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A B S T R A C T

Astrocytes are a major type of glial cell in the mammalian brain, essentially regulating neuronal development and
function. Quantitative imaging represents an important approach to study astrocytic signaling in neural circuits.
Focusing on astrocytic Ca2þ activity, a key pathway implicated in astrocye-neuron interaction, we here report a
strategy combining fast light sheet fluorescence microscopy (LSFM) and correlative screening-based time series
analysis, to map activity domains in astrocytes in living mammalian nerve tissue. Light sheet of micron-scale
thickness enables wide-field optical sectioning to image astrocytes in acute mouse brain slices. Using both
chemical and genetically encoded Ca2þ indicators, we demonstrate the complementary advantages of LSFM in
mapping Ca2þ domains in astrocyte populations as compared to epifluorescence and two-photon microscopy. Our
approach then revealed distinct kinetics of Ca2þ signals between cortical and hypothalamic astrocytes in resting
conditions and following the activation of adrenergic G protein coupled receptor (GPCR). This observation
highlights the activity heterogeneity across regionally distinct astrocyte populations, and indicates the potential of
our method for investigating dynamic signals in astrocytes.
1. Introduction

As a major type of glial cell, astrocytes form interconnected networks
in mammalian central nervous system (Giaume et al., 2010). Long
thought as solely supportive elements in nervous tissue, astrocytes are
now being revealed as critical players in brain development and function
(Dallerac et al., 2018). Astrocyte activity is encoded by dynamic intra-
and intercellular signals that regulate synaptic microenvironment, com-
munications within neural circuits and cognition (Santello et al., 2019).
Spatio-temporal characterization of astrocytic signals in situ is the
premise to understand their contribution to central information pro-
cessing. With the continuous development of fluorescent indicators for
specific signaling pathways (Deo and Lavis, 2018; Lin and Schnitzer,
2016; Lobas et al., 2019), dynamic imaging stands as an important
approach to investigate astrocyte function.

As a highly dynamic signal, intracellular Ca2þ oscillation represents
9
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an important aspect of astrocyte activity that occurs spontaneously or
downstream of GPCR activation by neurotransmitters (Agulhon et al.,
2008; Khakh and McCarthy, 2015). Such Ca2þ signaling has been
implicated in gliotransmitter release, neurotransmitter and ion homeo-
stasis, neurovascular coupling and perisynaptic structural remodeling
(Bazargani and Attwell, 2015; Cauli and Hamel, 2018; Khakh and
McCarthy, 2015; Nedergaard and Verkhratsky, 2012). Recent evidence
suggests the involvement of astrocyte Ca2þ signal in the central control of
animal behaviors (Covelo and Araque, 2018; Robin et al., 2018).
Furthermore, departing from the conventional view that astrocytes form
a homogeneous cohort, recent studies also start to notice their hetero-
geneities in terms of gene expression, morphology and functional inter-
action with local neural circuits (Chai et al., 2017; Lanjakornsiripan et al.,
2018; Martin-Fernandez et al., 2017). Nevertheless, both the cellular
mechanism and the functional consequence of astrocytic Ca2þ signal still
remain debated (Bazargani and Attwell, 2015; Fiacco and McCarthy,
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2018; Savtchouk and Volterra, 2018). A better understanding of the
spatial and temporal features of astrocytic Ca2þ signals in situ will help to
dissect their functions in the nervous system.

Optical microscopes combined with high-affinity Ca2þ sensors have
enabled dynamic imaging of astrocytic Ca2þ in various contexts (Otsu
et al., 2015; Perez-Alvarez et al., 2014; Reeves et al., 2011). Epifluor-
escence (EPI) microscopy coupled with digital cameras allows fast
wide-field imaging, whereas the image contrast is degraded by
out-of-focus fluorescence due to the lack of optical sectioning. This
problem could be ameliorated by computational deconvolution using
theoretical or empiric point spread function (Li et al., 2004; Swedlow,
2013), yet this method usually requires off-line and time-consuming
iterative computations. Direct optical sectioning has been achieved by
laser scanning confocal and two-photon microscopy, which evidently
improves the image quality (Otsu et al., 2015; Shigetomi et al., 2013), yet
also imposes limitations on imaging speed due to the spatial scanning
(Keller and Ahrens, 2015; Svoboda and Yasuda, 2006). Also, during laser
scanning, the high local energy of the focused beam may disturb astro-
cyte Ca2þ homeostasis (Kuga et al., 2011; Schmidt and Oheim, 2018;
Zhao et al., 2009). Moreover, the relatively high cost of the femtosecond
pulsed lasers required for two-photon microscopy limits its wide appli-
cation. It is therefore desirable to achieve optical sectioning in a scanless
manner for in situ astrocyte Ca2þ imaging.

