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Electrophysiological experiments have shown that neuronal activity changes upon exposure to altered
gravity. More specifically, neurons’ firing rates increase during microgravity and decrease during
centrifugal-induced hypergravity. Different biophysical explanations have been proposed for this
phenomenon; however, they have not been backed by quantitative analyses or simulations. More
generally, classical computational models of neurons and networks do not account for the effect of
altered gravity, which limits the possibility to perform in-silico experiments and simulations. Here, we
propose computational implementations for different effects of altered gravity on cellular functions,
and modify existing models to account for the effect of micro- and hyper-gravity. Firstly, in line with
previous experiments, we suggest that microgravity could be modeled as an increase in the voltage-
dependent channel transition rates, which is assumed to be the result of a higher membrane fluidity
and can be readily implemented into the Hodgkin—-Huxley model. Using in silico simulations of single
neurons, we show that this model of the influence of gravity on neuronal activity allows for reproducing
the observed increased firing and burst rates. Secondly, we explore the role of mechano-gated (MG)
ion channels on population activity. We show that recordings can be fitted by a network of connected
excitatory neurons, whose activity is balanced by firing rate adaptation. Adding a small depolarizing
current to account for the activation of MG channels also reproduces the observed increased firing and
burst rates. Overall, our results fill an important gap in the literature, by providing a computational link
between altered gravity and neuronal activity. Starting from historical observations of the effects of
gravity on cellular functions, we derived gravity-sensitive models of neurons and networks, whose
predictions could be refined using future experiments.

During spaceflight, humans experience a variety of physiological
changes due to deviations from familiar Earth conditions. Specifically,
the lack of gravity is responsible for a variety of effects observed in
astronauts, including a loss of muscle mass and bone density as a result
of musculoskeletal deconditioning'~* and modifications of the vestib-
ular and cardiovascular systems immediately upon microgravity
exposure’. These impairments also include structural, as well as
functional changes of the brain: an elevated intracranial pressure
possibly leading to neuro-ophthalmic anatomical changes (space-
flight-associated neuro-ocular syndrome, or SANS)””, an increased
total ventricular volume”®, and altered neurotransmitter functions and
neurotrophic factors’.

Given the rising interest and need to conduct experiments in micro-
gravity conditions and the cost and complexity of accessing the Interna-
tional Space Station (ISS), different gravity research platforms have been
developed on Earth to study the impact of gravity. Different types of 2D
clinostats are mostly used to simulate microgravity in the lab'®''. Real
microgravity can be achieved by larger gravity research platforms, including
drop towers”, sounding rockets'*", and parabolic flights with large
aircraft'", single-engine aircraft'®, and gliders". Similarly, the effect of
hypergravity can be studied using centrifuges* or an aircraft performing
high-bank turns™.

Several of these platforms have already been employed to study how
neuronal activity is impacted under altered gravity. Previous
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electrophysiological experiments have revealed different effects, including a
higher firing rate”™, as well as a higher intracellular calcium
concentration'', following exposure to microgravity. Similarly, experiments
using multi-electrode arrays (MEA) reported an increase in the firing rates
of neurons during microgravity phases and opposing effects upon exposure
to hypergravity”'. These initial changes in spontaneous action potential
spiking frequency were compensated within a minute time range, hinting at
an adaptation mechanism.

Different phenomena have been proposed to explain the increased
firing rate during microgravity and the decreased firing rate during
hypergravity. First, a possible explanation is that microgravity increases
the membrane fluidity of neuronal cells, which modifies properties of the
ion channels. More specifically, a previously proposed model** hypo-
thesizes that an increase in membrane fluidity modifies the open-state
probabilities of ion channels, hence leading to a depolarization of the cell
and to an increase in the spontaneous firing rate. Although intuitive, this
model is purely qualitative and has not been backed by analytical
computations or simulations. In computational models, a neuron is
often described by a set of parameters, e.g., its membrane time constant
T, Or its ion channel conductance g. A proper description of how these
parameters might be impacted by altered gravity conditions is currently
missing.

A second explanation for the increased firing and burst rates in
microgravity is based on the role of mechanosensitive ion channels, which
operate as gravireceptors in eukaryotic cells*. They have been shown to be
widely present in the nervous system”’, including hippocampal™ and pyr-
amidal neurons”. These mechano-gated (MG) ion channels have been
observed to generate inward currents and to elicit spiking activity in neu-
ronal cells”’. The modified neuronal activity during periods of altered gravity
has thus been attributed to the activity of MG ion channels, whose stretching
during acceleration and deceleration phases might impact neuronal
activity”'. But the final effect of an inward current on firing rates is going to
strongly depend on the properties of the studied neuron population. Spe-
cifically, these MG channels would have different effects depending on
whether the observed neurons are isolated or show signs of synchronized
activity; whether their recurrent connections are mostly excitatory or
inhibitory; or whether they are impacted by non-linear dynamical effects,
such as short-term depression or firing rate adaptation. To date, these fea-
tures have not been characterized in the neuron cell types used in altered
gravity experiments.

