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A B S T R A C T

Herein, we describe an electrophysiological based sensor that reproducibly monitors and quantifies in real-time
collective migration and the formation of cell-cell junctions by C6 glioma cells seeded on top of electrodes. The
signal amplitude and frequency generated by the migrating cells changed over time and these parameters were
used to accurately calculate the migration speed. Electrophysiological measurements could also distinguish
individual from collective cell migration. The migration of densely packed cells generated strong signals, while
dispersed cells showed weak bioelectrical activity. We propose this electrophysiological technique as a cell-based
biosensor to gain insight into the mechanisms of cooperative migration of cancer cells. Possible applications
include screening for anti-migratory compounds, which may lead to the development of novel strategies for
antineoplastic chemotherapy.

1. Introduction

Cell-based biosensors have been utilized for cellular physiological
analysis, pharmaceutical evaluation, environmental monitoring and
medical diagnosis (Banerjee and Bhunia, 2010; DeBusschere and
Kovacs, 2001; Johnstone et al., 2010; Pan et al., 2019; Pancrazio and
Borkholder, 1999; Ye et al., 2019). Electrogenic cells or tissues are
cultured on top of microelectrode arrays known as MEAS (Hierlemann
et al., 2011). Extracellular potential changes can be monitored to assess
the influence of drugs on cellular activities. Following the pioneering
work of Gross (Gross et al., 1995) who used neuronal networks seeded
on MEAS, some other electrogenic cells and tissues, such as cardio-
myocytes, brain slices and retinal networks, are also gradually be-
coming acceptable as pharmacological models (Spira and Hai, 2013).
Recently, we (Medeiros et al., 2016; Rocha et al., 2016) and others
(Cabello et al., 2019) reported that populations of non-electrogenic or
non-excitable cells such as cancer cells and astrocytes (Mestre et al.,

2017b, 2017a) synchronize their activity and generate discrete bioe-
lectrical signals. This type of sensing device differs from conventional
MEAS because they are comparatively large area devices and therefore
do not have the spatial resolution to measure individual action poten-
tials. Furthermore, these sensing electrodes together with non-invasive
electrophysiological measuring techniques can be used as cell-based
biosensors to study cooperative activity in non-excitable cells.

A highly relevant biological problem in which cell-cell cooperation
occurs is cell migration and in particular cell migration during cancer
metastasis. Cancer cells are capable of synchronizing their signaling
apparatus, thus cooperating to migrate and invade. Ion channels and
ionic waves may have an important role when cells move as coherent
groups. This type of migration is known as collective cell migration
(Gov, 2014; Jiang et al., 2015; Theveneau and Mayor, 2012). The un-
derlying cellular and molecular mechanisms of collective migration
include cell-cell adhesion, force generation and orientation. The reg-
ulation of these interactions requires the coordination of a multiplicity
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of signals, both spatially and temporally. Despite some molecular me-
chanistic insights, it remains unclear how the various, chemical, me-
chanical and, potentially, electrical signals from neighboring cells be-
come integrated to allow coordinated multicellular movements. There
is evidence that this coordination may involve multicellular Ca2+

waves transmitted from cell to cell (Giannone et al., 2002; Klepeis et al.,
2001). Ion channels (migration-associated transportomes) are instru-
mental in cell migration (Schwab and Stock, 2014), playing multiple
roles; i) they act as a sensor for extracellular guidance cues (Gurnett and
Hedera, 2007), ii) they mediate the influx of Ca2+ that controls actin
polymerization (Veksler and Gov, 2009), and iii) they induce cell shape
changes and membrane depolarization (Schwab et al., 2012). The study
of ion channels essentially relies on the use of patch clamp techniques
(Chen et al., 2009). This technology requires precision micro-
manipulation and operators with large experience and skills. The in-
tegration of patch clamp methods with a migration experiment is also
not trivial. In this context extracellular measurements of the ionic
fluctuation during migration of cell populations are a simpler technique
and may provide direct insight into the way the cells coordinate their
collective movement.

