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Electric field–guided collective motility initiation 
of large epidermal cell groups

ABSTRACT Recent research has elucidated mechanochemical pathways of single cell polar-
ization, but much less is known about collective motility initiation in adhesive cell groups. We 
used galvanotactic assays of zebrafish keratocyte cell groups, pharmacological perturbations, 
electric field switches, particle imaging velocimetry, and cell tracking to show that large cell 
groups initiate motility in minutes toward the cathode. Interestingly, while PI3K-inhibited 
single cells are biased toward the anode, inhibiting PI3K does not affect the cathode-directed 
cell group migration. We observed that control groups had the fastest cathode-migrating cell 
at the front, while the front cells in PI3K-inhibited groups were the slowest. Both control and 
PI3K-inhibited groups rapidly repolarized when the electric field direction was reversed, and 
the group migration continued after the electric field was switched off. Inhibiting myosin 
disrupted the cohesiveness of keratocyte groups and abolished the collective directionality 
and ability to switch direction when the electric field is reversed. Our data are consistent with 
a model according to which cells in the group sense the electric field individually and me-
chanical integration of the cells results in coherent group motility.

INTRODUCTION
Cells migrate collectively as cohesive groups during embryonic de-
velopment, wound healing, and tumor metastasis (Friedl and 
Gilmour, 2009; Scarpa and Mayor, 2016). Cell coordination within 
cohesive groups and collective directional response to external cues 
underlies crucial biological and pathological processes, and under-
standing respective mechanisms is a pressing problem. Most re-
search on collective cell migration has been focused on groups 

moving in response to chemical gradients (Theveneau et al., 2010; 
Dona et al., 2013; Shellard et al., 2018) or on edges of in vitro 
wounds where cells move into free space. However, multiple studies 
have shown that cells can directionally respond to other directional 
cues, such as applied direct current electric fields (EFs), in both in 
vitro and in vivo settings (Lin et al., 2008; Kennard and Theriot, 
2020). In this phenomenon, termed electrotaxis or galvanotaxis, 
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cells migrate toward the cathode or anode of the external EF 
(McCaig et al., 2005; Cortese et al., 2014). Notably, EFs have been 
recorded in biological tissues during development (Shi and Borgens, 
1994) and wound healing (Nuccitelli, 2003; McCaig et al., 2005; 
Zhao, 2009). For example, disruption of epithelial integrity collapses 
the transepithelial potential, generating steady EFs with cathode at 
the wound center. These in vivo EFs drive directional migration of 
keratinocytes/keratocytes into the wound, resulting in cellular cover-
age of the wound bed—an initial reepithelialization process that is 
critical for skin and cornea healing (Barker et al., 1982; Chiang et al., 
1992; Zhao et al., 2006). Also notably, physiological galvanotactic 
signals are often as potent as, or even more powerful than, chemo-
tactic or mechanotactic signals (Chang and Minc, 2014).

Multiple intracellular signaling pathways involving phosphati-
dylinositol 3-kinases (PI3Ks) (Zhao et al., 2006), mitogen-activated 
protein kinases (MAPKs), extracellular signal–regulated kinase (ERK) 
(Zhao et al., 2002), Rho/Rock kinases (Rajnicek et al., 2006), and 
small G-proteins (Sato et al., 2009) have been implicated in the 
mechanisms underlying electrotactic behaviors (Zhao et al., 2006; 
Bonazzi and Minc, 2014). However, these pathways are shared and 
overlap with those modulating chemotaxis. Thus, mechanisms re-
sponsible for sensing and transducing electrical signals in motile 
cells remain elusive (Cortese et al., 2014; Nakajima et al., 2015). Fish 
epidermal keratocytes have been an instrumental model in studying 
these mechanisms due to fast and steady locomotion, simple shape, 
and well-understood motility mechanics of this cell type (Mogilner 
et al., 2020). It has long been known that keratocytes respond to EF, 
moving toward the cathode (Cooper and Schliwa, 1986; Huang 
et al., 2009). Physically, keratocytes likely sense EF by harnessing the 
electrophoresis of charged mobile transmembrane proteins, which 
aggregate to one side of the cell (Allen et al., 2013). These redistrib-
uted components can serve either as receptors, activating intracel-
lular signaling relays, or as scaffolds for such receptors upstream of 
PI3K activation and polarization (Allen et al., 2013).

Comparing the galvanotaxis of zebrafish epidermal keratocytes 
and their subcellular fragments, we have previously concluded that 
protrusive actin and contractile actomyosin networks self-polarize to 
the front and rear of the motile cell, respectively. The electric signal 
orients both networks toward the cathode, but the cathode orienta-
tion of the protrusive lamellipodial front is stronger, and the cells 
migrate to the cathode (Sun et al., 2013). Inhibiting PI3K partially 
disorganizes the protrusive lamellipodium (i.e., “weakening” it), so 
that the cathode orientation of the contracting actomyosin rear 
“wins” redirecting the cells to anode (Sun et al., 2013). These are 
behaviors of the polarized motile cells, and cell motility is initiated by 
either spontaneous or induced polarization. Spontaneously, kerato-
cytes polarize slowly, over tens of minutes, from the rear (Yam et al., 
2007; Barnhart et al., 2015). An EF accelerates the motility initiation 
by an order of magnitude, but the cells still polarize from the rear 
(Sun et al., 2018). Interestingly, whether PI3K is inhibited or not, the 
cells polarize to the cathode (the PI3K-inhibited cells then turn and 
move to the anode) (Sun et al., 2018). On the other hand, when myo-
sin is inhibited, spontaneous polarization is completely suppressed 
(Yam et al., 2007; Barnhart et al., 2015). EF bypasses the requirement 
for myosin in polarization, but myosin-inhibited cells polarized in EFs 
have erratic motility and irregular shapes (Sun et al., 2018).

Collective keratocyte migration has received much less attention 
than single cell migration; however, both spontaneous migration of 
groups of zebrafish (Rapanan et al., 2014) and goldfish (Szabo et al., 
2006) keratocytes and EF-induced collective movements of zebraf-
ish (Huang et al., 2009) and goldfish (Cooper and Schliwa, 1986) 
keratocytes have been characterized. Collective migration of other 

types of cells has recently received more attention, revealing that 
coordinated collective cell behavior could be precisely manipulated 
and controlled by EFs (Li et al., 2012; Cohen et al., 2014; Zajdel 
et al., 2020; Shim et al., 2021; Zhang et al., 2022).

Many questions about cell groups migrating in EFs remain unan-
swered: Do the cells sense EF individually and independently, or 
collectively? Are there leader and follower cells? Considering that 
some perturbations can reverse individual cell directionality, what 
would such perturbations do to the collective directionality? In this 
study, we investigated the movements of cohesive keratocyte 
groups in EF. We found that unperturbed large keratocyte groups 
migrate to the cathode, the same as individual cells. Surprisingly, 
large cohesive groups of PI3K-inhibited cells also moved to the 
cathode, opposite the anode-directed single PI3K-inhibited kerato-
cytes. The speed of cells in the unperturbed and PI3K-inhibited 
groups was maximal at the groups’ fronts and centers/rears, respec-
tively. The groups initiate motility and reverse its direction, when EF 
polarity is switched, in minutes, with almost simultaneous reactions 
in all regions of the group. These behaviors were consistent with a 
qualitative model according to which the cells in cohesive groups 
sense EF individually and integrate mechanically to enable the 
whole group to move coherently.

RESULTS
Scale wound–generated electric fields initiate motility of 
large epidermal cell groups to the cathode
We and others have reported that EFs induce collective cell migra-
tion in cultured monolayers (Li et al., 2012; Cohen et al., 2014). How-
ever, testing EF-directed migration in an in vivo–derived epithelial 
cell group has been technically challenging (Zhao et al., 2003). Pio-
neering work by Cooper and Schliwa (1986) has demonstrated that 
fish keratocyte clusters perform directional migration under direct-
current EFs. Yet, the clusters they used were rather small, containing 
only up to 40 cells plus a greater than physiological voltage of 
8 V/cm to generate motility (Cooper and Schliwa, 1985, 1986). To 
address these issues, we generated primary epidermal cell groups 
from explanted scales of zebrafish, obtaining large keratocyte 
groups in 24–48 h (Supplemental Figure S1, A–C). Using phase con-
trast and fluorescently labeled images, we calculated that these 
groups’ size is from hundreds of microns to millimeters and contain 
hundreds to tens of thousands of individual cells (Supplemental 
Figure S1, D and E). These keratocyte groups maintained integrity 
through cell–cell adhesions (Rapanan et al., 2014).

