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Directed collective cell migration is essential for morphogenesis, and
chemical, electrical, mechanical and topological features have been
shown to guide cell migrationin vitro. Here we provide in vivo evidence

showing that endogenous electric fields drive the directed collective cell
migration of an embryonic stem cell population—the cephalic neural crest
of Xenopus laevis. We demonstrate that the voltage-sensitive phosphatase
lis akey component of the molecular mechanism, enabling neural crest
cells to specifically transduce electric fields into a directional cue in vivo.
Finally, we propose that endogenous electric fields are mechanically
established by the convergent extension movements of the ectoderm, which
generate amembrane tension gradient that opens stretch-activatedion
channels. Overall, these findings establish a role for electrotaxis in tissue
morphogenesis, highlighting the functions of endogenous bioelectrical
stimuli in non-neural contexts.

The cephalic neural crest of Xenopus laevisisinduced at the interface
between the neural plate and the non-neural ectoderm, from where
they directionally and collectively migrate by forming stereotypical
paths known as streams' (Extended Data Fig. 1a). The migration of
neural crest cellsis required for the formation of several tissues across
vertebrates and their ability to invade other tissues has been related
to cancer metastasis' and, hence, the potential of understanding how
these cells migrate. Chemicaland mechanical cues have been proposed
toinfluence neural-crest-directed collective cell migration (dCCM)*>.
Yet, invitro experiments have also demonstrated the ability of neural
crest cellsto directionally migrate by following extrinsically imposed
electricfields, in a process termed as electrotaxis (or galvanotaxis)*°.
In addition, seminal works have detected the presence of electric
fieldsinembryos’’ and found that the application of external electric
fields led to developmental defects™. In this scenario, electrotaxis
emerges as an alternative or complementary mechanism to explain
neural crest dCCM in vivo. Still, whether and how endogenous elec-
tric fields emerge to drive dCCM via electrotaxis in living organisms
remains elusive.

Electricfields emerge along the neural crest
migratory path

Tomapextracellular electric currents along the migratory path of neural
crest cells, we used ultrasensitive vibrating probes' (Extended Data
Fig.1b-d). Vibrating probe measurements (calibration and controls are
shownin Extended DataFig.1le-h and Supplementary Note 1) were per-
formed from the neural fold (in the dorsal part of the embryo) towards
the flanking non-neural ectoderm (ventral), and at stagesinwhich the
neural crest cells are entering their migratory phase (pre-migratory)
(Fig.1aand Supplementary Note 1). These measurements detected the
presence of outward currents in the neural fold and inward currents
in the flanking non-neural ectoderm, with measured average current
densities ranging from 0.5855 pA cm~(neural fold) t0—0.2334 pA cm™
(flank ectoderm) (Fig. 1b). On the basis of calculations derived from
Ohm’s law” (Supplementary Note 1), this pattern of extracellular cur-
rent densities suggests that subectodermal endogenous electricfields,
ranging from 8 to 45 mV mm™, emerge in the migratory path of the
neural crest. The presence of these subectodermal electric currents
was directly corroborated by impaling the space between the ectoderm
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Fig.1|Endogenous electric fields modulate neural crest dCCM. a, Scheme of
an X. laevis embryo at pre-migratory stages (left) and cross-sectional cartoon
showing the vibrating probe measurements (right). Pos, position; A, anterior;

P, posterior; M, middle; L, lateral; D, dorsal; V, ventral. b, Vibrating probe current
density measurements. The solid lines represent the mean and the shade, the
standard errors. Reference was set as >1 mm away from the embryo. Two-tailed
Mann-Whitney U-test, ****P < 0.0001, n =7 embryos. The calculated electric
field (EF) is shown in the inset. ¢, Schematic showing glass microelectrodes
impaling positionsin the subectodermal space beneath the neural fold and
flank ectoderm. The reference electrode is >1 mm away from the embryo. d, TEP
measurements. The solid lines represent the mean and the shade, the standard
errors. Two-tailed paired t-test, **P = 0.0001, n =11 embryos. The calculated

EF isshownintheinset. e, Schematic showing the endogenous EFsin the
migratory path of the neural crest as observed from current densities and TEP

measurements. f-i, Ex vivo electrotaxis assay. Time-colour-coded trajectories

of neural crests migrating in the absence of EFs (f), under EFs (100 mV mm™) (g)
and after EF reversal (h), 4 hin each case. The arrows indicate the direction of
migration. Scale bar, 100 pm. i, FMI. The red lines represent the mean and the
error bars, the standard deviation. Two-tailed ¢-test for no EF versus EF, two-tailed
Mann-Whitney U-test for no EF versus EF reversal, ***P < 0.0001, ny, = 27,

ng =33 clusters. j-m, Application of exogenous EFs (100 mV mm™) in vivo, with
treatments as indicated. j,1, Lateral views of embryos hybridized against neural
crest markers c3 (j) and sox8 (I). Scale bar, 200 pm. k,m, Normalized stream
displacement. The red lines represent the mean and the error bars, the standard
deviation. k, Two-tailed t-test, ***P < 0.0001, ny, gr = 36, Nanciparatieler = 31 €mbryos.
m, Two-tailed ¢t-test with Welch'’s correction, *P = 0.0110, 1y, g = 42, Nparaiierer = 39
embryos. f-h,j, I, Representative examples from three independent experiments;
Cl=95%.
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and the neural crest with glass microelectrodes (Fig. 1c and Supple-
mentary Note 1). Transepithelial potentials (TEP) obtained with this
technique confirmed the existence of subectodermal currents that
elicit the presence of subectodermal electric fields ranging from 7 to
37 mV mm™ (Fig. 1d). Further temporal analysis showed that outward
currents (and, in turn, electric fields) appear at early non-migratory
stages, reaching a maximum at stages in which neural crest cells are
preparing to migrate, and that these values experience aslight decrease
when migration starts (Extended Data Fig. 2a,b). Altogether, these
resultsindicate that the neural crestisin contact with asubectodermal
electric field that emerges in its migratory path from early stages of
migration, with the cathode (—pole) in the neural fold and the anode
(+pole) in the flanking non-neural ectoderm (Fig. 1e).

Neural crest cells undergo anodal collective
electrotaxis

To dissect whether endogenous electric fields influence neural crest
dCCM, we generated an ex vivo electrotaxis assay capable of reproduc-
ing the recorded levels of endogenous electric fields in a controlled
microenvironment (Extended Data Fig. 3a,c,d and Supplementary
Note1).Inthe absence of an electric field, cells within cultured neural
crest clusters tend to radially disperse by performing random migra-
tion (Fig. 1f). However, when anelectric field was applied, neural crest
cells persistently and collectively migrated towards the anode with
enhanced collectiveness (Fig. 1g and Supplementary Video 1), as previ-
ously proposed for cultured monolayers” . In addition, reverting the
polarity of the electric field led to aswitchin the direction of migration
towards the new anodal position (Fig. 1h and Supplementary Video1).
These observations were quantitatively confirmed by computing the
forward migration index (FMI) as a readout of the directionality dis-
played by clusters in each condition (Fig. 1i). Note that although FMIs
closerto O represent random migration, FMIs near1or-1accountfora
directional response. The localization of the polarity marker Racl was
analysedto control the effect of electric field applicationin cell polarity
(Extended Data Fig. 3e). Further experiments showed that the direc-
tional response of neural crest cells to electric fields is more effective
in clusters than inisolated cells (Extended Data Fig. 3f~h and Supple-
mentary Video 2). Furthermore, the directionality, displacement and
velocity of neural crest clusters increased as a function of the electric
field strength (Extended Data Fig. 4a-d and Supplementary Video 3),
asit hasbeen proposed for other cell types'>'*'”'®, This is relevant as
therecorded endogenous electric fields ranged from -8 to 50 mV mm™
onaverage (Fig. 1b,d), suggesting that cells can reply to varying levels
of endogenous currents when migrating in vivo. By using an adapted
electrotactic device that allows to extrinsically apply antiparallel or
parallel endogenous-like levels of electric fields to embryos (Extended
DataFig.3b,cand Supplementary Note 1), we also tested the influence
ofapplied currentsin neural crest dCCM. Although the neural crests of
control embryos migrated by following stereotypical streams, a hall-
mark of dCCM?, the application of an electric field that runs from ventral
to dorsal (hereafter referred as antiparallel) impaired the formation of
neural crest streams, as observed by in situ hybridization (Fig. 1j,k).
Conversely, the application of a parallel electric field was sufficient to
enhance neural crest dCCM (Fig. 11,m). This was consistent with ex vivo
observations, showing that cluster directionality, velocity and displace-
ment increased as a function of the electric field strength (Extended
DataFig.4a-d). Altogether, these resultsindicate that endogenous-like
electrical currents influence the collective and directional migration
of neural crest clusters towards anodal positions.

