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BIOELECTRONICS

Extracellular electrical recording of pH-triggered bursts
in C6 glioma cell populations

Paulo R. F. Rocha,'* Maria C. R. Medeiros,” Ulrike Kintzel,' Johannes Vogt,? Inés M. Araujo,**®
Ana L. G. Mestre,®” Volker Maildnder,"® Paul Schlett,’ Melanie Drége,’ Leonid Schneider,’
Fabio Biscarini,® Dago M. de Leeuw,"'® Henrique L. Gomes®’*

Glioma patients often suffer from epileptic seizures because of the tumor’s impact on the brain physiology.
Using the rat glioma cell line C6 as a model system, we performed long-term live recordings of the electrical
activity of glioma populations in an ultrasensitive detection method. The transducer exploits large-area electrodes
that maximize double-layer capacitance, thus increasing the sensitivity. This strategy allowed us to record glioma elec-
trical activity. We show that although glioma cells are nonelectrogenic, they display a remarkable electrical burst
activity in time. The low-frequency current noise after cell adhesion is dominated by the flow of Na* ions through
voltage-gated ion channels. However, after an incubation period of many hours, the current noise markedly
increased. This electric bursting phenomenon was not associated with apoptosis because the cells were viable
and proliferative during the period of increased electric activity. We detected a rapid cell culture medium acidifica-
tion accompanying this event. By using specific inhibitors, we showed that the electrical bursting activity was
prompted by extracellular pH changes, which enhanced Na* ion flux through the psalmotoxin 1-sensitive acid-
sensing ion channels. Our model of pH-triggered bursting was unambiguously supported by deliberate, external
acidification of the cell culture medium. This unexpected, acidosis-driven electrical activity is likely to directly per-
turb, in vivo, the functionality of the healthy neuronal network in the vicinity of the tumor bulk and may contribute
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to seizures in glioma patients.

INTRODUCTION
All living cells maintain a membrane potential, with a negatively
charged cell interior versus a positively charged cell exterior. In astro-
cytes, intracellular sodium concentration is kept at around 15 mM (1),
whereas the extracellular sodium concentration ranges from 145 to
150 mM. This nonequilibrium state is mainly maintained by the Na'-
and K'-dependent adenosine triphosphatase, which maintains intra-
cellular sodium homeostasis by the exchange of three intracellular
Na' ions for two extracellular K" ions. This then enables the buildup
of a membrane potential in astrocytes with a driving force for sodium
ions of about 140 mV.

Fluctuations of the membrane potential play a central role in cells
of the nervous system. They are caused by the flux of primarily Na*, K%,
Cl, and Ca®" ions along the gradient, controlled by the function of
ion channel proteins. In neurons, depolarization of the membrane po-
tential can reach a transient reversal of electric polarity of the cell mem-
brane, known as the action potential. Also, glia cells have long been
known to express voltage-gated ion channels and to be individually elec-
trically active (2). Even if glia cells cannot produce an action potential,
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their excitability and membrane depolarization are functionally relevant
(3), for example, by controlling glia-mediated neurotransmitter uptake
and release (4).

Brain tumor—-derived glioma/glioblastoma cells retain many char-
acteristics of the glia, including the expression of neurotransmitter re-
ceptors and voltage-gated ion channels (5). Glioma patients often
suffer from epileptic seizures, which are ascribed to neurotransmitter
release from the tumor cells (6). In healthy glia cells, this release is
controlled by membrane depolarization events (4). Hence, it is important
to understand whether, or to which extent, the same processes occur
in the electrophysiology of brain tumor cells.

Extracellular activity of electrogenic cells is commonly recorded
using microelectrode arrays (MEAs) with planar electrodes on a substrate
in contact with cells in culture. Their main application has been the de-
tection of action potentials in neurons. To improve the signal-to-noise
ratio (SNR) and spatial resolution, filters are used to specifically detect
events located at about 1 kHz. As a consequence, low-frequency events
are filtered out, because their detection is impaired or even inhibited. Glia
cells, as well as their transformed counterparts, glioma cells, do not exhibit
action potentials. Instead, they exhibit distinctive, albeit ultraweak, single-
cell oscillations of the membrane potential.