To define the EF range guiding epidermal keratocyte group mi-
gration in vitro, we first measured the endogenous ionic currents 
around scale wounds in live zebrafish using a noninvasive vibrating 
probe (Reid et al., 2007; Huang et al., 2009) (Figure 1, A–C). Upon 
wounding, a large outward current emerged and increased until a 
peak of up to 3 µA/cm2 was reached around 1 h postwounding 
(Figure 1D). Despite the gradual decline, this electrical signal per-
sisted for at least 4 h, matching the approximate time required for 
the reestablishment of a new epidermis, as reported in a zebrafish 
skin wound model (Richardson et al., 2013). The mean peak outward 
current around the wound was 3.52 µA/cm2, while the intact scale 
epithelium, outside the electrical influence of the wounds, main-
tained tiny currents of 0–0.19 µA/cm2 (Figure 1E). Thus, the wound 
is electrically negative in relation to the surrounding tissue, estab-
lishing the cathode of the endogenous EF at the wound center, as 
shown by simulations (Figure 1F). Given that the measured conduc-
tivity of the medium is about 13.74 m℧/cm, a mean peak outward 
current of 3.52 µA/cm2 sustains an EF of about 2.56 V/cm, as calcu-
lated per Ohm’s law (Materials and Methods).
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FIGURE 1: Physiological EF drives epidermal cell groups to the cathode. (A) Experimental setup to define bioelectrical 
field strength of scale wound–generated EFs. A vibrating probe (VP) is used to measure ionic currents around zebrafish 
scale wounds. (B) An individual wound was made by pulling a single scale (W). (C) Cartoon to show enlarged area in B. 
An adjacent scale is chosen as an unwound control (UnW). (D) Time lapse of a typical measurement of outward current 
up to 4 h after wounding. (E) Significant peak of outward electric current in scale wounds (n = 6) in comparison with 
unwounded scales (n = 6). *p < 0.05 by Student’s t test. (F) Computational simulation of electric potential based on ionic 
current measurements in a zebrafish scale wound as depicted in C. The EF direction is oriented to the center of the 
wound (arrows). Color-coded scale in arbitrary units. (G) Schematic view of the electrotaxis chamber and the setup for 
EF application. (H) Stitched phase contrast image of a large keratocyte group at the onset (blue) and after 30 min (gray) 
of the EF application in the indicated orientation. Inserts represent 2× magnification of checked cathodal/anodal edge 
areas. Arrows mark group’s boundaries before (open arrow) and after (solid arrow) EF application. This group contains 
approximately 13,600 cells. Scale bar, 1000 µm. (I) Group’s contour overlay before and after EF application, each for 
30 min in a 5 min interval. Contours are color coded as shown in the color bar. Scale bar, 1000 µm. (J) Trajectories of 
keratocyte groups’ centroids (n = 17 for each condition). Duration: 30 min with (red) or without (blue) EF. Arrow indicates 
EF orientation. (K) Quantification of group directionality with (n = 24) or without (n = 24) EF (2 V/cm) application. Group 
migration (dash-lined and blue-lined eclipses) was tracked by monitoring centroid movement of each keratocyte group 
(red line). Directionality was calculated as cosθ. θ is the angle between the applied EF vector and vector (dashed line) 
connecting the first and last centroids of a group. **p < 0.01 by Student’s t test. (L) Quantification of group migration 
speed with (n = 24) or without (n = 24) EF (2 V/cm) application. Migration speed is calculated as the arc length of the 
trajectory (red curve) divided by the time. **p < 0.01 by Student’s t test.
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We then applied an external EF of strength comparable to what 
was measured in vivo (Figure 1G and Supplemental Figure S1F). 
Time-lapse images of overlapped multifields covering the whole 
keratocyte group were recorded, stitched, and analyzed (Supple-
mental Figure S1, G and H, and Materials and Methods). In the ab-
sence of EFs, we observed slow migrations in a random direction 
(Figure 1J). When the EF was switched on, the same group exhib-
ited a faster and directional migration as a cohort toward the cath-
ode (Figure 1, H and I, and Supplemental Movie S1).

To assess the global migratory behavior, we tracked the centroid 
trajectory of each keratocyte group to determine its directionality 
and speed (Figure 1J). The directedness is defined as the cosine of 
the angle between the centroid displacement vector and the EF 
vector (Figure 1K). Compared to the random migration in the no-EF 
group (directedness equal to 0.022 ± 0.129, n = 24), applying an EF 
(2 V/cm) induced a robust directional migration of the keratocyte 
group to the cathode (directedness equal to 0.707 ± 0.093, n = 24) 
(Figure 1K). Besides the significant directional difference, the trajec-
tory speed in EF (3.100 ± 0.330 µm/min, n = 24) was significantly 
faster than that for groups in no-EF control (1.955 ± 0.173 µm/min, 
n = 24) (Figure 1L). The group’s migration became directional in a 
voltage as small as 1 V/cm (Supplemental Figure S2A). The directed 
migration of keratocyte groups to the cathode was voltage depen-
dent: a significant speed increase was observed when the applied 
EF was equal to or larger than 2 V/cm (Supplemental Figure S2B). 
Altogether, the data suggest that external EFs of physiological 
strength guide migration of large keratocyte groups and allow in-
vestigation of collective cell motility initiation (Travis, 2011).

EF induces front-to-rear motility gradient in epidermal cell 
groups
Whole keratocyte groups initiated directed migration in EFs, but 
how do different group regions behave in response to EFs? To 
address this question, we used the particle image velocimetry (PIV) 
technique (Thielicke and Stamhuis, 2014) (Supplemental Figure S1H). 
Without EFs, velocity vectors of low magnitude (from 0 to 0.55 µm/
min), directed radially outward, are distributed throughout the group 
(Figure 2A, bottom left), suggesting a slow expansion of the group.

There were significant differences in movements along and per-
pendicular to EF, and so we break the velocity vectors into two com-
ponents, u and v, which are the velocity components along and per-
pendicular to EF, respectively (see Materials and Methods). For 
brevity, we will call u- and v-components of the velocity simply u- 
and v-velocity, respectively. In what follows, we call the side of the 
group facing anode the rear, the side of the group facing cathode 
the front, and the group edges in the directions perpendicular to EF 
the group sides.

By mapping u-velocities (Figure 2A, middle left) and v-velocities 
(Supplemental Figure S3A, left), we confirmed the slow expansion 
of the group before the EF is on (see also Supplemental Movies S2 
and S3). In contrast, applying an EF induced a u-velocity gradient 
from the rear to the front with the highest velocity (7.24 µm/min) at 
the front (Figure 2A, right). The EF application caused a significant 
fourfold velocity increase at the front compared with no EF control 
(Supplemental Figure S3E). Comparing u- and v-velocities, we 
found that the velocity increase was essentially due to the increase 
of the u-velocity (Supplemental Figure S3C). Meanwhile, the mean 
v-velocity had a small, yet significant reduction in magnitude com-
pared with that of the no-EF control (Supplemental Figure S3D). 
Note that the expansive v-velocity at the sides of the group with-
out the EF switched inwardly after the EF was on (Supplemental 
Figure S3B), suggesting that as the group started to extend due to 

the rear-to-front u-velocity gradient, cells at the sides of the group 
started to converge inwardly to compensate (Cohen et al., 2014).

The increase in u-velocity was spatially graded: the velocity di-
rected to the cathode increased dramatically at the group’s front, 
while the velocity increased only moderately at the center and re-
mained low at the rear of the group (Figure 2, A and B). The dynam-
ics of this polarization process (Supplemental Movies S2 and S3) 
revealed that directionality inside the group increased very rapidly 
and almost simultaneously at the front and center, suggesting equal 
EF-sensing capabilities of all cells inside the group (Figure 2B). A 
short directional delay for the cells in the rear after EF application 
(Figure 2B) was likely due to the outward, expansive cell movements 
at the future rear of the group before EF application (Figure 2C): it 
probably takes time to reverse the cells at the prospective rear. The 
velocity of the cells increased more slowly (Figure 2C) than direc-
tionality. Cells in the rear facing the anode experienced a more pro-
nounced time delay before reaching their speed maxima (Figure 2C). 
Analysis of several groups revealed similar directionality and velocity 
patterns (Supplemental Figures S4 and S5).

To support the PIV analysis, we manually tracked centroids of 
many cells from the rear, center, and front regions of the group (Sup-
plemental Figure S1H). In the absence of the EF, cells in the right 
and left (future front and rear, respectively) regions of the group (less 
than 100 µm from boundaries) underwent outward movement, 
while the cells in the central region moved very little (Figure 2D, left). 
The migratory velocity everywhere was small, with a displacement 
of less than 50 µm after 30 min (Figure 2D, left). In contrast, when 
the EF was switched on, cells at the front accelerated dramatically, 
undergoing a directed migration to the cathode with the longest 
displacement up to 250 µm during EF exposure for 35 min 
(Figure 2D, right). Cells in the central region were also performing 
accelerated cathode-oriented migration, with an average displace-
ment close to 100 µm (Figure 2D, right). Cells in the rear notably 
shifted from the anode-directed to the cathode-directed motility, 
with a small displacement of less than 50 µm (Figure 2D, bottom).

Then, we analyzed the directionality of each group of cells. As 
the EF was switched on, the cells at the front that were already bi-
ased to the cathode, very rapidly (within 5–6 min) increased their 
cathodal directedness to 1 (Figure 2E). The previously unbiased 
cells from the central region reacted almost without a delay (lagging 
the front cells by 2–3 min) and increased their cathodal directedness 
to 1 within ∼5 min after the short lag (Figure 2E). The cells at the rear 
that were moving to the anode before the EF exposure experienced 
a longer lagging time (up to 10 min), after which they turned to 
cathode with the turning rate similar to that of the cells in other re-
gions (Figure 2E).