Membrane tension gradients underlie electric
field emergence

We next investigated the mechanism underlying the endogenous
electric field formation. Previous work has shown that membrane
stretching activates ion channels to allow for ion translocation®.

In addition, stress measurements in amphibians predict increased
stress/tension in dorsal tissues in the vicinity of the neural fold and
lower values towards the ventral region, where the non-neural ecto-
dermislocated®* % Thus, we hypothesized that the endogenous elec-
tric fields emerge from a differential ionic movement due to a higher
stretching of neural fold membranes, via the activity of mechanosensi-
tive (or stretch-activated) ion channels. To test this hypothesis, we first
confirmed that there was a tension build-up inthe membrane of neural
fold cells from non-migratory to pre-migratory stages, by using mem-
brane laser ablations experiments and cell-cell junction recoil velo-
city analysis* (Extended Data Fig. 5a-c and Supplementary Video 4).
Ablation experiments also revealed that membrane tension gradients
appear along the neural crest migratory path of wild-type embryos
at pre-migratory stages, with higher tension being reported in the
neural fold and lower values in the flanking ectoderm (Extended Data
Fig.5b,cand Supplementary Video 4). Consequently, we sought to test
therelevance of these tension gradients for electric field formation and
neural crest dCCM. It has been proposed that anisotropic membrane
tensions canarise in the neural plate owing to the activity of the planar
cell polarity (PCP) pathway***. Thus, we analysed the impact of PCP
inhibition in the formation of this dorsoventral membrane tension
gradient and endogenous electric field formation. PCP was inhibited
by targeting the injection of DshDEP*, a known PCP inhibitor?, into the
neural fold (Fig. 2a and Extended Data Fig. 5d,e). DshDEP* injectionin
the neural fold led to a strong decrease in neural fold membrane ten-
sion, asrevealed by laser ablation experiments (Fig. 2b, Extended Data
Fig. 5c and Supplementary Video 4), and caused a drastic reduction
inthe neural fold outward currents (Fig. 2c,d). These values resemble
those recorded in the ventral non-neural ectoderm of wild-type control
embryos (Fig. 1a,b), indicating a depletion of endogenous electric
fields. Accordingto ourinitial hypothesis, we then tested whether the
activity of mechanosensitive ion channels is required for neural fold
outward currents. For this, live recordings were performed before,
during and after GsMTx4 inoculation, a peptide toxin that specifically
inhibits stretch-activated channels in Xenopus and in other species®*?.
Our dynamic measurements reported that shortly after GsMTx4
inoculation, the outward currents of the neural fold decreased when
compared with the controlinoculation (Fig. 2e,f), resembling inward
currents observed in ventral non-neural ectoderm of control embryos
(Fig.1a,b). Altogether, these datasets support the idea that PCP medi-
ates the formation of dorsoventral membrane tension gradients and
consequently the emergence of the endogenous electric fields in the
dorsal part of Xenopus embryos. Considering these results, our next
step was to explore the relevance of endogenous electric field deple-
tion for neural crest dCCM in vivo. Targeted injections of DshDEP* to
the neural fold were sufficient to inhibit neural crest dCCM in vivo,
as observed by in situ hybridization analysis (Extended Data Fig. 5f).
This was quantitatively analysed by performing graft experiments in
which wild-type neural crest cells (with fluorescently tagged nuclei)
were transplanted into host wild-type embryos or in embryos in
which DshDEP* injection was targeted into the neural fold (Fig. 2g).
Our invivo analyses of cell trajectories revealed that control neural
crest cells persistently and directionally migrated when grafted into
wild-type hosts (Fig.2h,j,k and Supplementary Video 5). However, the
directionality of wild-type neural crest grafted into embryos treated
with DshDEP* in the neural fold was reduced, as shown by their poor
FMI and by the absence of stereotypical streams (Fig. 2i—k and Sup-
plementary Video 5). These datasets indicate that the subectodermal
electric fields detected in the migratory path of cranial neural crests
arerelevant for their dCCM.

Electricfields depolarize neural crest cells

To gain further insights into the mechanism of electrotaxis, we
next assessed whether neural crest cells are electrically responsive
to endogenous electric fields by using a genetically encoded voltage
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Fig.2|Electricfields emerge from PCP-dependent neural fold membrane
stretching to guide dCCMin vivo. a, Scheme of DshDEP* neural-fold-targeted
injection and laser ablation. b, Recoil velocity plots. The red lines represent the
mean and the error bars, the standard deviation; two-tailed ¢-test with Welch’s
correction; ***P < 0.0001; Ncyniror = 21, Npsnper’ =19 membranes. ¢,d, Scheme (c)
and plot (d) of vibrating probe measurement in DshDEP*-treated embryos. The
solid lines represent the mean and the shade, the standard errors. Paired ¢-test,
**P=0.0019, n =14 embryos. Reference probe was away from the embryo.
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colour-coded neural crest trajectoriesin vivo (lateral view). Scale bar, 200 pm.
j, FMI. The red lines represent the median and the error bars, the interquartile
ranges. Two-tailed Mann-Whitney U-test, ****P < 0.0001, N¢conero = 36, Mpsnper’ = 25
cells. k, Percentage of embryos displaying streams. The bars represent the
mean and the error bars, the standard deviations. Two-tailed Fisher’s exact test,

***P=0.0002, Nconeo = 19, Npgroer” = 18 embryos. h,i, Representative examples
fromat least three independent experiments; Cl = 95%.
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indicator (GEVI)**?°, hereafter referred as GEVI Marina. Briefly, the
voltage-sensing domain of this GEVlis linked to a mutated form of GFP,
inwhich anincrease in fluorescence reports cell membrane depolari-
zationand, inturn, electrical responses (Extended DataFig. 6a,b). We
first calibrated the GEVIMarinalevels to achieve optimal sensitivity by
combining microinjections and ex vivo electrotaxis assays (concen-
tration is described in the Methods). At optimal levels, we detected
arobust signal of the GEVI, indicating that the membranes of neural
crest cells are depolarized at wild-type levels of endogenous electric
fields (Extended Data Fig. 6c). Nonetheless, these endogenous levels
of GEVIMarina were lowered to aminimum when the neural crest clus-
ters were cultured ex vivo, in the absence of electric fields. However,
whenanelectric field ofidentical magnitude to those recorded in vivo
was applied, the signal of GEVI Marina was restored (Extended Data
Fig. 6d,e). This confirmed that GEVIMarina can sense voltage changes
and report the depolarization or repolarization of neural crest cell
membranes at voltage ranges detected within the embryos. In this
context, we next depleted endogenous electric fields with targeted
injections of DshDEP" into the neural fold (Extended Data Fig. 5d,e).
Thistreatmentled toaconsistent reductionin the GEVIMarina’s signal,
suggesting the repolarization of treated neural crest membranes com-
pared withwild-type animals, in which the membranes are depolarized
by endogenous electric fields (Extended Data Fig. 6f,g,i). Remarkably,
theintroduction of a parallel electric field was sufficient to depolarize
the neural crest membranes in vivo (Extended Data Fig. 6h,i). These
results confirm that neural crest cells are electrically sensitive to
voltage levels detected in endogenous electric fields.

Vsplis aspecific sensor of electric fields

We next explored how neural crest cells sense and transduce endo-
genous electric fields into a directional cue. lon channels and other
proteins, which are mostly described as part of general cell polarity
and motility programs, have been proposed to mediate electrotaxis
invitro®**, Yet, the mechanism used by neural crest cells to trans-
duceelectricfieldsinto a directional responsein vivo remains elusive.
To address this, we searched for candidate electrosensors in RNA
libraries generated from isolated wild-type neural crests (Extended
Data Fig. 7a). After confirming the quality of our libraries (Extended
Data Fig. 7b), we generated a list of candidates composed of ion
channels and pumps whose roles have been linked to bioelectrics in
other systems (Extended Data Fig. 7¢c)'>**, Although each one of these
candidates may have the potential to mediate the response of neural
crest cellsto electrical inputs and eventually electrotaxis, we focused
on the voltage-sensitive phosphatase 1 (originally described as trans-
membrane phosphoinositide 3-phosphatase and tensin homolog 2
(tpte2.L) and referred here as uspI)*>*°. Vspl became a candidate due to
its versatile structure, featuring achannel-like transmembrane domain
and a cytosolic catalytic domain with phosphatase activity®. This
peculiar protein structure suggested that Vspl could not only sense but
also transduce electrical stimuli into a cascade that could eventually
lead to electrotaxis. The localization of Vsp1 to the cell membrane,
where it is expected to operate”, was confirmed by expressing an
X. laevis Vsp1-GFP fusion construct (Extended Data Fig. 7d) and vsp1
mRNA expressionin the neural crest was validated by polymerase chain
reaction (PCR) experiments, amplifying its coding sequence from
neural crest tissue-specific libraries and in situ hybridization (Extended
Data Fig. 7e). Note that the paralogous gene vsp2 (tpte2.S) is not
detected at these stages”. We next tested whether Vspl is required
for neural crest electrotaxis ex vivo and in vivo by using a combina-
tion of knockdown approaches: a catalytically inactive form of Vsp1
(XI-Vsp1-C301S), which was previously shown to reduce its phos-
phatase activity in X. laevis®®; a CRISPR-Cas13-based approach™,
which targets Casl3 to vspI mRNA for its degradation (Vspl-Casl13);
and an antisense oligo, which targets a splicing site within uspI RNA
(Vsp1-SSMO). Our knockdown experiments showed that although

