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Abstract

An essential feature of neurons is their ability to centrally integrate information from their
dendrites. The activity of astrocytes, on the other hand, has been described to be mostly
uncoordinated across the cellular compartments and therefore without central integration.
Here, we describe conditional centripetal integration, a principle how astrocytes integrate
calcium signals from their distal processes. We performed calcium imaging of hippocampal
astrocytes and neurons in head-fixed mice, together with monitoring of body movements and
pupil diameter. Global astrocytic activity was well explained by the concurrent pupil diameter
as a proxy for arousal, but equally well as leaky integration of past neuronal and behavioral
events on a timescale of seconds. This integration of past events occurred in a centripetal
pattern in individual astrocytes, starting in distal processes followed by a slow propagation
towards the soma. Centripetal propagation was facilitated by high levels of arousal but impeded
when pre-event calcium levels were high. Together, our results establish astrocytes as
computational units of the brain that slowly and conditionally integrate information about the

past.

Introduction

Astrocytes have long been thought to play a
supportive rather than computational role in the
brain. This picture started to change when the
close interaction of astrocytic processes and
neuronal synapses was discovered, leading to the
concept of the tripartite synapse®?. More recent
studies have begun to establish a role for
astrocytes, as for neurons, in diverse
computational processes of the brain®4. For
example, calcium signals in astrocytes have been
suggested to represent sensory or internally
generated information>-2. In contrast to neurons,
however, information processing in single
astrocytes is thought to rely on distributed and

mostly uncoordinated activity patterns across the
compartments of a single astrocyte, without
central integration®-!'. It is therefore not clear
whether and how astrocytes integrate signals that
are sensed by their distributed compartments.

The study of signal integration in astrocytes is
particularly challenging since they express a large
set of receptors that enable them to sense the
direct and indirect effects of both neuronal activity
and neuromodulatory signals®!?13, Recent work
from systems neuroscience has demonstrated that
spontaneous behaviors and motor activity drive a
large fraction of the variability of neuronal activity
in the mouse cortex'*'>. These studies highlight
the importance of a systematic investigation of
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possibly interdependent observables in the brain
to understand potential confounds between task-
related behaviors, spontaneous behaviors, cellular
activity patterns, and brain states. In order to
understand signal integration in astrocytes, it is
therefore essential to study astrocytic activity
together with factors that have been shown to
influence astrocytic activity, e.g., neuromodulatory
signals®1®17 locomotion'’?°, and neuronal
activity”1011.21.22 Moreover, it is crucial to carefully
analyze how astrocytes may integrate information
from these factors, both temporally, in a population
of astrocytes, and spatially, within individual
astrocytes.

Here, we perform a systematic exploration of
astrocytic activity in the hippocampal subregion
CALl in mice using two-photon calcium imaging of
astrocyte populations. At the same time, we
monitor motor behaviors, track the pupil diameter
as a proxy of noradrenergic tone and arousal, and
use calcium imaging to observe neuronal activity.
This systematic approach enables us to model
astrocytic activity using these other variables.
Specifically, we describe global astrocytic activity
across the hippocampal population as a temporal
integration of past salient events. Furthermore, we
observe a spatial propagation of calcium signals in
astrocytes from distal to somatic compartments
that depends on the state of the animal and the
state of the astrocytes. Together, our observations
reveal a novel principle of spatiotemporal
integration of past events within astrocytes in the
awake, behaving animal.

Results

A global
behavior

astrocytic activity mode during

To record astrocytic activity in the hippocampus
across a wide range of behaviors, we virally
induced expression of GCaMP6s (n = 6 mice;

AAV9-GFAP-GCaMP6s; Methods) and performed
two-photon calcium imaging in head-fixed mice
that were free to run on a treadmill and received
water rewards at a defined location of the treadmill,
resulting in variable behavior including periods of
active running and quiet wakefulness (Fig. 1a).
First, we analyzed calcium transients in the
astrocyte population using a single imaging plane
in stratum oriens of CAl (Fig. 1b-e; Fig. S1;
Movie 1). Astrocytic calcium signals were highly
correlated across active regions of interest (ROIs,
as defined in Methods; Fig. 1f-i), with relatively few
prominent local events (Fig. 1f, white arrows).
Therefore, the global astrocytic activity, which we
define as the average fluorescence trace across
the population of astrocytes in the entire field of
view (FOV), explained a large fraction of the
variance of single astrocyte activity (Fig. 1h,i;
correlation: 0.72 £0.20, median = s.d. across
204,686 pairs of astrocytes from 41 imaging
session from n=6 mice). The correlation of
activity only decayed slightly with the distance
between astrocyte pairs (Fig. 1j), indicating a
global rather than local synchronization within
hippocampal CA1. In addition, we observed local
events in single astrocytes independent of global
activity (white arrows in Fig. 1f) and local
modulations of global activity in single astrocytic
ROls (black arrows in Fig. 1g; Movie 1). However,
the overall spontaneous activity during behavior
was dominated by a global mode across
astrocytes.

Global astrocytic activity across hippocampal
layers

To understand how astrocytic activity was
correlated across different depths of hippocampal
CA1l, we performed triple-layer calcium imaging
using fast z-scanning with a tunable lens?3. With
this approach, we were able to image quasi-
simultaneously from astrocytes in the stratum
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Figure 1 | Hippocampal astrocytes in CA1l exhibit global and local events during behavior. a, Scheme of the in vivo
recording setup. b, Hippocampal two-photon imaging through an implanted cannula. c-d, Histology of virus-induced GCaMP6s
expression in hippocampal astrocytes (green) together with GFAP-antibody staining (red) and nuclear stain (blue). See also
Fig. S1. e, Average fluorescence two-photon image of astrocytes in the stratum oriens expressing GCaMP6s. f, Temporal calcium
dynamics of active astrocyte ROIs from the FOV shown in panel (e). White arrows indicate isolated local calcium events.
Recording segments (140 s) are indicated through vertical white spacers. g, Example of four astrocytic ROIs (highlighted with
matching colors in (e) and in (f) with arrow heads), indicating local modulation of global events for astrocytic ROIs (black arrows).
Global mean across the FOV is overlaid as grey traces. h, Activity correlation between the astrocytic pairs from panel (f), same
ordering of ROIs. i, Distribution of activity correlations between astrocytic active region pairs across the entire population (204,686
astrocyte ROI pairs from 41 experimental sessions and 6 animals; 0.72 + 0.20, median * s.d.). j, Distance-dependence of pairwise
correlations, with the median (50%) and other percentile lines of the distribution shown. k, Using a tunable lens to quasi-
simultaneously image multiple CA1 layers. |, Pairwise correlation across simultaneously imaged astrocyte pairs associated with
specific CAl layers (distributions in the violin plots), and medians across astrocyte pairs for each session (black dots). No
significant differences (p > 0.2 for all comparisons) across conditions for session-based testing (n = 8 sessions from 2 animals).
ROI, region of interest; FOV, field of view; SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum.
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oriens, the stratum pyramidale and the stratum
radiatum (Fig. 1k; Movie 2). Astrocytic activity was
highly correlated across layers (Fig. 1) and we did
not find evidence that astrocytic pairs were less
correlated across layers than within layers (p > 0.2
for all comparisons, Wilcoxon’s rank sum test,
n =38 sessions from 2 animals, with 4,738 to
10,432 astrocytic ROI pairs for each comparison).
Due to the sparse occurrence of astrocytic somata
in the stratum pyramidale?* and the better imaging
access to stratum oriens, we focus all the
remaining analyses and experiments, unless
otherwise stated, on the stratum oriens layer of
hippocampal CAL.

Astrocytic activity recorded together with
neuronal activity, motor behaviors, and pupil
diameter

To probe how astrocytic activity relates to the
animals’ behavior and hippocampal neuronal
activity, we performed simultaneous calcium
imaging of astrocytes in stratum oriens (SO) of
CAL1 (viral expression of GCaMP6s as before) and
of neurons (transgenic Thyl-GCaMP6f
background, ref. 25) in the stratum pyramidale (SP)
60-90 um below the SO-imaging plane (Fig. 2a-c;
n =4 mice, 22 imaging sessions). GCaMP signals
from astrocytes and neurons were clearly distinct
from each other due to their different location (SO
vs. SP) and dynamics (slow vs. fast transients),
enabling unmixing of neuronal signals through
gliapil decontamination (Methods for details). To
guantify average neuronal population activity, we
extracted AF/F traces from ROIs of neuronal
somata, denoised these traces using a supervised
deconvolution algorithm based on deep
networks?®, and averaged across the denoised
spike rates, resulting in an overall hippocampal
spike rate (SR) estimate. In addition to calcium
imaging, we recorded the animals’ run speed as
well as the spatial location on the treadmill.

Moreover, we used a video camera to record body
movements (Fig. 2d). We estimated the
movement of the mouth and the paws using the
across-frames correlation in  corresponding
subareas of the videos to calculate movement
strengths, and we quantified licking by detecting
the tongue from the behavior videos. Finally, we
used a dim focused UV light to constrict the pupil
in the otherwise dark environment, which allowed
us to record pupil diameter as a proxy for
neuromodulatory tone and arousal?’-?°. These
multiple perspectives (Fig. 2e; Movie 3) enable a
comprehensive analysis of astrocytic activity in the
context of diverse, possibly related processes and
events.

Global astrocytic activity can be explained by
pupil diameter, body movement or neuronal
activity

Due to the slow changes of global astrocytic
activity over time (Fig. 1f,g; Fig. 2e), a typical 15-
35 min recording only sparsely samples the state
space of astrocytic activity. To understand and
explain astrocytic activity, we therefore aimed, in a
first step, to explain the global mode of astrocytic
activity by either run speed, body movements,
pupil diameter or mean neuronal spike rate using
simple linear models. In a first approximation, we
estimated the shared information between global
astrocytic activity and these factors using
instantaneous correlation (Fig. 3a). Interestingly,
we found that pupil diameter displayed the highest
correlation with the global astrocytic signal,
whereas run speed, body movements and
neuronal activity were less correlated (Fig. 3c).