Light sheet of micron-scale thickness can be generated from contin-
uous wave lasers by objectives of long focal depth (Keller and Dodt, 2012;
Fig. 1. Procedures and setup for light-sheet imaging. (A) Illustration of the placem
to an existing upright microscope. Two laser lines were coupled to the optical module
was used to generate a thin and elongated light sheet for in-focus excitation. (C) Th
side, top and iso view.
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Ritter et al., 2010). Aligning light sheet orthogonally to the focal plane of
an imaging objective enables scanless wide-field optical sectioning and
ultrafast image acquisition by digital cameras (Ahrens et al., 2013;
Jemielita et al., 2013; Power and Huisken, 2017). Here, we adopted light
sheet imaging to characterize astrocyte Ca2þ dynamics in acute mouse
brain slices. In parallel, a computational principle based on
spatio-temporal correlation screening was introduced to map active Ca2þ

domains. Using chemical and genetically encoded indicators, we
demonstrated the ability of light sheet imaging to resolve astrocyte Ca2þ

activity. Video rate acquisition was achieved over wide field up to hun-
dreds of microns with adapted objectives. Using this method, we
observed distinct Ca2þ kinetics between cortical and hypothalamic as-
trocytes in resting condition and in response to GPCR activation, lending
support to the activity heterogeneities associated with local astrocyte
populations. Light sheet imaging therefore represents a useful tool to
study astrocyte activity and its diversity in mammalian nerve tissues, and
will complement the methods to investigate glial functions.

2. Materials and methods

2.1. Preparation of mouse brain slices

Experiments were undertaken in accordance with European Com-
munity guiding principles on the care and use of animals (86/609/CEE),
and the rules of the host institute. Coronal slices comprising
ent of brain slices. (B) A light sheet optical module was orthogonally conjugated
via a fiber combiner. An air objective of long-working distance ( � 10, 0.25 NA)
e holding chamber designed for lateral light sheet excitation. From left to right:
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somatosensory cortex and hypothalamus were acutely prepared from
C57BL/6 mice of both sexes at ages as indicated. Mice were deeply
anesthetized by isoflurane (Axcience) evaporation in a closed plexiglass
box. For mice less than 4 weeks old, the brain was taken out and placed in
ice-cold artificial cerebrospinal fluid (aCSF, mM: 124 NaCl, 4.5 KCl, 1.2
NaH2PO4, 1 MgCl2, 2 CaCl2, 26 NaHCO3, and 10 D-Glucose), and cut into
300-μm thick slices by a vibratome (Leica VT1200S). For mice older than
4 weeks, the brain was placed in a modified aCSF for slicing (in mM: 30
NaCl, 4.5 KCl, 1.2 NaH2PO4, 1 MgCl2, 26 NaHCO3, 10 D-Glucose, and
194 sucrose) (Jiang et al., 2016) maintained at 4 �C during sectioning.
Brain slices were recovered in normal aCSF at 37 �C for about 1 h. Prior to
imaging, one single slice was mounted on a block of liquid-state trans-
parent agarose (2% low melting agarose, Thermo Scientific). When
cooled, the sample-containing agarose block was glued on 10-mm glass
coverslip and then together placed in the light sheet imaging chamber
(Fig. 1A). Fluorescent beads (#1851011, Thermo Fisher Scientific) were
diluted 10-fold in distilled water and dispersed directly into a drop of
agarose. Imaging was carried out at room temperature (21–23 �C) under
constant perfusion (~3 ml/min) with aCSF. Solutions were saturated
with a mixture of 95% O2 and 5% CO2.

2.2. Ex vivo and in vivo labeling of astrocytes

For ex vivo labeling, astrocytes were vitally stained by the red fluo-
rescent dye sulforhodamine 101 (SR101) (Sigma-Aldrich) (Appaix et al.,
2012; Nimmerjahn et al., 2004). Brain slices were incubated in aCSF
containing 5 μMSR101 for 1 h in the dark and continuously bubbled with
a mixture of 95% O2 and 5% CO2. After labeling, the slices were thor-
oughly washed in dye-free aCSF for at least 15 min prior to imaging. A
similar procedure was used to load the Ca2þ-sensitive dye Fluo2 AM (TEF
Labs; 5 μM, 1 h) in astrocytes in slices of ~3–4 weeks old mice. Mice of
similar age were used also for in vivo labeling of astrocytes, sulforhod-
amine B (10 mg/ml, Sigma) was intraperitoneally injected into awake
mice at a dose of 10 μL/g (Appaix et al., 2012; Perez-Alvarez et al., 2013).
The genetically encoded Ca2þ indicator GCaMP6 was expressed in as-
trocytes in vivo by crossing a Cre-dependent GCaMP6f mouse line (Ai95,
The Jackson Laboratory) with an astrocyte-specific Glast-CreERT2 mouse
line (Slezak et al., 2007). Tamoxifen (T5648, Sigma-Aldrich) or its active
metabolite 4-Hydroxytamoxifen (4-OHT) (Sigma-Aldrich or Tocris) were
first dissolved in ethanol and aliquoted at 1 mg/50 μL. Corn oil (Sig-
ma-Aldrich) was then added to each aliquot to reconstitute at 1 mg/250
μL, which was then warmed at 37 �C for 15 min and sonicated for 15 min
until the solution was clear. Aliquots were stored at �20 �C until use. For
4-OHT, one dose of 1 mg was intraperitoneally injected in GCaMP6f/-
Glast-CreERT2 bigenic mice at ~3–4weeks of age. When using tamoxifen,
mice were injected once a day (1 mg) for two consecutive days. Imaging
experiments were carried out about two weeks after the last injection.

2.3. Imaging setups and procedures

Light sheet imaging was performed using a custom-built setup based
on a wide-field upright microscope (Zeiss Axioskop 50, Germany)
equipped with water-immersion objectives (Fig. 1B). EPI illumination
was provided by a monochromator light source (Polychrome II, TILL
Photonics, Germany) directly coupled to the imaging objective via an
optical fiber. We used three water immersion imaging objectives: � 10
NA0.3, � 20 NA0.5 and � 40 NA0.8 (ZEISS). The green fluorescence of
Fluo2 and GCaMP6was separated from the red fluorescence of SR101, by
spectrally exclusive double-band filters (Di03-R488/561-t3 and FF01-
523/610, Semrock). Fluorescence signal was collected using a digital
electron-multiplying charge-coupled device (EMCCD Cascade 512B,
Photometrics).

