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Abstract | Astrocytes functionally interact with neurons and with other brain cells. Although not
electrically excitable, astrocytes display a complex repertoire of intracellular Ca?* signalling that
evolves in space and time within single astrocytes and across astrocytic networks. Decoding the
physiological meaning of these dynamic changes in astrocytic Ca?* activity has remained a major

Intracellular Ca** signals in astrocytes are vital for
the optimal functioning of the CNS"? and represent the
astrocytic counterpart of neuronal membrane potential
changes such as action potentials. However, the proper-
ties, underlying mechanisms, physiological and patho-
physiological significance and putative information
content of astrocytic Ca** signals are far less thoroughly
understood than neuronal excitability. The accelerating
pace of development of optical imaging techniques and
the emergence of several unexpected observations have
put Ca?* signalling at the centre of debates on the molec-
ular and cellular aspects of astrocyte physiology. Hence,
decoding astrocytic Ca®* signalling is an immediate and
important challenge in modern neurobiology.

Neuronal physiology was primarily elucidated by
use of electrophysiological methods; refinement of
these approaches led to important advances such as the
invention of the patch clamp technique. These meth-
ods have also greatly contributed to studying the role of
astrocytes in regulating synaptic transmission and neu-
ronal excitability’. The development of advanced optical
imaging techniques (such as two-photon excitation fluo-
rescence imaging) and sensitive genetically encoded Ca**
indicators (GECIs), which change their fluorescence
properties on binding to Ca** ions, enabled the visuali-
zation of intracellular Ca** concentrations in electrically
non-excitable astrocytes. As a result, astrocytes were
discovered to possess complex ionic signalling mecha-
nisms, including some involving Ca**. The Ca?* signals
were found to have highly regulated spatial and temporal
dynamics that were not amenable to investigation using
electrode-based methods.

challenge. This Review describes experimental preparations and methods for recording and
studying Ca?" activity in astrocytes, focusing on the analysis of Ca?* signalling events in single
astrocytes and in astrocytic networks. The limitations of existing experimental approaches and
ongoing technical and conceptual challenges in the interpretation of astrocytic Ca?* events
and their spatio-temporal patterns are also discussed.

This Review focuses on how these technological
advances have reshaped our understanding of astrocytic
Ca** signalling. Specifically, we describe the key prop-
erties of astrocytic Ca** signals and the mechanisms
that generate and shape them in space and time, and
discuss how these signals interact and spread in indi-
vidual astrocytes and astrocytic networks. Finally, we
explore the computational properties of Ca** signalling
in astrocytic networks and consider how these compare
with established concepts in neuronal signalling. To
what extent these properties are dependent on neuronal
circuit activity and sensory input is also addressed.

Experimental preparations

Experimental preparations using a variety of Ca®* indi-
cators, each with their own advantages and limitations,
have been used to explore Ca?* signalling dynamics.
Astrocytic Ca?* activity has been successfully stud-
ied across many species from Drosophila®, zebrafish’,
rodents and ferrets® to humans’. However, most of the
experiments described in this Review were performed in
rodents as the most commonly used model organism
in neurobiology.

Cell cultures. Pioneering work on astrocyte physiology
began on cultured cells at the beginning of the 1990s,
when astrocytes were first observed to generate sponta-
neous Ca** transients®. As astrocytes in a pure monolayer
culture do not develop the complex morphology charac-
teristic of their in vivo counterparts, most Ca** activity
in cultured astrocytes either occupies the entire cell or
occurs close to the plasma membrane’. These Ca** signals

NATURE REVIEWS | NEUROSCIENCE

VOLUME 21| OCTOBER 2020 | 551


http://orcid.org/0000-0002-6800-0942
http://orcid.org/0000-0002-5391-7387
http://orcid.org/0000-0001-7948-4498
mailto:semyanov@ibch.ru
mailto:christian.henneberger@uni- bonn.de
mailto:christian.henneberger@uni- bonn.de
mailto:amit.agarwal@uni- heidelberg.de
mailto:amit.agarwal@uni- heidelberg.de
https://doi.org/10.1038/s41583-020-0361-8
https://doi.org/10.1038/s41583-020-0361-8

REVIEWS

are qualitatively different from those observed in intact
preparations (FIG. 1). This difference could be caused by
many factors, including alterations in the geometry of
the cytosol or in the spatial distribution of crucial Ca?*
signalling components (such as Ca** stores, pumps and
buffers), or atypical expression of receptors and chan-
nels compared with astrocytes in vivo'*'". Nonetheless,
cell culture systems remain a powerful tool for dissect-
ing fundamental cellular pathways. Improved culture
methods are pushing astrocytes towards in vivo-like
characteristics'”.

Brain slices. Acute brain slices are another widely used
preparation that offers the advantage that cells and
their connections originally developed in their natural
in vivo environment. Astrocytes in brain slices retain
highly ramified processes (branchlets) and thin protru-
sions that contact synapses (leaflets) and blood vessels
(end-feet), the morphological characteristics of in vivo
tissue'*'%, and exhibit focally restricted and complex
Ca*" activity patterns'”"" (FIG. 1). As local neuronal cir-
cuitry and the spatial arrangement of the various cell
types in the neuropile are largely preserved in brain slice
preparations, they have been instrumental in uncovering
the basic mechanisms that drive astrocytic Ca** signal-
ling and in revealing how these depend on neuronal
activity'®°**. However, the disruption of long-range
connectivity during tissue preparation limits the useful-
ness of brain slices beyond the study of astrocytes within
their local cell assemblies. Moreover, tissue damage
during slice preparation can potentially trigger reactive
astrogliosis, which might change astrocyte physiology**.
Nonetheless, acute brain slices remain ideally suited for
studying the interactions between neurons and astro-
cytes by electrophysiological, optical and combined
methods at high spatial and temporal resolution, and
for local and targeted manipulations.

Intravital preparations. The advent of two-photon
excitation fluorescence microscopy enabled the record-
ing and correlation of in vivo astrocytic Ca*" activity with
neuronal activation®* (FIC. 1). Most of the early in vivo
imaging experiments were performed in anaesthetized
animals. However, researchers soon realized that general
anaesthetics suppress astrocytic Ca** signalling”. With
advances in imaging methods, in vivo approaches evolved
towards studies in awake and behaving animals*-.
Several configurations for imaging of head-fixed, awake
mice have been developed, such as an air-suspended
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Styrofoam ball, a mobile home cage and a treadmill
or running disc combined with virtual reality***-.
However, craniotomy and implantation of the glass win-
dow can still trigger reactive astrogliosis and potentially
change the physiology of astrocytes. This issue can be
overcome by use of thinned-skull preparations, albeit
at the expense of reductions in spatial resolution and
the imaging time frame®. Thus, despite the limited
amenability of in vivo preparations to pharmacological
and electrophysiological experimentation, they remain
the tool of choice to study astrocytic Ca** signals in the
intact brain and during defined behavioural paradigms.