Next, to account for possible delayed effects that
cannot be captured by correlation or other
instantaneous measures, we used past and future
time points of neuronal and behavioral variables to
explain the current value of global astrocytic
activity using multi-timepoint, “dilated” linear
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regression (Fig. 3b; window extent-17...+17 s; see
Methods for details). Interestingly, with this
analysis the time courses predicted by paw
movement or neuronal spike rate were now highly
correlated with global astrocytic activity, to a level
where they explained global astrocytic activity
almost equally well as pupil diameter (Fig. 3d).
Notably, mean neuronal spike rate was a much
better predictor than the average AF/F trace before
deconvolution, due to the denoising property of
deconvolution?®. Paw movement was a better
predictor than mouth movement, and when licking
only (Fig.2g, right red panel) was used as
predictor, predictions degraded even more,
consistent with direct observations from behavioral
monitoring that mouth-only movements did not

Figure 2. Simultaneous monitoring of astrocytic and
neuronal population activity, pupil diameter and
behavior. a, Dual-plane calcium imaging using a tunable
lens. b, Simultaneously imaging of spatially separated
astrocytes (stratum oriens (SO) layer, virally induced
GCaMP6s; star symbols) and transgenically expressed
neurons (stratum pyramidale (SP) layer, Thyl-GCaMP6f;
triangle symbols). c¢, Mean fluorescence image of
simultaneously imaged SO layer (with astrocytes) and SP
layer (with neurons). d, Example behavioral camera image.
Blue: Paw movement extracted from subsequent video
frames. Red: Mouth movement extracted from subsequent
video frames, licking extracted by tongue detection. Green:
Pupil diameter visible due to laser light passing from the brain
through the eye. e, Example of simultaneous recordings, from
top to bottom: Subset of neuronal AF/F traces (blue, 13 from
a total of 107 neurons) extracted from FOV in (c), together
with deconvolved spike rates (black) and mean spike rate
across all 107 neurons (bottom). Extracted astrocytic AF/F
traces (6 out of a total of 34 active astrocytic ROIs), together
with the mean astrocytic trace across the FOV in (c). Blue:
Tracking of the position along the treadmill, together with time
points of water rewards; run speed is determined from a
rotary encoder, paw movement is extracted from video
analysis (blue panel in (d)). Red: Mouth movement and licking
are extracted from video analysis (red panels in (d)). Green:
Pupil diameter, relative change with respect to median,
extracted from video analysis (green panel in (d)).

reliably evoke astrocytic responses (Movie 4).
Analysis of additional experiments that used
single-plane imaging to record from astrocytes
(SO layer) without neuronal recordings confirmed
these results (Fig. S2). Based on these findings,
we focus in the following on pupil diameter, paw
movement, and mean neuronal spike rate as the
best predictors of global astrocytic activity. Overall,
predictions were not significantly improved when
using multiple regressors for dilated regression

(Fig. S3), suggesting mostly redundant
regressors. In agreement with the idea of
redundant processes, predictions of global
astrocytic activity based on the different

regressors were highly correlated (Fig. 3e). For
example, predictions based on paw movement
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Figure 3. Global astrocytic activity can be well explained by past behavior, mean neuronal spike rate or pupil diameter.
a, Schematic illustration of instantaneous correlation. A single time point is used to predict a simultaneous astrocytic time point.
b, Schematic illustration of multi-timepoint regression. A range of data points in a window is used to predict a single time point of
astrocytic activity. c-d, Performance of various regressors when using instantaneous correlation (c) or multi-timepoint analysis
(d) to predict astrocytic activity (n = 22 imaging sessions from 4 animals). The mean neuronal spike rate is abbreviated as
‘Neurons SR’. Box plot properties are defined as described in Methods. e, Example cross-validated predictions from the three
best regressors (pupil diameter, paw movement, mean neuronal spike rate). Green areas indicate when predicted activity is too
high, red areas when it is too low. f, Average correlation between global astrocytic activity and the activity predicted by the three
regressors (GAA, global astrocytic activity; PD, pupil diameter; PM, paw movement; NSR, neurons spike rate). g, Example of
performance for two different regressors (pupil diameter, paw movement) across sessions (correlation r = 0.79). See also Fig. S4.
h, Multi-timepoint regression, but using only either future or past time points. i, Leaky integration differential equation to model
global astrocytic activity A(t) as a function of regressor input I(t), dependent on the integration time constant t. j, Model
performance using the leaky integration differential equation. k, Model sensitivity with respect to the integration time constant t
(mean + bootstrapped 90% confidence interval of the mean, determined from 22 imaging sessions).

performed similarly for the same recording session
but co-varied across sessions (Fig. 3g; Fig. S4).

and pupil were even more highly correlated among
each other than with the global astrocytic activity

itself (Fig. 3f, 0.76 £0.14 vs. 0.59+0.15, Together, these analyses highlight that seemingly
mean = s.d.; p =0.00026, Wilcoxon signed-rank unrelated behavioral and neuronal variables can
test). In addition, two regressors typically explain global astrocytic activity equally well when
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non-instantaneous dependencies are considered.

Global astrocytic activity can be explained as
a leaky integration of past events

Next, to better understand why multi-timepoint
models performed much better than models based
on instantaneous correlation, we systematically
studied the relative relationship of the observables
in time. First, we repeated the regression analysis
but used only past or future regressor time points
to predict global astrocytic activity. These analyses
showed that past but not future time points of paw
movement or neuronal spike rate could be used to
predict astrocytic calcium transients (Fig. 3h). For
pupil diameter, we found a less striking difference
between predictors based on past vs. future time
points (Fig. 3h) and the multi-timepoint model
based on pupil diameter did not exhibit a
significant performance increase with respect to
instantaneous correlation (cf. Fig. 3c,d; p = 0.28,
Wilcoxon signed-rank test across 22 sessions
from 4 mice). To directly describe the temporal
relationship, we attempted to model global
astrocytic activity as a temporal integration of
mean neuronal spike rate, paw movement, or pupil
diameter changes. Instead of using a more
complex linear regression with multiple weights for
past and future time points as before, we fitted a
linear differential equation that simulates global
astrocytic activity as a leaky integration of a single
variable, with a single free parameter, the time
constant t (Fig. 3i). Interestingly, this simple model
explained an even higher amount of variance than
the cross-validated regression for the paw
movement and neuronal activity regressors
(Fig. 3j vs. Fig. 3d; p < 0.005 for neuronal spike
rate and paw movement, p =0.19 for pupil;
Wilcoxon signed-rank test). The integration time
constants that were obtained as fit parameters
were relatively short for pupil diameter (t =
2.8 £ 0.5 s; mean + 90% bootstrapped confidence

intervals across sessions) but substantially longer
for paw movement (5.6 +0.5s)and neuronal
spike rate (6.8+0.5s). To determine the
parameter-sensitivity of the model, we evaluated
each model’'s performance for a range of time
constants. This analysis confirmed the longer time
constants for paw movement and neuronal spike
rate regressors, and, in addition, highlighted a
relatively flat peak of the parameter dependency
(Fig. 3k). We conclude that global astrocytic
activity can be well described as an instantaneous
readout of pupil diameter but, alternatively, also as
a leaky integration of past neuronal population
spike rate or body movement.

Prominent global astrocytic activity is absent
during anesthesia

While our analyses do not reveal the processes
that causally trigger astrocytic activity, they show
that both mean neuronal spike rate, paw
movement, and pupil diameter are almost equally
reliable readouts of this process and are therefore
largely redundant as explanatory variables for
global astrocytic activity. Closer examination of the
dataset together with additional experiments
enabled us to refine our description. First, mean
neuronal spike rate was the worst of the three main
regressors to explain global astrocytic activity
(Fig. 3d,j). In anesthetized animals, consistent with
recent results in CA1%°, neuronal spike rates were
significantly but only slightly reduced (Fig. 4a,c;
0.14 +0.03Hz vs. 0.09+0.01Hz; p=0.004,
Mann-Whitney ranksum test). At the same time,
astrocytic activity was strongly reduced. The
global astrocytic activation mode was absent
whereas some astrocytes still exhibited local
events (Fig. 4b; Fig. S5). Moreover, the mean
neuronal spike rate failed to explain global
astrocytic activity beyond chance level during
anesthesia (Fig. 4d; p =0.88, Wilcoxon signed-
rank test), consistent with previous findings that
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Figure 4. Pupil diameter but not neuronal activity or body movement are reliably coupled to global astrocytic events. a,
Simultaneous imaging of astrocytes and neurons during isoflurane-induced anesthesia (1.5% in Oz). b, Pairwise correlation
between astrocytic ROIs during awake and anesthetized conditions. The awake distribution corresponds to Fig. 1i. c, Estimated
neuronal spike rate for each awake and anesthetized session (mean * s.d. across neurons). Comparisons of session means
across conditions: p = 0.0040, Wilcoxon ranksum test). d, Multi-timepoint regression modeling of global astrocytic activity using
neuronal activity as regressor during anesthetized and awake sessions. e, Event-triggered average traces for rewards that are
obtained at a reward location after running, aligned to reward consumption (average across n = 260 events). All variables with
arbitrary scaling (a.u.) unless otherwise indicated. f, Event-triggered average traces for spontaneous rewards, aligned to reward
consumption. (n = 168). All variables with arbitrary scaling (a.u.) unless otherwise indicated. g, Event-triggered traces for air-puff
induced startle responses (top: heatmap of individual traces for 45 events; bottom: average across events). Single traces for AF/F
and pupil diameter are z-scored. Traces in heatmaps are sorted by increasing paw movement during the first 3 s after the air puff.

reported strongly reduced astrocytic calcium levels Global astrocytic activity re-occurred, however,
in cortex during anesthesia®>'! or during sleep®. when the animal woke up and started to move
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(Fig. S5). These results suggest that it is unlikely
that neuronal activity alone is sufficient for the
generation of large and coordinated astrocytic
activity.

