) Finfold lengths in development versus injury, 2
to 5 days postfertilization. (C) Percentage of proliferative (EdU™) per total cells [labeled with 4’,6-diamidino-2-phenylindole (DAPI™)] in uncut versus cut finfolds from
(D). Shades: proliferation peaks. Mean =+ 95% Cl. (D) Immunostainings labeling proliferative cells (yellow; EdU") and nuclei (gray; DAPI). (E) Heatmaps of finfold prolifera-
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KCl, at 3 days postamputation. (K) Uncut finfolds in WT and KCl-treated larvae. (L) Finfold lengths in uncut WT versus KCl-treated larvae. (M) Percentage of proliferative
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200 pum [(1) and (K)1. [(1) and (K)] pink dash: 5 days postfertilization uncut WT finfold length. [(F), (H), and (N)] line and shade: mean + SD. Zero: notochord tip. [(B), (J), (L), and
(M)] mean =+ SD. All statistics: ***P < 0.001; [(C), (G), and (J)] two-tailed, unpaired, nonparametric Mann-Whitney tests; (L) two-tailed, unpaired, parametric t test.
n: number of embryos. [(F) and (H)] Dash line indicates cut position. w.r.t., with relation to; h, hours.
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of the tpte™~ phenotypes by combining transgenics that condition-
ally overexpress WT VSP with tpte™’~ (Materials and Methods), ob-
serving a rescue of the injury-triggered finfold size defects at 3 days
postamputation and excluding potential off-target effects (Fig. 4, I
and J, and fig. S13, A to C, rescue).

The above observations suggest that loss of VSP in tpte™™ im-
pairs intracellular transduction of Vi depolarization triggered by
finfold injury, decreasing cell proliferation at 1 hour postamputation
and causing larval fin size defects by 3 days postamputation (fig. S12,
L to O). To confirm that VSP is the molecular effector that relays
Vmem depolarization into cell proliferation independently of injury,
we triggered tissue-wide Viyem depolarization by high KCl exposure
in tpte”’~ uncut larval fins. Here, mutant finfolds do not display in-
creased proliferation in contrast to WT (Fig. 4K and fig. S12K). We
conclude that VSP specifically senses and converts Ve depolariza-
tion signals into cell proliferation.

Last, to test whether modulating VSP activity can trigger organ
growth independently of injury, we generated conditional transgen-
ics that overexpress a modified version of VSP upon heat shock
(VSP-OE; Materials and Methods). This enhanced VSP version has
increased membrane recruitment and phosphatase activity, being more
efficient in depleting PIP2 from the plasma membrane (81). Overex-
pressing this form of VSP in uncut 2-days postfertilization larval fins
(Fig. 4L, fig. S13, H to ], and Materials and Methods) results in lon-
ger finfolds at 5 days postfertilization (Fig. 4, M and N, and fig. S13D),
presenting a similar 10% finfold length increase such as in KCI-
treated larvae (Fig. 3L). Analogously, activating VSP-OE in injured
fins also leads to finfold size recovery at 3 days postamputation
(fig. S13, D to G). Together, our experiments show that VSP is the
molecular effector that couples membrane potential depolarization
signals into cell proliferation, being both necessary and sufficient to
achieve complete larval fin repair.

DISCUSSION

Our work reveals that the earliest organ-scale wound responses are
closely instructed by the intrinsic bioelectrical state of tissues, con-
ferred by dynamic regulation of the cellular membrane potential. Tissue-
scale Vipem depolarization occurs immediately upon organ injury,
initiates proliferation, and, consequently, fast-tracks organ repair.
These Vyem changes are sensed by a voltage-sensing protein, VSP,
which converts Ve depolarization into intracellular chemical re-
sponses, resulting in controlled proliferation. This coupling primes
the injured organ for functional size recovery.

Using subsecond-resolved live imaging while precisely injuring
zebrafish larval fins, we measured unprecedented tissue-scale Viyem
and Ca”** dynamics that constitute the fastest detected organ injury
signals yet (100 ms) (Fig. 1, C to F and H and I). When combining
these measurements with a developed electrodiffusive model (Fig. 2,
A to D), we captured multitimescale dynamics of the early injury
signals in tissues, inaccessible in previous frameworks—often these
are modeled using equations borrowed from single neuron dynam-
ics (10, 84, 85). Our approach uncovered two timescales occurring
after tissue damage: a millisecond response under quasistatic ionic
concentration profiles, due to Vinem short circuiting caused by injury,
and a second response occurring in the seconds after, resulting from
the electrochemical interplay of ion diffusion and transport across
the larval fin’s epithelium. Together, these two timescales provide

Liu et al., Sci. Adv. 12, eaec0687 (2026) 4 February 2026

the physical basis for the initiation and propagation of wound
currents and postinjury intracellular Ca** signaling in tissues, two
damage responses highly conserved across eukaryotes (21, 23-
25, 30, 33-38, 43). Our theoretical framework also clarified that for
these general injury-driven tissue responses to occur, the key pa-
rameters driving the observed spatiotemporal dynamics are the tis-
sue’s permeability to ions, regulated usually through tight junctions
(17) and the organ’s IF ionic concentration.

Despite the Vinem of both larval fin epithelial layers becoming
depolarized upon injury, we found that depolarization-induced cell
proliferation occurs solely in the apical epithelial layer, due to VSP
expression (Fig. 4A). While the layer-specific expression of VSP re-
mains enigmatic, understanding whether its location is restricted to
tissues that are injury prone will likely be relevant to enhance the
proliferative capability of tissues with low regenerative potential.
Furthermore, as VSP expression is conserved across tissues and spe-
cies, including humans (76, 86), its functional role is likely to be
broad and not confined to epithelia or zebrafish larvae.

Our data further show that VSP acts within 1 hour postinjury to
transduce electrical signals into cell proliferation (Fig. 4, E to G),
suggesting a transcription-independent downstream cascade. Previ-
ous in vitro studies have connected membrane depolarization to
proliferation through lipid remodeling and K-ras signaling (82). Fu-
ture work addressing the possible link between VSP activation, PIP
membrane levels, and mitogen-activated protein kinase spatiotem-
poral dynamics will enable a closer investigation of the dynamics of
cell proliferation activation in injured fins. While here we uncovered
that early organ-wide proliferation dynamics are controlled by elec-
trical signals at 1 hour postinjury, we also observed that at 7 hours
postinjury, cells proliferate independently of the described voltage-
sensing mechanism (Fig. 4F). Given the timescale, this second
proliferative peak is consistent with transcriptional activation of
proregenerative signaling (45, 75, 87). The rapid onset of prolifera-
tion at 1 hour postdamage proved essential for the organ to recover
its complete morphology 3 days later, suggesting that such early in-
jury signals may be important for further downstream processes.