Herein we present a cell-based biosensor that relies on extracellular
electrophysiological cooperative cell activity. The method provides a
set of relevant parameters about cell migration, namely speed and the
kinetics of the establishment of cell-cell connections.

In order to validate the electrophysiological based method, we use a
standard and well-accepted technique to measure cell migration. This
method know as electrochemical cell impedance spectroscopy (ECIS)
relies on the change of the electrode impedance with cell coverage
(Giaever and Keese, 1991; Wegener et al., 2000). Cell migration ex-
periments using the ECIS method were carried out in parallel with
electrophysiological time traces. The spectral properties of the recorded
signals, namely the frequency and the signal duration, were correlated
with cell confluence estimated by the ECIS method. We used C6 glioma
cells as a model system. The C6 system has similarities with primary
brain tumors, gliomas, and the role of ion channels in the promotion of

cell motility has been particularly well studied using patch clamp
(Bowman and Lohr, 1996) and optical fluorescence methods (Pollak
et al., 2017; Bose et al., 2015; Cuddapah et al., 2014; Mcferrin and
Sontheimer, 2006; Pollak et al., 2017; Wang et al., 2015).

2. Material and methods

2.1. Cell lines and chemicals

Rat glioma C6 cells (American Type Culture Collection, USA) were
cultured in F–12K nutrient medium supplemented with 15% fetal horse
serum, 2.5% fetal bovine serum, and 1% penicillin and streptomycin.
The cells were maintained under aseptic conditions at 37 °C in a CO2

incubator (Thermo Scientific Midi 40) containing a 5% CO2/air gas
mixture that was automatically controlled. UV sterilization was ac-
complished using an Olympus TH4-200 and the exposure time was 5
minutes, to prevent damage to the vessel sealant.

The C6 glioma cells were harvested from the culture plates using a
cell scraper and diluted in culture medium to yield a cell suspension (in
F–12K nutrient mixture) containing from 50,000 up to 300,000 cells.
The cell suspension was used to seed the device, which was maintained
in an incubator for 24 hours until a confluent monolayer that covered
the entire surface of the device, including the sensing electrode, was
obtained. The cells were mechanically removed from the sensing elec-
trode using a hand-held scraper. The detached cells were then washed
using several changes of cell culture medium.

Digital images of the migrating cells were captured using an
Olympus BX41 and a camera coupled to a computer.

C6 glioma cell number and viability was assessed using a Neubauer
chamber and a trypan blue live/dead exclusion assay. The average
viability of cultures remained at all points ∼80% (±12%). The cells
were highly viable during the migration experiments.

Fig. 1. Sensing device and the electrical measuring
set-up. (A) A schematic diagram of the sensing
electrode geometry and the electrical connections to
the measuring instrumentation. (B) Detailed sche-
matic diagram of the electrode geometry. The active
electrode area of the sensing electrode is defined by
an opening in a polymer over layer that insulates
the rest of the deposited gold from the electrolyte
solution. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)
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2.2. Exposure to chemicals

A calcium-chelating agent, ethylene glycol-bis(β-aminoethyl ether)-
N,N,N′,N′-tetraacetic acid (EGTA), was used to quelate extracellular
Ca2+, and the effects on cell signaling behavior were subsequently as-
sessed. The culture medium bathing the C6 glioma cells was removed
and replaced by a culture medium containing 10mM EGTA. Cells were
exposed to EGTA for 30 minutes, then the medium was removed, and
the cells were washed twice with fresh culture medium.

2.3. Electrical measurements

The experimental electrical set-up was specifically designed for ul-
trasensitive detection and is schematically represented in Fig. 1(A).
External interference was minimized through the use of a Faraday cage
and low noise cables. Extracellular voltage measurements were carried
out using a low-noise voltage amplifier (SR 560, Stanford Research) and
a dynamic signal analyzer (35670A, Agilent). Small-signal impedance
measurements were carried out using an RCL meter Fluke PM 6306.