Induced astrocytes. Astrocytes in primates, including
humans, are divided into various anatomical classes***
and express several genes that are not expressed in the
astrocytes of other mammals (reviewed elsewhere®).
In addition to the anatomical astrocyte classes pres-
ent in both humans and mice (namely Bergmann
glia, fibrous astrocytes, protoplasmic astrocytes and
velate astrocytes), the primate cortex contains two
unique astrocyte classes: varicose projection astrocytes
and interlaminar astrocytes. Hence, the outcomes of
studies of rodent astrocytes, especially those in rodent
models of disease, might not be generalizable to human
astrocytes. Access to human brain tissue is limited to
surgical biopsy samples obtained during resection of
tumours or epileptic foci. Whether the data obtained
from such patient-derived tissue samples (which have
usually been exposed to various medications) capture
the physiological properties of astrocytes in the healthy
human brain remains an open question””*. A prom-
ising approach to study the basic physiology of human
astrocytes is direct genetic reprogramming of either
human embryonic stem cells or induced pluripotent
stem cells into astrocytes™. However, the functionality
of such astrocytes needs to be extensively validated*'.

Moving towards ever more advanced experimental
paradigms in intact preparations might intuitively be
expected to be the key to understanding fundamental
principles of astrocytic Ca** signalling. However, these
advances come at the expense of the very restricted tool-
sets for manipulating Ca®* signals in these preparations,
compared with those available for simpler experimental
set-ups. Hence, to fully decode Ca?* signalling mecha-
nisms in astrocytes it is essential to integrate the results
obtained from several different preparations.

Visualizing astrocytic Ca** signals

Overall, the experimental techniques for monitoring
astrocytic Ca?* dynamics by fluorescence microscopy
do not differ from those in other areas of neuroscience
and biology. Approaches for introducing Ca**-sensitive
fluorescent dyes into cells are summarized in TABLE 1.
In the following sections, we highlight a few key aspects
that can substantially affect calcium imaging results and
their interpretation.

The dimensionality of Ca®* events. Changes in the cyto-
solic Ca?* concentration in astrocytes occur in three
spatial dimensions and over time. Thus, each event
can have a characteristic spread, speed and temporal
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Fig. 1] Visualization of astrocytic Ca?* signals. a| Cultured astrocytes typically develop a very different morphology

to astrocytes either in vivo or in acute brain slices, characterized by few, if any, main processes (which are homologous to
astrocytic branches in vivo) and the absence of leaflets. Instead, cultured astrocytes form a thin organelle-free protoplasmic
cloud around their processes. A large number of small Ca?* events are triggered in this protoplasmic cloud, some of which
are amplified and propagate through the processes and soma. b | Imaging of Ca?* events in brain slices (a hippocampal
slice is depicted). Spontaneous Ca** transients in quiescent ex vivo astrocytes occur predominantly in distal astrocytic
processes and occasionally in the soma. ¢ | Neuronal activity increases the spread and duration of spontaneous Ca?*
events and also triggers new Ca”* events in astrocytes. Some Ca?* events in processes become sufficiently amplified to
propagate all the way to the soma. d | Genetic deletion of inositol 1,4,5-trisphosphate receptor type 2 (InsP,R2) (Ip3r2-")
in astrocytes dampens Ca’* events. Although spontaneous Ca?* events are considerably reduced, new events can still be
triggered by Ca”* entry through the plasma membrane and Ca?* efflux from mitochondria. The absence of InsP,R2
prevents the amplification (spreading and prolongation) of Ca?* events and the generation of new events that rely on
Ca’* release from the endoplasmic reticulum. e | Imaging of Ca?* events in awake mice reveals astrocytic responses to
sensory stimulation and behaviour (such as locomotion, foot shock and whisker stimulation). f| Each Ca?* signal can be
characterized by several parameters: the magnitude of the elevation in Ca?* concentrations (amplitude), its spatial spread
in three dimensions and its duration and temporal pattern. Within a given pattern of Ca’* activity, the event coordinates
can also be defined within the astrocytic domain or within the local astrocytic network in both space and time.

profile (FIC. 1). However, astrocytic Ca** events are mostly
detected by monitoring the intensity of Ca?* indicator
fluorescence in a single focal plane. Three-dimensional
(3D) scanning enables information about Ca?* signal
manifestations in a third dimension (the z axis) to be
obtained'”. However, stepwise frame-by-frame scan-
ning along the z axis necessarily reduces the imaging

speed of 3D scanning, meaning that rapid Ca?* events
might go undetected. Decreasing the voxel dwell time
can compensate for this inherent limitation of 3D imag-
ing, albeit at the expense of collecting fewer photons per
voxel, which inevitably means that small-amplitude (less
bright) Ca** events might go undetected. Furthermore,
as each plane scanned along the z axis is imaged at a
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Table 1| Fluorescent indicators for detecting astrocytic Ca?*

Type

Membrane-
permeable
organic Ca*
indicators

Membrane-
impermeable
organic Ca*
indicators

Single-
wavelength
GECls

Ratiometric
GECls

Examples

AM ester dyes: Oregon
Green, BAPTA AM and
Fluo AM indicator

families

Fluo and Oregon
Green BAPTA indicator
families, Fura-2

GFP—calmodulin
fusion proteins
expressed using
astrocyte-specific
promoters (e.g. GFAP)

Advantages

Fluo-4 Ca?* binding and unbinding rates are
superior to those of GECls for fully resolving
rapid Ca?* dynamics

Can be microinjected into individual cells;
neighbouring astrocytes can also be imaged
owing to dye diffusion through gap junctions;
enables microinjection of Ca** chelators and
Ca?* signalling inhibitors; facilitates monitoring
the activity and plasticity of nearby synapses

Widely used to study astrocytic Ca** transients;
enable recording of Ca** dynamics from the

membrane vicinity and within intracellular Ca?*
stores such as mitochondria and ER

in AAV vectors and
Cre-dependent
transgenic mice

Yellow

chamaeleon-Nano50°

More accurate measurement than with
single-wavelength GECls; single-wavelength
GECI co-expressed with a reference fluorescent
protein can be used for ratiometric imaging
across cell subregions

subcellular targeting sequences bound to GECls

Refs

8,18,115,

Limitations

Cell non-specific; co-staining with, for
instance, sulforhodamine 101 (which can also
stain oligodendrocytes and increase neuronal
excitability); detects Ca** signals only at the
soma or large processes®

