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ABSTRACT

Astrocytes are cells of the central nervous system that can regulate
neuronal activity. Most astrocyte-neuron communication occurs at
so-called tripartite synapses, where calcium signals are triggered
in astrocytes by neuronal activity, resulting in the release of neuro-
active molecules by the astrocyte. Most astrocytic Ca?* signals
occur in very thin astrocytic branchlets, containing low copy num-
ber of molecules, so that reactions are highly stochastic. As those
sub-cellular compartments cannot be resolved by diffraction-limited
microscopy techniques, stochastic reaction-diffusion computational
approaches can give crucial insights on astrocyte activity. Here, we
use our stochastic voxel-based model of IP3R-mediated Ca?* signals
to investigate the effect of the distance between the synapse and the
closest astrocytic endoplasmic reticulum (ER) on neuronal activity-
induced Ca®* signals. Simulations are performed in three dimen-
sional meshes characterized by various ER-synapse distances. Our
results suggest that Ca* peak amplitude, duration and frequency
decrease rapidly as ER-synapse distance increases. We propose that
this effect mostly results from the increased cytosolic volume of
branchlets that are characterized by larger ER-synapse distances.
In particular, varying ER-synapse distance with constant cytosolic
volume does not affect local Ca?* activity. This study illustrates
the insights that can be provided by three-dimensional stochastic
reaction-diffusion simulations on the biophysical constraints that
shape the spatio-temporal characteristics of astrocyte activity at
the nanoscale.
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1 INTRODUCTION

Astrocytes, glial cells of the central nervous system, are essential
partners of neurons for information processing at so-called tri-
partite synapses [1]. Astrocytes respond to neuronal activity with
changes of intracellular calcium concentration, Ca?* signals, that
can trigger the modulation of neuronal communication through the
release of neuro-active molecules: gliotransmitters. Astrocytic Ca’*
signals are characterized by diverse spatio-temporal properties and
differ depending on their localization within the cell. Around 75 %
of astrocyte surface belongs to fine branchlets that are unresolved
by diffraction-limited microscopy, yet accounting for ~80 % of Ca®*
signals [2]. Ca®* signals are often spatially constricted in those
fine branchlets, so that they are hard to detect [14]. Character-
izing astrocyte activity at tripartite synapses is thus challenging
but crucial to unravel neuron-astrocyte communication in health
and disease. Reaction-diffusion computational approaches are an
approach of choice for studying astrocyte branchlets, allowing to
resolve local Ca?* signals at the nanoscale at the vicinity of neurons.

In this study, we use a stochastic biophysically-detailed model of
astrocytic Ca?* signals [3]. Simulations are performed in three spa-
tial dimensions, using STEPS software [7], in idealized fine astrocyte
processes geometries. One of the major pathways of Ca* signals
in astrocytes is linked to the Inositol 3-Phosphate receptor (IP3R)
signalling, which induces the release of Ca?* from the endoplasmic
reticulum (ER) [16]. IP3 synthesis is notably activated by the bind-
ing of neurotransmitters, released by active presynaptic neurons,
to Gg/11-G-protein-coupled receptors at the membrane of the astro-
cyte. As electron microscopy [12] and immuno-labelling [9] studies
suggest that fine branchlets are characterized by various distances
between the astrocytic ER and the closest synapse [12], A, we tested
the influence of the localization of the ER within the astrocytic
process on local Ca®* activity. We use our model of IP3R-mediated
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Ca?* signals [3] to test the effect of A on neuronal activity-induced
Ca?" peak characteristics. We show that Ca®* activity decreases
rapidly as A increases, which results from the increased branchlet
cytosolic volume with A. This study illustrates how spatial parame-
ters, such as the distribution of Ca?* stores, can influence neuronal
activity-induced Ca?* signals in astrocytes at tripartite synapses.