control clusters directionally migrated in the ex vivo electrotaxis setup,
all Vspl knockdown approaches caused aloss of cluster directionality
(Fig.3a-cand Supplementary Video 6). A similar result was observed
in vivo where control neural crest cells directionally migrated, but
Vspl knockdown impaired the formation of stereotypical streams in
all conditions (Extended Data Fig. 7f-i,I). In addition, the co-injection
of Vsp1-SSMO or Vspl-Cas13 with usplI full-length mRNA was sufficient
torescue stream formation, confirming the specificity of the observed
phenotypes (Extended DataFig. 7j-1). The efficiency of Vsp1-Casl13 and
Vsp1-SSMO was controlled by PCR and immunofluorescence (Extended
Data Fig. 7m-o0). The observed effects were quantitatively analysed
by performing graft experiments in which neural crest cells (with flu-
orescently tagged nuclei) from control, XI-Vsp1-C301S, Vsp1-SSMO
or Vspl-Casl3 embryos were transplanted into wild-type untagged
host embryos (Fig. 3d). Our analyses of cell trajectories revealed that
although control cells persistently and directionally migrated, the
directionality of XI-Vsp1-C301S-, Vsp1-SSMO- and Vspl-Cas13-injected
cells was reduced in vivo, as shown by a low FMI and the absence of
stereotypical streams (Fig. 3e,f and Supplementary Video 7). Our
result also shows that even though the directionality of cells within
Vspl knockdown clusters was affected, these cells are still motile
invivo. This is also the case ex vivo, where cells within clusters radi-
ally disperse and migrate, but fail to bias their migration to applied
electric fields as a collective (Fig. 3a-c and Supplementary Video 6),
suggesting that Vsplis required for collective electrotaxis but not for
cell motility. We confirmed these observations by analysing the effect
of Vspl knockdown in single-neural-crest motility parameters. The
injection of XI-Vsp1-C301S, Vsp1-SSMO or Vspl-Casl3 did not affect
the cell directionality and cell velocity (Extended Data Fig. 8a,b and
Supplementary Video 8). Furthermore, since chemotaxis has been
proposed to guide neural crest migration®, we exposed the control
and knockdown clusters to a previously described chemotaxis assay,
which assesses the response of neural crest clusters to the chemokine
stromal cell-derived factor 1(SDF-1, also known as CXCL12)*’ (Extended
DataFig. 8c). Our results showed that XI-Vsp1-C301S, Vsp1-SSMO or
Vspl-Casl3injections did not affect the neural crest response towards
SDF-1(Extended DataFig.8d,e and Supplementary Video 9), confirming
aspecificrequirement of Vspl foranelectrical response. Complemen-
tarily, we explored whether the Vsplactivity modulates the sensitivity
of neural crest cells to electric currents. For this, we first explored the
minimum value of electric fields to which neural crest clusters are sensi-
tive to and determined that below 5 mV mm™, the neural crest elicited
apoor response. Then, we injected a validated mutant form of Vspl,
which is more sensitive to voltage (XI-Vsp1-R152Q-GFP)***°, and ana-
lyseditsimpactinneural crest electrotaxis ex vivo. XI-Vsp1-R152Q-GFP
expressionincreased the number of neural crest clusters displaying a
persistent and directional response under suboptimal electric fields
(5 mV mm™) (Extended Data Fig. 9a-c and Supplementary Video 10),
confirming that Vsplactivity modulates the sensitivity of neural crest
cells to electric currents. Together, these datasets indicate that even
though not being required for neural crest motility or chemotaxis,
Vspl is essential for the response of the neural crest to electric fields
and, in turn, for collective electrotaxis in vivo. Since the role of Vspl
in electrotaxis has not been previously described, we predict that its
study can have major implications across research fields. Indeed, by
accessing publicly available databases, we found that orthologous
VSP are expressed in several mammalian cell types. These cell lines
are widely used as wound healing and cancer models and have been
shown to electrotax in vitro (Supplementary Table 2), suggesting a
requirement of Vsplin these biological contexts.

Endogenous electric fields drive neural crest
migration

Finally, we performed rescue experiments to corroborate the rele-
vance of endogenous electric fields for electrotaxis in vivo. For this,
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we assessed whether the introduction of a parallel exogenous elec-
tric field of identical magnitude and direction to the ones recorded
invivowould rescue the neural crest directionality, after depleting the
endogenous electric field. As we previously observed (Fig. 2g-k and
Extended Data Fig. 5f), PCP inhibition in the neural fold disrupted the
neural crest dCCMinvivo (Fig. 4a,c,e,f). Remarkably, the introduction
of parallel electric fields was sufficient to rescue the dCCM of wild-
type neural crests in embryos with depleted PCP activity in the
neural fold (Fig. 4b,d-f). Nonetheless, the application of an exoge-
nous electric field failed to rescue dCCM of Vspl knockdown neural

crest cells, further confirming the requirement of Vsplin the electro-
tactic response of neural crest clusters to electric fields (Fig. 4b,d-f).
These experiments confirm the relevance of endogenous electric fields
for neural crest electrotaxis, as by purely reintroducing an electri-
cal gradient was sufficient to restore the PCP-inhibited dCCM in vivo.
Combined, our datasets support the idea that endogenous subecto-
dermalelectricfields promote collective neural crest electrotaxis, and
that Vsplis a key component of a specific electrosensitive cascade by
whichneural crest cells transduce these endogenous electric currents
into dCCM (Fig. 4g).
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Outlook

Alarge body of evidence supports the idea that electrotaxis directs
single and collective cell migration in vitro''*"”'®, Some hypotheses
have been proposed to explain the establishment of endogenous

electric fields*, although no experimental demonstration was pro-
vided so far. Here we provide evidence indicating that endogenous
electric fields emerge along the migratory path of neural crest cells
by amechanism involving the PCP-driven mechanical stretching of
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the neural fold cellmembranes. Furthermore, the depletion of endog-
enous electric fields proved their relevance for neural crest dCCM. In
combination with voltage sensors in the neural crest, these electric
field depletion experiments demonstrated the sensitivity of neural
crest to voltage ranges detected in endogenous electric fields. This
invites research to investigate whether a similar mechanism drives
electric field formation and dCCM in other biological systems. Our
data also show arequirement of Vsplin the neural crest to convert
endogenous electric fields into collective electrotaxis towards the
subectodermal anode. Complementarily, we also observed that elec-
trotaxis emerged at suboptimal levels of electric fields when overex-
pressing an active form of Vspl. Yet, more experiments are necessary
to confirm or rule out whether these effects were due to the presence
of alarger amount of Vspl molecules available for activation or due
to the use of the more sensitive form of Vspl per se. Another question
arising from our study is how do subectodermal electric fields activate
Vspl. Previous reports revealed that Vspl is activated on membrane
depolarization®?°, suggesting that endogenous electric fields first
depolarize neural crest membranes and as aresponse, Vspl becomes
active.Indeed, our GEVlexperiments support thisideaas GEVIreports
thatelectric fields depolarize neural crest cells (Extended Data Fig. 6).
Given that in addition to Vspl, we found several stretch-activated ion
channelsinthe neural crest, one possibility is that these proteins allow
membrane depolarization on exposure to electric fields, operating
upstream of Vsplin the cascade of events that mediate the response
of neural crest to endogenous electric fields. Thus, studying whether
and how these proteins, or other candidates in our list, play arole in
mediating electrotaxis and establishing their hierarchical rolesin rela-
tionto Vsplactivity will provide new insights about the mechanism of
electrotaxis. Another question is related to the downstream signals
by which Vspl mediates electrotaxis. It has been described that VSP
dephosphorylates several species of phosphoinositides®?**—molecules
required for electrotactic-directed migration®. Therefore, Vspl may
be allowing neural crest cells to polarize and directionally respond to
electricfields viaphosphoinositide dephosphorylation. Thisideaisin
agreement with our active-Racl data (Extended Data Fig. 3a), as Racl
isknown to interact with phosphoinositides to mediate cell polarity?.
Although further research will unveil the detailing of Vsplinvolve-
ment in electrotaxis, our current results contribute to advance the
accelerating field of electrotransduction®-***? by positioning Vspl as
anelectrosensor/transducer that has the potential to operate in several
other biological contexts (Supplementary Table 2).