Electrodes were purchased from Applied Biophysics (USA). The
sensing device was comprised of a patterned gold electrode on a
polycarbonate (PET) substrate. Each sensing device was in an in-
dividual chamber to permit multiple individual assays simultaneously.
Each chamber has a substrate area of 0.8 cm2, and a single centrally
located circular 250 μm diameter electrode. A detailed schematic dia-
gram of the electrode geometry is shown in Fig. 1(A). The region sur-
rounding the sensing electrode represents an insulating polymer (pho-
toresist) layer that partially coats the sensing electrode. The underlying
gold layout connects the active electrode area to contact areas outside
the measuring chamber. The device also has a large counter-electrode
located at a distance of 2.5 mm from the sensing electrode. Both sensing
and counter electrode were made of a thin gold film deposited on top of
the PET substrate.

2.4. Statistics

Impedance and voltage signal measurements were repeated three
times with an identical number of cells. Exposure of cells to the cal-
cium-chelating agent (EGTA) was performed three times.

Statistical analysis of data was performed using a Student t-test in
Matlab. The experimental data is reported as mean ± relative standard
deviation (RSD).

3. Results

A schematic diagram of the electrode geometry and the electrical
connections to the measuring instrumentation is depicted in Fig. 1 (A).
The device utilized in the study was purchased from Applied Bio-
physics. The geometry of the patterned electrode system is schemati-
cally represented in Fig. 1 (B). An individual measuring chamber with a
single centrally located circular 250 μm diameter electrode was used to
detect the electrical activity as the C6 cells migrated from the sur-
rounding area onto the central sensing electrode.

To study the migration of C6 glioma cells, typically a population of
3750/mm2 cells was seeded onto the device. Lower cell densities of
625/mm2 and 1250/mm2 cells were also used in some experiments. An
adherent and confluent monolayer was established and covered the
entire device 24 hours after cell seeding. Cells adherent to the sensing
electrode were mechanically removed, as described in the materials and
methods section.

Fig. 2 (A) shows the migrating C6 cells coating the sensing elec-
trode. The migration of C6 glioma cells onto the electrode was con-
firmed by optical microscopy and by the ECIS method. The ECIS
method relies on the change of the cell/substrate interfacial resistance
as the C6 glioma cells cover the electrode. Fig. 2 (B) shows the changes
in the electrode/cell interface impedance with time as cells migrate

onto the sensing electrode. The measurement of impedance started with
a population of confluent cells on top of the sensing electrode. The high
value of resistance at t < 0 s confirmed that the electrode was covered
with cells. Cells were then mechanically detached from the electrode to
leave the sensing electrode surface free of cells. Damaged and dead cells
were removed by several washes with cell culture medium. Only
healthy cells were left on the device. The mechanical induced wound
often extended over an area larger than the sensing electrode area;
therefore, the electrophysiological recording was only initiated when a

Fig. 2. Migration of C6 glioma cells monitored by microscopy, electro-
physiological measurements and small signal impedance measurements. (A) A
sequence of photographs showing the migration of the C6 glioma cells onto the
central sensing electrode. (B) The time dependence of the electrical resistance
measured at a frequency of 10 kHz (ECIS method). (C) The time dependence of
the electrophysiological signals generated by the C6 glioma cells as they mi-
grate onto and cover the sensing electrode surface. The inset in (C) gives a
detailed view of the signals recorded 3 hours after the start of the experiment.
The red line represents the cumulative sum of the signals over intervals of 5
minutes. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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healthy cell population had reached the border of the sensing electrode.
The removal of cells from the sensing electrode meant that the in-

sulating property of the living cells was lost and the impedance
dropped. Thereafter, the increased resistance revealed the migration of
cells onto the sensing electrode. The final values obtained for the re-
sistance confirmed that full cell confluence was achieved. Since cells
travel from all directions onto the circular electrode, it was assumed
that, to reach full coverage, the cells had to travel a distance equal to
the electrode radius (125 μm). Assuming a spatially uniform cell mi-
gration rate, the average cell migration speed was estimated to be
28 μm/h in agreement with values previously reported in the literature
for C6 glioma cells (Joy et al., 2003).