2 METHODS

2.1 Reaction-diffusion simulations

To investigate the effect of astrocytic ER-synapse distance, A, on
Ca?*t dynamics in fine branchlets, characterized by low volumes,
voxel-based reaction-diffusion simulations were performed using
STEPS stoftware [8]. IP3R-dependent Ca®* signaling pathway was
implemented. Experimentally, Ca®* signals are monitored by using
Ca?* indicators, that fluoresce when bound to Ca2* ions. Those
indicators thus act as Ca®* buffers and interfere with intracellu-
lar Ca?* signaling. In order to allow the comparison of simulation
and experimental data, the Ca?" indicator GCaMP6s was added
in the cytosol of a subset of simulations, referred to as “GCaMP”,
which allowed to monitor the concentration of Ca?*-bound fluo-
rescing GCaMP6s molecules. In order to measure the concentration
of free Ca?* ions in the absence of Ca2* indicators, which can-
not be performed experimentally, a subset of simulations, referred
to as “No-GCaMP”, did not contain any fluorescent Ca?* indica-
tor. The kinetic scheme and parameter values used in this study
have been described in our previous work [3] (code available at
http://modeldb.yale.edu/247694).
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Figure 1: Geometries of fine astrocyte branchlets used in this
study. Geometries with various ER-synapse distances were
designed. Branchlet morphology consists in a cylinder of ra-
dius Reyt = 190 nm radius and of length Lcyt = 1ym+A, contain-
ing a cylindrical ER of length Lpr=1 ym and radius Rgg=80
nm. IP;3 is infused at stimulation time, t=2 s, in the tetrahe-
dra located at the tip of the branchlet (red).
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Table 1: Characteristics of the astrocytic branchlet meshes
used in this study (see Fig 1).

Geom  ER-synapse dist (nm)  Veyt (nm3)  Spm (nm?)
"Cyl; 0 9.02x 107 1.41x10°
'Cyly, 250 1.18x10%  1.71x 10°
"Cylly, 500 146 x 10 2.01x 10°
'Cyls, 750 1.73x10%  2.30 x 10°
"Cyl] 00 1000 2.01x 108  2.60 x 10°

To investigate the effect of astrocytic ER-synapse distance, ide-

alized astrocyte branchlet geometries were designed with Trelis
software (https://www.csimsoft.com/trelis). The meshes correspond
to cylinders of various length Leyt= 1um + A and radius Reyt=190
nm, referred to as *Cyl)’, with 1=0, 250, 500, 750 or 1000 nm. Those
cylinders contain a cylindrical ER of length Lgg=1 pm and radius
Rgr=80 nm, so that the distance between the IP3 infusion site and
the closest ER triangle to it A varies between A=0, 250, 500, 750 or
1000 nm (Fig 1). ER surface area is thus constant across geometries:
5.71 X 10° nm?, ensuring that the number of IP3Rs, 160, is constant
with A. Therefore, changes of ER-synapse distance A were obtained
by varying the total process length, which was associated with
modifications of total cytosolic volume. The cytosolic volume and
surface area of the resulting meshes are presented in Table 1. Neu-
ronal stimulation was simulated as an infusion of 25 IP3 molecules
in sub-membranous tetrahedra at the tip of the process (red line in
Fig 1), at time t=2s.
For each condition, twenty simulations with different seed val-
ues were performed. During each simulation, Ca** or Ca-GCaMP
concentration was monitored, in “No-GCaMP” and “GCaMP” simu-
lations, respectively.

2.2 Data analysis

Automated Ca?* peak detection was performed as described in [3].
Briefly, a peak corresponds to an increase of Ca* concentration
above the peak threshold (see [3] for details) and terminates when
Ca®* concentration decreases below peak threshold. Peak duration
corresponds to the time during which Ca?* concentration is above
peak threshold. Peak amplitude corresponds to the maximum Ca?*
concentration reached during that time interval.