Because the migration velocity difference between the front and 
rear of the group increased dramatically after EF application, the 
group stretched in the EF direction (Supplemental Movie S2), and 
one would imagine that the cell–cell contacts could be disrupted. 
This was indeed the case. We noticed multiple holes formed inside 
large groups in EFs, which could be identified in time-lapse images 
(Supplemental Movies S2 and S4). Holes developed only during EF 
application and grew at a rate compatible with the EF-induced 
u-velocity at the onset of hole formation. Holes emerged as early as 
15 min after EF application (Supplemental Figure S6A), and their 
diameters increased progressively (Supplemental Movie S4). To 
quantify the dynamic change of the holes, we monitored the area of 
the holes with respect to that of the group after EF application. At 
the end time point, after an EF was applied for 45 min, the total area 
of the holes reached 6.4% of the tissue size (Supplemental Figure 
S6B), with the largest holes measuring up to 3% of the group size 
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(Supplemental Figure S6C). Interestingly, holes appeared to form 
right where the u-velocity gradients were maximal (Figure 2A and 
Supplemental Figure S6D). The cells at the hole edges did not dis-
play lamellipodia protruding into the holes; instead, the hole edge 
appeared to be contractile (Supplemental Figure S7).

Inhibiting PI3Ks changes the rear-to-front velocity gradient 
in groups migrating to the cathode
Individual cells use competing signaling networks to transduce ex-
ternal electrical signals into cytoskeletal biases (Allen et al., 2013; 

Sun et al., 2013). One such signaling network is the so-called “front-
ness” “Gβ-PI3K-Actin” pathway (Trepat et al., 2012; Shellard and 
Mayor, 2019). It has been demonstrated that during directed migra-
tion under either chemoattractant gradient or electrical guidance, 
PI3K is recruited to the plasma membrane at the front areas of mi-
grating cells activating PIP3 (Parent et al., 1998; Zhao et al., 2006). 
PI3K influences cell guidance through its interaction with small 
GTPases and actin; the mechanism of these interactions and the 
resultant role of PI3K in regulating directed migration are still under 
investigation. Given that inhibition of PI3K reversed individual 

FIGURE 2: EF induces a distinct front-to-rear polarization pattern, resulting in regional migratory behavior. (A) PIV 
analysis of a representative keratocyte group (of approximately 7600 keratocytes) before (left panel) and after (right 
panel) EF application. Top row shows velocity vectors overlaid on phase contrast image; in the bottom row, color-coded, 
time-averaged components of velocity parallel to EF are shown (in µm/min, for EF of 2 V/cm). Scale bar, 500 µm. Note 
the increased alignment and magnitude of the velocity vectors, as well as regional front-to-rear differences induced by 
EF. White dashed enclosure highlights a hole in the group that was induced by EF. (B) Color-coded kymograph of 
directionality (cosθ). Vertical dimension is time in minutes, and horizontal dimension is projected mean directionality 
(cosθ) spanning the whole width of the keratocyte group; the EF oriented to the right. Dashed line indicates when EF 
(2 V/cm) is on. (C) Color-coded kymograph of the u-component (parallel to the EF) velocity in µm/min. Vertical 
dimension is time in minutes, and horizontal dimension is the projected time-averaged u-velocity spanning the whole 
width of the group. (D) Manually tracked cell trajectories in three regions (left, center, right) (n = 20 for each color-coded 
region) of the group before and after EF (2 V/cm in the indicated direction) application. Distances are in µm, and 
duration is 35 min. (E) Dynamics of mean directedness (cosθ) of the tracked regional cells. Directedness is calculated at 
5 min intervals from a representative group in at least three repeated experiments. Error bars are SE for n = 20 regional 
cells. Color codes are the same as in D (positions are approximate). Arrow indicates when EF was switched on.
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keratocytes to the anode (Sun et al., 2013), we were curious what 
effect PI3K has on the collective motility initiation. Thus, we used the 
pharmacological inhibitor of PI3K, the LY294002 compound at the 
widely used working concentration of 50 µM (Vlahos et al., 1994), in 
combination with EF application. We confirmed that this PI3K inhibi-
tion globally reduces PIP3 in the cell group (Supplemental Figure S8). 
For brevity, below we call the PI3K-inhibited cell groups treated with 
the LY compound “LY” groups, and we call untreated groups “Ctrl” 
groups.

After an EF was applied to the LY group, motility was initiated to 
the cathode (Figure 3). Interestingly, the speeds of the cells at the 
rear and center of the group were greater than that at the front 
(Supplemental Figure S9A and Supplemental Movie S5), in contrast 
to the velocity gradient in the Ctrl group. This reversed velocity 
gradient was also captured by PIV analysis (Figure 3, A–C, Supple-
mental Figure S9, B and C, and Supplemental Movie S6). Similar 
patterns were also observed in other LY groups (Supplemental 
Figures S10 and S11). Tracking individual cells within the group in 
response to an EF and in the presence of LY also confirmed this 
spatial pattern (Figure 3F). Interestingly, cells from different regions 
of the group increased their directionality in synchrony, achieving 
the maximal directedness in about 5 min (Figure 3G). This again 
suggests that all cells in the group sense the EF signal individually 
and independently.

Two additional observations are worth noting. First, from com-
paring the directedness and velocity kymographs in the Ctrl and LY 
groups (Figure 2B and Supplemental Figure S4A vs. Supplemental 
Figure S9B, respectively), it is apparent that in LY groups there was 
no significant radial expansion of the group as in Ctrl groups (see 
potential explanation in the Discussion). This likely explains why all 
cells within the LY group initiate motility in sync (the cells were not 
moving vigorously before the EF was applied), while in the Ctrl 
group there are regional time delays (the cells at the future front 
were already moving in the “correct” direction, while the cells at the 
future rear had to turn around). Second, because in LY groups the 
rear was faster than the front, these groups are expected not to 
extend as they move in the EF, but to converge (Supplemental 
Movie S5), so no emerging holes are expected. Indeed, we observed 
no holes in any of the LY groups in the EF.

PI3K is known to be required for strong spatially coordinated 
protrusion in single cells (Yoo et al., 2010; Shellard et al., 2018). To 
test whether another perturbation of cell protrusion will result in the 
same effect on galvanotaxis as PI3K inhibition, we used small mol-
ecule CK666 to inhibit the Arp2/3 complex responsible for dynamic 
branched-actin protrusive structures in motile cells (Henson et al., 
2015). For brevity, below we call the Arp2/3-inhibited cell groups 
treated with CK666 “CK” groups. We found, indeed, that the re-
gional motility distributions in the CK groups are like those in the LY 
groups (Figure 3, Supplemental Figures S12 and S13, and Supple-
mental Movie S7): the velocity gradient across the CK group reveals 
cathode-directed motility with velocity decreasing from the anodal 
rear to the cathodal front.

Myosin-dependent activity is essential for cohesiveness and 
is required for collective EF-induced directionality and 
turning
Myosin activity is crucial for the polarization and motility initiation of 
individual keratocytes (Yam et al., 2007; Barnhart et al., 2015) and is 
a dominant factor in controlling EF-directed migration of cytoplas-
mic fragments (Sun et al., 2013). Thus, we hypothesized that the 
myosin activity played an important role in collective directional re-
sponse to EF and treated cell groups with 50 µM blebbistatin (BB), 

an inhibitor of myosin-mediated contractility (Kovacs et al., 2004). 
Below, for brevity we call the groups treated with blebbistatin “BB” 
groups. However, upon inhibition of myosin, cohesiveness between 
the individual cells in the groups was weakened, likely because my-
osin-powered contraction is necessary for stabilizing cell–cell adhe-
sions (Efimova and Svitkina, 2018). Consequently, a fraction of the 
cells dissociated from the group’s periphery during galvanotaxis 
(Supplemental Movie S8), as has been reported previously (Rapanan 
et al., 2014). Although this prevented us from characterizing re-
gional cell behavior by PIV analysis, we were able to track individual 
cells in various regions and assess the critical roles of myosin during 
EF-manipulated turning in this epidermal cell group model.

Total disruption of myosin activity can affect the ability of indi-
vidual cells to migrate efficiently regardless of the presence or ab-
sence of an EF. To test whether a more direct disruption of cell–cell 
adhesion produces an effect similar to that of the loss of myosin 
activity, we used the helating agent EGTA to disrupt cell–cell adhe-
sions (Worley et al., 2015). In the EGTA-treated groups, cells dissoci-
ated from each other (Supplemental Movie S9). Tracking individual 
cells after EGTA treatment (Supplemental Movie S9 and Supple-
mental Figure S14) showed that the dissociated cells do undergo 
biased directional migration to the cathode after EF is switched on, 
but the migration is much more random and imperfect compared 
with the collective cohesive migration. This suggests that integra-
tion of the cells into a collective through mechanical coupling con-
fers additional abilities to quickly affect the directionality of cell 
movement at the tissue scale compared with individual cells.