First, in section “A proposed model of the effect of gravity on ion
channels’ gating rates”, we propose that the effect of altered gravity on
neuronal dynamics could be represented as an acceleration of the rate at
which voltage-dependent ion channels switch from open to closed
configurations, i.e., as a decrease of the time constants 7,(V), 7,,,(V), and
7,(V). This is in line with a set of previous observations reporting a
modification of the fluidity of the cell membrane in altered gravity, and a
direct link between membrane lipids and ion channels. We verify that
decreasing these time constants during in-silico simulations allows us to
reproduce the increased firing and burst rates observed during altered
gravity experiments (section “In-silico simulations of single cell activity
under altered gravity”).

Second, in section “Observed synchronized bursts can be explained by
spike frequency adaptation”, inspired by ref. 30, we propose a computa-
tional model to explain the activity of networks of neurons in microgravity.
Human stem cell-derived neuronal cells, which have already been used in
microgravity experiments, have two remarkable features: they are mostly
excitatory, and show slow oscillations of coordinated activity’'. We show
that these features can be accounted for by a network of connected excitatory
leaky integrate-and-fire (LIF) neurons whose recurrent connections are
balanced by firing rate adaptation. We verify that injecting an external
depolarizing current into the network (to model the activation of MG
channels) also allows us to reproduce the increased firing and burst rates
observed during altered gravity experiments (section “In-silico simulations
of single cell activity under altered gravity”).

Results
A proposed model of the effect of gravity on ion channels’
gating rates
A classically used model of the time evolution of the membrane potential of
a neuron, and especially of how action potentials are generated, is called the
Hodgkin-Huxley model’”. It consists of a set of differential equations,
describing the evolution of the cell voltage as a function of its ion channels
conductances; the evolution of these conductances as a function of the open
probabilities of the channels; and the evolution of these probabilities as a
function of their voltage-dependent gating rates.

The standard equation describing the time evolution of the voltage V of
a single-compartment model of a neuron (see” for a detailed derivation) is

av

where C,,, is the specific membrane capacitance (in F-m ) and i,, is the total
membrane current. The latter can be expressed as the sum of a delayed-
rectified potassium current, a transient sodium current, and a leakage
current:

iy =g (V = Ex) + &g’ h(V — Ey) + (V= E)) ()

where Ej, En,, and Ex are the reversal potentials, and g, , g,» and g are the
maximal surface conductances (in S'm™?).  corresponds to the probability
that a subunit in a potassium channel is activated and hence contributes to
the opening of the K* channel. Similarly, m and h express the activation and
inactivation probabilities of the Na™ conductances. The time evolution of
these gating variables can also be described by a set of differential equations:
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where a,(V) and S,(V) are the voltage-dependent opening and closing rates
of the subunit gates, which are usually obtained by fitting on experimental
observations (see ref. 33 for a detailed discussion). Eq. (3) can also be written
as
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(similar equalities can be derived for the other gating variables 1 and h). The
time constants 7,,(V) (Eq. 6), 7,,(V), and 7,,(V) thus govern the dynamics of
channel subunits, i.e., the rate at which they open and close.

Altered levels of gravity have been observed to act on the activity of
single ion channels™**, but more importantly have been shown to act on the
fluidity of the cell membrane itself. Studies using random positioning
machines (RPM) reported a dramatic increase in the fluidity of cell mem-
brane models under simulated microgravity conditions””. The increased
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fluidity under microgravity (and reciprocally the reduced fluidity during
hypergravity) has been further observed in different membranes™ and
under different altered gravity modalities™”.

In a previously proposed model”*, a link between gravity-induced
changes in fluidity and firing rates was suggested: it hypothesized that an
increase in membrane fluidity modifies the properties of ion channels, hence
leading to a depolarization of the cell and to an increase in the spontaneous
firing rate. Although heuristic, this model is purely qualitative and has not
been backed by quantitative analyses or simulations.

However, several independent studies reported that ion channel
functions are regulated by the cell membrane’s lipid microdomains™, and
that lipid binding sites exist on ion channels, yielding fluidity-dependent
interactions between them™. More specifically, arachidonic acid has been
shown to increase the rate of voltage-gated calcium channel activation
kinetics"', while lipid gating influences the activity of potassium channels™.
Additionally, a modulation of acetylcholine receptors by membrane lipids
was highlighted” (although the lipid composition is more important than
bulk membrane fluidity for ion channel function®'), as well as a link between
medium temperature, membrane fluidity, and channels closing rate®.

