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Exposure to acute and prolonged microgravity triggers numerous physiological adaptations. To date, the underlying molecular
mechanisms are not well understood, and several pathways have been proposed. Among other candidates, specific ion chan-
nels are hypothesized to be gravity dependent, but it has not been possible to conclusively demonstrate gravity dependency
of specific protein entities. Therefore, we developed a miniaturized two-electrode voltage clamp (TEVC) that allowed elec-
trophysiological experiments on Xenopus laevis oocytes using the GraviTower Bremen Prototype (GTB-Pro). The GTB-Pro
is capable of flying experiments on a vertical parabolic trajectory, providing microgravity for a few seconds. As an interest-
ing first candidate, we examined whether the nonselective mechanosensitive ion channel PIEZO1 is gravity dependent. The
results showed no difference between PIEZO1-overexpressing and control oocytes under acute microgravity conditions.
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GraviTower Bremen Prototype

Introduction

Exposure to acute and prolonged microgravity, such as in
human space flight, triggers numerous physiological adap-
tations (Blaber et al. 2010; Williams et al. 2009; Demontis
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et al. 2017; Clément 2007; Graf et al. 2024). To date, the
underlying molecular mechanisms are not well understood,
and several pathways have been proposed. Among other can-
didates, specific ion channels are hypothesized to be gravity
dependent. Ion channels are a large family of transmem-
brane proteins, which allow rapid exchange of ions along
the ion’s electrochemical gradient. They play key roles in
numerous physiological functions and diseases. With the
introduction of the patch-clamping technique, it was dis-
covered that the gating properties of specific ion channels
could also be triggered solely by mechanical stress of the
membrane (Sachs and Morris 1998). To date, multiple so-
called mechanosensitive ion channels (MSCs), also termed
stretch-activated ion channels, have been identified. Even
though MSCs are involved in multiple physiological and
pathological functions (Gu and Gu 2014), the physiologi-
cal functions of many MSCs are still unknown (Anishkin
et al. 2014; Arnadottir and Chalfie 2010). One reason for
this could be that the conventional patch clamping method
highly stresses the lipid membrane (Sachs 2010), which is
thought to be relaxed under normal physiological conditions
(Dai and Sheetz 1995).

@ Springer


http://orcid.org/0000-0002-5495-6951
http://orcid.org/0000-0001-8710-5195
http://orcid.org/0009-0006-7536-5962
http://orcid.org/0009-0007-3219-3491
http://orcid.org/0000-0003-0296-8931
http://orcid.org/0009-0006-6167-8095
http://orcid.org/0009-0009-4125-6591
http://orcid.org/0000-0003-0357-8329
http://orcid.org/0000-0002-6493-7033
http://orcid.org/0009-0003-0167-2669
http://orcid.org/0009-0001-9404-9950
http://orcid.org/0000-0001-9084-1011
http://orcid.org/0000-0003-3117-4639
http://orcid.org/0000-0003-2963-6865
http://orcid.org/0000-0002-4064-2871
http://crossmark.crossref.org/dialog/?doi=10.1007/s12217-024-10155-3&domain=pdf

3 Page 2 of 12

Microgravity Science and Technology (2025) 37:3

Electrophysiological experiments under elevated or lower
gravity conditions, also in single cells, suggest that some ion
channels could also be gravity dependent (reviewed in (Kohn
and Ritzmann 2017; Wuest et al. 2018)). However, it has not
been possible to conclusively demonstrate gravity depend-
ency of specific protein entities. Reasons for this include
financial, technical, operational, and safety constraints
attached to the use of current low-gravity platforms, mak-
ing delicate micromanipulations in flight difficult (reviewed
in (Wuest et al. 2018)). For example, we developed an
adapted patch-clamp device that was optimized for electro-
physiological recordings on Xenopus laevis oocytes during
parabolic flights. However, the setup that was easy to handle
and allowed exchanging oocytes in flight came at a cost of
a reduced signal-to-noise ratio (Schaffhauser et al. 2011;
Wuest et al. 2017). In this work, we developed a miniatur-
ized two-electrode voltage clamp (TEVC) that allowed elec-
trophysiological experiments inside the GraviTower Bremen
Prototype (GTB-Pro) capsule on oocytes from the Xenopus
laevis. The GTB-Pro is capable of flying experiments on
a vertical parabolic trajectory, providing microgravity for
a few seconds. TEVC is a well-established technique for
whole-cell recordings on Xenopus laevis oocytes (Stiihmer
and Parekh 1995). It has a high signal-to-noise ratio and
does not locally stress the membrane (compared to con-
ventional patch clamping). We examined whether the MSC
PIEZO1 is gravity dependent by using native and PIEZO1-
overexpressing oocytes. The nonselective cation channel
PIEZO1 (Gottlieb and Sachs 2012; Wang and Xiao 2018;
Soattin et al. 2016) is an interesting first candidate, as it is
thought to play major roles in mechanosensing (Coste et al.
2010; Rocio Servin-Vences et al. 2017; Zeng et al. 2018). It
has been well preserved over evolution, and homologs were
identified in many animals, plants, and primitive eukaryotes
(reviewed in (Soattin et al. 2016)). In mammals, PIEZO1
expression has been described in the bladder, colon, kid-
ney, lungs, and skin (Coste et al. 2010). It is thought to be
involved in numerous physiological functions, including cell
volume regulation, cell migration, homeostasis of epithe-
lial tissues, neuronal axon guidance, vascular development,
and blood pressure regulation (reviewed in (Wang and Xiao
2018)). PIEZO1 also plays key roles in several diseases,
including autosomal recessive congenital lymphatic dyspla-
sia and hereditary xerocytosis (also known as dehydrated
stomatocytosis) (reviewed in (Alper 2017)).