We showed earlier that individual keratocytes respond to rever-
sal of a preexisting EF by making U-turns (Sun et al., 2013). A recent 
study reported that cells in a cultured Madin–Darby canine kidney 
(MDCK)-II monolayer could also make local U-turns when manipu-
lated by turning the EF (Cohen et al., 2014). To assess whether kera-
tocyte groups can follow EF direction collectively, we used the se-
quence of No EF, EF to the right, EF to the left, and EF off conditions, 
each 30 min long (Figure 4A). We then monitored the migration 
trajectories of individual cells from different regions of a large kera-
tocyte group (Figure 4B and Supplemental Movie S10). We ob-
served the characteristic U-turn trajectories in all regions of the 
group (Figure 4C and Supplemental Movies S10 and S11). This con-
firmed that cohesive cells maintain the competence to change mo-
tility direction in response to electrical guidance cues.

We found that in BB groups, cells were largely unable to develop 
coherent EF-induced directionality: Figure 4C (right column) and 
Figure 4D (bottom) revealed that the partly disjointed cells from the 
left of the group continued their leftward (“incorrect”) movement 
during the 30–60 min interval when the cathode was at the right. 
Meanwhile the rightward movement of the cells from the cathodal 
side of the group, which were already biased to the right in the 
beginning, decreased their cathodal bias when the EF was on. 
Curiously, cells from the center of the BB group exhibited a some-
what slow shift to the cathode in the 30–60 min interval, likely be-
cause these cells still maintained reasonable mutual cohesiveness 
and could respond directionally to the EF.

Inhibition of PI3K did not abolish the ability of individual cells in 
any region of LY groups to make EF-steered U-turns (Figure 4, C and 
D, and Supplemental Movie S12). In contrast, cells in BB groups did 
not exhibit coherent directional movements or turns when the EF 
was reversed during the 60–90 min interval (Figure 4, C and D, and 
Supplemental Movie S13). Curiously, the cells at the left margin of 
the BB group started to shift to the right (in the “wrong” direction, 
to the anode) during this time interval, which is likely the result of the 
partial cohesiveness between cells: by that time, the center and 
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FIGURE 3: Inhibition of PI3K and Arp2/3 complex does not change cathodal motility of the whole group but reverses 
the velocity gradient within the group. (A) PIV maps of keratocyte groups in the absence (Ctrl) or (B) presence of 50 µM 
LY294002 compound (LY) or (C) CK666 (CK). Velocity vectors are overlaid on the phase contrast image of a slice of the 
group at the initial point or color-coded u-velocity map after 30 min of EF exposure (2 V/cm in the indicated direction). 
Scale bar, 100 µm. (D) Line scan of u-velocity (normalized from minimum [0] to maximum [1]) spanning groups in parallel 
to EF (the distance across the group’s width is normalized from 0 at the anode to 1 at the cathodal side). Note the 
reversed front-to-rear velocity gradient in the presence of LY or CK compared with that of the Ctrl. (E) Schematic 
summary of the velocity gradients in these three cases. (F) Manually tracked cell trajectories from the anodal, cathodal, 
and central regions. Each line represents an individual keratocyte (n = 20 from each color-coded zone) over a 30 min time 
course of EF application (2 V/cm in the indicated direction). Distances are in µm. (G) Dynamics of mean directedness 
(cosθ) of cells in three regions of Ctrl, LY, and CK groups under EF application (2 V/cm). Directedness is calculated from a 
representative group in at least three repeated experiments. Error bars are SE across for n = 20 regional cells.
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right parts of the BB group diverged so far to the right from oppo-
sitely moving cells at the left margin that this greater center/right 
part of the group pulled the cells at the left with it.

Note that in the Ctrl group the cells leading the group during the 
30–60 min interval respond to the EF reversal by starting to de-
crease their directedness value slightly sooner than the cells from 
the center and rear (Figure 4D). However, after the head start, these 

formerly leading cells took a much longer time to finish the turn 
(Figure 4D, green arrow), indicating that these cells were more “di-
rectionally inertial” than others. Also, note that what we call a U-turn 
could in fact represent two types of behavior: a smooth and wide 
turn led by persistent lamellipodium, or a repolarization—disap-
pearance of one lamellipodium and emergence of another one in a 
new direction. The smooth U-turn is normally associated with a 

FIGURE 4: Myosin is necessary for collective EF sensing and EF-induced U-turns. (A) Color-coded time sequence of No 
EF, EF (2 V/cm) to the right, EF (2 V/cm) to the left, and EF off in 30 min intervals. Schematic below the time sequence 
shows three regions at the left, center, and right of the group from which cells are tracked. (B) U-turn tracks overlaid on 
the phase contrast image of the cell group. Each curve represents an individual cell trajectory. Arbitrary different colors 
are used to distinguish trajectories more easily. See also Supplemental Movies S8–S11. (C) Three randomly chosen cell 
trajectories are shown from each of the three regions of the group marked in A for each of the three chemical 
conditions—in the absence (Ctrl) or presence of 50 µM PI3K inhibitor LY294002 (LY) or myosin phosphorylation inhibitor 
BB. For visual clarity, in each set of three trajectories, the initial x-coordinate is shifted to the same vertical line while the 
initial y-coordinate is shifted to sufficiently separate the trajectories. The color coding along the trajectories is the same 
as in A to better visualize the directions in which the cells are moving during each of the four EF time intervals. Scale 
bar, 100 µm. (D) Dynamics of mean directedness (cosθ) of regional cells (color codes and timescale apply to all three 
plots). Directedness is calculated in 5 min intervals of representative groups in at least two repeated experiments in 
each condition. Error bars are SEs for n regional cells (n between 15 and 20) for each region. The green arrow points to 
delayed directional response of former “leader”/new “trailer” cells in Ctrl.
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smooth and wide trajectory, the repolarization with a sharp turn and 
retracing of the previous path (Sun et al., 2013). It is apparent from 
Figure 4C that in the Ctrl group the formerly leading cells make a 
smooth U-turn, while all other cells (as well as cells from all regions 
in the LY group) undergo repolarization.

We quantified the regional turning and motile behaviors in Ctrl 
and LY groups by measuring the displacements that the cells made 
during the EF-guided 30–60 and 60–90 min intervals and the time 
moments when cells reversed their directionalities (Supplemental 
Figure S15A). This quantitation revealed that despite statistically 
significant 2–3 min regional differences in turning times, these mo-
ments were remarkably similar in all regions of the LY group and at 
the center and former rear of Ctrl group (Supplemental Figure S15B). 
Importantly, there was little difference between turning times in the 
centers of the Ctrl and the LY group. All these turning times were in 
the approximately 5–8 min range (starting from 60 min at which the 
EF was switched). These repolarization times were essentially the 
same as the initial polarization times (Figures 2 and 3). The only ex-
ception was the extra time necessary for the former leading cells of 
the Ctrl group to make their U-turn (Supplemental Figure S15B). 
Also, comparison of the displacements made during the EF-guided 
30–60 and 60–90 min intervals (Supplemental Figure S15, C and D) 
revealed that, after turning, the velocity gradient in the Ctrl group 
was maintained—the new leader cells moved faster than the new 
trailing cells during the 60–90 min interval. Curiously, the velocity 
gradient in the LY group disappeared—the new leaders did not 
move slower than the center/trailing cells during the 60–90 min in-
terval, as they did in the previous time interval. Finally, note that 
despite the apparently smaller displacements over the 60–90 min 
interval compared with those during the 30–60 min time interval, 
the cell speeds after reversal are like those before the reversal. This 
is explained by the geometry of displacements (Supplemental 
Figure S15A) and time delays: after the turn, cells must spend time 
to reach the point where they were at the 60 min mark, and only 
then does the net displacement start increasing, while before the 
turn cells have a longer time to build up their displacements.

Ctrl and LY groups continue to move directionally after the 
EF is switched off
Interestingly, the EF-induced directionality of the Ctrl and LY groups 
was maintained after the EF was switched off (Figure 4D), indicating 
that after the EF signal polarizes the groups and initiates their motil-
ity, the groups collectively maintain their polarized state and migrate 
in the absence of an EF. We have not explored how long the EF 
must be on for this stabilizing effect, but a much shorter EF applica-
tion for several minutes did not switch the groups into the stable 
motile state.

DISCUSSION
To summarize, we found that applying physiological-level EFs to 
large groups of primary epidermal keratocytes derived from ze-
brafish scales initiated a group’s migration to the cathode in min-
utes, whether PI3K was inhibited or not. Though both large unin-
hibited and PI3K-inhibited groups move to the cathode, the cell 
speed distribution in these groups was different: cell speed 
reached maximum at the front of the uninhibited groups, but at 
the front of the PI3K-inhibited groups cell speed was minimal. In 
agreement with Cohen et al. (2014) and Cho et al. (2018), the 
groups were able to repolarize and change direction in minutes 
upon the EF orientation reversal, as well as to maintain stable di-
rectional motility when the EF was switched off after 30 min of the 
EF-induced migration.

