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Abstract: PIEZO1 is a mechanosensitive ion channel expressed in various organs, including but not
limited to the brain, heart, lungs, kidneys, bone, and skin. PIEZO1 has been implicated in astrocyte,
microglia, capillary, and oligodendrocyte signaling in the mammalian cortex. Using murine embry-
onic frontal cortex tissue, we examined the protein expression and functionality of PIEZO1 channels
in cultured networks leveraging substrate-integrated microelectrode arrays (MEAs) with additional
quantitative results from calcium imaging and whole-cell patch-clamp electrophysiology. MEA
data show that the PIEZO1 agonist Yoda1 transiently enhances the mean firing rate (MFR) of single
units, while the PIEZO1 antagonist GsMTx4 inhibits both spontaneous activity and Yoda1-induced
increase in MFR in cortical networks. Furthermore, calcium imaging experiments revealed that Yoda1
significantly increased the frequency of calcium transients in cortical cells. Additionally, in voltage
clamp experiments, Yoda1 exposure shifted the cellular reversal potential towards depolarized poten-
tials consistent with the behavior of PIEZO1 as a non-specific cation-permeable channel. Our work
demonstrates that murine frontal cortical neurons express functional PIEZO1 channels and quantifies
the electrophysiological effects of channel activation in vitro. By quantifying the electrophysiological
effects of PIEZO1 activation in vitro, our study establishes a foundation for future investigations
into the role of PIEZO1 in neurological processes and potential therapeutic applications targeting
mechanosensitive channels in various physiological contexts.

Keywords: PIEZO1 channels; PIEZO1 antagonist GsMTx4; calcium imaging; cortical neurons;
extracellular recording; mechanosensitive; multielectrode array; patch-clamp; spike

1. Introduction

PIEZO1 is a mechanosensitive cation channel expressed in various organs, including
but not limited to the brain, heart, lungs, kidneys, bones, and skin [1]. Studies on PIEZO1
channels have revealed a trimeric structure resembling a propeller blade. This structure
features an ion penetration hole at its center and is capped at the top by the C-terminal
extracellular domain. High-speed atomic force microscopy has demonstrated that the
application of external forces can flatten the naturally curved shape of PIEZO1 [2,3]. This
flattening process is crucial, as it facilitates ion movement through the ion penetration site,
contributing to the overall functionality of PIEZO1 as a mechanically activated ion channel.
The roles of PIEZO1 include mechano-transduction-related processes such as embryonic
vascular maturation, blood pressure regulation, and neural stem cell fate determination [4].
While it was initially reported that PIEZO1 was primarily expressed in non-excitable
cells [1,5], PIEZO1 has been found to have roles in the nervous system, including axon
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regeneration [6], axonal guidance [7], axonal growth and pathfinding [8], and responsive-
ness of Xenopus retinal ganglion cell axons to their local mechanical environment [9]. In
the mammalian cortex, PIEZO1 has been implicated in anterior cingulate cortical (ACC)
neurons [10], cerebral cortex [11], frontal and motor cortex [12,13], astrocyte [11,14], mi-
croglia [15], capillary [16], and oligodendrocyte [17] signaling.

To date, limited work has been performed on the electrophysiological effects of PIEZO1
activation in cortical neurons. Three recent calcium imaging studies have reported a role for
PIEZO1 in the excitatory effects of ultrasound in rodent cortical neurons [13,18,19]. Intracel-
lular calcium dynamics include both calcium entry and calcium release from intracellular
stores such as mitochondria and endoplasmic reticulum.

Prior work has shown that electrically active cells, including cortical neurons, can
be readily cultured on MEAs for a wide range of applications [20–25]. MEAs resolve and
record individual extracellular action potentials or spikes [26]. Complementary to single cell
patch-clamp electrophysiology, extracellular action potentials are recorded noninvasively,
enabling long-term and/or repeated monitoring of large cell populations. MEAs enable
high-content quantitative measures of cellular excitability, such as spike rate, amplitude,
bursting rates, and neuron firing synchronization [27].

In this study, we investigated the expression of PIEZO1 channels using immunocyto-
chemistry in cultured neuronal networks derived from embryonic murine cortical tissue.
Subsequently, the pharmacology of PIEZO1 was examined to understand how the inhibi-
tion and activation of this ion channel class modulates in vitro network activity. PIEZO1 can
be modulated pharmacologically by GsMTx4, a spider venom peptide inhibitor [28], and
Yoda1, a selective channel agonist [29], which effectively reduces the mechanical threshold
for channel activation [30]. MEA recordings showed that Yoda1 transiently enhances the
MFR of single units, while GsMTx4 inhibits both spontaneous activity and Yoda1-induced
activity increase in neuronal networks. Interestingly, in a fraction of the recordings, there
is a transient shift in the peak-to-peak amplitude in the recorded spikes with exposure to
Yoda1, which we interpret in the context of known effects of mechanical stimulation on
neuronal action potentials. To complement the MEA data, we conducted calcium imaging
and whole-cell patch-clamp recordings. Consistent with the elevation in MFR from MEA
recordings, Yoda1 exposure resulted in an increase in the frequency of calcium transients.
As expected for a cation-permeable channel, Yoda1 administration produced a shift in the
reversal potential of cortical neuron cell membranes under voltage clamp conditions. Our
work suggests that cortical neurons express functional PIEZO1 channels and demonstrates
the electrophysiological effects of channel activation in vitro.

