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Abstract

Background: Induced electric fields (iEFs) control directional breast cancer cell migration. While the con-
nection between migration and metabolism is appreciated in the context of cancer and metastasis, effects of
iEFs on metabolic pathways especially as they relate to migration, remain unexplored.
Materials and Methods: Quantitative cell migration data in the presence and absence of an epidermal growth
factor (EGF) gradient in the microfluidic bidirectional microtrack assay was retrospectively analyzed for
additional effects of iEFs on cell motility and directionality. Surrogate markers of oxidative phosphorylation
(succinate dehydrogenase [SDH] activity) and glycolysis (lactate dehydrogenase activity) were assessed in
MDA-MB-231 breast cancer cells and normal MCF10A mammary epithelial cells exposed to iEFs and EGF.
Results: Retrospective analysis of migration results suggests that iEFs increase forward cell migration speeds
while extending the time cells spend migrating slowly in the reverse direction or remaining stationary. Fur-
thermore, in the presence of EGF, iEFs differentially altered flux through oxidative phosphorylation in MDA-
MB-231 cells and glycolysis in MCF10A cells.
Conclusions: iEFs interfere with MDA-MB-231 cell migration, potentially, by altering mitochondrial metab-
olism, observed as an inhibition of SDH activity in the presence of EGF. The energy intensive process of
migration in these highly metastatic breast cancer cells may be hindered by iEFs, thus, through hampering of
oxidative phosphorylation.
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Introduction

Cell migration plays a critical role in the physiology
of embryonic development and wound healing and also

contributes to the pathology of cancer through metastasis.1,2

Bioelectric effects greatly impact cell migration,1,3,4 al-
though the distinct effects of electric fields (EF) alone versus
EF in the presence of electrical current flow remain to be
better understood.5–7 The recent use of time-varying mag-
netic fields to induce asymmetric noncontact EFs via Fara-
day’s law has revealed previously unexplored phenomena
termed electrotransductive migration.8,9 These induced
electric fields (iEFs) affect spontaneous migration (i.e., in the
absence of a chemoattractant) as well as migration stimulated
by a biomolecular gradient of epidermal growth factor (EGF)

and CXCL12 (or SDF-1a).8,9 Asymmetric iEFs alter average
migration speeds (averaged over 12 h) of both MDA-MB-
231 breast cancer cells and nontransformed, normal
MCF10A breast epithelial cells in a direction-dependent
manner as well as reduce the number of migrating cells in the
presence of EGF gradients.8,9 Importantly, in the absence of
EGF, MCF10A cells do not migrate with and without iEFs.
Specific to MDA-MB-231 cells, iEFs inhibited epidermal
growth factor receptor (EGFR) phosphorylation and altered
the remodeling of the actin cytoskeleton in the presence of
EGF.9 In contrast, no changes in EGFR phosphorylation or
actin cytoskeleton were observed for MCF10A cells in the
presence of EGF. Finally, the Akt pathway was shown to
play a vital role as inhibition of Akt nullified the directional
effects of iEF.
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Numerous processes involved in cell migration, includ-
ing actomyosin contraction, focal adhesion point breaks,
and actin polymerization, are known to be energy intensive
processes that rely primarily on mitochondrial respira-
tion.10 Migration characteristics such as cell speed and net
displacement have been shown to be dependent on AT-
P:ADP ratio in a cell.10,11 While other energetic pathways
such as glycolysis and pentose phosphate shunt also con-
tribute to supplying the cell with energy, mitochondrial
oxidative phosphorylation is the major contributor.10

Moreover, mitochondrial function also controls Ca2+

channels12,13 and reactive oxygen species generation, both
of which act as secondary messengers in the pathways in-
volved in cell migration, both in physiologically normal
and cancer cells.14,15 Although conventionally considered
glycolytic, most cancer cells meet their energy needs
through mitochondrial function.8 Furthermore, the signif-
icance of the mitochondrial respiratory enzyme succinate
dehydrogenase (SDH) (Complex II of the electron trans-
port chain) is best appreciated when considering tumors
bearing mutations in SDH.16,17 Several studies on MDA-

MB-231 cells targeting mitochondrial fusion or fission
have found a significant reduction in cell migration, inva-
sion, and proliferation.18