Roles of PI3K and myosin in collective galvanotaxis
PI3K is the key part of important pathways relaying extracellular sig-
nals to actin networks at the cell leading edge in several cell types 
(Zhao et al., 2006; Kolsch et al., 2008; Meng et al., 2011). A related 
recent study reports that PI3K is up-regulated in leader cells and 
that when PI3K is inhibited, collective migration of MDCK epithelial 
cells is disrupted (Yamaguchi et al., 2015). Our study shows that 
when PI3K is inhibited, the peripheral cells in the group with large 
lamellipodia were affected the most and the dominant number of 
inner cells, which seem to be PI3K independent, are sufficient to 
make the whole group directional in response to EFs (see below). 
This is in line with the results in Cohen et al. (2014), where confine-
ment of leading cells against a physical barrier renders them unable 
to extend lamellipodia, thus phenocopying PI3K inhibition and shift-
ing the regulation of collective behavior to the bulk of the cell sheet 
that now responds to EFs by increasing contractile forces in the 
posterior-most cells.

While loosening a tissue may help initiate EF-guided cell migra-
tion as demonstrated recently (Shim et al., 2021), in general, reduc-
ing tissue integrity likely has adverse effects and may reduce the 
efficacy of collective cell migration (Li et al., 2012). Indeed, we ob-
served that when myosin was inhibited, cohesion within the group 
was partially lost (relevant mechanisms were discussed in Vedula 
et al., 2014, and Hirata et al., 2015), and the group’s ability to polar-
ize collectively and to follow EF guidance was impaired. A similar 
result was produced upon disruption of cell–cell adhesion directly 
with the calcium chelator EGTA. As a result, multiple cells moved 
erratically and collided with each other often, and these random 
collisions and movements were likely to override the biasing effect 
of the EF. To conclude, myosin is required for collective cell direc-
tional response to EF, but PI3K is dispensable, suggesting that the 
primary role of EFs in guiding collective migration is the orientation 
of contractile forces along the EF direction, rather than induction of 
leading cell lamellipodia formation.

Qualitative model of collective cell motility initiation 
induced by EFs (Figure 5)
We propose that cells within large groups sense EFs individually and 
independently. The following observations support this conclusion: 
First, the threshold EF at which groups sense the EF (1–2 V/cm) 
(Supplemental Figure S2) is the same as that for single cells (Sun 
et al., 2018). Second, in all regions of the large group, directionality 
arises almost simultaneously, as is clear for LY groups. Third, collec-
tive motility initiation takes 5–10 min in EFs, the same time it takes 
single cells to polarize in EFs (Sun et al., 2018).

We posit that the velocity gradient across the Ctrl group is the 
effect of the cells at the periphery of the group that have large, par-
tially stabilized lamellipodia protruding outward, which are clearly 
seen in the Supplemental movies and in a previous study (Rapanan 
et al., 2014). It is natural to assume that the rear and sides of these 
cells do not protrude due to contact inhibition of locomotion 
(Abercrombie and Heaysman, 1953; Mayor and Carmona-Fontaine, 
2010) and that these cells are strongly polarized outward. This is the 
reason the groups are expanding before EF application: the periph-
eral cells crawl slowly outward, stretching and expanding the group. 
After the EF is applied, peripheral cells on the group’s cathodal side 
can move to the cathode much faster than the inner cells because of 
their large stabilized lamellipodia. These peripheral lamellipodia 
could also be responsible for slowing trailer cells on the anodal side 
of Ctrl groups, pulling trailer cells in the anodal direction and en-
hancing the rear-to-front velocity gradient. This is consistent with 
our observations of both PI3K- and Arp2/3-inhibited cell groups, 
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FIGURE 5: Qualitative model of collective EF-induced cell polarization and motility. (A) EF polarizes symmetric 
stationary single cell from the rear in minutes; a myosin/contraction, protrusion-independent, mechanism driving 
retraction of the future rear is responsible for the polarization. After the initial polarization, the robust lamellipodial 
protrusion starts and guides the rapidly moving cell to the cathode. The cell responds to EF reversal by a U-turn or 
repolarization to go to the new cathode. (B) When PI3K is inhibited, the initial polarization is the same because PI3K 
does not affect the myosin/contraction, protrusion-independent, mechanism. (C) When myosin is inhibited, EF can still 
polarize the cell, but the resulting motility and cell shape are relatively random and unsteady. (D, E) Inside the cohesive 
group, cells sense EF individually, polarizing in minutes much like single cells. We hypothesize that individual cells 
polarize from the rear and that the myosin/contraction mechanism is dominant for both initial polarization and stable 
motility. The only significant difference between the control and PI3K-inhibited groups is that protrusions in the leading 
and trailing cells in the former accelerate the front and slow the rear, while in the latter the regional differences in the 
group are muted. (F) When myosin is inhibited, the cells lose mutual cohesion. The combined effects of randomized 
motility of individual cells and frequent collisions with neighbors, resulting in transient contact inhibition of locomotion 
and pulling on each other, override the guiding effect of EF. (G) Keys for the notations.
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where cells at the group rear can move to the cathode without a 
delay.

These arguments could also explain the velocity distribution 
across the LY group; PI3K is required for strong spatially coordinated 
protrusion in single cells (Yoo et al., 2010; Shellard et al., 2018), and 
so weakly protruding peripheral cells on the cathodal side of LY 
groups could be inherently slower than inner cells in these groups, 
slowing the group’s front. Meanwhile, weakly protruding peripheral 
cells on the anodal side of these groups do not slow the inner cells 
near the group’s rear, contributing for the characteristic faster rear/
center and slower front velocity gradient.

Interestingly, both single PI3K-inhibited cells and cohesive 
groups of such cells polarize to the cathode. This is suggestive of a 
myosin-dependent and PI3K-independent, EF-sensitive polarization 
mechanism. In single PI3K-inhibited cells, larger lamellipodia even-
tually reorient the cells to the anode after the cell is polarized, but in 
cohesive groups the lamellipodia are likely cryptic (Farooqui and 
Fenteany, 2005). Lamellipodia of these cells are suppressed by 
physical coupling to neighboring cells on all sides (Cho et al., 2018), 
and also intercellular adhesions and signaling pathways (Li et al., 
2012; Etienne-Manneville, 2014) are organized differently in inner 
and edge cells. Owing to these different organizations of cytoskel-
etal and signaling networks inside the group and at its edge, it is 
possible that the balance of the signal transduction pathways (Sato 
et al., 2009; Sun et al., 2013) in inner cells differs from that in single 
and edge cells.

Our data show that in groups where PI3K or Arp2/3 are inhib-
ited, velocities of cell movement become reversed compared with 
controls, that is, the cells in the group rear move toward the cath-
ode with greater velocity than cells in the group front. This behav-
ior may be explained by the differential recruitment of actomyosin 
machinery to the free edges of the peripheral cells before EF ap-
plication. In this scenario, cells at the group front would have their 
contractile machinery localized to the free edge, causing them to 
remain in place when the EF is applied and allowing the cells in 
the group rear, which is already polarized toward the cathode, to 
compress the tissue along the EF axis. Fitting with this hypothesis, 
the cells at the front of the Arp2/3-inhibited cell groups show de-
creased or in some cases low levels of movement toward the 
anode.

In general, our results suggest that inner cell groups are polar-
ized differently from peripheral cells, also observed in Rapanan et al. 
(2014), where the authors show an unpolarized myosin distribution 
in keratocytes inside the cell sheet. Additional evidence for these 
different polarities is provided by our observation that cells at the 
periphery of tears formed during cell sheet migration do not extend 
lamellipodia into the newly available front but instead appear to 
reinforce the edges of the tears with additional actin fibers, suggest-
ing that inner cells may have robust inhibition of protrusive activity, 
at least at the timescales of the experiments here.

Other potential models
First, the “leader” cell theory has earned much popularity (Om-
elchenko et al., 2003; Poujade et al., 2007; Khalil and Friedl, 2010; 
Yamaguchi et al., 2015): peripheral cells, which often have large pro-
trusive appendages extending outward and unobstructed by con-
tact inhibition from neighboring cells, sense extracellular signals and 
develop dominant active propulsion, while the inner cells polarize in 
response and follow the leaders. Our observations of PI3K-inhibited 
groups argue against this possibility: in those groups, the cells at the 
center and rear of the groups appear to push forward the cells at the 
group’s front.

Second, Cohen et al. (2014) observed that cells at the boundary 
of epithelial cell groups migrating in EFs did not respond to EF di-
rectionally when the field was perpendicular to the directionality of 
leading cell migration, implying that the inner cells, instead of the 
peripheral cells, guide the whole groups. Similar observations were 
made for clusters of malignant cancer cells responding to chemical 
gradients (Huang et al., 2009). Our observations of Ctrl groups ar-
gue against the possibility that peripheral cells passively follow inner 
cells: in those groups, cells at the group’s front respond slightly ear-
lier and go to the cathode faster than cells at the center and rear. 
This again supports the view of the cells sensing EFs individually and 
eventually integrating the response at the level of the group.