The in-focus light sheet was generated from an independent optical
module (Alpha3 light sheet add-on, Phaseview, France) equipped with an
air objective (Zeiss EC EPIPlan � 10, 0.25NA). This optical module was
orthogonal to the upright imaging pathway and coupled via a wavelength
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combiner (Thorlabs) to two continuous wave lasers (473-nm and 561-
nm, CNI) (Fig. 1A). The center thickness (ω) of the generated light
sheet was in the order of ~1–2 μm (Power and Huisken, 2017):

ω¼ 2λ
πNA

(1)

where λ denotes laser wavelength, NA the numerical aperture of exci-
tation objective and π the Archimede’s constant. The center of light sheet
was orthogonally aligned to the focus of the imaging objective, so as to
achieve wide-field optical sectioning (Fig. 1B). A chamber for light sheet
imaging (20 � 30 � 46 mm width, height and length) was custom-
designed using 3D modeling software (Trimble SketchUP; Fig. 1C), and
produced by a Mojo 3D printer (Stratasys). Two 22 � 22 mm glass cov-
erslips (#1, Erie Science Company, USA) were glued (Dow Corning
GmbH, Germany) to each side of the chamber, thereby enabling the
lateral illumination. The chamber was mounted on a motorized PI stage
(Physik Instrumente GmbH, Germany) for axial micro-manipulation.
Laser excitation and image acquisition were controlled by MetaMorph
(Molecular Devices).

Two-photon imaging was performed using a custom-built setup as
reported previously (Bonnot et al., 2014). It was based on an upright
microscope (BX51WI, Olympus) equipped with a � 40 NA0.8 water
immersion objective (Olympus) and a tunable femtosecond Ti:sapphire
pulsed laser (MaiTai HP; Spectra Physics, Ellicot City, MD, USA). For
SR101 and GCaMP6 imaging, two-photon excitation was set at 850 nm
and at 880 nm, respectively (Appaix et al., 2012; Mutze et al., 2012).
Fluorescence emitted by SR101 and GCaMP6 was split by a dichroic
mirror at 590 nm, filtered subsequently by either a 535/50 nm or a
615/45 nm bandpass filter, respectively and collected by two indepen-
dent photomultipliers (PMT H9305-03, Hamamatsu). Image acquisition
was performed using the Matlab routine ScanImage (Pologruto et al.,
2003). When � 40 NA0.8 water immersion objective was used, the
lateral pixel size of two-photon imaging was set to 0.34 μm, comparable
to EPI/LSFM CCD imaging (0.4 μm). To obtain fluorescence profiles
along the z-axis, the sample was moved vertically in a step size of 0.5 μm.
2.4. Fluorescent immunohistochemistry and genotyping

Bigenic mice expressing GCaMP6 in astrocytes were anesthetized by
intraperitoneal injection of pentobarbital at lethal dose (200 μl, Euthasol
Vet, Dechra), and then subjected to intracardiac perfusion of phosphate
buffer solution (PBS) for blood removal followed by infusion of 4%
paraformaldehyde (PFA, Sigma-Aldrich). Harvested brains were fixed in
4% PFA overnight, prior to being washed in PBS containing 30% sucrose
and 0.09% NaN3. Tissues were next embedded in optimal cutting tem-
perature compound (VWR, Fontenay-sous-bois, France) and quickly
frozen at �50 �C in isopentane. Thirty μm thick floating coronal slices
were cut using a cryostat (Leica, Wetzlar, Germany), washed in PBS and
then incubated for 1 h in a blocking solution (0.25% fish gelatin with
0.4% Triton X-100 in PBS). Primary antibodies were diluted in the same
solution, and added to slices overnight at 4 �C (rabbit monoclonal anti-
S100β, ab52642, Abcam, Cambridge, UK, diluted at 1/500; chicken
polyclonal anti-GFP, Aves Labs, Davis, CA, USA, diluted at 1/1000). After
being washed in PBS, brain slices were incubated at room temperature
for 2 h with the secondary antibodies diluted in the blocking solution
(Alexa fluor 488- and 594-conjugated antibodies, Thermofisher, Wal-
tham, MA, USA), to detect rabbit monoclonal and chicken polyclonal
primary antibodies, respectively. After thorough washing, brain slices
were dried and mounted in Mowiol medium (Millipore, Darmstadt,
Germany). Fluorescent images of dual-color immunostaining were ob-
tained using a standard confocal microscope (Zeiss LSM 800, Germany).