A retrospective analysis was conducted on recently re-
ported average speed data during migration for these two
cell lines (MDA-MB-231 metastatic breast cancer cells and
nontransformed, ‘‘normal’’ breast epithelial cells) in the
presence/absence of noncontact iEFs and EGF.9 Detailed
examination of momentary migration (over 30min inter-
vals) rather than average migration over the 12 h duration of
the experiments reveals that iEFs increase forward migra-
tion speeds while also increasing instances of slow migra-
tion or stagnation. These occasions of slow migration or
stagnation primarily occur when cells attempt movement in
the reverse direction (Fig. 1). The different migratory be-
haviors exhibited by metastatic versus normal cells in re-
sponse to iEFs as well as the importance of Akt signaling,
point to the possible role of underlying energetics as dic-
tated by metabolic processes.9 The role of EFs in modu-
lating the metabolic activities of migrating cells, however,
has not been fully explored.

FIG. 1. (A) Photograph of the
Helmholtz coil with a six-well
culture plate partially inserted in-
side. Microdevices fit into each
well of the plate. The black regions
are windings of the Helmholtz coil
taped to secure them. Supplemen-
tary Figure S1 shows further details
in another schematic. (B) Schematic
of microdevice used in migration
experiments. (C) Directional labels
for microchannel experiments. The
migration direction of a cell is taken
as parallel when moving in the same
direction as the net direction of the
electric field and antiparallel when
moving against the net direction, as
in Garg et al.9 Forward moving cells
are considered when moving away
from the seeding port and backward
or reverse when moving toward the
seeding port.
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We hypothesized that iEFs impact mitochondrial func-
tion and may explain previously reported cell migration
characteristics such as average speed, persistence, and num-
bersmigrated. To explore this idea, wemeasured SDH activity
as a surrogate of mitochondrial oxidative phosphorylation and
lactate dehydrogenase (LDH) activity as a surrogate of gly-
colysis, in lysates prepared fromMDA-MB-231 andMCF10A
cells exposed to iEF and/or EGF.We found that iEFs decrease
SDH activity in MDA-MB-231 cells and increase LDH ac-
tivity in MCF10A cells in the presence of EGF.

Materials and Methods

Cell line and reagents

The MDA-MB-231 breast adenocarcinoma cells stably
expressing green fluorescent protein (provided by Luker La-
boratory, University of Michigan, Ann Arbor, MI) were cul-
tured in growth media (GM) comprising Dulbecco’s modified
eagle medium (DMEM) (GibcoTM; 11-995-073) supplemented
with 1% penicillin–streptomycin–glutamine (GibcoTM; 10-378-
016) and 10% fetal bovine serum (FBS, EF-0500-A; Atlas Bio-
logicals).19 Nontransformedmammary epithelialMCF10A cells
(American Type Culture Collection), serving as a noncancerous
standard, were cultured in GM comprising DMEM-F12 (Corn-
ing; 10-103-CV) supplementedwith 1%penicillin–streptomycin
(100lg/mL, 15140122; Life Technologies), 5% Horse Serum
(HS) (Life-Technologies; 16050-122, 1783307), 0.1% insulin
(10lg/mL, I1882; Sigma-Aldrich), 0.05% hydrocortisone
(0.5mg/mL, H0888; Sigma-Aldrich), 0.02% EGF (20ng/mL,
AF-100-15; Peprotech), and 0.01% cholera toxin (100ng/mL,
C8052; Sigma-Aldrich). The MCF10A cells were used as non-
tumor/nonmetastatic control.9 For all experiments discussed in
this article, migration media (MM) containing lower levels of
serum was used. For the cancer cell line, MM consisted of the
same components as GMwith only 0.1% FBS rather than 10%.
For theMCF10Acells,MMconsistedof the samecomponents as
GM with only 0.1% HS and no supplemental EGF.