Finally, there is a possibility that cells inside the group are chemi-
cally and electrically integrated into a large internal supracellular 
structure. Integrated cytoskeletal global networks in collectively mi-
grating keratocytes (Rapanan et al., 2014) and in neural crest cell 
groups (Shellard et al., 2018) were reported. Traction force measure-
ments showed integrated changes in patterns of intercellular 
stresses that precede changes of individual cell shapes (Cho et al., 
2018) in the groups in EFs, indicating a supracellular response. Such 
integration could effectively enable the group to sense EFs globally 
on the length scale of the whole group. Indeed, cells can read the 
bioelectrical state of distant regions in the group via chemical mole-
cules redistributed across long distances by a gradient of bioelectric 
cell state (Durant et al., 2019). There is also a possibility of global 
measurement of group size and of global coordination through me-
chanical stresses or diffusing morphogens (Camley, 2018). This 
model is hard to rule out definitively; however, one would expect 
that a large supercell is more sensitive to weaker EFs than a single 
cell, which is not the case. A potential way to tease apart the two 
models is to compare the amount of time it takes a small cell collec-
tive to initiate posterior cell movement with that of a larger cell 
group, with the prediction that a signal propagated through a larger 
collective will take longer to reach the cells in the posterior com-
pared with propagation through a smaller group if the groups are 
supracellularly integrated before EF application.

Implications for wound healing
Efforts have been made recently to use exogenous EFs to enhance 
cellular motility and speed up reepithelialization, thereby promoting 
chronic wound healing, but results have been controversial (Kloth 
and Zhao, 2010; Kloth, 2014; Barnes et al., 2014). Groups with holes 
that formed due to stretching generated by velocity gradients either 
could indicate a mechanism of failure to reepithelialize the wound 
surface or could be a part of a rapid reepithelialization strategy in 
order to cover large wound surfaces quickly (Richardson et al., 
2016). Namely, even when there are not enough cells to cover the 
wound surface, a group with holes can establish the coverage rap-
idly by motility alone, and then proliferation of cells into the holes 
can improve the coverage.

It will also be important to learn whether chronic wounds that fail 
to respond to EFs have preexisting conditions resulting from com-
promised cellular signaling networks. Myosin is a requirement for 
rapid reepithelialization and subsequent wound healing in adult ze-
brafish (Richardson et al., 2016), but PI3K action in wound healing is 
less clear. Recent studies showed that therapies targeting the PI3K 
pathway improve wound healing and attenuate tumor metastasis 
(Castilho et al., 2013; Li et al., 2013; Caino et al., 2015). Another 
recent study showed that PI3K/Akt pathways were attenuated in the 
wounded skin of diabetic rats that have delayed wound healing 
(Lima et al., 2012). We speculate that compromised PI3K signaling 
could lead to pathological consequences for several reasons. First, 
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large LY groups, though they still migrate to the cathode, are less 
directional (Figure 3E), while individual keratocytes are biased to the 
anode (Sun et al., 2013), away from the wound, which could cause 
reepithelialization failure (Raja et al., 2007). Second, the speed of 
the front of the LY group is slower than that in control (Figure 3E). 
Rapid group response to dynamic EFs (a similar observation was 
made in Zajdel et al., 2020) could also be clinically relevant, as it is 
likely that the endogenous EF changes at different stages of wound 
healing.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Measuring ionic current around zebrafish scale wounds
Adult zebrafish (Danio rerio, Hamilton 1822) strain AB were ob-
tained from the UC Davis Zebrafish facility. All experiments were 
conducted in accordance with the UC Davis Institutional Animal 
Care and Use Committee (protocol number 16478). Single scale 
wound currents were measured using a modified vibrating probe 
technique as described previously (Reid et al., 2007). Briefly, a ze-
brafish was immersed in a sufficient amount of fresh and clean water 
containing 100 mg l−1 MS-222 with the pH buffered by sodium bi-
carbonate. The anesthetized fish was transferred into a measuring 
container and fixed in a custom-made holder (Figure 1A). A wound 
was made by pulling an individual scale off a flank (Figure 1B). An 
insulated stainless-steel electrode, electroplated with gold and plat-
inum, was vibrated at high frequency in solution at a reference posi-
tion, far away (∼2 cm) from the specimen, to establish a baseline. 
Under a dissecting microscope the probe, which was mounted on a 
three-dimensional micromanipulator, was then moved to a mea-
surement position, approximately 50 µm above the center of the 
scale wound or an adjacent scale (Figure 1C). As the probe vibrates, 
the charge at the electrode tip oscillates in proportion to the size of 
the electric current. As soon as the trace becomes steady, the probe 
is moved slowly back to its reference position while the trace falls to 
baseline. Measurements were done in balanced fish Ringer’s solu-
tion (NaCl 116 mM, KCl 2.9 mM, CaCl2 5 mM, HEPES 5 mM, pH 
7.4), which is optimized for the fish with defined ionic composition. 
All the measurements were done at room temperature. The probe 
was calibrated at the start and end of each experiment in a known 
current from a constant-current calibrator unit. During calibrations 
and measurements, a Faraday “wall” (grounded aluminum-wrapped 
cardboard) covered the microscope. Data were acquired and ex-
tracted using WinWCP v4 (Strathclyde Electrophysiology Software) 
and analyzed using Excel (Microsoft). The scale wound–generated 
EF (Figure 1F) was calculated by using COMSOL Multiphysics 
(COMSOL).

Primary culture of keratocyte tissues
Scales were removed from the flank of anesthetized zebrafish and 
allowed to adhere to the bottom of EF chambers (Sun et al., 2013). 
The scales were covered by a glass 22-mm coverslip with a stainless-
steel nut on the top to hold it in position and cultured at room tem-
perature in Leibovitz’s L-15 media (Life Technologies), supplemented 
with 14.2 mM HEPES, pH 7.4, 10% fetal bovine serum (Invitrogen), 
and 1% antibiotic–antimycotic (Life Technologies). Scales were re-
moved gently once an epithelial sheet formed (which usually took 
24–48 h) (Supplemental Figure S1, A and B). The attached kerato-
cyte cell groups (Supplemental Figure S1C) were used for drug 
treatment and EF application experiments. For pharmacological 
perturbation, drugs (all purchased from Sigma) were added in the 
culture medium in the following concentrations: dimethyl sulfoxide 

(0.1%), LY294002 (50 µM), BB (50 µM), CK666 (50 µM), EGTA (5 mM). 
Subsequent experiments were implemented in the presence of 
drug(s) within 15 min of incubation.

EF application and time-lapse recording
The direct-current EFs were applied as previously described (Zhao 
et al., 1996; Song et al., 2007) in custom-made electrotaxis cham-
bers to minimize joule heating during the experiment. To elimi-
nate toxic products from the electrodes that might be harmful to 
cells, agar salt bridges made with 1% agar gel in Steinberg’s salt 
solution were used to connect silver/silver chloride electrodes in 
beakers of Steinberg’s salt solution to pools of excess medium at 
either side of the chamber. The EF strength is based on the peak 
outward ionic currents in scale wounds that we measured using a 
vibrating probe, which averaged 3.52 µA/cm2 (Figure 1E). The fish 
Ringer’s solution that we used in the measurement has a conduc-
tivity (σ, which is the reciprocal of electrical resistivity) of about 
13.74 m℧/cm (1.374 S/m), measured with a conductivity meter 
(VWR). A common approximation to the current density assumes 
that the current is simply proportional to the EF, as expressed by 
Ohm’s law: JI = σE, where E is the EF. Plugging JI and σ into the 
equation, we calculated that a density of 3.52 µA/cm2 is equal to 
an EF of 2.56 V/cm. On the basis of our previous experience (Sun 
et al., 2013), we used an EF of 2 V/cm in most experiments, unless 
otherwise stated. The actual voltage was measured by a voltme-
ter before and after each experiment. Phase contrast images were 
captured by a Zeiss Observer Z1 (Carl Zeiss) equipped with a 
QuantEM:512SC EMCCD camera (Photometrics) under a 10× 
lens. Time-lapse experiments were performed using MetaMorph 
NX software controlling a motorized scanning stage (Carl Zeiss). 
Typically, in each experiment, overlapped fields covering a whole 
cell group were captured sequentially. Images were taken at 30 or 
60 s intervals at room temperature for up to 3 h, unless stated 
otherwise.

Image processing and data analysis
Time-lapse images were imported into ImageJ v1.53m and stitched 
by using the stitching plug-in. Tissue migration was tracked by mon-
itoring centroid movement (see Morphological extraction, quantifi-
cation, and alignment section below). Cell tracks were marked by 
using the MtrackJ tool and plotted by using the Chemotaxis and 
Migration tool v2.0, as described (Sun et al., 2013).

Directionality (directedness) was defined as the cosine of theta, 
where θ is the angle between the displacement vector and the EF 
vector. The angle was quantified from the coordinates of each 
measured trajectory (Gruler and Nuccitelli, 1991; Tai et al., 2009). 
If moved perfectly along the field vector toward the cathode, the 
cosine of this angle would be 1; if moved perpendicular to the 
field vector, the cosine of this angle would be 0; and if the cell 
moved directly toward the anode, the cosine of this angle would 
be −1. The migration speed was calculated using the trajectory arc 
length divided by the time. In some cases, electrotaxis experi-
ments and subsequent quantifications were assigned in a double-
blinded manner.