Genotyping of the Cre-dependent GCaMP6f mouse line (Ai95, The
Jackson Lab) used the standard primers and polymerase chain reaction
protocols provided by the supplier. Genotyping of GLAST-CreERT2 mouse
line was performed using the primers for Cre recombinase (TK139/141)



Fig. 2. Mapping astrocytic Ca2þ domains by screening locally correlated temporal signals. (A) Spatio-temporal correlation screening. Time-lapse image stack
was obtained by acquiring consecutively the focal plane image of living nerve tissue. Time courses of contiguous pixels in Ca2þ-active domains (shaded in green) show
higher correlation level than those of inactive domains and background regions. (B) Principal steps for C-Screen mapping. (C) Spatial and temporal parameters can be
extracted following the identification of Ca2þ-active domains. For instance, the temporal correlation (rij) can be derived for Ca2þ signals between all paired com-
binations of active domains. Its distribution offers a global estimation on the synchronization degree of Ca2þ signals. In parallel, corresponding domain-domain
distances (dij) can also be derived from their centroid coordinates.
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as reported (Slezak et al., 2007).
2.5. Detection of Ca2þ domains by spatio-temporal correlation screening

Astrocyte Ca2þ signals acquired with current technology appear as
4

local bursts or as wide-spread increases of fluorescence intensity over
multiple pixels as previously observed (Otsu et al., 2015; Reeves et al.,
2011; Shigetomi et al., 2010). Given that the time-dependent intensity
changes of contiguous pixels within a defined Ca2þ domain are highly
synchronized, we devised a computational method to screen for
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temporally correlated Ca2þ signals so as to detect discrete Ca2þ domains.
The Pearson’s correlation coefficient r12 between time courses of
half-overlapping mini-squares (2 � 2 pixel2) was calculated in a running
manner across the x-y image plane (Fig. 2A):

r12 ¼
Pn

i ¼ 1ðF1ðiÞ � F1ÞðF2ðiÞ � F2ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1ðF1ðiÞ � F1Þ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1ðF2ðiÞ � F2Þ2

q (2)

where F1 and F2 representing the time courses derived from the twomini-
squares and n representing the total number of image frames contained in
a single movie. The time axis designates the third dimension in the movie
(i.e., the time-lapse image stack). As expected, the r12 value between
running mini-squares appeared higher in Ca2þ-active domains than areas
showing no evident Ca2þ rises as dominated by background noises
(exemplified in Fig. 2A). This approach enabled the detection of Ca2þ

domains in time series images. Prior to analysis, we subtracted from the
raw images the background signal as determined by the minimal in-
tensity projection of the entire stack.

Computing temporal r12 correlation values of the overlapping mini-
squares in a running manner across the x-y image plane (z as the time
axis) gave rise to a 2D correlation map (Fig. 2B). This map was then
segmented by an empirically determined correlation threshold
(0.14–0.2) based on the match to the visual inspection of original movies.
Subsequently, a low-pass median filter (3 - 5 pixel size) was applied to
remove scattered solitary pixels. A signal threshold was further applied to
determine Ca2þ domains, with their mean fluorescence time course
comprising at least three consecutive data points exceeding three times
standard deviation of the baseline. The baseline was searched by running
a temporal segment (20 data points in length) across the full time course
of single domains to find a period showing minimummean intensity. The
Ca2þ signal of single domains was then normalized as dF/F0, with F0
representing the mean baseline intensity (Fig. 2B). To quantify the signal
strength, we calculated the temporal integral for normalized Ca2þ re-
sponses over a unitary time period (/minute). The detection of Ca2þ-
active domains enables the further extraction of spatio-temporal infor-
mation on astrocyte activity. This included the temporal correlations
between Ca2þ signals across all combined detected domains (Fig. 2C),
which indicates the degree of global signal synchronization. In addition,
domain-domain distances could also be derived by their centroid co-
ordinates (Fig. 2C). Since this method is based on correlation screening,
we abbreviate it as C-Screen.
2.6. Fluorescent object analysis

The apparent size of fluorescent objects was derived from their center
linescan profile obtained with ImageJ (NIH). The linescan profile was
fitted with a Gaussian curve in Igor Pro (WaveMetrics), and the full width
at half maximum (FWHM) served as size estimate. The minimal intensity
of the image or the minimum projection of a temporal stack was used as
background signal and subtracted from the raw images. Signal-to-
background ratios (SBRs) of fluorescent objects were also derived from
their linescan profile, calculated as the ratio of the peak against the basal
level intensity.
2.7. Statistics

Experimental data are expressed as mean � standard error unless
otherwise mentioned. The t-test was performed for two-group compari-
sons, and significant difference was determined by p values less than
0.05. Mann-Whitney U test was also used to ascertain the significance
level, in considering the deviation of the experimental data from the
theoretical symmetrical distribution. In the present study, these two test
methods yielded consistent results on statistic significance. Statistical
tests were carried out inMatlab (TheMathWorks). The significance levels
are shown in figures by *p < 0.05, **p < 0.01, ***p < 0.001.
5

3. Results

3.1. Spatial performance of LSFM imaging

Prior to imaging astrocytes in brain tissue, we validated the perfor-
mance of LSFM using micron-scale green fluorescent beads (core size,
~0.5 μm). Dispersed fluorescent puncta were observed in both LSFM and
EPI images. Whereas EPI images appeared blurred due to out-of-focus
fluorescence (Fig. 3A), LSFM images revealed single fluorescence beads
at much higher contrast due to the optical sectioning (Fig. 3A). Linescan
profiles confirmed the sharper fluorescence distribution obtained with
LSFM (Fig. 3B). We next examined the fluorescence distribution of single
beads along z-axis. An appreciable elongation along the z-axis was
observed in EPI images, reflecting the low effective resolution along this
axis (Li et al., 2004). This distortion was reduced by light sheet sectioning
that revealed significantly shorter z profiles for single beads (Fig. 3C–D).
To gain a comparative clue between our one-photon light sheet system
and two-photon microscopy, we used both approaches to image the
fluorescent beads. While two-photon microscope yielded the most con-
trasted image, the improvement provided by LSFM lied in the compa-
rable range particularly along the z-axis (Fig. S1A-B). The out-of-focus
fluorescence was further investigated using fluorescent beads (core
size, ~4 μm) of similar size as astrocytic somata and their main branches
(Shigetomi et al., 2013). In the y-z projection plane, the lateral (i.e., along
y-axis) intensity was analyzed at both the focal and out-of-focus posi-
tions. Out-of-focus fluorescence at 10 μm above and below the focal plane
was high in EPI images, but greatly reduced by LSFM (Fig. 3E). Hence,
wide-field optical sectioning using LSFM ensures high spatial imaging
performance.