Measuring this ultraweak extracellular bioelectronic activity required
us to devise a sensitive detection method based on large electrodes that
exploit the large Helmholtz-Gouy-Chapman double-layer capacitance.
Small extracellular voltages of cells adhered to the electrode induce a
displacement current that is enhanced by a gain factor equal to the
double-layer capacitance. Hence, the minute electrical activity of glia
and glioma cells can be detected.

Here, we investigate the rat glioma C6 cell line as a model system for
brain tumor. We recorded the electrical activity of populations of C6 cells
over time; after an incubation period of a few hours, the electric current
noise markedly increased. Using specific inhibitors, we showed that the
electrical bursting activity is prompted by extracellular pH changes, with
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the enhancement of Na" ion flux through the psalmotoxin 1 (PcTX-1)-
sensitive acid-sensing ion channels (ASICs). The role of pH was further
confirmed by direct external acidification of the cell culture medium.
Our findings hint at acid burst as an underlying mechanism contributing
to epileptic events in glioma patients.

RESULTS

Detection method

A major goal of electrode fabrication for application in MEAs is to
achieve low impedance because it results in a higher SNR. A target
for MEAs is a ratio of 5:1 or higher. The electrodes are typically made
of Au and Pt, or from alloys such as IrO,. It is a challenge to achieve
low impedance with micrometer-sized planar electrodes. Therefore,
research has been focused on increasing the effective surface area by
modifying the electrode with porous conducting materials, such as Pt
black, Au nanostructures, carbon nanotubes, and conducting poly-
mers. By modifying the surface, the impedance of the electrode is re-
duced, leading to improved electrical recordings.

Here, however, we take a different approach. We decrease the im-
pedance by using extremely large electrode areas of a few square milli-
meters, orders of magnitude larger than electrode areas used in
conventional MEA systems. With this approach, the noise level can
be reduced to only 0.3 uVpp (microvolts peak-to-peak) (7). However,
because of the large electrode area, individual cell signals cannot be
resolved, and spatial information is lost. The measured signal is the
sum of all individual cell contributions. Uncorrelated cell activity
appears as noise. When the cells operate cooperatively, the signal
appears as electrical spikes. Therefore, our electrode layout is optimized
to pick up long-time scale synchronized signals from an entire popu-
lation of cells adhered to the electrode.

The sensor comprises two circular electrodes; one of the electrodes
acts as a measuring electrode, and the other one acts as a counter
electrode. The equivalent circuit shown in Fig. 1A embodies the elec-
trical coupling between the cell and the electrode. This circuit is a sim-
plified version of the standard model used in literature (8, 9). Basically,
this equivalent model takes into account the electrical double layer
established at a metal/electrolyte interface. The parallel circuit network
is formed by the charge transfer resistance Rp and the Helmholtz-
Gouy-Chapman double-layer capacitance Cp, in series with the spread-
ing resistance R¢ that accounts for the signal loss into the surrounding
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electrolyte. A similar circuit describes the counter electrode. The electri-
cal path from the sensing to the counter electrode has very high imped-
ance, Zg,, because of the large distance. The cells generate a voltage, v,(f).
In conventional MEAs, these voltage fluctuations are amplified by means
of a voltage amplifier. Here, instead, we amplify the corresponding
current fluctuations, ii(t). This current appears as a displacement cur-
rent across the double-layer capacitance and is amplified by a transim-
pedance amplifier. The output voltage v,(¢) is given by

Vo(t) = —Reis(1) (1)

where Ry is the feedback resistance. This detection method is referred to
as the displacement current method. Details of the model can be
found in a study by Medeiros et al. (10). The detected current is given as

st

is(0)=— .Cp(1—e"s) witht = RcRp (2)

Here, 7 is the time constant for the network to be charged or dis-
charged. This equation shows that Cp, is a multiplying factor, and be-
cause the area of the electrode/electrolyte interface rescales Cp by
using large-area electrodes, the signal is amplified, although the spatial
resolution is impaired. The current depends on the rate of change of
the extracellular cell potential, and therefore, the measured signal is
the derivative of the commonly measured voltage signal. Because
the product RcCp, is small, the temporal resolution of the bioelectronic
signals is not impaired. The displacement current measurement using
large-area electrodes thus yields better sensitivity as compared to con-
ventional voltage measurements. Furthermore, current amplification
benefits from the low intrinsic electrode thermal noise at low frequencies.