Electrotransductive migration apparatus

Weak, temporally asymmetric iEFs were applied using a
Helmholtz-style coil (Supplementary Fig. S1) that encases
multiwell plateswith viewing access for imaging cell migration
in real-time.9 The ranges of EFs induced and magnetic fields
applied by these coils were 20lV/cm–1mV/cm and 6–20lT,
respectively.9 The Helmholtz-style coil was driven by sawtooth
waveforms to induce asymmetric net iEFs as previously de-
scribed.9 The direction of the iEFs were defined as parallel if
primarily in the direction of migration (i.e., higher time aver-
aged strength) and antiparallel if primarily opposite to the di-
rection of migration (Fig. 1 and Supplementary Fig. S2).9

Microfluidic bidirectional microtrack assay
and methodology for retrospective analysis

The custom-designed microfluidic bidirectional micro-
track (MBDM) assay was described previously and used to
determine the average speed (averaged over the 12 h duration
of the experiment) and persistence of MDA-MB-231 (and
other) cells with and without EGF gradients.9 The poly-
dimethylsiloxane (PDMS) MBDM device consists of three
ports connected by 700 lm long microchannels, each mea-
suring 20lm · 20lm cross section (Fig. 1A), with individual

devices plasma bonded to the PDMS-coated bottom surface
of each well of a six-well multiwell plate that can be inserted
into the Helmholtz-style coil apparatus (Supplementary
Fig. S1). The microtracks were treated with fibronectin solu-
tion (10lg/mL; Corning 354008, in 1· phosphate-buffered
saline) for 1 h at 37�C. Cell media was then added to the outer
ports to completely fill the port. Then *2· 105 cells were
seeded in the center seeding port such that the media level
remained below the outer ports. This prevented cells from
flowing into the channels. The cells were allowed to attach for
12 h inMM in a 37�C incubator. Afterward, the cell media was
aspirated and replaced with fresh MM in the seeding port. The
outer ports were filled with MM with or without EGF
(25 ng/mL). The cells were then incubated for 36 h, while the
media was replenished every 12h. This allowed for cells to
start migrating into the microchannels before starting the ex-
periments. After 36 h, the plate was imaged using amicroscope
(Nikon Eclipse TE2000-U) with an enclosed chamber that
maintained a 37�C and 5% CO2 environment. Images were
recorded every 5min over a 12h period. Themovies were then
analyzed using Fiji,20 extracting cell position at every time
point utilizing a manual cell tracker plugin (MtrackJ plugin21).

The average speed data for migrating cells reported in Garg
et al.9 were based on an average over the entire 12 h duration of
the experiment. Here, we examine the same data retrospec-
tively by considering the speeds measured at discrete 30min
intervals. Monitoring over such short intervals provides a more
‘‘instantaneous’’ or momentary snapshot of the properties of
migration. An array of speeds as well as directions is then
ascribable to migrating cells, enabling a more accurate depic-
tion of the migratory process. Such an approach is necessary as
cells can at any given time, be stationary, moving forward (i.e.,
away from the central seeding chamber) or moving in the re-
verse direction (i.e., toward the central seeding chamber). This
retrospective analysis enables the velocity (i.e., speed and di-
rection) to be determined, with positive velocities signifying
movement away from the seeding chamber and negative ve-
locities indicating movement toward the seeding chamber.

At each 30min time point, the net displacement of the cells
is monitored by number of pixels, where each pixel corre-
sponds to *0.63 lm. A movement of five pixels over the
30min duration then corresponds to a speed of about
0.1 lm/min. From the data reported in Garg et al.,9 the natural
logarithms (to enable discerning of differences) of the speeds
are considered. The speeds were nondimensionalized by
normalizing with the average speed in the control condition
[iEF(-)/EGF(-)] for MDA-MB-231 cells and by the average
speed in the EGF condition [iEF(-)/EGF(+)] for MCF10A
cells since these cells do not migrate in the absence of EGF.
All distributions are displayed as histograms normalized to
yield a probability density function (pdf). The bin heights are
calculated as the number of occurrences of a particular speed
divided by the product of the total number of recorded speeds
and speed bin width. For the histograms, a pdf, f ln ~vð Þð Þ, is fit
to the raw data using a maximum likelihood estimate.
A normal (Gaussian) distribution is fit to all single-mode
data, while a bimodal distribution of the form is fit for dis-
tributions that display obvious bimodality,

f ln ~vð Þð Þ¼ p

r
ffiffiffiffiffiffi
2p

p e� 1
2

ln ~vð Þ½ � �l
rð Þ2 þ 1� pð Þ

r
ffiffiffiffiffiffi
2p

p e� 1
2

ln ~vð Þ½ � � l
rð Þ2 ; (1)
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where f ln(~v)
� �

is the pdf, ~v is the nondimensional speed, l is
the mean of the distribution, r is the standard deviation, and
p is a parameter that is best described as the probability that a
particular speed will fall within the lower portion of the bi-
modal distribution. The parameter p is calculated as the area
under the lower portion of the bimodal curve divided by the
total area under the bimodal distribution. The values for these
parameters are provided in the figure captions referred to in
the ‘‘Results’’ section.

