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Summary. Neuronal tissue and especially the central nervous system
(CNS) is an excitable medium. Self-organisation, pattern formation, and
propagating excitation waves as typical characteristics in excitable media
consequently have been found in neuronal tissue. The properties of such
phenomena in excitable media do critically depend on the parameters
(i.e., electromagnetic fields, temperature, chemical drugs) of the system
and on small external forces to which gravity belongs. The spreading de-
pression, a propagating excitation depression wave of neuronal activity,
is one of the best described of the those wave phenomena in the CNS.
Especially in the retina as a true part of the CNS it can be easily ob-
served with optical techniques due to the high intrinsic optical signal of
this tissue. Another of such waves in neuronal tissue is the propagating
action potential in nerve fibres. In this paper, data from our laboratories
concerning the influence of gravity on the velocity of propagating waves
in excitable media are summarized mainly in terms of the retinal spread-
ing depression and propagating action potentials. Additionally, we have
used waves in gels of the Belousov—Zhabotinsky reaction as the physico-
chemical model system of biological activity as the properties of these
waves follow the same theories as the spreading depression and action
potentials and they have some striking similarities in wave behavior.
Thus propagating Belousov—Zhabotinsky waves are described by their
gravity dependence.
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propagation.

Introduction

Spreading depression (SD) waves as an example of self-or-
ganisation and pattern formation in neuronal tissue have
been observed in all parts of the vertebrate central nervous
system (CNS), including the retina (Leao 1944, Fernandes
de Lima et al. 1999). Such SD waves, after a proper stimu-
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lus, are typically propagating through the tissue with a ve-
locity of 3—5 mm/min and are accompanied by a variety of
parameter changes in the tissue, e.g., potential changes,
changes in ion homeostasis, variation of intra- and extra-
cellular space, changes in ion channel parameters of the
cells involved, and finally also changes in the optical prop-
erties of the tissue. All changes concomitant with the SD
are transient, thus the tissue completely recovers after a
certain period. The wave itself is followed by an absolute
refractory period of about 1 min and a relative refractory
period of up to 20 min (Fernandes de Lima et al. 1999).

Although known for more than 50 years, some basic
mechanisms of SD waves are still not fully understood.
Additionally, in the last decade the medical relevance of
SD became more obvious as SD waves are involved in a
variety of pathophysiological events including global am-
nesia, certain forms of epilepsy, early poststroke events,
and especially classical migraine (Milner 1958).

The properties of SD waves according to the theory of ex-
citable media depend critically on the chemical and physical
parameters of the system and on changes in these param-
eters. Thus, small changes in system parameters can result
in dramatic changes in the measured properties of the SD
waves due to intrinsic amplification and feedback of ex-
citable media (Fernandes de Lima et al. 2002, Fujieda et al.
2001, Hanke et al. 1998).

Also, waves in excitable media and thus SD waves are
critically depending on small external forces to which grav-
ity belongs, and indeed SD wave parameters are reacting to
gravity changes (Hanke et al. 2001). Gravity is a small but
permanently present stimulus on Earth, the presence of
which might have severe consequences for the behavior of
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the system anyhow, as well as changes of gravity in possi-
ble environments with a gravity different from the Earth
value will affect SD waves and consequently the CNS.

Until now only very little is known about the influence of
gravitation on the properties of neuronal tissue due to its
behavior as an excitable medium. However, another basic
process in neuronal tissue, propagating action potentials
(AP), can also be seen as waves in excitable media, which
thus should consequently react to gravity changes. This has
been proven recently (Meissner et al. 2003) as an important
finding itself, but additionally the AP results may serve
to explain the behavior of SD waves under conditions of
changing gravity. The data about propagating APs in nerve
fibers have been confirmed by measurements utilizing spon-
taneously spiking neurons from leech in the drop tower in
Bremen. It was found that the number of APs per time unit
changes when gravity changes (Meissner and Hanke 2005).

SD waves finally are known to behave quite similar to
the well-described waves in the Belousov—Zhabotinsky
(BZ) reaction in oscillating chemical media (Zaitkin and
Zhabotinsky 1970). It has been found that BZ waves in-
deed depend on gravity, too (Fujieda etal. 1999, 2001;
Piqueira et al. 2003). According to some striking similari-
ties of the systems, it can be expected that effects found in
BZ experiments at least partially can also be assigned to
SD and AP experiments, thus waves in the BZ reaction
can ideally serve as a model for excitable systems.