Next, we show that if we measure the bioelectrical fluctuations, we
also obtain information about the migration speed. The electro-
physiological data is in close agreement with the values provided by the
ECIS method. Moreover, because the bioelectrical activity is strongly
related with the cell-cell connections, the bioelectrical fluctuations also
reveal how the cell connectivity evolves during the migration of the
cells.

Fig. 2 (C) shows a typical time trace of electrophysiological activity
as the cells migrate onto the sensing electrode. The time trace is divided
into several regions (i – iv). In the first region (i) the signal amplitude
increases with time and this stage corresponds to the onset of cell mi-
gration onto the sensing electrode. Since the signals are biphasic, this
gives rise to a time trace with a V-like shape. During this period of
approximately 2.5 hours the signal amplitude increases with time. The
V-shape then evolves to a region (ii) where the signal amplitude sta-
bilizes and reaches a plateau. The onset of the plateau on the electro-
physiological trace coincides with the onset of the plateau of the ECIS
curve shown in Fig. 2 (B). This confirms that the saturation on the
amplitude of the electrophysiological signals occurs when cell con-
fluence is reached. Both the cell-substrate impedance (ECIS method)
and the bio-signal amplitude reached a saturation plateau in the same
time span.

For periods longer than 6 hours the electrophysiological activity is
characterized by bursts intercalated with short periods of weak activity
as illustrated in region (iv) in Fig. 2 (C).

To clearly demonstrate the temporal evolution of the signals, the
total migration time was divided into smaller time intervals of 5 min-
utes and then the cumulative sum of the signals over this period was
established. This cumulative sum produced an average time evolution
of the signal amplitude, reflecting its increase. The continuous red line
in Fig. 2 (C) shows the cumulative sum of the signal amplitude as a
function of time. Initially, as shown in region (i) of Fig. 2 (C), the
electrical noise of the empty electrode was approximately 4 μV peak-to-
peak. Discrete signals began to be detected approximately 80 minutes
after cell removal (Fig. 2 (C), region (ii)), with the amplitude of the
signals rising linearly from 5 to 8 μV up to 20 μV. For times between 3
and 3.5 hours the signal amplitude remained approximately stable,
around an average value of 20 μV and corresponded to a plateau (iii).
The first plateau at 3–3.5 hours was followed by an increase in signal
amplitude, reaching a second plateau of higher amplitude, 4.5 hours
after the start of the experiment (region (iv)).

The inset in Fig. 2 (C) is a representative example of a short time
trace recorded during the migration of the C6 glioma cells. Signal
shapes were often biphasic, although monophasic signals with either
upward or downward voltage fluctuations were also observed. Across
time the signals associated with C6 migration had an overall symme-
trical shape, centered on a positive offset potential and oscillating with
time. To facilitate visualization of the data, we arbitrarily considered
the offset potential to be zero volts, as shown in Fig. 2 (C).

Five migration experiments were carried out for different cell den-
sities. Fig. 3 illustrates how C6 glioma cell density affects the shape of
the electrophysiological time trace. The first two electrophysiological
traces (#1 and #2) correspond to a non-confluent cell population. The
inset photographs in Fig. 3 (C) illustrates the cell density used in

experiment #2 and #4. As the C6 glioma cells migrated onto the sen-
sing electrode, the V-shaped signal was low intensity across time. For
the experiments #3 to #5 the cells at the border of the sensing electrode
were closely packed. Highly confluent cell populations produced an
electrophysiological time trace with well-defined V-shaped signals; how
this is related to the increasing number of cells connected by tight
junctions is subsequently discussed.