2. Materials and Methods
2.1. Isolation, Cell Culture, and Device Preparation

To create the embryonic-derived cortical cultures, 5 pregnant mice (4 weeks old;
Envigo RMS Inc., Indianapolis, IN, USA) were used, where each dam yielded an average of
10 embryos. All surgical procedures were performed in accordance with the University of
Texas at Dallas’s Institutional Animal Care and Use Committee. Primary derived cortical
cells were cultured on 48-well MEAs (M768-tMEA-48W, Axion Biosystems, Atlanta, GA,
USA) for electrophysiological recording, 24-well culture plates (Corning, Durham, NC,
USA) with RD German coverslips at the bottom (Thermo Fisher Scientific, Waltham, MA,
USA) for immunocytochemical (ICC) characterization, and 38 mm polystyrene plates
(Corning, Durham, NC, USA) for patch-clamp and calcium imaging studies.

The day prior to seeding, the MEA plate and calcium imaging plates were coated
with 0.1 mg/mL GibcoTM Poly-D-Lysine (PDL) (Thermo Fisher Scientific, Waltham, MA,
USA), and plates used for patch-clamp were coated with 0.2 mg/mL PDL and laminin
(Sigma-Aldrich, St. Louis, MO, USA). All cells were incubated at 37 ◦C with 95% air/5%
CO2 overnight. On the seeding day, PDL was washed three times with deionized (DI)
water, then devices were coated with 20 µg/mL Laminin (Sigma-Aldrich, St. Louis, MO,
USA), and incubated at 37 ◦C and 95% air/5% CO2 for at least two hours.
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Embryos were removed by making a V-shaped cut on the lower abdomen of the anes-
thetized pregnant female mice and were immediately transferred into ice-cold Leibovitz’s
L-15 Medium (Thermo Fisher Scientific, Waltham, MA, USA). Individual embryos were
removed from the amniotic sacs, decapitated, and stored in ice-cold L-15. Frontal lobes
were dissected in a trapezoidal pattern, and the tissue was transferred to a falcon tube with
BrainBits Hibernate Eb Complete Medium (Thermo Fisher Scientific, Waltham, MA, USA).
Then, the Hibernate medium was removed and replaced with an enzyme buffer composed
of Worthington Biochemical Corporation PDS (Papain) and Worthington Biochemical Cor-
poration Hepatocyte Isolation (DNase) (Thermo Fisher Scientific, Waltham, MA, USA)
reconstituted in DMEM+ media composed of GibcoTM DMEM+ Glutamax (Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 2% GibcoTM B27 Supplement (50X)
(Thermo Fisher Scientific, Waltham, MA, USA) and 5% GibcoTM Horse Serum (Thermo
Fisher Scientific, Waltham, MA, USA), 0.2% L-Ascorbic Acid (Sigma-Aldrich, MO, USA),
and 1% Cytiva HyCloneTM Antibiotic/Antimycotic Solution (Thermo Fisher Scientific,
Waltham, MA, USA) and incubated for 15 min at 37 ◦C and 95% air/5% CO2. Following
dissociation, the tissue was mechanically triturated, and warmed DMEM 5/5 (DMEM+
media supplemented with 5% Fetal Bovine Serum (Thermo Fisher Scientific, Waltham, MA,
USA) was added to the tissue and centrifuged at 2500 rpm for 5 min. Lastly, the supernatant
was removed and cells were resuspended in warmed DMEM 5/5.

Cells were incubated for 4 h to enable adhesion. Following adhesion, DMEM 5/5 was
added to all dishes. Cells were fed with DMEM+ every other day for 21 days. To achieve a
neuron-enriched culture for calcium imaging study, we removed the horse serum from the
DMEM+ media and performed a 1:1000 dilution of 5-Fluoro-2′-deoxyuridine and Uridine
(FrdU) in the media.

2.2. Immunocytochemistry

After maturation to day in vitro (DIV) 21, cells cultured in a 24-well culture plate were
fixed with 4% Paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA) in sterile Phosphate-
Buffered Solution (PBS) for 10 min at room temperature. Afterwards, cells were washed
three times for 5 min each with ice-cold PBS and were stored in PBS containing 0.1% sodium
azide at 4 ◦C overnight. The next day, cells were permeabilized by incubating the samples
for 10 min in PBS containing 0.3% TritonTM X-100 (Sigma-Aldrich, St. Louis, MO, USA) and
10% Invitrogen Normal Goat Serum (NGS) (Thermo Fisher Scientific, Waltham, MA, USA).
After washing the cells three times with PBS, cells were incubated in a blocking buffer
containing 10% NGS in PBS for 2 h. Next, the blocking solution was removed, primary
antibodies were introduced, and cells were stored at 4 ◦C overnight. The following primary
antibodies were used: Abcam Chicken Anti-GFAP (1:700), Abcam Mouse Anti-NeuN
(1:700), and Novus Biologicals Rabbit Anti-PIEZO1 (1:200). The following day, cells were
washed three times with PBS and incubated with secondary antibodies in PBS containing
10% NGS for 1 h at room temperature in the dark. The secondary antibodies were Abcam
Goat Anti-Chicken IgY H&L (Alexa Fluor647, 1:1000), Goat Anti-Mouse IgG H&L (Alexa
Fluor 555, 1:1000), and Goat Anti-Rabbit IgG H&L (Alexa Fluor 488, 1:1000). All primary
and secondary antibodies were purchased from Thermo Fisher Scientific. Then, wells were
treated with 1× EverBrite Trueblack Hardest Mounting Medium (VWR, Radnor, PA, USA)
for 30 s and washed three times. Finally, glass coverslips were mounted on top of the cover
slides by applying FluoromountTM Aqueous Mounting Medium (Sigma-Aldrich, St. Louis,
MO, USA) onto the slides. The edges were sealed with clear nail polish.

Confocal imaging was performed at 40× magnification (Eclipse Ti, Nikon, Tokyo,
Japan). Regions of interest (ROI) were acquired to determine the percentage of NeuN-
positive cells in the existing culture. Each ROI was then processed in ImageJ (NIH)to
quantify the expression of PIEZO1 in the neurons. Briefly, a color threshold was applied
to the single and merged channels, and the number of cells was counted manually. We
opted for manual counting due to the nature of cortical neuronal networks. The high
density of cells posed challenges for accurate individual cell counting using automated
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approaches such as ImageJ. A similar process was performed to quantify the percentage of
GFAP-positive cells and PIEZO1-positive astrocytes.