We observed similar phenotypes in tpte™~ and kenh2a”" mu-
tants: In both genetic backgrounds, cell proliferation is impaired at
1 hour postinjury, resulting in incomplete organ growth (Figs. 3G
and 4F). A working hypothesis is that in both cases, VSP cannot re-
lay the membrane depolarization signal intracellularly into cell pro-
liferation. While in tpte™", this is due to lack of VSP expression, and
in kenh2a'”f, due to the nature of this gain-of-function mutation,
cellular K* efflux should be generally increased, hyperpolarizing
the resting membrane potential of the tissue (47, 54, 68-71). Given
this hyperpolarized Vyem baseline, upon wounding, the induced
Vmem depolarization may not be sufficient to trigger VSP activation,
known to occur at a Ve, threshold of ~+40 mV in zebrafish (76, 79,
81). Furthermore, our current interpretations of the tpte”’~ and
kenh2a""f proliferation phenotypes are based on the level of Vinem
depolarization that the injury triggers. In W, this depolarization
seems to be large enough to trigger VSP at least in the first 100 pm
from the wound and at least for 5 s, as highlighted by our Voltron2
experiments (Fig. 1, K and J). We cannot, however, exclude that
lower-than-detected Vinem depolarization can trigger VSP activity,
resulting in apical cell proliferation further away from the wound
and justifying the tpte”’~ spatial distribution proliferation pheno-
types at 1 hour postamputation.
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Both kcnh24a'” and FK506 treatments have been found to pro-
mote fin outgrowth in adult zebrafish and other fishes (47-49, 51,
52, 54). This apparent discrepancy with our larval fin findings (Fig. 3])
could be due to differences in the cell types that respond to injury:
Our larval system regrows by essentially promoting epithelial prolif-
eration (Fig. 4B), instead of a classic dedifferentiated, proliferative
mesenchymal blastema structure (73, 88). Deciphering the electro-
chemical dynamics of Viyem and ion fluxes in the adult mesenchymal
blastema, especially considering the timescale of that regenerative
process (2 weeks), is an exciting frontier to be explored.

Last, inducing tissue-wide membrane depolarization by KCI treat-
ment or mimicking such an effect by overexpressing VSP with en-
hanced activity led to longer finfolds (Fig. 3L and 4N). We deem that
controlled cell proliferation upon Vyem, depolarization could indeed
act as a general mechanism affecting organ size beyond contexts in-
volving injury and repair.

Building on recent discoveries of bioelectrical processes at the
heart of critical cellular and organismal functions (8, 9, 11, 30, 52, 5
3, 84, 89, 90), our work suggests that electrical regulation at the col-
lective is a prevalent physically driven mechanism for organs in the
need of rapid cell-cell communication and signal transduction. Our
study opens an avenue for resolving the spatiotemporal interplay
between fast electrical signals and slower biochemical signaling un-
derlying organ repair mechanisms.

MATERIALS AND METHODS

Ethics statement

This study followed European Union directives (2010/63/EU) and
German law, with license no. TVV52/2021—“Generierung von
Zebrafischlinien zur Untersuchung der Grofe und Form von Organen
und Organellen.” Genetic engineering work was carried out in an S1
area [Max Planck Institute of Molecular Cell Biology and Genetics
(MPI-CBG), S1-Labore 4., Az.: 54-8451/103, project leader R. Mateus],
following guidelines according to section 21, paragraph 1 of the
German Genetic Engineering Act, and within projects 01-03 from
the Mateus laboratory, according to section 28 of the German Ge-
netic Engineering Safety Ordinance.

Zebrafish lines and maintenance

All zebrafish (Danio rerio) lines were maintained in a recirculating
system with a 14 hours/day, 10 hours/night cycle at 28°C. Crosses
were performed with 3- to 12-month-old adults. Embryos were kept
in E3 zebrafish embryo medium (91) at 28.5°C until the desired de-
velopmental stage was reached. We used the following transgenics
either in WT AB or lo;}gﬁnm 2 (i.e., kenh2d' " (92) backgrounds:
Tg(-8.0cldnb:lynGFP)?'% (93) (i.e., claudinb:Lyn-GFP) for labeling
the finfold’s apical epithelial cell layer (periderm); Tg(tp63:CAAX-
GFP)" 4201318 (94) for labeling the finfold’s basal epithelial cell layer;
and Tg(actb2:LY-tdTomato)? 25418 (e, b-act:lyn-tdTomato) to label
all membranes (95).

tpte®®9?? mutant

1‘pteChg22 CRISPR mutants were generated as described previously (96).
Briefly, trans-activating CRISPR RNAs (tracrRNAs) were designed
for specific loci of the tpte gene (Ensembl ID: ENSDARG000000
56985) using predesigned crRNAs (Integrated DNA Technologies).
Several crRNAs were tested for ribonucleoprotein (RNP) mutagen-
esis and were chosen considering where the start codon is located,
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as well as high on-target and low off-target scores. The most efficient
crRNA tested was located on exon 5 of the zebrafish tpte canonical
transcript, with target sequence 5'-CACGGAGCAATACATCGATG-
3’ (IDT, Dr.Cas9.TPTE.1.AC). The crRNA was annealed with an equal
molar amount of tracrRNA (IDT, #1072533) and diluted to 57 pM
Duplex buffer (IDT, #11-01-03-01), generating the single guide RNA
(sgRNA). The sgRNA was mixed with the Cas9 protein (Alt-R S.p.
Cas9 Nuclease V3, 1081058, IDT; 61 pM stock) in equimolar amounts,
generating a 28.5 pM RNP solution. To improve mutagenesis effi-
ciency, the mix was kept overnight at —20°C before injections the
following day. One-cell stage Tg(ubb:GCaMP6f)™'?**° embryos were
injected with 1 nl of the RNP mix and grown to adulthood. Found-
er fish containing frameshift mutations were identified by geno-
typing the resulting F1 progeny, resulting from outcrosses with WT
AB fish. The mutant fish show a 4-base pair (bp) deletion in exon 5
(Fig. 4C).

