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Abstract 
Biological membranes are preferentially composed of lipids and proteins, and it is assumed that 
mainly the proteins are responsible for their functional properties. Nevertheless, during the last 
years, the contribution of the plain lipid matrix and its physico-chemical parameters to membrane 
functionality has been shown to be of high relevance. This is also correct for the gravity depen-
dence of cells and organisms which is well accepted since long for a wide range of biological sys-
tems. Thus, the question must be asked, whether, and how far plain lipid membranes are affected 
by gravity directly. In this study we show that the fluidity (viscosity) of plain lipid membranes, as 
well as that of cell membranes, is gravity dependent, using a multipurpose 96-well plate reader in 
the fluorescence polarization anisotropy mode in a parabolic flight mission. Plain lipid vesicles 
and cells from a human cancer cell line have been used in these experiments. Necessarily, mem-
brane-integrated proteins should be affected by this in their function. As a consequence any living 
cell will be able to sense at least basically gravity. 
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1. Introduction 
Biological membranes are preferentially composed of lipids and proteins, and it is assumed that mainly the pro-
teins are responsible for their functional properties, and thus for a possible gravity dependence. 

Gravity indeed is known to influence a lot of physical and biological processes. Biological cells and their 
reactions are no exception. Among others, the behavior of nerve cells and their gravity dependence is very im-
portant with the perspective of manned space missions. Previous experiments with vertebrates showed that, for 
example the speed of neuronal impulses in nerve fibers is slowing down under zero gravity and the nerve pulses 
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are running faster under higher gravitation [1]. There are many ideas about the changed properties of nervous 
systems under microgravity, but the molecular principles are largely unexplored. In previous studies additional 
results have been obtained for different ion channels, which show a changed activity under microgravity [2]-[4]. 
Such changes in ion-channel activity might be well responsible for changes in higher cellular function. Up to 
now, however, it is still open whether these changes are due to direct interaction of gravity with the channel 
forming proteins, or whether gravity interacts with the lipid core of the membrane and thus changes the physical 
state of the membrane. A change, for example, in membrane fluidity could result in the change of function of 
ion-channels. The same would be true for the function of all other integral membrane proteins under conditions 
of variable gravity. 

No direct information is given up to now concerning this question, however, some first results from drop- 
tower experiments have been published, showing that the size of plain lipid vesicles and thus their membrane 
area is gravity dependent, increasing towards smaller gravity values [5]. According to thermodynamical prin-
ciples, the fluidity of the lipid membranes of these liposomes should increase under microgravity. 

A well-know approach to study membrane fluidity directly is the use of fluorescent dyes together with the 
fluorescence polarization anisotropy (FPA) technique [6] [7]. Consequently, we have used a multipurpose 96- 
well plate reader in the FPA mode with DPH (1,6-Diphenyl-1,3-5-Hexatriene) as a fluorescent dye in a parabol-
ic flight mission to investigate the above stated question. Plain lipid vesicles, as well as human neuronal cells for 
comparison, have been used in this study. 

2. Materials and Methods 
2.1. Materials 
All substances and solvents used in the experiments and not stated separately above were purchased from Sig-
ma-Aldrich at least of p.a. grade. Distilled water was from a laboratory distillery. Cell culture medium was pur-
chased from Biochrom. 

2.2. Vesicle Preparation 
Asolectin, a lipid extract from soybean membranes enriched in phosphatidylcholine, was purchased from Sig-
ma-Aldrich. Di-myristoyl-phosphatidylcholine (DMPC) was purchased from Avanti Polar Lipids. This lipid has 
a main phase transition at about 24˚C. 