For image analysis, we performed a two-sample t-test using Origin (OriginLab Corpo-
ration, Northampton, MA, USA) to determine if the expression of PIEZO1 is significantly
different in one of the cell types. The results were considered statistically significant if the
p-value was less than 0.05.

2.3. Extracellular Recording Using Microelectrode Arrays

Electrophysiology recordings were acquired at DIV22 from five separate 48-well MEA
plates on five different days with a Maestro Classic or the Maestro Pro system (Axion
Biosystems, Atlanta, GA, USA) at a 12.5 kHz sampling rate. The characteristics of the MEA
plate are provided in Table 1. We focused the study on stable cultures that had reached
at least DIV21, a time point when cortical networks typically undergo maturation and
establish functional connectivity [23,31].

Table 1. Cytoview 48-well microelectrode array (MEA) technical specifications.

Electrode/Well Electrode Diameter Nominal Impedance

16 electrodes in a 4 × 4
configuration 50 µm 8–12 KΩ measured at

41.5 kHz

The recordings were conducted in a humidified 95% air/5% CO2 environment and
maintained at 37 ◦C via the integrated heating plate. Signals were band-pass filtered
(single pole Butterworth, 300–5000 Hz), and individual action potentials were detected
with an adaptive threshold of ±5.5 σRMS per electrode in AxIS data acquisition software
(Axion Biosystems, Atlanta, GA, USA). After transferring the MEA plate to the recording
environment, we allowed the cultures to habituate to the new environment for at least
10 min and then recorded a minimum of 5 min of baseline spontaneous activity.

2.4. Pharmacological Preparation and Exposure
2.4.1. Pharmacological Exposure and Analysis Using Microelectrode Arrays

For the introduction of pharmacological agents, a stock solution of the mechanosensi-
tive channel blocker, GsMTx4 (Tocris Bioscience, Thermo Fisher Scientific, Waltham, MA,
USA), was prepared. To prepare the GsMTx4 stock solution, we added up to 4 µL of a
concentrated stock into the MEA wells. This was carried out to avoid dilution effects from
the recording media. Since we aimed for a concentration of 3 µM GsMTx4 per well, and
considering each well has 400 µL of medium, we prepared a stock solution with a concen-
tration of 244 µM. In addition, a stock solution of Yoda1 (Tocris Bioscience, Thermo Fisher
Scientific, Waltham, MA, USA) was prepared by dissolving Yoda1 into DMSO for a final
concentration of 20 mM. The stock solution was diluted in DMEM+ to obtain six different
desired concentrations for vehicle experiments.

We determined the change in mean firing rate (MFR) from electrode sites with identifi-
able spike activity after introducing Yoda1 and GsMTx4 to the separate wells. Additionally,
we investigated the inhibitory effect of GsMTx4 on Yoda1-induced spike activity. The
maximum concentration of DMSO was 0.5% and in control experiments; we verified that
0.5% DMSO alone had no effect on any of the measurements. Each experiment typically
lasted between 1 to 2 h. To process the MFR for each well, NeuralMetrics software (Axion
Biosystems, Atlanta, GA, USA) was used. For statistical analysis of mean firing rates, it
is well documented that inter-spike intervals from individual neurons exhibit a skewed
distribution [32]. However, quantifying the MFR for each network within a recording
well consists of the sum of activity derived from 16 electrodes in each well, providing a
more comprehensive picture of network activity. Consistent with the central limit theorem,
the distribution of MFR values for multiple networks is well approximated by a normal
distribution, as shown in Figure 1. Statistical tests that assume normality were considered
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appropriate for data analyses. Using Origin, a paired t-test was performed for statistical
analysis comparing MFR before and after treatment for individual treatment groups where
p < 0.05 was statistically significant. Plots were also generated via Origin.

The ability of MEA to resolve action potentials extracellularly can be influenced by
various technical specifications, such as electrode diameter/impedance, density, and spac-
ing. It is important to note that recorded electrical signals primarily capture high-frequency
components known as multiunit activity. The resolution of single units typically requires
additional techniques, such as spike sorting. Therefore, we used a highly conventional
method to identify single units for both in vivo and in vitro neural recordings [33–35]. First,
we converted the AxIS spike (.spk) files to .nex files using Axion Data Export Tool (Axion
Biosystems, Atlanta, GA, USA). Then, we imported the .nex files into Offline Sorter (Plexon
Inc., Dallas, TX, USA), and spikes were then manually sorted into characteristic waveforms
(single units) based on separation in two-dimensional (2D) principal component (PCA)
space using Offline Sorter software. The 2D PCA space showing the recorded spikes was
then sorted for each channel into well-resolved units using the Scanning K-means method
in Offline Sorter and results were confirmed by visual inspections. The inclusion criteria
for subsequent analyses required that: (1) the unit consisted of at least 30 spikes acquired
during a 4 min recording period (2 min before and 2 min after pharmacological treatment);
and (2) a peak-to-peak single unit amplitude of at least 20 µV.
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Figure 1. Quantile–quantile (QQ) plot depicts the normal distribution of mean firing rate (MFR) of
48 individual neuronal networks, each containing approximately 105 cells. MFR values were obtained
from individual networks on a typical MEA plate under control conditions.

