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Electrotaxis—the directional migration of cells in response to an electric field—is most evident in
multicellular collectives and plays an important role in physiological contexts. While most cell
types respond to applied electric fields of the order of a Volt per centimeter, our knowledge of the
factors influencing this response is limited. This is especially true for collective cell electrotaxis, in
which the subcellular migration response within a cell has to be coordinated with coupled
neighboring cells. Here, we investigated the effect of the level of actin cytoskeleton polymerization
and myosin activity on collective cell electrotaxis of Madin-Darby Canine Kidney (MDCK) cells in
response to a weak electric field of physiologically relevant magnitude. We modulated the
polymerization state of the actin cytoskeleton using the depolymerizing agent cytochalasin D or the
polymerizing agent jasplakinolide. We also modulated the contractility of the cell using the myosin
motor inhibitor blebbistatin or the phosphatase inhibitor calyculin A. While all the above
pharmacological treatments altered cell speed to various extents, we found that only increasing the
contractility and a high level of increase/stabilization of polymerized actin had a strong inhibitory
effect specifically on the directedness of collective cell electrotaxis. On the other hand, even as the
effect of the actin modulators on collective cell migration was varied, most conditions of actin and
myosin pharmacological modulation—except for high level of actin polymerization/stabilization—
resulted in cell speeds that were similar in the absence or presence of the electric field. Our results
led us to speculate that the applied electric field may largely impact the cellular apparatus
specifying the polarity of collective cell migration, rather than the functioning of the migratory
apparatus. Bioelectromagnetics. 39:289–298, 2018. © 2018 Wiley Periodicals, Inc.
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INTRODUCTION

Electrotaxis is the directional migration of cells
along (or opposite to) the direction of an electric field
(EF). Many types of cells have been reported to
respond to EF including corneal epithelial cells and
monolayers [Zhao et al., 1997; Li et al., 2012; Gao
et al., 2015], human keratinocytes, either isolated, in
pairs, or in groups [Nishimura et al., 1996], and
tracheal epithelial cells in isolation and in monolayers
[Li et al., 2012]. The majority of the aforementioned
epithelial cells migrate toward the cathode. Notably,
Madin-Darby Canine Kidney (MDCK) cell sheets [Li
et al., 2012] have been reported to migrate toward the
cathode [Cohen et al., 2014] or anode depending on
the applied electric field and MDCK sub-clone [Li
et al., 2012]. Electric fields of about 1V/cm are
known to endogenously arise in vivo when, for
example, epithelial sheets are wounded [Zhao et al.,
1996]. Monolayers of epithelial cells also respond
collectively to externally imposed electric fields of

similar magnitude in vitro. Epithelial sheets show
greater sensitivity in their response to EF but align
more slowly than cells in isolation [Lalli and Astha-
giri, 2015]. This collective response exhibits greater
directionality [Li et al., 2012], but the migration rate
typically slows down as cell density rises [Angelini
et al., 2011]. Cell–cell interactions thus play an
important role in the collective response to
electrotaxis.
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Selective inhibition of signaling molecules has
enabled the identification of key players involved in
the directional electrotactic migration response of
single cells and cohesive monolayers [Zhao et al.,
2002; Pu et al., 2007; Meng et al., 2011; Zhang et al.,
2011; Allen et al., 2013; Sun et al., 2013; Guo et al.,
2015; Huang et al., 2016]. For example, it has been
shown that the polarized formation of lamellipodia
along the cathodal edge of some epithelial cells under
DC (direct current) EF induces an electrotactic
response toward the cathode [Luther et al., 1983].
Accordingly, the asymmetric activation of the MAP
kinase ERK1/2 was shown to regulate the cathodal
redistribution of the F-actin cytoskeleton, and its
inhibition impaired the speed and directedness of
single corneal epithelial cell migration toward the
cathode [Zhao et al., 2002]. Similarly, the inhibition
of PI3K significantly decreased both speed and
directionality of brain tumor-initiating cells in isola-
tion under EF as well as that of MDCK epithelial
monolayers [Li et al., 2012; Huang et al., 2016]. In
addition, inhibition of PI3K switched the directional
migration of single keratocytes toward the anode of
an applied EF. Many of these signaling modules that
influence the electrotactic response do so by acting on
the actin cytoskeleton.