128-132

Dialysis of the cell and washout of proteinsand %417

possibly organelles could affect Ca?* activity in
patch-clamped astrocytes

133,134

9,31,45,

The Ca?*-buffering effect of GECls affects
Ca’*-dependent processes; mode and level of
GECl expression can alter astrocyte behaviour;
prolonged overexpression of modified GFP
can induce a reactive phenotype; on their own,
GECls detect relative Ca?* changes rather than
actual intracellular Ca?* concentrations

135-140

The need for two distinct colour channels R

limits their use in multiplexed imaging
(e.g. simultaneous imaging of neurons and
astrocytes)

141,142

AAV, adeno-associated virus; AM, acetoxymethyl; BAPTA, 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid; ER, endoplasmic reticulum; GECI, genetically
encoded Ca** indicator; GFAP, glial fibrillary acidic protein; GFP, green fluorescent protein. *Fluorescence originating from thin branchlets and leaflets cannot be

distinguished from that of nearby neuronal structures. ®Based on Férster resonance energy transfer.

different time, Ca** signals that extend along the z axis
might end before 3D scanning is complete. In addition,
the tissue depth amenable to 3D imaging is limited by
light scattering, with the consequence that the fluorescent
signal collected from deep frames might not be directly
comparable to that collected from frames near the sur-
face during the same 3D scan. Finally, the highly non-
linear relationship between indicator fluorescence and
the actual Ca** concentration in various cellular com-
partments is rarely considered (BOX 1). Thus, depending
on the research question, single-plane or line-scan two-
dimensonal imaging of astrocytic Ca** signals (which can
be done at faster rates than 3D imaging) might provide
more reliable information than 3D scanning.

Quantitative imaging approaches can reveal other-
wise undetectable basic properties of Ca** signalling,
including the resting Ca** concentration in astrocytes**.
These modalities were instrumental in showing that the
resting Ca** concentration controls the scale of local
Ca?* signals, irrespective of whether they were triggered
via various receptor pathways in vitro or by running of
awake animals™.

Imaging resolution. Although astrocytic Ca?®* sig-
nals are generally considered to be infrequent and to
have slow kinetics, studies in ex vivo or in vivo rodent
preparations using state-of-the-art GECIs and fast two-
photon imaging have reported subsecond fluorescence
transients, which still seem to be slower than those
reported in neurons'**>**. Further improvement in
GECISs, their kinetics and imaging speeds could lead to
the detection of even faster subsecond Ca?* transients.
Alternatively, modelling of Ca*" transients and the kinet-
ics of Ca** binding to and unbinding from fluorescent

indicators could lead to further insights into astrocytic
Ca*" dynamics**. The subcellular distribution of Ca*
indicators (BOX 1) and the effective resolution of 3D
imaging approaches also require consideration.

Tissue heating and reactive oxygen species. Obtaining
high-quality imaging data or performing optogenetic
stimulation often requires prolonged exposure of cells
to laser light. Astrocytes seem to be particularly sensi-
tive to such extended exposures®, which can increase the
local temperature and activate heat-sensitive channels;
~30% of astrocytes in the mouse brain express transient
receptor potential vanilloid 4 (TRPV4)**'. Additionally,
light exposure can induce excessive generation of intra-
cellular reactive oxygen species (ROS), which can trig-
ger Ca** transients in astrocytes'>*”. Such photodamage
can be greatly reduced by imaging astrocytes with the
lowest laser light intensity possible and in sessions of
short duration interspersed with imaging-free periods.
In experiments on cultured cells and brain slices, photo-
damage can be further reduced by adding antioxidants
such as L-ascorbate and Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid, a water-soluble
analogue of vitamin E) to the culture medium®**.
However, antioxidants need to be used with an extreme
caution, as high concentrations or prolonged exposure
to these agents can directly influence Ca®* signalling™°.

Ca** buffering. Ca** indicators bind Ca®* and, hence,
have an inherent Ca*'-buffering effect. This property
raises at least two issues that influence the interpreta-
tion of indicator-reported Ca®* changes (TABLE 1; BOX 1).
First, changes in indicator fluorescence do not directly
capture Ca** dynamics in an unperturbed cell because
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these indicators have distinct Ca** binding and unbind-
ing rates and compete for Ca®* with endogenous Ca**-
binding sites in a concentration-dependent manner*>*"*,
Determining the time course of ‘true’ Ca** concentra-
tions is a challenging task that requires precise knowl-
edge of, for instance, all the buffering agents involved,
their biophysical properties, their concentrations and
the underlying Ca®* signalling mechanisms. Second, the
addition of Ca?* indicators could disrupt endogenous
signalling mechanisms, in a similar way to the inhibition
of Ca?* signalling caused by widely used non-fluorescent
Ca* buffers such as ethylene glycol-bis(2-aminoethyl
ether)-N,N,N’,N’-tetraacetic acid (EGTA) and 1,2-
bis(o-aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid
(BAPTA). Their addition can shield native Ca**-binding
sites and also alter the effective diffusion coefficient of
Ca? (REFS™) in the cytosol, thereby changing its range
of action™*". In astrocytes, fluctuations in Ca®* levels
can be blunted by the indicators and might not reach
the threshold for Ca**-dependent Ca*" release from
internal stores such as the endoplasmic reticulum and
mitochondria.

Mathematical modelling suggests that exoge-
nous buffers or Ca?* indicators can reduce the ampli-
tude and width of Ca*" events induced by inositol
1,4,5-trisphosphate (InsP,) receptors (InsP,Rs)*’. This
prediction was experimentally confirmed by the loading
of cultured astrocytes with low-affinity and high-affinity
membrane-permeant Ca?* chelators®'. Thus, Ca** indi-
cators can considerably alter the spatio-temporal prop-
erties of Ca’* activity in astrocytic networks. Similarly,
low-affinity endogenous Ca** buffers can profoundly

Box 1| Ca?* indicator fluorescence and astrocytic Ca?* concentrations

Fluorescence intensity reflects the concentration of Ca**-bound Ca?" indicator, which
has a non-linear relationship with ambient Ca** concentrations and experimental
factors (including indicator concentration, excitation and fluorescence detection
method). Interpretation of the intensity and changes in Ca** indicator fluorescence is
further complicated by the inherent Ca**-buffering capacity of Ca?* indicators, which
compete with endogenous molecules for Ca?* binding*’*7*%14,

Astrocytic Ca?* transients (departures of the Ca** concentration from the resting
level) are often approximated as AF/F,, where AF denotes the change in fluorescence
intensity at a given time point relative to the baseline intensity, F,. Such measures
account for changes in indicator concentration, excitation and fluorescence collection
between experiments and cells, but are easily distorted by movement artefacts (caused
by contraction or dilation of blood vessels in contact with astrocyte end-feet and changes
in volume or morphology of the astrocyte investigated) that create spurious changes in
fluorescence. In addition, organic Ca?* indicators can pass through gap junctions or
hemichannels and be sequestered within organelles, thereby lowering their intracellular
concentration. Genetically encoded Ca?* indicators also aggregate, accumulate or
are sequestered by endogenous proteins'*’, which might lead to an undesirable spatial
distribution.