2.4.2. Calcium Imaging

Calcium imaging was performed as previously described by Li and colleagues [36].
Following the 21 days of culture maturation, cells were incubated with 4 µM calbryte
520-AM at 37 ◦C for 30 min. After the incubation, cells were washed with bathing solution
comprising the following (in mM): 13.5 NaCl, 5 KCl, 10 HEPES, 2 CaCl2, 1 MgCl2, 10 glucose,
adjusted to pH 7.4 with osmolality of 295–305 mOsm/L. A custom-made perfusion system
was used to deliver 30 µM Yoda1, diluted from concentrated stock solution into the bathing
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solution, to the cortical neuron cultures at a flow rate of 500 µL per second. While perfusing,
calcium dynamics images were recorded using an Olympus IX73 inverted microscope
(40× magnification, FITC, 100 ms exposure time).

A total of six cell culture plates were used, each containing neuron-enriched cortical
culture. Within each plate, a minimum of six neurons were selected within individual
field of view. Calcium transients were recorded during the baseline and following Yoda1
administration. For data analysis, the intensity values of calcium transients for all six neu-
rons within the field of view were averaged and the change in fluorescence intensity with
respect to the baseline fluorescence intensity (∆F/F) was calculated. Statistical analysis
relied on paired-sample Wilcoxon rank tests to compare peak intensity values between
baseline and post-treatment conditions, as well as to assess signal frequency variations in
both states.

2.4.3. Whole-Cell Patch Clamp Electrophysiology

Embryonic-derived cortical neurons were cultured for patch-clamp electrophysiology
as described previously and seeded on 38 mm polystyrene plates (Corning, Durham, NC,
USA) coated with 0.2 mg/mL PDL and laminin (Sigma-Aldrich, St. Louis, MO, USA). Cells
were kept in a 37 ◦C, 95%/5% CO2 incubator for 21 days, and fed with DMEM+ media every
other day. Whole-cell patch-clamp electrophysiology was conducted using a Multiclamp
700B (Molecular Devices, San Jose, CA, USA) amplifier and pCLAMP 9 acquisition software
(Molecular Devices, San Jose, CA, USA). Recordings were sampled at 10 kHz and filtered
at 1 kHz (Digidata 1550B, Molecular Devices). Micropipettes (outer diameter 1.5 mm:
inner diameter, 0.89 mm; BF150-110-10, Sutter Instruments) were pulled using a PC-100
puller (Narishige, Amityville, NY, USA) and fire polished to a resistance of 3–5 MΩ using a
microforge (MF-83, Narishige). Series resistance was typically 7 mV and was compensated
up to 70%. Data were analyzed using Clampfit 10 (Molecular Devices, San Jose, CA, USA).

Voltage clamp recordings were performed to assess the whole-cell current in each of
the experimental conditions. Recordings were taken using a pipette solution containing (in
mM): 135 KCl, 10 HEPES, 4 ATP-Mg, 0.9 GTP-Na, 0.5 EGTA, and 5 NaCl adjusted to a pH of
7.4 with an osmolarity ranging from 305–320. The external bath solution contained (in mM):
135 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 20 mM sucrose, 10 glucose, and 10 HEPES, with a pH of
7.4 and osmolarity ranging from 310–320 mOsm/L [37]. The cell capacitance, whole-cell
compensation, fast and slow capacitance, resting membrane potential, leak current, pipette
resistance, and offset were recorded for each cell.

Once a giga-ohm seal was achieved on a cell, small bursts of suction were used to
rupture the patch on the cell, followed by application of compensation for fast and slow
capacitance, before applying whole-cell mode on the Multiclamp. Perfusion of standard
bath solution was initiated, and 3 voltage clamp measurements were taken. A standard
voltage clamp recording was conducted by holding the cell at −70 mV, stepping it to 0 mV,
and returning to a holding potential of −70 mV to assess the health of the cell and the
quality of the patch. Next, a voltage step protocol was applied that steps the cell from
−100 mV to +70 mV [38]. Clamped cells were then held at −70 mV while bath perfusion
continued for 30 s, after which perfusion was switched to bath solution containing 30 µM
Yoda1. Following Yoda1 application to the cells for 2 min, the voltage clamp protocols were
repeated under conditions of continuous flow of bath containing Yoda1.

3. Results
3.1. PIEZO1 Channels Are Expressed in Murine Frontal Cortical Neurons

Cultured cells derived from embryonic tissue form dense networks of neurons and
astrocytes on adherent surfaces. As shown in Figure 2A–D, cultures at DIV21 were labeled
for NeuN, GFAP, PIEZO1, and DAPI. The merged image is shown in Figure 2E. The
analysis of three distinct regions of interest (ROIs) captured from three separate cultured
wells demonstrated that the culture comprised an average of 31.0 ± 0.1% neurons and
69.0 ± 0.1% (mean ± SEM) non-neuronal cells. Approximately 13.0 ± 0.1% (mean ± SEM)



Brain Sci. 2024, 14, 223 7 of 18

were identified as astrocytes among the non-neuronal cells. Each ROI contained a minimum
of 500 cell bodies that were stained with DAPI. Quantifying the same ROIs with at least
150 neurons in each ROI showed that 82.0 ± 0.1% (mean ± SEM) of the neurons identified
by NeuN labeling co-express PIEZO1. In contrast, 44 ± 0.2% of astrocytes identified
by GFAP labeling co-express PIEZO1 where at least 60 astrocytes were counted in each
ROI. These observations suggest that PIEZO1 is predominately expressed in the neuronal
population within these cultured cortical networks. The distribution of cellular expression
is visually summarized in the pie chart presented in Figure 2F.
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Figure 2. Cortical cultures derived from embryonic mice on DIV21 stained for (A) Neuronal Nuclear
Protein (NeuN), (B) Glial Fibrillary Acidic Protein (GFAP), (C) DAPI, and (D) PIEZO1. (E) Merged
image of all channels. Images were taken at 40× magnification. Scale bar = 50 µm. (F) The pie chart
reflects the percentage distribution of the cell types in the cortical culture and their co-localization
percentage with PIEZO1.