Previous studies modulating specific aspects of
the contractile actin cytoskeleton have yielded diverse
results with respect to their effect on electrotaxis.
Inhibiting actin polymerization in brain tumor-initiat-
ing single cells with latrunculin B significantly
weakened cell motility but their directionality toward
the anode remained biased. Jasplakinolide, a promoter
of actin polymerization and stabilization of F-actin,
inhibited EF-induced cathodal cluster formation of
muscle cells [Zhang and Peng, 2011]. Inhibition of
myosin with blebbistatin, and Rho-associated kinase
with Y27632, showed little effect on single keratocyte
migration toward the cathode [Sun et al., 2013].
Although myosin-II regulates cell motility [Even-Ram
et al., 2007] and its inhibition with blebbistatin could
affect cell migration, neither cell motility nor the
directionality of brain tumor-initiating cells in isola-
tion was affected by it under EF [Huang et al., 2016].
Cathode-directed migration of single keratocytes dur-
ing electrotaxis was also not affected by blebbistatin
[Allen et al., 2013]. On the other hand, blebbistatin
inhibited cathode-directed migration of mouse epithe-
lial fibroblasts in isolation [Guo et al., 2015]. It also
abolished the anode-directed response of keratocyte
fragments [Sun et al., 2013], although it had no effect
on electrotaxis of keratocyte fragments when they
were treated with cAMP or cGMP which are second
messengers to extracellular factors [Zhu et al., 2016].

In this work, we wanted to specifically test the
extent to which both actin organization and the level
of cell contractility influenced collective cell electro-
taxis in response to an EF of physiologically relevant
magnitude [McCaig et al., 2009]. In particular, we
wanted to determine how these modulations affected
the speed and directionality of the collective electro-
tactic response compared to a case with no directional
cue. We applied a DC electric field (DCEF) on
MDCK II monolayers in vitro without or with
pharmacological inhibitors that tune actin organiza-
tion or contractility either higher or lower. We found
that only the state of higher contractility or the state of
high degree of actin polymerization showed a large
loss of directionality in response to DCEF. Impor-
tantly, we found that the effect of various pharmaco-
logical inhibitions on cell speed in the presence of EF
was similar to their effect on random cell migration
speeds within monolayers in the absence of EF for
most treatments. The latter result suggests only a
minor effect of the electric field on the migration
machinery itself, compared to its effect on the cell
polarization apparatus.

MATERIALS AND METHODS

Cell Culture

MDCK (MDCK II, generously provided by
Daniel Conway, Virginia Commonwealth University,
Richmond, VA) cells were cultured with DMEM
(Dulbecco’s modified Eagle’s medium, Corning,
Corning, NY) supplemented with L-Glutamine, so-
dium pyruvate, 1% Penicillin/Streptomycin, and 10%
Fetal Bovine Serum (FBS) (Corning) at 37 8C and
under 5% CO2. For electrotaxis experiments, the
chamber in which cells were plated was prepared as
follows [Song et al., 2007]: first, a Polydimethylsilox-
ane (PDMS) well of 10� 8mm2 inner area was
placed in a 60-mm polystyrene petri dish (to confine
the cells to the PDMS well region). Then, a
30� 22mm2 glass coverslip was cut in two and the
two halves were glued to the petri dish parallel to
each other surrounding the two sides of the PDMS
well (supplementary Fig. S1). Then four 3140 silicon
rubber barriers were made on opposite sides of the
cover slips as shown in supplementary Figure S1a.
The region of the chamber confined by the PDMS
well was coated with a 0.2mg/ml solution of Col1 in
0.1M acetic acid at 37 8C for 15min. After washing
with PBS, the cells were plated in the PDMS well and
maintained in the incubator (at 37 8C and 5% CO2)
overnight to form an approximately 10� 8mm2

rectangular monolayer (with minor imperfections in
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the vicinity of the well) adherent to the chamber
substrate. Then, the PDMS well was removed, a
coverslip was glued onto the sidewall coverslips, and
freshly prepared media supplemented with 10mM
HEPES was added to the chamber as in supplemen-
tary Figure S1b. For experiments involving cell
treatment with pharmacological inhibitors, fresh
media containing 10mM HEPES and inhibitor at the
appropriate concentration as mentioned was added to
the chamber 1 h prior to the experiment.