Independent of the similarities between AP, SD, and BZ,
and the fact that very similar theories (Tuckwell and Miura
1978) have been applied for all systems, their basic mecha-
nisms are significantly different. Whereas BZ waves are ba-
sically dependent on diffusion mechanisms and chemical
reactions in a chemical soup, SD waves are dependent on
the properties of single cells of the neuronal tissue with all
their metabolic and membrane events, the connectivity, and
other properties of the neuronal tissue. APs in their classi-
cal mechanistic interpretation are dependent on membrane
processes and here mainly on ion channels (voltage-
activated fast-inactivation sodium channels). As already
mentioned, the occurrence and propagation of SD waves
also depends mainly on the membrane processes like the
action of ion channels and ion pumps. Therefore, the grav-
ity dependence of the ion channels may also explain mech-
anistically the gravity dependence of the SD waves.

Finally, some types of ion channels themselves are depen-
dent in their parameters on gravity, as has been shown by re-
cent experiments (Wiedemann et al. 2003) and might also
contribute to explaining the gravity dependence of APs and
SD, and membrane potential of cells as measured by fluo-
rescent dye changes under microgravity (Meissner 2005).
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In this paper we summarize some data about the gravity
dependence of APs, SD waves, and waves in BZ systems.
First, in order to provide a novel approach to the question
of how living systems, especially the CNS, might perceive
gravity independently of specialized organs; and second,
to demonstrate that basic properties of the brain are grav-
ity dependent and thus possibly also the mental capabili-
ties of humans in space, with a variety of consequences
for future manned spaceflight.

In all SD experiments cited we used the well-established
system of the retinal SD due to experimental advantages in
its observation by its high intrinsic optical signal (IOS)
(Fernandes de Lima and Hanke 1997, Fernandes de Lima
etal. 1999). According to its ontogenesis, the retina is a
true part of the brain and has some striking advantages
compared with in vivo SD experiments or brain slice prepa-
rations. The outstanding advantage is the very high IOS of
the waves, which is caused by changes in light scattering,
due to cell volume changes and is up to three decades
higher than in other parts of the brain. This high IOS al-
lows the observation of SD waves in the retina even with
the naked eye and experimentally with all standard video
techniques. By video imaging techniques, the behavior of
retinal SD waves can be measured resolved in time and
space, which is usually not as easy with electrophysiolog-
ical techniques. BZ wave experiments, especially in gel
systems, can be performed by almost the same techniques.
APs experiments cited have been investigated in a variety
of electrophysiological approaches (Meissner et al. 2003).

Material and methods

Spreading depression waves

Retinal eyecups were prepared from 7- to 21-day-old chicken as described
in detail previously (Fernandes de Lima etal. 1999). The eyecups were
then mounted in chambers adequate for the experimental platform used.
Typically a Ringer solution (100 mM NaCl, 6 mM KCI, 1 mM MgSO,,
1 mM CaCl,, | mM NaH,PO,, 30 mM NaHCO;, 10 mM Tris, 30 mM glu-
cose, pH 7.4) was used for the experiments. The chambers were mounted in
a setup either in the aircraft, for 25 s microgravity experiments (1072 g), or
on the platform of a sounding rocket. Figure 1 shows the setups used. The
retinas were always observed with digital video cameras to record the I0S
of the waves and data were stored on videotape for later computer-based
video imaging and evaluation. Temperature was controlled and kept at
about 30 °C. SD waves were elicited mechanically with fine needles that
were integrated into the cover (4 needles per chamber) and were moved by
remote control of a stroke magnet for the sounding-rocket experiments.
During parabolic flights, one stimulation needle was integrated flexibly in
the experiment chamber and was hand-operated. The primarily investigated
parameter of the waves was their propagation velocity. Velocity was always
measured relative to control values measured at 1 g. Furthermore, the la-
tency of the waves was also measured from the videos as the time interval
between the stimulus and the onset of the wave. This latency has been
shown to be a reliable measure for the excitability of the tissue (Weimer
and Hanke 2005). Finally, changes of the IOS induced by variations in
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Fig. 1a, b. Setups for SD experiments. a The experiment module for the
sounding-rocket experiments consists of two identical platforms, each with
4 chambers containing the retinas and 4 camcorders for data acquisition. b
The setup used for the SD experiments on parabolic flights consists of a
dark box containing two experiment chambers and two camcorders above

gravity were recorded. As a complete IOS recording of an SD wave accord-
ingly lasts about 15 min (Fig. 2), only partial recordings were possible in
the sounding rockets and only the first peak was recorded in the parabolic-
flight experiments. To the different phases of the IOS, molecular processes
can be assigned as given in Fig. 2 and thus changes in these processes as in-
duced by microgravity can be estimated from the analysis of the IOS data.