F,depends on both the indicator concentration in the imaged voxel and the resting
Ca?* concentration. For astrocytic transients calculated as AF/F, the same increase
in Ca?* concentration appears smaller when the resting Ca** concentration (and thus F))
is higher in one cellular compartment than in another. Also, for commonly used dyes,
AF is decreased for identical Ca?* concentration rises when the resting Ca** concentration
is high. Resting Ca?* concentration can differ substantially between astrocytes and across
their subcellular domains®’**. Ideally, direct estimates of Ca?* concentrations are obtained
with use of calibrated ratiometric dyes (TABLE 1). Alternatively, fluorescence lifetime
imaging relies on changes in the fluorescence lifetime of some indicators'** and has been
used successfully to study astrocytic Ca** signalling®****1?, Quantitative two-photon
excitation imaging modalities have been reviewed in detail elsewhere'*.

REVIEWS

shape astrocytic Ca** signals and their propagation**'.
Importantly, the ability of endogenous Ca** buffers to
bind additional Ca*, for instance during Ca?* influx
into the astrocyte cytosol, is also influenced by resting
Ca?*" levels. In turn, resting Ca** levels determine to what
extent endogenous Ca** buffers are preloaded with Ca*".
Detailed information on the identity, concentration and
biophysical properties of mobile and immobile Ca*
buffers in astrocytes will be important to obtain in the
future.

Imaging Ca®" signals in astrocytes is a favoured
method for studying the complex physiology of these
cells. Owing to the availability of various viral vectors
and transgenic mouse lines® carrying GECIs and of
two-photon excitation fluorescence microscopy, this
versatile method is becoming widely used. Caution in
choosing appropriate imaging parameters and awareness
of their limitations are required when one is interpreting
the biological significance of recorded Ca?* transients.

Analysing astrocytic Ca’* signals

Ca?" activity within a single astrocyte and in astrocytic
networks consists of discrete individual events that
emerge at different locations and times. These events dif-
fer widely in their amplitude and duration; quite often,
neighbouring events can undergo spread and merge
into larger events that have distinct spatio-temporal
characteristics'**%*. Several concepts, algorithms and
methods have been developed to characterize the
spatio-temporal patterns of astrocytic Ca’* events.
Methods such as single-plane time-lapse fluorescence
imaging involve extraction of the total number of active
pixels in a time series, whereas other techniques deter-
mine the number, sizes and relative positions of indi-
vidually detected Ca?* events®*>%-%_ All these methods
address different aspects of Ca** signals. At present, the
major challenge is to come up with a robust and physiol-
ogically relevant definition of an astrocytic Ca** event
that can be used to design novel, computationally sound
and comprehensive analytical tools.

Detecting astrocytic Ca** signals. Detection of an astro-
cytic Ca®" signal usually requires the Ca’" level to depart
substantially from a fairly well-defined resting value. In
common with other types of image processing, setting
an appropriate threshold for detection of a Ca?* signal
presents a formidable challenge. Among many potential
issues, biases can arise from the non-linear transforma-
tion of Ca®* concentration transients into fluorescent sig-
nals (BOX 1). For instance, when thresholds are applied to
data quantified as AF/F, instead of actual Ca** concen-
trations, it is unclear whether Ca®* level increases across
the cell and over time have to reach different magnitudes
to be detected as events. Thus, threshold selection is
non-trivial and can skew the results by including false-
positive events as well as by excluding genuine Ca*
events. Multiple-threshold-based and non-threshold-
based detection methods could increase the accuracy of
event analysis. Indeed, the benefits of multiple-threshold
analysis are well known in image segmentation® and
immunocytochemical studies”””". Such methods could
also be useful for the segmentation of Ca?* events in
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Deconvolution-based
techniques

Deconvolution (reversing the
inherent image distortion
specific to a given microscope
or other imaging instrument)
is usually done by image-
processing software as part
of image generation.

Schaffer collaterals

Axon collaterals derived

from CA3 pyramidal cells

that project to hippocampal
area CA1. Schaffer collaterals
influence learning and memory
via activity-dependent plasticity
and are integral to hippocampal
medial limbic and trisynaptic
circuits.

time-lapse imaging of astrocytes. In addition, individual
Ca*" transients could be located by template-matching
methods or quantified by deconvolution-based techniques,
which have been successfully used to improve the
detection of spontaneous synaptic currents’>”* and Ca?*
transients’*”” in neurons. Finally, frequency-domain
analysis (such as spectral or wavelet analysis of overall
Ca?* dynamics) might avoid the need to identify distinct
astrocytic Ca?* signalling events.

Region of interest-based analysis. Manual or semi-
automatic selection of a fixed region of interest (ROI)
and the subsequent analysis of time-dependent fluores-
cence changes in that ROL is a classic method of analysis
in all cell types, including astrocytes (FIG. 2a). ROI-based
analysis has been successfully used in many prepara-
tions, including those in which the initial observations
of astrocytic Ca’* signals were made®'®. ROI-based
analysis is straightforward and easy to implement but
has various limitations. First, defining objective criteria
for ROI selection is non-trivial, especially in astrocytes
with their complex structure and morphology; many
astrocyte processes cannot be resolved by diffraction-
limited microscopy. Second, the fluorescence intensity of
the Ca** indicator is commonly averaged across the RO,
but this approach results in all information on the spatial
structure of the event and its changes within the ROI
being lost. This loss is especially problematic for com-
plex astrocytic Ca?* transients, which might develop sep-
arately in space and time and merge later, or vice versa
(FIG. 2). Therefore, ‘smart’ ROI-based approaches to auto-
matically identify ROIs have been developed with use
of various mathematical models, such as principal com-
ponent analysis'*’*”” and machine learning algorithms,
including support vector machines® (FIG. 2b). Another
major problem in automated signal processing is defin-
ing the baseline fluorescence value in an ROIL. Owing
to high variability in the number of Ca* transients in
each RO, simple mean or median values of these signals
cannot be used to normalize the data. A possible solu-
tion is to use iterative methods to calculate the absolute
mean and standard deviation of the background noise in
each RO, and subsequently to use these values for data
normalization in the corresponding ROIs. Both machine
learning-based automatic ROI detection and an iterative
method for noise calculation in the analysis of astrocyte
Ca® transients have been implemented in a newly devel-
oped MATLAB-based algorithm called ‘CaSCaDe¢’ (for
‘Ca’" signal classification and decoding’)*. Once ROIs
have been defined and baseline fluorescence values have
been calculated for each ROIL, Ca** activity within these
ROIs is analysed with use of standard signal-processing
parameters such as the number of active microdomains
and the frequency, amplitude or duration of Ca** tran-
sients. However, the activity patterns and characteristics
of Ca?* signals within each ROI are complex, and fur-
ther work is required to refine and develop methods to
characterize signals within these ROIs.