Our data also show that electric fields already form at the early
non-migratory stages of neural crest development (Extended Data
Fig. 2). Since mechanical inputs have been shown to be essential to
trigger the onset of dCCM in vivo****, an interesting possibility is that
these long-range electric fields would guide neural crest migration
only once its substrate has stiffened. In this context, studying the
mechanism underlying the interplay between mechanical and elec-
trical cues in vivo can lead to a more comprehensive understanding
of dCCM in convoluted microenvironments. Therefore, studying the
potential of other candidatesinintegrating electrical cues with other
biasing signals will provide further insights into the mechanisms gov-
erning directed migration in multicue environments. Given the wide
relevance of bioelectricity and directed cell migration in a variety of
biological processes such as embryogenesis, tissue repair, fibrosis
and cancer'®**** our results have the potential to deeply impact the
research across these fields. Moreover, our research can influence
invitro organ production®’, as this field may benefit from the inclusion
ofendogenous electric fields and from considering mechanoelectrical
interplay in their protocols.
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Methods

All animal procedures were reviewed and approved by the Ethics
Committee and Animal Welfare Body of the Instituto Gulbenkian
de Ciéncia (IGC) and complied with the Portuguese (Decreto-Lei
number 113/2013) and European (Directive 2010/63/EU) legislation.

Frog manipulation and embryo generation

X. laevisembryos (wild-type strain) were obtained by in vitro fertiliza-
tion®'. Briefly, the ovulation of mature females was induced by the injec-
tionof human chorionicgonadotropin (Chorulon). Oocytes were then
fertilized using aspermsolution containing 500 pl of Marc’s modified
Ringer (MMR) 0.1x medium (10 mM NaCl, 0.2 mM CaCl,-2H,0, 0.2 mM
KCl, 0.1 mM MgCl,-6H,0 and 0.5 mM HEPES (pH 7.1-7.2)). Embryos
were then maintainedin 0.1x MMR at 12-23 °C and staged by following
established tables®.

Microinjection and pharmacologic modulations

All the mRNA and DNA microinjections were performed by using
calibrated glass needles that were mounted onto a cell microinjector
(MDI, PM1000), programmed to deliver 10 nlin a pulse of 0.2 s. After
de-jelly, embryos were transferred into 5% Ficoll (Sigma, P7798)/0.45x
MMR (w/v). Totarget the neural crest, dorsal and ventral animal blasto-
meres wereinjected at 8 cells; the neural fold was targeted by injecting
a dorsal animal blastomere at 16 cells. Transcripts for injection were
generated in vitro by using the mMMESSAGE mMACHINE SP6 or T7 kits
(Thermo Fisher, AM1340 or AM1344).

Then, 250 pg of nuclear RFP, membrane RFP and membrane
GFP or 1 ng of DshDEP* mRNA were injected per blastomere. The
plasmids for XI-Vsp1-C301S (Addgene, 51882), XI-Vsp1-R152Q-GFP
(Addgene, 51884) and Vspl-GFP (Addgene, 51883) were previ-
ously reported®® and injected at 750 pg (DNA), 500 pg (RNA)
and 750 pg or 1,500 pg (RNA) per blastomere, respectively.
Marina-T2A-nls-mCherry (GEVI Marina)*® (Addgene, 74216) was
modified tointroduce amembrane localization sequence (as shown
below) and transcribed by using a T7 kit (as shown above) from a PCR
template that was generated by using primers1and 2 (Supplementary
Table 1). The PCR conditions were as follows: (1) 98 °C for 30 s; (2)
98°Cfor10s; (3) 30 s at 66 °C; (4) 72 °C for 1 min (34 cycles, steps
(2)-(4)); and (5) 72 °C for 2 min. GEVI Marina mRNA was injected at
~350 pg per blastomere. Vsp1 splicing morpholino (Supplementary
Table 1) wasinjected ata concentration of 100 uM. Cas13d-GFP mRNA
was injected at 800 pg and the guide for vsp1 3’ UTR at 600 pg per
blastomere.

GsMTx4 (Smartox Biotechnology, 08GSM001) was used at 5 uM
in 0.1x MMR.

GEVIMarina subcloning

Marina-T2A-nls-mCherry (GEVI Marina)®® (Addgene, 74216) was
modified, replacing nls-mCherry by a membrane-targeted reporter
Lyn-mCherry (Lyn, tyrosine-protein kinase Lyn isoform A from
Mus musculus, NP_001104566.1). Briefly, Lyn domain together with
mCherry was amplified by using pSP72 mRFP* as a template and
primers 1and 2 (Supplementary Table 1) containing the restriction
sites for Xmal and Notl. The PCR conditions were as follows: (1) 98 °C
for30s;(2)98°Cfor10s;(3)30sat72°C;(4) 72°Cfor45s (24 cycles,
steps (2)-(4)); and (5) 72 °C for 2 min. The amplified product was
then double digested with Xmal and Notl, purified and ligated using
T7 DNA Ligase (NEB, M0202) into Marina-T2A-nls-mCherry digested
with the same enzymes. The appropriate ligation was confirmed by
sequencing (Eurofins). The transcription of Marina-T2A-Lyn-mCherry
was performed using mMachine T7 kit (AM1344) and a PCR tem-
plate amplified with primers 3 and 4 (Supplementary Table 1). The
PCR conditions were as follows: (1) 98 °C for 30 s; (2) 98 °C for 10 s;
(3)30sat 66 °C; (4) 72 °C for 1 min (24 cycles, steps (2)-(4)); and
(5) 72°Cfor2 min.

Neural crest dissection, culture and grafts

Dissections. Cephalic neural crests were dissected from embryos
at stage 16 or 17 and cultured ex vivo as previously described*’.
Briefly, after removing the vitellin membrane, embryos were held in
modelling clay. Then, a hair knife (eyebrow glued into a glass pipette)
was used to remove the epidermis and explant neural crest clusters.

Culture. Clusters were cultured in glass-bottom dishes coated
with 62.5 pg ml™ fibronectin (Sigma-Aldrich, F1141) and filled with
Danilchik’s for Amy 1x medium (53 mM NacCl, 5 mM Na,CO;, 4.5 mM
potassium gluconate, 32 mM sodium gluconate, 1 mM MgSO,-7H,0,
1 mM CacCl,-2H,0 and 0.1% (w/v) bovine serum albumin adjusted to
pH 8.3 with1 M Bicine).

Grafts. Neural crests from donor and host were explanted as men-
tioned earlier. Using the hair knife, the donor neural crest was grafted
into the host embryo and held in place with a piece of coverglass
(-1x1mm?). Once the host embryos healed (-60 min), the glass was
removed, and the embryos were kept in 0.3x MMR. For time-lapse
imaging, the embryos were mounted on agarose dishes with~1.2 mm
lanes filled with 3% (w/v) methyl cellulose in phosphate-buffered
saline (PBS).

Vibrating probe and glass microelectrode measurements
invivo

Details for both approaches are presented in Supplementary Note 1.
Briefly, extracellular net electric current density was measured using
anon-invasive vibrating voltage probe'*****, TEP was measured by
impalingaglass microelectrode across the ectoderm of embryos*®**,

Electrotaxis assay ex vivo

The application of exogenous electric fields was performed in a
custom-made polydimethylsiloxane-based electrotaxis chamber
(Supplementary Note 1 and Extended Data Fig. 3a). Once prepared,
the surface of the electrotactic chambers was activated by coating
with 62.5 pg ml™ of fibronectin (Sigma-Aldrich, F1141). The chambers
were filled with Danilchik’s for Amy media and the neural crest
clusters were plated and allowed to adhere for about 20 min. Then,
using electric insulating grease (Dow Corning, DC4), a roof made of
coverglass (number 1.5) was attached to the polydimethylsiloxane
sides to cover the clusters and electrically seal the electric field tun-
nel. The electric fields were channelled through the chamber tunnel
via chloridized silver electrodes and agar salt bridges, composed of
agarose 1.5% in Steinberg’s solution (w/v) (58 mM NaCl, 0.67 mM KCl,
1.3 mMMgS0,-7H,0, 0.44 mM CaNO;-4H,0 and 4.6 mM Tris base at pH
7.4). The required voltages were provided by a direct-current power
supply (Apelex, 117240 or BK Precision, 9132B) and measured in the
electrotactic chamber by a voltmeter. The Apelex power supply was
fine-tuned by aresistance decade box (Tenma, 72-7270).