In the following section it is demonstrated how the bioelectrical
signal properties namely the frequency (f), duration (Ts) and amplitude
(AS) provide quantitative information about migration speed and cell-
cell connectivity. As more cells migrated onto the sensing electrode, the
frequency, amplitude and the signal duration increased. The histogram
in Fig. 4 (A) presents the change in signal frequency with time. The
frequency increased from 30 signals per hour (f=8.3mHz) to ap-
proximately 100 signals per hour (f=28mHz) when cell confluence
was reached. The histogram in Fig. 4 (B) shows the evolution of the
signal duration as the cells migrate onto the sensing electrode. Initially,
the signals had an average duration of 9 seconds. After 5.5 hours the
signal duration rose rapidly and abruptly to an average of 18 seconds
and then remained approximately constant for the rest of the time.

Assuming that the saturation of the signal duration at 18 seconds
corresponds to full electrode coverage by the cells, then there is a delay
of 1.5 hours in respect to the time required to reach the plateau in
resistance of the ECIS method (see Fig. 2 C). This delay between the
plateau in electrophysiological and ECIS recordings may be explained
by the fact that the ECIS method is only sensitive to cell coverage while
electrophysiological signals require the establishment of cell-cell con-
nections.

Fig. 5 shows the linear relationship between signal duration and
amplitude. The straight-line is a polynomial fit to the data and has a
slope of 3.043 ± 0.70 μV/s. This relationship is a strong indication that
discrete signals are a result of cell-synchronized behavior.

Having demonstrated that electrophysiological signals can be used
as a quantitative and reliable method to gain insight into the way cells
establish connections with neighbor cells, we then explored how the C6
glioma cell electrophysiological activity is turned-off if the cell con-
nectivity is disrupted by exposure to chemicals. A calcium-chelating
agent, ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic
acid (EGTA), was added to the C6 glioma cell culture to disturb cellular
Ca2+ concentrations and break the cell-cell connections. The effect of
replacing the cell culture medium with a culture medium containing
EGTA (10mM) is presented in Fig. 6 (A). Before the exposure of C6
glioma cells to the medium containing EGTA, the cells exhibited a
strong electrophysiological activity. However, upon EGTA exposure the
C6 glioma cell activity was immediately silenced and remained so for
the full period of exposure to EGTA (30 minutes). When the EGTA-
containing medium was removed and replaced by normal culture
medium the C6 glioma cells became electrically active thirty minutes
after the EGTA removal. The recovery of electrophysiological activity
followed a pattern in which the signal amplitude increased with time.
The exposure of C6 glioma cells to EGTA was replicated in three dif-
ferent experiments and the outcome was consistent. Fig. 6 (B) shows the
signal data in the frequency domain and reveals how much of the signal
lies within a given frequency band. The recorded signals of the EGTA
recovering C6 glioma cells were not periodic, and so no discrete spec-
tral lines were present in the frequency representation. The PSD in
Fig. 6 (B) also shows that the region below 1Hz did not recover totally.
Furthermore, the histogram in Fig. 6 (C) shows that after 1.5 hours the
frequency of the signals was still lower than before the EGTA exposure.
It is noteworthy that the few signals recorded under EGTA exposure
were weak and had amplitude only slightly above the thermal noise.

It has been reported that calcium is involved in the establishment of
gap junctions (Fujii et al., 2017; Mettang et al., 2018; Peracchia, 1978;
Szabó et al., 2017), although the processes that cause the inhibition of
the signaling mechanisms seen in the present study are elusive. EGTA
chelates all the calcium in the cell culture medium, depriving cells of
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free Ca2+ and may therefore inhibit or even disrupt calcium signaling.
To assess if cell morphology or gap junctions were disrupted, the im-
pedance was also measured upon EGTA exposure. Fig. 6 (D) shows the
frequency dependence of the impedance of a confluent cell population,
before and after EGTA exposure. Under EGTA exposure, a small de-
crease in the impedance was observed. The inset in Fig. 6 (D) shows the
time dependence of the resistance change, measured at 10 kHz.