Ca’* event-based analysis. As Ca** events in astrocytes
merge, split and propagate in space and time, some
events will start and finish outside the boundaries of

spatially fixed ROIs (FIC. 2¢,d). An increase in the spa-
tial size of Ca** events could result in their invasion of
another nearby fixed ROI, where they will be falsely
detected as a new Ca** transient. The appearance of
such false new Ca** transients has been demonstrated
in somatic ROIs in response to bath application of a
metabotropic glutamate receptor agonist in cultured
astrocytes”.

The observation that Ca?* events propagate within
single astrocytes and through the astrocytic syncyt-
ium was first made in cell culture experiments in the
1990s**. Application of an algorithm for the detection
of spatio-temporal Ca** events in cultured astrocytes®
showed that the spatial extent of Ca?* events follows
a power-law distribution, which suggests that widely
used statistics assuming a Gaussian distribution cannot
be applied to compare Ca?* event properties. Consistent
with this finding in cultured astrocytes®, a similar algo-
rithm applied to mouse hippocampal slices showed
that the size and duration of Ca** events also followed
power-law distributions®. In this study, stimulation of
Schaffer collaterals increased the spread of Ca** events
detected in the CAl region, which also changed the
power-law exponent.

The detection of spatio-temporal Ca®* events can be
used to characterize the patterns of Ca** activity within
the spatial domains of single astrocytes®>* in terms of the
number of events per frame and the total active area.
Ca** event starting points have also been characterized
in relation to astrocyte morphology®’. Development of
the Astrocyte Quantitative Analysis (AQuA) machine
learning algorithm led to substantial advances in Ca*
event-based analysis®. This algorithm can be used to
analyse the propagation path, direction and speed of
Ca** events in different preparations, including in vivo.
Importantly, individual Ca** events in an astrocyte popu-
lation are associated with a unique pattern of parameters,
such as the density of events and their relative positions,
sizes and durations (reviewed elsewhere’®). The links
between these patterns and physiological functioning
of the astrocytic network are still unclear.

At present, only a few approaches are available
to quantify limited aspects of Ca®" activity in astro-
cytes at the population level, such as measurements of
the total active area or the number of Ca®* events per
imaging frame®>*. The emergence of 3D Ca*" imaging
of astrocytes’ adds another level of complexity and
requires the development of sophisticated data-analysis
tools to evaluate dynamic changes in the volume and
propagation of Ca** events. No single algorithm is ulti-
mately likely to capture all the diverse activity patterns
of Ca?" signals in an astrocyte or an astrocytic network.
However, combinations of several complementary ana-
Iytical methods offer a plausible strategy to extract rele-
vant information for decoding the biological significance
of Ca®* transients.

Interpreting astrocytic Ca?* signals

Neuronal physiology had already been extensively
explored with electrophysiological tools before the
advent of detailed analysis of astrocytic Ca*" signal-
ling. Therefore, neuronal concepts have often been

556 | OCTOBER 2020 | VOLUME 21

www.nature.com/nrn



applied to astrocytic Ca®* signals for convenience.
However, the expression profiles of various channels
and receptors suggest that astrocytic signalling oper-
ates according to biophysical principles distinct from

a b
Manual ROIs Smart ROIs

a

Soma
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those in neurons. Hence, the mechanisms that regu-
late neuronal responses probably cannot be directly
extrapolated to astrocytic Ca®* signalling (FIG. 3).
Attempts to adapt neuromorphic interpretations and
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Fig. 2 | Spatio-temporal analysis of astrocytic Ca?* activity. a | In manual
region of interest (ROI)-based analysis of astrocytic Ca?* signals, ROls are
defined according to visually identified anatomical structures or other criteria
without a prior in-depth analysis of Ca?* signals. Therefore, such ROIs might
include only parts of spreading events or might contain multiple foci of events
within the same frame. When selected ROls are all the same size (ROls 1-4), the
weight of the pixels in mean fluorescence terms is the same in each ROI. ROls
of differing sizes might also be selected (not shown). The graphs at the bottom
show the mean fluorescence intensity from each pixel of ROls 1-4.b| In smart
ROI-based analysis of astrocytic Ca** signals, ROls are defined with use of
mathematical models or machine learning-based algorithms that analyse Ca?*
activity in the entire imaging stack and then use various parameters to both
select and analyse optimally active regions. These algorithms are designed to
adapt to changing levels and distributions of activity across cells and
experiments. ROls can also be determined or refined by astrocyte morphology
(such as endoplasmic reticulum tangles or mitochondrial location) and
physiology (such as local synaptic activity). As for manual ROls, Ca?* events in
smart ROls might occupy only part of the frame and might propagate through
several adjacent ROIs (see ROls 3-5). Moreover, smart ROls have different sizes,
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and hence different pixel weights contribute to mean fluorescence. The graphs
at the bottom show the average of the normalized fluorescence from each
pixel of the soma and five selected ROls. ¢ | In event-based analysis, all pixels in
which the fluorescence increase exceeds a given threshold are considered
active in each recording frame. All adjoining active pixels are considered to be
part of a single Ca** event, and the evolution of this event is traced in
subsequent frames. The time course of events in a single astrocyte is shown,
with shapes indicating individual Ca?* events. The major drawback of this
method is that the spread and duration of Ca** events strongly depend on the
detection threshold selected. The graphs show the time courses of the active
area, the density of Ca?* events detected in each frame and the maximal event
size. d | Limitations of ROl-based analysis are illustrated using an astrocytic
process divided into three ROls at three momentsin time (t,, t,, t,). For localized
or focal Ca** signals (left panel), one Ca?* event occurs in each ROl during the
recording and event-based imaging analysis records three separate events,
whereas ROI-based analysis records one event per ROl. However, when these
events expand and propagate (right panel), event-based analysis still reports
three separate events, whereas ROls-based analysis reports multiple events
per ROI. Part d adapted with permission from REF”, Elsevier.
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Fig. 3 | Signal processing in astrocytes and neurons. a | Simplified
information flow in an excitatory neuron such as a pyramidal cell. Spatially
and temporally distributed synaptic input is integrated locally in dendritic
segments. Dendritic mechanisms determine the flow of electrical signals
towards the soma and the axonal hillock, where sequences of action
potentials are generated and propagate down the axon to reach their
downstream synaptic targets. b | In contrast to neurons, the somatic region
of astrocytes is not a central signalling hub. Instead, widely distributed
foci of Ca?* signals are thought to trigger local downstream signalling
cascades that in turn modify local neuronal signalling. Astrocytic processes
are categorized as primary branches, higher-order branchlets, terminal
leaflets and end-feet that contact blood vessels. Branchlets carry the thin
organelle-free leaflets, which are intermingled with neuronal structures and
(with a few rare exceptions) do not invade the synaptic cleft. Leaflets
generate Ca** transients owing to Ca** entry through the plasma membrane
(via sodium/calcium exchanger (NCX)) following Na* level elevation during
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neurotransmitter uptake and other receptors or channels. Ca?* level
elevations can propagate into branchlets, which contain endoplasmic
reticulum (ER), and can be amplified and propagated by Ca**-dependent
Ca? release through inositol 1,4,5-trisphosphate receptors (IP3Rs).
G-protein-coupled receptors (GPCRs) are abundantly expressed by
astrocytes and drive astrocytic Ca?* signalling by production of inositol
1,4,5-trisphosphate. In the cytosol, Ca?* is buffered by endogenous buffers
and (when they are introduced) Ca?" indicators. Then, Ca?" is removed from
the cell by plasma membrane Ca** ATPase (PCMA) or moved to the ER by
sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA). In addition
to ER, astrocytic branchlets contain elongated mitochondria, which actively
participate in local Ca?* dynamics by releasing Ca?* through the
mitochondrial permeability transition pore (mPTP) and mitochondrial NCX
(mNCX) and by sequestering Ca?" via the mitochondrial Ca?* uniporter
(MCU). Mitochondria also serve as a source of reactive oxygen species
(ROS), which regulate astrocytic Ca’* activity.