3.2. Cortical Neuronal Networks Activity under Control Conditions

For each MEA plate, an examination of 768 electrode sites from 48 networks derived
from four embryos from a mouse dam showed an active electrode yield of 99%, where
at least one unit could be distinguished on each electrode site (Figure 3A). Here, a unit
refers to a class of consistent waveforms that can be grouped based on similar profiles. This
grouping is often considered to be the product of a distinct neuron. Unit activity refers to
the expression of spike potentials either occurring in isolation or as a burst, which is a train
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of spikes. For a detailed analysis of single units, a subset of high signal-to-noise recordings
was selected from four separate wells of the MEA, which consisted of 1.7% of the overall
dataset. For this subset, the average peak-to-peak amplitude of detected activity ranged
from 49 to 155 µV averaging to 92 ± 8 µV (mean ± SEM, n = 13 electrodes derived from
four wells). Of this subset of recordings, all channels demonstrated multiple units with an
overall firing rate of 8.15 ± 2 Hz (mean ± SEM, n = 13 electrodes). Figure 3B shows the
raw voltage trace of three representative channels.

Furthermore, the analysis of three untreated wells of the MEA, each with a minimum
of 50% active electrodes, did not reveal any time-dependent alteration in spontaneous
activity, indicating stability of the measurements. Comparing the 5 min baseline period
with an MFR of 2.2 ± 0.3 Hz (mean ± SEM) to the last 5 min period of a 2 h recording with
an MFR of 1.9 ± 0.3 Hz, there was no significant difference observed at a significance level
of p < 0.05. Overall, our observations with the multi-well MEA system were consistent
with prior work, which showed unit activity in the form of single spikes and bursts [26,39],
where coordinated bursting was readily apparent.
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Figure 3. Cortical neuronal networks recording under control conditions using a 48-well microelec-
trode array. Each network contains approximately 105 cells. (A) DIV21 mouse embryonic-derived
cortical networks. Scale bar = 50 µm. Inset scale bar = 25 µm. (B) Typical recording from three
representative channels under control conditions demonstrating single spikes and bursts.

3.3. Pharmacological Modulation of Cortical Neuronal Networks
3.3.1. PIEZO1 Agonist, Yoda1, Transiently Increases the Neuronal Networks MFR

Following a 5 min baseline recording of spontaneous activity at DIV22, cortical net-
works were treated with Yoda1 or vehicle alone, which consisted of the largest concentration
of DMSO used as a solvent for the agonist. Figure 4A shows recordings of unit activity
in representative channels before and immediately following administration of Yoda1,
revealing a transient increase in unit activity. After normalization to the baseline firing rate
for each well, time course data were summarized as fold changes in MFR as a function
of the concentration of Yoda1 (Figure 4B, mean ± SEM, n = 4 networks at 1, 5, 50, and
100 µM, n = 10 networks at 10 µM, n = 9 networks at 30 µM, n = 3 for vehicle). For Yoda1
concentrations of 10, 30, 50, and 100 µM, the increase in the MFR typically lasted between
30–50 s. Figure 4C summarizes the transient elevation of MFR for each concentration
tested. A box plot with connected lines in Figure 4D illustrates the effect of 30 µM Yoda1
administration where changes were quantified in terms of MFR rather than normalized
to baseline values for each network. Likewise, Table 2 presents the unnormalized MFR
values for the baseline and post-exposure to different concentrations of Yoda1 and 0.5%
DMSO. Our analysis demonstrated that regardless of whether the data were normalized
or not, the interpretation regarding the effect of transient elevation in MFR induced by
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Yoda1 on the cortical neuronal networks remained the same. We also observed a decrease
in MFR from the baseline in the same treatment groups at 30, 50, and 100 µM Yoda1 fol-
lowing the transient increase in MFR. This decrease in MFR lasted for 20–40 min across the
three concentrations and was followed by a slow recovery to the baseline MFR for each
cortical network. In addition, the burst rate data revealed a significant increase (p < 0.05)
following exposure to Yoda1. The baseline burst rate measured 0.09 ± 0.01 Hz, while the
post-exposure burst rate was measured 0.30 ± 0.02 Hz.
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viable cells were seeded per cultured network. The number of cultured networks for each concentra-
tion represented in (B,C) is as follows: 1, 5, 50, and 100 µM (n = 4 networks); 10 µM (n = 10 networks);
30 µM (n = 9 networks); and vehicle (DMSO control, n = 3 networks). (A) Representative electrode
raw voltage traces showing the transient elevation of spike activity after exposure to different concen-
trations of Yoda1 but not the largest concentration of vehicle (DMSO control). The red dotted line
indicates the Yoda1 and DMSO (vehicle) administration time points. (B) Normalized MFR versus
time for the Yoda1 treatment groups and control. The time corresponding to Yoda1 and DMSO
(vehicle) administration is represented by the red dotted line. (C) Peak fold change in MFR from the
baseline for each of the Yoda1 concentrations and vehicle. The results of the paired t-test showed
a significant increase in MFR from the baseline in the groups treated at 10, 30, 50, and 100 µM of
Yoda1. No significant change was identified in the lower concentrations of Yoda1 and the largest
concentration of DMSO (vehicle). * indicates a statistically significant difference at p < 0.05. (D) Box
plot illustrating the effect of 30 µM of Yoda1 on activity of nine representative neuronal networks.
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Table 2. Baseline and post-exposure mean firing rate for different treatment groups. Data reported as
mean ± SEM; * denotes statistical significance at p < 0.05.