Global astrocytic activity can be better
explained by body movement than by
navigation

Because of the central role of the hippocampus for
navigation, and given the results shown in Fig. 3,
it seemed plausible that hippocampal astrocytes
are activated mainly during phases of self-
generated locomotion associated with expectation
of reward, as proposed recently®. We inspected a
set of externally generated and spontaneous
behavioral events to investigate this hypothesis.
We found that global astrocytic activity indeed
ramped towards the location of an expected
reward (Fig. 4e). However, this ramping occurred
simultaneously with body movements, locomotion,
neuronal activity, and pupil diameter changes
(Fig. 4e). A similar, albeit smaller, increase of
global astrocytic activity could be seen upon
spontaneous rewards that were delivered at
random time points (Fig. 4f). Given our regression
analysis results (Fig. 3d; in particular, that spatial
location is not a good predictor of global astrocytic
activity), the more parsimonious explanation of
astrocytic activity therefore seems an integration
of past events (e.g., movement or internal
arousal), rather than an encoding of future reward.
In addition, we found that global astrocytic activity
was better described by regressing paw
movement than by regressing simple locomotion-
associated run speed (Fig. 3c), suggesting that
past paw movements rather than navigation are
“‘encoded” in global astrocytic activity. In line with
that, we found that a purely non-navigational
behavior, when the mouse occasionally used its
hands to reach for the lick spout, most likely in
order to retrieve sugar water residues, consistently

elicited an increase of global astrocytic activation
despite lack of locomotion (Fig. S6; Movie 5). On
the other hand, we also observed that behavioral
events without significant body movement resulted
in astrocytic activation: In a subset of sessions, we
applied a salient, rare and unpredictable stimulus
(air puff to the left face) when the animal was
sitting still. In some cases, this resulted in
movement and running of the animal, together with
increased pupil diameter and global astrocytic
activation (Fig. 4g), consistent with previous
cortical calcium imaging experiments of astrocytes
during startle responses®17:3334 However, in a
subset of stimulus applications, the mouse
remained immobile or frozen despite the stimulus,
while the pupil diameter increased together with
astrocytic activity (Fig. 49, top rows of the sorted
traces).

Together, although all three aspects (mean
neuronal spike rate, paw movement, and pupil
diameter) can be used as predictors, global
astrocytic activity can occur in the absence of
movement and is not a necessary consequence of
neuronal activity (Fig.4). Our observations
support the existing evidence from other brain
areas that increased global astrocytic activity is
mediated via noradrenergic neuromodulation?3,
reflected by an increase of the pupil diameter. This
relatively clear picture is complicated by
observations of small pupil dilations observed
during mouth movements that are not
accompanied by global astrocytic calcium signals
(Movie 4), which could reflect either the non-
linearity of the calcium indicator or a lack of
coupling of pupil diameter and astrocytic activity
during such subtle behavioral events. Irrespective
of these details, our analyses show that global
astrocytic activity is not only coupled with pupil
diameter as a proxy for neuromodulatory tone, but
also with mean neuronal spike rate and self-
generated movements, resulting in a meaningful
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Figure 5. Temporal sequence of neuronal spike rate, motor behaviors, pupil diameter, and global astrocytic activity.
Correlation functions were computed between the global astrocytic signal and the variable of interest: neuronal activity (a), paw
movement (b), licking (c), mouth movement (d), run speed (e), pupil diameter (f) and astrocytic signal (g, autocorrelation). A peak
of the correlation function with negative lag indicates that the inspected variable peaked on average earlier than global astrocytic
activity. Grey traces are correlation functions extracted from single sessions, black traces are averages across sessions. The
delays indicated are median values * standard error across sessions (n = 22 sessions across 6 animals, except for pupil with 33
sessions across 6 animals and neuronal spike rate with 22 sessions across 4 animals).

functional association, despite a possible absence Propagation of astrocytic activity from distal to

of causality. somatic compartments
Temporal sequence of events preceding global Correlation functions average across time points
astrocytic activity and therefore can reveal temporal relationships

that are obscured by variability and noisy single
events. To better understand astrocytic activity in
single cells, we applied our analysis based on
correlation functions not only to the global
astrocytic signal but also to the activity of single
astrocytic ROIs (which can be either astrocytic
somata or active gliapil regions) by computing the
correlation function of each astrocytic ROI with the
global astrocytic activation. Surprisingly, we
observed that the delay of a given astrocytic ROI
with respect to the global mode was variable
across ROIs but consistent for a given ROI, and
could be relatively long (a few seconds)
(Fig. 6a,b). To understand the spatial organization
of such delays, we projected the measured delays
of ROIs onto the spatial map determined by the
mean fluorescence image. We found that ROIs
with positive delays (activation after the global
mode) tended to map onto regions comprising
astrocytic somata, while ROIs with negative delays
(activation prior to the global mode) mapped onto

We next aimed to describe the temporal
relationship of the observables functionally
associated with  astrocytic  activity more
guantitatively. To assess temporal relationships
directly from the experimental data without
imposing a model, we computed the correlation
functions between observables, which enabled us
to estimate the delay of any recorded observable
with respect to global astrocytic calcium signals
(Fig. 5a-g). Strikingly, we found consistent delays
as quantified by the peak of the correlation
function. Whereas the deconvolved neuronal spike
rate peaked first (4.2 +0.7 s prior to astrocytic
calcium signal; Fig. 5a), paw movements followed
with a small delay (3.7 £ 0.2 s prior; Fig. 5b; see
also Fig. S7), followed by pupil diameter
(1.5 £ 0.2 s prior; Fig. 5f). Together, we found, on
average, a consistent and stable sequence of
events, from neuronal spike rate changes and
various body movements, to pupil diameter
changes, to astrocytic activation.
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Figure 6. Propagation of astrocytic activity from distal to somatic compartments. a, Excerpt of calcium recording across a
population of hippocampal CA1 astrocytes during behavior. Astrocytic ROIs are sorted by the delay of the correlation function
with respect to the global mean. An apparent sequential activation of astrocytic ROIs is visible for each of the three events. b,
Correlation functions of the single astrocytic ROIs, same sorting as in (a). The time window in (a) is only a small part of the activity
pattern used to compute the correlation functions. c, Excerpt from the mean fluorescence of the astrocytic FOV recording from
(a,b). d, Delays extracted as maxima in (B), mapped onto the astrocytic ROIs. Right-ward pointing arrows highlight ROIs with
strong negative delay (undefined anatomical structure), left-ward pointing arrows highlight example ROIs with strong positive
delay (cell bodies). e. Processing pipeline for pixel-wise delay maps, consisting of de-noising, pixel-wise computation of the
correlation function, extraction of the delay and spatial mapping of each pixel's delay (see Fig. S8). f, Same map as in (c), with
white circles highlighting anatomically defined astrocytic cell bodies. g, Pixel-based delay map corresponding to the anatomy
overview in (f). Somatic regions (center of white circles) are activated with a positive delay (blue), gliapil with a negative delay
(yellow) with respect to the global astrocytic activity. h, Zoom-in to selected delay maps around anatomically identified cell bodies
of astrocytes. The side length of each FOV excerpt is approximately 55 um. See Fig. S9 for more examples and Fig. S10 for
entire delay maps. i, Schematic illustration of centripetal propagation of astrocytic activity from distal processes to the somatic
region.

regions that did not exhibit any clearly distinct trained and used self-supervised deep networks®®.
structure (Fig. 6c¢,d). This de-noising algorithm takes advantage of the
temporally and spatially adjacent pixel values to
make an improved estimate of the intensity value
of the pixel of interest. This method enabled us to
de-noise the raw data and generate meaningful
time courses for each single pixel (Fig. 6e; Fig. S8;
Movie 6; see Methods for details). The correlation
functions of these single-pixel traces with the

Next, to analyze the spatio-temporal astrocytic
patterns without the bias induced by manually
selected ROIs, we attempted to use the time trace
of each pixel in the calcium movie to determine a
fine-grained delay map on a single-pixel level. To
enable such a precise spatio-temporal analysis

that is normally prevented by shot noise, we
11
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global astrocytic signal revealed a smooth map of
delays across the FOVs (Fig. 6g; Fig. S10), with
features that were obscured in the ROI-based
delay map (Fig. 6d). As a striking and surprising
feature of these pixel-wise delay maps, delays
tended to be negative for gliapil regions devoid of
somata and large astrocytic processes, whereas
they increased and became positive when
approaching the astrocytic somata (Fig. 6f-i;
Figs. S9 and S10). This feature of the delay maps
indicates that astrocytic activity, on average,
propagates from distal, fine processes to the
soma, on a timescale of several seconds. Beyond
this first-order effect, we also found that a few
astrocytic somata did not exhibit such a positive
delay, suggesting some heterogeneity of the effect
(green arrow heads in Fig. S10a,g). Furthermore,
we anecdotally observed that prominent end feet
surrounding blood vessels were often activated
later than both astrocytic somata and gliapil (white
arrows in Fig. S10g,i). Finally, visual inspection of
raw movies clearly showed substantial local
ongoing activity that cannot be described as a
propagation from distal to somatic compartments
(e.9., Movies 1, 2 and 6). Therefore, the
propagation of activity from distal processes to the
central soma dominated the average delay maps
but other processes that were averaged out over
time also occurred.