For the preparation of the vesicles, lipids (20 mg/ml) were dissolved in a solvent-mixture (chloroform: me-
thanol 2:1). The fluorescent dye DPH (10 µM, dissolved in Chloroform) was also added. 9 ml of this solution 
were filled in a flask and the solvent-mixture was removed in a rotary evaporator (400 mbar, 1 h) until the lipid 
was a thin film. To remove the last residue of solvent, the flask was stored in an exsiccator for 2 h. Afterwards 
the lipid-film was rehydrated with 9 ml of buffer (100 mM KCl, 10 mM Tris, pH 7,4), until the lipid has com-
pletely come off the wall. The solution was stored overnight in a fridge. The rehydrated lipid was sonicated for 
30 min and afterwards centrifuged for 10 min (19000 rpm). For a usable vesicle concentration, the supernatant 
was diluted 1:10 with buffer. All the procedures were done with a minimum of light. 

The liposomes were prepared before the flight and 300 µl of liposome solution were filled into the wells of 
the plate. Additionally the reference wells were filled with aqueous solution, and then the plate was tightly 
sealed by an adhesive plastic foil. For the liposome measurements the plate reader was set to the top-read mode. 

2.3. Cell Culture 
The human neuroblastoma cell line SH-SY5Y was used for this experiment [8] [9], in its undifferentiated state 
and after 6-day differentiation with retinoic acid to neuron-like cells [10]. The cells were cultured in DMEM- 
Ham’s F12 medium complemented with 10% FCS, 100 Units/ml penicillin, 100 μg/ml streptomycin in T25 
flasks at 37˚C and 5.5% CO2. 24 hours before the flight the cells were transferred to 96-well plates with clear 
bottom. For an optimal fluorescence yield it was aimed at confluent mono-layers in the 96 wells. 2 hours before 
take-off, during the dyeing protocol, the culture medium was replaced with Krebs-Ringer-Hepes-buffer (KRH) 
of the following composition: 5 mM KCl, 130 mM NaCl, 2 mM CaCl2, 1.2 mM MgSO4 (7 H2O), 1.2 mM 
KH2PO4, 6 mM D-Glucose-monohydrate, 25 mM Hepes. The solution was set to pH 7.4 with NaOH, the osmo-
larity was determined to be ~300 mOsm. 
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The cells were visualized and inspected for viability and adherence by a microscope before and after the 
flights. Detachment of cells was never observed. 

2.4. Assay Preparation for DPH 
DPH was dissolved in DMSO to a stock-solution of 8 mM. The stock-solution was frozen in 5 µl aliquots. For 
loading the cells, the stock-solution was mixed with KRH-buffer to obtain a final concentration of 8 µM in each 
well. For a 96-well plate 5 µl stock-solution was mixed with 4995 µl KRH-buffer. 

The dyeing protocol was as follows: The cell culture medium was removed from the wells and replaced with 
200 µl KRH-buffer, and then it was washed twice with 200 µl KRH-buffer. Following that 50 µl of the DPH- 
KRH-solution were added per well and the plate was incubated in darkness for 45 minutes at room temperature. 
Then each well was washed twice with 200 µl KRH-buffer, avoiding strong light and finally filled completely 
with KRH-buffer. After this procedure the plates were stored in darkness. 

2.5. Sealing Procedures 
The wells were completely filled with vesicle buffer or KRH respectively to avoid air bubbles which could dis-
turb the recording due to their movement under microgravity. To avoid liquid leakage during microgravity the 
whole 96-well plate had to be sealed with sealing foil, suitable for fluorescence applications. 

2.6. FPA Measurements 
All experiments were carried out in a multipurpose 96-well plate reader from BMG-LabTech (PHERAstar FS, 
http://www.bmglabtech.com/en/products/microplate-readers/). The reader was properly housed for the parabolic 
flights, following the safety-rules given in the related documents [11] [12]. 

The reader was used in the FPA mode with the fluorescent dye DPH [13]. DPH was purchased from Sig-
ma-Aldrich. All FPA cell experiments were conducted in the bottom read mode in the kinetic mode. The timing 
was set to 25 samples per well and parabola, for more details see the results section. 

One row of a 96-well plate was used for each parabola with 9 wells filled with liposomes or cells, and three 
wells used as reference with plain aqueous solution. In Figure 1 the situation is demonstrated in some detail. 