Treatment Groups Baseline MFR +Yoda1 MFR

Yoda1 Concentration (µM)
1 6.5 ± 0.4 6.8 ± 0.2
5 5.7 ± 1.0 6.0 ± 1.0
10 2.4 ± 0.3 4.6 ± 0.6 *
30 3.4 ± 0.5 14.3 ± 1.4 *
50 2.4 ± 1.0 16.4 ± 2.5 *

100 5.7 ± 1.0 15.0 ± 2.0 *
DMSO (0.5%) 3.3 ± 0.8 3.4 ± 0.5

3.3.2. GsMTx4 Inhibits Spontaneous and Yoda1-Induced Activity in Cortical
Neuronal Networks

Following a 15 min baseline recording of spontaneous activity at DIV22, we added
GsMTx4 stock solution to 12 separate wells to achieve a final concentration of 3 µM
GsMTx4 in each well. Interestingly, in the absence of any exogenous mechanical stimuli, the
recordings showed a decrease in MFR of the neuronal networks with exposure to GsMTx4
(Figure 5C). A paired-sample t-test revealed a statistically significant decrease (p < 0.05)
in MFR when comparing a 5 min baseline to a 5 min post-treatment period with GsMTx4
during which the MFR reached a steady state level. Furthermore, we observed a decrease
in the bursting properties of neurons following exposure to the toxin. After exposure
to GsMTx4, the burst rate and burst duration fell significantly by 92.0 ± 0.1% (p < 0.05)
and 33.0 ± 0.1% (p < 0.05), respectively. Table 3 summarizes all the values associated
with baseline and post-exposure to GsMTx4 conditions. Our observations suggest that
the activity of a mechanosensitive ion channel contributes to the baseline spike firing of
cultured neuronal networks. GsMTx4 is known to target mechanosensitive ion channels,
including PIEZO1 and the transient receptor potential canonical 1 (TRPC1) [27,40].

Table 3. Neuronal network activity metrics comparing 5 min baseline recording with 5 min recording
at steady state after exposure to GsMTx4. Data reported as mean ± SEM; * denotes statistical
significance at p < 0.05.

Baseline Post-Exposure

MFR(Hz) 8.0 ± 0.1 2.0 ± 0.1 *
Burst Rate (Hz) 0.5 ± 0.1 0.05 ± 0.1 *

Burst Duration (s) 0.14 ± 0.1 0.09 ± 0.1 *

Next, we examined whether adding GsMTx4 inhibits the transient elevation in MFR
induced by Yoda1 at different concentrations. GsMTx4 was introduced into 19 separate
wells at a final concentration of 3 µM. After a 10 min incubation period, 10 µM Yoda1
was introduced into 10 wells pre-treated with GsMTx4, while 30 µM Yoda1 was added
to the remaining 9 wells. An ANOVA test revealed that 3 µM of GsMTx4 significantly
decreased the MFR of neuronal networks and inhibited the Yoda1-induced increase in
MFR at 10 µM (p < 0.05). Furthermore, statistical analysis revealed a significant difference
(p < 0.05) between Yoda1-treated wells (Group 1) and those pre-treated with GsMTx4
followed by Yoda1 exposure (Group 2) (Figure 5E). No inhibitory effect of GsMTx4 was
observed for 30 µM Yoda1.
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Figure 5. GsMTx4 suppressed spontaneous and Yoda1-induced cortical neuronal networks activity.
Each network contains approximately 105 viable cells. (A) Representative voltage traces from
three channels under baseline conditions. (B) Voltage trace from the same three representative
channels 35 min after exposure to GsMTx4. (C) The line graph shows time-dependent decrease in the
MFR after the administration of GsMTx4. The arrow and the dotted red line indicate the time point
when GsMTx4 was administered. The asterisks indicate a statistically significant difference at a level
of p < 0.05 when comparing this time range across multiple wells. (D) Six representative neuronal
networks, depicted by diamonds, showing a decrease in MFR after the administration of GsMTx4.
The squares represent the mean value of the data. (E) Box plots demonstrate a significant increase in
MFR following the administration of Yoda1 to 10 MEA wells. Pretreatment of 10 separate wells with
GsMTx4 effectively inhibited the Yoda1-induced activity increase at 10 µM. * indicates a statistically
significant difference at p < 0.05. Diamonds depict the outliers, empty squares represent the mean
value, and ‘ns’ indicates non-significance (p > 0.05).
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3.3.3. Increase in Peak-to-Peak Amplitude of the Spikes with Exposure to Yoda1

We performed unit sorting on Yoda1-treated networks at 30 and 50 µM to document
any effect of Yoda1 on spike amplitude. We focused on 10 representative electrode sites
from both concentrations with the highest signal-to-noise baseline recording to facilitate
analysis. In the networks treated with 30 µM concentration of Yoda1, we focused on at least
34 units recorded by 10 different electrode sites. Among these single units, 13 units (38%)
showed a shift in peak-to-peak amplitude after Yoda1 administration. For 50 µM Yoda1, 15
of 31 detected units (48%) showed an increase in ensemble unit peak-to-peak amplitude, as
shown in Figure 6. These results suggest that the agonist produces a transient change in
the total sink-source current that underlies the basis of extracellular action potentials [41].

Brain Sci. 2024, 14, x FOR PEER REVIEW 13 of 19 
 

3.3.3. Increase in Peak-to-Peak Amplitude of the Spikes with Exposure to Yoda1 

We performed unit sorting on Yoda1-treated networks at 30 and 50 µM to document 
any effect of Yoda1 on spike amplitude. We focused on 10 representative electrode sites 
from both concentrations with the highest signal-to-noise baseline recording to facilitate 
analysis. In the networks treated with 30 µM concentration of Yoda1, we focused on at 
least 34 units recorded by 10 different electrode sites. Among these single units, 13 units 
(38%) showed a shift in peak-to-peak amplitude after Yoda1 administration. For 50 µM 
Yoda1, 15 of 31 detected units (48%) showed an increase in ensemble unit peak-to-peak 
amplitude, as shown in Figure 6. These results suggest that the agonist produces a transi-
ent change in the total sink-source current that underlies the basis of extracellular action 
potentials [41]. 