3 RESULTS

3.1 Ca®*" microdomain activity decreases as the
astrocytic ER-synapse distance increases

To investigate the effect of ER-synapse distance on Ca?* peak char-
acteristics in fine processes, we perform simulations within simpli-
fied branchlet geometries (Fig 1), in which the ER is positioned at
various distances from the neuronal stimulation site. ER-synapse
distance varies from A=0 to 1 ym, in geometries referred to as 'Cyly
- "Cyly000, respectively. To visualize the spatio-temporal charac-
teristics of Ca®* signals, space was discretized into 100 nm-long
bins. Consequently, the branchlet mesh was divided into 10, 15
and 20 bins for 'Cyly, 'Cylsop and 'Cylyggo, respectively (Fig 2A).
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Fig 2B displays representative spatio-temporal Ca-GCaMP record-
ings, revealing the variability of astrocyte activity depending on
ER-synapse distance.
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Figure 2: Representative spatio-temporal Ca’* recordings re-
veal the variability of astrocyte activity depending on ER-
synapse distance. (A) Schematic representing the different
astrocyte branchlet meshes used in this study. Meshes were
characterized by different branchlet length I.y; and constant
ER length Igr. IP3 infusion site, simulating the location of
the closest neuronal synapse, is located at the tip of the pro-
cess and is thus located at various distances to the closest
astrocytic ER, A= 0, 250, 500, 750 and 1000 nm (see Fig 1 and
Table 1). In order to display the spatial spread of Ca®" signals
within the branchlet, space was discretized into 100 nm-long
bins, so that the branchlet was divided into 10, 15 and 20 bins
for "Cyly, 'Cylsgo and 'Cyliggo, respectively. Bin #5 is shown
in grey. (B) Representative plots illustrating the number of
Ca’**-bound GCaMP molecules (Ca-GCaMP) in each bin as a
function of time for geometries with 1=0, 500 and 1000 nm,
from t=0 s to t=50s.

IP; infusion-induced Ca-GCaMP and Ca?* signals in the whole
branchlet qualitatively varied depending on ER-synapse distance A
(Fig 3A). Simulations without Ca?* indicators allowed to predict the
effect of A on free Ca?* signals. Free Ca?* peak amplitude (Fig 3B1),
duration (Fig 3B2) and frequency (Fig 3B3) decreased as A increased
(Fig 3B). Overall, our results reveal a strong effect of the ER-synapse
distance on Ca?" peak characteristics so that it could contribute to
the diversity of Ca®* signals measured experimentally in astrocytes.

3.2 Increased microdomain Ca’* activity as
ER-synapse distance decreases results from
decreased branchlet cytosolic volume

As cytosolic volume increases with ER-synapse distance A in ge-

ometries 'Cyly - 'Cylio00, we have investigated whether Ca?* peak

amplitude, duration and frequency still increase as A decreases
when branchlet cytosolic volume is kept constant. To do so, we
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Figure 3: Increased astrocytic ER-synapse distance results
in decreased Ca’* microdomain activity. (A1) Representa-
tive Ca-GCaMP traces (black) from the “GCaMP” model,
for various ER-synapse distances 1=0 (left, dark), 500 (mid-
dle) and 1000 nm (right, light) (see Fig 1). (A2) Represen-
tative free Ca’" traces (red) from the “No-GCaMP” model,
for various ER-synapse distances 1=0 (left, dark), 500 (mid-
dle) and 1000 nm (right, light) (see Fig 1). (B) Characteristics
of neuronal activity-induced free Ca’* peaks from the “No-
GCaMP” model depending on 1. Free Ca?* peak amplitude
(B1), duration (B2) and frequency (B3) increase when ER-
synapse distance decreases. Data are expressed as box plots
from n=20 simulations for each condition.

have performed simulations in the "Cyljgo9 geometry, in which
IP3 was infused in tetrahedra located at various distances from the
closest ER triangle (Fig 4). Ca-GCaMP and Ca?* peaks did not qual-
itatively vary with A (Fig 5A). Free Ca®* peak amplitude (Fig 5B1),
duration (Fig 5B2) and frequency (Fig 5B3) did not vary with A. This
suggests that the effect of ER-synapse distance on microdomain
Ca®* activity reported in Fig 3 results from the increased cytosolic
volume of branchlets characterized by larger ER-synapse distances.

A=25£nm A =764 nm

<A =1.01 pm

Figure 4: Simulation protocol for simulating neuronal stim-
ulation at various ER-synapse distances with constant
branchlet volume. IP; was infused in various tetrahedra
(blue) in the 'Cyl],, geometry (see Fig 1 and Table 1), located
at various distances from the closest ER triangle, resulting
in ER-synapse distances 1=3, 255, 507, 764 and 1010 nm. The
'Cylio00 geometry is a cylinder of length lcyt = 2 pm.
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Figure 5: ER-synapse distance with constant branchlet vol-
ume does not affect astrocytic Ca?* microdomain activ-
ity. (A1) Representative Ca-GCaMP traces (black) from the
“GCaMP” model in the 'Cyl],,, geometry (Fig 1, for A=3 (left,
dark), 507 (middle) and 1010 nm (right, light). (A2) Represen-
tative free Ca®* traces (red) from the “No-GCaMP” model in
the 'Cyl] ., geometry (see Fig 1, for A=3 (left, dark), 507 (mid-
dle) and 1010 nm (right, light). (B) Characteristics of free
Ca®* signals from the “No-GCaMP” model in the 'Cyl; ; ge-
ometry depending on the location of the IP3 infusion site
(see Fig 4). Free Ca’* peak amplitude (B1), duration (B2) and
frequency (B3) did not significantly vary with ER-synapse
distance, A, when branchlet cytosolic volume is kept con-
stant. Data are expressed as box plots from n=20 simulations
for each value of 1.