Electrotaxis Chamber

An electrotaxis chamber similar to that intro-
duced by Song et al. [2007] was used to apply DCEF
to cells in vitro. Steinberg’s solution (60mM NaCl,
0.7mM KCl, 0.8mM MgSO4.7H2O, 0.3mM
Ca(NO3)2.4H2O, 1.4mM Tris base, pH 7.4) in two

petri dishes was used as the electrolyte solution. Agar
salt bridges were prepared as follows: 2% wt/vol agar
powder was dissolved in Steinberg’s solution, heated
until boiling, then cooled to approximately 60 8C and
then injected into П-shaped glass tubes prepared by
heating and bending 10-cm long glass tubes with a
laboratory burner. The agar subsequently gelled as it
cooled. The gelled agar bridges were then inserted
into the chamber in contact with the cell media at the
two ends of the chamber. EF of the desired direction
was achieved by microscopic alignment of the two
bridges. Two silver wire electrodes were inserted into
the electrolytes (as in Fig. 1a), and two connectors
from the poles of a DC supply (Circuit Specialists,
CSI20002S, Tempe, AZ) were connected to the
electrodes to close the loop. The uncertainties associ-
ated with all of the following voltage and current

Fig. 1. Collective electrotaxis of MDCK cells in the absence of any pharmacological modula-
tion. (a) Schematic illustration of sample configuration used for application of DC EF to mono-
layer (based on set-up in Song et al. [2007]; please see Materials and Methods section). (b)
Phase image of a 860� 640mm2 region of monolayer superimposed with average local veloc-
ity vectors (averaged over 1h) at different locations within region as determined using PIV. A
scatter plot of all of the average local cell velocity components for local cell velocities and a
rose plot of their angular distribution are shown on the right (based on a total of� 4�104

velocity vectors). (c) Phase image of a 860� 640mm2 region of the monolayer subject to an
electric field of 0.53� 0.03 V/cm superimposed with average local velocity vectors (averaged
over 1h) at different locations within region as determined using PIV. Electric field direction
is indicated above (labelled ‘‘E’’ with direction). A scatter plot of all of the average local cell
velocity components for local cell velocities and a rose plot of their angular distribution are
shown on right (based on a total of� 4�104 velocity vectors). Directedness was d¼ 0.81. For
angular rose plots, cathode is at 1808 and anode at 08.
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values are due to limited increment values of the
digital read-outs (from two independent measure-
ments). The voltage applied by the power supply was
20� 1V leading to a voltage of 2.40� 0.12V and a
current of 0.17� 0.01mA measured via a multimeter
(M-1750 Elenco, Wheeling, IL) between the ends of
the agar bridges in the cell chamber, with a distance
of 4.5� 0.1 cm between them. The magnitude of the
EF across the chamber was thus calculated to be
0.53� 0.03V/cm.

Pharmacological Inhibitors

The pharmacological inhibitors jasplakinolide
(Cayman Chemical, Ann Arbor, MI), cytochalasin D
(MP Biomedicals, Santa Ana, CA), blebbistatin (Cay-
man Chemical), and calyculin A (MP Biomedicals,
Santa Ana, CA) were used in the following concen-
trations: Cytochalasin D was effective at 0.2mM as
assessed by immunofluorescence (supplementary
Fig. S2). Blebbistatin was used at 20mM as its
solubility was reported to decrease beyond this
concentration [V�arkuti et al., 2016]. Higher concen-
trations such as 50mM also resulted in MDCK cell–
cell contact breakage (supplementary Fig. S3). Caly-
culin A was used at 5mM, the concentration at which
contractility-dependent traction forces have been spe-
cifically shown to increase [Stricker et al., 2011].
Jasplakinolide is typically used in a relatively wider
range (1–500 nM) of concentrations [Wan et al.,
2011]. We thus used jasplakinolde at 1 nM (low),
50 nM (high), and 500 nM (highest)—use at 500 nM
resulted in MDCK cell-cell contact breakage and
disruption of monolayer integrity and hence was
excluded from further consideration. It is important to
note that pharmacological inhibitions as assessed
above do not imply complete inhibition of intended
biochemical targets.