Transgenic line generation
All transgenesis was performed using the Tol2 transposon system
and Gateway cloning (97, 98) technology. For Tg(Hsp70:CiDr-VSP-
wt-mCherry)"$**18 we used the CiDr-VSP-wt-mCherry pcDNA3.1
plasmid81 as a tem};late for subcloning. For Tg(Hsp70:CiDr-VSP-
L223f-mCherry)$?18 generation, we used the CiDr-VSP-L223F-
mCherry pcDNA3.1 plasmid (Addgene, #140892) (81) as a template
for subcloning. The CiDr-VSP-WT-mCherry and the CiDr-VSP-
L223F-mCherry fragments were amplified using primers contain-
ing attB1 and attB2 sites: 5'-GGGGACAAGTTTGTACAAAAAAG
CAGGCTTA-atggagggattcgacggttca-3’ (forward) and 5'-GGGGAC
CACTTTGTACAAGAAAGCTGGGT Tttactt-gtacagctcgtccatgec-
3’ (reverse). The 2494-bp amplified products were purified using a
polymerase chain reaction (PCR) cleanup kit (Promega, #A9281) and
recombined with pDONOR221 [Tol2kit, #208 (98)] in a BP reaction
(BP Clonase II enzyme mix, Invitrogen, #11789020). The resulting
middle entry clones, pME_CiDr-VSP wt-mCherry and pME_CiDr-
VSP L223F-mCherry, were then recombined in independent LR re-
actions (LR Clonase II Plus enzyme, Invitrogen, #12538120) using
p5E-hsp70 (Tol2kit, #222), pDEST-Tol2pA_myl7:EGFP (R4-R3)
(Tol2kit, #395), and p3E-polyA (Tol2kit, #302), to generate the final
constructs, T2_Hsp70:CiDr-VSP-wt-mCherry_pA_myl7:GFP and
T2_Hsp70:CiDr-VSP-L223F-mCherry_pA_myl7:GFP. One-cell stage
WT AB embryos were injected with 25 pg of the final construct, 25 pg
of Tol2 transposase mRNA, and 10% phenol red. At 2 days post-
fertilization, injected embryos were screened for GFP expression in
the heart (driven by the myl7 selection marker) using an Olympus
SZX16 fluorescence microscope and subsequently grown to adult-
hood. Founder fish were identified by screening F1 progeny for selec-
tion marker fluorescence, resulting from outcrosses with WT AB fish.
For the Tg( ubb:GCaMP6f)m12 ® line, an attB1 primer (5'-GGGG
ACAAGTTTGTACAAAAAAGCAGGCTGAACCGTCAGATCC-
GCTAG-3’) including Kozak sequence was used to amplify GCaMP6f
(Addgene, #40755 pGP-CMV-GCaMP6f) (99). The ubb promoter
[3.5 kb (100); Addgene, #27320] was inserted into the pENTR5’
plasmid. pENTR5’ (ubb), pME (GCaMP6f), and pENTR3’ [polyad-
enylate (polyA)] sequences were then cloned into the pDestTol2pA2
plasmid via an LR clonase reaction (Gateway LR Clonase Plus enzyme,
Thermo Fisher Scientific, #12538120). Plasmid DNA (25 ng/pl) and
Tol2 transposase mRNA (50 ng/pl) were coinjected into single-cell
stage embryos (nacre™~ background). F2 or later generations in
WT AB background were used for this study’s data acquisition.
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Genotyping

Genomic DNA from clipped tail fins from adult zebrafish was extract-
ed using the Kapa Express Extract kit (Kapa Biosystems) according
to the manufacturer’s protocol. This was followed by performing
PCR with KAPA2G Robust HotStart ReadyMix (Kapa Biosystems).
For 1‘ptechg22 genotyping, the following primers were used: 5'-GTTT
TCGGTGAGTGGCATAC-3' (forward)and5'-GTTACTGTTAGTC
TTACGAGC-3' (reverse). Resulting PCR products from either mu-
tant were sent for sequencing and sequences analyzed using Snap-
Gene (v7.1).

For longfin”? genotyping, the following primers were used on the
basis of (52): wt_breakp_fwd, 5'-cgttgaatcaccgttgaaatgec-3'; lof_breakp_
fwd, 5'-ggccttgttaagetcaagtg-3'; and breakp_rev, 5'-ggtttcgatatgtggcaga-
tttaagg-3'. Primer pairs were used in combination in two concomitant
PCRs (alternating only the forward primer), resulting in PCR prod-
ucts of 522 bp (wt_breakp_fwd and breakp_rev, amplifying a WT
sequence) and 526 bp (lof_breakp_fwd and breakp_rev, amplifying
the lof sequence) for heterozygous fish, and only the 526-bp product
for homozygous fish. Given that lof is a dominant mutation (92),
adult fish with fins that displayed WT dimensions were phenotyped
and not genotyped. Genotyping was performed to identify hetero-
zygous and homozygous fish despite phenotypic differences in fin
lobe size.

Voltron2 cloning, mRNA synthesis ,and

embryo microinjection

The construct pCS2 + _Voltron2 was generated by subcloning from
pGP-pcDNA3.1 Puro-CAG-Voltron2 (Addgene, #172909) (61) with
Gateway technology (97, 98). Briefly, the Voltron2 fragment was am-
plified using primers containing attB1 and attB2 sites: 5'-GGGGA-
CAAGTTTGTACAAAAAAGCAGGCTTAatggctgacgtggaaaccg-3’
(forward) and 5'-GGGACCACTTTGTACAAGAAAGCTGGGTTt-
tacacctcgttctcgtagcagaac-3’ (reverse). The 1720-bp amplified product
was purified using a PCR cleanup kit (Promega, #A9281) and recom-
bined with pDONOR221 [Tol2kit, #208 (98)] in a BP reaction (BP
Clonase II enzyme mix, Invitrogen, 11789020). The generated middle
entry clone, pME_Voltron2, was then recombined in a LR reaction us-
ing pCSDEST (Tol2kit, #201) (LR Clonase II Plus enzyme, Invitrogen,
12538120) to generate pCS2 + _Voltron2. To make Voltron2 mRNA,
the pCS2 + _Voltron2 vector was linearized with NotI (New England
Biolabs) and transcribed using the SP6 mMessage Machine Kit
(Invitrogen, #AM1340) according to the manufacturer’s instructions.
The same procedure was applied for Tol2 transposase mRNA syn-
thesis, generated from a pCS2FA-transposase plasmid (98). mRNAs
were aliquoted and stored at —70°C until use. One-cell stage WT AB
or claudinb:lyn-GFP transgenic embryos were injected using stan-
dard procedures with 150 to 200 pg of Voltron2 mRNA. Embryos
were left to develop at 28.5°C until the desired stage. A PV-820 Pico-
injector (World Precision Instruments) and a Narashige microma-
nipulator were used for microinjection.

GAP27 peptide heart injections

To inhibit pore formation of gap junctions, 0.5 mM Gap27 peptide
(700 pg per embryo) (Tocris, #1476) was injected in the heart of
2-days postfertilization larvae as previously described (101). Control
embryos were injected with a mix of water and phenol red without
GAP27 peptide. Briefly, 1-mm borosilicate glass needles (Premium
thin Wall Borosilicate Capillary Glass, OD 1.0 mm, ID 0.78 mm,
Harvard Apparatus, #640778) were pulled with a TCF Sutter “9” to
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the inner diameter of 15 pm, with a bevel at 30°C and a spike, to fa-
cilitate piercing into the zebrafish skin. Embryos were anaesthetized
with 20 mg/ml of tricaine (102) and were placed against a glass slide
in a plastic petri dish with the head facing the slide, the needle was
positioned at a 30° to 45°C angle with respect to the heart, and it was
introduced in the atrium without piercing the yolk. Embryos were
imaged 5 hours after injection due to known connexin turnover
(103, 104). A PV-820 Pico-injector (World Precision Instruments)
and a Narashige micromanipulator were used for microinjection.
Two independent experiments were performed, with different bio-
logical replicates per condition.