Due to the auto-gain function of the plate reader, the wells which were used as references were measured at a 
much higher gain. In these wells no liposomes were present, but only pure Ringer solution with and without 
DPH. In both cases it is known that the fluorescence is very low, this was controlled in the lab, thus the traces in 
flight are taken at very high gain and the absolute values cannot be compared to the data traces directly. 

Each recording started with about 20 seconds in 1 g and lasted until 1 g was reached again after the parabola. 
According to the timeline of DLR parabolic flights [11] [12] a single parabola can be divided into two phases of 
approximately 20 seconds of macrogravity (about 1.8 g) and one phase of about 22 seconds of microgravity. 

2.7. Data Evaluation 
The data were stored on computer by the reader specific software from BMG LabTech, and later offline eva-
luated in a first step using the Mars® software from BMG. The 9 data traces for each parabola were averaged as 
well as the three reference traces. In case necessary, distorted data and outliers were excluded. Then, data traces 
were normalized with the reference traces, as given by the Mars® software. Finally all normalized traces for each 
condition were averaged again. This and the final data presentation were done using the Origin® software. The 
numbers of the different experiments performed are given in the results section. From the final traces, relative 
numbers (compared to 1 g) of fluorescence polarization for each gravity condition were taken and plotted as 
function of gravity value. 

3. Results 
A basic set of processed data from an experiment is given in Figure 2. The upper graph shows averaged original 
data traces as obtained during an Asolectin vesicle experiment. The upper trace in this graph is from the refer-
ence wells, the lower one presents the Asolectin data points. The graph below shows the normalized data. The 
duration of the microgravity and macro gravity phases are in the range of 20 seconds, the 1 g phases last from 1  
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Figure 1. Original recording from a 96-well plate (lower part). The upper traces are two control wells; the lower traces are 6 
vesicle traces from one row recorded during one parabola. Data of distorted wells and outliers from the row were excluded. 
The gravity profile of the parabola can be clearly seen in the traces, in comparison with the gravity profile of the parabola as 
given above the plate data. The reference traces are measured at a higher gain (auto-gain of the reader) which can be seen in 
the significant bigger scatter. 
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Figure 2. Upper part, set of processed (filtered and averaged) original data, the upper trace shows the control wells, the low-
er one the wells with Asolectin vesicles. Clearly the gravity response of the system can be seen. In the lower part the Asolec-
tin data are shown again, normalized by the reference trace. It is obvious that the polarization is lower at lower acceleration. 
 
to about 10 min between the separate parabolas. 31 parabolas are done during one flight. Details are given in the 
material section and the literature [11] [12]. 

3.1. Experiments with Liposomes 
In a first set of experiments we investigated the influence of gravity on the membrane fluidity of Asolectin ve-
sicles at a temperature around 23˚C using fluorescence polarization (FP) of DPH. At this temperature these 
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membranes are definitely in the fluid state. The data from 2 flight days of a parabolic flight campaign are pre-
sented in Figure 3. Obviously fluorescence polarization increases towards higher gravity. Thus, towards this di-
rection membrane fluidity is decreasing, membranes are more fluid (lower viscosity) at lower gravity. 

Next, we repeated the FP experiments with vesicles made from DMPC at 24˚C, thus the membranes of these 
vesicles are in the range of the phase transition. The data are presented in Figure 4. It is obvious that FP is not 
significantly dependent on gravity in this case. According to these experiments one should have in mind that 
membrane compressibility is highest in the range of phase transitions. 

We also tried to perform experiments with frozen membranes, DMPC at temperatures significantly lower than 
23˚C, but were not able to get reasonable results here, due to the fact that stable cooling of the PheraStar was not 
possible on board of the A300. 