 
Figure 6. Yoda1 exposure shifted the peak-to-peak amplitude of the spikes. (A,B) show 100 s of 
recording from representative units on networks treated with Yoda1 at 30 and 50 µM concentrations, 
respectively. The time corresponding to Yoda1 administration is represented by the blue dotted line. 
Spikes with lower peak-to-peak amplitude are depicted by black lines, whilespikes with higher 
peak-to-peak amplitude are represented by the red lines. (C,D) show unit waveforms (mean ± STD) 
detected before and immediately after administration of Yoda1 at 30 and 50 µM, respectively. 

3.3.4. Yoda1 Increases the Calcium Transient Frequency in Cortical Neurons 
To complement the MEA results, we performed calcium imaging on neuron-enriched 

cultures where ROIs consisting of neurons could readily be identified. Fluorescence inten-
sity recordings corresponding to the intracellular calcium concentration were recorded 
100 s before and after exposure to the Yoda1. Representative images in Figure 7A show 
the change in fluorescence intensities following Yoda1 treatment. As shown by the repre-
sentative fluorescence intensity recordings in Figure 7B, administration of 30 µM Yoda1 
resulted in a marked increase in the frequency of calcium transients in cortical neurons. 
Quantitative analysis across multiple ROIs showed a statistically significant increase of 
25.6% in the rate of spontaneous calcium transients (Figure 7C). Yoda1 exposure did not 
appear to affect the maximum amplitude of the calcium transients (Figure 7D). Overall, 
the observation of a rise in the rate of calcium transients with Yoda1 is consistent with the 
MEA findings. 

Figure 6. Yoda1 exposure shifted the peak-to-peak amplitude of the spikes. (A,B) show 100 s of
recording from representative units on networks treated with Yoda1 at 30 and 50 µM concentrations,
respectively. The time corresponding to Yoda1 administration is represented by the blue dotted
line. Spikes with lower peak-to-peak amplitude are depicted by black lines, whilespikes with higher
peak-to-peak amplitude are represented by the red lines. (C,D) show unit waveforms (mean ± STD)
detected before and immediately after administration of Yoda1 at 30 and 50 µM, respectively.

3.3.4. Yoda1 Increases the Calcium Transient Frequency in Cortical Neurons

To complement the MEA results, we performed calcium imaging on neuron-enriched
cultures where ROIs consisting of neurons could readily be identified. Fluorescence in-
tensity recordings corresponding to the intracellular calcium concentration were recorded
100 s before and after exposure to the Yoda1. Representative images in Figure 7A show
the change in fluorescence intensities following Yoda1 treatment. As shown by the repre-
sentative fluorescence intensity recordings in Figure 7B, administration of 30 µM Yoda1
resulted in a marked increase in the frequency of calcium transients in cortical neurons.
Quantitative analysis across multiple ROIs showed a statistically significant increase of
25.6% in the rate of spontaneous calcium transients (Figure 7C). Yoda1 exposure did not
appear to affect the maximum amplitude of the calcium transients (Figure 7D). Overall,
the observation of a rise in the rate of calcium transients with Yoda1 is consistent with the
MEA findings.
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Figure 7. Yoda1 increased the frequency of calcium transient in cortical cells. (A) Fluorescence
intensity images representing the intracellular calcium concentration in neuronal cells before (t = 0 s)
and after (t = 105 s) application of Yoda1. (B) Time-dependent average fluorescence intensity relative
to the baseline (∆F/F) for three representative wells showing an increase in the rate of spontaneous
calcium transients with exposure to Yoda1. (C) Comparison of the rate of calcium transients between
the 100 s baseline and 100 s post-exposure to Yoda1 demonstrates a statistically significant increase
at a level of p < 0.05. Circles depict values from six separate wells. (D) The peak amplitude of the
calcium transients 100 s before and 100 s after Yoda1 treatment did not show any significant difference
(ns). Analysis was conducted on six separate wells, each containing approximately 25 × 104 viable
cells. Each diamond represents the value obtained from one of the six wells. * indicates a statistically
significant difference at p < 0.05.



Brain Sci. 2024, 14, 223 14 of 18

3.3.5. Yoda1 Alters the Reversal Potential of Cortical Neurons

To assess the effect of Yoda1 on individual cortical neurons, voltage clamp experiments
were conducted to measure whole-cell current in the cells. Cells were voltage-clamped
at −70 mV and stepped from −100 mV to +70 mV in increments of 10 mV to record
evoked membrane currents. As expected, depolarizations induced a transient inward
current consistent with voltage-gated Na+ channel behavior followed by outward currents
(Figure 8A). To quantify the effects of Yoda1, membrane current magnitudes were quantified
at 300 ms after the initiation of the voltage steps to allow for Na+ channel inactivation
and K+ channel steady-state. The reversal potential under each condition was determined
based on the voltage where the membrane currents were zero. Yoda1 exposure resulted in a
statistically significant shift in reversal potential (Figure 8C). This observation is consistent
with the activation of a non-specific cationic channel by the PIEZO1 agonist Yoda1.
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Figure 8. Yoda1 exposure induced a statistically significant shift in reversal potential. (A) Repre-
sentative membrane current traces, evoked by the voltage step protocol shown in the inset during
application of bath solution, with a vertical blue line indicating where quantitative measurements
were performed. (B) Representative current traces at 300 ms before (black) and after (red) 30 µM
Yoda1 application at voltages from −60 to −20 mV. Blue dashed lines denote 0 pA levels. (C) Sta-
tistically significant shift in cellular reversal potential from baseline with exposure to 30 µM Yoda1
(p = 0.015). * = p < 0.05. Analysis was conducted on 16 recorded neurons.