Centripetal propagation is conditional on the
animal’s arousal state

To better understand the function and behavior of
this centripetal integration in astrocytes towards
the soma, we used the delay maps to extract the
average time course of all FOV pixels within a
specific range of delays (binned in 1-s bins;
Fig. 7a,b). Following the results in Fig. 6, the time
course of FOV pixels with negative delays thus
reflected activity of distal processes, while the time

12

course of FOV pixels with positive delays reflected
activity of somatic regions. Importantly, this
analysis enabled us to compare the shape of the
same calcium event in putative distal processes
vsS. somatic regions. To this end, we semi-
automatically detected events (typically 15-30 s
long; see Methods) and found that many detected
events reliably propagated activity from distal
processes towards the somatic centers of
astrocytes. However, some events started in distal
processes but then decayed and failed to activate
the cell body (Fig. 7¢), indicating a thresholding of
centripetal propagation. To quantify whether a
given event propagates to the center of the cell or
not, we computed the “slope” of propagation for
each event, determined by a linear fit of the activity
peak of the AF/F trace vs. the respective delay,
such that a negative slope indicates a non-
propagating, fading event whereas a neutral or
positive slope indicates a centripetally propagating
event that activates the soma (Fig. 7c, inset).
While the majority of events exhibited a slope
slightly above or around zero, indicating stable
propagation towards the center, some events
exhibited a negative slope, reflecting a failure to
activate the soma (Fig. 7c-e; Fig. S11). These
non-propagating events only occurred when the
associated pupil diameter (pupil diameter z-scored
within each session) was rather low (Fig. 7d) and,
also the astrocytic calcium event itself (Fig. S12a).
An increased or decreased pupil diameter could
reflect either the relatively long-lasting pupil
diameter changes during an alert or quiescent
state, or phasic pupil diameter changes upon
salient sensory or self-generated events. We
isolated the phasic component by computing the
rectified derivative of pupil diameter as a ‘saliency
score’. As for the pupil diameter (Fig. 7d),
propagation slopes were negative only for low
values of the saliency score (Fig. S12b). Together,
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Figure 7. Centripetal propagation of activity in astrocytes is conditional on arousal state and cell-intrinsic calcium
signaling history. a-b, A smoothed delay map of the entire FOV is binned according to the delays of each pixel (At=1
corresponds to the 0.5...1.5 s interval). ¢, The delay bin masks (b) are used to extract global astrocytic traces from pixels with a
specific delay from the de-noised recording (color-coding). Due to centripetal propagation, yellow traces represent gliapil and blue
traces astrocytic somata. Some calcium events propagate to somata (events (1) and (2)), while others do not (event (3)),
quantified by a positive or negative propagation slope, respectively (inset). Therefore, centripetally propagating and non-
propagating events can be determined by the slope of peak activity with respect to delay. d, Propagation slope of events plotted
against the normalized pupil diameter as a proxy for arousal state. Each data point corresponds to a single event. e, Example
events are plotted in the order of sorted slope values. See Fig. S11 for additional example events. f, Pre-event astrocytic AF/F,
averaged across the 20 s prior to the event, is negatively correlated with the slope value. Only data points with normalized pupil
diameter < 0.2 from (d) were included for this panel.

these analyses suggest that centripetal activation depends on past activity, described as
integration of astrocytic activity is conditional on a ‘“refractory period” or cell-intrinsic “memory
the animal’s state and facilitated by high levels of trace” dependent on intracellular Ca?* store
noradrenergic tone and arousal. dynamics?:36.19, Indeed, we found that the slope

of events associated with low arousal
(normalized pupil diameter < 0.2; Fig. 7d) was
negatively correlated with the mean astrocytic

Centripetal propagation is conditional on cell-
intrinsic calcium signaling history

We noticed that some events with similar AF/F during the 20 s prior to the investigated
normalized pupil diameter or saliency score were event (Fig. 7f). Together, these results show that
propagated to the soma (slope > 0), but others astrocytes integrate activity in a centripetal
not (slope < 0; Fig.7d, Fig. S12). Previous manner, and that this propagation is conditional
studies have shown that the strength of astrocytic not only on the animal’s state as measured with
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the pupil diameter, but also on the prior history of
astrocytic activation.

The strength of centripetal propagation can
be variable across astrocytes

Finally, to investigate the variability of centripetal
propagation across cells and to Dbetter
understand possible cell-intrinsic effects, we
extended our analysis to single astrocytic
domains. To this end, we used seeded
watershed segmentation to approximate distinct
astrocytic domains (see Methods) and to quantify
centripetal dynamics within each of the individual
domains (Fig. S13a-d). The majority of astrocytic
domains followed a correlated pattern that
consisted of an either propagating or non-
propagating behavior for a given event across
most putative astrocytic domains (Fig. S13e).
This correlation among putative domains only
weakly depended on the inter-domain distance
(Fig. S13f). Interestingly, the propagation slope in
some astrocytic domains was much higher than
for other domains during the same event
(Fig. S13d,9), hinting at a possible continuous
distribution of the strength of somatic activation
upon centripetal propagation. As another
interesting and related observation, we noticed
astrocytes that did not follow the global pattern,
e.g., exhibiting a centripetally propagating event
while most other domains exhibited non-
propagative behavior (Fig. S13d,h). These
results suggest that conditional centripetal
propagation  of  activity, while  mostly
synchronized across the population of
astrocytes, is a process that has the potential to
occur separately in each astrocytic domain and
could therefore be determined independently for
each astrocyte.
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Discussion

In this study, we provide evidence that
hippocampal astrocytes can be interpreted as
integrators of information about past events on a
time scale of seconds. We demonstrate that this
slow integration proceeds from distal processes
to the soma, and we further show that this
centripetal propagation is conditional both on the
state of the astrocyte (past calcium transients)
and the state of the animal (level of arousal). This
conditional centripetal propagation in astrocytes
represents a new integration principle and
establishes astrocytes as computational units of
the brain that act on a time scale that is much
slower than for neurons.

The global astrocytic mode dominates in
hippocampal CA1 in vivo

Recent evidence in cortical and cerebellar brain
areas has shown that astrocytic activity in vivo is
dominated by a global mode of activation most
likely mediated by noradrenergic
neuromodulation6:17.837.19.38 Here we show that
such a global pattern also describes the
astrocytic population across hippocampal CAl
layers in awake but not anesthetized mice (Fig. 1;
Fig. 4a-d). Consistent with this finding,
noradrenergic axonal terminals in hippocampal
CA1 were recently shown to be highly correlated
in their activity, suggesting a global
neuromodulatory effect®. In our experiments,
calcium signals emerged quasi-simultaneously
across the entire field of view (Fig. 6; Fig. S10),
consistent with the idea of a common, global
influence converging on astrocytes, and arguing
against a dominant role for wave-like propagation
of activity within the syncytium of astrocytes
through gap junctions (reviewed e.g. by ref. °). In
addition to the global activity, we also observed
prominent local events in subsets of astrocytes or
individual astrocytes that were independent of
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global events (Fig. 1f,g; Fig. S5) and rich ongoing
local activity in distal processes that could only
be partially resolved using two-photon imaging
(Movies 1, 2 and 6), consistent with converging
evidence that astrocytic calcium events in vivo
are prominent in distal processes®114041,

Astrocytic activity reflects neuromodulation,
neuronal activity, and movement

Astrocytic calcium signals in rodents have been
shown to exhibit remarkable features that seem
to be partially conserved across brain regions.
First, astrocytes become globally active as a
consequence of salient stimuli, most likely
mediated by noradrenergic neuromodulation.
While there is to our knowledge no direct
evidence that neuromodulation influences
specific behaviors in mammals via astrocytic
activation, such evidence has been found in
zebrafish larvae and drosophila*?43. Second,
astrocytes in neocortex and cerebellum are
activated upon movement or locomotion of the
animal'82017.19  Connecting the aspects of
arousal and movement, the temporal relationship
of body movements and locomotion have been
shown to be closely related to pupil diameter
changes®®#445.  Pupil diameter, notably, is
considered a proxy of noradrenergic (and also
cholinergic) modulation, and was found to be
delayed by approximately 1 s with respect to the
activation of noradrenergic axon terminals?®’.
Third, a causal effect of neuronal activity on
astrocytic activity has been proposed, albeit with
mixed evidence in favor or against’40:37.8
including the interesting idea that the combined
effect of neuronal and noradrenergic activity can
result in astrocytic activation!’46. Here, we have
studied these three processes systematically and
simultaneously, together with the activity of
hippocampal astrocytes (Fig. 2). We find that all
these factors — local neuronal activity, body
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movement, and pupil diameter as a proxy for
neuromodulation — can explain a high degree of
variability of the astrocytic signal. However, this
is only true if non-instantaneous metrics are
employed, taking into account the influence of
past events on the present astrocytic signal
(Fig. 3). The strong redundancy of these three
explanatory variables might be surprising but is
possibly related to a common origin of
movements, movement-related neuronal activity,
and neuromodulatory signals in brain stem
circuits*’.

A closer examination of different behavioral
states and events (Fig.4) showed that the
observed global astrocytic activation can occur
without movement and can be completely absent
during anesthesia, where neuromodulatory tone
is low while substantial neuronal activity is
present. These observations support the idea of
a central role of neuromodulation rather than
neuronal activity or movement to gate the
emergence of global events.

Hence, our systematic investigation reveals
candidates for coupling of behavioral and
neuronal variables to astrocytic activation that
might not be causal, i.e., sufficient for activation,
but still physiologically relevant for astrocyte
function. Our quantitative description of the
temporal sequence of the observed variables and
events (Figs. 4,5) provides a scaffold to
understand and further probe such functional
coupling.

A caveat for studying the role of astrocytes in
behaving animals

Our systematic description may also serve as a
caveat for future functional studies of astrocytic
activity in vivo. Systems neuroscience has only
recently become more broadly aware that
neuronal signals across the entire brain might be
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explained by global or specific motor signals!45,
As a reflection of this insight, typical systems
neuroscience studies now regularly consider
task-irrelevant movement*®, internal states*’ or
mouse-specific strategies*®*° as confounding
variables or as features of neuronal
representations. We hope that our systematic
study, together with other recent astrocyte-
focused studies??, will raise this awareness also
for the field of astrocyte systems neuroscience,
and will establish that the disentanglement of
these processes, which has turned out to be
challenging for neurons*’, is not easier for
astrocytes. For example, we show that paw
movement is a better predictor of astrocytic
activity compared to simple locomotion or
running speed; therefore, video monitoring of
behaviors should be considered more reliable for
the observation of confounding motor
movements than the measurement of pure
displacement (Fig. 3¢, Fig. S2). In addition, we
find that instantaneous measures of coupling fail
to capture the delayed relationships of astrocytic
signals with movement and neuronal activity
(Fig. 3c).

As another caveat from a more technical
perspective, we find it important to point out that
imaging conditions and labeling strategies might
have strong and undesired effects on results
obtained with astrocytic calcium imaging. For
example, astrocytic somata that are slightly out of
focus may be more strongly contaminated by the
surrounding gliapil, resulting in temporally shifted
calcium transients (Fig. 6). Similar concerns
apply to imaging conditions where resolution is
degraded due to imaging depth or imaging
modality and therefore results in mixed somatic
and gliapil signals.