As can be seen in the micrograph of Fig. 1B, cells are confluent and
uniformly distributed across the entire electrode surface. The photo-
graph was taken 10 hours after cell seeding. Details on cell growth are
provided in Fig. 1C. Although cell number increases almost fivefold
within 24 hours after seeding, the number of cells along the Au electrode
is not expected to vary significantly during our experiments.

The entire sensing electrode is coated with a continuous monolayer
of cells. From optical microscopy, we observed that each individual
cell has an average area of approximately 70 um®” By extrapolation
to the total sensing area (9.8 mm?), we estimate that the total number
of cells being probed is approximately 1.0 x 10° cells.
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Fig. 1. Sensitive detection of C6 glioma cells. (A) Equivalent circuit model. (B) Photograph of glioma cells. The bright part denotes cells on top of the Au electrode; the
darker region indicates the cells outside the Au electrode. Scale bar, 60 um. (C) Cell number as a function of time after cell deposition. For all measurements, the average cell
viability was 79% (+£12%). Each data point was repeated five times. The straight diagonal line represents a guide to the eye.
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Time evolution of electrical current noise
Freshly adhered C6 glioma cells generate a current noise on the order
of 1 to 10 pA. The use of specific pharmaceutical inhibitors demon-
strates that the weak current signals are dominated by the flow of Na*
and K" ions through their respective voltage-gated channels (11).
After an incubation period of about 10 hours, the current record-
ings suddenly changed. A typical temporal response is presented in
Fig. 2A. Here, time 0 represents the start of altered cell activity after
the incubation period. This activity can be classified into three consec-
utive time regions with distinct spike patterns. The onset of the activity
(Fig. 2A, region I) is characterized by weak sporadic spikes separated

by time intervals as long as 5 min. This slow and weak activity, which
is observed during the incubation period, evolves into a second pat-
tern, region II, characterized by an increase of both the firing rate and
the spikes’ magnitude. Spike amplitudes rise from 10 to 80 pA, and
time intervals can be as short as a few seconds. This increasing activity
lasts for more than 1000 s. Following this period, activity stops for a few
minutes, denoting a silent region (unlabeled). Subsequently, the spike
pattern evolves into a bursting behavior, region III. Spikes appear
now in clusters separated by silent regions. Both the bursts and the si-
lent regions can be as long as 100 to 400 s. As shown in Fig. 2B, within
individual bursts, spikes occasionally hint at a quasi-periodic behavior.
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Fig. 2. Evolution of the magnitude and frequency of current noise of C6 glioma cell populations with time. (A) Recording of current noise with time. The recordings are
taken after an incubation period of about 10 hours. Three distinct periods of activities can be detected. (B) Zoom-in of the current trace of the bursting activity of region Il
showing quasi-periodic spikes. (C) Histogram of the interspike intervals recorded for the whole burst activity shown in (A). The interspike intervals were distributed into time
slots with a resolution of 0.36 s. (D and E) Quantitative electrical data from 10 experiments. In acidified cells, spike amplitudes ranged from 1 to 125 pA, with a mean amplitude
value of 46.8 pA. In nonacidified cells, spike amplitudes varied between 1 and 20 pA, with a mean spike amplitude of 4.7 pA.
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Figure 2B shows the magnified time trace of a typical bursting activity.
Here, spikes are approximately equidistant, with an interspike interval
between 1 and 16 s. To identify firing patterns, we analyzed the entire
time bursting region of Fig. 2A and constructed the statistics of the time
between two consecutive spikes. Analysis of these interspike intervals
showed that the mean interspike interval (+SEM) is 9.5 + 1 s. The
skewness and kurtosis of the distribution appear significantly larger than
their normal distribution thresholds, thus suggesting a non-Gaussian
distribution. To evidence this, we show in Fig. 2C the histogram ob-
tained by distributing the time intervals into 0.36-s wide bins. Time in-
tervals shorter than 0.36 s and longer than 16 s were not considered
because of their rare appearance. The histogram appears skewed to
larger time intervals because of the occurrence of cooperative signaling.

Figure 2D represents the mean of 300 spike magnitudes recorded
with a pH lower than 7. In all experiments, the spike magnitudes var-
ied between 10 and 124 pA. The mean spike magnitude recorded un-
der a pH of less than 7 is 46.8 pA. Nonacidified cells, under a pH of
about 7.5, exhibit a significantly lower number of spikes. Figure 2D
represents a total of 85 recorded spikes with a mean value of 4.9 pA.
Spike magnitude varied between 1 and 20 pA.