Materials and Methods
Experiment Design

Oocytes were isolated from donor Xenopus laevis by ova-
riectomy (see below). On the same day, oocytes were then
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injected with 50 ng of mRNA coding the MSC PIEZO1.
Control oocytes were injected with an equal volume (50 nl)
of water only. All experiments were done after an incuba-
tion period of six days, which yielded a robust PIEZO1
expression.

Successful expression of PIEZO1 was verified with an
established TEVC (see below) and the drug Yodal, which is
known to activate PIEZO1 (Syeda et al. 2015; Lacroix et al.
2018; Wang et al. 2018; Lin et al. 2022). To confirm PIEZO1
expression also with a second independent method, oocytes
from five donor frogs were additionally sent for proteomic
analysis (see below).

Microgravity experiments were conducted once the
hardware and experiment protocol had been established.
For these experiments, injected oocytes were shipped to
the Center of Applied Space Technology and Microgravity
(ZARM), located in Bremen, Germany.

Oocytes & mRNA

Oocytes were isolated by ovariectomy according to the
approved protocol. Deep anesthesia of mature female Xeno-
pus laevis frogs was achieved by immersion in 0.1% buff-
ered tricaine methane sulfonate (Sigma, A5040). Upon loss
of righting and withdrawal reflexes and injection of 25 mg/
kg flunixin meglumine (Flunixine NEO Biokema, Swiss-
medic 56110), a 1-1.5-cm-long incision was made in the
ventral paramedian abdominal wall and a portion of the
ovary (1-2 cm®) excised under aseptic conditions. Remain-
ing ovarian tissue was repositioned in the abdominal cavity,
and the abdominal wall and skin were sutured using absorb-
able suture material (Ethicon, Z310H) and single surgeon’s
knots. Subsequently, the harvested tissue was placed in
ND96 without Ca>*, and oocytes were defolliculated using
two forceps. Then, the oocytes were washed for 15 min,
rotating at 10 rpm in ND96 without Ca**. Follicular tis-
sue was removed using collagenase type 1A (Sigma C2674,
1 mg/ml) and trypsin inhibitor (Sigma T2011, ca. 0.1 mg/
ml), rotating at 10 rpm until follicular layers detached from
the oocytes (approximately 1 h at 16°C). Afterwards, the
oocytes were washed again, rotating for 15 min with ND96
without Ca%*, then washed twice with Barth medium and
transferred into petri dishes. Finally, healthy, stage V-VI
oocytes were selected by visual inspection under a binocular
microscope. Oocytes were maintained in Barth medium at
16°C, and the medium was exchanged daily.

A plasmid containing mouse PIEZO1 (mPiezol-IRES-
eGFP) was a gift from Ardem Patapoutian (Addgene
plasmid #80925) (Coste et al. 2010). The plasmid was
linearized with Psil-v2 (New England Biolabs, R0744S)
and transcribed using the mMESSAGE mMACHINE™
T7 ULTRA Transcription Kit (ThermoFisher Scientific,
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AM1345), which also adds a polyA signal. After meas-
uring the mRNA concentration, it was stored at —80°C
until use.

Oocytes were injected with PIEZO1 mRNA right
after isolation. Injection needles were prepared by pull-
ing glass tubes (3.5” Drummond #3-000-203-G/X), and
the tips were subsequently broken off with forceps. The
injection needles were filled bubble-free with paraffin
oil prior mounting into the injector. Then, either mRNA
or water was aspired. Oocytes were individually impaled
and injected with 50 nl of pure water or 50 ng mRNA
dissolved in water.

Proteomic analysis was done on oocytes from five
donor frogs six days after injection. Oocytes were washed
three times with phosphate-buffered saline (PBS) and
snap frozen in liquid nitrogen. Mass spectrometry-based
proteomic analysis was subsequently performed at the
Functional Genomics Center Zurich (FGCZ), as described
in the supplementary material.