Belousov—Zhabotinsky reaction waves

Silica gels for the BZ reaction were made according to a procedure modi-
fied from Yamaguchi etal. (1991). In brief, a solution (5ml of 5%
Na,Si,0;, 1 ml of 25 mM ferroin solution, 0.5 ml of H,O bidest, 1 ml of
1 M H,SO,) was given right at the bottom of proper chambers to a height of
about 20 mm. After polymerization, gels were covered with 0.33 M H,SO,
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Fig. 2. Complete IOS recording of a retinal SD wave with its different
phases. The mechanistic processes which are the basis of the different
phases are: activity of ion channels in the rising part of the first phase,
increase in pump activity in the falling part of the first phase, and meta-
bolic processes and ATP build-up in the second phase. The first phase is
indicated in dark grey, the second phase in pale grey
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Fig. 3. The new setup from our laboratory to be used for gel type exper-
iments with the BZ reaction on sounding rockets; most probably it will
be used on a Brazilian VS30 sounding rocket

and then stored. Before use, the H,SO, was removed and the chamber was
filled with a reaction solution (0.33 M malonic acid and 0.33 M NaBrO;
dissolved in 0.3 M H,SO,). The chambers with the gels were then placed in
the centrifuge for hypergravity controls, and waves were monitored with a
digital video camera and stored on tape for later data evaluation. Alterna-
tively, chambers were mounted in the platform of a Brazilian VS30 sound-
ing rocket for microgravity experiments. Figure 3 shows the new setup used
for BZ experiments in sounding rockets. From the video recordings of the
BZ reaction, the propagation velocity of the waves was calculated and val-
ues are displayed relative to 1 g control experiments. Spontaneously active
gels were used in all experiments, thus latencies could not be determined.

Propagating action potentials

Living earthworms were mounted in specifically constructed plastic
chambers for parabolic-flight experiments and stimulated electrically by

Fig. 4. a Complete setup for AP recording from earthworm (intact ani-
mal and isolated nerve) during parabolic flights. b Details of the cham-
bers used for keeping the animals in proper shape during the flights
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Fig. 5. Montage of a series of consecutive photos of an SD wave propagating in retinal tissue. The temporal spacing between 2 photographs is 1 s.
The stimulus is marked in the fourth frame, and the elicited wave can be seen as an increasing milky area in the tissue

current pulses of defined length and amplitude to exhibit propagating
APs in the dorsal nerve (Meissner et al. 2003). During parabolic-flight
experiments, the chambers were mounted in dark boxes. APs were
recorded at two distances from the stimulation spot, and the propagation
velocity and the latency of the APs were calculated. Data were always
stored additionally on a tape recorder and a computer for later detailed
evaluation, to find differences between AP velocities at the different
gravity phases of the flights, i.e., 1g, microgravity, and 1.8 g. Giant
nerve fibers from earthworm were prepared as described in the literature
(Meissner and Hanke 2005). They were mounted in chambers with low-
melt agarose and hydrophobic gaps and APs were elicited electrically as
in intact earthworms. The recording technology for the APs was identi-
cal to that for the intact earthworms. In Fig. 4 some details of the setup
for AP recording in a parabolic-flight mission are shown. Finally, the be-
havior of spontaneously spiking neurons from leech was investigated in
electrophysiological experiments in a drop tower.

Results

SD waves propagate in neuronal tissue with a velocity of
about 3—-5 mm/min. In the retina as a true part of the CNS,

Table 1. Gravity dependence of retinal SD wave propagation velocity*

Gravity condition Change relative to 1 g controls

Velocity Latency
Microgravity, parabola 3% slower 30-60% longer
(n = 66) (n=12)
Microgravity, Texus 3-8% faster 14-30% longer
(n=06) (n=06)
1.8 g, parabola 2% faster NDP
(n = 66)
2 g, centrifuge 3-10% faster ND
(n = 66)
3 g, centrifuge 6—8% faster ND
(n=16)