SDH and LDH activity assay

SDH and LDH activities were measured as indicators of
metabolism by oxidative phosphorylation and glycolysis,
respectively. Relative activities of SDH and LDH were as-
sessed using enzymatic assays (MAK066 and MAK197;
Sigma Aldrich). LDH is an enzyme involved in the inter-
conversion between lactate and pyruvate and is detected in
the assay by monitoring the associated production of the
cofactor NADH from its oxidized NAD+ state. SDH is the
only enzyme involved in both the citric acid cycle and
electron transport chain. In brief, cells (1 · 106) were then
plated in each well of two 6-well plates in GM. After at least
3 h, the cell media was changed to MM for the respective cell
line with or without 25 ng/mL of supplemental EGF. One
plate was inserted into the Helmholtz coil apparatus while the
other was placed on a separate shelf in the same incubator as
control. The function generator was set to output a 100 kHz,
20 Vpp sawtooth waveform. After 12 h of treatment, the cells
were trypsinized and collected. Both enzyme assays were
performed as per manufacturer’s standardized instructions.
The final activities were normalized to protein content for

each respective condition with the latter quantified using a
Lowry-based method (Detergent Compatible Protein Assay;
Bio-Rad) and are presented relative to control.

Statistical analysis

All statistical analyses were performed in IBM SPSS
Statistics 27. LDH and SDH experiments contained N= 3.
For LDH and SDH measurements, the data were tested with
the one-way analysis of variance test followed by post hoc
Tukey–Kramer Honestly Significance Difference method.
Migration experiments were carried out for N = 3. For mi-
crochannel data, the data sets for ‘‘percentage of time moving
slow’’, ‘‘average forward speed’’, and ‘‘average backward
speed’’ were tested for normality using the Shapiro-Wilk test.
None of the conditions was found to follow a normal distri-
bution. The conditions were then compared using the
Kruskal–Wallis H test with adjustment for ties followed by
pairwise comparisons using the Dunn–Bonferroni approach,
which adjusts for multiple groups. The probability density
functions of momentary speeds in the microchannels were fit
using MATLAB’s built in maximum likelihood estimate
function mle().

Results

iEFs reduce SDH activity in MDA-MB-231 cancer
cells and increase LDH activity in nontransformed
MCF10A epithelial cells

Glucose converted to pyruvate in the cytoplasm can enter
mitochondria to undergo oxidative phosphorylation (a key
step of which involves SDH to catalyze conversion of

FIG. 2. LDH (A) and SDH
(B) activities in MDA-MB-231
cells with and without iEF and
EGF. LDH (C) and SDH (D) ac-
tivities in MCF10A cells with and
without iEF and EGF. Results are
shown for N = 3 separate experi-
ments (three separate six-well
plates on separate days). Values
have been normalized to the con-
trol condition. Black circles repre-
sent the calculated activities from
each individual well across three
experiments. Error bars represent
one standard deviation above and
below the mean. *p< 0.05. LDH,
lactate dehydrogenase; SDH, suc-
cinate dehydrogenase; EGF, epi-
dermal growth factor; iEF, induced
electric field.

IEFS CONTROL DIRECTIONAL MIGRATION OF BREAST CANCER CELLS 95

D
ow

nl
oa

de
d 

by
 7

4.
13

5.
16

.2
09

 fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 0

3/
24

/2
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



succinate to fumarate) or be converted to lactate in the cy-
toplasm, catalyzed by LDH.22 Therefore, LDH and SDH
activities are effective markers of whether a cell is relying
more on glycolysis or rather on oxidative phosphorylation for
its primary energy needs. SDH and LDH activities are shown
in Figure 2 for MDA-MB-231 and MCF10A cells, with and
without EGF and with and without iEFs. It can be seen from
Figure 2A that there is no discernable change in LDH ac-
tivity for MDA-MB-231 cells for all treatment conditions
[EGF(+/-)/iEF(+/-)]. However, SDH activities are signifi-
cantly downregulated (23.7% lower than EGF alone) by iEF
in the presence of EGF for MDA-MB-231 cells, but not with
iEF alone. This implies that oxidative phosphorylation in
MDA-MB-231 cells is hindered in the presence of EGF.