In the light of these findings and analyses,
previous studies claiming specific computational
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roles of hippocampal astrocytes, e.g., for reward
or place encoding®®, might have to be
reconsidered and will require careful controls to
validate their findings.

Unbiased analysis using global astrocytic
activity as areference

The complex and often seemingly independent
activity patterns in the fine processes of individual
astrocytes make it challenging to use ROI-based
methods for the analysis of astrocytic calcium
signals. Recent years have seen a surge of
excellent tools specifically designed for the
analysis of astrocytic calcium imaging. However,
these tools are based either on discrete spatial
ROIs**51 or on discrete events®253, in both cases
requiring definition of an event via an arbitrary
criterion. Here, we use a method to compute
pixel-wise delay maps with respect to a global
reference (the global astrocytic activity). Our
delay map analysis takes advantage of self-
consistent denoising methods 3%, uses the
averaging power of correlation functions and
projects the extracted properties of the
correlation function onto the anatomical map,
pixel by pixel (Fig. 6). Moreover, the resulting
map can be wused for the extraction of
fluorescence traces based on the extracted
properties assigned to each pixel (Fig. 7). This
workflow was the enabling factor for our analysis
of centripetal propagation, and in general can be
used for the unbiased extraction of average
spatio-temporal activity patterns. This method
therefore provides an approach that is
complementary to discrete ROI- or event-based
analysis.

Conditional
astrocytes

centripetal integration in

The most striking feature of astrocytes is their
star-shaped morphology. Here we provide
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evidence that the soma as the center of this star-
shape might act as an integration hub of salient
information. First, we show that astrocytic
activation can be well described by a simple
leaky integration differential equation with the
integration time constant as a single parameter
(Fig. 3k-j). We systematically measure the delay
of astrocytic activity with respect to other
observed variables and show that neuronal
activity, movement, and pupil changes precede
astrocytic activity in a sequence with consistent
delays (Fig. 5), in line with previous findings that
showed delayed activation of astrocytic somata
with respect to external stimuli or self-generated
movement?0:19846.16.17 Second, we show that the
global astrocytic activity, which reflects this
integration, can be described not only as a
temporal but also as a spatial pattern that
consists of activity propagating from distal
astrocytic processes to the respective soma on a
timescale of several seconds (Fig. 6). Consistent
with the idea of earlier distal activations, a few
recent studies have found that low-latency
activation of astrocytes can occur in fine distal
processes!t1054, Interestingly, it has been shown
in hippocampal slices that calcium events are
often restricted to fine processes but expand for
stronger stimuli®®, and sometimes invade the
somatic region!’. It has been hypothesized that
larger events result from the integration of
smaller local calcium signals and that such
integration is thresholded by the stimulus
intensity®6. In our experiments, we systematically
collected evidence in behaving animals that
calcium events in distal astrocytic processes can
either propagate or not propagate to the more
proximal and somatic compartments. Our
analyses indicate that this propagation is
conditional on at least two factors: it is facilitated
for higher levels of arousal induced by recent
salient self-generated or externally driven events;
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in addition, it is impeded for already elevated
calcium concentrations in the respective
astrocyte (Fig. 7). Together with previous
evidence that calcium concentration changes in
late- but not fast-responding astrocytic regions in
vivo depend on both IP3 %34 and noradrenergic
signaling®®, our observations put forward the
hypothesis that calcium signals in astrocytic
processes are driven predominantly by local
synaptic activity and then propagate to the soma
in an IPs-dependent manner only when saliency
is communicated through noradrenergic signals.
Together, these results suggest a new principle
of slow and conditional spatio-temporal
integration of past salient events in hippocampal
astrocytes. More generally, these findings show
that astrocytes can operate as computational
units that integrate information from their
processes in a conditional manner.

A role for astrocytes to slowly process past
events

Neurons not only integrate information from their
processes in the soma but also convey the output
of this process, the action potential, via their axon
to connected neurons. Our finding of central
integration of information in astrocytes therefore
raises the question about the output generated
upon centripetal activation of the astrocytic soma.
Close inspection of the properties of centripetal
integration might help to role of such an output.
As a first property, global astrocytic activity can
be described as an integration of past salient
events, e.g., a startle response or self-generated
movement. Second, the centripetal propagation
of astrocytic activity is closely associated with
pupil dilation and therefore is likely to depend on
neuromodulation and arousal. Third, centripetal
propagation acts on a time scale of seconds
rather than milliseconds, arguing against a
specific  role in  low-latency  neuronal
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computations and for a role in processes that act
on longer time scales. Modulation of neuronal
plasticity is a plausible candidate for such a
process, since it acts on behavioral timescales®’
and takes place upon salient events®®. Such
modulation has been studied for hippocampal
and other astrocytes both in vitro®®-%! and more
recently also in vivo®?-%. It remains open what
output signals may be triggered by somatic
activation of astrocytes, potentially instantiating
feedback modulation of the surrounding neuronal
processes. A possible astrocytic output signal
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that could fulfil this role and warrants further
investigation in the context of centripetal
integration is gliotransmission, the astrocytic
release of e.g. glutamate®’-’°, D-serine®.6%71 or
lactate’?73, in particular since this process has
been found to be prominently involved in
neuronal plasticity>%74. Centripetal integration of
past events in astrocytes therefore seems to be
a plausible candidate mechanism to conditionally
mediate or modulate neuronal plasticity on a
behavioral time scale.
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Methods

Animals and surgery

All experimental procedures were carried out in
accordance with the guidelines of the Federal
Veterinary Office of Switzerland and were approved
by the Cantonal Veterinary Office in Zurich. We
used adult male and female 4-6 month old Thy1l-
GCaMP6f (GP5.17, ref. 25 and wild-type C57BL/6
mice. Mice were provided with analgesia (Metacam
5 mg/kg bodyweight, s.c.) prior to surgery.
Anesthesia was induced using isoflurane (5% in Oz
for induction, 1-2% for maintenance during surgery),
and the body temperature was maintained at 35-
37°C using a heating pad. For surgeries, shaving
cream was applied to the dorsal head above the
brain, and an incision was made into the skin after
local application of lidocaine. To induce expression
of GCaMP6s in CAl hippocampal astrocytes, an
injection of AAV virus (ca. 200 nL of ssAAV9/2-
hGFAP-hHBbI/E-GCaMP6s-bGHp(A), titer 1.0x10%3
vg/mL; Viral Vector Facility, University of Zurich)
was made in hippocampal CAl (coordinates: AP -
2.0 mm, ML -1.5 mm from Bregma, DV -1.3 from the
surface of the dura). The injection pipette was left in
place after injection for at least 5 min to prevent
reflux. A suture was made to close the skin above
the skull, and reopened after two weeks to implant
the hippocampal window as described previously by
others”™ and ourselves’®7’. Briefly, to expose the
brain, a 3-mm diameter ring was drilled into the
skull, centered at the previous injection site but
avoiding interference with the midline head bone
structures. To provide a basis for attachment, two
thin layers of light-curing adhesive (iBond Total
Etch, Kulzer) were applied to the skull, followed by
a ring of dental cement (Charisma, Kulzer) to
prevent overgrowth of the preparation with skin. A
3-mm diameter biopsy punch (BP-30F, KAI) was
inserted into the exposed brain until it reached the
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corpus callosum and left in place for at least 5 min
to stop bleeding. Damage to deeper structures was
avoided by a rubber stop added to the punch. Then,
a flatly cut off injection cannula (Sterican 27G, B.
Braun) connected to a vacuum pump was used to
carefully remove the cortex in the exposed region
until the white-red stripes of the corpus callosum
became visible. The corpus callosum, different from
previous studies targeting deeper regions’®, was left
intact. Bleedings, if they occurred, were stopped
with absorbant swabs (Sugi, Kettenbach) and
hemostatic sponges (Spongostan, Ethicon) before
further surgery steps were performed. Then, a
cylindrical metal cannula (diameter 3 mm, height
1.2-1.3 mm) attached with dental cement to a 0.17-
mm thick coverslip (diameter 3 mm) was carefully
inserted into the cavity and fine-positioned with a
small-diameter glass capillary attached to the
stereotaxic frame. When no further bleeding
occurred, the hippocampal window was fixed in
place using UV-curable dental cement (Tetric
EvoFlow, Ivoclar) that was inserted into the gaps
between the skull and the cannula. Finally, tissue
glue (Vetbond, 3M) was used to connect the
animal’'s skin with the ring of dental cement
(Charisma). A double wing-shaped head bar was
attached to the Charisma ring using dental cement
(Tetric EvoFlow) directly after the surgery or in a
separate surgery session. After surgery, animals
were monitored for 3 days with application of
antibiotics (2.5% Baytril in drinking water,
Vetpharm), and analgesics (Metacam, 5 mg/kg,
s.c.) administered when necessary.

Two-photon microscopy

A custom-built two-photon microscope was used to
monitor calcium signals in astrocytes and neurons
in either a single or multiple layers of CA1, while the
animal was spontaneously running on a linear
treadmill. A femtosecond-pulsed laser (MaiTali,
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Spectra physics; center wavelength tuned to
911 nm; power below the objective 20-40 mW) was
sent through a scan engine consisting of a 8-kHz
resonant scanner (Cambridge Technology), a 2x
magnifying relay lens system, and a slow galvo
scanner (6215H, Cambridge Technology), to a
dedicated scan lens (S4LFT0089/98, Sill Optics)
and a tube lens (Ploessl| lens system consisting of
two 400-mm focal length achromatic doublet lenses;
AC508-400-AB, Thorlabs) before entering the
objective’s back aperture. Either a 16x (CFI75 LWD
16X W, NA 0.8, WD 3.0 mm; Nikon) or a 40x
objective (CFI Apo NIR 40X W, NA 0.8, WD 3.5 mm;
Nikon) were used for calcium imaging. The 16x
objective provided a larger field of view (600 pum
side length) but the back aperture was slightly
underfilled, resulting in an axial resolution of 4-5 pm
(FWHM). The 40x objective allowed us to overfill the
back aperture, resulting in an improved axial
resolution of 2-3 um (FWHM) at the cost of a
reduced FOV (200 um side length). The 40x
objective configuration also enabled the use of a
small-aperture tunable lens (EL-10-30-C, Optotune)
together with an offset lens (f =-100 mm) just before
the back focal plane to enable fast z-scanning over
a z-range of up to 300 um as described previously?:.
Imaging was performed in a single plane at a rate of
30.88 Hz (512 x 622 pixels). Volumetric rates were
reduced accordingly for dual-plane (15.44 Hz) and
triple-plane imaging (10.29 Hz). Scanning and data
acquisition was controlled with custom-written
software programmed in C++
(http://rkscope.sourceforge.net/, ref. 78).