ND96 without Ca?*, which was used for oocyte isola-
tion, contained 96 mM NaCl, 2 mM KCI, 1 mM MgCl,,
and 5 mM HEPES. pH was adjusted to 7.4 using Tris.
Oocytes were maintained in modified Barth medium
containing 88 mM NaCl, 1 mM KCl, 0.82 mM MgSO,,
0.41 mM CacCl,, 0.33 mM Ca(NO;),, 2.4 mM NaHCO;,
and 10 mM HEPES. pH was adjusted to 7.4 using Tris.
To avoid contamination, 5 mg/l doxycycline (Acros
Organics, #446,060,050) and 5 mg/l gentamicine (Bio-
Chemica, A1492) were added as well. TEVC experiments
were done with 100Na containing 100 mM NaCl, 1.8 mM
CaCl,, 1 mM MgCl,, 2 mM KClI, and 10 mM HEPES.
Again, pH was adjusted to 7.4 using Tris.

Fig.1 Custom-made TEVC
integrated in the GTB-Pro’s
capsule. The TEVC could be
roughly split into the subu-
nits: core “mechanical setup”,
“electronics and data acquisi-
tion”, “medium supply”, “waste
medium collection”, “oocyte
visualization,” and “control and
data visualization” (not shown
in figure). The subunits were
attached to horizontal boards
that were mounted on four
vertical stringers. An additional
“control panel” was used to
facilitate setup of the voltage
clamp

Two-Electrode Voltage Clamp (TEVC)

Expression of PIEZO1 was confirmed with an established
TEVC (Stihmer and Parekh 1995) at the University of
Zurich. In total 49 PIEZO1-injected oocytes and 48 control
oocytes originating from four donor frogs were measured.
In doing so, an oocyte was placed in the TEVC and impaled
with two pulled glass pipettes (Hilgenberg, 1407420) filled
with 3 M KCI. The oocyte was then voltage clamped at
—30 mV (holding potential) and continuously perfused with
100Na. Then, the current—voltage relation was measured
from —180 mV to+ 120 mV (voltage pulses for 140 ms each,
20 mV increments). After a 15-second recovery period, the
medium was switched to 100Na containing 30 uM Yodal,
a known PIEZO1 agonist (Syeda et al. 2015; Lacroix et al.
2018; Wang et al. 2018; Lin et al. 2022), for 3 min. Immedi-
ately afterwards, the current—voltage relation was measured
again. The Yodal-senstive current (delta between the two
curves) was computed from the two measurements (Sup-
plementary Figure S1).

“OoDrop” Hardware

For the microgravity experiments, first, a miniaturized
TEVC was developed, which could be accommodated in the
GTB-Pro’s capsule. The final design was small enough that
four identical units could be integrated. The modified TEVC
could be roughly split into six subunits: the core “mechani-
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cal setup”, “electronics and data acquisition”, “medium sup-
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ply”, “waste medium collection”, “oocyte visualization”,
and “control and data visualization”. The GTB-Pro’s capsule
consisted of several horizontal boards with a diameter of
600 mm, onto which the subunits could be mounted (Fig. 1).

Drag capsule

Medium supply

Oocyte visualization
lllumination

Mechanical setup

Electronics and
data acquisition

Waste medium collection

Network and battery

Experiment capsule

Control panel
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These horizontal boards were made of a sandwich structure
of wood and aluminum on either side and attached to four
vertical aluminum stringers. This structure effectively damp-
ened possible vibrations or shocks during the experiment.
The main functions of the core “mechanical setup”
(Fig. 2) were to precisely impale the oocyte with pulled glass
pipettes to electrically access the cytosol and allow con-
trolled perfusion of the oocyte. To avoid any movements of
the glass pipettes due to changes in the gravitational load, a
compact design with minimal lever length was chosen. KCI-
filled glass pipettes (Hilgenberg, 1407420) were mounted in
a narrow holder that included a silver-silver chloride (Ag/
AgCl) pellet electrode (A-M Systems, 673443). The pipette
was additionally secured with paraffin film before being
mounted into the setup. The setup was mainly manufactured
from 3D-printed PA12 using a HP Jet Fusion 580 Color. The
base plate and a few selected parts were manufactured from
aluminum or stainless steel to ensure mechanical stability.
The setup allowed precise translation in three directions to
position the glass pipette and impale the oocyte. Vertical
translation was realized with an excentre, as the required
range was small and the resulting design was very compact.
Horizontal translation (back—forth) was realized with preci-
sion linear bearings with balls (Schneeberger, MINIRAIL
7), M4 plastic screws, and self-locking nuts, which were
spring loaded to avoid mechanical overconstrains. Axial
translation of the glass pipettes was completed with a similar
design, also using linear bearings with balls (Schneeberger,

Waste medium aspiration
Vertical translation

Axial
translation

™Y
b
.

