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Mechanical unloading by microgravity (or weightlessness) conditions triggers profound adaptation processes at
the cellular and organ levels. Among other mechanisms, mechanosensitive ion channels are thought to play a key
role in allowing cells to transduce mechanical forces. Previous experiments performed under microgravity have
shown that gravity affects the gating properties of ion channels. Here, a method is described to record a calciumdependent current in native Xenopus laevis oocytes under microgravity conditions during a parabolic ﬂight. A 3voltage-step protocol was applied to provoke a calcium-dependent current. This current increased with extracellular calcium concentration and could be reduced by applying extracellular gadolinium. The custom-made
“OoClamp” hardware was validated by comparing the results of the 3-voltage-step protocol to results obtained
with a well-established two-electrode voltage clamp (TEVC). In the context of the 2nd Swiss Parabolic Flight
Campaign, we tested the OoClamp and the method. The setup and experiment protocol worked well in parabolic
ﬂight. A tendency that the calcium-dependent current was smaller under microgravity than under 1 g condition
could be observed. However, a conclusive statement was not possible due to the small size of the data base that
could be gathered.

1. Introduction
Living organisms respond strongly to daily mechanical load. Higher
organisms as diverse as plants and animals are able to adapt to changing
mechanical-loading conditions. Yet, despite rapid developments in
cellular and molecular biology, very little is known about the molecular
mechanisms used by cells to transduce mechanical forces (mechanotransduction) [1]. Among other mechanisms, mechanosensitive ion
channels (MSCs) (also referred as stretch activated channels) are thought
to play a key role [2]. For many MSCs, it is unclear how the mechanical
force is forwarded to the channel. While some speciﬁc channels are
thought to be linked either directly or indirectly to the cytoskeleton or
the extracellular matrix, others are believed to interact only with the
surrounding lipids [1,3–5]. For the latter channels, the gating mechanism
could be affected by membrane properties and lipid mismatches [1,4,5].
Surprisingly, plain lipid membranes and membranes of the human neuroblastoma cell line SH-SY5Y become more ﬂuid (lower viscosity) as
gravity decreases during parabolic ﬂights [6]. Microgravity (or weightlessness) is known to trigger multiple adaptation processes at the organ
level [7]. Even isolated cells respond to reduced gravity, as observed in