In contrast to MDA-MB-231 cells, the SDH activity in
nontransformed, MCF10A epithelial cells appears unaffected
for all treatments [EGF(+/-)/iEF(+/-)] (Fig. 2D). However,
LDH activity is observed to increase significantly in the

presence of iEF and EGF (Fig. 2C). This implies that oxi-
dative phosphorylation in MCF10A cells is unaffected or the
change unmeasurable with this enzymatic assay, but that the
glycolytic pathway is enhanced. This is in stark contrast to
observations with the MDA-MB-231 cancer cell line, in
which the glycolytic pathway seemed unaltered while oxi-
dative phosphorylation was hindered. Interestingly, both cell
lines exhibited statistically significant changes in enzyme
activities only in the presence of EGF, indicating that EGF
may enhance the electrotransductive mechanism by which
iEFs interact with these cells.

iEFs have different effects on forward and reverse
migration speeds in microtracks

The results reported previously9 were based on average
migratory behavior over the duration of the 12 h experiments.
The data of Garg et al.9 were examined retrospectively by

FIG. 3. pdfs for MDA-MB-231 and MCF10A cells for different conditions constructed from the momentary speed data
sets from the MBDM assay of Garg et al.9 All speeds were normalized by the average control [iEF(-)/EGF(-)] speed for
MDA-MB-231 cells and the corresponding average control [iEF(-)/EGF(+)] speed for MCF10A cells. The red curves
represent fits to Equation (1). The respective values of the parameters in Equation (1) are (A) l = -0.242, r = 0.719;
(D) p = 0.255, l1 = -2.305, r1 = 0.406, l2 = 0.321, r2 = 0.618; (G) p = 0.187, l1 = -2.255, r1 = 0.490, l2 = 0.322, r2 = 0.672;
(B) p= 0.129, l1 =-1.752, r1 = 0.634, l2 = 0.101, r2 = 0.690; (E) p= 0.330, l1 =-2.379, r1 = 0.393, l2 = 0.314, r2 = 0.660;
(H) p = 0.237, l1 = -2.278, r1 = 0.434, l2 = 0.264, r2 = 0.745; (C) p = 0.125, l1 = -2.990, r1 = 0.372, l2 = -0.769, r2 = 0.720;
(F) p= 0.144, l1 = -3.043, r1 = 0.279, l2 = -0.488, r2 = 0.615; (I) p = 0.105, l1 =-3.046, r1 = 0.292, l2 = -0.608, r2 = 0.755;,
where the subscript 1 refers to the left (lower speed) peak and 2 refers to the right (higher speed) peak. MDA-MB-231 cell
numbers in each condition are N = 190, 100, 109, 242, 93, 95; MCF10A cell numbers in each condition are N = 270, 165,
127. pdf, probability density function; MBDM, microfluidic bidirectional microtrack.
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analyzing momentary (i.e., measured at 30min intervals)
speeds and distributions, leading to further insight on how
iEFs affect cell migration. Such an approach provides each
cell with an array of velocities where a positive velocity
denotes the forward direction or migration away from the
seeding chamber, and a negative velocity signifies a reverse
direction or movement toward the seeding chamber (Fig. 1B).

Figure 3 shows distributions for the momentary speeds of
all cells for each condition. Interestingly, all iEF conditions
show a clear bimodality compared with control [iEF(-)/
EGF(-)] and compared with EGF alone [iEF(-)/EGF(+)]. An
explanation for this bimodality is that there could be a sub-
group of cells that are barely moving. However, the corre-
sponding figure for the average speed (taken over 12 h) shows
no such bimodality (Fig. 4), implying therefore that such a
subgroup does not exist and that iEFs are instead causing an
increase in instances of cells migrating slowly. This is evident
in Figure 5, where the average amount of time a cell spends
traveling slowly or is immobile (<0.1 lm/min) is signifi-
cantly higher for the parallel iEF condition regardless of the
presence of EGF. This finding agrees with the observed
slower average migration speed in the iEF parallel condition
but does not fully explain the higher observed speeds in the
antiparallel conditions reported previously.9