Bath electrodes

& |

Internal electrode

Oocyte bath Y Throttle

Horizontal translation

Fig.2 The core “mechanical setup” allowed precise impalement of
the oocytes with pulled glass pipettes and perfusion of the oocytes.
Internal electrodes could be translated in a vertical, horizontal (back—
forth), and axial direction to align the glass pipette and impale the
oocyte. The oocyte was placed in a bath in which the bath electrodes
were integrated. The voltage-sensing bath electrode was on the side,
such that a KCl-soaked agarose bridge could be integrated. A throttle
allowed adjustment of flow velocity, and waste medium was aspired
by a needle. An LED illuminated the oocyte from the side to avoid
disturbing reflections
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MINIRAIL 5). The oocyte was positioned in a 3D-printed
bath in which the bath electrodes (Ag/AgCl pellets) were
integrated. The voltage-sensing bath electrode was mounted
on the side, such that a KCl-soaked agarose bridge could be
integrated between the electrode and the bath. Oocytes could
be continuously perfused with up to three types of media.
A simple, manually operated throttle allowed adjusting the
flow velocity, and three valves allowed switching between
media. Four setups were mounted in the GTB-Pro’s capsule
on a central board, such that they remained accessible to the
experimenters.

Fresh medium was kept in three 50 ml-syringes (bBraun,
4617509F), which were installed on the top-level board to
allow gravity-driven perfusion. The syringes were closed
with a rubber cap (with a small hole for pressure equili-
bration) to avoid spills during GTB-Pro operation. Waste
medium was aspired from the oocyte bath and collected on a
board below the setup using four plastic beakers (Biosigma,
BSC258) and a small eccentric diaphragm pump (Schwarzer
Precision, 7s20099).

The “electronics and data acquisition” subunit was
mounted on the lower side of the central board in a hang-
ing configuration, such that the measuring wire’s length
remained minimal. It consisted essentially of a small data
acquisition and control computer (NI, myRIO-1900) and a
custom-made printed circuit board (PCB) with an integrated
TEVC-circuit (Fig. 3). The signals were offset corrected,
amplified, and low-pass filtered in analog. The voltage-
clamp’s proportional controller was realized on a field pro-
grammable gate array (FPGA), which was available on the
myRIO devices. Whole-cell transmembrane current could
be measured in two ranges, either+ 10 pA or+ 100 pA.
Acquired data were low-pass filtered and down sampled on
the myRIO device before being stored on a local SD card.
Device control and data visualization were realized on a
remote laptop via a network interface (TCP/IP). To set up
the devices, impale the oocytes, and fine-tune the voltage-
clamp, a separate control panel (Fig. 1) could be plugged
into the PCB. This allowed the experimenters to execute the
most frequent functions next to the setup using simple but-
tons. In this case, the remote laptop was only needed for data
visualization. Oocytes were impaled under visual control.
To avoid a binocular microscope, a digital USB microscope
(Dino-Lite Edge, AM73115MTF) was used instead (Fig. 1).
Illumination was ensured with an LED, which was mounted
centrally from the oocyte bath (Fig. 2). [llumination from the
side created less disturbing reflections than the LED ring of
the digital microscope.

The four setups in the capsule were connected via a local
network (TCP/IP) to a remote laptop. The network had an
optical point-to-point bridge from the GTB-Pro’s capsule to
the ground segment, such that the experiment could still be
controlled while the GTB-Pro was in operation. Continuous



Microgravity Science and Technology (2025) 37:3 Page50f12 3

Gain

Zero Uiy Stability  Ucmd Low-pass filter
Y A
w250mv_ [~ 17 >| o145..138v [ = |a45..138v
Offset Guint Guema = Low-pass
correction 0.2...2x filter
Clamp
Setup Zero lin
\
£250 mV |11 ’ 10V I
int
Offset Giint
correction
iNTRoMenTs
1 MQ (10 pA)
N
0.1 MQ (+100 pA)
IT | x10V > lox
Offset
correction

Fig.3 TEVC electronics and data acquisition consisted of essen-
tially of a data acquisition and control computer (NI, myRIO-1900)
and a custom-made PCB with the integrated TEVC-circuit. The sig-
nals were offset corrected, amplified, and low-pass filtered in analog.
The voltage-clamp’s proportional controller was realized on a FPGA
(available on myRIO). The transmembrane current was measured in

power was provided by a rechargeable battery. Network
devices and the battery were installed in the lowest segment
of the capsule (Fig. 1).

GraviTower Bremen Prototype (GTB-Pro)

Even though the GTB-Pro evolved from traditional drop
towers, the underlying technology is very different (Kone-
mann et al. 2015). This prototype’s satisfactory perfor-
mance made it appropriate for scientific use as of 2022
(Gierse et al. 2022). In short, the GTB-Pro consists of
a closed drag-shield capsule driven by prestressed ropes
and hydraulic engines along rails on a vertical parabolic
trajectory (Gierse et al. 2017). Thus, the capsule is first
accelerated upwards, then it goes into a controlled free-
fall, and finally, the capsule is decelerated and brought
to rest at its starting point. Acceleration and deceleration

the range of +10 A or+100 pA (I,,). U;, is the oocytes cytosolic
voltage and U, 4 the desired command voltage. I;, was used to con-
firm successful penetration of the oocytes during setup. The voltage-
sensing bath electrode (U,,,) was separated by a KCl-soaked agarose
bridge from the bath