Time-Lapse Imaging of Electrotaxis

The electrotaxis experiments were imaged using
an inverted microscope (DMI8, Leica Microsystems,
Wetzlar, Germany) equipped with an air stream
incubator (Nevtek, Williamsville, VA). The petri
dishes’ caps were replaced with a PDMS cap with
punched holes to install the agar bridges into the
chamber as in Figure 1a. Electrolyte solutions were
then connected with DC power supply via silver
electrodes. Figure 1a shows the electrotaxis chamber
equipped with electrochemical equipment for applica-
tion of DCEF. From the MDCK II monolayer of area
�10� 10mm2, phase images of the cells within
multiple positions in the central region (of� 5� 4
mm2 area) of the monolayer were captured by time-
lapse imaging—first with no EF for at least 1 h and

then upon EF application for 2 h. Two independent
experiments were conducted for each case, without or
with EF, or without or with specified pharmacological
inhibitor. The cell density was found to be (based on
cell number data in two different regions of area
0.6mm2 each, for all cases) 1472� 60 cells/mm2 for
the control case, 1577� 52 cell/mm2 for the blebbista-
tin treated case, 1367� 67 cells/mm2 for the jasplaki-
nolide (low) treated case, 1468� 230 cells/mm2 for
the jasplakinolide (high) treated case, and 1407� 13
cells/mm2 for the calyculin A treated case. Thus, cell
density variations between untreated and any inhibi-
tor-treated case was 7% or less. In general, the cells
responded to EF within 1 h and so the time lapse
sequence of migration for at least a 1 h time period
with no EF and a 1 h time period with EF (the time
period from 1 h to 2 h after EF application, for all
cases) was analyzed by PIV (particle image velocim-
etry).

Quantification of Cell Migration Due to
Electrotaxis

PIVlab (version 1.41) [Thielicke and Stamhuis,
2014], an open source MATLAB (R2015b, Math-
Works, Natick, MA) program for cross-correlation,
was used to process the sequence of cell phase images
during random and electrotactic cell migration. First,
image preprocessing, including defining a region of
interest (ROI) and removing background noise, pre-
pared the image sequences for velocimetry [Bashirza-
deh et al., 2016]. PIVlab was then used to employ the
Fast Fourier Transform (FFT) method with 50%
overlapped interrogation windows of 64� 64 pixels2

and 32� 32 pixels2 in two passes to quantify the
displacement of the cells between successive pairs of
images resulting in a velocity vector field for each
successive image. The MATLAB built-in function
“rose” was used to depict the directionality of mono-
layers in an angle histogram plot. Mean of the cosine
of the angle (u) between velocity vectors of mono-
layers d ¼ S cosu

n

� �
and the direction of the electric

field was used as the measure of the directedness d of
the migration where n is the total number of velocity
vectors calculated in different regions of the mono-
layer. Directedness and the speed of cells in mono-
layers have been calculated for each case based on
3–4.5� 104 data points. Two-way ANOVA was used
to test the statistical significance of main effects (EF
vs no EF as well as inhibitor vs no inhibitor) and
interaction effects (in the presence of both EF and
inhibitor) with P-values <0.01 considered significant.
Tukey’s honest significant difference criterion was
used for multiple comparisons.
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Immunofluorescence

MDCK II epithelial monolayers were fixed with
4% w/v paraformaldehyde (Electron Microscopy
Sciences, Hatfield, PA) and permeabilized with 0.5%
v/v Triton X–100 (Thermo Fisher Scientific, Wal-
tham, MA) following standard procedures [Marutha-
muthu and Gardel, 2014]. Purified mouse anti-b-
catenin (BD Transduction Laboratories, BD Bioscien-
ces, San Jose, CA) at a 1:100 dilution and phalloidin
(Alexa Fluor, Thermo Fisher Scientific) at a 1:200
dilution were used to stain the cells. Rhodamine-goat
anti-mouse (Thermo Fisher Scientific) secondary anti-
body was used at a 1:200 dilution. A 20� objective
lens was used for immunofluorescence imaging.