Wealso controlled the currentin the system’s circuit withanamme-
terinseries. We obtained approximate values of 0.02 and 0.20 mAfora
stimulation electric field of 10 and 100 mV mm™, respectively. Knowing
the cross-sectional area of the electrotactic chamber (Supplementary
Note 1), we calculated the respective current densities applied to the
neural crest clusters as 833 and 8,333 pA cm™ The lower end of these
valuesisinasimilar order of magnitude to the estimated current den-
sity in vivo (445 pA cm™; calculations are provided in Supplementary
Notel).

Variationsin pHand temperature were not observed in our electro-
tactic systems under anelectric field of 100 mV mm™for 4 h (Extended
DataFig.3c,d). We measured the pH witha pH meter before andimme-
diately after the application of 100 mV mm™for 4 h. To assess the tem-
perature, we used a probe (PC sensor, TEMPer1F) placed at the entrance
oftheelectricfield tunnel. Then, the temperature was recorded before
and alongthe application of an electric field.
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Application of electric fields in vivo

Toapply parallel or antiparallel exogenous electric fields (100 mV mm™)
along the migratory path of neural crest cells, we used the same power
supply, electrodes and agar bridges described in the ex vivo setup, but
in a different electric chamber (Supplementary Note 1 and Extended
DataFig.3b).Electric fields were applied from stage 17 to stages 21 and
22, and the embryos were immediately fixed and processed for in situ
hybridization.

Motility, protrusion and chemotaxis assays

Formotility, the neural crest clusters were platedintoaplastic-bottomdish
(Falcon) coated with fibronectin (125 pg mi™). After adhesion for 1 h, cells
wereliveimaged. For chemotaxis, heparin-acrylicbeads (Sigma-Aldrich)
were soaked overnight with 3.3 pg mI™ human SDF-1 (Sigma-Aldrich)
at 4 °C. Beads were fixed to a fibronectin-coated glass-bottom dish
by using grease lanes. Explants were located in front of the beads and
imaged. Protrusions were imaged in the same dish but without abead.

Insitu hybridization

For Xenopus, in situ hybridization embryos were hybridized with
digoxigenin-labelled antisense probes against neural crest markers
(c3(ref.58) or sox8 (ref.59)) and against usp1 by following step-by-step
protocols®. To synthesize a vsplI antisense probe, a vspl fragment of
600 bp was amplified using primers 5 and 6 (Supplementary Table1).
Probeswere transcribed withaRiboprobeinvitro Transcription System
(Promega), according to the manufacturer’s instructions.

Immunofluorescence

Neural crest explants were fixed for 25 min with 3.7% formaldehyde in
0.1% PBS Tween-20 (v/v) atroom temperature, rinsed and permeabilized
with 0.1% PBS Triton X-100 (v/v) for 3 min. Explants were then blocked
with 4% bovine serum albuminin PBS (v/v) for 30 min at room tempera-
ture and incubated overnight at 4 °C with primary antibody (mouse
active Racl-GTP at 1:4,000 in 4% bovine serum albumin; New East
Biosciences 26903). To detect Vspl, explants were blocked for 30 min
with 10% normal goat serum in PBS (v/v) and incubated with anti-VSP/
TPTEat1:100in10% normal goat serum (antibody (N432/21), Antibod-
ies 75-485). Excess primary antibodies were removed by washing with
0.1% PBS Tween-20, and the explants were incubated with anti-mouse
AlexaFluor 555 or anti-mouse Alexa Fluor 647 secondary antibodies at
1:350 (Invitrogen) and DAPI (1:750) for 2 h at room temperature. Excess
secondary was washed 3 times in PBS Tween-20 0.1%, fixed for 5 minand
mounted with Mowiol (Millipore, 475904) for confocal microscopy.

Reverse-transcription PCR

RNA extraction from heads (stage 22) was performed using the
RNeasy Mini kit (Qiagen, 74104). cDNA was generated with SuperScript
IV (Invitrogen, 18090050) using Oligo (dT) Primer 50 uM (Invitro-
gen, AM5730G) in all cases, except for the validation of the splicing
morpholino, which was performed using Random Hexamer Primers
(Invitrogen, N8080127). Amplification by PCR was performed using
the Q5 Hot Start High-Fidelity DNA Polymerase (NEB, M0493), with
the primersindicatedinSupplementary Table1. The PCR steps were as
follows: (1) 98 °Cfor 30 s; (2) 98 °Cfor10s; (3) 30 s (annealing) at 63 °C
(primers 7 and 8), 64 °C (primers 9 and 10), 55 °C (primers 11 and 12);
(4)72°Cfor200r30s(32-35cycles, steps (2)-(4)); (5) 72 °C for 2 min.
Amplicons were resolved in agarose 0.8-2% (w/v) gels.

For semi-quantitative analysis, after background subtraction,
values were normalized to the control of each condition and the ratio
between vspl and elfla of the normalized values was determined and
compared.

RNA-sequencing procedures and analysis
RNA quality was assessed in an HS RNA Screen Tape Analysis (Agilent
Technologies), and an mRNA library was prepared using SMART-Seq2

(ref. 60). llluminalibraries were generated with the Nextera protocol®’.
Library quality was assessed in a fragment analyser (AATI). Sequenc-
ing was carried out in NextSeq500 Sequencer (Illumina) using 75 SE
high-throughput kit. Sequences were extracted in the FASTQ format
using bcl2fastqv. 2.19.1.403 (Illumina).

After discarding ribosomal contamination, sequences were
mapped against the reference genome of X. laevis using the annota-
tion XENLA_9.2_Xenbase.gtf (v. 9.2) (https://ftp.xenbase.org/pub/
Genomics/JGl/Xenla9.2/). Gene expression tables wereimported into
Rv.3.6.3 tonormalize the gene expression with the trimmed mean of
Mvalues procedure®® by using the NOISeq R package (v. 2.30.0)%".

CRISPR-Cas13d to downregulate Vsp1

Design and preparation of the guide. To design the guide RNA (gRNA)
for the 3’ UTR of usp1, we used an open platform (https://cas13design.
nygenome.org)®>*. The DNA template to generate the gRNA was pro-
duced by the fill-in PCR technique®® using the gRNA universal primer
in combination with the primers indicated in Supplementary Table 1
(numbers 13 and 14). The PCR conditions were as follows: (1) 98 °C for
305;(2)98°Cfor10s;(3)30sat65°C; (4) 72 °Cfor30 s (34 cycles, steps
(2)-(4)); and (5) 72 °C for 2 min. A 72 bp amplicon was generated and
purified, and 500 ng was used for T7 transcription.

Cloning and preparation of Cas13d mRNA. Two nuclear localization
signals were removed from Cas13d (Addgene, 109049)% by using the
Gibson Assembly CloningKit (New England Biolabs, E5510) with primers
15-18 (Supplementary Table 1). The PCR conditions were as follows:
(1)98°Cfor30s;(2)98°Cfor10s;(3)30sat72°C;and (4) 72 °Cfor 3 min
(29 cycles, steps (2)-(4)). Cas13d was then subcloned into pCS2+ and
fused to msfGFP?, yielding a pCS2+Cas13d-msfGFP plasmid by using
Gibson Assembly and primers19-22 (Supplementary Table1). The PCR
conditions were as follows: (1) 98 °Cfor 30 s; (2) 98 °Cfor10s; (3) 30 sat
65 °C (primers 19 and 20) and 72 °C (primers 21 and 22); (4) 72 °C for
2 min (29 cycles, steps (2)-(4)); and (5) 72 °C for 2 min. The pCS2+
Cas13d-msfGFP plasmid was digested with Not/and transcribed with SPé6.

Vspl-GFP and GEVI Marina imaging and analysis

Neural crest cells injected with Vspl-GFP*° were plated into
fibronectin-coated glass-bottom dishes (WPI, FD35), allowed to adhere
and imaged by confocal microscopy.

GEVIMarinais agenetically encoded fluorescent voltage indicator
that has been used to directly report voltage variations and electrical
activity in cells***°, The construct of this reporter has a voltage-sensing
domain® linked to a mutated variant of super ecliptic pHluorin that
directly reports the membrane potential®. In addition, the construct
hasaninternal reporter (mCherry) for normalization (Extended Data
Fig. 6a). Thisis animportant feature as it permits to readily reference
the intensity of the voltage indicator against the expression levels of
the reporter (mCherry). For GEVI Marina fluorescence analysis, the
normalized pHluorin to membrane mCherry fluorescence intensity
was calculated (Extended Data Fig. 6b). Regions of interest (ROIs) were
analysed using the ROl manager tool in Fiji (https://imagej.net/soft-
ware/fiji/; v. 1.54f). The nuclei mCherry fluorescence was subtracted
using the Image Calculator tool in Fiji.