are experienced as hypergravity periods, while free-fall
creates a microgravity condition. In contrast to other
microgravity platforms, it provides the advantage that the
parabolas’ kinetics (dynamic acceleration and micrograv-
ity duration) can be chosen by the scientists within the
limitations of the tower height (12 m) and engine power.
This also allows soft initial accelerations for sensitive
experiments and asymmetric parabolas. The GTB-Pro
is designed to accommodate the same experiment cap-
sules as used in the original Bremen drop tower (Dittus
1991; Kufner et al. 2011) to facilitate transition from one
platform to the other. During the microgravity period,
the experiment capsule inside the drag-shield capsule is
released by a sophisticated release-and-catch mechanism.
Thus, the experiment is actually free-flying and decoupled
from disturbing external factors, such as air drag, rail fric-
tion, and eigenfrequencies from the drive system (Gierse
et al. 2017).

@ Springer
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Microgravity Experiments

For experiments under microgravity conditions, the pro-
tocol was adapted in comparison to the established refer-
ence TEVC to meet the constraints of the GTB-Pro. For the
parabola, we chose an asymmetric kinetics with the smooth-
est possible acceleration before the microgravity period and
harsh deceleration at the end. The initial acceleration was
set to 1.5 g dynamically (2.5 g perceived) and final decel-
eration 3.4 g dynamically (4.4 g perceived). This yielded a
microgravity period of approximately 1.8 s. To fit this short
time, the current—voltage relation was adapted to series of
100-ms-voltage steps (—180, —20, —160, 0, —140, 20, —120,
40, —100, 60, —80, 80, —60, 100, —40, 120 mV), which
were initiated just 50 ms after the gravity sensor detected
microgravity.

The microgravity experiments were conducted six days
after injection of PIEZO1 mRNA or water (control). Two
oocytes were placed into two setups (as described above).
After being impaled with the glass pipettes, the oocytes were
voltage-clamped at —30 mV (holding potential) and perfused
with 100Na. Ninety seconds before the parabola, perfusion
was stopped, and 30 s later, the first current—voltage curve
was recorded. After a one-minute recovery time, the GTB-
Pro initiated the parabola (prestressing the ropes took ca.
15 s). The second current—voltage curve was recorded 50 ms
after detection of microgravity. After a recovery time of 70 s,
the third current—voltage relation was recorded again under
normal gravity conditions. Finally, perfusion was restarted,
and after 30 s, the medium was switched to 100Na con-
taining 30 uM Yodal for 3 min. Subsequently, the last cur-
rent—voltage relation was measured. While the switch to
Yodal was still running, the capsule (suspended on an air
bearing) was rotated carefully, and the next two oocytes were
prepared, replacing the previously flown oocytes. PIEZO1-
injected and control oocytes were approximately equally
allocated among the setups to avoid a systematic bias caused
by the hardware or the operators.

Data Analysis

Data of the microgravity experiments were acquired in a
dedicated software program written in LabVIEW (2019).
Data processing was partly done in LabVIEW and partly in
MATLAB (R2022b). Data representation and statistical tests
were performed using MATLAB.

To confirm expression of PIEZO1, the current—voltage
relationship was computed (signal average over 100 ms)
with and without application of Yodal, a known agonist for
the PIEZO1 channel (Syeda et al. 2015; Lacroix et al. 2018;
Wang et al. 2018; Lin et al. 2022). Then, the Yodal-senstive
current was determined by computing the difference between
the two readings (Supplementary Figure S1).

@ Springer

For the microgravity experiments, first, the current—volt-
age relationship was computed by averaging the current sig-
nal over 65 ms for each voltage step (the first 30 ms and the
last 5 ms were ignored). Then, the difference between the
recording before the parabola and in the parabola was com-
puted to determine the microgravity effect. Similarly, the
difference between the recording after the parabola and with
the application of Yodal was computed to confirm PIEZO1
expression. Recordings in the GTB-Pro were more difficult
than in the lab, and approximately half of the recordings had
to be excluded. Oocytes were excluded from the analysis if
one of the inclusion criteria in Table 1 were not met.

For statistical significance testing, the respective currents
of all voltage steps were compared pairwise. For an easier
presentation, the current—voltage curves were also reduced
to the slope of a fitted line. Statistical significance was tested
using the nonparametric Wilcoxon rank sum test. P-values
below 5% were considered statistically significant.

Results

Starting five days after injection of 50 ng PIEZO1 mRNA,
a Yodal-sensitive current could be detected, which was
absent in control oocytes. This current became robust six
(Fig. 4) and seven days after injection. However, the qual-
ity of seven-day-old oocytes started to diminish drastically.
Therefore, all following experiments were conducted six
days after PIEZO1 injection. Proteomic analysis showed
that PIEZO1 fragments could be found in PIEZO1-injected
oocytes but not in the control oocytes in all five donor frogs.