Figure 2E shows a detailed view of an individual signal. Current
spikes are bipolar, asymmetric, and characterized by a large positive
peak with approximately twice the amplitude of the negative peak. As
described above, the signal shape when measured in current is the deri-
vative of the original voltage fluctuation at the cell/electrode interface (10).

The experiment was repeated more than 10 times. In 70% of all cases,
an increase in noise was observed over time. The incubation time varied
from a few hours to 15 hours. Occasionally, the noise evolved into
bursts of low-frequency quasi-periodic spikes. We note that the mea-
sured signal is a superposition of the individual responses of all cells
adhered on the electrode. Because of the arguments invoked above,
we ascribe these quasi-periodic spikes to the synchronization of the
signaling across the whole population on the electrode; thus, they are
typical of a cooperative phenomenon.

Extracellular pH-triggered current noise

To test whether the recordings of electrical activity in C6 cultures, as shown
in Fig. 2, can be traced back to apoptosis and associated membrane-
depolarizing events, we performed cell growth and viability assays. As
shown in Fig. 1C, cell numbers rapidly increased almost fivefold with-
in 24 hours after seeding, whereas the average viability of the cultures
remained at all points at ~79% (+12%). The cells are highly viable and
proliferative when electric activity is observed. Hence, cell death can be
excluded as the origin of the increase in current noise. Only after 30
hours, without medium change, does cell viability start to decrease.

Cell culture medium acidification occurred after cell seeding. The
pH decrease in the culture medium could already be visually observed
by the color change of the phenol red pH indicator in the cell culture
medium from red to yellow. To investigate this observation, we per-
formed kinetics studies of the pH development in the wells containing
C6 cells, as opposed to cell-free medium. As shown in Fig. 3, the pH
dropped about 1 U after 20 hours, and concurrently, cell population
increased by 1 million cells (Fig. 1C). Our data therefore indicate a cor-
relation between increased cell number and a drop in extracellular pH
of the culture medium.

Culture medium acidification is caused by the increased metab-
olism of rapidly dividing cells, particularly of transformed and less
contact-inhibited cells, as indeed C6 glioma cells are. Thus, we postulate
that the onset of the electric bursting activity in glioma cultures is like-

Rocha et al. Sci. Adv. 2016;2:e1600516 23 December 2016

ly to be primarily caused by, or correlated with, this extracellular acid-
ification. It is known that a decrease in the culture medium pH
initiates Na" ion flux through (voltage-independent) ASICs on the gli-
oma cell membrane (12-14). Glioma cells were shown to express
ASICs that respond to elevated extracellular hydronium ion concen-
tration (for example, acidified culture medium) by allowing inward
Na" ion currents (12, 15-17). Specifically, it has been shown that C6
glioma cells do respond to pH changes by ion currents across the cell
membrane (18, 19). It is therefore likely that ASICs can contribute to
electric seizures in the pathogenesis of diseases associated with extra-
cellular acidosis (20).

To validate the idea that electrical bursting is pH-triggered, we
measured the bursting activity of C6 cells upon application of the in-
hibitors tetrodotoxin (TTX) and PcTX-1. TTX specifically inhibits
voltage-gated Na* channels but does not impinge on the functionality
of other types of Na" channels present in glioma cells (21, 22). PcTX-1 is
a specific inhibitor of ASICs. We first studied the effect of TTX on a
population of C6 cells in a culture medium where the pH was lower
than 6.8.

Figure 4 shows current noise fluctuations of an acidified C6 pop-
ulation of about 10 pA. External acidification causes Na" ion currents
through ASICs, because TTX is known to block voltage-gated Na*
channels (21, 22). However, upon adding TTX up to a final concen-
tration of 1 uM, the current noise fluctuations remain persistent. This
evidence supports the hypothesis that electrical activity, being resistant
to TTX, is not due to the enhanced activity of voltage-gated Na" chan-
nels. The enhanced activity of C6 cells upon adding TTX corresponds
to the reported increased sensitivity of tumor cells in an acidic micro-
environment (23, 24).