3.2. Imaging astrocytes in acute brain tissues

Essential in regulating neural circuit function, astrocytes are widely
distributed across brain regions (Giaume et al., 2010; Santello et al.,
2019). They bear satellite branches and processes sitting in close contact
to neuronal synapses and blood vessels, setting an architectural compo-
sition for neuroglial communication (Cauli and Hamel, 2018; Giaume
et al., 2010). We then used LSFM to visualize astrocytes in acute mouse
cortical slices after ex vivo labeling with astrocyte-specific fluorescent
dye SR101 (Appaix et al., 2012; Nimmerjahn et al., 2004). Selective la-
beling was confirmed by colocalization with EGFP-positive astrocytes in
the ALDH1L1-EGFP transgenic mouse line (Cahoy et al., 2008)
(Fig. S2A). SR101-labeled astrocytes were well resolved by LSFM,
whereas corresponding EPI images were blurred by out-of-focus signals
(Fig. 4A and B). The signal-to-background ratio (SBR) was about three
times higher with LSFM compared to EPI (Fig. 4C; p < 0.01). LSFM
revealed SR101-labeled astrocytic branches (Fig. 4D), as observed also by
two-photon microscopy in brain slices (Fig. S1C) and in vivo (Nimmer-
jahn et al., 2004), which however were barely visible in EPI images
(Fig. 4D). The superior performance of LSFM was also evident when
using a low-magnification objective to extend the field of view (Fig. 4E
and F). To corroborate these observation, we also performed in vivo la-
beling of astrocytes through injection of the red fluorescent dye sulfo-
rhodamine B in awake mice, as reported previously (Appaix et al., 2012;
Perez-Alvarez et al., 2013). The labeled astrocytes and their branches
were also resolved by LSFM in the acute brain slice (Fig. S2B).

3.3. Light sheet imaging of astrocytic Ca2þ signal

We then used LSFM to image Ca2þ signals in astrocytes in acute
mouse cortical slices. Chemical fluorescent Ca2þ indicators are conve-
nient to use and allow sensitive optical detection of subcellular Ca2þ

events (Lock et al., 2015). We used a green-fluorescent chemical indi-
cator Fluo2 AM, a member of the membrane-permeable acetoxymethyl
ester (AM) Ca2þ dyes that label astrocytes in slice preparations (Fiacco
et al., 2007; Reeves et al., 2011). Indeed, Fluo2 labeling colocalized with



Fig. 3. Evaluation of LSFM performance with predefined sample. (A) Fluorescent beads of submicron size imaged by EPI illumination (top) and LSFM (bottom). (B)
Average linescan profiles across the center of single beads (n ¼ 10 per condition). (C) Representative axial fluorescence distribution (z-axis) of single beads. Linescan
profiles of multiple trials are shown aside. (D) LSFM reduced the axial distortion compared to EPI images (n ¼ 5 each). (E) Focal and out-of-focus fluorescence of
micron-size beads (~4 μm), shown along the z-axis (y-z plane projection). Out-of-focus positions 1 and 2 were set at 10 μm above or below the focal plane. Below,
representative linescan profiles along the lateral (y-axis) direction at different z-axis positions. The x-y section of the focal plane is shown in the zoomed images. Scale
bars: 50 μm for A, and 10 μm for E.

C. Pham et al. NeuroImage 220 (2020) 117069
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Fig. 4. Light sheet imaging of astrocytes in acute mouse brain slices. (A) SR101-stained astrocytes imaged by EPI and LSFM, respectively. A � 20 NA0.5 water
immersion objective was used; arrow heads exemplify astrocytes visible in both conditions. (B) Linescan profiles of fluorescence distribution across the somata of
single astrocytes (line position defined by the opposing arrowheads). (C) The signal to background ratio (SBR) quantified for single astrocytes (p < 0.01; n ¼ 20 per
condition). (D) Branches of SR101-stained astrocytes unveiled by LSFM, with linescan profiles shown aside. (E-F) Similar experiments carried out at lower-
magnification ( � 10 NA0.3; n ¼ 40 per condition). Scale bars: 50 μm for A, 10 μm for D, and 100 μm for E.
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SR101-positive astrocytes (Fig. S2C). In the absence of stimulus, the
combination of LSFM and C-Screen revealed discrete active Ca2þ do-
mains in astrocytes (Fig. 5A–B). LSFM-recorded Ca2þ signals displayed
higher dynamic range and were twice as large on average relative to
those detected by EPI imaging (Fig. 5C–D). The temporal correlations
between Ca2þ signals of all active domains from light sheet imaging
7

showed a broad distribution, suggesting a low-level of global synchro-
nization (r12 ¼ 0.2 � 0.014; Fig. 5E). Thanks to the wide-field configu-
ration coupled with a digital camera, LSFM permitted astrocyte Ca2þ

signals to be recorded at high acquisition rate (e.g., 20 Hz, Fig. 5F).
Complementary to chemical sensor, genetically encoded Ca2þ in-