The data, when further split into average forward and re-
verse speeds for each cell, reveal the histograms shown in
Supplementary Figure S3, preserving the same bimodality
observed in Figure 3. In Supplementary Figure S3, each cell
contributes two average speeds, one for the forward direction

and one for reverse. Interestingly, the bimodality is still
present in all iEF cases and more pronounced in the presence
of EGF. This suggests that cells are traveling much slower
regardless of whether they aremoving forward or in the reverse
direction. Figure 6 shows the average forward and reverse
speeds plotted separately. As can be seen from this figure, iEFs
are actually significantly increasing the average forward speed
while significantly decreasing the reverse speed (except for
MCF10A cells with antiparallel iEF). The results in Figures 5
and 6 together contribute to a better understanding of the trends
of average cell speeds previously reported and additionally
provide insight into how these cells are affected by iEFs. Ra-
ther than directly affecting the average speeds, cells are actu-
ally able to increase their forward speed (regardless of
direction of iEF) but struggle to initiatemigration in the reverse
direction. These periods when cells are moving extremely
slowly (or not at all) occur more frequently in the presence of
iEFs, and in a direction-dependent manner.

Discussion

Cell migration is an energy-intensive process and is an
aspect of metastasis. Noncontact, weak iEFs (<100lV/cm)
have been shown to hinder the migration of highly metastatic
MDA-MB-231 breast cancer cells by electrotransduction in
the presence of growth factors and chemokines.8,9 This hin-
drance is observed in numbers migrated as well as in the av-
erage speed, especially with migration under EGF gradients. In
this work, a retrospective analysis of migration velocity data in

FIG. 4. pdfs for MDA-MB-231
and MCF10A cells for different
conditions constructed from the
average speed data sets (averaged
over the 12 h duration of the ex-
periments) from the MBDM assay
of Garg et al.9 All speeds were
normalized by the average control
[iEF(-)/EGF(-)] speed for MDA-
MB-231 cells and the corresponding
average control [iEF(-)/EGF(+)]
speed for MCF10A cells. The red
curves represent fits to Equation
(1). The respective values of the
parameters in Equation (1) are:
(A) l=-0.343, r= 0.498; (D) l=
-0.064, r= 0.483; (G) l= 0.175,
r=0.501; (B) l= 0.026, r= 0.560;
(E) l=-0.135, r= 0.579; (H) l=
0.113, r=0.495; (C) l= 0.060, r=
0.504; (F) l=0.232, r= 0.397; (I)
l=0.331, r= 0.423.
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the MBDM assay revealed previously unknown details of cell
migration under iEF treatment. We have also presented evi-
dence that metabolic processes are also influenced by iEFs.

The effects of iEF on metabolism have not been previously
explored. However, SK-BR-3 cells (Her-2 overexpressing
breast cancer cell line) exposed to extremely low frequency
electromagnetic fields (ELF-EMFs) have been reported to
show a reduction in cell proliferation coupled with an increase
in mitochondrial membrane potential and reduction in mito-
chondrial cytochrome c.23 ELF-EMFs were found to enhance
mitochondrial respiration, but in the absence of respirometry
analysis to assess mitochondrial function, the results of Des-
tefanis et al.23 indicate characteristics of mitochondrial dys-
function and potential induction of cytochrome c release in the
cytoplasm, which initiates apoptosis. Interestingly, no change
in LDH activity was observed in their study.

We hypothesized that since PI3K/Akt signaling has been
shown to regulate cellular metabolism of both glucose and
glutamine24 and also shown to interact with iEF,9 there must
be an accompanying metabolic effect from iEF. Since oxi-
dative phosphorylation is the primary source of ATP gener-
ation, and ATP is the energy currency for cell migration, we
explored SDH activity as an indicator of mitochondrial res-
piration. In MDA-MB-231 cells, we observed that SDH ac-
tivity is reduced by iEF in the presence of EGF while LDH

remains unchanged. Of note, baseline LDH activity in MDA-
MB-231 cells tends to be high compared to normal MCF10A
epithelial breast cells and iEF-induced changes may therefore
not be detectable by this biochemical enzymatic assay.