Cryosectioning

Embryo sectioning was performed as previously described****, Briefly,
neural-fold-injected embryos were fixed for 2 h at room temperature
and washed twice with phosphate buffer 1x (NaH,PO,-H,0 0.2 M and
K,HPO, 0.2 M, pH 7.4) for 5 min in each wash. Embryos were passed
through sucrose 15% in phosphate buffer (w/v) for2 hatroom tempera-
ture. Embryos were then embedded and orientated in agelatine solu-
tion (gelatine 8%in 15% sucrose in phosphate buffer, w/v) and incubated
for1hat42°C.Gelatine blocks were flash frozen at —80 °Cin pre-cooled
heptane and sectionedin 25 pmslicesinacryostat (Leica, CM3050S).
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Laser ablation assay

Recoil velocity as a proxy of membrane tension build-up or stretch-
ing was assessed using laser ablation experiments®. After an initial
(intact) image was acquired, membranes were photoablated using
the MicroPoint system (Andor) fitted with a 350 nm pulsed laser and
365/435 dye or using the Ablate! system (3i Marianas) fitted with an
attenuatable 355 nm pulsed laser. The systems were controlled by Meta-
morph (Molecular Devices) or SlideBook 6 (3i) software, respectively.
Images were acquired using HC PL APO x63/1.30-numerical-aperture
(NA) glycerol immersion objective (Leica) or a PL APO 60%/1.20-NA
water-immersion objective (Nikon) and 488 and 561 nm laser lines
with iXon Ultra electron-multiplying charge-coupled device (Andor)
or Prime 95b scientific complementary metal-oxide-semiconductor
(Teledyne Photometrics) cameras. Junctions were ablated using one
pulse of 5-10% laser. Typically, three ablations were performed per
embryo to minimize potential effects due to laser damage. Ablated
membranes were mediolaterally oriented, perpendicular to the neural
fold. For analysis, the right and left vertexes of fluorescently labelled
membranes were tracked for up to 20 s after photoablation using the
Manual Tracking plug-inin Fiji.

Microscopy and time-lapse imaging

In situ hybridization. Embryos were mounted on an agarose dish with
small depressions to facilitate acquisition. USB Dino-Eye eyepiece
camera (Dino-Lite, AM7025X) or Flexacam C1 or C3 (Leica) mounted
onto stereoscopes were used at x2.5 or x3.2 magnifications, using
DinoCapturev. 2.0 (Dino-Lite) or Leica’s built-in software.

Immunofluorescence. A z-stack series was acquired on a Leica Stel-
laris Supright system using an HC PL APO x63/1.40-NA oil-immersion
objective (Leica) and the 405 and 568 nm laser lines. The system was
controlled by LAS X (Leica).

Graft experiments. Grafted embryos were imaged using 488 and
561 nmlaserlinesonanlmager Z2/ApoTome.2 system (Zeiss) equipped
with an OrcaFlash 4.0 v2 complementary metal-oxide-semiconduc-
tor camera (Hamamatsu) or on an SP5 or Stellaris 5 confocal system
(Leica). Water-immersion x10 objectives were used in both systems:
N-Achroplan x10/0.30 NA (Zeiss) and HC PL APO x0/0.30 NA (Leica).
Microscopes (bothupright setups) were controlled by ZENv. 3.1 (Zeiss),
LAS AF (Leica) or LAS X (Leica).

Electrotaxis. Clusters were imaged on a Nikon HCS microscope,
equipped withaZyla4.2 scientific complementary metal-oxide-semi-
conductor camera (Andor) and using a PL APO x10/0.45-NA objective
(Nikon). The system was controlled by NIS-Elements (Nikon) to acquire
time-lapse microscopy images every 5 min.

Motility. ApoTome system (Zeiss) used an EC Plan-Neofluar x10/0.30-NA
objective (Zeiss) or Stellaris 5 withan HC PL APO x10/0.40-NA objective
(Leica). The systems were controlledby ZENv. 3.1 (Zeiss) or LAS X (Leica)
toacquire time-lapse images every 2.5 or 5 min.

Protrusions. SP5 confocal system with an HC PL APO x40/0.80-NA
water-immersion objective (Leica) was used in the time-lapse mode
every30o0r60s.

Chemotaxis. SP5or Stellaris 5 confocal systems ora Thunder Imager 3D
Cell Culture system (Leica) was used with the HC PL APO x10/0.40-NA
objective (Leica) in the time-lapse mode every 5 min.

Vsp1-GFP imaging. An inverted confocal system (Zeiss, LSM 980)
controlledby ZEN Bluev. 3.3 (Zeiss) was used with the 488 and 561 nm
laser lines and the C Plan-Apochromat x63/1.40-NA oil-immersion
objective (Zeiss).

GEVI Marina imaging. An upright (Stellaris 5) confocal system was
used with the 488 and 561 nm laser lines. The HC PL APO x63/1.40-NA
oil-immersion objective (Leica) was used for ex vivo cluster imaging
and the HC PL APO x10/0.30-NA or x25/0.95-NA water-immersion
objectives (Leica) were used for in vivo imaging.

Neural-fold-targeted injection imaging. The Stellaris 5 confocal
system with the HC PL APO x10/0.30-NA water-immersion objec-
tive (Leica) was used to image the full embryo. Sections were imaged
using the LSM 980 confocal system with the LCI Plan-Apochromat
x25/0.80-NA oil-immersion objective (Zeiss).

Cell motility analysis

Cluster and cell migration. All the tracks were performed using the
Manual Tracking plug-in in Fiji. FMI and velocities were computed
using the Chemotaxis and Migration Tool v. 2.0 (ibidi). The frequency
of angles of the clusters/cells in relation to the electric field vector
was computed using Rozetav. 2.0 (freeware developed by J. Pazera).

Cell protrusions. Maximum protrusion area was measured in Fiji using
the freehand selection tool. Protrusion dynamics correspond to the
time for acomplete cycle of protrusion expansion and retraction. The
maximum protrusionareawas determined at the maximum protrusion
expansion frame.

Neural crest migration analysis

The displacement of neural crest cells was derived from the ratio
betweenthe streamlengthand dorsoventral length of the embryo. All
theratios were normalized against the maximum length of the control
stream. Lengths were obtained in Fiji using the measurement tool.

Image and video treatment

Substacking, zprojections (maximumintensity), rotations, time-colour-
coded projections, look-up tables and time-lapse videos were obtained
using Fiji. General treatment, including the adjustment of contrast and
brightness, resizing, pseudocolouring, addition of scales and overlay
of text in images and videos, were conducted in Fiji, Photoshop 2021
(Adobe) or Illustrator 2021 (Adobe). In Extended Data Fig. 6d,f-h, the
nuclear area and membrane of mCherry were segmented and sepa-
rated by using the Fijiimage calculator subtraction plug-in. Time-lapse
images from grafts were registered using the StackReg plug-in in
Fiji. In few in situ hybridization microphotographs, the background
was pseudocoloured in Photoshop and in some time-colour-coded
projections, autofluorescent debris was coloured in Fiji, both for clarity
purposes and without interfering with the sample itself.