To test whether the bursting is due to Na* ion currents through
ASICs, we applied a highly specific inhibitor of ASICs (25), PcTX-1.
The electric response exhibited spontaneous current bursting activity,
as illustrated by the black curve in Fig. 5A. Right after adding PcTX-
1 to the cell medium up to a concentration of 100 nM, the bursting no
longer appeared, and the current fluctuations decreased to almost the
background noise of our measuring system (depicted as the red curve
in Fig. 5A). PcTX-1 was then removed by washing three times. Then,
we waited 8 hours to let the medium acidify again. The current, re-
presented as the blue line in Fig. 5A, shows that the original electrical
behavior of glioma cells recovered.

3 Without cells A |

1.5
L7
Q With C6 cells
6.5
6 i i i
0 10 20 30

Time post deposition (hour)

Fig. 3. pH and cell growth with time. Cell metabolism-related pH changes in
culture medium. Initially, 2.3 x 10° cells were seeded in a volume of 200 ul. Each data
point was repeated five times. Straight lines represent a guide to the eye.
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To visualize in detail the effect of adding PcTX-1 to a population of
C6 glioma cells under acidified culture conditions, we plotted the
corresponding current noise spectra (S;) in Fig. 5B. The initial S; of
the acidified C6 cells is presented in black. The typical noise spectrum
follows 1/f* dependence, with 0.85 < o < 2. The noise dispersion has
been attributed to stochastic variations, such as biochemical pathways,
temperature variations, and opening and closing of ion channels (26,
27). After adding PcTX-1, the current noise spectrum was measured
again. Impressively, as little as 100 nM PcTX-1 markedly reduced cur-
rent fluctuations as shown by the red line. This huge decrease in low-
frequency noise could be specifically attributed to the inhibition of the
ASICs. The small activity remaining was ascribed to voltage-gated Na*
channels, as these are not affected by PcTX-1. After the cells were
washed thrice and incubated for 8 hours, the noise spectrum fully re-
covered to that of the original state, as illustrated by the blue line in
Fig. 5B. The PcTX-1 treatment efficiently reduced the electrical activ-
ity. This confirms our hypothesis that the electric bursting activity of
glioma populations is prompted by extracellular pH changes, causing
Na' ion flux through PcTX-1-sensitive channels of the ASIC family.

40

Medium
Acidified

TTX

N w
o o

Current (pA)
S

e

-20
0

o

|
N
o

50 200
Time (s)

250

Fig. 4. Time evolution of current noise of C6 glioma cells upon adding TTX. The
black trace on the left depicts the noise of acidified cells. The red trace on the right
depicts the noise measured immediately after adding TTX to the acidified cell culture
medium with a concentration of 1 uM.

To unambiguously assign electric bursting to extracellular pH-
triggered current noise, we deliberately acidified the adhered C6 glio-
ma cell populations. C6 glioma cells were deposited and left to adhere
to the electrodes for about 10 hours. A large volume of culture medi-
um was used to prevent extracellular acidification. The color of the
medium did not change with time, and the pH measured was con-
stant, around 7. Next, the medium was deliberately acidified with
1.0 N HCI (BioReagent, suitable for cell culture, Sigma Aldrich). The
pH initially decreased to 5.9, but with time, the pH stabilized at 6.7.
At this point, all the adhered cells were still viable, with viability above
95%. We note that, for in vitro glioma cell populations, similar extra-
cellular pH values in between 6.0 and 7.5 have been reported. Normal
brain tissue has a pH value of about 7.1, but the pH measured in hu-
man brain tumors has a mean value around 6.8 and can be as low as
5.9 (28-30).

The evolution of the current noise is presented in Fig. 6A. Before
external acidification of the cell medium, the current noise consisted
of randomly distributed fluctuations ranging from 2 to 22 pA, com-
parable to the sporadic and weak noise in region I of Fig. 2A. Imme-
diately after acidification, the current noise markedly increased. Figure
6A shows that the current noise changes into a bursting activity com-
parable to that observed in region III in Fig. 2A. A histogram of the
recorded interspike intervals is shown in Fig. 6B. The interspike dis-
tribution is skewed to larger time intervals. Because of the larger num-
ber of data points, the distribution is more pronounced than that in
Fig. 2C and supports the occurrence of cooperative signaling. The
bursting lasts for about 1 hour. The cells were washed, and the medi-
um was changed. The cells were left for another 10 hours. Then, the
medium was acidified again, and a similar bursting activity was mea-
sured again.