Behavioral setup

The treadmill consisted of two custom-designed
light-weight wheels, one of which was attached to a
rotary encoder (4-mm shaft optical rotary encoder,
Phidgets, USA) to measure locomotion of the
animal. A 130 cm long and 5 cm wide velvet belt
(88015K1, McMaster-Carr) was equipped with
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sensory landmarks consisting of self-sticking
elements, velcro strips and hot glue. A metal tape
attached to a single location of the back side of the
belt was used as a reflector for an IR sensor to
provide a spatial reference signal in order to track
the location of the animal on the belt. IR light
(LIU8B50A, Thorlabs) together with a camera
(DMK23UP1300, The Imaging Source, recording at
30 Hz; 16-mm EFL objective MVL16M23, Thorlabs)
was used to monitor the animal’s behavior during
the experiment. In a subset of experiment sessions
(33 out of 42), a small and partially shielded UV LED
(LED370E, Thorlabs) was directed towards the right
eye of the animal, resulting in a less dilated pupil
and allowing for pupil segmentation from the
behavioral video. Rewards in form of sweetened
water (30% sugar) were provided through a metal
lick spout to the animal at a specific location of the
belt that remained unchanged across sessions.
Reward delivery was controlled by a solenoid valve
(VDW22JA, SMC) that was gated by a relay circuit
(Sertronics Relais Module, Digitech). Mice were free
to consume the reward whenever they wanted,
immediately after reward delivery or later. If mice did
not retrieve a reward for 50 s through running, a
spontaneous reward was delivered. Reward
delivery time points were automatically recorded in
the software, and reward consumption (first contact
of the mouse’s tongue with the water drop) was
manually detected for each reward from video
monitoring. The time of reward consumption was
used for the analyses in Fig. 4e,f. In a subset of
experiments, brief air puffs to the left side of the
animal’'s face as additional sensory cues were
provided randomly and rarely (maximally once per
minute) without predictive cue. To enable the
disentanglement of arousal generated by air puffs
and movement, air puffs were only applied when the
animal was not running for 210 s.

The behavioral setup was controlled using custom
code written in Python, which controlled valves,
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camera triggers, and microscope acquisition start,
and recorded the position of the rotary encoder, the
IR sensor for absolute position and behavioral
events like air puffs or water rewards. The temporal
offset and relative recording speed of the camera
with respect to two-photon scanning were calibrated
in a separate experiment where both the behavioral
camera and the two-photon software recorded the
same signal of a flashing light.

Behavior training and imaging experiments

One week before experiments, drinking water of
mice was supplemented with citric acid (2% of
volume) to motivate the mice during the running
task’®. Mice were handled by the experimenter for
15-20 min per day for 3 days without exposure to
the behavioral setup. Afterwards, they were
accustomed to the behavioral setup and the lick
spout. For the next 3-7 workdays, depending on the
animal’s ability to participate in the task without
being stressed, mice were trained to sit or run on
the treadmill while being head-fixed. When animals
readily ran on the treadmill and consumed sugar
water rewards for 15-20 min, imaging experiments
were performed.

A behavioral session lasted in total for 15-35 min
and consisted of 140 s-long recording segments,
spaced by short breaks of 5-20 seconds due to
limitations of the two-photon microscope software.
The imaging plane was chosen to lay in the central
part of stratum oriens of CAl and to clearly contain
visible astrocytic somata if possible. For dual-plane
imaging of neurons and astrocytes, the first imaging
plane was centered at the pyramidal cell layer of
CA1, and the second imaging plane 60-90 um more
dorsally. For triple-layer imaging of astrocytes,
imaging planes were spaced approximately 70-
80 um from each other, with the central plane
residing in the pyramidal cell layer. For triple-plane
imaging during anesthesia, two imaging planes
spaced by 10-15um were positioned in the

21

pyramidal layer of CAl such that not the same
neurons were sampled in both planes and the third
plane 60-90 um more dorsally. Different sessions
were performed on different days, and the FOV was
changed between days.

Histology
Animals were administered a lethal dose of
pentobarbital (Ekonarcon, Streuli) and

transcardially perfused with 0.1 M phosphate
standard solution (PO4) followed by 4%
paraformaldehyde (PFA, in 0.1 PO4). 60-um thick
coronal brain sections were stained with DAPI and
anti-GFAP (primary AB rabbit-anti-GFAP 1:1000,
secondary AB anti-rabbit with Cy3 1:250) and
imaged with a confocal laser-scanning microscope
(Olympus FV1000). Three separate channels
recorded the nuclear stain DAPI, the intrinsic
GCaMP6s of virally induced GFAP-based
expression, and the astrocytic antibody staining of
astrocytes with Cy3.

Calcium imaging post-processing

Raw calcium imaging movies were spatially
resampled to remove the distortion induced by non-
linear sinusoidal scanning in the x-axis. Then, rigid
movement correction in the xy-plane was applied®°.
Analyses in Fig. 1 were based on manually defined
ROls; analyses in Figs. 3-5 on the global astrocytic
activity, which we define as the average AF/F signal
across the population of astrocytes within the FOV;
and analyses in Figs. 6 and 7 were based on pixel-
based activity traces (described below). Active ROIs
were extracted manually with a previously
described toolbox
(https://github.com/PTRRupprecht/Drawing-ROls-

without-GUI, ref. 8%), based on anatomical features
of the mean fluorescence, as well as on the map of
local correlations which highlights correlated
spatially close pixels®. For neuronal recordings,
both active and inactive neuronal somata were
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included to provide an approximately unbiased
estimate of neuronal spike rates. For dual-layer
imaging of both neurons (GCaMP6f) and astrocytes
(GCaMP6s), bleedthrough of the gliapil signal in the
pyramidal layer resulted in a slow contaminating
signal superimposed onto the neuronal signals. We
used the mean fluorescence in a 15-pixel wide
surround region of the respective neuronal ROI to
linearly regress away the astrocytic contamination.
Next, deconvolution of the neuronal traces with a
deep network trained on a large ground truth
dataset (CASCADE; ref. 26) was performed in
Python, suppressing shot noise unrelated to spike-
evoked calcium signals as described before?s, but
also discarding non-neuronal signal components
like residual slow components stemming from
astrocytes.

For astrocytic recordings, all clearly visible
astrocytic cell bodies were selected as ROIs, but
also active gliapil regions that showed a spatially
coherent response as seen by the map of local
correlations. Processes that were putatively part of
a single astrocyte due to correlated activity as seen
by the map of local correlations were included in a
single ROI. Contamination of the GCaMP6s signals
through neuronal signals (GCaMP6f) in dual-layer
recordings were mostly negligible. Only in a small
subset of experiments, the basal dendrites of
pyramidal cells were bright enough to have a visible
impact on the astrocytic imaging plane in stratum
oriens. Due to the known leakiness of the GFAP
promotor, also a very sparse set of interneurons
was labeled with GCaMP6s. These rare cells were
identified based on their distinct morphology in the
mean fluorescence image (see Fig. S10b for an
example) and based on their quickly fluctuating
signals which were clearly distinct from astrocytic
signal time courses.

Residual movement artifacts that involved
detectable movement along the z-direction were
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visually detected from the extracted temporal traces
as events of both correlated and anti-correlated
changes of fluorescence across a majority of the
FOV. These events were additionally inspected in
the raw movies and blanked for further analyses.
Mice for which such strong motion artifacts occurred
regularly were not further used for experiments and
analyses.

Behavioral monitoring post-processing

The behavioral video was used to extract several
behavioral features. The correlation between
subsequent frames was used to compute the
movement from two sub-regions that were manually
drawn around the mouth and the front paws. The
measured metric (1 - correlation) was scaled by the
maximum within each session. Pupil diameter could
be quantified since the infrared laser light of the two-
photon system exited the pupil, which in turn
appeared bright in the behavioral camera video.
The equivalent diameter was computed from the
area of the pupil, which in turn was obtained from a
simple segmentation of the pupil with standard
image processing methods. Briefly, the brightest
round object in the ROI covering the eye was
extracted from the binarized image using the
regionprops() function in MATLAB (MathWorks).
Dark spots inside the segmented pupil due to
reflections were filled and connections of the
segmented pupil to the bright upper eyelid were
removed by repeated binary erosion and dilation of
the segmented pupil. Occasional winking events
were manually detected from the extracted pupil
diameter traces, confirmed by video inspection, and
automatically replaced by values obtained via linear
interpolation. The difference between illumination
periodicity (from the imaging system, 30.88 Hz) and
the recording rate (30 Hz) resulted in a beating
pattern of 0.88 Hz that was also visible in the
extracted pupil signal. A template filter based on the
0.88 Hz periodicity was used to remove this
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illumination-induced component from the extracted
pupil diameter. For the analyses in Figs. 3,4 and 5,
where the absolute values of the observed pupil
diameter was not important for the analysis, the
absolute pupil diameter was used. For analyses
associated with Fig. 7, to allow for pooling of pupil
diameter values across sessions, pupil diameters
were normalized (z-score) for each behavioral
session to account for variable lighting conditions.

Similarly, licking was quantified by classical
segmentation methods that detected the presence
of a bright and large object close to the lick spout
(the tongue). The final output was binarized (licking
vs. non-licking) based on a threshold of detected
object size. The threshold for lick detection was
adjusted manually for each session and for each
mouse while inspecting the resulting segmentation
together with the raw behavioral movies.