4 DISCUSSION

The endoplasmic reticulum (ER) is an organelle characterized by a
very complex morphology, consisting in irregular tubules which
can be extremely thin (~ 15nm), distributed heterogeneously within
cells [6]. Because = 75% of astrocyte surface belongs to processes
that cannot be resolved by diffraction-limited microscopy [2], their
morphology as well as the ultrastructure and distribution of their or-
ganelle content remain poorly characterized in live tissue. Electron
microscopy studies have been of tremendous importance for char-
acterizing the morphology and distribution of the ER in fixed tissue,
revealing the heterogeneous distribution of the ER within astro-
cyte processes [12, 13]. One study on the hippocampal CA1 region
notably suggested that fine processes are practically devoid of ER,
which is rather located in thicker processes [12]. In this study, the
astrocytic ER was on average 1000 + 325 nm to the closest postsy-
naptic density (PSD). Those values however varied drastically from
PSD to PSD, so that one of the studied PSD was characterized by an
ER-PSD distance of ~ 400 nm. Further, a recent study performing
immuno-labelling of ER-Golgi intermediate compartment (ERGIC)
proteins suggested that 32% of synapses in the dorsal hippocampus
are contacted by an astrocytic branchlet that contains ERGIC [9].
Together, those observations suggest that the distribution of the ER
within processes of a single astrocyte is highly variable and that
ER-synapse distance varies drastically depending on the tripartite
synapse under study. Here, we investigated the effect of such a
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heterogeneous distribution of the ER on ER-dependent Ca®* sig-
nals. In agreement with previous reports [10], our results suggest
that the presence of astrocytic ER at the vicinity of synapses is not
mandatory for generating IP3R-dependent Ca®* signals. Indeed,
neuronal activity-induced Ca?* signals were observed in all tested
geometries of astrocyte branchlets, including geometries in which
the closest astrocytic ER was 1 ym away from the synapse. Our
simulations however suggest that a smaller ER-synapse distance is
associated to larger Ca®* peak amplitude, duration and frequency.
We further propose that this effect is induced by the lower cytosolic
volume of branchlets characterized by small ER-synapse distances.

As the structure of the intracellular ER network rearranges con-
stantly via tubule growth, retraction and fusion of adjacent ER
membranes, alternating rapidly between tight and loose arrays
[5, 11], the ER content of astrocyte branchlets at tripartite synapses
is likely to be highly dynamic. According to our simulations, such
rapid local changes of ER ultrastructure could influence local Ca®*
activity. For example, tubule growth in a branchlet, which would
result in a decreased ER-synapse distance and a decreased branchlet
cytosolic volume, would result in increased Ca?* peak amplitude,
duration and frequency, potentially altering neuron-astrocyte com-
munication locally.

Overall, this study predicts the variability of astrocytic Ca**
signals in microdomains at the vicinity of synapses depending on
the distribution of intracellular Ca?* stores. The high spatial res-
olution of the model allows to characterize the spatio-temporal
characteristics of Ca?* signals and allow to predict the dynamics
of free Ca®* signals, which cannot be assessed experimentally. Our
results illustrate the insights provided by realistic reaction-diffusion
simulations in three spatial dimensions on astrocyte activity at the
nanoscale. Such models are well suited to investigate spatial effects
and the regulation of biochemical interactions in small cellular com-
partments such as fine astrocytic processes and neuronal dendrites
[4, 15]. Exploring such realistic biophysical models of astrocyte
Ca®* activity will be crucial to propose plausible mechanisms that
regulate local Ca?* activity in microdomains at tripartite synapses.
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