RESULTS AND DISCUSSION

Migration of MDCK Monolayers Toward the
Cathode in Response to Applied DCEF

We applied a physiologically relevant [McCaig
et al., 2009] weak DC field of 0.53� 0.03V/cm to
MDCK II monolayers (of area �10� 8mm2) in the
electrotaxis chamber (Fig. 1a). This EF magnitude is

at the lower end in the range used to elicit a response
from MDCK cells previously [Li et al., 2012; Cohen
et al., 2014] and is in the range of endogenous wound
EF in humans and animal cells [Barker et al., 1982;
Chiang et al., 1992; Zhao et al., 2006]. We found that
the MDCK cells exhibited a clear cathode-directed
response (d¼ 0.81, P< 0.01) (Fig. 1b–d) in response
to this DCEF. Although various types of single cells
and epithelial sheets respond to EF, epithelial cells in
isolation have been reported to respond either slower
or not at all to weak EFs [Li et al., 2012]. This
suggests that cell–cell coupling in epithelial sheets
plays a critical role in the collective response. In fact,
blocking E-cadherin or depletion of extracellular
Ca2þhas been shown to abolish electrotaxis in MDCK
monolayers [Li et al., 2012]. We therefore wanted to
test if impairment of the cadherin-actin link by
a-catenin knock-down would affect MDCK mono-
layer electrotaxis. However, we found that a-catenin
knock-down inhibited even random cell migration
within monolayers in the absence of EF. Expectedly,
migration under EF was also essentially completely
inhibited (Supplementary Video S6). This result
reinforced the importance of the link between cell-cell

Fig. 2. (a) Phase image of a 860� 640mm2 region of monolayer pre-treated with 1nM jaspla-
kinolide superimposed with average local velocity vectors (averaged over 1h) at different
locations within region as determined using PIV. A scatter plot of all of the average local cell
velocity components for local cell velocities and a rose plot of their angular distribution are
shown on right (based on a total of� 4.5�104 velocity vectors). (b) Phase image of a
860� 640mm2 region of monolayer pre-treated with 1nM jasplakinolide subject to an electric
field of 0.53� 0.03 V/cm superimposed with average local velocity vectors (averaged over
1h) at different locations within region as determined using PIV. Electric field direction is indi-
cated above (labelled ‘‘E’’ with direction). A scatter plot of all of the average local cell velocity
components for local cell velocities and a rose plot of their angular distribution are shown on
right (based on a total of� 4.5�104 velocity vectors). Directedness was d¼ 0.74, slightly but
significantly less than that for the control case (P< 0.01). For angular rose plots, cathode is at
1808 and anode at 08.
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contacts and actin cytoskeleton of epithelial cells in
cell migration within monolayers, with or without EF.

Promoting Actin Polymerization Perturbs
Electrotaxis

Elongation of leading edge involving actin
polymerization is one of the primary steps of cell
migration and is therefore also essential during
electrotaxis. To test the effect of F-actin stabiliza-
tion on MDCK monolayer electrotaxis, we treated
the cells with either a low (1 nM) or high (50 nM)
concentration of jasplakinolide [Wan et al., 2011].
Jasplakinolide is a marine sponge toxin that induces
actin polymerization [Bubb et al., 1994] and can
impact the kinetic and kinematic signatures of
lamellipodia [Ponti et al., 2004]. It is a potent
inducer of actin polymerization in vitro by stimula-
tion of actin filament nucleation [Bubb et al.,
2000] in a manner not controlled by cellular
signaling [Bubb et al., 1994; Zhang et al., 2011].
Typically, inhibiting polymer disassembly with
jasplakinolide bound to actin filaments could dis-
rupt normal cell motility [Peng et al., 2011]. Here,
jasplakinolide at 1 nM treatment slightly enhanced

cell migration speeds during both random cell
migration with no EF and electrotactic collective
response of MDCK monolayers to EF (compared to
untreated case, main effect P< 0.01, 2-way
ANOVA). Figure 2 shows a representative vector
field (Fig. 2a) along with the velocity scatter plot
(Fig. 2b) and directionality of the monolayer
(Fig. 2c) treated with jasplakinolide. Cathode-
directed electrotactic migration is slightly disturbed
with 1 nM jasplakinolide treatment (d¼ 0.74, inter-
action effect P< 0.01, 2-way ANOVA). However,
treatment with jasplakinolide at 50 nM led to
abrogation of the cathode-directed response to EF
(Fig. 3, interaction effect P< 0.01, 2-way
ANOVA). Even though the cell velocities were
largely preferentially oriented along the EF axis, as
evident in the velocity scatter plot in Figure 3b, the
directedness (toward the cathode) was close to zero
(d¼ 0.001). On the other hand, depolymerization of
actin filaments by the addition of 0.2mM cytochala-
sin D [Tardieux et al., 1992] ceased collective cell
migration both without and with EF (Supplementary
Video S7), as expected, confirming the necessity of
a basal level of F-actin to enable cell migration.