Statistics and reproducibility

No statistical methods were used to pre-determine the sample
sizes, but our sample sizes are similar to those reported in previous
publications®**, Data collection and analysis were not performed blind
to the conditions of the experiments. The experimenters were not
blinded due to the nature of the experimental procedures, that is, unvi-
able, uninjected or misinjected embryos, cells or clustersneeded tobe
excluded inadvance. After this selection, embryos were randomly allo-
cated to the specified experimental conditions, and all the experiments
were repeated at least three independent times. When possible, data
collectionstarted either with control or withtreatmentconditionsatran-
dom. Datasets were tested for normality using the d’Agostino—-Pearson,
Shapiro-Wilk or Kolmogorov-Smirnov tests in Prism10 (v. 10.2.2,
GraphPad). When the distributions proved to be normal, significance
values were calculated with a Student’s ¢-test (two tailed) in Prism10.
For unequal variances, Welch’s correction was applied to the Student’s
t-test. Forinstances other than normal distribution, significance values
were calculated with Mann-Whitney or Wilcoxon tests (two tailed).
Multiple comparisons were carried out using a one-way analysis of
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variance, with Tukey’s or Dunnett’s multiple comparisons tests for
parametric datasets and with Kruskal-Wallis with Dunn’s correction
for non-parametric datasets (Prism10). Only multiple comparisons
showing P < 0.05 were processed for individual comparisons, and the
significance values were calculated as described above. A 95% confi-
denceinterval (Cl) was used in all the analyses and statistical detailing
isprovidedinallthe figure legends. Data outliers wereidentified using
the statistical Grubbs’ test and/or the ROUT method (Prism10).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data supporting the findings of this study are available within the
article and its Supplementary Information. Any other information is
available from the corresponding author upon request. Source data
are provided with this paper.
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Extended Data Fig. 1| Neural crest development and vibrating probe setup
and calibration. a, Scheme showing the transition of Xenopus laevis embryos
from stage 17.5 to stage 23. We refer to these stages as pre- or early migratory
stage and migratory, respectively. Streams containing groups of neural crest
cells (or clusters) are observed at migratory stages as a sign of directed collective
cellmigration (dCCM). b, Overview of the vibrating probe setup. ¢, Zoom-in of
the dashed red rectangle shown in (b) showing the measuring chamber with an
embryo. M, middle; L, lateral; D, dorsal; V, ventral. d, Upper panel is azoom-in of
the yellow rectangle shownin (d), displaying a vibrating probe in static mode.
Scale bar, 50 pm. d, Bottom panel shows the probe in vibrating mode as
observed while located in the neural fold position (pos). Neural crest (cyan). Scale
bar,200 pm. e-g, Calibration and validation with an artificial source. e, Example
results of vibrating probe calibration with an artificial source at the indicated

values (details in Supplementary Note 1). Inset in the top left corner shows
aglass microelectrode (point source) and vibrating probe. Scale bar, 150 pm.
f,g, Validation results. Reference is recorded when the probe is >1 mm away
from the artificial source and measurements are taken at the indicated distance.
g, Current density as a function of the distance to the artificial source using
observed in (f) and theoretical data calculated using Equation 1 (Supplementary
Note1). Inset in (g) shows the results of fitting both observed and theoretical
results to alinear regression. Note the exponential drop of current density with
distance indicating a successful calibration. Two-tailed Pearson’s 1%,
****p<0.0001. h, Invivo probe validation using the blastopore of a Xenopus
laevis embryos as a natural source of outward currents and the ventral ectoderm
asapointofinward currents (or ‘sink’).
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3| Exvivo electrotactic setup, impactin polarity and
response of neural crest clusters versus single cells. Exploded view drawings
ofthe design and assembly steps of the electrotactic chamber used exvivo (a)
and for the electric chamber used for in vivo experiments (b). Order of assembly
isbottom-up, except for the agar bridges that close the circuit just prior to EF
application. Further details in Methods. Charge flows from anode (+ pole) to
cathode (- pole). Scale bar,10 mm. (c) and (d) device controls. (c) Temperature
and (d) pH controls when applying a100 mV mm " electrical stimulus for 4 h.
Central tendencies are median and errors interquartile ranges. ¢, Kruskal-
Wallis’ test, n =4 each case; d, Two-tailed Wilcoxon matched-pairs test,n=4.4
independent experiments. e, Immunofluorescence against activated Racl during

electrotaxis, 1h of exposure to EF in each case. Arrows indicate the direction

of migration. Scale bar, 30 um. f, Time color-coded trajectories of clusters and
isolated neural crest cells migrating in electric fields of 100 mV mm™. White
arrows depict clusters trajectories. Note that single cell representative panel

has been zoomed in to visualize the single cell. Scale bars, 100 pm. g, Rose plots
showing the angle frequencies of migrationinrelation to the electric field vector
(anode and cathode are indicated). h, Forward migration index (FMI). Red lines
represent mean and error bars standard deviation. Two-tailed ¢-test with Welch’s
correction, ™**p < 0.0001, N¢yysters = 18, Ngingie cens = 43- €,f, Representative examples
from three independent experiments; Cl = 95%.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Electrotactic response of neural crest clusters
inaphysiological range of electric field strength. a, Time colour-coded
trajectories of neural crest clusters migrating under the indicated conditions.
Arrows indicate trajectories. Scale bar, 100 pum. Representative examples from
three independent experiments; Cl = 95%. b-d, Quantification of migratory
parameters. Red lines represent median and error bars interquartile range.
Ayoer =27, Migmymm =32, Nsomymm =18, Migomyvmm - =44 clusters. b, Forward
migration index (FMI). No EF vs.10 mV mm, two-tailed t-test with Welch’s
correction, *p=0.0253; No EF vs. 50 mV mm™, two-tailed ¢-test, ****p < 0.0001;
No EF vs.100 mV mm™, two-tailed ¢-test with Welch’s correction, ***p < 0.0001;

10vs.50 mV mm™, two-tailed t-test, ***p <0.0001; 50 vs. 100 mV mm™?, two-
tailed t-test with Welch'’s correction, *p = 0.0436. ¢, Velocity. No EF vs. 10 mV
mm™, two-tailed t-test, p=0.0967; No EF vs. 50 mV mm™, two-tailed t-test,
**p=0.0005; No EF vs.100 mV mm, two-tailed Mann Whitney U-test,

**n <0.0001;10 vs. 50 mV mm, two-tailed ¢-test, *p =0.0065; 50 vs. 100 mV
mm, two-tailed Mann Whitney U-test, *p =0.0212.d, Net displacement. No EF vs.
10 mVmm™, two-tailed r-test, *p=0.0201; No EF vs. 50 mV mm, two-tailed r-test,
** < 0.0001; No EF vs.100 mV mm™, two-tailed Mann Whitney U-test,

“*%p < 0,0001;10 vs. 50 mV mm™, two-tailed ¢-test; *p=0.0010; 50 vs.

100 mV mm, two-tailed Mann Whitney U-test, *p = 0.0171.
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Extended Data Fig. 5| Estimation of membrane tension and DshDEP*
controls. a, Scheme of laser ablations in the neural fold and flank ectoderm.

b, Tension estimated from the neural fold and in the flank ectoderm, stages
asindicated. Red lines represent mean and error bars standard deviation.
Twor-tailed t-test with Welch’s correction, ***Pyeyrairoldstage1svs. NeuralFoldstager < 0-0001,
two-tailed £-test ™™ Pyeurarroldstager7 vs. Flankectoderm < 0-000L, Myeyrarrordstagers= 15
Ayeuratroldstager = 20, Merankectoderm = 17 c€llmembranes. Scale bar, 15 um.

¢, Representative images of the neural fold membrane recoil velocity as a readout
of stored tension (stages and treatments as indicated). Membrane tension

was estimated from the recoil velocity of the membrane junctions

(red dots) that were adjacent to the ablation point (red arrowhead). d, Scheme

of neural fold-targeted injection. e, Neural fold-tagged embryo with membrane
GFP (green) at stage 17 on the left (neural crest, cyan). Red dashed line shows

the transverse plane of a cryosection presented in the right panel; DshDEP* and
membrane GFP (green) distribution can be detected mostly in the neural fold.
Scale bar,200 pm. AP, anteroposterior; nf, neural fold; np, neural plate; nc,
neural crest; nt, notochord. f, Lateral views of representative embryos displaying
insitu hybridisations against sox8, a neural crest marker. Scale bar,200 pm.
Representative examples from at least three independent experiments; Cl=95%.
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Extended Data Fig. 6 | Neural crest is electrically sensitive to applied and
endogenous electric fields ex vivo and invivo. a, Genetically encoded voltage
indicator Marina-T2A-lyn-mCherry (GEVIMarina) construct. b, GEVI Marina
signals is normalized to the membrane marker mCherry, which is encoded by
the same construct. ¢, /nvivo confocal projection of an embryo expressing GEVI
Marinain the neural crest (fire lookup table). Scale bar, 150 pm. Orange square
and arrow indicate the region from where images in f-h were taken. d, Ex vivo
confocal projections of neural crest clusters expressing both GEVI Marina (fire
lookup table) and membrane as well as nuclear mCherry (gray scale). Conditions
asindicated (electric field of 100 mV mm™). Scale bar 50 um. e, Quantification of
the normalized fluorescence intensity (electric field of 100 mV mm™). Red lines
represent mean and error bars standard deviation. Two-tailed Student’s ¢-test

h

*kkk

Normalized fluorescence

with Welch'’s correction, ***p < 0.0001, ny, =22 and n.-= 40 cells. f-h, In vivo
confocal projections of embryos expressing GEVIMarina in the neural crest (fire
lookup table) and membrane as well as nuclear mCherry (gray scale). Conditions
asindicated (electric field of 100 mV mm™). Scale bar, 30 pm. Projections

are neural crest leading edges from a region similar to the indicated with an
orange square in c. i, Quantification of the normalized fluorescence intensity
(electric field 0of 100 mV mm™). One-way ANOVA with Dunnet’s multiple
comparisons test, ***p < 0.0001for both comparisons, Miqype endogenouser = 14
MpghEp-+-no endogenous eF = 13, N Mypuieqer = 14 membranes. Red lines represent mean
and error bars standard deviation. ¢,d,f,g,h, Representative confocal projections
from three independent experiments; Cl=95%.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Detection of Vsplin Xenopus cranial neural crest and
knockdown specificity and effectiveness controls. a, Scheme and workflow
of RNA-seq experiments from a single neural crest explant dissected at pre-
migratory stages (-st17) and processed for SMART-seq2 RNA-seq. b, Heatmap
showing relative expression levels. Note that neural crest markers are enriched
(warm colors) in our libraries, unlike surrounding tissues markers (cold colors),
confirming library purity (N stands for independent experiments). ¢, List of
represented ion channels found by RNA-seq after TMM (Trimmed Mean of
M-values). The voltage-sensitive phosphatase vspI (¢pte2.L) is highlighted
inred.d, Vspl-GFP locates in the membranes of neural crest cells ex vivo.