various space-ﬂown cell-culture experiments [8]. This came as a surprise
because gravity becomes a very small force at the cellular or even molecular level, and cells are thought to be unable to detect gravity [9].
Since the properties of lipid membranes depend (among other parameters) on gravity, one could expect that gravity would inﬂuence
speciﬁc ion channels as well. Indeed, the open state probability of porins
isolated from Escherichia coli and incorporated into planar lipid bilayers
decreased under microgravity and increased under hypergravity [10].
Alamethicin, an artiﬁcial pore-forming polypeptide, shows reduced activity under micro- and hypergravity [10–12]. Furthermore, native oocytes from Xenopus laevis as well oocytes that overexpress epithelial
sodium channels (ENaCs) demonstrated reduced membrane conductivity
under microgravity and increased conductivity under hypergravity (in
parabolic ﬂights) [13,14]. Ion channels are the key mediators of action
potentials (APs) in excitable cells. The AP propagation velocity appeared
to decrease under microgravity conditions and increase under hypergravity conditions in intact earthworms and isolated axons of rats and
earthworms [15]. The frequency of spontaneous spiking in leech neurons
increased in microgravity during a drop tower experiment [15]. In
agreement with these results, spreading depression (SD) waves in
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electrode voltage clamp (TEVC) [29] and the custom-made “OoClamp,”
which was designed speciﬁcally for electrophysiological recordings
during parabolic ﬂights.
In the TEVC setup, a single Xenopus laevis oocyte was impaled with
two glass micro-pipettes, allowing for low-impedance access to the
cytosol. The pipettes were ﬁlled with 3 M KCl solutions and an Ag-AgCl
pellet electrode interfaced to the voltage clamp electronics, which
allowed for the measurement and control of the cytosolic potential
(relative to the extracellular medium) via a negative feedback loop
(Fig. 1). Two additional bath electrodes held the extracellular medium at
the ground potential and allowed the transmembrane current to be
measured using a transimpedance ampliﬁer conﬁguration. After the
oocyte was impaled, it was continuously perfused with a physiological
solutions. The perfusion was gravity driven. Solenoid valves allowed for
rapid solution changes in the recording chamber.
The custom-made “OoClamp” has been described previously [14] and
can be thought of as an adapted patch-clamp technique. The
voltage-dependent transmembrane currents of native oocytes were
measured in individual recording chambers, each holding one oocyte. A
patch of the cell's membrane was electrically isolated by pressing the
oocyte against an aperture (Fig. 1). The recording chamber was divided
into two compartments, separated by the membrane patch. Both compartments were ﬁlled with 100Na solution (containing 100 mM NaCl,
1.8 mM CaCl2, 1 mM MgCl2, 2 mM KCl and pH-buffer, see below). They
were each equipped with two Ag-AgCl pellet electrodes that allowed for
the simultaneous application of a deﬁned voltage across the cell patch
and measurement of the corresponding voltage-dependent current. The
lower compartment was formed as a channel and allowed the exchange
of medium in contact with the cell patch. The media exchange was driven
by air pressure (Fig. 2). The medium containers were pressurized with a
pressure controller, such that the medium was pressed out through
capillaries and into the recording chambers. The capillaries (40 cm long
and an inner diameter of 0.18 mm) determined the hydrodynamic
resistance and deﬁned the ﬂow rate together with the perfusion pressure.
Valves before the recording chamber allowed the medium ﬂow to be
controlled. The used medium was collected in a waste bag. The OoClamp
accommodated containers and valves for up to three different media.
Gentle pressure was applied to the upper compartment to prevent the
oocytes from being displaced and to ensure good electrical isolation of
the membrane patch from the remaining cell's membrane (seal). The
voltage and current signals were generated, measured and digitized in
close proximity to the recording chambers. The OoClamp was controlled
via USB with an external laptop. Three OoClamp units were mounted in
an aluminum box, which could be ﬁxed in an aircraft for parabolic ﬂight
(see below). Custom-made software (running on the laptop) was used to
control all three units in parallel and store the acquired data (Fig. 3).

neuronal tissue were slower under microgravity and faster under
hypergravity (in parabolic ﬂights and centrifuges) [16–19]. SD waves are
depolarization waves, which are followed by a refractory period. However, the SD waves were faster during a sounding rocket mission
(TEXUS). The authors speculated that a possible adaptation effect from
the launch could have caused this disagreement [16].
Calcium (Ca2þ) is a ubiquitous intracellular signal responsible for
controlling numerous cellular processes, including the cell cycle, proliferation, differentiation, apoptosis and cytoskeletal remodeling [2,20].
Since several ion channels have been shown to be sensitive to mechanical
load, mechanical load could very well interfere with Ca2þ signaling [2].
The intracellular concentration of free Ca2þ under various gravitational
loads has been investigated in several studies with controversial results.
The intracellular Ca2þ concentration of neuronal cells decreased under
microgravity during a drop tower experiment [21]. Conversely, in a
human neuroblastoma cell line (SH-SY5Y) the intracellular Ca2þ concentration increased under hyper- and microgravity during a parabolic
ﬂight, which was then believed to be due to a memory or hysteresis effect
resulting from increased Ca2þ concentration during the hypergravity
phase [22]. Recent data from the same cell line (SH-SY5Y, undifferentiated state) showed that the intracellular Ca2þ concentration increased
under lower gravity and decreased under higher gravity (parabolic ﬂight)
[23]. The gravitactic unicellular algae Euglena gracilis showed a transient
increase in its intracellular Ca2þ when going from lower to higher accelerations during parabolic ﬂights [24]. The unicellular algae Astasia
showed an increase in its Ca2þ signal upon acceleration and a decrease in
microgravity conditions during a sounding rocket experiment (MAXUS 3)
and a parabolic ﬂight [24,25]. Arabidopsis thaliana cells showed an increase in intracellular Ca2þ concentration under low gravity and a
decrease under hypergravity (parabolic ﬂight) [26].
Here, we describe a method to record a Ca2þ-dependent current in
native Xenopus laevis oocytes under microgravity conditions during a
parabolic ﬂight. Several Ca2þ-permeable ion channels have been
described in native Xenopus laevis oocytes. They can be roughly divided
into voltage-dependent or Ca2þ-store-operated channels [27,28],
whereas the store-operated channels are expected to play a minor role in
the experiment described here. Ca2þ also regulates multiple Ca2þdependent ion channels in the oocytes membrane. Cl, Kþ, Naþ and nonselective cation channels have been described to be Ca2þ-dependent [27,28].
2. Materials and Methods
2.1. Hardware
Two hardware setups were used in this study: the (standard) two-