The absolute position of the mouse on the treadmill
belt was computed using the run speed recorded
with the rotary encoder as a relative position signal
and the analog IR diode output, which increased
when a stripe of reflective tape at the backside of
the belt went past the diode, as an absolute position
signal.

Modeling global astrocytic activity with dilated
linear regression

To model global astrocytic activity as a function of
other variables (e.g., paw movement, pupil diameter
or location), we used a dilated variant of linear
temporal regression. Specifically, we averaged time
points of the regressor around the to-be-regressed
time point into bins that exponentially increased
their width with the temporal distance from the
current time point. Therefore, the first bin was 1
frame in width, the second 2 frames, the third 4
frames, the fourth 8 frames, and so on, resulting in
an effective time window of +17 s (512 time points
sampled at 30 Hz). This “dilated linear regression”
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is inspired by “dilated convolutions” used for signal
processing and deep neuronal networks®3# and
serves to reduce the number of regressors while
providing a multi-scale representation of the
regressor variable. Such a reduction of the number
of regressors is necessary to avoid overfitting.
Overfitting is a problem when regressing global
astrocytic signals, which provide — due to their
slowly changing nature — only relatively few
statistically independent data points even for longer
recordings.

The vector of such dilated regressors was used to
linearly regress the observed global astrocytic
activity with the glmfit() function in MATLAB.
Performance was evaluated on 5-fold cross-
validated subsets within each recorded session to
exclude overfitting. Performance was measured
using the correlation between predicted and true
signals across the 5 cross-validated segments of
the entire session.

Modeling global astrocytic activity with a linear
differential equation

A standard leaky-integrator differential equation of
the form

LO = —4@) +10) (1)
was implemented, with the integration time constant
1, the astrocytic activity A(t) and the regressor input
I(t). Fitting was performed by grid search of the
parameter T and by evaluating the correlation of the
recorded signal with the signal obtained by
simulation of the differential equation. Since the
correlation is not affected by the scaling of the two
compared signals, a scaling factor of the input
regressor I(t) was not necessary. For the
evaluation, the first time points until t=2t were
excluded to avoid the influence of the initial
conditions during the simulation of the differential
equation.
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Self-supervised denoising of calcium movies

Two-photon calcium imaging movies are often
dominated by shot noise. Due to the sensitivity of
astrocytes to laser-induced heating®, we limited the
laser power in our experiments to moderate values,
at the cost of a decreased signal-to-noise ratio. To
enable complex analyses with single-pixel precision
despite noisy pixel traces, we used recently
developed algorithms for self-supervised denoising
of imaging data based on deep networks®?8,
implemented in the Python scripts of
Deeplnterpolation®. This implementation uses the
pixels of the 30 frames prior and after the current
frame to denoise the pixels of the current frame.
More precisely, the algorithm infers for each pixel
the value that is most likely, based on its spatio-
temporal surrounding pixels and based on the priors
of the networks. To adapt the network priors from
previously established neuronal recordings® to our
astrocytic recordings, we retrained the deep
network from scratch for each analyzed session
with 10,000 frames of the recording and then ran the
trained network on all imaging frames of the
respective session. To enable the highest precision
and to avoid (anti-)correlated movement artifacts
through brain motion, we applied an algorithm for
piecewise rigid motion correction on the denoised
data®. While an entirely rigid motion correction
algorithm corrects for most of the movement
artifacts, the piecewise rigid motion correction also
was able to correct small or nonlinear distortions
that happened on faster timescales than the frame
rate and required a denoised input.

Delay maps of astrocytic activity

We used the global astrocytic activity (average
across the entire FOV) as a global reference to
compute the average delay of each pixel’s signal
with respect to this global reference. To extract the
average delay, we computed the correlation
function between the reference signal and the
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pixel’s time trace, which was extracted from the
denoised movie (described above). The correlation
function was normalized such that the zero-lag
component was identical with Pearson’s correlation
coefficient. Next, the correlation function was
smoothed with a 0.5-s window filter and the delay
determined by taking the maximum of the
correlation functionina-10 ... +10 s window around
the zero-lag time point. This procedure was
repeated for each pixel, resulting in a map of delays.
Such a map was computed for each 140-s segment
in a session and per-segment maps were combined
to a session-map using weighted averaging, with
the mean astrocytic activation (AF/F) of the entire
FOV within the respective segment as the weight
used for averaging. This procedure, comprising
retraining and application of the self-supervised
denoising network and the computation of delay
maps, was applied to a total of 12 selected sessions
that fulfilled the following criteria: (1) A sufficient
amount of global astrocytic activity. For example,
sessions with mice that barely moved during the
sessions did not exhibit sufficient global astrocytic
dynamics for a meaningful analysis. (2) Clearly
visible astrocytic somata. In some sessions,
especially when the recording FOV was constrained
by simultaneous neuronal imaging in the pyramidal
layer but also in other recordings with suboptimal
imaging conditions, only gliapil but no clearly
detectable cell bodies of astrocytes could be
identified, making those recordings less useful for
analyses comparing calcium signals in cell bodies
vs. distal processes.

Identification of centripetally propagating vs.
non-propagating calcium events

To extract FOV-wide temporal delay components,
the delay map was smoothed with a shape-
preserving 2D median filter (filter size 6 um; Fig. 7a)
and then binned by rounding the delay to integer
values (..., -2s,-1s,0s,+1s,+2 s, ...). Pixels with
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the respective delays across the entire FOV
(Fig. 7b) were used to extract the mean time trace
from the denoised movie, and this time trace was
used to compute AF/F (Fig. 7c). A 25 pixel-wide
boundary of the FOV was discarded to prevent the
contamination by lateral movement artifacts that
cannot be corrected at image boundaries. In
addition, pixels that contained identified
interneurons  through  ectopic ~ GFAP-driven
expression of GCaMP6s were excluded for each
FOV using a manually drawn blanking mask.

The temporal delay components (one time trace
each for -2s, -1s, 0s, +1s, etc. pixels) were
extracted as raw fluorescence traces and then
normalized as AF/F values (Fo defined as 20%
guantile across the session for the respective delay
component) to enable a comparison between
normalized traces. The average across these traces
was used to identify candidate events using the
findpeaks() function in MATLAB. Since an average
across delay components was used as a reference
to detect events, it is likely that some gliapil-only
events that did not propagate into the soma were
not identified as events. The distribution of
centripetally propagating and non-propagating
events in Fig. 7d is therefore not representative but
biased towards events that are also visible in
processes closer to the soma. All candidate events
were visually inspected and corrected. Typical
events are shown in Fig. 7e, and other more
complex events, which were still considered to be a
single event for our analyses, are shown in
Fig. S11. The beginning and end of events was
estimated as the trough preceding or following an
event peak, again proofed by visual inspection. For
each event, the mean value of each delay
component was extracted, and a linear fit (y=a-
x +b) computed, with the extracted mean as y-
values and the delay in seconds as x-values
(Fig. 7c, inset). The fit parameter a was normalized
by b, the fitted value of y at zero-lag x = 0s,
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resulting in the “propagation slope” as used
throughout the Results section. This normalization
has the side effect that errors due to division by
small values of b for very small events can result in
potentially erroneous large positive or negative
slopes; however, at the same time it ensures that
the propagation of small-amplitude events is equally
considered compared to large-amplitude events.
The fit was improved by using the number of FOV
pixels that contributed to each delayed trace as fit
weights.

To define putative astrocytic domains for single-cell
analysis of delayed traces (Fig. S13), we manually
seeded cell centers based on cell bodies. This
analysis could only be performed for sessions in
which astrocytic cell bodies could be clearly
identified and distinguished from each other and
from other structures like end-feet (n = 8 sessions).
A watershed algorithm custom-written in MATLAB
was used to simultaneously and iteratively expand
the domains of all seed points using binary dilation
until the domains encountered either the boundary
of another domain or reached a distance of =35 um
from the seed point.

Statistics

Only non-parametric, two-sided tests were used
(Mann-Whitney rank sum test and Wilcoxon signed-
rank test for unpaired and paired conditions,
respectively), and no corrections for multiple testing
were performed. Box plots used standard settings
in MATLAB, with the central line at the median of
the distribution, the box at the 25" and 75™
percentiles and the whiskers at extreme values
excluding outliers.
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Supplementary figures

Cc
AAV-GFAP-GCaMP6s GFAP antibodies, Cy3

Figure S1 | Histology, all channels of Fig. 1d, shown separately in grayscale. a, nuclear stain DAPI. b, Virus-induced
GCaMP&6s expression in hippocampal astrocytes. ¢, GFAP-antibody staining of astrocytes. Maximum intensity projection across
12 um. While antibodies tended to more heavily stain the distal processes of astrocytes, all astrocytes labeled with the GFAP

antibody also exhibited expression with AAV-induced GCaMP6s.