 Possibly in Texus experiments the retina first adapts to the high accelera-
tion at launch and then recovers only on a 5-15 min timescale. This, as well
as the latency for hypergravity, has to be checked in future experiments

b ND, not determined
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Fig. 6. Temporal development of a retinal SD wave given by stacking one line through a photo in time, the wave is given by the bright triangle in the
figure, the slope of the border of this triangle depicts the wave propagation velocity. The mechanical stimulus to elicit the wave is the line at the top
of the figure. The latency is the interval between stimulus and true wave onset

these waves are accompanied by a striking I0S. A mon-
tage of photographs of an SD in a retina is given in Fig. 5
to demonstrate this. From such recordings, the propagation
velocity of SD waves can be recorded under conditions of
different gravity conditions. In parabolic-flight campaigns,
1g, 1.8 g for periods of about 20 s, and microgravity for
periods of about 25 s are given. In sounding-rocket experi-
ments, during takeoff a longer period (in the minute range)
of high gravity, up to about 10 g, is given followed by a pe-
riod of about 6 min of microgravity (Texus). From such
experiments, the gravity dependence of the propagation
velocity of SD waves has been extracted and the results
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Fig. 7a, b. Partial recordings of the IOS of a retinal SD wave from a
Texus flight. a 1 g control; b microgravity, directly after the beginning
of the microgravity phase. As can be seen, the recordings, depicting rel-
ative changes in tissue brightness, are different in a variety of their param-
eters in a complex manner. The recording length is about 3 min. The
y-axis is scaled in arbitrary units of brightness

summarised qualitatively in Table 1. Obviously, SD wave
propagation velocity and latency (see below) are gravity
dependent, however, in a nontrivial manner.

From the video recordings, stacks can be constructed as
given by an example in Fig. 6, showing the behavior of
wave propagation in time. From such stacks, the period
between the stimulus eliciting the wave and the true wave
onset (latency) can be taken, being a measure for the ex-
citability of the tissue. As can be also seen from Table 1,
latency depends on gravity, too, getting longer at decreas-
ing gravity. Consequently, waves will be elicited more dif-
ficultly under microgravity.

Finally, the IOS as a time-dependent recording of tissue
brightness can be recorded as pointed out in the Material
and methods section. In Fig. 7, two recordings are shown,
one under 1 g control conditions, the other after a period
of high acceleration after a Texus launch at the beginning
of the microgravity period. There are some clear changes
to be seen in the IOS, especially the falling part of the first
phase of the IOS seems to be shortened; however, for a se-
rious interpretation more data will be necessary at longer
lasting hyper- and microgravity phases, especially to get
information about adaptation and long-lasting processes.
It has to be taken into account here that the SD-related
IOS lasts for about 15 min and that the relative refractory
period of a wave is of the same duration.

BZ waves, especially in gels, behave similarly to SD
waves and amazingly have about the same propagation ve-
locity (Fernandes de Lima etal. 1999). In Fig. 8, again a
montage of a series of photographs is given to depict this.
The propagation velocity of BZ waves in gels is only
slightly gravity dependent, as shown in Fig. 9. The effects in
fluid systems, however, are much more dramatic (Fujieda
et al. 1999). One reason for this might be different diffusion
rates in the fluid and the gel systems. Future sounding-
rocket experiments will help to find out more details about
the mechanisms involved. As the BZ waves are always mea-
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Fig. 8. Series of three photographs of propagating BZ waves in a gel as can be compared to Fig. 5 for the retinal SD. The size of the chamber is
about 10 by 10 cm, the time difference between the 3 photographs is 1 min each
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Fig. 9. Gravity dependence of BZ wave propagation velocity at 1 g and
6 g. These results are from centrifuge experiments in the laboratory, un-
der conditions otherwise identical to the sounding-rocket experiments.
The symbols on the x-axis indicate the direction of the propagating BZ
waves according to the gravity vector

sured in spontaneously active systems, latencies cannot be
determined; however, in future experiments, the number of
waves in a given time interval possibly can be taken as a
comparable measure.

Additionally, for both types of waves, SD and BZ, it
could also be that not only the gravity amplitude itself but
also the orientation of the wave propagation relative to the
gravity vector affects the wave parameters. For both the
SD and the BZ waves, the biggest effects of hypergravity
were found when the wave propagates in the direction of
the gravity vector (Wiedemann et al. 2002).

APs are affected by gravity in a complex manner, and
the results so far are summarised in Table 2. Both latency
and velocity are affected. Additionally, the number of APs
in a given time interval increases in single-cell experi-
ments with spontaneously active neurons.