We propose to represent the effect of microgravity on computational
models of neurons by a unitless multiplicative constant A, which is applied to
the opening and closing rates a,(V) and B,(V), and hence to the time
constants 7,(V), 7,,(V), and 7,(V) (Fig. S1). The classical gating equations
(Egs. 3-5) thus become

n
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with A = 1in 1g A < 1 in hypergravity, and A > 1 in microgravity. Figure S1
shows that, for a given voltage, increasing the value of A decreases the gating
time constants (left panel) without modifying the gating steady-state levels
(right panel). Our approach allows us to reconcile two independent
observations: the fact that microgravity impacts the cell membrane

fluidity”**>*"*; and the fact that membrane lipids impact the channels'
functions

39-45

In silico simulations of single cell activity under altered gravity
Next, we sought to assess the effect of A on simulated neuronal activity, and
especially to verify that a higher value of A (to represent the effect of
microgravity) would reproduce the different features observed during
experiments, namely a higher firing rate and burst rate—and that a value of A
set below 1 would reproduce the reduced activity observed following the
onset of hypergravity in centrifuge experiments. Simulations were per-
formed using the Brian neuron simulator’® and the numerical values
described in Methods.

Figure 1A shows the firing rate of a neuron simulated by the
Hodgkin-Huxley model as a function of the input current I added to Eq. (2)
and of the value of A in Egs. (9-11). For a given input current, the firing rate
increases with A, which is in line with experimental observations. We ver-
ified that this result is robust to the values used in the simulation by ran-
domly varying the values of the neuron’s parameters and checking that a
higher value for A robustly leads to a higher firing rate (Fig. S2). Figure 1B
shows the time evolution of the voltage of the same neuron for an input
current ] =0.35nA. A shorter time constant for the gating variables leads to a
faster voltage increase, an earlier time to first spike, and a shorter inter-spike
interval.

Figure 1C shows the effect of A on the open probabilities of the
potassium and sodium channels, i.e., Px = #* (left column) and Py, = m’h
(right column). The upper row shows their time evolution in the same

condition as in Fig. 1B, while the bottom row shows the average value of Px
and Py, during 2s of simulation (normalized by the number of action
potentials). The end results in the lower row are independent of I, since the
firing rate is nearly linear with I for sufficiently large values (see Fig. 1A).
These results show that, under our modeling assumptions, an increase in A
does not increase the opening probabilities of the ion channels, but rather
accelerates the time at which the Na* conductances activate. Previous stu-
dies had reported seemingly contradictory results on the effect of altered
gravity on ion channel opening probabilities™ . Additionally, previous
qualitative models of the increased firing rates observed in microgravity
were based on the assumption that microgravity exposure would reduce the
ion channels' opening probabilities, ultimately yielding an increased firing
rate”. However, ion channels are dynamical systems, for which the opening
probability cannot be reduced to a single time-invariant value. Furthermore,
they are not isolated, and their dynamics are voltage-dependent and cor-
related to the activity of other channels in the cell. Here, we suggest a more
nuanced approach to the effect of gravity on ion channels, in which altered
gravity does not simply modify the baseline opening probabilities of
channels but rather acts on their dynamics.

Finally, we also verified that varying the value of the parameter A allows
us to reproduce experimental observations not only in isolated neurons, but
also in more realistic networks of recurrently connected neurons. To do so,
we simulated the activity of a population of N = 4000 connected
Hodgkin-Huxley neurons (whose parameters are described in Table 1), and
verified that increasing the value of A leads to an increase in both the
population firing rate (Fig. 1D, left) and burst rate (Fig. 1D, right). In line
with previous studies™, we define a burst as a group of consecutive spikes
separated by less than 20 ms. These results are akin to what has been
previously observed during altered gravity experiments™.

Observed synchronized bursts can be explained by spike fre-
quency adaptation

In addition to the role of cell membrane fluidity, another possible expla-
nation for the altered neuronal activity involves MG ion channels, whose
activation in altered gravity phases would depolarize cells”. However,
although this explanation makes sense for single isolated neurons, the effect
of an inward current on recurrently connected neurons would depend on
the properties of the network. More specifically, it would depend on its
excitation-to-inhibition ratio, and on the presence of non-linear dynamics,
such as short-term plasticity or firing rate adaptation. Such features have not
been characterized in the cell lines classically used in altered gravity
experiments.