e, Representative bands of a PCR against uspI or sox8 (a neural crest marker) and
embryo hybridized with a probe against vspl. One side of the embryo injected
with Vspl-Casl13, showing a decreased usp1 signal. f-k, Lateral views of embryos
displaying the result of in situ hybridization against sox8 (a neural crest marker).
Scale bar, 200 pm. 1, Percentage of embryos displaying streams. Bars represent
mean and error bars standard deviation. Two-tailed Fisher’s exact test,
****p<0.0001and **Pyspr-ssmovs. vsp1-ssmo -+ Vspt-Gep = 0-001L, Rconeror = 25, Myyspi-caons = 24,

ontrol = 35, Mysprssmo = 35, Mysprssmo+vspt-6rp = 22, Mcontrol casts = 24, Myspr.casi3 = 37 and
Myspr.casiz+vspr-cre = 47 €mbryos. m, Representative gel showing that Vsp1-SSMO
specifically targets the splicing site of usp1. Primers spam a splicing site; hence,
the presence of aband means that Vsp1-SSMO precluded splicing, and in turn
knocking down uspl. n, Representative gel showing that Vspl-Casl13 effectively
downregulates vsplI transcripts. o, Normalized ratio intensity of usp1/efia.

Bars represent mean and error bars standard deviation. Two-tailed Mann
Whitney U-test, **p=0.0001; N¢onero1= 7, Myspi-casts = 10 gel bands. p-r, Represen-
tative confocal projections of immunofluorescence against Vspl, showing that
Vspl-SSMO and Vspl-Cas13 downregulates Vspl protein in the membranes of
neural crest cells exvivo. s, Quantification of the fluorescence intensity profile of
lines overlaying cell membranes. Solid lines represent mean and shades the 95%
confidence interval. Brown-Forsythe and Welch ANOVA with Dunnett’s multiple
comparison against control, ***p < 0.0001 for both comparisons, n=18 cell
membranes. d,e,f-k,m,n,p-r, Representative examples from three independent
experiments; Cl = 95%.
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a

Extended Data Fig. 8 | Impact of usp1 knockdown on neural crest cells
motility and chemotaxis exvivo. a, Overlay of isolated neural crest cells at 0 min
(t1) and 60 min (t2) of migration. White lines depict cell trajectories. Scale bar,

30 pm. b, Quantification of single cells normalized velocity. Red lines represent
mean and error bars standard deviation. One-way ANOVA with Dunnett's multiple
€omparisons test, Nconyro = 14, Mytyspr.csors = 19, Myspr.ssmo = 9 AN Nygpy.casi3 = 9 cells.
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beads after 3-4 h (red arrows depict the direction of migration). Scale bar, 100
pum. e, Forward migration index (FMI) quantifications. Red lines represent mean
and error bars standard deviation. One-way ANOVA with Dunnett's multiple
COmParisons test, Meonwor = 14, Nxivspr-cors = 9 Mysprssmo = 7 AN Mygpy.caa13 = 8 Clusters.
a,d, Representative examples from three independent experiments; Cl = 95%.
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Extended Data Fig. 9 | Vspl gain of function promotes electrotaxis at sub- ¢, FMI quantifications. Red lines represent mean and error bars standard
optimal voltages. a, Electrotaxis assay exvivo. b, Time colour-coded trajectories  deviation. Two-tailed t-test, **p = 0.0069, Nconyo = 47, Nxiysprriszg = 39 clusters.
exvivo.Control, neural crest injected with nuclear RFP; XI-Vsp1-R152Q, neural b, Representative examples from at least three independent experiments;
crestinjected with nuclear RFP and XI-Vsp1-R152Q-GFP. Scale bar, 100 um. CI=95%.
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Metamorph (Molecular Devices), SlideBook 6 (3i), and pCLAMP 8.0 software suite (Molecular Devices).
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were used to further process data for statistical analysis.
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relevant data are available from the corresponding author upon reasonable request." Source Data used to built the charts and to calculate the P values in each chart
are also available in the manuscript. The reference genome of Xenopus laevis was XENLA_9.2_Xenbase.gtf (v9.2) (https://ftp.xenbase.org/pub/Genomics/IGl/
Xenla9.2/).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Not applicable. We only use embryos of Xenopus laevis for data acquisition. Adults males and females were only used for in
vitro fertilizations to generate the embryos used.

Reporting on race, ethnicity, or Not applicable
other socially relevant

groupings

Population characteristics Not applicable

Recruitment Not applicable

Ethics oversight As specified in the our Methods. Oversight by Ethics Committee and Animal Welfare Body (ORBEA) of the Instituto

Gulbenkian de Ciéncia (IGC) and complied with the Portuguese (Decreto-Lei n2 113/2013) and European (Directive 2010/63/
EU) legislation.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size As specified in the Statistical analysis section of our Methods. No statistical methods were used to pre-determine sample sizes but our sample
sizes are similar to those reported in previous publications (Bajanca et al., 2019, Nature Communications; Marchant et al., 2022, Nature
Materials).

Data exclusions  As specified in the Statistical analysis section of our Methods. Inviable embryos and cells were excluded from our analyses. For in vivo analyses
(graft and in situ hybridizations) embryos that were misinjected, determined by fluorescence intensity assessment, were also excluded from
analyses.

Replication As specified in the Statistical analysis section of our Methods. Once the optimal conditions were achieved, all replicates were successfully
reproduced. Experiments were repeated at least three independent times.

Randomization  As specified in the Statistical analysis section of our Methods. After exclusion of misinjected or inviable/death embryos, the embryos and
parameters for different experiments were randomly allocated and analysed.

Blinding As specified in the Statistical analysis section of our Methods. Since properly injected and surviving embryos and cells were selected, the
authors were not blinded. Our criteria for selection was correct injection and survival.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Antibodies
Antibodies used Mouse active Rac1-GTP 1:4000, New East Biosciences, 26903;
Anti-mouse Alexa Fluor 555 (1:350), ThermoFisher, A-31570;
Anti-mouse Alexa Fluor 647 (1:350), ThermoFisher, A-32728;
Anti-VSP/TPTE (1:100), Antibody (N432/21), Antibodies Inc 75-485.
Validation Mouse active Rac1-GTP 1:4000, New East Biosciences, 26903 was validated in Bajanca et al., 2018, Nature Communications.

Anti-VSP/TPTE (1:100), Antibody (N432/21), Antibodies Inc 75-485 was validated in Raltzan et al., 2019, PlosOne.
Secondary antibodies were commercially validated and have been widely used in Xenopus laevis (e.g., Barriga et al., 2018, Nature;
Barriga et al 2013, JCB; Shellard et al., 2021, Nature, etc):

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Adult female Xenopus laevis (wild type strain) were subjected to hyperovulation protocols to obtain oocytes for in vitro fertilization.
Adult male Xenopus laevis (wild type strain) were subjected to culling to obtain fresh testes for in vitro fertilization.
We analysed embryos at Xenopus neurula stages 13, 17 and 22/23 (defined as non-migratory, pre-migratory, and migratory stages,
respectively).

Wild animals No wild animals were used in the study.

Reporting on sex Not applicable. We only use embryos of Xenopus laevis for data acquisition. Adults males and females were only used for in vitro
fertilizations to generate the embryos used.

Field-collected samples  No field collected samples were used in the study.
Ethics oversight As specified in the our Methods. All animal procedures were reviewed and approved by the Ethics Committee and Animal Welfare

Body (ORBEA) of the Instituto Gulbenkian de Ciéncia (IGC) and complied with the Portuguese (Decreto-Lei n2 113/2013) and
European (Directive 2010/63/EU) legislation.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks Not applicable.

Novel plant genotypes  Not applicable.

Authentication Not applicable.
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