To visualize the migration, each object (cell or cell group) was 
numbered, and its x and y coordinates were measured on the first 
image and on every subsequent image in the image stack, with the 
x-axis parallel to the applied EF. The (x, y) data of each cell/group 
were imported by a custom MATLAB function and recalculated 
based on the optical parameters (lens and camera). Trajectories of 
the objects in each group were plotted in a Cartesian coordinate 
system by placing the first coordinates of each object to (0, 0).

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e22-09-0391
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Morphological extraction, quantification, and alignment
Phase contrast images (stitched or not stitched) were converted into 
binary images using custom-written MATLAB (The MathWorks) 
codes. Briefly, we used MATLAB edge detection and a basic mor-
phology function to outline cells or groups in the phase contrast 
image. In most cases we had to use the Lasso tool in Photoshop 
(Adobe) to manually draw the cell or group shape. Polygonal out-
lines extracted from the binary images are plotted in Celltool, an 
open source software (Pincus and Theriot, 2007). Geometric fea-
tures of each cell group including centroid, area, and aspect ratio 
were calculated directly from the polygons with a standard formula 
(Keren et al., 2008). Serial polygonal outlines of a cell or cell group 
were extracted from time-lapse images and sampled at 200 evenly 
spaced points. These contours were then mutually and sequentially 
aligned to visualize collective cell motion over time (Pincus and 
Theriot, 2007). The number of cells within each keratocyte group 
was either counted using the ImageJ particle analysis tool or calcu-
lated based on the area fractions (Supplemental Figure S1, D and E).

PIV migration analysis
Collective keratocyte group migration in the time-lapse images was 
quantified by fast Fourier transform–based PIV analysis using PIVLab 
(Thielicke and Stamhuis, 2014) in MATLAB. Multiple iterations of in-
terrogation window sizes were used (two iterations of 64 × 64 pixel 
windows followed by two iterations of 32 × 32 pixel windows). At 
each interrogation step, a 50% overlap was used. Vector validation 
excluded vectors beyond 5 SDs and replaced them with interpo-
lated vectors. The resulting PIV vectors captured motions within the 
collective cell group and displacements on a timescale of 1 min. 
Spatial differences were inspected and visualized by color-coded 
surface plots. Kymographs were used to quantify and visualize spa-
tiotemporal dynamics of velocity components parallel to the EF (u) 
and perpendicular to it (v) and directionality. For each data matrix 
from the PIV analysis, we computed the average value for each col-
umn parallel to the applied EF and then derived a one-dimensional 
segment for each time point using a custom MATLAB code, as pre-
viously described (Zhang et al., 2017). To compare the drug effects, 
we also computed the time average of the u-velocity and direction-
ality (cosθ) of each vector in each group during a certain period of 
EF application using the equation

u
T

u t
1

d
t

t T

( )

( )

0

0

∫=
+

where u is the u-velocity or directedness and T is the time counted 
from a fixed time point.

Immunostainings and fluorescence microscopy
Keratocyte sheets in custom-made EF chambers were fixed with 4% 
paraformaldehyde immediately or after EF application with field ori-
entation mark, in the absence or presence of drugs by following 
procedures as described above. PIP3 was labeled with a mouse anti-
PIP3 immunoglobulin G (Echelon; Z-P345b) followed by Alexa Fluor 
532 goat anti-mouse 2nd antibody (Invitrogen) staining. F-actin was 
labeled by FITC-conjugated phalloidin (Sigma). Nuclei were labeled 
by Hoechst 33342. Images were taken in an inverted epifluores-
cence microscope. Images were stitched and processed using Im-
ageJ. Quantification and comparison of fluorescence intensity were 
done in images taken in the same batch with the same optical setup 
and parameters. Nuclei in the cell clusters were detected using the 
“Surfaces” function in Bitplane Imaris software. “Touching” nuclei 
were separated using an object radius of 20 µm during thresholding 

based on total intensity. Matched average intensity for the PIP3 and 
Hoechst signals was extracted, and ratios were calculated, plotted, 
and analyzed using Microsoft Excel. Cells were counted using the 
particle analysis function.

Statistics and data availability
Data from representatives of at least four independent experiments 
are routinely presented as mean ± SE, unless stated otherwise. Stu-
dent’s t test and one-way analysis of variance followed by a post-hoc 
Tukey HSD test were used for paired or unpaired comparisons 
among two groups or multiple groups (more than two), respectively. 
ns: nonsignificant, *p < 0.05, **p < 0.01. MATLAB codes generated 
in this work are available upon reasonable request.
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Supplemental Figure S1: Generating zebrafish keratocyte cell groups and summarizing the 
approaches used in this study. (A) Groups of epidermal keratocyte migrate off a fish scale. Scale 
bar equals 1,000 m. (B) Zoom-in of checked area in A. Scale bar equals 100 m. (C) A typical 
epidermal keratocyte group. Scale bar equals 200 m. This group contains approximately 1,220 
keratocytes. (D) Either phase contrast or fluorescently labeled images were used to calculate two-
dimensional group area. Scale bar equals 100 µm. (E) Nucleus staining is also used to count cells 
in groups using ImageJ particle analysis plugin. 203 cells are identified in the shown group. Bottom 

left insert highlights the checked area. The total area of 75,720 µm
2
 for 203 cells gives 

approximately 375 µm
2
 per cell in this multicellular group. (F) Schematic of the electrotaxis chamber 

assembly and the setup for the EF application. (G) Workflow for image processing. Group’s 
migration was monitored by overlapped multi-field time lapse recording. Multi-field images were 
stitched and assembled as temporal stacks for subsequent quantification. (H) Analytic techniques 
(global, regional, and local analysis) for quantification of keratocyte group migration. 
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Supplemental Figure S2: Directional migration of epidermal groups is voltage dependent. (A) 
Voltage-dependent directionality (cos). * p < 0.05 compared to No EF, ** p < 0.01 compared to 
No EF (n = 7 for each condition). (B) Voltage-dependent speed calculated by tracing centroid 
movement. * p < 0.05 compared to No EF (n = 7 for each condition). 
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Supplemental Figure S3: EF affects migration perpendicular to applied field (related to Figure 2). 
(A) Color map of time-averaged v-component of the velocity, perpendicular to EF (in matched scale 
between -1.44 to 1.08 µm/min) of keratocyte group before and after EF application. Arrow indicates 
EF orientation. Positive/negative velocity corresponds to up/down directions, respectively. Note the 
diminished bottom vs top difference in the v-velocity after EF application compared to that before. 
(B) Color coded kymograph of v-velocity in µm/min. Horizontal dimension is time in minutes and 
vertical dimension is v-velocity (averaged spatially along the width of the group) spanning the whole 
height of the keratocyte group. White dashed line indicates when EF (2 V/cm) is on. Note the 
reversed v-velocity directions at the top and bottom of the group after EF application. (C) 
Quantification of mean u-velocity (mean ± SD, n = 4,960), of (D) mean v-velocity (mean ± SD, n = 
4,960), and (E) mean speed (mean ± SD, n = 4,960). ** p < 0.01 by Student’s t-test. (F) Histogram 
of u-velocity, and (G) v-velocity in side-by-side comparison between EF (red) and no EF control 
(blue). (H) Scatter plot of u- vs v-velocity. Note the EF-dependent (red) increase of u-velocity and 
smaller change of v-velocity (blue) upon EF application.  
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Supplemental Figure S4: Additional Ctrl group #1 showing EF-induced regional migratory 
behaviors and characteristic front-to-rear polarization pattern. (A) Color-coded kymograph of 
directedness (cos) and (B) color-coded kymograph of u-velocity in min to max scale. Dashed line 
indicates when EF (2 V/cm in the indicated direction) is on. (C) PIV map of mean directedness 
(cos) and (D) PIV map of time-averaged u-velocity in min to max scale after EF (2 V/cm in the 
indicated direction) for 30 min. 
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Supplemental Figure S5: Additional Ctrl group #2 showing EF-induced regional migratory 
behaviors and characteristic front-to-rear polarization pattern. (A) Color-coded kymograph of 
directedness (cos) and (B) color-coded kymograph of u-velocity in min to max scale after applying 
EF (2 V/cm in the indicated direction). (C) PIV map of mean directedness (cos) and (D) PIV map 
of mean u-velocity in min to max scale after an EF (2 V/cm in the indicated direction) for 30 min. 
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Supplemental Figure S6: EF induces holes in large cell groups. (A) Timelapse images of a group 
of about 9,360 keratocytes before and after an EF application (2 V/cm in the indicated direction, 
time in minutes). Holes (white arrowhead) become visible after ~ 18 m of EF application and enlarge 
progressively after (also see Supplemental Movie S4). Scale bar equals 500 µm. (B) 
Representative dynamics of total hole area (normalized to the group area). Arrow indicates when 
EF is on. (C) Quantification of size (normalized to the group area) of the holes (n = 43 holes from 
3 groups of 3 different experiments) induced by EF (2 V/cm in the indicated direction) due to 
spatially distinctive u-velocities (highlighted by the dashed red and black arrows at the group’s front 
and rear, respectively). No EF control groups without any hole formation were treated as 0 (n = 3 
from 3 different tissues). (D) Phase contrast image and PIV vector map overlaid on color-coded 
mean u-velocity (min to max scale) after EF application (2 V/cm in the indicated direction) for 30 
m. Note the black holes (top panel) that are located at the junctions of distinctive velocity regions 
(white eclipses, bottom panel). Scale bar equals 500 µm. 
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Supplemental Figure S7: EF induces holes in large cell groups. A large keratocyte group after EF 
application (4 V/cm in the indicated direction) was fixed and stained with phalloidin (for actin in 
yellow) and DAPI (for nucleus in blue). Note the abundant lamellipodial structures at the group 
front, which were absent around holes. Scale bar equals 1000 µm. 
  