Our data demonstrate that a concerted burst activity in entire gli-
oma cultures is correlated with the decreased extracellular pH. With
their disorganized vasculature and fast growth, tumors display a strong-
ly acidic extracellular environment due to the production of lactic acid
(31). This strongly acidic pH is due to a metabolic shift in tumor cells
toward aerobic glycolysis—even in the presence of oxygen—rather than
mitochondrial oxidative phosphorylation. This occurs when too much
pyruvate is present in a cell and the process of oxidative phosphoryl-
ation is at its full capacity. Thus, the excess of the pyruvate is converted
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Fig. 5. Current noise of ASICs demonstrated by applying the inhibitor PcTX-1. (A) Time evolution of current noise of C6 glioma cells upon adding PcTX-1, up to a

concentration of 100 nM in acidified cell culture medium. The black line represents the

original state. The red line is recorded after adding PcTX-1 to a concentration of only

100 nM. The blue curve represents the recovery plot after thrice washing. (B) The corresponding current noise spectra of Fig. 4A. (C) The mean of 300 spike amplitudes of
acidified cells as depicted in Fig. 1D. PcTX-1 data quantification recorded over two inhibitory experiments.
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Fig. 6. External acidification of C6 glioma cells. After deposition, the cells were allowed to adhere to the electrodes for 10 hours. (A) The evolution of the current noise
upon acidification of the medium. The current noise changes from weak and sporadic current fluctuations to a bursting activity of quasi-periodic spikes. (B) Histogram of the
interspike intervals recorded for the entire burst activity shown in (A). The interspike intervals were distributed into time slots with a resolution of 0.36 s. Inset: Data quan-
tification of 600 spikes comprising two distinct experiments. After the addition of HCl, the spike magnitude mean value becomes 24.7 pA. The interval recorded varies between

1 and 1594 pA.

to lactate. This metabolic shift has been termed the “Warburg effect”
and is associated with better survival and generation of substrates crit-
ically necessary in rapidly proliferating cells. However, a pH gradient, as
observed in C6 gliomas in vivo (31), may have detrimental effects
leading to synchronized cellular activity, as shown by our study.

Therefore, it would be reasonable to target the pH decrease as a
potential mechanism for epileptic events in glioma patients. Clearly,
the pH change in our experimental setup in a cell culture is not due
to the inefficient supply of oxygen but, rather, to the exhaustion of other
factors. Although the mechanism that causes the pH to drop may be
different, lactate is the responsible molecule under both conditions.

The phenotypical evidence for pH-triggered electric currents in gli-
oma cell cultures suggests that this electric activity may result in ve-
sicular neurotransmitter release from glioma cells. Therefore, we
propose further investigations to assess whether epileptic seizures
may indeed be caused by the intrinsic electric activity of glioma cells
and their subsequent neurotransmitter release.

DISCUSSION

We have investigated the extracellular electrical activity of rat glioma
cell line C6 as a model system for brain tumor. The weak electrical
activity of C6 cell populations in vitro was recorded as a function of
time. The initial low-frequency current noise after cell adhesion is
mainly due to the flow of Na" ions through voltage-gated channels.
However, we found that after an incubation period of many hours,
the current noise markedly increased. All electrical recordings showed
bursts of current spikes of high amplitude. Occasionally, these signals
also show brief quasi-periodic behavior. We demonstrate that this
bursting phenomenon is not associated with apoptosis because the
cells are highly viable and proliferative when the electric activity is ob-
served. However, we detected a rapid cell culture medium acidification
with time. By using specific inhibitors, we showed that the electrical
bursting activity is prompted by extracellular pH change that enhances
Na* ion flux through the PcTX-1-sensitive ASICs.

The pH-triggered bursting is unambiguously supported by experi-
ments, which show that direct acidification of the cell culture medium
led to a similar bursting behavior. This is in line with recent work
showing the presence of ASICs in cultured astrocytes (32) and in gli-

Rocha et al. Sci. Adv. 2016;2:e1600516 23 December 2016

oma cells (33). However, although ASIC1 channels were found in as-
sociation with epithelial sodium channels in high-grade glioma cells
(such as GBM cells) (33), extracellular acidification (as described to
be present in high-grade glioma) would result in cellular de-
polarization and electrical activity.