Such cell lines usually include human stem cell-derived neuronal cells
(i.e.,iNGN cells) (seeref. 31 and ref. 21 for a detailed discussion), which have
two main remarkable features. Firstly, their population activity shows
synchronized bursts and action potentials (Fig. 2A, and Figure 3C in ref. 31)
at a low frequency (ie., <1Hz), which is a telltale sign of recurrent con-
nections among neurons. Secondly, the vast majority of these connections
are supposed to be excitatory: synchronized activity in iNGN neuronal cell
lines is abolished by glutamate receptor blockers, and although inhibitory
GABAergic synapses appear in the last stages of cell development, inhibitory
neurons only make up approximately 2.3% of the whole population after
30 days of cell growth”. This is significantly below the level of inhibition
which is classically assumed to be necessary for stable self-sustained
population activity®.

Similar low-frequency oscillations had been previously observed in
neuronal populations, especially during sleep, anesthesia, or in-vitro when
using a mock cerebrospinal fluid (CSF)**. Moreover, different computa-
tional models have been proposed to reproduce and explain them. In*, the
authors augment the classical Hodgkin-Huxley model with a slow sodium-
dependent potassium current, which mediates the transition between up
and down states (respectively characterized by higher and lower levels of
spontaneous activity). However, this model relies on an important popu-
lation of inhibitory neurons to stabilize the strong recurrent excitation
during the up state. In™", the authors propose a simpler model (based on LIF
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Fig. 1 | In silico simulations of single cell activity under altered gravity.

A Frequency-current curve of a simulated Hodgkin-Huxley neuron (whose para-
meters are described in Table 1) for different values of A. Inset: firing rate as a
function of A for I = 0.7nA. B Time evolution of the membrane voltage for the same
cell as in A. Inset: zoom on the first ms of the simulation, showing the earlier
depolarization induced by a higher value for A. C Evolution of potassium Py (left
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column) and sodium Py, (right column) channel opening probabilities for the same
cell as in A. Upper row: time evolution of these probabilities for I = 0.35nA. Lower
row: average (over T = 2s) value of these probabilities (normalized by the number of
spikes during the simulation). D Mean firing and burst rates (averaged across all
neurons) in a network of connected Hodgkin-Huxley neurons as a function of A.
Solid line: mean value over 30 repetitions. Shaded area: s.e.m.

neurons) to reproduce these slow oscillations, but here again the recurrent
excitation needs to be balanced by inhibitory neurons. This does not
coincide with the very low proportion of inhibitory neurons in the observed
population in ref. 21.

However, other phenomena, such as firing rate adaptation™ and short-
term depression™, have been proposed as ways to stabilize the coordinated
activity of connected excitatory neurons without inhibitory feedback. In line
with™, we model the evolution of the voltage potential V in the presence of
an injected current I using the adaptive Exponential Integrate-and-Fire
model (AdEx), which can be seen as a simplification of Eq. (2) in that it
neglects the individual ion-specific dynamics:

V-V
—T)+I—w (12)
AT

C, dd—‘: =—g,(V—E)+gA; exp(
where C,, is the cell total membrane capacitance, g; is the total leak con-
ductance, E is the effective rest potential, Ay is the threshold slope factor,
and V7 is the effective threshold potential. The last term w (which is not
present in Eq. 2) tends to hyperpolarize the cell following a spike, hence
reducing the probability of a subsequent spike and leading to spike-rate
adaptation. It is increased by a quantity b following each spike, and
otherwise decays with a time constant 7,,:

dw
TWE:a(V_EL)_W (13)

We verify that the stable self-sustained slow oscillations observed in
neuronal cell lines (Fig. 2A) can be reproduced by a model consisting of a

population of LIF neurons recurrently connected by excitatory synapses,
whose activity is balanced by firing rate adaptation, without the need for an
inhibitory population (Fig. 2B). Across all simulated neurons, the average
firing rate was 10.85 + 1.39 Hz and the average burst rate was 0.44 + 0.05 Hz,
which is in agreement with the experimental values reported in Fig. 2D, E in
ref. 21. Note that using adaptation to induce regular bursting in in-silico
networks had already been implemented in a different study, although with
different models of neurons and synapses and still assuming a small sub-
population (5%) of inhibitory neurons™.

The model reproduces features of network activity observed in
altered gravity

Finally, after having identified the main features of the neuron networks
used in altered gravity experiments (i.e., excitatory recurrent connections
and population activity stabilized by firing rate adaptation), we verified that
injecting an additional current onto this network (to represent the activity of
MG channels) allows us to reproduce the increased firing and burst rates
observed during the dynamic phases of altered gravity experiments. This
acceleration-induced current is represented by an extra term I) in the right-
hand side of Eq. (12):

V-V
7T) +I-w+I (14)
AT

av
C, s - (V—E)+gAr exp(
Figure 3A shows the raster plot for the same network as in Fig. 2B, for I}
= OpA (top) and I) = 10pA (bottom). Figure 3B shows the main firing rate
(left) and burst rate (right) of the network (averaged over all neurons) as a
function of I. Both the firing and burst rates increase with I, which is in line
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with experimental observations. More specifically, hypergravity experi-
ments using the same hiPSC-derived neurons on the DLR human centrifuge
in Cologne, Germany have reported decreased neuronal activity compared
to baseline recordings during exposure to 6g hypergravity (as detailed in
section In-silico simulations of single cell activity under altered gravity), but
also increased activity during both the ramp-up and ramp-down phases of
the centrifuge (Figure 2D and E in ref. 21). These ramp-up and ramp-down
phases correspond to a dynamic modification of the perceived acceleration,
during which MG channels are likely to be activated and to contribute to the
depolarization of the cells.