 
 

9 
 

 

 

Supplemental Figure S8: PI3K inhibition reduces cellular levels of PIP3. (A) Keratocyte groups 
fixed after EF application (4 V/cm in the indicated direction) and stained with Anti-PIP3 followed by 
a AlexaFluo 532 conjugated 2nd antibody (magenta). Actin is labelled with FITC-phalloidin (green) 
and nuclei are labelled with Hoechst 33342 (blue). Magnified areas are indicated with yellow 
rectangles. (B) Bar graph shows average ratios of PIP3 to Hoechst intensity in arbitrary units. Mean 
and standard deviation are shown. Statistical analysis performed using two-tailed Student’s t-test. 
*** p < 0.005. 
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Supplemental Figure S9: Inhibiting PI3K reverses the EF-induced u-velocity gradient. (A) Phase 
contrast images of a large keratocyte group in the presence of PI3K inhibitor LY294002 (LY, 50 
M), before (magenta) and after (grey) EF application for 30 min in indicated orientation. This group 
contains approximately 1,200 keratocytes. Scale bar equals 200 µm. Note the larger displacement 
of the rear compared to that of the front. (B-C) Color coded kymograph of directedness (cos) (B) 
and u-velocity (C) measured by PIV analysis. Vertical dimension is in minute and horizontal 
dimension is directedness (cos) (B) and u-velocity (C) averaged along y-direction spanning the 
whole width of the keratocyte tissue (~900 µm). Dashed line indicates when EF (2 V/cm) is on. 
Note the reversed rear-to-front velocity gradient in the LY group compared to the front-to-rear 
polarity of the Ctrl group in Figure 2C. 
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Supplemental Figure S10: Additional LY group #1 showing EF-induced rear-to-front field velocity 
gradient. (A) Color-coded kymograph of directedness (cos) and (B) of u-velocity in min to max 
scale. Dashed line indicates when EF (2 V/cm in the indicated direction) is on. (C) PIV maps of 
time-averaged directedness (cos) and (D) of u-velocity in min to max scale after an EF (2 V/cm in 
the indicated direction) for 30 min. 
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Supplemental Figure S11: Additional LY group #2 showing EF-induced rear-to-front field velocity 
gradient. (A) Color-coded kymograph of directedness (cos) and (B) of u-velocity in min to max 
scale. Dashed line indicates when EF (2 V/cm in the indicated direction) is on. (C) PIV maps of 
time-averaged directedness (cos) and (D) of u-velocity in min to max scale after an EF (2 V/cm in 
the indicated direction) for 30 min. 
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Supplemental Figure S12: Inhibiting Arp2/3 complex inhibits EF-induced directional migration 
velocity at the front. (A-B) Color coded kymograph of directedness (cos) (A) and u-velocity (B) 
measured by PIV analysis. Vertical dimension is in minute and horizontal dimension is directedness 
(cos) (A) and u-velocity (B) averaged along y-direction spanning the whole width of the keratocyte 
group (~500 µm). Dashed line indicates when EF (2 V/cm) is on. Note the reversed rear-to-front 
velocity gradient in this CK group compared to the front-to-rear polarity of the Ctrl group in Figure 
2C. 
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Supplemental Figure S13: Additional CK group showing EF-induced rear-to-front field velocity 
gradient. (A) Color-coded kymograph of directedness (cos) and (B) of u-velocity in min to max 
scale. Dashed line indicates when EF (2 V/cm in the indicated direction) is on. (C) PIV maps of 
time-averaged directedness (cos) and (D) of u-velocity in min to max scale after an EF (2 V/cm in 
the indicated direction) for 30 min. 
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Supplemental Figure S14: EGTA dissociated individual cells undergo biased directional migration 
to the cathode after EF is switched on. Trajectories of the individual cells before (left panel) and 
after an EF (2 V/cm in the indicated direction) is switched on. Each line indicates a single cell 
trajectory. Cells migrating to the right (No EF) or cathode (with EF) are highlighted in red. Durations 
are 30 m. 
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Supplemental Figure S15: Analysis of EF-induced U-turns in the absence or presence of 50 M 
LY294002 (related to Figure 4). (A) Top: color-coded time sequence of No EF, EF (2 V/cm) to the 
right, EF (2 V/cm) to the left and EF off in 30 min intervals. Middle: a schematic to show the turning 
point (the far-right moment, dashed arrow), T30-60 displacement (dotted line), T60-90 displacement 
(dashed line) in a typical cell trajectory in color-coded time sequence. Bottom: a schematic to show 
three regions at the left, center and right of the group from which cells are tracked. (B-D) 
Quantification of turning point (B), T30-60 displacement (C) and T60-90 displacement (D). * p < 0.05, 
** p < 0.01, ns: not significant by Student’s t-test. 
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Supplemental Movie S1. A large epidermal cell group initiates EF-directed migration to the 
cathode, related to Figure 1. The applied EF in the indicated direction is 2 V/cm. Scale bar equals 
200 m. Time stamps in hh:mm:ss. Two-fold enlargements of selected areas show protrusive 
motion at the front and retract motion at the back as indicated by hatched (initial boundary before 
EF) and solid (ultimate boundary after EF application for 35 min) arrows. 

Supplemental Movie S2. Galvanotaxis of a group, related to Figure 2 and Supplemental Figure 
S3. Note a hole developing starting at ~ 18 m after an EF application. Time stamps in hh:mm:ss. 
 
Supplemental Movie S3. Dynamics of velocity vectors, u- and v- velocity components by PIV 
analysis showing development of a front-to-rear gradient in EF, related to Figure 2 and 
Supplemental Figure S3. Scale bar equals 500 m. Time stamp is in hh:mm:ss. 

Supplemental Movie S4. EF induces holes in a large group, related to Supplemental Figure S6. 
Holes indicated by white arrowhead become visible after ~ 18 m of EF application and enlarged 
progressively after. Scale bar equals 500 µm. Time stamps in hh:mm:ss. 

Supplemental Movie S5. Galvanotaxis of a cell group in the presence of 50 µM LY, related to 
Supplemental Figure S7. The group migrates to cathode with the rear moving faster than the front. 
Scale bar equals 200 µm. Time stamps in hh:mm:ss. 

Supplemental Movie S6. Dynamics of directedness (cos) and u-velocity showing development 
of the rear-to-front velocity gradient in the presence of 50 µM LY, related to Supplemental Figure 
S7. Time stamp is in hh:mm:ss. 

Supplemental Movie S7. Galvanotaxis of a cell group in the presence of 50 µM CK, related to 
Figure 3 and Supplemental Figure S12. The group migrates to cathode with the rear moving faster 
than the front. Scale bar equals 100 µm. Time stamps in hh:mm:ss. 

Supplemental Movie S8. Blebbistatin reduces group’s integrity and makes galvanotaxis defective. 
Cells from the periphery start to disassociate from the group after EF application. The group is not 
directional after EF is on. Scale bar equals 500 µm. Time stamps in hh:mm:ss. 

Supplemental Movie S9. EGTA dissociates the cells from the group, related to Supplemental 
Figure S14. Individual cells undergo directional migration to the cathode after EF application. Each 
numbered and colored line indicates a single cell trajectory. Scale bar equals 100 µm. Time stamps 
in mm:ss. 

Supplemental Movie S10. A keratocyte group undergoes a programmed EF-guided directional 
migration, related to Figure 4. Local cell reversals and U-turns are visualized by the temporal 
trajectories of the cells from different locations. Scale bar equals 500 µm. Time stamps in hh:mm:ss. 

Supplemental Movie S11. Dynamic trajectories of cells from several regions in a keratocyte group 
undergoing a programmed EF-guided directional migration, related to Figure 4. Each dot 
represents a single cell (n = 59). Scale unit in µm. The applied EF in the indicated direction is 2 
V/cm. Time stamps in hh:mm:ss. 

Supplemental Movie S12. Dynamic trajectories of cells from several regions in a keratocyte group 
undergoing a programmed EF-guided directional migration in the presence of 50 µM LY294002, 
related to Figure 4. Each dot represents a single cell (n = 45). Scale unit in µm. The applied EF in 
the indicated direction is 2 V/cm. Time stamps in hh:mm:ss. 

Supplemental Movie S13. Dynamic trajectories of cells from several regions in a keratocyte group 
undergoing a programmed EF-guided directional migration in the presence of 50 µM Blebbistatin, 
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related to Figure 4. Each dot represents a single cell (n = 76). Scale unit in µm. The applied EF in 
the indicated direction is 2 V/cm. Time stamps in hh:mm:ss. 