Chemical treatments
Before all chemical treatments, embryos were manually dechorionated.

Voltron2 labeling with Janelia Fluor 552

Embryos injected with Voltron2 mRNA were incubated with 500 nM
Janelia Fluor Dye 552 (JF552)-HaloTag ligands in E3 with 0.5% di-
methyl sulfoxide (DMSO) at 36 hours postfertilization for 12 hours.
The dye was then washed twice for 10 min with 4 ml of E3 with 0.5%
DMSO. Embryos were screened for fluorescence (Olympus SZX2
with a X-Cite Series 120PC QLED lamp, ET 630/75 bandpass) be-
fore mounted for live imaging in 0.5% low-melt agarose (E3).

Ca**-free E3 medium

Ca**-free 1x E3 medium (dissolved from 60x solution: 34.8 g of NaCl
+1.6 g of KCl 4 9.78 g of MgCl,-6H,0 in 2 liters of H,O) was prepared
and used to incubate embryos for 5 hours before imaging. Up to 40
embryos were incubated per 15 ml of medium. Embryos were mount-
ed for live imaging in 0.5% low-melt agarose (Ca**-free E3).

High KCl supplement

KCl-supplemented medium consists of highly concentrated KCI in
E3 medium [135 mM, ~282 mosmol/liter, and considered isotonic
to the finfold’s IF (30)] (5.032 g of KClI dissolved in 500 ml of E3,
Supelco, CAS #7447-40-7). For Ca** wave imaging, two treatment
conditions were used, where no harmful side effects were noted in
embryos: i) overnight incubation and ii) 1-hour incubation. For the
overnight treatment, embryos were incubated in KCl-supplemented
medium at 36 hours postfertilization for 12 to 18 hours until imaging
of Ca®* wave (Fig. 2, G and H). Up to 40 embryos were incubated
per 15 ml of KCl-supplemented medium. After the incubation, em-
bryos were mounted for live imaging in 0.5% low-melt agarose (made
with KCl-supplemented E3 medium). Under this overnight KCl
treatment condition (without cutting), we also observed longer caudal
finfolds at 5 days postfertilization (fig. S11F) that suggests that an
increase in cell proliferation took place.

To capture proliferation events in response to depolarization, we
treated uncut embryos with 135 mM KCl for 1 hour and cut embryos
for 1 hour before amputation and 1 hour after amputation. Both
treatments were followed by EdU (see below). We also examined the
injury-induced Ca** wave response under this 1 hour KCl treat-
ment condition. To do this, we mounted 48-hours postfertilization
embryos in 0.5% low-melting agarose (E3 medium) and then per-
fused in the dish KCl-supplemented medium at 1 hour before UV-
laser microdissection and live imaging. Under control conditions,
only E3 medium was perfused. Under this condition, we found that
Ca®" wave still stops at >300 pm away from the cut (fig. S11, G and H),
agreeing with the threefold increase displayed under the overnight
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KCl treatment condition. While osmotic effects may occur after the
injury electric responses [90 s to minute timescale (30)], the KCl
treatment(s) applied here did not disrupt regeneration and promot-
ed finfold growth (Fig. 3, K to N, and fig. S11).

For finfold regrowth assays, uncut embryos were incubated with KCI
for 1 or 12 hours, and cut embryos were further incubated for 1 hour
following amputation. Embryos were then returned to E3 medium.

For Voltron2 imaging, KCI was supplemented during spinning
disk live imaging by pipetting a small volume (50 pl) of 2700 mM
KCl in E3 medium to a large volume (950 pl) of E3 medium, with
the fish mounted in 0.5% low-melting agarose (in E3 medium), lead-
ing to a final concentration of 135 mM KCI. For this condition, a
fraction of embryos does not survive the high KCI shock, when pi-
petting was too fast or applied too close to the mounted fish. Only
embryos that do not show an adverse effect 1 hour after KCl applica-
tion were included in data analysis (fig. S6E and S15).

FK506

Embryos were incubated with 10 pM FK506 (Sigma-Aldrich, #F4679)
(105) at 36 hours postfertilization for 12 to 18 hours before live
imaging. Up to 40 embryos were incubated per 15 ml of FK506-
supplemented medium. After the overnight incubation, embryos
were mounted for live imaging in 0.5% low-melting agarose (FK506-
supplemented E3 medium). For regeneration and proliferation as-
says, FK506 was washed at 1 hour postamputation.

Spinning disk live imaging and UV-laser microdissection
Before imaging, embryos were anesthetized with 0.1% Tricaine (MS-
222, Sigma-Aldrich) dissolved in E3 medium. Anesthetized embryos
were mounted in 0.5% low-melt agarose (Sigma-Aldrich) contain-
ing 0.1% Tricaine in glass bottom dishes (CellView). Live imaging
was performed at 28.5°C (stage-top incubator) using a spinning disk
confocal microscope equipped with a Yokogawa CSU-X1 scan head
(25x water immersion objective and 0.8 numerical aperture, paired
with an objective heater also at 28.5°C) connected to a Zeiss camera
(Axiocam 705 mono). Images were acquired using the Zeiss ZEN
(3.2 Blue) software.

Caudal finfold microdissection was performed via 355-nm laser
ablation (1-kHz repetition rate, max 42-pJ pulse power, and 1-ns
pulse length) implemented through a Rapp OptoElectronic module
that is scanner based coupled to the microscope. The Rapp module
runs on the SysCon2 software (2.3.1), also coupled to the ZEN soft-
ware through the Image Transfer function. For Ca** imaging,
GCaMP6f and membrane marker (apical: claudinb:Lyn-GFP; basal:
tp63:CAAX-GFP) signals were excited with 488 nm and collected
via band pass (BP) 535/30. For Voltron2 imaging, Voltron2:JF552
signals were excited with 561 nm and collected via BP 629/62. Con-
tinuous imaging (100 ms per frame) in a single z plane was performed,
while ablation was triggered at a prespecified time frame (with a
long pass beamsplitter T387LP in place). The scanning speed and
position of the ablation laser are kept invariant across embryos, such
that the microdissection takes place at ~50 pm away from the tip of the
finfold and the triggered ablation laser traverses the tissue in 100 ms.
The ablation laser power was estimated and adjusted per embryo to
minimize positional shifts and cavity bubbles (due to excessive heat-
ing) while generating a line wound.