Instantaneous correlation Multi-timepoint regression
1.0 —_—
5 0.8 T T T oL
& 06 = ====
2 T H Tt
S 0.4 4 E . T + .
- <+ +
02 I ! = I +
m, T =® - :
0.0 E. ) - .+ 4
B . Y . e
"\500 & Q)‘Z’b _\‘Z’& -\E‘é‘ & ‘\\D(\ & 0‘5} .x“@ -s"f «‘?‘1@
FF RS L& FFE RS $E
VOV e & F AR PN
<& D‘S\ QQ) \)Q§ <& 0& Q® QQ\
- Q - <

Figure S2 | Global astrocytic activity can be well explained by past behavior, mean neuronal spike rate or pupil diameter,
continuation. Same analysis as in Fig. 3c,d but for a different set of animals, in which calcium imaging was performed in

astrocytes only (thus lacking the predictions by neuronal AF/F and SR; 19 imaging sessions from 3 animals). Results are similar
to the results for the 4 animals shown in Fig. 3c,d.
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Figure S3 | Predictions of global astrocytic activity based on combined regressors. Using combined regressors (e.g., pupil
diameter and paw movement) instead of a single regressor (e.g., only pupil diameter) did not improve predictions, as measured
by correlation values (y-axis). This result is likely due to two effects. First, the auto-correlated astrocytic signal results in relatively
few independent data points that result in overfitting when increasing the number of regressors and deterioration of cross-
validated predictions. Second, distinct regressors result in highly similar predictions due to redundant signals (Fig. 3e,f), resulting

in lack of strong improvements when combining regressors.
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Figure S4 | Performance for different regressors across sessions is highly correlated. Extension of Fig. 3g. a, Performance
of pupil diameter vs. paw movement as regressors. b, Performance of pupil diameter vs. mean neuronal spike rate (SR) as
regressors. ¢, Performance of paw movement vs. mean neuronal spike rate as regressors. For all panels, a single data point
represents the average performance of the cross-validated dilated linear regression averaged for an imaging session. Values (r)
indicate the correlation between the two regressor’s performances. The dashed lines represent the identity relationship.
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Figure S5 | Calcium imaging of astrocytes and pyramidal neurons in CAl during isoflurane anesthesia. Examples of
extracted neuronal AF/F traces (green) and associated deconvolved spike rates (black) are shown (see also zoom-in at the top).
White blanked time points were discarded due to excessive movement of the brain during the waking-up. Example astrocytic
AF/F traces (black) are shown below, highlighting uncoordinated local but no global events before the waking up. Waking up
(bottom; 1.5% in the beginning, set to 0% at “isoflurane stop”) is reflected by small and large paw movements (blue) and resulted
in global astrocytic calcium signals (mean astrocytic calcium, red).
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Figure S6 | Global astrocytic calcium increases during non-locomotor movements (reaching). Simultaneously recorded
variables are color-coded and represented with dashed flat lines if no recordings were available. Panel titles indicate mouse 1D
(e.g., 152-XR for the first panel) and the respective imaging session (e.g., 01). The (manually defined) grasping phase is
highlighted as gray background. Reaching, which resulted in paw movement close to the lick spout in proximity of the mouth, is
usually visible as deflections of the “mouth movement” (red). All events in this figure are shown, together with the recorded
variables and the behavioral video in Movie 5.
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Figure S7 | Temporal sequence of behavioral variables with respect to mean neuronal spike rate. Analogous to Fig. 5 but
using deconvolved neuronal spike rate instead of global astrocytic activity as the reference signal. A peak of the correlation
function with positive lag indicates that neuronal spike rate peaked on average earlier than the inspected variable. Grey traces
are correlation functions extracted from single sessions, black traces are averages across sessions. The delays indicated are
median values + standard error across sessions (n = 22 sessions across 4 animals).
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Figure S8 | Pixel-wise computation of delays is improved by self-supervised de-noising. The top row shows the results of
the processing pipeline as described in Fig. 6e but without de-noising of the raw movie, the bottom row the results using the de-
noised movie a, Single frame of the raw movie. b, Single-pixel trace extracted from the raw movie in (a). ¢, Correlation function
computed from the pixel trace in (b) with the global astrocytic activity across the entire FOV. The peak of the correlation function
is, in this case, detected at -5.2 s. d, Delays for all pixel traces, mapped onto the imaging FOV. e-h, Same as (a-d) but based on
the de-noised movie. The resulting delay maps (h) are less noisy than in (d).

4
l(z) Delay
B2 ()

Figure S9 | Further examples of isolated astrocytes (fluorescence average, left) together with the local delay maps (right).
Extension of Fig. 6h. The color code (as in Fig. 6) indicates propagation of activity from distal to somatic compartments on a
timescale of seconds. The side length of each FOV excerpt is approximately 55 um.
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Figure S10 | Examples of delay maps. a-j, Maps of delays of astrocytic signal with respect to the global mean fluorescence,
computed as described in Fig. 6 and Supplementary Fig. S8. Each delay map represents an entire imaging FOV (40x objective,
200 um side length in x-direction). Yellow arrow heads highlight regions that are devoid of somata and thick processes, therefore
mostly containing fine gliapil processes. Green arrow heads highlight astrocytic somata that are, unlike other soma examples
shown in Fig. 6h and Fig. S9, not activated in a delayed manner with respect to the global mean activation. White arrow heads
highlight astrocyte processes around blood vessels, exhibiting a very clear delayed activation with respect to the global mean
activity. The red arrow head highlights an ectopically labeled interneuron; such interneuron pixels were blanked for the analysis
in Fig. 7.
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Figure S11 | Example events, extension of Fig. 7e. These examples highlight the diversity of astrocytic events that cannot
always be well captured as single-phase events. Note the different vertical scale bars. The horizontal scale bars are identical
across events. a, Example of a fading event (as defined in Fig. 7) that is barely visible except in the gliapil (yellow). b, Biphasic
gliapil event. The first gliapil activation (yellow) does not result in centripetal propagation of calcium activity, but a second peak of
gliapil activity manages to do so. ¢, Another example of biphasic gliapil activation. The first peak results in centripetal propagation,
while the second gliapil peak is only weakly reflected by somatic calcium. d, Another example of biphasic gliapil activity. Slow
somatic integration barely reflects the faster gliapil fluctuations. e, Example of very prominent centripetal propagation, resulting
in longer-lasting activation of the somatic region. f, Similarly prominent centripetal propagation, resulting in a striking display of
somatic calcium activity.
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Figure S12 | Slope of astrocytic global events as a function of calcium event magnitude and of a ‘saliency score’. Panels
are analogous to panels Fig. 7d, but use the astrocytic mean AF/F value (a) or the saliency score (b) instead of pupil diameter as
the dependent variable (x-axis). The saliency score is computed from the sum of the rectified derivative of the measured pupil
diameter in the time window during the event, but shifted to the past by 2 seconds. The score therefore measures the amount of
(positive) pupil change, instead of pupil diameter itself.
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Figure S13 | Centripetal propagation can be variable across different putative single astrocytic domains. Manual seeding
of the astrocyte cell body centroid with subsequent watershed segmentation was used to create putative astrocytic domains (cell
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bodies identified based on average fluorescence in (a), segmented domains with ID numbers in (a)). For each domain, the delay
map (c) was used to extract delayed traces as shown in Fig. 7a-c, and a slope was fitted for the delayed traces for each detected
event and each astrocytic domain, as described in Fig. 7c. Positive slope (blue) indicates an event propagating into the somatic
region of the respective domain, a negative slope (red) indicates a fading event (d). Overlaid traces display the average activity
in the respective domain. e, Similarity of slopes across events for pairs of astrocytic domains quantified as correlation. The
distribution is centered on positive values, showing that most astrocytic domains follow the propagation/fading of the majority of
other domains. f, Distance-dependence of the pair-wise correlations of propagation slopes from (e), indicating a weak decay of
the correlation with distance. However, low correlations occur also at neighboring domains (distance approx. 20-50 um), and high
correlations at large distances. g, Centripetal propagation appears more prominent in some astrocytic domains for some events.
Zoom-in #1 from (d) into a subset of events (event numbers in roman numerals below) and astrocytic domains (numbers at the
right side). In addition, delayed traces are shown (color-coding as in Fig. 7; from yellow = distal processes, to blue = astrocytic
soma). In some domains, the somatic trace is activated much more than for other domains (e.g., domain 15) or for other events
in other domains (e.g., domain 18 for event Il, domain 20 for event IV, and domain 23 for event IV). This observation indicates
that the strength of somatic activation by centripetal propagation is variable across astrocytes. h, Zoom-in #2 from (d), manually
re-ordered selection of traces (numbers to the right indicate the putative astrocytic domain). The first event is the event of interest
for the purpose of this panel. While the event is globally dominated by fading calcium signals as seen in (d), calcium activity in
some domains clearly reaches the somatic regions (astrocytic domain IDs 30, 38 and 6). This observation suggests that
centripetal propagation is a cell-autonomous process that can occur in a subset of astrocytes.
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Movie captions

Movie 1 | Single-plane calcium imaging of hippocampal astrocytes in vivo. Calcium imaging of the calcium reporter
GCaMP6s in the stratum oriens of hippocampal CAl in a behaving mouse through an implanted cannula. The raw movie was
denoised using a self-consistent denoising algorithm (Deeplnterpolation, see Methods). For improved display of dim astrocytic
processes, some of the brighter areas in the field of view are saturated. The field of view is 600 x 600 um?, the original frame rate
30.88 Hz (displayed at 10x speed).

Movie 2 | Triple-layer calcium imaging of hippocampal astrocytes in vivo. Calcium imaging of the calcium indicator
GCaMP6s in three layers of hippocampal CA1 (left: stratum oriens, middle: stratum pyramidale, right: stratum radiatum) in a
behaving mouse through an implanted cannula using a tunable lens for fast z-scanning. The raw movie was denoised using a
self-consistent denoising algorithm (Deeplnterpolation, see Methods). The original field of view for each plane is 200 x 200 um?,
the original frame rate 10.29 Hz (displayed at 12x speed).

Movie 3 | Simultaneous monitoring of astrocytic and neuronal activity, pupil changes and body movement. The extracted
traces are smoothed with a 5-point moving window and z-scored for clarity. The x-axis indicates time in seconds. The movie is
displayed at real-time speed. Related to Figure 2.

Movie 4 | Examples of mouth movement without detectable effect on astrocytes. The extracted traces are smoothed with a
5-point moving window and z-scored for clarity. The x-axis indicates time in seconds. The movie is displayed at 2x speed. Related
to Figure 3.

Movie 5 | Examples of front limb movements (reaching and grooming) and its effect on astrocytic activity. The extracted
traces are smoothed with a 5-point moving window and z-scored for readability. The x-axis indicates time in seconds. The movie
is displayed at 2x speed. Related to Figure S4.

Movie 6 | Self-consistent denoising of astrocytic calcium movies using Deeplinterpolation. In the first part of the movie, the
left version shows 140 s of a raw astrocytic calcium recording from hippocampal CA1 (stratum oriens). The right version shows
the movie denoised using Deeplinterpolation (see Methods). In the second part of the movie, the raw calcium movie is again
shown together with the denoised version, but with the raw movie smoothed using a Gaussian filter (standard deviation 10 time
points), resulting in smoothed time courses but visibly less efficient denoising compared to the self-consistent denoising method.
Related to Figures 6 and S6.
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