Fig. 3. (a) Phase image of a 860� 640mm2 region of monolayer pre-treated with 50 nM jas-
plakinolide superimposed with average local velocity vectors (averaged over 1h) at different
locations within region as determined using PIV. A scatter plot of all of the average local cell
velocity components for local cell velocities and a rose plot of their angular distribution are
shown on right (based on a total of� 3�104 velocity vectors). (b) Phase image of a
860� 640mm2 region of monolayer pre-treated with 50 nM jasplakinolide subject to an elec-
tric field of 0.53� 0.03 V/cm superimposed with average local velocity vectors (averaged
over 1h) at different locations within region as determined using PIV. Electric field direction is
indicated above (labelled ‘‘E’’ with direction). A scatter plot of all of the average local cell veloc-
ity components for local cell velocities and a rose plot of their angular distribution are shown
on right (based on a total of� 3�104 velocity vectors). Directedness was d¼ 0.001, signifi-
cantly less than that for control case (P< 0.01). For angular rose plots, cathode is at 1808 and
anode at 08.
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Increase, but not a Decrease, in Cell
Contractility Inhibits Electrotaxis

To test the role of myosin-based contractility in
directional migration of cohesive monolayers, we
treated the monolayer with 20mM [Hoj et al.,
2014] of blebbistatin [Straight et al., 2003]. Blebbista-
tin is a rapid inhibitor of myosin II ATPases [Kov�acs
et al., 2004; Allingham et al., 2005] and thus
decreases cell contractility. Here, application of
blebbistatin to MDCK II monolayers slowed down
both random migration of cells at no EF and their
collective response to EF (compared to untreated
case, main effect P< 0.01, 2-way ANOVA)
(Fig. 4a and 4b), even though the effect of blebbistatin
on the directionality of the monolayer toward the
cathode under EF was not significant (d¼ 0.76,
interaction effect P¼ 0.57, 2-way ANOVA) (Fig. 4c).
This result suggests that reduced contractility does not
impair the EF direction-sensing mechanism even
though the migration speed is reduced. Slowing down
of the collective cell migration of blebbistatin-treated
epithelial monolayers may also reflect the disruption
of the robust coupling between neighboring cells
through cell-cell adhesions.

In contrast to the effect of lowering the contrac-
tility, increasing the level of contractility by treating
the monolayers with 5 nM calyculin A [Kawabata and
Matsuda, 2016] significantly attenuated cathode-di-
rected electrotaxis of the MDCK monolayers
(d¼ 0.12, interaction effect P< 0.01, 2-way
ANOVA). Calyculin A inhibits protein phosphatases
and thus promotes myosin activity by inhibiting
myosin light chain phosphatase [Goeckeler and
Wysolmerski, 1995; Stull et al., 1998]. Although cells
treated with calyculin A showed impaired directed-
ness toward the cathode under EF, calyculin A only
had a minor (but statistically significant) effect on cell
speed compared to the untreated case, either without
or with the application of EF (compared to untreated
case, main effect P< 0.01, 2-way ANOVA) (Fig. 5).
It should be noted that while calyculin A-induced
enhanced contractility has been reported in literature
[Stricker et al., 2011], we cannot rule out that
calyculin A-induced phosphorylation of other molecu-
lar players may have also additionally impacted the
electrotactic response.

Recent experiments with keratocytes and a corre-
sponding ‘compass’ model [Sun et al., 2013] suggest