We successfully miniaturized the TEVC such that four
setups could fit into the GTB-Pro capsule (Fig. 1). Overall,
the hardware performed sufficiently, but the procedure of
impaling and voltage-clamping the oocytes was more dif-
ficult in the GTB-Pro than in the standard lab setup. About
half of the oocytes failed during the recordings in the GTB-
Pro, and the data had to be excluded. Under this aspect, easy
access to the experiment and the high repetition rates of
the GTB-Pro in comparison to traditional drop towers was
very beneficial. Triggering the voltage protocol under the
microgravity condition was reliable, and the measurements
were always completed within the short microgravity period.

Table 1 For the microgravity experiments, oocytes were only
included in the analysis if all of the inclusion criteria were met

Inclusion criteria Value
Max. absolute current without Yodal <4 pA
Max. absolute current with Yodal <I5pA
Max. deviation from desired voltage <5mV
Max. current instability (RMS) <1pA
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Fig.4 Six days after injection of PIEZO1 mRNA, a Yodal-sensitive
current was detectable, which was absent in control oocytes. Left:
Dots indicate the Oth, 25th, 75th, and 100th percentile of the current—
voltage relation (delta current without and with the application of
Yodal). Medians are connected by a solid line. Right: Slope of a line

(This was verified by a gravity sensor which was recorded
simultaneously with the TEVC signals.) Even though the
oocyte’s bath remained open during the microgravity experi-
ment, we did not observe any medium spillage. This agrees
with GTB-Pro design and operation which generates only
neglectable low magnitudes of negative gravity.

The experiments were done in two campaigns. In the first
campaign, 32 control and 36 PIEZO1-injected oocytes origi-
nating from two donor frogs were included. The data showed
no difference between PIEZO1-overexpressing and control
oocytes under microgravity conditions (Fig. 5). The subse-
quent application of Yodal triggered a clear Yodal-sensitive
current, which was absent in control oocytes (Fig. 5). The
current signal of the current—voltage relation was slightly
smaller under microgravity (negative slope of the delta cur-
rent, Fig. 5) for both groups. However, this difference is in
the range of the difference seen between two consecutive
measurements under standard lab conditions.

Based on the data from the first campaign, we were
concerned that the difference between normal gravity and
microgravity would not be sufficiently resolved. Therefore,
we reduced the current measurement range (from + 100 pA
to+ 10 pA) to get a ten-fold resolution increase during the
second campaign. Unfortunately, the oocytes from these two
donor frogs were of lower quality, and voltage-clamping
was especially difficult. Eleven control oocytes and eight
PIEZO1-overexpressing oocytes were included. Of them,
four control and six PIEZO1-overexpressing oocytes failed
during the subsequent application of Yodal. Therefore, no

fitted to the current—voltage relation. Boxplots indicate the Oth, 25th,
50th, 75th, and 100th percentile. Outliers are shown as individual
points. The asterisk indicates statistical significance between control
and PIEZO1-injected oocytes (Wilcoxon rank-sum test, p <5%)

reliable statistical evaluation for this condition was possible.
The data under microgravity condition confirmed that there
was no difference between PIEZO1-overexpressing and con-
trol oocytes (Fig. 6).

Discussion and Conclusion

The application of Yodal in our setup and the reference
TEVC triggered a Yodal-senstitive current in PIEZO1
mRNA-injected oocytes but not in control oocytes six days
after the injection. Yodal is known as an agonist of the
PIEZO1 ion channel (Syeda et al. 2015; Lacroix et al. 2018;
Wang et al. 2018; Lin et al. 2022). This demonstrated that
the overexpression of PIEZO1 worked, which was also con-
firmed by proteomic analysis.

Conducting the experiment on the GTB-Pro with our
miniaturized hardware was more demanding than experi-
menting under standard lab conditions, which is reflected
in the high failure rate of the oocytes (ca. 50%). Compared
to traditional microgravity platforms, the GTB-Pro pro-
vides easy access and a much higher repetition rate (Gierse
et al. 2022). This allowed us to repeat the experiment often
enough to compensate for the lost data. In total, 32 con-
trol and 36 PIEZO1-overexpressing oocytes were included
in the first campaign. In the second campaign, with a finer
resolution of the current signal, eleven control and eight
PIEZO1-overexpressing oocytes could be included. None
of the results from either campaign showed a difference
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Fig.5 Microgravity-dependent current acquired in the first experi-
ment campaign with a course current range of + 100 pA. The results
were similar for PIEZO1-overexpressing and control oocytes. Left:
Dots indicate the Oth, 25th, 75th, and 100th percentile of the cur-
rent—voltage relation (delta current before the parabola and in micro-
gravity). Medians are connected by a solid line. Right: Slope of a line

fitted to the current—voltage relation. Boxplots indicate the Oth, 25th,
50th, 75th, and 100th percentile. Outliers are shown as individual
points. The asterisk indicates statistical significance (Wilcoxon rank-
sum test, p<5%). Yodal was applied after the parabola to confirm
overexpression of PIEZO1
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Fig.6 Microgravity-dependent current acquired in the second experi-
ment campaign with a fine current range of + 10 pA. The results were
similar for PIEZO1-overexpressing and control oocytes. Left: Dots
indicate the Oth, 25th, 75th, and 100th percentile of the current—volt-
age relation (delta current before the parabola and in microgravity).