neuron-derived concepts to astrocytes are ultimately likely to

prove futile.

Astrocytic Ca®* events can be classified as either
spontaneous or triggered. Spontaneous Ca®* events
are generated intrinsically without any external stim-
uli, whereas triggered Ca®* events occur in response to
changes in the astrocytic environment, such as synaptic
or neuronal activity and physiologically relevant internal

and external triggers (FIC. 1).

Spontaneous Ca** events. The precise mechanisms by
which spontaneous Ca’* transients are generated in
astrocytes remain under investigation. Astrocytes are
able to generate spontaneous Ca** events even when neu-
ronal firing is blocked by tetrodotoxin”, when neuronal
and astrocytic vesicular release is blocked by bafilomycin
Al (REFS'™®®) and despite genetic knockout of astrocytic
InsP.R type 2 (InsP,R2)*77*!. Most likely, these spon-
taneous Ca®* events are triggered by stochastic Ca*
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fluxes through multiple pathways. Ca*" can enter the
cell through Ca?**-permeable receptors, Ca** channels
and Na*/Ca®* exchangers located on the plasma mem-
brane and can pass through InsP,Rs on the endoplas-
mic reticulum and through mitochondrial permeability
transition pores'”*>7%8283 Superposition of these small
and spatially restricted Ca** fluxes leads to local cyto-
solic fluctuations of Ca®* concentration that can reach
the threshold for Ca?*-dependent Ca** release through
InsP,Rs, leading to the amplification and propagation of
spontaneous Ca** events* (FICS 3,4).

External stimuli can either modulate existing spon-
taneous Ca’" activity or trigger new Ca’* responses,
although distinguishing between these two scenarios
might prove challenging. Glutamate, ATP and noradren-
aline can activate the a-subunits of astrocytic G, proteins
(G,a) via the corresponding G-protein-coupled recep-
tors, which leads to the production of diacylglycerol
and InsP, by phospholipase C. The levels of InsP, and
Ca?* jointly determine the open probability of InsP,Rs*,
and a high cytosolic InsP, concentration increases the
chance of spontaneous Ca?* fluctuations becoming
amplified through Ca**-dependent Ca** release. This
amplification can convert spatially restricted spontane-
ous Ca’* events into propagating events, and neuronal
activity can thereby boost the propagation of Ca** events
in astrocytes®’. When InsP,R2 is genetically deleted in
mouse astrocytes, spontaneous Ca** fluctuations (which
are mediated by Ca?* entry through the plasma mem-
brane or released by mitochondria) still occur but can
no longer be amplified by Ca**-dependent Ca*" release.
Hence, the proportion of spreading Ca?* events is greatly
decreased in mice lacking InsP,R2 (REFS**779).

The stochastic probability of InsP,R opening and
mitochondrial permeability transition pore opening can
be further enhanced by increased ROS production®”*
during states of high metabolic demand, such as
increased neuronal firing or enhanced cellular stress dur-
ing pathological conditions such as epileptic seizures®,
and in astrocytes that overexpress a mutant superoxide
dismutase 1 (SOD1) bearing the amino acid substitution
Gly93Ala, which leads to the accumulation of cytotoxic
levels of intracellular ROS*. These studies indicate that
ROS can modulate the frequency, spread and duration
of spontaneous Ca*" activity in astrocytes. Hence, spon-
taneous Ca*" transients can be considered to report the
internal state of astrocytes. Changes in the characteris-
tics of these transients might act as a sensitive indicator
of the metabolic or redox state of the cell.

Triggered Ca®* events. Ca** events in astrocytes can
be triggered by activation of a plethora of cell surface
receptors, channels and exchangers. A very common
signalling motif is the activation of metabotropic recep-
tors, which increase both cytosolic InsP, levels and the
InsP,R open probability, thereby promoting Ca** release
from Ca*" stores"?. However, Ca?* can also directly enter
the astrocyte cytosol — via, for instance, ionotropic
glutamate receptors, purinergic P2X and nicotinic cho-
linergic receptors — in response to neuronal activity
(reviewed elsewhere?). In addition, the uptake of glu-
tamate and GABA leads to Na* influx, which activates

REVIEWS

Na'*/Ca®" exchangers and can trigger Ca®* transients in
astrocytes””. G,a-coupled and G,a-coupled metabo-
tropic receptors can also trigger Ca?* transients in
astrocytes, via an unknown mechanism®. Astrocytes
sense many types of signals, including the volumetric
release of neuromodulators and changes in the partial
pressures of CO, and O,, pH, temperature and cerebral
perfusion pressure, and often respond to these changes
by modulating Ca** signals’**-%,