dicators enable calcium measurements in specific cell types (Akerboom



Fig. 5. Imaging astrocytic Ca2þ signals with chemical indicator. (A) Fluo2-labeled astrocytes viewed by EPI illumination in cortical slices. The same region was
then imaged with LSFM (B1). Ca2þ-active domains were detected by C-Screen analysis (B2), with raster plot shown in (B3). A � 10 NA0.3 water immersion objective
was used. (C) Representative Ca2þ signals detected from EPI and LSFM time-lapse image stacks. (D) Comparison of Ca2þ signal strength quantified from temporal
integral (p < 0.01; n ¼ 188–299 responsive domains from 9 brain slices of 5 mice). (E) Distribution of temporal correlations between Ca2þ responses of all paired
active domains (left), as an estimation of global synchronization. Right, histogram distribution of corresponding domain-domain distances (2775 paired domain
combinations from 9 slices of 5 mice). (F) LSFM imaging of astrocytic Ca2þ signals at high acquisition rate (20 Hz). Representative movies from EPI and LSFM re-
cordings are provided in the supplementary file. Scale bars: 50 μm.
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et al., 2013) and are thought to influence less the intrinsic signals in
targeted cells (Smith et al., 2018). We here used GCaMP6 that comprises
circularly permuted GFP, the Ca2þ-sensitive protein calmodulin and the
M13 fragment of the myosin light chain kinase (Baird et al., 1999; Nakai
et al., 2001) (Chen et al., 2013). We expressed GCaMP6 selectively in
astrocytes by crossing a Cre-dependent GCaMP6f mouse line (Madisen
et al., 2015) with an inducible Glast-CreERT2 line where Cre recombinase
is present in astrocytes (Slezak et al., 2007) (Fig. S3A). In bigenic
GCaMP6/Glast-CreERT2 mice (Fig. S3B), tamoxifen induced apparent
GCaMP6 expression in astrocyte-like cells (Fig. S3C). Dual-color fluo-
rescent immunohistochemical statinging confirmed the colocalization of
GCaMP6 with the astrocyte marker S100β (Fig. S3D).

Spontaneous Ca2þ dynamics in GCaMP6-expressing astrocytes were
then imaged by LSFM. Compared to EPI illumination, light sheet exci-
tation improved the dynamic range of Ca2þ signals and revealed more
Ca2þ-active domains (Fig. 6A–C), echoing the observation with the
chemical indicator. The global temporal correlation between Ca2þ-active
domains was 0.16 � 0.0073 (Fig. 6D), comparable to that derived from
Fluo2 imaging (r12 ¼ 0.2 � 0.014), confirming that spontaneous Ca2þ

signals are weakly correlated. Inhibition of neuronal activity with
tetrodotoxin (TTX, 1 μM) failed to block the Ca2þ signals in astrocytes
(Fig S4). For all combinations of Ca2þ domains, plotting domain-to-
domain temporal Ca2þ correlations against their corresponding dis-
tances showed no dependence on distance (Fig. 6E). We also manually
drew Ca2þ responsive domains by inspecting time-lapse images, which
gave similar time courses as derived from C-Screen analysis (Fig S5).
Finally, the wide-field optical sectioning of LSFM allowed to record
GCaMP6 signal at high frame rates (e.g., 10 Hz, Fig. 6F), whereas the
conventional two-photon setup reached only acquisition rate around 1
Hz using similar settings (pixel size 0.34 μm over a field of view ~170 �
170 μm) (Fig. S1D). High frequency LSFM imaging would help to observe
Ca2þ events occurring at near-/sub-second levels, as exemplified in
Fig. S6 (30 Hz) and reported previously (Di Castro et al., 2011; Gu et al.,
2018; Panatier et al., 2011; Stobart et al., 2018). Together, these data
show that LSFM enables high-sensitivity and high-speed imaging of
astrocytic Ca2þ dynamics over a wide field of view.

3.4. Heterogeneous activity for cortical and hypothalamic astrocytes

Long considered as a homogeneous cellular population, astrocytes are
being recognized to display heterogeneous properties across brain areas
so as to coordinate the specific actions of local neural circuits (Chai et al.,
2017; Covelo and Araque, 2018; Gourine et al., 2010). To gain insights
into the functional heterogeneity of regionally defined astrocyte pop-
ulations, we used LSFM to examine Ca2þ activities of astrocytes located in
mouse somatosensory cortex and the paraventricular zone of hypothal-
amus, which are respectively engaged in the processing of sensory inputs
and body metabolism signals (Clasadonte and Prevot, 2018; Giaume
et al., 2009). Spontaneous Ca2þ signals were readily detected in
GCaMP6-expressing astrocytes in acute brain slices (Fig. 7A), whereas
signals in hypothalamic astrocytes showed more oscillatory changes than
cortical astrocytes (Fig. 7B). Astrocytes respond to synaptically released
neurontransmitters by GPCR signaling (Agulhon et al., 2008; Khakh and
McCarthy, 2015). We then evoked astrocyte Ca2þ elevation by activating
a Gq type GPCR, the α1 adrenergic receptor that is functionally expressed
in astrocytes (Ding et al., 2013; Paukert et al., 2014). Application of α1
adrenergic receptor agonist phenylephrine (50 μM) to brain slices evoked
distinct Ca2þ signals in cortical and hypothalamic astrocytes: the former
responded with rises of few oscillations, whereas the latter showed more
frequent transients during the evoked Ca2þ rise (Fig. 7C and E).
Phenylephrine-evoked Ca2þ responses in astrocytes were inhibited by the
α1 adrenergic receptor antagonist terazosin (Paukert et al., 2014)
(Fig. S7), validating the involvement of this GPCR pathway. Ca2þ signals
could be detected in both astrocytic somata and processes with LSFM
(Fig. S8), as monitored by confocal and two-photon microscopy (Shige-
tomi et al., 2013; Srinivasan et al., 2015). While GCPR activation
9