Fig. 1. Schematic of the functional principle of the TEVC and the OoClamp. In the TEVC setup (left), an oocyte from the Xenopus laevis was impaled with two glass pipettes, which allows
the cytosolic potential to be measured and controlled via a negative feedback loop. Two additional bath electrodes pulled the extracellular medium to the ground potential and allowed the
transmembrane current to be measured. In contrast, with the OoClamp (right), the oocyte was held in a cavity of a silicone chip with a tiny hole at the far end. By applying top pressure, the
oocyte was pressed against this hole to electrically isolate a patch of the cell's membrane. The recording chamber was divided into upper and lower compartments by the membrane patch.
Both were ﬁtted with two electrodes. Also, using a negative feedback loop, deﬁned voltages were applied across the cell patch and the corresponding voltage-dependent current
was measured.
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Fig. 2. OoClamp system. Schematic illustration (left) and photograph (right) of the OoClamp system. The media exchange was driven by air pressure. The medium containers were
pressurized with a pressure controller, such that the medium was pressed out through capillaries and into the recording chambers. Valves before the recording chamber allowed the
medium ﬂow to be controlled. The used medium was collected in a waste bag. Gentle pressure was applied to the upper compartment to ensure good electrical isolation of the membrane
patch. The OoClamp was controlled via USB with an external laptop. Saponin solution was injected with 2-ml syringes into the upper compartment of the recording chamber after the
oocyte was placed and the top pressure was applied (not shown in the left illustration). Approximately 120 μl of Saponin was injected by slowly turning a thread.

ions to pass [30,31]. Saponin was injected after the oocyte was placed in
the recording chamber, ensuring that only the oocyte's upper hemisphere
was perforated. Before the experiments, 2-ml syringes were ﬁlled with
1% saponin solution. After the top pressure was applied and stable
contact was formed between the oocyte and the silicone chip, approximately 120 μl of saponin was injected into the recording chamber, by
slowly turning a thread. This resulted in a ﬁnal saponin concentration of
approximately 0.3%.

The OoClamp's recording chamber was modiﬁed from those used in
previous parabolic ﬂights [14]. The oocyte was held in a cavity of a silicone chip with a 0.3 mm diameter hole at the bottom (Fig. 1). By
applying top pressure, the oocyte was pressed against this hole to electrically isolate a patch of the cell's membrane. Because the silicone was
too soft to support a 0.3 mm hole reliably, the chip was reinforced with a
glass slide, which had a thickness of approximately 0.3 mm. The 0.3 mm
hole was drilled into the glass slide before the silicone was cast around it.
The ﬂuid in contact with the membrane patch was exchanged using a
micro-ﬂuidic chip, which was also cast in silicone (similar to the previous
design). The two silicone chips were placed in a polymethyl methacrylate
(PMMA) housing, which held the two silicone chips, the electrodes and
the tubing for the ﬂuids.
Saponin solution was injected into the upper compartment of the
recording chamber to create electrical access to the cytosol (Fig. 1).
Saponin selectively removes membrane cholesterol and leaves holes in
the membrane with a diameter of approximately 100 Å, which allows