In addition to its potential effect on ion channel dynamics (which was
previously suggested in section “A proposed model of the effect of gravity on

Table 1 | Parameter values used in Fig. 1 (similar values as
in ref. 66)

Name Value Description

A 2x107*cm? Membrane area

Cm 1pF-cm2A Membrane capacitance

a. 5x107°S.cm2A Membrane conductance

Ok 30x10°S.cm2.A Potassium conductance

Ina 100 x 107*S.cm™2.A Sodium conductance

E, —60 mV Leakage reversal potential

Ex —-90mV Potassium reversal potential

Eng 50 mV Sodium reversal potential

Vin —63mV Spike threshold potential

Te 5x107°s Decay time constant (excitatory
synapses)

T 10x107%s Decay time constant (inhibitory
synapses)

We 6nS Conductance quantum
(excitatory synapses)

w; 67 nS Conductance quantum
(inhibitory synapses)

B omVv Reversal potential (excitatory
synapses)

E; —-80mV Reversal potential (inhibitory

synapses)

The detailed equations for the Hodgkin-Huxley model and the COBA synapses used in Fig. 1 are
also described in ref. 66.

Units

20
Time [s]

30

Fig. 2 | Observed synchronized bursts can be explained by spike frequency
adaptation. A Raster plot of detected action potentials on 14 units observed from a
human stem cell-derived neuronal network (same setting as in ref. 21). Spike sorting
was performed using SpikeInterface’”” and the MountainSort 5 algorithm™.

o

V [mV]

V [mV]

ion channels’ gating rates”), the gravity-induced modification of cellular
membrane fluidity”**”** could also impact the activity of cell networks by
modifying synaptic transmission. Indeed, both exocytosis and endocytosis,
which are critical for synaptic transmission, are dependent on the fluidity of
the cell membrane: a high tension will increase the exocytosis rate™ while
also decreasing the endocytosis rate”**. These phenomena are still observed
in the active zones of nerve terminals and happen over a fast time scale,
making them potentially relevant for the rapid modification of neuronal
activity following the onset of altered gravity. Since both endocytosis and
exocytosis are critical for synaptic transmission, whether the decrease of the
former and the increase of the latter (which are both induced by an increased
membrane fluidity) will compensate each other, or whether one effect will
dominate, remains an open question. However, it was also suggested that
centrifugation hypergravity stress alters both neurotransmitter reuptake
and exocytotic release of glutamate®: the effect of hypergravity (resp.
microgravity) could thus be computationally represented as a decrease
(resp. increase) of the connection weights in the simulated network. We
added an offset w' to the base post-synaptic potential amplitude w,.
Interestingly, increasing the connection weights in the network increases its
overall firing rate (Fig. 4A, left), as observed in microgravity, but also reduces
the bursting rate (Fig. 4A, right): the inter-burst interval grows with w, but
so does the length of each burst (Fig. 4B), ultimately yielding an increased
firing rate. This negative correlation between firing rate and burst rate in
bursting networks had already been identified and discussed in previous

theoretical studies™.

Discussion

Neuronal activity has been observed to be gravity-dependent. More speci-
fically, MEA recordings have shown that the firing and burst rates of cul-
tured stem cells increase during drop tower-induced microgravity and
decrease during centrifuge-induced hypergravity, with important variability
between neuron subtypes™. This is in line with calcium activity recordings of
hippocampal neurons obtained during parabolic flights, which showed that
more neurons are active during altered gravity than during the 1 g baseline
period, and that inter-spike intervals are shorter during microgravity phases
compared to hypergravity phases®'.