While most UV-laser ablation experiments were performed us-
ing the continuous-imaging setting described above (Figs. 1 and 2;
fig. S2, S4, S5, A and C, and S6; and movies S1, S5, S7, S8, and S9),
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the experiments in figs. S3 and S5B and movies S2 and S6 followed
a UV-laser ablation regime where time-lapse imaging before and af-
ter laser ablation were executed as two separate experimental blocks.
In this setting, the first frame of the second continuous imaging block
(130 ms per frame) was taken as 0 s.

For Voltron2 measurements while applying high KCI, continu-
ous imaging (3 s per frame) in a single z plane was performed, as KCI
was pipetted at a prespecified time frame. Apical epithelial mem-
branes (claudinb:Lyn-GFP, 488-nm excitation, and BP 535/30) and
Voltron2:JF552 (561-nm excitation and BP 629/62) signals were taken
sequentially during the time series. Live imaging was repeated at
least five times with different biological replicates per condition and
zebrafish line.

Embryo heat shocks

Heat shocks were performed at 37°C for 1 hour in a water bath,
where up to 100 embryos were placed into a petri dish containing 30 ml
of E3. For VSP overexpression experiments with Tg(Hsp70:CiDr-
VSP-1223 —mCherrbeg 312) (VSP-OE) and Tg(Hsp70:CiDr-VSP-wi-
mCherry* 2241g, tpte_/ ~) (rescue), two heat shocks were performed: the
first at 31 hours postfertilization, and the second at 42 hours postfer-
tilization. Embryos were sorted for fluorescence and/or amputated
after 6 hours from the last heat shock (48 hours postfertilization). Two
to three independent experiments were performed, with different
biological replicates per condition.

Mechanical amputations

Mechanical finfold amputations were performed at 48 hours post-
fertilization, as described previously (72, 75). Before amputation,
embryos were anesthetized with 0.1% Tricaine (MS-222, Sigma-
Aldrich) dissolved in E3 medium.

Finfold regrowth assay

To study the effects of all perturbations (drugs, mutants, and overex-
pression) during regrowth after injury, finfolds were amputated with
a 15-mm surgical razor blade (Braun) at a position posterior to the
notochord. After, embryos were returned to E3 medium and incu-
bated at 28.5°C until desired developmental stages, when they were
further processed for live imaging, immunostaining, or prolifera-
tion assays. When live imaged, uncut and cut larvae were placed in
a 96-well plate (CellView) in E3 with anesthetic and imaged in
bright-field mode with an automated live cell confocal microscope
CellVoyager CV7000 (Yokogawa) with a 4X/0.16 air objective at 2, 3
and 5 days postfertilization. Embryos were returned to E3 medium
without anesthetic at the end of each imaging session. Two or three
independent experiments were performed, with different biological
replicates per condition.

Stereoscope Ca’* imaging following finfold injury

To live capture Ca" signals following mechanically induced inju-
ries, anesthetized fish were placed in a plastic petri dish (Greiner
Bio-One), and finfolds were wounded with a handheld plastic pi-
pette. Videos were taken with an iPhone 13 connected to the eye-
piece of a stereoscope (Olympus SZX2 with a X-Cite Series 120PC Q
LED lamp, ET 510 bandpass) by a smartphone adapter (Doérr SA-1).

Proliferation assay
To label proliferating cells, the EQU Click-iT Alexa Fluor 647 fluo-
rophore kit (Thermo Fisher Scientific, #C10340) was used. Briefly,
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larvae from different developmental or amputation time points were
incubated at 4°C in E3 medium with 500 pM EdU in 10% DMSO for
1 hour. Embryos were then washed three times with E3 and fixed
overnight in 4% paraformaldehyde at 4°C. After whole-mount im-
munostaining with anti-p63 to label basal epithelial cells, EAU de-
tection was performed as per the manufacturer’s protocol. Embryos
were stored in 80% glycerol and 2% DABCO (Sigma-Aldrich) at 4°C,
protected from light until imaging.

Immunofluorescence

Whole-mount immunostainings were performed as previously de-
scribed (72). The primary antibodies used were rabbit anti-p63
(1:200; Abcam, #ab97865), mouse anti-VSP (1:100; BIOZOL, #75-
485), rabbit anti-mCherry living colors (Clontech, #632496), mouse
anti-ZO-1 (Thermo Fisher Scientific, #339100), mouse anti-E-cadherin
(BD Bioscience, #610181), and rabbit anti-Cx43 (Cell Signaling,
#3512S). The secondary antibodies used were Alexa Fluor 488 goat
anti-rabbit (Life Technologies, #A11034), Alexa Fluor 488 goat anti-
mouse IgG2a (immunoglobulin G 2a; Thermo Fisher Scientific,
#A21131), Alexa Fluor 488 goat anti-mouse (Life Technologies,
#A11001), Alexa Fluor 594 goat anti-mouse IgG2a (Thermo Fisher
Scientific, #A21135) (all used at 1:500 dilution). 4’,6-diamidino-2-
phenylindole (DAPI; #D9564, Sigma-Aldrich) was incubated with
the secondary antibodies at 1:1000 dilution. Immunostainings were
repeated at least two times with different biological replicates per
marker and condition. Embryos were mounted for imaging in 0.5%
low-melting agarose (Sigma-Aldrich, A9414) diluted in E3 or 80%
glycerol and 2% DABCO (Sigma-Aldrich) diluted in phosphate-
buffered saline.

Images were acquired with an inverted Zeiss LSM 880 AiryScan
point-laser scanning confocal microscope equipped with a C-
Apochromat 40x/1.2 water immersion objective (Zeiss) or a Zeiss
Cell Discoverer with a Plan-Apochromat 50x/1.2 water immersion
objective (Zeiss). For imaging connexin43 stainings, we used a Zeiss
Lattice Lightsheet 7 equipped with a 13.3x/0.4 water immersion il-
lumination objective and a 44.83%x/1.0 water immersion detection
objective, allowing isometric voxel resolution. Images were acquired
using the software ZEN Blue (v3.10.103) for the light sheet and soft-
ware ZEN 2011 Black edition and ZEN Blue v. 3.6.095.09000 for laser
scanning confocal systems. Two or three independent experiments
with different biological replicates were performed per marker and
condition.