2.2. Experiments with the TEVC
The experiments with the well-established TEVC were used to validate the Ca2þ-dependent current recordings obtained with the OoClamp.
An oocyte was placed in the TEVC and impaled with two glass pipettes.
The oocyte was then voltage clamped at 30 mV (holding potential) and
continuously perfused with 100Na (see below). A 3-voltage-step protocol, adapted from Courjaret et al. [32], was applied to the oocytes. The

Fig. 3. OoClamp rack. Three OoClamp units, accessory materials, spare parts and medium containers were ﬁxed in a closed aluminum box. The box could be opened under 1 g conditions
to access the OoClamps and replace the oocytes. The power supply and laptop were ﬁxed outside of the box. The rack was mounted to the aircraft ﬂoor with two aluminum base plates.
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resting Ca2þ concentration was ﬁrst recorded using a depolarizing
voltage jump from 30 to þ40 mV. The following hyperpolarization step
at 180 mV increased the driving force for Ca2þ and allowed Ca2þ to
ﬂow through open plasma membrane channels, which activated further
chloride channels. The third voltage jump was again a depolarization
step to þ40 mV. The difference in the mean current between the two
depolarization steps was an indicator of the Ca2þ inﬂux during the hyperpolarization step (Fig. 4). All of the voltage steps were 0.5 s long.
This 3-voltage-step protocol was applied to the same oocytes while
they were perfused with 100Na containing various concentrations of
Ca2þ (0, 2, 5, 10 and 20 mM). The oocytes were left to recover at the
holding potential of 30 mV for 1 min between two subsequent recordings. In total, the experiment was repeated on 47 oocytes from three
different frogs.
We further tested if the current could be blocked by the nonspeciﬁc
Ca2þ-channel blocker gadolinium (Gd3þ) [33–38]. Oocytes were exposed
to 100Na containing 2 mM Ca2þ, Ca2þ-free 100Na and 100Na containing
2 mM Ca2þ plus 1 mM Gd3þ. As before, the oocytes were left to recover at
the holding potential of 30 mV for 1 min between two subsequent recordings. The experiment was repeated on 42 oocytes from three
different frogs.
All of the acquired currents were normalized (per oocyte) to the
standard perfusion with 100Na containing 2 mM Ca2þ. The pooled data
were plotted as box plots using Matlab (R2012b).

As described above, with the TEVC, the oocytes are impaled with
micro-pipettes, which guarantee electrical access to the cytosol, and the
membrane of the whole cell contributes to the current signal. For the
OoClamp, in contrast, the oocyte does not have to be punctured, which is
a major advantage during parabolic ﬂights. However, this advantage
comes at the cost of three restrictions. First, the electrical access to the
cytosol has to be created with a membrane permeabilizing agent like
saponin. This should allow for electrical access without damaging the
membrane too much, so that the oocyte remains intact for the period of
the experiments. Second, the measurement is done across a small patch
with an area approximately 40 times smaller than the surface area of the
whole cell. Therefore, the current signal is concomitantly smaller. Third,
the seal resistance formed between the oocyte and the silicone chip is at
best a few hundred kOhms and much smaller than in regular patch
clamping, for instance. Therefore, the 3-voltage-step protocol had to be
modiﬁed. During the hyperpolarization step, the potential was decreased
to 250 mV and the duration was prolonged to 4 s. The two depolarization steps were left the same at þ40 mV for 0.5 s. As for the TEVC
protocol, the difference in mean current between the two depolarization
steps was considered to be an indicator of the Ca2þ inﬂux during the
hyperpolarization step (Fig. 4).
As described in the Results section, the difference in mean current
between the two depolarization steps depended on the extracellular Ca2þ
concentration. We veriﬁed whether this ﬁnding could be reproduced on
the OoClamp. The 3-voltage-step protocol was applied to the same oocytes while their membrane patches were perfused with 100Na containing 0, 2 or 20 mM Ca2þ. (Due to the limited space in the aircraft, the
OoClamp only allowed up to three different solutions to be tested.) The
oocytes were left to recover at the holding potential of 30 mV for 1 min
between two subsequent recordings. In total, the experiment was
repeated on 66 oocytes from three different frogs. The acquired currents
were normalized (per oocyte) to the standard perfusion with 100Na
containing 2 mM Ca2þ. The pooled data were also plotted as box plots
using Matlab (R2012b).
We further tested the protocol introduced above during a parabolic
ﬂight (see section Parabolic ﬂight). The 3-voltage-step protocol was
applied to the same oocytes under 1 g and microgravity conditions. The
membrane patches were perfused with 100Na containing 1.8 mM Ca2þ.
The oocytes were left to recover at the holding potential of 30 mV for at
least 1 min between two subsequent recordings. Due to the long recovery