elevated astrocytic Ca2þ in both areas, hypothalamic astrocytes respon-
ded more strongly than cortical astrocytes (signal integral, 27.5 � 2.3 vs.
21.5 � 1.25 dF/F0*s, p < 0.01; Fig. 7D). Furthermore, adrenergic GPCR
activation increased the temporal correlation of Ca2þ signals for both
cortical and hypothalamic astrocytes, indicating a higher degree of syn-
chronization for evoked Ca2þ signals relative to spontaneous conditions
(Fig. 7F). Together, these results show distinct Ca2þ kinetics between
cortical and hypothalamic astrocytes.

4. Discussion

Here, we show that LSFM via wide-field optical sectioning allows for
sensitive imaging of astrocyte Ca2þ signals in acute mouse brain slices.
This approach revealed distinct Ca2þ signals between cortical and hy-
pothalamic astrocytes, highlighting their activity heterogeneity. The
light sheet configuration of two objectives separates the excitation and
emission pathway, thereby facilitating the adjustment of the respective
optical axes. For instance, imaging objectives of different magnifications
and/or NA allow to select the field of view and the spatial resolution,
while changing the excitation objective allows to tune the thickness and
extent of the light sheet (Power and Huisken, 2017; Tian et al., 2019).
Alternatively, LSFM can be also achieved by a single objective (Bouchard
et al., 2015; Meddens et al., 2016), which facilitates imaging in condi-
tions with limited spatial accessibility, but complicates the separate
adjustment of the excitation and imaging pathway. Nevertheless,
single-objective LSFM would facilitate in vivo recording to study astro-
cytes in a more native state (Zamanian et al., 2012). Since the light sheet
plane can be digitally scanned (e.g., with a galvo mirror) along the z-axis
(Bouchard et al., 2015; Power and Huisken, 2017; Tomer et al., 2015),
LSFM will helpful for fast 3D imaging of astrocyte Ca2þ signals thus
supporting on-going efforts to understand their physiological functions
(Bindocci et al., 2017).

The continuous wave lasers used in the present study achieved
penetration up to ~200 μm from the slice surface along the excitation
direction. Nevertheless, the light sheet convergence within living
mammalian tissues is inevitably affected by light scattering (Jacques,
2013). The use of pulsed infrared two-photon lasers and tunable acoustic
gradient devices have increased tissue penetration of light sheet excita-
tion (Wolf et al., 2015; Zong et al., 2015), at the expense of setup
complexity and costs. LSFM can be coupled to different types of digital
cameras to allow fast acquisition over a wide field of view (Keller and
Dodt, 2012; Ritter et al., 2010). Moreover, the recent development of
bright and ultrafast Ca2þ indicator (Dana et al., 2019) will help to reduce
the exposure time for single images thus allow for higher acquisition
rates. In this regard, light sheet imaging will help to follow over a wide
field of view the fast Ca2þ events in astrocytes (Di Castro et al., 2011; Gu
et al., 2018; Panatier et al., 2011; Stobart et al., 2018). On the other hand,
the reliance on point-to-point scanning of conventional two-photon mi-
croscopy limits its use for fast image acquisition and may introduce ar-
tifacts in reconstituted images due to the desynchronized pixel sampling.
Two-photon microscopes integrating newly designed scanning systems
have improved the acquisition rate (Bindocci et al., 2017; Zong et al.,
2017), though the additional components exacerbate the setup burden.
Nevertheless, the digital scanning mode of two-photon microscope al-
lows to zoom in regions of interest such as neuronal dendrites or single
astrocytic processes for high speed acquisition, which is not provided by
our LSFM approach. Considering the respective advantages of light sheet
and two-photon excitation, the current study extends the method of
choice for brain astrocyte activity imaging in specific experimental
conditions.

Parallel to improving the quality of dynamic imaging, unbiased
computational detection of Ca2þ domains in astrocyte networks is
required. Maximal intensity projection of time-lapse images has been
used as a rapid way to search astrocytic Ca2þ signals, where Ca2þ active
domains in principle would imprint higher intensity in the projection
image relative to inactive regions. Due to the uneven intracellular



Fig. 6. Imaging astrocytic Ca2þ with genetically encoded sensor. Time-lapse imaging of GCaMP6-expressing astrocytes in acute cortical slices without (A1-A3,
EPI) and with optical sectioning (B1-B3, LSFM). (C) Ca2þ signal strength compared for both conditions (p < 0.01; 220 - 359 active regions from 11 slices of 6–9 mice).
(D) Histogram of temporal correlations for Ca2þ responses of paired domains (left), and their corresponding distances. Data were derived from 3156 pairs of Ca2þ