This partial suppression of oxidative phosphorylation via
reduced SDH activity may reflect metabolic reprogramming,
and could explain the iEF-induced decrease in average mi-
gration speeds reported with the MBDM assay9 and hindered
migration observed in the Transwell assay in the presence of
EGF-gradients.8,9 However, these observed metabolic effects
cannot on surface address the directional dependence of iEF.
Reduced SDH activity may also explain the previously re-
ported effects of iEF on the cytoskeleton.8,9 With EGF gra-
dients, iEFs were shown to render F-actin diffuse in the
cytoplasm of MDA-MB-231 cells without directional poly-
merization in contrast to the directional protrusions formed in
the absence of iEF. Drastic modification of the actin cyto-
skeleton has been previously reported with metabolic inhi-
bition and ATP depleted conditions for different cells.25–32

Therefore, we infer that the observed effects of iEF on
modification of the actin cytoskeleton of MDA-MB-231 cells

FIG. 5. Data from Garg et al.9 are analyzed here after
segregating occurrences of (A) forward (i.e., away from
seeding chamber) speeds and (B) reverse (i.e., toward the
seeding chamber) speeds for MDA-MB-231 cells, and
(C) forward and (D) reverse speeds for MCF10A cells.
****p < 0.0001. FIG. 6. Percentages of occurrences of slow speeds

(<0.1lm/min), including zero speeds, for (A) MDA-MB-231
cells and (B) MCF10A cells under various treatment condi-
tions from the data of Garg et al.9 *p<0.05, **p<0.01, and
****p<0.0001.
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may be linked to lowering of SDH activity in mitochondria
and associated changes in ATP availability.

In contrast, LDH activity is increased by iEF in the pres-
ence of EGF in the nontransformed (normal) MCF10A breast
epithelial cells, while SDH activity is either unchanged or
changes undetectable using the enzymatic assay. Since LDH
activity is an indicator of glycolysis, this result implicates
iEFs as causing these cells to switch from their normally
preferred reliance on oxidative phosphorylation to the less
efficient glycolytic pathway. It is also possible that these cells
draw on glycolysis in addition to oxidative phosphorylation
(if SDH activities are indeed unchanged) to generate ATP,
which may explain the recorded increase in average migra-
tion speeds with antiparallel iEFs.9

A key point is that the SDH/LDH activities measured in
culture plates have no directionality (such as parallel or
antiparallel iEFs) as in the case of the MBDM assay mi-
crotracks and provide a preliminary snapshot into meta-
bolic differences that may be induced by iEF. We
acknowledge that these assays do not comprehensively
address iEF induced changes in metabolic activity and
phenotype, but believe that there is scope to better under-
stand the differential effect of iEF on metabolism by using
real-time assays of metabolism such as using Seahorse
Bioanalyzer and metabolomics, in the future. Nevertheless,
our findings suggest that a reduction in average speed or
numbers of MDA-MB-231 cells migrated and increases in
average speed of MCF10A cells is linked with lowering of
SDH activity in MDA-MB-231s and by increased flux
through glycolysis as indicated by increased LDH activity
in MCF10As. While this energy-based argument may ex-
plain effects of iEF on average and momentary speed and
persistence, the reasons for directional dependence on iEFs
remain enigmatic and needs to be explored further.

Conclusion

A retrospective analysis of the momentary speeds and
velocities (forward and reverse directions) reported in Garg
et al.,9 revealed that cancer cell migration is hindered by iEFs
because migrating cells slow down or are immobile some of
the time in the 700lm long microchannel over the duration
of the experiment. Thus, iEFs not only reduce the number of
cancer cells migrated but, on average, also slow them down.
We have separately shown that SDH activity is hindered in
MDA-MB-231 cells and LDH activity is enhanced in
MCF10A cells by iEFs in the presence of EGF. This addi-
tional data on the effects of iEF on cellular metabolism may
explain the previously reported changes in migration char-
acteristics in microtrack microchannels. This work has paved
the way for better understanding of how iEFs interact with
MDA-MB-231 cells and points to possible new therapeutic
options for treating metastasis that involve targeting specific
metabolic pathways.
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