2.3. Experiments with the OoClamp: on ground and during parabolic ﬂight
The experiments performed on the OoClamp were similar to those
performed with the TEVC. The recording chamber was ﬁrst ﬁlled with
100Na, and an oocyte was placed inside the chamber. Then, the chamber
was closed, and a nominal top pressure of 30 mbar was applied. The
membrane patch was continuously perfused with 100Na using a nominal
perfusion pressure of 150 mbar. Subsequently, it was veriﬁed that the
oocyte made a tight contact with the silicone chip by applying a series of
voltage steps. The seal resistances between the oocyte and the silicone
chip were typically 100–200 kOhm. Seal resistances below 65 kOhm
were excluded from the data analysis. Furthermore, a clear current
transient had to be visible when applying a voltage step. Then approximately 120 μl of 1%-saponin solution was slowly injected into the upper
compartment. Finally, the oocytes were voltage clamped at 30 mV.

Fig. 4. 3-voltage-step protocol. The ﬁrst step was a depolarization step to determine the resting Ca2þ concentration. The following hyperpolarization step increased the driving force for
Ca2þ, allowing Ca2þ to ﬂow through open plasma membrane channels. The third voltage jump was another depolarization step. The difference in mean current between the two depolarization steps (ΔI) was used as an indicator of the Ca2þ inﬂux during the hyperpolarization step. The protocol had to be adapted accordingly because of the differing characteristics of
the TEVC (left) and the OoClamp (right).
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before the experiments and then ﬁlled into 2-ml syringes.

period, it was impossible to conduct recordings during the hypergravity
phases, before and after the microgravity phase. Three oocytes were always recorded in parallel. The oocytes were replaced in ﬂight after four
subsequent parabolas.
Before each execution of the 3-voltage-step protocol, the seal resistance was determined by applying a series of voltage steps. The seal
resistance was used as a quality check for the contact of the oocyte to the
silicone chip. Because lipid bilayers are impermeable to charged particles, they behave like capacitors to voltage steps. Therefore, a short
current transient is detectable upon applying a voltage step to an oocyte.
This transient indicates the movement of charges to or from the membrane. The current transients obtained from the seal resistance measurements were ﬁtted to the following equation to compute the time
constant τ:

3. Results
As described in the Materials and Methods section, a 3-voltage-step
protocol was applied to the oocytes. The difference in mean current between the two depolarization steps was used as an indicator of the Ca2þ
inﬂux during the hyperpolarization step (Fig. 4). This 3-voltage-step
protocol was conducted under various extracellular Ca2þ concentrations
(0, 2, 5, 10 and 20 mM). The differences in mean current between the two
depolarization steps increased as the extracellular Ca2þ concentration
increased (Fig. 5). This current could be reduced by adding 1 mM Gd3þ
(Fig. 5). The Ca2þ dependency of the protocol could also be reproduced
qualitatively with the OoClamp, since the differences in mean current
between the two depolarization steps increased as the Ca2þ concentration increased at the membrane patch (Fig. 6).
In the context of the 2nd Swiss Parabolic Flight Campaign, we tested
the method and hardware described above. Furthermore, we examined if
the Ca2þ-dependent current was also gravity dependent. Measurements
were conducted under 1 g and microgravity conditions. Due to the
limited space and the limited number of parabolas, only nine oocytes
could be ﬂown. As described in the Materials and Methods section, data
were only included if the seal resistance was greater than 65 kOhm and a
clear current transient was visible upon applying a voltage step. Data
from two oocytes had to be excluded completely, as did parts of the data
from four oocytes. All of the data from three oocytes could be used. One
oocyte was used in the second to last and in the last block of parabolas.
The last block of parabolas included the two partial gravities equal to
those of the Moon and Mars. Because for each partial gravity only one
recording could be acquired, these two data points were excluded from
the data analysis. Due to the small data base, a conclusive statement was
not possible. However, overall, the difference in mean current between
the two depolarization steps tended to be smaller under microgravity
than under the 1 g condition (Fig. 7).
To determine the seal resistance, a series of voltage steps was
executed before each application of the 3-voltage-step protocol. The time
constant of the resulting current transient was computed from the two
largest voltage steps—from 30 to 100 mV and from 100 to 30 mV.
This time constant indicates how quickly the capacitance of the lipid
membrane is charged. The time constants determined under the 1 g and
microgravity conditions were compared. Overall, the time constant was
longer under microgravity than under the 1 g condition, but again a
conclusive statement was not possible (Fig. 8).

t=
τ

it ¼ i0 ⋅e

where t represents the time, i0 is the current when t equals zero and it is
the current at any arbitrary time for t larger than zero.
2.4. Parabolic ﬂight
The parabolic ﬂight was conducted on an Airbus A310 operated by
Novespace (Bordeaux, France) as part of the 2nd Swiss Parabolic Flight
Campaign. During the parabolic maneuver, the aircraft initially pulled up
and climbed using engine thrust. This phase was accompanied by
hypergravity of up to 1.8 g for around 20 s. Then, the thrust was reduced
and the aircraft's nose was lowered, such that it followed a ballistic trajectory. During this period, lasting approximately 20 s, the aircraft was in
a free-fall like state, and microgravity was experienced. Finally, the
aircraft pulled out of the ballistic trajectory into horizontal ﬂight. This
phase was again accompanied by hypergravity of up to 1.8 g. Four subsequent parabolas were repeated every 3 min. Three blocks of parabolas
were ﬂown, interrupted by a longer pause, which allowed for the in-ﬂight
exchange of the oocytes. The fourth and last block consisted of three
parabolas: one with lunar gravity (0.16 g), one with Martian gravity
(0.38 g) and the last with microgravity.
The experimental implementation was designed according to the requirements and guidelines of Novespace. Three OoClamp units, accessory materials, spare parts and medium containers were ﬁxed in a fully
closed aluminum box. The bottom of the box was reinforced with an
aluminum plate, which allowed the ﬁxation of the hardware and ensured
mechanical stability. The box could be opened under 1 g conditions to
access the OoClamps and replace the oocytes. A power supply was ﬁxed
in an aluminum frame outside of the box. A laptop to control the three
OoClamp units was placed on the frame. The aluminum box and frame
were both ﬁxed to two aluminum base plates, which permitted the entire
structure to be mounted to the aircraft ﬂoor (Fig. 3).

4. Discussion and conclusion
We have developed and tested a method that allows for Ca2þdependent current in Xenopus laevis oocytes to be measured during
parabolic ﬂights. Conducting experiments in an aircraft performing
parabolic maneuvers comes with a number of requirements and constraints. To increase the statistical signiﬁcance, an experimental design
was chosen that allowed the oocytes to be exchanged in ﬂight. Because
the dedicated pause between blocks of subsequent parabolas was limited,
the oocyte replacement needed to be quick and easy to perform. We
therefore introduced the custom-made OoClamp, which does not require
micromanipulation of glass pipettes, as is the case with the TEVC. This
major advantage comes at the cost of some limitations. First, no micropipettes guarantee electrical access to the cytosol, so access to the
cytosol needs to be created with a membrane permeabilizing agent such
as saponin. Saponin has the advantage of creating electrical access within
several seconds and not damaging the membrane too much, such that the
oocytes remained intact for the duration of the experiments. However,
the impedance of the electrical access currently cannot be reliably
quantiﬁed. Nevertheless, data from the ground-based studies indicate
that access with sufﬁciently low impedance was created. If the 3-voltagestep protocol was applied to an oocyte before saponin was injected, the