Immediately after EGTA exposure the resistance dropped abruptly and
remained low. Upon washout of EGTA the electrical resistance began to
recover with time, attaining a plateau of 16 kΩ after 1.5 hours. This
capacitance plateau was equivalent to a 90% recovery of the original
resistance value.

A control experiment, in which EGTA was added to the cell culture
medium in the absence of cells, was also carried out. Fig. 6 (E) shows

Fig. 3. Individual electrophysiological time traces recorded with varying cell confluence. The cell seeding density was varied from 625 cells/mm2 (experiment #1) to
more than 3750 cells/mm2 (experiment #5). The photographs show the level of cell confluence around the recording electrode for experiments #2 and #4.

Fig. 4. Evolution of the bioelectrical signal proper-
ties with migration time. (A) Evolution of signal
frequency with time (based on n=3 independent
experiments with replicate samples). (B) Changes in
the average signal length with migration time. (C)
Statistical variations in the time to reach saturation
of signal frequency (TSfrequency) and signal length
(TSlength). Note that both TSfrequency and TSlength are
good indicators of cell migration time. The error
bars are the relative standard deviation.
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that there were no significant changes in the impedance of the elec-
trode/cell interface. The inset shows the temporal evolution of the re-
sistance measured at a frequency of 10 kHz. This confirmed that the
change in impedance upon EGTA exposure was related to the presence
of cells and not to a change in the electrolyte composition.

To visualize the effects of the calcium deprivation on the cell mor-
phology, photographs were taken as a function of time under EGTA
exposure. Fig. S1 (A) in the supplementary information illustrates the
change in cell morphology upon EGTA exposure. Before exposure to
EGTA the cells were adherent and exhibited a flattened shape with their
membranes contiguous with neighboring cells. EGTA exposure caused
an immediate change to a spherical cell shape and after 10 minutes cells
no longer contacted with each other. Immunofluorescence assays were
carried out to examine the integrity of tight junctions. The monoclonal
antibody ZO-1 (zonula occludens-1 protein), a TJ-associated protein,

was used to assess the stability of tight junctions. The tight junctions
were evident as a green rim-like pattern around the individual control
C6 glioma cells (Fig. S1 (B)) and narrow and well-defined junctional
areas contiguous between neighboring cells were identified. Upon cal-
cium chelation with EGTA the green fluorescence was lost from the
contact point between adjacent cells and was instead in the cell cyto-
plasm indicating that the tight junctions were disrupted. One hour after
restoration of normal Ca2+ concentrations cell-to-cell contacts were
restored and positive anti-ZO-1 fluorescence was detected in contiguous
regions between the C6 glioma cells (see Fig. S1 (B)). In summary,
short-term treatment of confluent C6 glioma cells with EGTA induced
the loss of TJs and was associated with a significant reduction in
electrophysiological activity.

Fig. 5. Electrical signals of a C6 glioma cell popu-
lation in the presence of EGTA. (A) Long-term re-
cording of C6 glioma cell activity before, during and
after EGTA exposure. (B) Frequency dependence of
the noise power density in voltage. The black line
represents the values before EGTA exposure; the
pink line represents the recording under EGTA ex-
posure and the blue line represents 1.5 h after
washing out the EGTA. (C) A histogram showing the
number of signals per minute before, during and
after washout of EGTA. The graphs in (D) and (E)
represent the changes in impedance when EGTA
was added. (D) shows how the impedance of the
electrode coated with C6 glioma cells responds to
EGTA addition and (E) represents the impedance
variation caused by addition of EGTA in the absence
of cells. The inset in (D) and (E) represents the
transient response of the electrode resistance at a
fixed frequency of 10 kHz when EGTA is added. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the Web
version of this article.)
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5. Discussion