Transmission electron microscopy

Two-days postfertilization WT AB larvae were fixed in 2% parafor-
maldehyde, 2% glutaraldehyde, and 50 mM Hepes (pH 7.2) at room
temperature for 1 hour and then transferred to 4°C overnight. Then,
the fixative was washed 3 X 5 min with 50 mM Hepes and rinsed
with water before contrasting with reduced osmium tetroxide [1%
050, (Electron Microscopy Sciences, EMS) and 1.5% K" ferrocya-
nide (Sigma-Aldrich)] in water for 1 hour at room temperature.
Samples were then washed at least three times with ultrapure water
between each staining and contrasting step. Staining was enhanced
by incubation with 0.2% tannic acid (EMS) for 15 min at room tem-
perature. A further contrasting step with 0.5% uranyl acetate (EMS)
in water followed for 1 hour at room temperature in the dark. The
tissue was further washed with water and then gradually dehydrated
with increasing concentrations of ethanol (starting at 30% ethanol
and finishing with 3X 100% ethanol incubation for 15, 15, and 30 min),
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followed by a stepwise infiltration with epoxy resin:ethanol (1:2, 1:1,
and 2:1; EMBed 812, EMS). A final infiltration step in pure resin was
performed at least overnight. The resin was lastly cured at 60°C for
at least 24 hours. For conventional transmission electron microsco-
py analysis, 70-nm sections were cut on a Leica UCT ultramicro-
tome (Leica Microsystems, Wetzlar, Germany) onto formvar-coated
slot grids and post stained with 2% aqueous uranyl acetate and lead
citrate (EMS). Sections were collected at the notochord level (~160 pm
from finfold tip; fig. S1C) and at 35 pm from the finfold tip (Fig. 1B).
Images were taken on a Tecnai BioTwin T12 electron microscope
(Philips/Thermo Fisher Scientific) with a F416 charge-coupled de-
vice camera (Tietz Video and Image Processing Systems). Two inde-
pendent experiments were performed with at least four biological
replicates each.

Statistical analysis

Movie registration

To correct for tissue displacement resulting from UV-laser cut and
subsequent tissue contraction, raw image stacks collected from ZEN
Blue software were imported to Image] (v2.14.0) and processed via
the “bUnwrap]” (v2.6.13) plugin (106). Specifically, the UV-laser cut
was taken as a boundary condition that separates the tissue into two
subimages, and a B-spline representation was used to elastically align
each subimage to the image before cut (fig. S14, A and B). The two
aligned subimages were then combined at the cut site (Fig. 1H and
fig. S4, A to D).

This registration was performed for Voltron2 images (up to 5 s
after cut) but not GCaMP6f images (up to 45 s after cut), as promi-
nent injury-induced tissue contraction at >10 s after cut renders the
alignment less accurate. For the KCI supplement experiments (fig. S6E
and S15), this registration was performed for both Voltron2 and
membrane marker images (GFP labeled), as tissue displacements due
to imaging drifts (up to 5 min) are less prominent. See also fig. S14.
Epithelial cell segmentation and registration
To obtain segmentation of individual epithelial cells, registered im-
age stacks were processed via the “cyto” model in Cellpose (v2.2.3,
autocalibrated cell diameter per image stack) (107). Segmented masks
from Cellpose were then imported to custom MATLAB (R2022b)
scripts for following single-cell registration and analyses. Two differ-
ent cell registration strategies were used. For apical epithelia, GCaMP6f
signals were measured for up to 45 s after microdissection. We reg-
istered a list of moving cell positions by first segmenting the double
transgenics (ubb:GCaMP6f;claudinb:Lyn-GFP) at every time frame
and then tracking the center of mass across all time frames (Hungarian-
based particle linker (108), distance cutoff for frame-to-frame link-
ing set to 10 pixels = 2.76 pm, and no particle disappearance gap
allowed). A round of manual correction was then performed (cus-
tom MATLAB script) to validate the tracked cells and remove arti-
facts. For basal epithelia, GCaMP6f signals were measured using a
list of static cell positions because of the limited accuracy of Cell-
pose’s cyto model in segmenting double transgenics ubb:GCaMP6f;-
tp63:CAAX-GFP, in particular when GCaMP6f has a high cytosolic
intensity. In this case, we measured single-cell GCaMP6f intensi-
ties for up to 10 s after UV-laser microdissection (fig. S2D). We also
performed cell-independent wavefront evaluation of GCaMP6f
change of intensity to ensure a reliable comparison with apical
GCamp6f signals (fig. S2B). For apical and basal Voltron2:JF552
signals, measured for up to 5 s after UV-laser microdissection, we
registered a list of static cell positions by segmenting the uncut or
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untreated membrane reference image (see section “Voltron2:JF552
membrane signal quantification”) in uncut finfolds, 100 ms before
UV-laser microdissection was applied. In this case, a round of man-
ual correction was performed in the graphical user interface (GUI)
of Cellpose to remove artifacts.

GCaMPéf cytosolic signal quantification

To quantify GCaMP6f dynamics in individual cells from epithelial
layer-specific datasets, we performed the signal quantification using
double transgenics labeling both cytosolic Ca** (ubb:GCaMP6f) and
one of the following membrane markers: claudinb:Lyn-GFP or
tp63:CAAX-GFP. We verified that the change of intensity in the
double transgenics comes from the change in cytosolic Ca** instead
of the membranes labeled by GFP by comparing the postinjury sig-
nals in transgenics expressing only cytosolic Ca*" or the membrane
marker - see movies S10 and S11 and compare to movie S1. Only
cytosolic signals were extracted from the double transgenic datasets
(see segmentation above), avoiding membrane GFP signals from the
epithelial membrane reporter transgenics. This was done by first reg-
istering a list of cell mass centers and boundaries via segmentation
(see the section before). For each cell, the cytosolic GCaMP6f inten-
sity was then extracted as the mean intensity of pixels enclosed by a
proportionally contracted cell boundary (80% the distance to the
center of mass r. compared to the segmented boundary r;, reyto =
0.8 X (rs — rc) + rc. To compare Ca** activation dynamics across em-
bryos that could have different GCaMP6f insertion sites, the cellular
change of GCaMPé6f intensity (as compared to the GCaMP6f inten-
sity before laser microdissection, AF = F — Fypcys; here, Fyncut is the
GCaMP6f average intensity across 3 s before cut) was first normal-
ized by the maximum intensity change across all cells (.xAF), a quan-
tity specific to each embryo. The single-cell Ca®* activation time was
then determined by evaluating the time when this normalized cel-
lular change of GCaMPé6f intensity (AF/maxAF) surpasses a thresh-
old (fixed to 0.1 throughout all analyses) for the first time. On the
basis of the subsecond sharp increase of GCaMP6f intensity for cells
close to the cut (Fig. 2C), we also performed a 10-point linear inter-
polation (10 ms per interpolated time point, compared to raw inten-
sity time lapse at 100 ms per frame) between consecutive time points
to extract an accurate estimate of when AF/,,cAF surpasses 0.1. Fit-
ting the single-cell distance from cut (defined as its mass center
from the line instructed for UV-laser microdissection) as a function
of the activation time (nonlinear least square method, MATLAB)
then returns the fitted Ca** wavefront activation dynamics (Fig. 1F).
In kenh2a'”" and FK506-treated embryos, a prominent fraction of
cells spatially disconnected from the Ca** wavefront showed rapid
Ca’* activation within the initial seconds postinjury (i.e., Ca**
flashes; Fig. 2, T and J), possibly resulting from increased expression
of kenh2a (51) or increased K™ leak through kcnk5b (47, 49, 54) in
the epithelium. These cells were excluded (manual filter, custom
MATLAB script) in fitting of the Ca®* wavefront dynamics (Fig. 2J
and fig. S7B). On the other hand, Ca®* flashes were determined by
detecting local peaks (“islocalmax” function; MATLAB) in the nor-
malized single-cell change of GCaMP6f intensity (AF/m.xAF) that is
not identified to be a first-time Ca’* wavefront activation from
above. A threshold of prominence (defined as the maximum height
this local peak displays relative to neighboring valleys, threshold
fixed to 0.15 throughout all analyses) was used to keep only those
prominent local peaks. The detected peaks were lastly passed through
a round of manual proofread to ensure the absence of artifacts
(Figs. 1F and 2, I and K).
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In addition to layer-specific single-cell GCaMP6f quantification,
an additional quantification pipeline was developed to evaluate
GCaMPe6f intensity changes in datasets without epithelial membrane
markers. This was performed for ubb:GGCaMP6f in the background
of tpte”™’™ (in comparison to WT; fig. S12H). In this pipeline, GCaMP6f
pixel intensity changes (AF) were also normalized by the maximum
intensity change of all pixels (naxAF) for each embryo. Instead of
evaluating the activation time per single cell, pixels enclosed by the
boundary of the caudal finfold (the boundary was created manually
and excludes evident fibroblasts or notochord composition) were
binned (20-pm width, based on segmented cell size; fig. S8G) ac-
cording to their distances from cut, and activation time was defined
as when the average normalized intensity change in a bin surpasses
the same threshold [mean(AF)/.xAF > 0.1] for the first time. The
binned distance plotted versus the bin activation time then consti-
tutes a simplified evaluation of the concomitant wavefront propaga-
tion dynamics for both apical and basal epithelial layers (fig. S12H).
Last, for datasets with epithelial membrane markers, we also used
the membrane marker-independent approach to evaluate the posi-
tion and instantaneous velocity of the Ca** wavefront. This was done
by plotting the normalized change of GCaMP6f intensity as a func-
tion of distance (no binning; distance is in unit of pixels) for every
time frame and annotating the position where this normalized value
drops to 0.1 as the instantaneous wavefront position (fig. S2B). Eval-
uating the instantaneous wavefront velocity (defined as the wave-
front position after 1 s = 10 frames minus the current position) then
determines the time when the wavefront velocity drops to 0 (Fig. 1D).
This time (~5 s for both apical and basal layers) was thus used as the
time range for fitting the Ca>* wavefront activation dynamics. Cus-
tom MATLAB scripts are available at (109).