2.5. Chemicals and oocytes
Native oocytes were obtained from the University of Zurich
(Switzerland) and Ecocyte (Castrop-Rauxel, Germany). Fresh oocytes
were prepared by the respective organizations and transported readily to
the dedicated facilities for experiments.
The oocytes were kept at 17  C in modiﬁed Barth medium, containing
in mM 88 NaCl, 1 KCl, 0.41 CaCl2, 0.82 MgSO4, 2.5 NaHCO3, 2 Ca(NO3)2
and 7.5 HEPES-TRIS, adjusted to a pH of 7.5. In the TEVC and the
OoClamp, the oocytes were perfused with 100Na, containing in mM 100
NaCl, 1.8 CaCl2, 1 MgCl2, 2 KCl and 10 HEPES-TRIS, adjusted to a pH of
7.4. For the Ca2þ-dependent experiments, 100Na was used, with Ca2þ
being replaced by 2, 5, 10 and 20 mM Ca2þ. In the medium containing no
Ca2þ, 1 mM EGTA (Ethylene glycol-bis(2-aminoethylether)-N,N,N0 ,N'tetraacetic acid) was added instead. During the experiments conducted
with Gd3þ, the oocytes were exposed to 100Na that also contained 2 mM
Ca2þ and 1 mM Gd3þ. Saponin was dissolved to a 1% solution in 100Na
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Fig. 5. Results from the TEVC. The 3-voltage-step protocol was conducted under various extracellular Ca2þ concentrations (0, 2, 5, 10 and 20 mM). The differences in mean current
between the two depolarization steps increased as the extracellular Ca2þ concentration increased. This effect could be reduced by adding 1 mM Gd3þ. The acquired currents were
normalized (per oocyte) to the standard perfusion with 100Na containing 2 mM Ca2þ. The central red line represents the median. The edges of the box represent the 25th and 75th
percentiles, respectively. The whiskers extend to the most extreme data points, excluding outliers, which are plotted individually. The Ca2þ-dependency experiment was repeated on 47
oocytes and the Gd3þ-dependency experiment was repeated on 42 oocytes, originating from different 3 frogs. (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)

formed between the oocyte and the silicone chip was, at best, a few
hundred kOhms and was much smaller than in regular patch clamping,
for instance. This explains why the absolute currents were well within the
microampere range (Fig. 4). Because of these limitations, the 3-voltagestep protocol had to be adjusted for the OoClamp.
A 3-voltage-step protocol, adapted from Courjaret et al. [32], was
used to trigger a current, which depended on the extracellular Ca2þ
concentration. Data recorded by the TEVC showed that the current
increased with increasing extracellular Ca2þ concentration, and that the
current could be reduced by the application of Gd3þ (Fig. 5). Gd3þ is a
nonspeciﬁc ion channel blocker, that is also known to block
Ca2þ-dependent currents [33–38] and MSCs [39]. The Ca2þ dependency
of the protocol could also be reproduced qualitatively with the OoClamp
(Fig. 6). The difference between the two setups can be explained by the
limitations of the OoClamp (discussed above).
In the context of the 2nd Swiss Parabolic Flight, we tested the method
presented here and examined if the Ca2þ-dependent current was also
gravity dependent. Due to limited space and limited repetitions of parabolas, only nine oocytes could be measured in ﬂight. Because part of
the data had to be excluded, the overall data base became too small to
make a conclusive statement. However, the overall tendency was that the
differences in mean current between the two depolarization steps was
smaller under microgravity than under the 1 g condition. This could
indicated that some ion channels have a reduced open state probability in
microgravity. As a side observation, we noticed that the time constant of
the current transient seen at voltage steps tended to be longer under
microgravity than under the 1 g condition. This suggests that the
capacitance of the lipid membrane was charged more slowly under the
microgravity condition. However, it was impossible to determine what
exactly caused a change in the time constant with the OoClamp described
here. A change in the capacitance of the upper (permeabilized) and/or
lower (patched) membrane and/or a change in the electrical resistances
between the upper and lower electrodes may have led to the observed
change in the time constant.
In previous experiments, the viscosity of lipid membranes decreased
(became more ﬂuid) under low gravity condition [6]. Increasing ﬂuidity,
due to rising temperature [40–42] or membrane tension [43], correlates
with membrane thinning. The thinning of the membrane in return would
increase the capacitance of the membrane, which could explain the
longer time constant. The membranes of plain lipid vesicle have shown a