Our finding that a population of glioma cells can engage in electric
activity, independent of any neuronal stimuli, may be highly relevant
for understanding the tumor’s impact on brain electrophysiology. In
particular, the high incidence of seizures in glioma patients (6) and
observations that gliomas directly interfere with the electrophysiology
of the surrounding brain tissue (26) make our experimental data par-
ticularly intriguing. Future brain tumor therapies should seek to
suppress this autologous electric activity of gliomas, which may account
for epileptic seizures and other neurological side effects in glioma patients.

MATERIALS AND METHODS

The transducer is based on 100-nm-thick Au electrodes that are a few
millimeters apart, each with an area of about 10 mm?, evaporated on a
glass substrate. A 2-nm Cr layer was used for Au adhesion. A poly
(methyl methacrylate) compartment which could be filled with cells
and culture medium, was glued on top of the substrate. The well was
loosely covered with a lid to prevent evaporation of the medium. After
filling, the system was put into an incubator (Thermo Scientific, Midi
40). This system assures the presence of enough cell culture medium
to keep the cells viable over more than 24 hours without medium
change.

Rat glioma C6 cells (American Type Culture Collection) were cul-
tured in 15% F-12K nutrient mixture supplemented with 15% fetal
horse serum, 2.5% fetal bovine serum, and 1% penicillin and strepto-
mycin. The cells were maintained at 37°C in an incubator with a hu-
midified atmosphere with 5% CO,. The cells were harvested from the
culture plates and diluted in culture medium to yield cell suspensions
with a known cell density and transferred to the sensing devices. An
aliquot of 350 ul of the cell suspension, with a concentration of 5.1 x
10° cells/ml, was transferred to the well of the transducer, and cells
were allowed to sediment onto the electrodes for 2 hours before any
measurements were performed. Before cell deposition, the transducers
were sterilized by ultraviolet (UV) treatment, and the electrodes were
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coated with poly-1-lysine to promote cell adhesion. UV sterilization
was accomplished by using a Bio Air device with a Sankyo Denki
G30T8 lamp with UV-C in the 200- to 280-nm range. Time under
UV light was about 30 min. The transducer was placed 20 cm away
from the lamp.

Cell viability and pH kinetics assays were performed both in the
transducer and in 96-well plates. Cells (4 x 10°) were seeded in 350-pl
culture medium, with cell-free wells as controls. The supernatant pH was
measured with a Lab 850 pH Meter (SCHOTT Instruments). Cell
numbers and viability were assessed using a Neubauer chamber-based
trypan blue LIVE/DEAD exclusion assay.

Cells were equally viable in the transducer and in 96-well plates.
Cell number assays showed identical values for both substrates.

TTX (Sigma Ltd.) working solution (1 mg/ml) was prepared in an
acetate buffer (final pH 4.4 to 4.6) according to the manufacturer’s
instructions. PcTX-1 (Merck Chemicals GmbH) was directly dissolved
in cell culture medium (F-12K) to a working concentration of 0.1 M.
Final dilutions of 1 pM TTX and 100 nM PcTX-1 were obtained by
diluting the working solution in the cell culture medium. To achieve a
pH decrease to 5.9, 20 pl of hydrochloric acid solution (1 N) was
added to the extracellular medium. The entire experimental setup
was specifically designed for ultrasensitive detection. External inter-
ference was minimized through the use of a Faraday cage and low-
noise cables. To enhance the SNR, we specifically used Au electrodes,
because they exhibit a large charge transfer resistance that minimizes
the thermal noise. Despite the large resistance and capacitance, the
Rc time constant still allows detection of low-frequency events. The
experimental setup was optimized for detection below 10 Hz. Details
to record the displacement current and noise analysis were published
elsewhere (10).

The current between two Au electrodes was measured using a low-
noise current amplifier (SR570, Stanford Research) and a dynamic
signal analyzer (35670A, Agilent). To minimize drift, the current am-
plifier was calibrated and the setup was stabilized for at least 2 hours
before measuring. The current was recorded as a function of time by
using zero bias on the electrodes.

Any residual instrumental offset was subtracted. To visualize the
small changes in current recordings, data were analyzed in the frequen-
cy domain by calculating the current noise spectrum. Reported spectra
are averages over 20 consecutive recordings.

Optical micrographs showed that the C6 cells adhered and covered
the whole electrode. Because of the large electrode area, the recorded
current was not from a single cell, such as in MEAs, but arose from
the superposition of bioelectric signals of all cells coupled to the
electrode. Hence, we recorded the activity of a glioma cell population.
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