Voltron2:JF552 membrane signal quantification

To quantify single-cell membrane Voltron2:JF552 signals in an epithe-
liallayer-specific manner (Voltron2 mRNA-injected into claudinb:Lyn-
GFP or tp63:CAAX-GFP transgenics and then stained with JF552),
we first obtained a list of static cell boundaries via segmentation of
the membrane reference image (see the section “Epithelial cell seg-
mentation and registration”). Here, because of the variability of
Voltron2 expression and JF552 staining in the epithelial layers, the
membrane reference image is either the uncut claudinb:Lyn-GFP or
tp63:CAAX-GFP (when Voltron2:JF552 primarily appears at the
epithelial layer labeled by transgenic membrane marker) or the un-
cut Voltron2:JF552 image (when Voltron2:JF552 primarily appears
at the epithelial layer not labeled by transgenic membrane marker).
In the latter case, we manually exclude cells whose membranes show
both the transgenic and the Voltron2:JF552 signals (GUI of Cellpose)
to ensure all registered cells come from the same epithelial layer.
Next, these segmented cell boundaries were used to determine posi-
tion of the membrane pixels. This was defined by extracting all pixels
enclosed by a sliding square window with the radius of 3 pixels =
0.828 pm on the cell boundary (fig. S14, A and B). Here, the effective
“membrane thickness” (6 pixels = 1.656 pm) was estimated by plot-
ting the Tg(b-act:lyn-tdTomato) membrane marker (same imaging
setup as Voltron2:JF552) intensity versus pixel distance from mem-
brane and extracting the half-max width of the intensity distribution.

The change of Voltron2:JF552 intensities before and after cut was
evaluated all for elastically registered images (see section “Movie
registration” and compare fig. S14, C and D, for the improvement
based on correcting tissue displacement). As a result, displacement-
induced changes of Voltron2 intensity were minimized.
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Changes of Voltron2:JF552 intensities [compared to the frame
before cut, AF = F - Fypcus; here, Fyncut is the Voltron2:JF552 average
intensity at the time point right before cut (i.e., 0.1 s)] across all ex-
tracted membrane pixels were then binned according to their dis-
tance from cut (2-pm width) to evaluate the raw drop of membrane
Voltron2:JF552 intensities in comparison to claudinb:Lyn-GFP or
tp63:CAAX-GFP membrane marker controls (fig. S4E).

To obtain cell-averaged membrane signals, raw Voltron2:JF552 in-
tensities from the membrane pixels from the boundary of the same
cell were averaged. The resulting cellular Voltron2:JF552 time traces
were then passed through a filter that excludes cells with a large fluc-
tuation even before laser microdissection onsets (here taken as the
range of cellular intensity is smaller than 10% of the mean of cellular
intensity before cut) (Fig. 1I). The fractional drop of cell-averaged
Voltron2:JF552 signals after laser microdissection (~AF/Fypeyt) Was
subsequently determined (Fig. 1, ] and K). Noting that laser micro-
dissection brings about a level of membrane intensity changes close
to the cut site (Fig. 1H), we used a noise floor method to fit only the
cells that exhibited Voltron2:JF552 signal changes that are above the
membrane controls. The noise floor was constructed by binning the
cell-averaged membrane signals according to their center-of-mass
distance from cut (2-pm width) for the microdissected membrane
controls (fig. S4F, left). Then, only Voltron2:JE552 cells within this
binned distance that exhibited a bigger change compared to this
noise floor were kept (fig. S4F, right). The fractional drops of these
Voltron2:JF552 cells were then fitted as a simple exponential func-
tion of single-cell distance from cut (nonlinear least square method;
MATLAB). The rationale for choosing an exponential fit followed that
without a priori knowledge this is the simplest function that displays
a decay over a (single) characteristic length scale. To capture the length
of the depolarization gradient, we fitted this function with cells that
are in the range of 30 to 150 pm from the cut site; cells within the
first 0 to 30 pm are immediately adjacent to the cut site damaged by
the UV laser (average cell area in fig. S8G), hence were discarded
from our analyses. From 150 pm onward, different finfold samples
contribute unevenly to the statistics, as small differences in the flat-
ness of mounted samples result in these cells to be out of the field of
view (e.g., fig. S4A).