However, literature on how to model this phenomenon is sparse. On
the one hand, a qualitative model has been proposed, based on the influence
of gravity on ion channels™; but it neither accounts for correlated
dynamics of ion channels nor for possible connectivity between neurons.
On the other hand, classical computational models, such as the
Hodgkin-Huxley model, or recurrent networks of in silico neurons, do not
incorporate a gravity parameter that enables the representation of altered
gravity effects. Here, our approach proposes computational

_50 4

—100 1

._.50 4

—100+

Time [s]

B Membrane voltage of 2 example cells from a simulated network of connected LIF
neurons (without inhibition but with firing rate adaptation). Dashed dark line:
action potential threshold. Numerical values used for the simulations are described
in Table 2. Bursts happen regularly approx. every 5s.
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Fig. 3 | The model reproduces features of network activity observed in altered
gravity. A Simulated raster plot of the same network as in Fig. 2B for different values
of I'in Eq. (14). ATop: I = OpA. Bottom: I, = 10pA. B Firing rate (left) and bursting
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over all neurons and over ten repetitions with random initial cell membranes.
Shaded area: s.e.m.
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Fig. 4 | Gravity-induced modifications of synaptic transmission. A Firing rate
(left) and bursting rate (right) in the same network as in Fig. 2B for different values of
w? added to w, in Table 2. Solid line: value averaged over all neurons and over ten
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repetitions with random initial cell membranes. Shaded area: s.e.m. B Voltage traces
for two example neurons and for different values of w?, showing the increasing inter-
burst interval with increasing values of w?.

implementations of how gravity impacts neuronal activity, which are
coherent with both recorded neuronal activity under altered gravity and
previous observations on how a variety of cellular functions are gravity-
dependent.

Many different parameters could be modified in silico to yield a change
in firing and burst rates. However, a mechanism through which gravity
alters neuronal activity should satisfy two points: First, it needs to be fast
since modified neuronal activity upon altered gravity exposure happens on
very short (seconds) time scales’’. Second, variations should have been
observed to occur during altered gravity experiments beforehand. A first
effect of gravity was repeatedly observed on the fluidity of the cellular
membrane™*>**, Based on this effect, a seminal explanatory model states
that exposure to altered gravity modifies the physical properties of the cells’
membrane, ultimately altering their voltage dynamics™*. This finding
aligns with previous theoretical studies which demonstrated how firing rates
can be modulated by the dynamical properties of the cell membrane when
exposed to the same stationary input current, thereby facilitating pro-
spective decoding™. Since ion channel dynamics are gravity-dependent’**
and influenced by the mechanical properties of the cell membrane™**, we
represent this effect by a linear scaling of the channels’ gating rate (Egs.
9-11): we verify that it allows to reproduce altered firing and bursting rates,
both in single neurons (Fig. 1A-C) and in connected networks (Fig. 1D).

Secondly, a previous study using centrifuge-induced hypergravity
reported an increase in neuronal activity both during the ramp-up (i.e., the

transition from 1g to hypergravity) and ramp-down (i.e., the transition from
hypergravity to 1 g) phases. This effect was attributed to MG ion channels,
which are present in neuronal cells™ and are known to induce action
potentials®. Mechanical loads and deformation of cells during acceleration
and deceleration phases might thus impact neuronal activity’'. The effect of
an additional excitatory current is easy to analyze for single cells, but may
not be trivial in networks of connected neurons. We show that the main
features of the cell lines used in altered gravity experiments (i.e., synchro-
nized activity with low-frequency bursts) can be reproduced by a network of
connected excitatory cells stabilized by firing rate adaptation (Fig. 2), and
that its firing and bursting rates will increase upon addition of an excitatory
current (Fig. 3).

Our overall contribution is several-fold. Based on previous studies, we
identified mechanisms which may explain the fast neuronal responses to
altered gravity (namely: the influence of membrane fluidity on ion channel
dynamics and synaptic transmission, and the activation of depolarizing MG
channels). We proposed simple computational implementations of these
mechanisms, which showed results coherent with previous observations.
Note that these identified phenomena do not mutually exclude each other,
but potentially originate from additive effects which future experiments
should aim to disentangle (see below). Indeed, our modeling assumptions
suggest that these effects could be additive (see the increase in firing rates
with both I and A in Figs. 1A and S2). We address contradictory previous

results on the effect of altered gravity on ion channel dynamics™****** and
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Table 2 | Parameter values used in Figs. 24

Name Value Description

Cm 200 pF Total capacitance

aL 10nS Total leak conductance

E; —60 mV Effective rest potential

Ar 2mV Threshold slope factor

Vr -50mV Effective threshold potential

a 2nS Adaptation conductance

Tw 800 mV Adaptation time constant
30 pA Spike-triggered adaptation

v, — 46 mV Reset potential

l 102 pA Injected current

p 0.02 Connection probability

We 0.5mV Post-synaptic potential

amplitude

Values for Cp,, 91, Ei, V7, A, @, and V, are the same as those used to simulate regular bursting
in ref. 54. Values for 1, b, and / were adjusted to fit the long inter-burst intervals observed in
experimental data (Fig. 2A).

propose a unified explanation for the effect of altered gravity on membrane
fluidity, ion channel dynamics, and neuronal firing rates. Finally, we fitted
recordings with a network model including firing rate adaptation: this
proposed computational model explains the activity of networks of neurons
used in altered gravity experiments, and especially their coordinated, low-
frequency burst patterns in the absence of inhibitory cells.