between control and PIEZO1-overexpressing oocytes (Fig. 5
and Fig. 6). Additionally, the small difference between nor-
mal gravity just before the parabola and microgravity was
in the range of the difference seen between two consecutive

@ Springer

Medians are connected by a solid line. Right: Slope of a line fitted
to the current—voltage relation. Boxplots indicate the Oth, 25th, 50th,
75th, and 100th percentile. Outliers are shown as individual points.
No statistical significance was detected (Wilcoxon rank-sum test,
p<5%)

readings under normal gravity conditions in the lab. The
recordings right after the parabola suggest that the oocyte’s
membranes remained intact and that PIEZO1 remained sen-
sitive to Yodal.
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This finding is partly in disagreement with previous
experiments on Xenopus laevis oocytes during parabolic
flights. A study that used an adapted TEVC on native oocytes
showed a reduced current in the voltage-current relation-
ship and a reduced current at —100 mV holding potential in
microgravity (Richard et al. 2012). Another experiment that
also used native oocytes and an adapted patch-clamp setup
showed a tendency toward reduced Ca**-dependent current
in response to a three-voltage step protocol under micrograv-
ity conditions (Wuest et al. 2017). An earlier study using
a similar setup on an oocyte overexpressing the epithelial
sodium channel (ENaC) showed a reduced conductance in
microgravity and an increased conductance during elevated
gravity (Schaffhauser et al. 2011). The reasons for these
disagreements remain speculative at this point. First, the
experiments cannot directly be compared due to the differ-
ences in setups, experiment protocol, sample numbers, and
microgravity duration. Parabolic flights offer up to 22 s of
microgravity time but come with significant limitations due
to safety and organizational constraints (Wuest et al. 2018).
Therefore, exchange of oocytes is limited, leading to low
sample numbers. In this experiment, oocytes were replaced
after each parabola, and oocytes from at least two donor
frogs were used per campaign. This allowed more solid sta-
tistics and reduced the chance of coincidental findings due
to biological variability. Furthermore, the less limiting safety
constraints at the GTB-Pro facility allowed the sharp glass
pipettes required for TEVCs with a high signal-to-noise
ratio. However, these advantages came at a compromise of
a much shorter microgravity period—only approximately
1.8 s in this experiment. Therefore, the recordings had to be
executed very quickly.

Even though we did not observe an instantaneous change
in basal PIEZO1 activity under microgravity conditions,
microgravity could still act as a modulator of the gating
properties in combination with other mechanical stimuli,
such as shear stress, osmotic stress or pocking (Anishkin
et al. 2014). However, in this initial study we refrained from
adding a second mechanical stimulus in microgravity con-
dition. Furthermore, recent publications demonstrated that
PIEZO1 rapidly inactivates in response to a pocking stimu-
lus and fully recovers only after around one minute (Lewis
and Grandl 2020; Wijerathne et al. 2022). This could be
a caveat of the short parabola, as an early inactivation of
PIEZO1 channels could have masked a potential micrograv-
ity effect. Nevertheless, the acquired current signals between
the onset of the parabola and until the first voltage step in
microgravity, did show a systematic change that would sug-
gest altered PIEZO1 activity.

In conclusion, we found no evidence (above the meth-
odological sensitivity threshold) that would suggest altered
basal activity of the mechanosensitive, nonselective cation
channel PIEZO1 in response to short, acute microgravity.

The data also suggest that the current—voltage relation-
ship does not change instantaneously in response to short
microgravity.