Note that for Voltron2 signal quantification in KCl-treated apical
cells, perfusion of high-concentration KCI (see “Chemical treatments,
High KCI supplement” section) induces finfold contraction, thus
causing a small shift of the z-focus (fig. S15, A and B) that cannot be
reliably reconstructed by simple image registration assuming in-
plane deformation. To exclude this effect, we used dual-color channel
imaging (see “Spinning disk live imaging and UV-laser microdissec-
tion” section) to capture both Voltron2 and respective membrane
marker (transgenic: claudinb:Lyn-GFP) signals. The Voltron2 signal
extracted per cell was first normalized by the membrane GFP signal
per cell [F = F(Voltron2)/F(claudinb:Lyn-GFP); fig. S15C]. This nor-
malized Voltron2 intensity F was then used to calculate the change
of Voltron2 signal compared to untreated time point (AF = F -
Funtreated; fig. S15D) and the fractional drop of Voltron2 signal (-AF/
Funtreateds fig. S6E). Custom MATLAB scripts for all Voltron2:JF552
signal analyses are available at (110).

Caudal finfold and body length quantifications

Finfold (Fig. 3A) and body lengths were manually measured from
acquired whole-body bright-field images with the line tool in Im-
ageJ v. 1.54 £ (111). Finfold length was measured from the end of the
notochord to the tip of this organ (Fig. 3A), while body length was
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measured from the mouth to the tip of the caudal finfold, along the
notochord. Data were plotted and statistically analyzed using Graph-
Pad Prism v. 10.4.1 (see figure legends). Data were tested for nor-
mality (Gaussian distribution) using the Kolmogorov-Smirnov test.
In case of a normal distribution, unpaired, parametric, two-tailed ¢
tests were used. In case of nonnormal distribution, unpaired, non-
parametric, two-tailed Mann-Whitney tests were used.

Finfold epithelial layer thickness and interstitial space
quantification

Quantification of the thickness of the apical and basal finfold epithe-
lia was performed on images acquired at the Zeiss Lattice Lightsheet
7, which allows for isotropic resolution in XYZ. Uncut caudal fin-
folds of fixed double transgenics (tp63:CAAX-GFP and b-act:lyn-
tdTomato) embryos were imaged, and the cumulative thickness of
apical and basal epithelial layers was measured with the Fiji line tool
from XZ projections at different distances from the finfold tip
(fig. S1, C and D).

For measurements of the finfold’s interstitial space, concerning
area to perimeter ratio, the area between the dorsal and ventral epi-
thelial layers was traced from the same uncut finfolds using the
polygon selection tool, and measurements of the area and perimeter
were extracted. Measurements were performed at the usual injury
position (50 pm from the tip) used for all experiments in Figs. 1
and 2 and at various distances from that position (fig. S1, C and E).
Proliferation quantification
Quantification of the proliferation patterns and levels was per-
formed using z-stacks of larval finfolds encompassing the full organ
volumes acquired at different time points. To quantify the percent-
age of proliferative cells over total cell number over time, Imaris
v.10.1.1 spot detection was used to count EdU", p63¥, and DAPI*
cells in uncut and cut finfolds of various developmental and regen-
erative times. A spot radius of 4 pm was used for DAPI, and 6 pm
was used for EAU and p63. The Imaris machine learning algorithm
was then used to differentiate nuclei in the finfold from nuclei in the
notochord, which were then used to spatially align the finfolds but
excluded from the analysis. To quantify the spatial distribution of
proliferative cells in larval finfolds, the XY coordinates of each de-
tected spot were extracted from Imaris. A custom made Python3
script (v 0.0.1) (112) was generated to plot the ratio of proliferative
cells (EAU™) over total cells according to their position in the fin-
fold, as a kernel density estimation. To align all finfolds, first, the
quantiles of the distribution of XY position of all spots were com-
puted and used to reorient all finfolds with the cut or tip of the fin-
fold to the right. Then, the principal components analysis of the XY
positions of cells in the notochord was computed, and the first com-
ponent was taken to align the notochord horizontally. Bins of 20 pm
were used when computing the EQU/DAPI ratio, as the average cell
diameter of 48-hours postfertilization finfold epithelial cells is 18 pm
(fig. S8G). To obtain heatmaps of the spatial distribution of prolif-
erative cells, the finfolds from each group were first aligned and cen-
tered with respect to the tip of the notochord, and their datasets were
merged. Then, the pixel of unit value representing the centroid of
the cell (obtained from the Imaris spot detection) was plotted, and a
Gaussian blur of 10 pm (sigma, corresponding to the cell radius) was
applied to each spot to simulate a point spread function. Last, the
values were normalized by the sum of the image matrix to obtain a
position probability density. The values of the density were then mapped
to a color map upon plotting. To keep good resolution in the finfold
and avoid cells in the notochord, the value of density was kept in a
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range between zero and a common clipping value of the color map.
Three independent experiments were performed per condition. Sta-
tistical experimental details can be found in respective figure legends.
VSP intensity quantification
To quantify the expression of VSP in WTT, tpte™~, and VSP-OE, a
square region of interest of 96.93 pm”* was drawn between the end of
the notochord and the finfold tip, and mean fluorescence intensity
was measured in Fiji. All values of intensity were then normalized to
the average intensity of VSP staining in WT. Experiments were re-
peated at least two times with different biological replicates per con-
dition. Data were plotted and statistically analyzed in GraphPad Prism
10.4.1. Statistical experimental details can be found in respective
figure legends.
Estimation of proliferation contribution to finfold area
To estimate how cell proliferation 1 to 3 hours postdamage is essen-
tial for recovery of organ morphology, we considered the length and
width of the finfold at 3 days postamputation for WT and tpte™".
We approximated the finfold as a semiellipse (fig. SI2L) to obtain
total areas (fig. S120) from fin length (Fig. 4]) and width (fig. SI2N)
and calculated the difference between WT and tpte™~, correspond-
ing to the missing regenerated area (fig. S12L). Furthermore, we
used the average cell area (fig. S8G), the total number of cells in
the finfold (fig. S12M), the percentage of proliferating cells at 1 and
3 hours postamputation (Fig. 3C), and the distribution of prolifera-
tion among layers (Fig. 4B) to calculate the contribution of prolif-
eration to finfold area (fig. S120). Specifically:

Finfold area contribution of 1-hours postamputation cell prolif-
eration per single layer:

1300 cells x 10/100 = 130 x 250 pm* = 32,500 um?*/2 layers =
16,250 pm*

Finfold area contribution of 3-hours postamputation cell prolif-
eration per single layer:

1300 cells x 8/100 = 104 x 250 pm* = 26,000 um?*/2 layers =
13,000 pm?

Finfold area contribution from 1- to 3-hours postamputation
proliferation per single layer = 29,250 pm®
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Supplementary Theory Notes S1 to S6
Figs. S1to S20

Legends for movies S1to S11
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