As a result of the shared intracellular signalling
mechanisms involving cytosolic Ca*, InsP, and InsP,Rs,
spontaneously generated Ca®* transients as well as their
modulation by receptor activity and receptor-dependent
induction of new Ca** transients are tightly interlinked.
Each experimental setting provides a snapshot of this
continuum but its specific make-up will depend on
many parameters, including neuronal and neuromod-
ulatory activity and metabolic state. This convergence
of intracellular signalling mechanisms puts InsP,Rs at
centre stage; astrocytic Ca** signalling was long thought
to depend almost exclusively on InsP,R signalling.
Although InsP,R2 has a major role in astrocytes”, other
InsP,Rs are also involved®. Genetic deletion of InsP,Rs
can be used as a tool to disentangle and isolate Ca?* sig-
nalling cascades. In Ip3r2”- mice (Ip3r2 is also known
as Itpr2), for instance, very few Ca’* transients are
directly triggered by neuronal activity, and most activity
represents spontaneous Ca?* transients*>*>71%,

Ca’* activity and astrocyte morphology. The ampli-
tude of stochastic Ca** level fluctuations in astrocytic
branchlets depends on their surface-to-volume ratio®,
which is highest in the distal branchlets, where Ca?*
entry into the cytosol therefore produces the largest
Ca’* level elevations'>'"". Hence, Ca?* level fluctuations
in thin distal branchlets are more likely than somatic
Ca** level fluctuations to reach the threshold for ampli-
fication by Ca?*-dependent Ca** release®’. Quantitative
fluorescence lifetime imaging has revealed bigger
amplitudes of Ca?* transients in response to metabo-
tropic glutamate receptor agonist treatment in astrocyte
regions dominated by distal processes™. Several groups
have also observed spatial restriction of spontaneous
Ca?* events in ex vivo and in vivo preparations'’*>"%5!,
These events occur predominantly in distal parts of
the astrocyte processes called ‘microdomains’”#>7655!,
Each individual astrocyte possesses a myriad of such
microdomains'®. A study that used stimulated emission
depletion microscopy to look for correlations between
sub-diffraction-limit astrocyte morphology and sub-
cellular Ca?* activity'” found that most astrocytic Ca**
transients originate at node-like and synapse-associated
structures'”. Further studies are needed to clarify the
ultrastructural composition and molecular make-up of
these compartments.

The observation that specific subcellular compart-
ments are privileged with regard to the generation of Ca**
events is intriguing in many ways, not least with regard
to the potential relationship between Ca** dynamics
and astrocyte morphology. Morphological remodelling
events such as changes in the number of branchlets might
regulate Ca®* dynamics'”*. Conversely, Ca®* activity can
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also sculpt astrocyte morphology because Ca** level rises
trigger the outgrowth of peripheral processes through
binding of actin to profiline 1 (REF.'”). Furthermore,
expression of an InsP,-absorbing recombinant peptide

(InsP, sponge) reduces activity-dependent modula-
tion of astrocytic Ca** signals and causes retraction of
perisynaptic leaflets in a transgenic mouse model'*.
Hence, neuronal network activity positively modulates
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< Fig. 4| Different levels of interaction between neurons and astrocytes. a | Synaptic

release of neurotransmitters, extrasynaptic neuromodulators such as dopamine and
noradrenaline, and retrograde signals such as endocannabinoids trigger Ca’* events

in perisynaptic astrocytic leaflets. These Ca?* events induce the release of signalling
molecules that affect neuronal excitability, synaptic transmission and plasticity. b | Ca?*
events within astrocytic microdomains include the territories of multiple synapses and can
influence their activity and/or plasticity by releasing signalling molecules or by changing
the synaptic microenvironment. This shared exposure leads to the co-modulation of
multiple synapses (synaptic clusters) both on the same and on different dendrites and/or
neurons. ¢ | Ca?* events (waves) spread through astrocytes and the astrocytic network
and change the state of groups of neurons, thereby guiding information processing across
the neuronal network. GPCR, G-protein-coupled receptor.

InsP; sponge

A recombinant peptide
including modified
ligand-binding domains from
mouse inositol
1,4,5-trisphosphate (IP,)
receptor type 1 (IP;R1),
designed to sequester
intracellular InsP owing to its
~1,000-fold higher affinity for
InsP than for native IP3Rs.

APP/PS1 mice

A double-transgenic mouse
model of Alzheimer disease
that expresses both chimeric
(mouse—human) amyloid
precursor protein (APP) and
mutant human presenilin 1
(PS1) specifically in CNS
neurons.

astrocytic Ca®* signalling, and the reduction of neuronal
activity can lead to the retraction of astrocytic leaflets.
This interplay between neuronal activity and astrocyte
structural changes ultimately reaches an equilibrium that
ensures the optimal operation of an astrocyte-neuron
network.

Speed of astrocytic Ca** signalling. Neuronal activity,
as opposed to non-neuronal brain processes, is often
solely linked to real-time information processing in
the brain (examples of which include place cell activity,
rate coding and neuronal firing locked to the phase of
brain rhythms)'~'”. Astrocytic Ca** signalling is con-
sidered too slow to be involved in real-time information
processing. Indeed, a single action potential in a neu-
ron lasts a few milliseconds and postsynaptic poten-
tials last a few tens of milliseconds, whereas astrocytic
Ca* events occur over durations of several hundred
milliseconds to a few seconds. In addition, astrocytic
Ca** signalling is characterized by large jitter, mean-
ing that astrocytic responses to external stimulation or
neuronal activity might be considerably delayed. The
mean interval between sensory stimulation and onset
of an astrocytic Ca®* event is highly variable (range
1.0-5.5s)*"#¢11° Nonetheless, a small subset (~8%) of
astrocytic Ca®* events are ‘fast’ events, which have a
mean onset time of ~333 ms, as rapid as that of some
neurons (neuronal mean onset time ~208 ms)**!'!, On
average, an astrocyte microdomain experiences 0.5-1.0
Ca’* transients per minute during baseline activity, and
this rate can rise to 5-10 Ca?* transients per minute
during stimulation*>*. Therefore, an individual astro-
cyte can sense a diverse range of neuronal signals and
integrate this information to derive an appropriate
response, which can be simultaneously fast’ and ‘slow’
at distinct locations of the cell.