Mass Spectrometry based Proteomics Analysis
Sample Preparation

Proteomic analysis was done on oocytes from five donor
frogs six days after injection. Oocytes were washed three
times with phosphate-buffered saline (PBS) and snap fro-
zen in liquid nitrogen. Mass spectrometry-based proteom-
ics analysis was subsequently performed at the Functional
Genomics Center Zurich (FGCZ). Samples were enriched
for membrane fraction using a Mem-PER™ Plus Mem-
brane Protein Extraction Kit (ThermoFisher Scientific,
89,842). Samples were then boiled in a final concentra-
tion of buffered 4% sodium dodecyl sulfate (SDS), pH 8.5
for 10 min at 95°C, followed by mechanical lysis using a
tissue homogenizer (2 X 2-min cycles at 30 Hz, Tissue-
Lyser II, QUIAGEN) and high-intensity focused ultra-
sound (HIFU). Protein concentration was estimated using
the Lunatic UV/Vis absorbance spectrometer (Unchained
Lab), and a protein amount of 25 ug per sample was used.
Subsequently, proteins were reduced and alkylated by add-
ing Tris(2-carboxyethyl)phosphine and 2-Chloroacetamide
to a final concentration of 5 mM and 15 mM, respectively.
The samples were incubated for 30 min at 30°C, 700 rpm,
and light protected. Samples were processed using the
single-pot solid-phase enhanced sample preparation
(SP3). The SP3 protein purification, digest, and peptide
clean-up were performed using a KingFisher Flex System
(Thermo Fisher Scientific) and carboxylate-modified mag-
netic particles (GE Life Sciences; GE65152105050250,
GE45152105050250) (Hughes et al. 2014). Beads were
conditioned following the manufacturer’s instructions,
consisting of three washes with water at a concentration
of 1 pg/ul. Samples were diluted with 100% ethanol to
a final concentration of 60% ethanol. The beads, wash
solutions, and samples were loaded into 96 deep well- or
micro-plates and transferred to the KingFisher. Following
steps were carried out on the robot: collection of beads
from the last wash, protein binding to beads, washing of
beads in wash solutions 1-3 (80% ethanol), protein diges-
tion (overnight at 37°C with a trypsin:protein ratio of
1:50 in 50 mM Triethylammoniumbicarbonat [TEAB]),
and peptide elution from the magnetic beads using MilliQ
water. The digest solution and water elution were com-
bined, dried completely, and resolubilized in 20 ul of MS
sample buffer (8% acetonitrile, 0.1% formic acid, 0.015%
DDM) (n-dodecyl p-D-maltoside).
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LC-MSMS

Liquid chromatography with tandem mass spectrometry
(LC-MS/MS) analysis was performed on an Orbitrap
Fusion Lumos (Thermo Scientific) equipped with a Digi-
tal PicoView source (New Objective) and coupled to an
M-Class UPLC (Waters). The solvent composition of the
two channels was 0.1% formic acid for channel A and 99.9%
acetonitrile in 0.1% formic acid for channel B. The column
temperature was 50°C. For each sample, 0.2 Abs of pep-
tides (based on Lunatic output) were loaded on a commercial
ACQUITY UPLC M-Class Symmetry C18 Trap Column
(100 A, 5 um, 180 pm X 20 mm, Waters) connected to an
ACQUITY UPLC M-Class HSS T3 Column (100 A, 1.8 pm,
75 pm x 250 mm, Waters). The peptides were eluted at a
flow rate of 300 nl/minute. After a 3-min initial hold at 8%
B, a gradient from 8 to 32% B in 80 min and 32% to 42% B
in additional 10 min was applied. The column was cleaned
after the run by increasing to 95% B and holding 95% B for
10 min prior to reestablishing the loading condition.

The mass spectrometer was operated in data-dependent
mode (DDA), prioritizing in-silico digested peptide precur-
sors of PIZEOL1 using an inclusion list, with a maximum cycle
time of 3 s. Funnel RF level was at 40%, heated capillary tem-
perature at 275°C, and advanced peak determination (APD)
on. Full-scan MS spectra (300— 1,500 m/z) were acquired
at a resolution of 120,000 at 200 m/z after accumulation to
an automated gain control (AGC) target value of 500,000 or
for a maximum injection time of 40 ms. Precursors with an
intensity above 5,000 were selected for MS/MS. Ions were
isolated using a quadrupole mass filter with 1.6 m/z isolation
window and fragmented by higher-energy collisional dissocia-
tion (HCD) using a normalized collision energy of 35%. Frag-
ments were detected in the linear ion trap with the scan rate set
to rapid, the automatic gain control set to 10,000 ions, and the
maximum injection time set to 50 ms. Charge-state screening
was enabled, and singly, unassigned charge states and charge
states higher than seven were excluded. Precursor masses pre-
viously selected for MS/MS measurement were excluded from
further selection for 20 s, applying a mass tolerance of 10 ppm.
The samples were acquired using internal-lock mass calibra-
tion on m/z 371.1012 and 445.1200. The mass spectrometry
proteomics data were handled using the local laboratory infor-
mation management system (LIMS) (Tiirker et al. 2010).

Peptide Identification - Mascot - Scaffold

The acquired raw MS data were converted into Mascot generic
format files (.mgf) using ProteoWizard (http://proteowizard.
sourceforge.net/), and the proteins were identified using the
Mascot search engine (Matrix Science, version 2.7.0.1). Spectra
were searched against a Uniprot Mus Musculus proteome data-
base (taxonomy 10,090, version from 20,220,503), concatenated
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to its reversed decoyed fasta database. Methionine oxidation,
acetyl (Protein Nterm) was set as variable modification, and
enzyme specificity was set to trypsin, allowing a maximum of
one missed cleavage. A fragment-ion mass tolerance of 0.4 Da
and a parent-ion tolerance of 10 ppm were set. Scaffold (Pro-
teome Software Inc., version 5.2.2) was used to validate MS/
MS-based peptide and protein identifications. Peptide identi-
fications were accepted if they achieved a false discovery rate
(FDR) of less than 0.1% by the Scaffold Local FDR algorithm.
Protein identifications were accepted if they achieved an FDR
of less than 1.0% and contained at least two identified peptides.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12217-024-10155-3.
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