Our approach has evident limitations. Our single-neuron analysis is
based on the Hodgkin-Huxley model, which is a middle point between the
simplicity of LIF neurons (which do not model the dynamics of single
channels) and the realism of biophysical neuron models (e.g,, ref. 63). The
Hodgkin-Huxley model is largely descriptive rather than mechanistic, and
does not account for several cellular mechanisms. Future work should
consider extending our analysis to more extensive neuron models that were
designed to resemble neuronal networks in vivo more reliably (e.g., ref. 49).

Furthermore, the goal of our approach is not to provide a mechanism
for the effect of gravity on neuronal activity. Rather, our approach is a
bottom-up process: using the measurement results of prior experiments on
the effect of altered gravity on neuronal functions, we proposed computa-
tional implementations which are coherent with the observed effect of
altered gravity on neuronal firing rates. Nevertheless, our results could
greatly benefit from ad-hoc intracellular recordings under altered gravity
conditions. Previous data on neuronal activity under altered gravity were
obtained using either extracellular recordings™ or calcium imaging’', as
these are suitable measurement approaches for the extreme environmental
conditions at which the experiment needs to be performed. A remote-
controlled device for patch-clamping has been developed® and imple-
mented on a drop tower and parabolic flights to study action potential
propagation of a simple model system without too complex neuronal
networks®. However, intracellular recordings under altered gravity remain
rare due to the difficulty in carrying out such experiments and the sensitivity
of the setup. Future experiments could be designed to isolate different
effects, e.g., by pharmacological silencing or stimulating MG channels or
modifying the experimental setup to follow potential changes in neuronal
membrane fluidity. Patch clamp and sequencing experiments could help in
further specifying the type and dynamics of the MG channels present, and to
refine the assumptions used in our models.

The models we use in our simulations (and especially the
Hodgkin-Huxley model) rely on a large number of free parameters (see
Tables 1 and 2). However, these parameters can be easily constrained to small
ranges of biologically plausible values. Seminal papers on conductance-based
neurons® and firing rate adaptation™ have proposed biologically plausible
values for these parameters, which we based our simulations on. Some of

these parameters (namely the adaptation parameters 7,, and b, and the
connectivity parameters I, p, and w, in Table 2) were adjusted to match the
specificities of the studied neurons (and especially to reproduce the syn-
chronized, low-frequency bursting activity observed in Fig. 2A and in ref. 21).
We verified that these values are in line with those previously used in seminal
studies on modeling neuron networks™. In Tables 1 and 2, the values for the
capacitance C,, and leakage reversal potential E; are in line with those
reported for actual INGN neuronal cells”’. Future experiments could focus on
estimating the exact value of the other parameters (ie., the ion-specific
parameters in Table 1, or the connectivity parameters in Table 2) for INGN
neurons using dedicated intracellular recordings. Overall, we argue that our
results are based on realistic values of the simulation parameters, and that they
are robust to reasonable variations in these values (Fig. S2).

The altered response observed in cell cultures usually immediately
follows the onset of microgravity. However, in longer-term altered gravity
experiments (i.e, in sounding rocket experiments), neuronal activity
recordings, utilizing the same experimental hardware as in the cited drop
tower and centrifuge studies, suggest a complex and dynamic response
characterized by a similar initial increase in firing rates followed by a
transient decline (likely overcompensation) and partial recovery over sev-
eral minutes. The computational models outlined here only account for the
former (ie., the short-term modification of neuronal activity following
exposure to microgravity, for which quantitative analyses and numerical
verification were lacking). To account for the latter (i.e., the compensation of
neuronal activity trying to approach baseline levels following prolonged
exposure to altered gravity), many different phenomena and models have
been proposed to explain responses to activity perturbation, including
individual neurons' spike frequency adaptation®”’ and synaptic homeo-
static plasticity’" ™. Further exploration into the dynamics of neuronal
activity during prolonged exposure to microgravity will be essential to
determine the persistence of changes in firing rates. Such long-term inves-
tigations could reveal implications for brain function, potentially leading to
acute and chronic issues. More generally, whether results obtained at the
cellular levels will translate at the behavioral and cognitive levels remains an
open question. Recent studies performed during parabolic flights have
reported a modification of the EEG signal, but not of the participants’
cognitive performances, under different micro- and hypergravity
conditions'*”*: this hints at the existence of adaptation mechanisms, making
cognition robust to altered gravity levels despite its effect on cultured cells.