4. Discussion

In this study, we investigated the expression and effect of pharmacological modulation
of PIEZO1 channels on the mouse embryonic-derived cortical networks. The use of murine
neuronal networks cultured on substrate-integrated microelectrode arrays constitutes a
common platform that has been the basis of a wide range of studies spanning neural
dynamics/computation [42–44], biosensing [45], and neuropharmacology [20,31,46]. Our
work is among the first to characterize the contribution of mechanosensitive ion channel
activity to the spontaneous firing of cortical networks. Using immunocytochemistry, we
first demonstrated that PIEZO1 channels are expressed in neurons and astrocytes. Exposure
to the mechanosensitive ion channel inhibitor, GsMTx4, demonstrated a decrease in the
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MFR of the cultured neuronal networks in MEA plates, whereas the PIEZO1 channel
agonist, Yoda1, transiently elevated the MFR and burst rate of the neuronal networks.
Furthermore, we demonstrated that Yoda1 exposure, in a data subset consisting of isolated
units, appears to induce a transient increase in the peak-to-peak amplitude of the spikes.
To complement the MEA findings, we conducted intracellular calcium and whole-cell
voltage clamp measurements showing that Yoda1 increases the rate of spontaneous calcium
transients and produces a depolarizing shift in the cellular reversal potential, respectively.
The calcium transient results are largely consistent with the present MEA findings as well
as prior work [29,47]. With respect to the whole-cell voltage clamp work, because we
measured total current without any channel blockers, the change in reversal potential
to more positive potentials is consistent with the Yoda1-induced activation of a cation
current with a positive equilibrium potential, aligning with literature reports of PIEZO1
kinetics [48]. Taken together, these data suggest that PIEZO1 is expressed in cortical neurons
and is capable of contributing to increased excitability of these networks.

To date, relatively few studies have reported the presence and role of PIEZO1 chan-
nels in rodent cortex. In cortical astrocytes, PIEZO1 upregulation may act to dampen
neuroinflammation [14]. Work by Velasco-Estevez and colleagues showed that PIEZO1 is
expressed in neurons in the mouse frontal cortex and may have a role in demyelination [12].
Wang et al. reported PIEZO1 expression in the cerebral cortex of adult rats, with data
suggesting a role for these channels in ischemia/reperfusion injury [49]. Furthermore,
it has been reported that sparing nerve injury induces abnormal PIEZO1 expression in
parvalbumin-expressing interneurons (PV-INs) in the anterior cingulate cortex, leading to
intracellular calcium accumulation, microglial phagocytosis, and subsequent reduction in
PV-Ins [10].

The two-dimensional stiff substrates used in this work, may influence the inherent
excitability of the neuronal networks. Prior work by Zhang and colleagues suggests
that stiffer substrates enhance neuronal network activity, an effect primarily attributed
to voltage-sensitive calcium channels [50]. Cultured neurons, particularly growth cones,
can produce mechanical tension [51], where mechanosensitive channels are implicated for
growth cone guidance [52,53]. As a result, we cannot exclude the possibility that the extent
that mechanosensitive channels impact neuronal network activity may be influenced by
in vitro versus in vivo conditions.

Interestingly, the transient increase in neuronal activity we observed with the chemical
PIEZO1 agonist, Yoda1, bears a resemblance to the reported effects of persistent low-
frequency ultrasound on cultured hippocampal neurons cultured on microelectrode arrays.
Saccher and colleagues reported that persistent exposure to focused ultrasound produced
transient elevations in spontaneous network activity [54]. Calcium imaging studies offer a
link between the effects of ultrasound stimulation and mechanosensitive channels, includ-
ing but not limited to PIEZO1 channels [18,19]. The observed inactivation following the
transient increase in mean firing rate aligns with the reported kinetics of PIEZO1 channels.
A characteristic of PIEZO1 is that, following mechanical stimulation, currents significantly
decay, persisting even with continued stimulation [5,55,56]. Therefore, prolonged exposure
to Yoda1 may potentially lead to inactivation.

Lastly, we observed a transient shift in the peak-to-peak amplitude of the spikes with
exposure to Yoda1, which suggests that in a subset of recordings, there was an increase in
the net transmembrane current underlying the biophysics of extracellular potentials. Note
that there is a well-understood relationship between the transmembrane current of the
source neuron and the first derivative of the action potential [40,57]. Our observation of
a transient increase in the peak-to-peak amplitude of the extracellular spike with Yoda1
suggests that activation of PIEZO1 could alter the rate of rise of action potentials in neurons
responding to mechanical stimuli. Consistent with this notion, Boada et al. reported that
peripheral somatosensory neurons exposed to mechanical forces showed an increase in the
first derivative of the action potential [58].
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Our data are consistent with the notion that functional PIEZO1 receptors mediate
changes in neuronal activity. However, a limitation of the present study is that we cannot
exclude a role for PIEZO1 receptor modulation of astrocytes within the cultured networks
contributing to neuronal spike modulation. Prior work has demonstrated crosstalk between
astrocytes and neurons in health and disease [59]. It is possible that PIEZO1 activation
could trigger elevations in intracellular calcium in astrocytes to promote the secretion of
gliotransmitters that are excitatory to neurons [60]. However, note that we were able to see
the effects of Yoda1 in neuron-enriched cultures through calcium imaging experiments.

In summary, mechanosensitive ion channels, including PIEZO1 channels, are ex-
pressed and contribute to the spontaneous firing activity in mouse embryonic-derived
cortical networks. Inhibition of mechanosensitive channel activity can decrease network
firing rate, whereas the transient elevation in spike rate associated with the PIEZO1 agonist
is similar to that which has been observed for focused ultrasound. Our findings add valu-
able insights into the role of PIEZO1 in cortical network dynamics and suggest potential
implications for neurological modulation.
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