Table 2. Gravity dependence of properties of APs*

Gravity condition and Change relative to 1 g controls

sample
Velocity Latency
Microgravity in 3% slower about 1% longer,
parabola, earthworm (n=172) sometimes also shorter
(n = 25)
Microgravity in drop NDP up to 30% shorter®
tower, leech neuron (n=3)

Microgravity in <1% slower no clear change

parabola, axon (n = 49)

1.8 g in parabola, <1% faster no clear change
axon (n = 49)

1.8 g in parabola, 2-31% faster up to 12% longer
earthworm (n=72)

* The original data had a very high scatter, especially concerning latency,
thus the presented results are indicating principles and direction of
changes better than accurate values

b ND, not determined

¢ Given by a higher number of spikes in a spontaneously active cell

Discussion

The CNS is a thermodynamical open system, far from
equilibrium with feedback, amplification, and nonlinear
properties (Hanke etal. 1998). Thus, it is an excitable
medium by definition, allowing self-organisation, oscilla-
tions, and propagating waves to exist. This is generally ac-
cepted, and an increasing number of experiments have
been presented to verify the concurring theories. However,
excitable media not only allow certain structures to show
up but also are critically dependent on system parameters
and small external forces. For system parameters of the
CNS, especially those of chemical nature, this is widely
accepted and the SD has been thoroughly investigated in
its pharmacology dependence (Fernandes de Lima et al.
1999).
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Other questions, especially concerning the action of
small external forces of physical nature on the CNS, are
still more controversially discussed. To these belongs the
interaction of the CNS with small electromagnetic fields,
which presently is a highly popular question.

Another small external force is gravity, which usually is
constant at 1 g on earth. However, during possible future
manned spaceflights constant 1 g will no longer hold, and
it must be asked whether changes in gravity (longer and
short-lasting) might cause direct changes in the behavior
of the CNS.

Our experiments (Wiedemann and Hanke 2002, Wiede-
mann et al. 2002, Meissner et al. 2003) and those of other
groups (Fujieda etal., 2001, Pojman etal. 1997) have
clearly proven that gravity interacts with excitable media,
especially the CNS, changing their behavior, as it has been
shown that some processes of CNS tissue are affected by
gravity, for example, the retinal SD. Concluding from
these experiments that classical migraine might be reduced
under microgravity is surely a popular and true statement;
however, the consequences are much more dramatic.

Basic processes in the CNS such as the parameters of
ion channels in cell membranes and the resting potential
of cells interact with gravity (Wiedemann et al. 2003).
The open-state probability of some ion channels decreases
at microgravity and membrane potential gets depolarised
(Meissner 2005). The interaction of gravity with ion chan-
nel parameters could be a direct action of the gravitational
force on the molecule being the ion channel. Alternatively,
gravity could change the thermodynamics of the entire
membrane and by this affect membrane fluidity and thus
induce changes in ion channel parameters (open-state
probability).

Propagating APs (which behave like waves in excitable
media themselves) have been demonstrated to depend on
gravity in their parameters (Meissner et al. 2003, Meissner
and Hanke 2005), slowing down at microgravity and hav-
ing a smaller latency, which would be consistent if the
above statement about ion channels can be generalized.
According to the fact that SD waves strictly depend on the
parameters of cells of the neuronal tissue and on the elec-
trical connectivity of this tissue, changes in SD wave
propagation under microgravity could be expected. Our
results are thus consistent and might help to understand
the direct action of gravity on neuronal tissue.

The different results about SD wave propagation from
parabolic flights and from the sounding-rocket mission
can be explained by long-term adaptation (the IOS of an
SD wave lasts about 15 min, indicating recovery from
adaptation on the same time scale) of the tissue to the
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conditions of hypergravity given during the launch of the
rocket.

Nevertheless, future experiments should be performed
to investigate in more detail the gravity dependence of
vertebrate nerves and ion channels to clearly address the
uprising questions.

Obviously, not only the behavior of the cardiovascular
system, the sensory system, and muscles and bones have
to be taken into account in the physiology of manned
spaceflight (Keller and Sahm 2000), but also the human
brain itself, which as a consequence of the results pre-
sented in this paper must surely directly interact with
gravity. The question can thus no longer be whether this
interaction is given, but what are the consequences, as this
is basically an open question presently. Experiments di-
rectly involving human physiological and neurophysiolog-
ical experiments under conditions of changing gravity are
thus a challenge for the future.
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