Overall, our approach fills an important gap in the literature, by
reviewing the mechanisms through which gravity levels could alter neuronal
activity. In the absence of intracellular recordings obtained under various
gravity levels, and following the principle of Occam’s razor, our computa-
tional implementations of these phenomena remain simple: linear scaling of
the gating time constants, and an additional uniform excitatory current.
Future work will focus on refining these modeling assumptions by obtaining
intracellular recordings at different gravity levels.

Methods

Simulation of single neurons

In Fig. 1, the voltage of simulated neurons is governed by Egs. (1), (2),
(9-11), with parameter values listed in Table 1. In Fig. 1D, we further
implemented synaptic connections between simulated neurons.
Following™, the voltage of neuron k is given by

Co—gf = —im = D&V — E)
J

(15)

where i, is given by Eq. (2) and gu(t)(Vi — E)) represents the synaptic
connection between neurons k and j. The value of the synaptic reversal
potential E; depends on whether the synapse is excitatory or inhibitory (see
values in Table 1). The synaptic conductance gj, decays exponentially with
time constants 7, (for excitatory synapses) and 7; (for inhibitory synapses),
and is incremented by a quantum w, or w; whenever an action potential is
generated by neuron j.
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Simulation of networks of neurons

In Figs. 2—4, the evolution of the voltage of each individual neuron is gov-
erned by Egs. (12-14), with parameter values listed in Table 2. Furthermore,
voltage-jump synapses are implemented as follows: a synaptic connection
from neuron j to k is randomly created with probability p. If a synaptic
connection is established, the voltage of neuron k is immediately increased
by a quantum w, whenever neuron j generates an action potential.

Experimental data

This study mostly refers to previously analyzed and published data. Only in
Fig. 2A are original data from a recent rocket flight presented for illustration
purposes.

Methods and procedures that were employed to collect the data were
previously described in ref. 21. In brief, we used human induced pluripotent
stem cell (hiPSC)-derived neurons (INGN cells) to conduct the experiments.
Upon induction via the TetOn system, Neurogenin-1 and Neurogenin-2
were expressed, and cells differentiated into post-mitotic, bipolar neurons”.
iNGN cells were cultured and reseeded on MEAs following a previously
published protocol’®. Thawed iNGN cells were cultured on Matrigel-coated
plates in mTeSR 1 medium (STEMCELL Technologies, Germany). After at
least two passages, cells were induced with 0.5 ug/ml doxycycline for three
days. At 2 dpi, 5 pM Ara-C was added to eliminate undifferentiated cells.
Concurrently, MEAs were prepared with poly-D-lysine and laminin coat-
ings. Induced cells were reseeded on MEA chips at 3 dpi. Cells were dis-
sociated, centrifuged, and resuspended in BrainPhys medium (STEMCELL
Technologies, Germany), and 100,000 cells were seeded per MEA.
BrainPhys” medium was supplemented with neurotrophic factors and
ascorbic acid. Astrocyte-conditioned media were added for long-term cul-
ture. Media was partially refreshed weekly with a 1:1 mix of fresh and
astrocyte-conditioned BrainPhys medium.

The experimental setup included a MEA system housed in a pressure
chamber to maintain physiological conditions. The MEA’s integrated
heaters kept cells at 37 °C, while the pressure-tight chamber ensured stable
pressure and CO, levels. The system’s compact design is compatible with
various altered gravity research platforms (DLR SAHC, ZARM drop tower,
parabolic flights, and sounding rockets). A rail system allows for easy
removal of the experiment module, facilitating time-sensitive operations
like those on sounding rockets.

After culturing MEA samples for several weeks, they were brought to
respective experiment facilities using transport incubators (CellTrans 2018
and 4016, Labotect, Germany; 37 °C, 5% CO,).

Launching rocket experiments were carried out at the ESA ESRANGE
space center in Kiruna, Sweden. iNGN MEA cultures were transported to
the experiment site at least 10 days before launch. During the hot count-
down and right before late access, MEA chips were integrated into the
BIODECODER module, and functionality of the system was checked. The
entire module was kept under a constant temperature of 37 °C within a
custom-designed transport incubator (DLR). Upon late access, which is a
time window between 2.5 and 1h before launch, the BIODECODER
module containing the samples was loaded into the dedicated slot within the
rocket. Recording was started 10 min prior to launch, and data were
recorded continuously throughout the entire flight, including post-baseline
recording back on the ground. Battery operation ensured constant heating
of the samples after launch and landing. The module was retrieved by a
helicopter and brought back to the launch site, where additional post-
experiment recordings and microscopy were executed.

Data availability

Data shown in Fig. 2A are not publicly available due to them being currently
used in yet unpublished studies but are available from the corresponding
author on reasonable request.

Code availability
Analysis code is available from the following repository: https://github.com/
camillegontier/neuron_microgravity.
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