The new methodology presented in this article has a number deci-
sive advantages compared with other well-established approaches to
study cell migration. Cell migration speed can easily be determined by
simpler and less expensive techniques such as scratch assays or wound
healing assays. The measurement of ultra-weak extracellular signals
with low noise and high gain voltage amplifiers is far more complex
than the simple video camera or even impedance meters used in the
ECIS method. If the goal is to obtain only the cell migration speed, then
bioelectrical signal measurements are a cumbersome and expensive
approach. However, if the aim is to characterize the underlying me-
chanisms of cell migration and for instance, gain insight into how the
cells connect to each other during migration and about the signals they
share to coordinate their movements, then bioelectrical measurements
are an ideal tool. Knowing that electrophysiological measurements
basically measure the activity of ion-channels, it could be argued that
immunofluorescence assays are the gold standard to probe ion-channel
activity. However, the incubation with fluorophores and light exposure
may disturb cell activity. Furthermore, the relatively short lifetime of
the fluorophores impedes the recording of ion channel activity for the
extensive periods of time (> 2 hours) that often are required to reach
cell confluence on the sensing electrode. Therefore, the primary ad-
vantage of the novel methodology presented to study cell migration is
that bioelectrical extracellular measurements provide real time and
non-invasive information about the cell-cell connectivity and about the
synchronization of cells during the migration. These features permit
collective and organized migration to be distinguished from solitary cell
migration. As such the technique significantly advances the state-of-the-
art in cell migration experiments.

A large number of migration processes are a collective phenomenon
that requires communication and coordination among groups of cells.
For example, in a study by Khain E et al. (2009) about clustering dy-
namics of glioma cells on a surface, it was reported that some cell lines
formed clusters in regions of low cell density and that this increased
their proliferation rate. Based on the findings reported here, electro-
physiological recordings could provide important insights into clus-
tering dynamics of cancer cells and the formation and propagation of
cancer metastasis.

Although we used C6 glioma cells as a prototype system, it should
be possible to extend our studies to other cell types. Finally, the

possibility of measuring tumor cell migration using electrophysiological
recordings could be exploited to identify antimigratory strategies not
disclosed by other in vitro methods. The ion channels must be directly
involved in the generation of the recorded extracellular signals.
Considering the vast array of therapeutic drugs that target ion channels
(Lipscombe and Wyllie, 2018), and modulate the membrane potential
of malign tissues our approach may provide a new, cheap and quick
active compound screening approach. It is clear that ion channels are a
worthy target of future research, with a potential impact in pharma-
ceutical screening and also as a model system for understanding the
general behavior of cells.

The collective migration of the C6 cells detected in the present study
must be favored by forces exerted by the confluent cells that push the
cells located at the border into the cell-free region. This type of directed
cell migration is known as durataxis (DuChez et al., 2019). Chemotaxis
and haptotaxis are other effects that can polarize or force cells to move
persistently in a specified direction. The consequence of this directional
migration on the bioelectrical activity should be considered in future
experiments.

It has been reported that cancer cells also exhibit temperature
fluctuations reaching 285mK in amplitude (Yang et al., 2017). Al-
though, these oscillations are of very low frequency, they occur in a
timescale that is three orders of magnitude slower than the voltage
fluctuations reported here. The discrepancy in the timescale of the
phenomenon means a link between the two types of oscillations could
not be established.

6. Conclusions

This article demonstrates that electrophysiological recordings in
populations of C6 glioma cells are directly correlated with the migra-
tion of the cells. As C6 cells migrate onto a sensing area free of cells,
they establish cell-cell connections forming synchronized cell clusters
that generate discrete bioelectrical signals. The frequency, amplitude
and duration of the signals increase with the number of cells connected
to each other. When cell confluence is reached there is a maximum
number of cells synchronized, therefore, the signal amplitude and fre-
quency saturate at well-defined value. The time at which the signal
parameters are saturated is a good indicator of the total migration time.
This migration was confirmed by independent ECIS measurements. The
relationship between confluence and the synchronized cellular bioe-
lectrical activity means that measurements of cell signals can distin-
guish collective and organized migration over solitary cell migration.
Future advances using this electrophysiological approach combined
with other methods will hopefully lead to the development of a new
generation of anticancer drugs that target cell motility.
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