3.2. Experiments with SH-SY5Y Cells 
Finally we performed a series of experiments with SH-SY5Y cells in the normal and in the re-differentiated state 
at about 23˚C. In both cases FP increased towards higher gravity, but less than with Asolectin vesicles. Fur-
thermore the gravity dependence membrane fluidity of both cell types was different. The data are presented in 
Figure 5. 
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Figure 3. Gravity dependence of the fluorescence polarization (FP) 
of DPH doped Asolectin vesicles at about 23˚C, thus the vesicle 
membranes are in the fluid state. FP increases with increasing ac-
celeration, accordingly membranes get more fluid at lower acce-
leration. Each data point at least presents the data of at least 20 
parabola. Mean ± SD are shown in the graph. 
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Figure 4. Gravity dependence of the fluorescence polarization (FP) 
of DPH doped DMPC vesicles at about 24˚C, thus the vesicle 
membranes are in the phase transition range. FP is not signifi-
cantly affected by gravity. Each data point at least presents the 
data of 10 parabola. Mean ± SD are shown in the graph. 
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Figure 5. Gravity dependence of the fluorescence polarization (FP) of 
DPH doped SH-SY5Y cells, differentiated and not differentiated (see 
methods section). In both cases, FP increases with increasing gravity, 
less than with Asolectin vesicles and different between the two cell 
types. The latter indicating a changed membrane composition as a con-
sequence of re-differentiation. Each data point represents the results of 
at least 10 parabola. Mean ± SD are shown in the graph. 

 
From the data it is obvious that membrane the fluidity of SH-SY5Y cells significantly increases at micrograv-

ity. 

4. Discussion 
As it is obvious from the results, plain lipid membranes of vesicles in the fluid state are becoming more fluid at 
lower gravity values (the viscosity decreases towards this direction). Although the absolute values are difficult 
to interpret, the trend is obvious and significant. This finding is consistent with earlier results [5] showing a 
slight increase of vesicle size (increase in membrane area) of plain lipid vesicles under microgravity. Experi-
ments with liposomes in the range of the phase transition temperature of the used lipid (DMPC, 24˚C) gave no 
significant gravity dependence of membrane fluidity. According to the fact that the compressibility of lipid 
membranes is highest in the phase transition range [14], this finding is consistent with thermodynamic rules. 
Experiments with liposomes in the crystalline state were not possible under the given experimental conditions. 

Amazingly also the fluidity of cell membranes (SH-SY5Y, both types) significantly changes under different 
gravity conditions, again the fluidity increases at lower gravity values. This should be reflected again by an in-
crease in membrane area of the cells, and thus in cell size, which however, up to now has not been reported. The 
existence of a cell cytoskeleton should, at least during fast changes, inhibit a significant change in cell size, too. 
Thus, a possible increase in membrane area might or must lead to a higher structured surface of the cells. Such 
an effect should be investigated in future experiments. The difference in the behavior of standard SH-SY5Y cell 
and re-differentiated cells cannot fully be explained at present. Nevertheless, both cell types at least changed 
towards the same direction. The difference then in principle might be a consequence of changes in membrane 
composition during re-differentiation [10]. 

The consequences of our results are manifold. The changes in ion-channel properties under changing gravity 
[1] [4] could at least be partially the result of the change of membrane properties, as it is well established that a 
variety of ion-channels are depending in their properties on the physical state of the membrane [15]. 

Our findings furthermore point out a more general dependence of membrane function on gravity, as about all 
membrane proteins will depend in their function on membrane thermodynamics, too. Finally, higher membrane 
functions, and their dependence on gravity, i.e. the propagation of action potentials [16] [17], might be influ-
enced this way. Basically, as a consequence of our results, any biological cell must be considered to have at least 
some residual gravity sensitivity. 

A variety of pharmacological interactions are based on membrane related processes, also in the field of space- 
pharmacology [18]. Our finding point out some new important questions which should be considered in future 
experiments, among them being receptor-ligand interaction, and especially the incorporation of hydrophobic and 
amphiphilic substances into membranes. Changes in incorporation of substances into membranes might have a 
significant influence on the pharmacological action of such substances. 
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