strong decreasing current seen during the hyperpolarization step (Fig. 4)
remained constant. This indicated a pure ohmic resistance, and the corresponding current represented the seal resistance between the oocyte
and the silicone chip. Furthermore, no difference in mean current between the two depolarization steps was detectable before saponin was
injected into the upper compartment of the recording chamber. A second
limitation was that the measurement was done across a small membrane
patch. With the TEVC, the entire membrane of the oocyte contributed to
the signal. Since the area of the membrane patch in the OoClamp was
approximately 40 times smaller than the surface area of the whole cell, a
correspondingly smaller signal was expected. Finally, the seal resistance

Fig. 6. Results from the OoClamp. The 3-voltage-step protocol was conducted under three
extracellular Ca2þ concentrations (0, 2 and 20 mM). Similar to the results with the TEVC,
the differences in mean current between the two depolarization steps increased as the
extracellular Ca2þ concentration increased. The acquired currents were normalized (per
oocyte) to the standard perfusion with 100Na containing 2 mM Ca2þ. The central red line
represents the median. The edges of the box represent the 25th and 75th percentiles,
respectively. The whiskers extend to the most extreme data points, excluding outliers,
which are plotted individually. The experiment was repeated on 66 oocytes from different
3 frogs. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
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Fig. 7. The 3-voltage-step protocol conducted under 1 g and microgravity conditions. The plot indicates the differences in mean current between the two depolarization steps of all data
points that could be included. Red circles indicate the microgravity condition, whereas the green circles indicate the 1 g condition. The blue lines indicate the linear regression. Overall, the
differences in mean current between the two depolarization steps tended to be larger under 1 g than under the microgravity condition. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)

slightly higher capacity in hyper- and microgravity during a parabolic
ﬂight. However, the authors could not rule out that the effect was due to
changes in membrane geometry [44]. Since the properties of membranes

are thought to inﬂuence the behavior of membrane proteins, including
ion channels [1], gravity could inﬂuence the gating properties of speciﬁc
ion channels. In fact, this was detected in several previous experiments

Fig. 8. The time constant of the resulting current transient was computed from two voltage steps: from 30 to 100 mV (top) and from 100 to 30 mV (bottom). The plots show all data
that were included. The red circles indicate the microgravity condition, whereas the green circles indicate the 1 g condition. The blue lines indicate the linear regression. Overall, the time
constant tended to be longer under microgravity than under the 1 g condition. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version
of this article.)
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[10–14]. The data obtained during the test ﬂight suggest that the transmembrane Ca2þ-dependent current could be reduced under microgravity. This is in agreement with the results from previous experiments
[10,13,14]. The current provoked with the 3-voltage-step protocol could
also be blocked with Gd3þ. Gd3þ is also known to block MSCs [39],
including in native Xenopus laevis oocytes [45].
In conclusion, the OoClamp setup and the experiment protocol
worked well during the parabolic ﬂight. The data presented here suggest
that the transmembrane Ca2þ-dependent current could be reduced under
microgravity conditions. In addition, the time constant of the current
transient tended to be longer under microgravity, which suggests that the
membrane capacitance was charged more slowly. However, a conclusive
statement was not possible due to the limited amount of data that could
be acquired. We have therefore applied for upcoming parabolic
ﬂight campaigns.
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