The human reaction time to visual and auditory
stimuli is ~100 ms (REFS''*>'"%), whereas responding to
the conscious intention to move takes more than 1s
(REF.'%). Neurons can generate meaningful sequences of
tens to hundreds of action potentials in such time spans.
Astrocytic Ca** events might therefore be too slow for
rate-based information encoding. However, astrocytes
could also encode information in patterns of Ca?* events.
Imaging data show that astrocytic Ca** activity patterns
(that is, the total area, number and duration of Ca?*
events) change in each imaging frame®>*. Indeed, some
Ca’* events start and others end at any given moment in
time. As a result, spatial patterns of astrocytic activity
can change almost instantaneously (FIG. 2).
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Ca?** signalling in astrocytic networks. Individual astro-
cytes are coupled to their neighbours via gap junctions
to form large-scale networks. Gap junctions are per-
meable to small molecules, including Ca*, InsP, and
ROS, a characteristic that has long been considered to
enable Ca?* signals to propagate through the network.
Indeed, an early discovery in cultured astrocytes was
that intercellular Ca®* waves are sensitive to gap junc-
tion blockade'”. Furthermore, although connexins are
closed by high concentrations of Ca** (such as are found
in the extracellular space)''’, intracellular Ca** waves can
be mediated by InsP, diffusion through gap junctions'"’.
In addition to gap junctions, astrocytes communicate
with each other through vesicular and non-vesicular
release of gliotransmitters such as ATP, glutamate and
D-serine’. Astrocytic ATP release is also implicated in
the propagation of Ca** activity in cultured astrocytic
networks'*%, although no intercellular Ca** waves have
been detected in brain slices®. Nevertheless, simulta-
neous Ca?* transients have been observed in multiple
astrocytes in vivo during locomotion®**"*', in response to
visual’™'" or whisker* stimulation and in APP/PS1 mice®.
However, Ca?* signals could falsely seem to travel in a
wave-like manner through an astrocytic network when
Ca’ transients are separately but sequentially trig-
gered in different cells, for example by neuromodula-
tors or spreading neuronal activity (such as spreading
depression or epilepsy)*"'*.

Effect of neuromodulators. A neuromodulator is a
molecule that is not classed as a fast synaptic neuro-
transmitter but nonetheless affects the excitability and/or
firing rate of a population of neurons, a sometimes
ambiguous distinction. Classic neuromodulators such
as noradrenaline, dopamine, acetylcholine and seroto-
nin are released throughout the brain and spinal cord
from subcortical projections located in distinct nuclei.
However, such direct neuron-to-neuron neuromodula-
tion is complemented by emerging findings that neu-
romodulators can also target astrocytes and influence
Ca*" activity in astrocytic networks across brain regions
and species”>''"'*, Noradrenaline, in particular, can
modulate the Ca?* activity of astrocytic networks and
enable them to respond to local changes in neuronal
activity?*>"'>12*, For example, in zebrafish, repetitive
noradrenaline-mediated Ca?* signals in astrocytes lead
to activation of downstream neurons and suppression
of futile behaviour®. In Drosophila, noradrenaline-like
neuromodulators such as tyramine and octopamine
directly activate astrocytes, which in turn modulate
downstream dopaminergic neurons and alter complex
behaviours such as olfactory-driven chemotaxis and the
touch-induced startle response’. Similarly, in rodents,
a transient increase in noradrenaline in response to
whisker stimulation resulted in a transient Ca*" rise in
astrocytes, whereas repetition of an aversive stimulus
led to sustained adrenergic release resulting in increased
levels of intracellular Ca** and cAMP in a large popu-
lation of astrocytes'*!. The neuromodulators dopamine
and acetylcholine can also trigger or modify astrocytic
Ca*" signals. For instance, dopamine can induce dose-
dependent and bidirectional astrocytic Ca®* responses in
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the hippocampus'* and nucleus accumbens'*. Similarly,
acetylcholine can induce Ca?* transients in cortical and
hippocampal astrocytes that modulate synaptic trans-
mission and synaptic plasticity'*'¥". In general, astro-
cytic responses increase the number of possible local
effects of a single neuromodulator, and the net effect
is likely to differ between different brain regions and
according to behavioural context. In turn, the physiol-
ogical or pathophysiological remodelling of astrocytes,
with respect to their ability to sense neuromodulators,
integrate this input and modify neuronal signalling,
might profoundly alter the local effect of a neuromod-
ulator. Thus, by integrating the information carried by
neuromodulators, astrocytes act as potent and rapid
regulators of behavioural states.

Neurons influence astrocytic Ca?* activity via two
pathways: local interactions at the level of individual
synapses and volume transmission through the diffuse
release of neuromodulators. Both pathways change the
spatio-temporal properties of spontaneous Ca?* events
and trigger new Ca** events. These observations raise
several important questions: does a specific pattern
of Ca?* events underlie the activation of astrocytes
embedded in neural circuits? If such a pattern exists,
what information could be encoded by the activation of
ensembles of astrocytes and/or astrocyte subregions, and
how do they specifically affect neural network activity?
(See FIG. 4.)

Conclusions

Advances in imaging technologies have driven a cor-
responding increase in the complexity of experimen-
tal preparations for studying astrocytic Ca®* events,
from cultured cells and brain slices towards imaging in
freely moving animals and 3D methods for imaging
Ca** events (although 3D approaches have not yet been
widely adopted). ROI-based and event-based data analy-
sis offer complementary approaches for the detection
and analysis of spatio-temporal Ca** signals. Such multi-
faceted characterization of the spatio-temporal proper-
ties of Ca?* events is expected to enable researchers to
identify the most physiologically relevant event charac-
teristics — for example, those specifically associated with

sensory input, behavioural output, patterns of neuronal
network activity or wakefulness.

For example, despite the much slower time course of
astrocytic Ca** signals compared with neuronal electrical
signals, population activity in the astrocytic network as
a whole can change very quickly, and hence astrocytes
could potentially participate in real-time coding of
information in the brain. Ca** signalling in individual
astrocytes and astrocytic networks is now known to be
intimately linked to astrocyte morphology and to the
spatial distribution of the cellular and subcellular compo-
nents that shape Ca?* signals. However, Ca’*-dependent
morphological interactions between neurons and astro-
cytes need to be further investigated, especially in in vivo
models. Until the development of super-resolution
microscopy, in vivo morphological studies of astrocytes
were subject to diffraction-limited optical imaging,
which fails to resolve fine astrocytic processes. Astrocyte
morphology studies using super-resolution microscopy
in combination with simultaneous Ca** imaging can
potentially close this knowledge gap.

Further studies will also be essential to identify links
between the appearance of specific astrocytic Ca** pat-
terns (such as ‘place patterns’) and animal behaviour,
location in space, emotional state and memory acqui-
sition. Indeed, the fact that external stimuli and behav-
iours can robustly trigger astroglial Ca** signalling
raises several important questions: can defined levels
of neuronal activity summon specific Ca** patterns in
astrocytes? Can learning produce long-term changes
in astrocytic Ca*" patterns, for example through the
morphological and functional plasticity of astrocytes?
Can the reproduction of specific astrocytic Ca** patterns
with optogenetic tools result in either the recall of cor-
responding memories or the triggering of correspond-
ing behaviours? Astrocytic Ca*" activity patterns could
therefore represent a guiding template that modifies
the state of the local neuronal network, an intriguing
possibility suggesting that the information-possessing
capacity of the mammalian brain is considerably larger
than we currently acknowledge.
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