Fig. 4. (a) Phase image of a 860� 640mm2 region of monolayer pre-treated with 20mM bleb-
bistatin superimposed with average local velocity vectors (averaged over 1h) at different loca-
tions within region as determined using PIV. A scatter plot of all of the average local cell
velocity components for local cell velocities and a rose plot of their angular distribution are
shown on right (based on a total of� 3�104 velocity vectors). (b) Phase image of a
860� 640mm2 region of the monolayer pre-treated with 20mM blebbistatin subject to an
electric field of 0.53� 0.03 V/cm superimposed with average local velocity vectors (averaged
over 1h) at different locations within region as determined using PIV. Electric field direction
is indicated above (labelled ‘‘E’’ with direction). A scatter plot of all of the average local cell ve-
locity components for local cell velocities and a rose plot of their angular distribution are
shown on right (based on a total of� 3�104 velocity vectors). Directedness was d¼ 0.76,
slightly but significantly less than that for control case (P< 0.01). For angular rose plots, cath-
ode is at 1808 and anode at 08.
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that two competing intracellular pathways bias a cell
along the direction of the applied EF. Actin polymeri-
zation influences the strength of the “frontness” cue
[Sun et al., 2013] in this model, directing the cells
toward the cathode whereas contractility promotes
migration toward the anode by inducing the rear of the
cell to point toward the cathode. The effect of calyculin
A on collective cell electrotaxis as reported here is
consistent with the proposed compass model [Sun
et al., 2013] of electrotaxis: higher contractility as a
result of treatment with calyculin A may promote the
“backness” cue to point toward the cathode (and the
cell to point toward the anode) in opposition to the
cells’ normal electrotactic response toward the cathode.
These opposing factors could well have resulted in the
low level of directedness as reported above upon
calyculin A treatment. In contrast, decrease of contrac-
tility using blebbistatin is expected to suppress the
backness cue, leaving the frontness cue to dominate
and point toward the cathode as in the untreated case.
Promoting actin polymerization with a low concentra-
tion of jasplakinolide is expected to similarly maintain
cathode directedness by promoting the frontness cue,

but higher jasplakinolide concentrations may impair the
dynamic rearrangements of the actin cytoskeleton that
are still necessary for persistent migration.

Electric Field Appears to Largely Affect Cell
Polarity Rather than Cell Migration Speeds

Electrotactic cell motility was affected to various
extents by the specific pharmacological agents used in
this study. The differential effect of these treatments
on cell speed in the presence of EF was statistically
significant in all cases. However, we wanted to assess
the magnitude of change affected by these different
inhibitor treatments in the absence or presence of EF.
Figure 6 compares the average random speeds in the
absence of EF and electrotactic migration speeds in
the presence of EF of inhibitor-treated monolayers.
Except for jasplakinolide treatment at the higher
concentration, which may have affected the cell’s
ability to undergo persistent directional migration, the
magnitude of cell speeds without EF and with EF
were similar in magnitude (although the differences
among them were statistically significant, Fig. 6).
These results may suggest that the EF primarily

Fig. 5. (a) Phase image of a 860� 640mm2 region of monolayer pre-treated with 5 nM caly-
culin A superimposed with average local velocity vectors (averaged over 1h) at different loca-
tions within region as determined using PIV. A scatter plot of all of the average local cell
velocity components for local cell velocities and a rose plot of their angular distribution are
shown on right (based on a total of� 4.5�104 velocity vectors). (b) Phase image of a
860� 640mm2 region of monolayer pre-treated with 5 nM calyculin A subject to an electric
field of 0.53� 0.03 V/cm superimposed with average local velocity vectors (averaged over 1h)
at different locations within region as determined using PIV. Electric field direction is indicated
above (labelled ‘‘E’’ with direction). A scatter plot of all of the average local cell velocity compo-
nents for local cell velocities and a rose plot of their angular distribution are shown on right
(based on a total of� 4.5�104 velocity vectors). Directedness was d¼ 0.12, significantly less
than that for control case (P< 0.01). For the angular rose plots, cathode is at 1808 and anode
at 08.
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affects the components of the cell polarization path-
way rather than that of the cell migration machinery.

CONCLUSION

Cathode-directed collective migration response
of MDCK monolayers to EF was tested under a range
of pharmacological perturbations to the actomyosin
machinery. We found that both treatment with calycu-
lin A and the higher concentration of jasplakinolide
nearly eliminated the directedness of cells in response
to EF. In contrast to directedness, cell speed in the
presence of EF was affected by the pharmacological
agents perturbing both actin polymerization state and
myosin activity to various extents. However, the
motility of the cells in the monolayer in most cases
was largely conserved in magnitude between the cases
without and with EF, except for actin stabilization
using higher jasplakinolide concentration. Based on
our results, we speculate that EF has a stronger effect
on cell migration directionality rather than on cell
migration capacity per se during collective cell
response to EF.
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