domains from 11 slices of 9 mice. (E) Scatter plot depicting domain-domain Ca2þ correlations (i.e., synchronization level) against their distances. (F) Representative
Ca2þ signals recorded at high frequency by LSFM ( � 20 NA0.5 water immersion objective; 10 Hz). Representative movies for EPI and LSFM recordings are provided in
the supplementary file. Scale bars: 50 μm.
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Fig. 7. Distinct features in Ca2þ signals in cortical and hypothalamic astrocytes. (A) Light-sheet imaging of spontaneous Ca2þ signals in astrocytes of mouse
cortex and hypothalamus. GCaMP6 was expressed in astrocytes and the representative traces were from single Ca2þ domains. (B) Comparison of frequency of
spontaneous Ca2þ oscillations for cortical (Cx) and hypothalamic (Ht) astrocytes (n ¼ 57–67 cells from 15 slices of 11 mice per condition, p < 0.001). (C) Activation of
adrenergic α1 receptors by phenylephrine (50 μM, bath perfusion for 60 s) evoked robust yet distinct Ca2þ elevations in astrocytes in cortex and hypothalamus.
Representative traces were from different Ca2þ domains. (D) Signal strength of astrocytic Ca2þ signals pre- and during-stimulation as estimated by the temporal
integral of normalized Ca2þ time courses (n ¼ 314–345 active domains from 7-11 slices of 6 mice per condition). (E) Comparison of Ca2þ transients during phen-
ylephrine stimulation (n ¼ 44–72 cells from 11 slices of 8 mice, p < 0.001). (F) Phenylephrine stimulation enhanced the synchronization of astrocytic Ca2þ signals.
Distributions of temporal correlations of Ca2þ signals from all active domains are shown in the histograms, blue denoting the data from spontaneous Ca2þ signals and
red from phenylephrine-evoked signals (n ¼ 3156–4415 pairs of Ca2þ domains from 7 - 15 slices of 6–9 mice per condition). Cx, cortex; Ht, hypothalamus; Pe,
phenylephrine.
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distribution of Ca2þ indicator, certain constantly bright areas showing no
Ca2þ rises could also be registered that may mask the Ca2þ-active regions
of lower intensity. We introduced here the principle of spatio-temporal
correlation screening to detect locally correlated temporal signals.
Clustered pixels showing synchronizing time courses were defined as
responsive domains. Fluorescently visible structures that in fact showed
no dynamic changes were excluded, while initially dim pixels that dis-
played later on fluorescence augmentation (i.e., Ca2þ rise) were picked
up. Pearson’s correlation coefficient relies mainly on the similarity of
signal trends, while being relatively independent of the absolute intensity
(Oheim and Li, 2007). Thus, screening of locally correlated signals helps
to identify Ca2þ rises and improves their signal-to-noise ratio (Savtchouk
et al., 2018; Wang et al., 2017). Ca2þ domains surrounding adjacent
astrocytic structures may be merged together, which is due to the
diffraction-limited fluorescence detection and the diffusion of Ca2þ

bursts to nearby domains. A further step will be to incorporate temporal
segmentation to isolate functional domains displaying activities at
different time points. The computational time for C-Screen is in the order
of tens of seconds and thus slower than the very rapid maximal intensity
projection. Since imaging condition and quantification requirements
vary in different contexts, a combination or an evaluation per se of
different computational methods will help to improve the detection of
astrocytic Ca2þ signals (Agarwal et al., 2017; Srinivasan et al., 2015)
(Wang et al., 2019).

Astrocytes display Ca2þ activities spontaneously and in response to
GPCR activation, as observed in brain slices (Di Castro et al., 2011;
Shigetomi et al., 2018) and in vivo (Agarwal et al., 2017; Bindocci et al.,
2017; Hirase et al., 2004; Paukert et al., 2014). Light sheet imaging un-
veiled distinct features in Ca2þ activities between cortical and hypotha-
lamic astrocytes, thus reinforcing the evidence for heterogeneous
astrocyte subpopulations that show different molecular, morphological
and functional properties (Ben Haim and Rowitch, 2017; Chai et al.,
2017; Lanjakornsiripan et al., 2018; Martin-Fernandez et al., 2017).
Astrocyte heterogeneity appears necessary to coordinate the action of
local neural circuits that are adapted to specific physiological inputs and
outputs. Considering that astrocyte spontaneous Ca2þ activity is modu-
lated by Ca2þ-permeable channels (Shigetomi et al., 2011) and the in-
ternal stores (Wang et al., 2006), the different spontaneous Ca2þ kinetics
observed between cortical and hypothalamic astrocytes likely reflect the
distinct recruitment of Ca2þ handling pathways. Accordingly, we
observed that astrocytes of both regions differ also in their response to α1
adrenergic receptor activation in terms of kinetics and signal strength.
Astrocyte Ca2þ kinetics is shaped by the intercellular communication of
astrocyte populations (Gu et al., 2018), as well as the Ca2þ level in in-
ternal stores and their Ca2þ buffering capacity (Bazargani and Attwell,
2015; Li et al., 2012). Moreover, the distinct organization of local
neuronal circuits may shape the astrocytic Ca2þ responses (Chai et al.,
2017). To fully resolve the mechanisms underlying the heterogeneities in
astrocyte Ca2þ signals will require further investigations. In view of the
on-going challenge on understanding the function of astrocyte Ca2þ

signaling in neurophysiology (Bazargani and Attwell, 2015; Fiacco and
McCarthy, 2018; Savtchouk and Volterra, 2018), quantitative light sheet
imaging represents a complementary strategy for mechanistic in-
vestigations. Moreover, beyond Ca2þ signals, this methodology will also
helps to measure other dynamics signals by adopting pathway-specific
fluorescent sensors.
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