
The University of Manchester Research

Caloric restriction modifies spatiotemporal calcium
dynamics in mouse hippocampal astrocytes
DOI:
10.1016/j.bbamcr.2021.119034

Document Version
Accepted author manuscript

Link to publication record in Manchester Research Explorer

Citation for published version (APA):
Denisov, P., Popov, A., Brazhe, A., Lazareva, N., Verkhratsky, A., & Semyanov, A. (2021). Caloric restriction
modifies spatiotemporal calcium dynamics in mouse hippocampal astrocytes. Biochimica et Biophysica Acta -
Molecular Cell Research, 1868(7), 119034. https://doi.org/10.1016/j.bbamcr.2021.119034

Published in:
Biochimica et Biophysica Acta - Molecular Cell Research

Citing this paper
Please note that where the full-text provided on Manchester Research Explorer is the Author Accepted Manuscript
or Proof version this may differ from the final Published version. If citing, it is advised that you check and use the
publisher's definitive version.

General rights
Copyright and moral rights for the publications made accessible in the Research Explorer are retained by the
authors and/or other copyright owners and it is a condition of accessing publications that users recognise and
abide by the legal requirements associated with these rights.

Takedown policy
If you believe that this document breaches copyright please refer to the University of Manchester’s Takedown
Procedures [http://man.ac.uk/04Y6Bo] or contact uml.scholarlycommunications@manchester.ac.uk providing
relevant details, so we can investigate your claim.

Download date:09. Jun. 2022

https://doi.org/10.1016/j.bbamcr.2021.119034
https://www.research.manchester.ac.uk/portal/en/publications/caloric-restriction-modifies-spatiotemporal-calcium-dynamics-in-mouse-hippocampal-astrocytes(f66c5b4e-ae17-4719-b439-cae1cbadecfc).html
https://doi.org/10.1016/j.bbamcr.2021.119034


Caloric restriction modifies spatiotemporal calcium dynamics in hippocampal 

mouse astrocytes 

 

Pavel Denisov1,2, Alexander Popov1,2, Alexey Brazhe1,3, Natalia Lazareva4, Alexei 

Verkhratsky4,5,6*, Alexey Semyanov1,3,4* 

 
1Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of 

Sciences, Miklukho-Maklaya street 16/10, Moscow, 117997, Russia; 
2Faculty of Biology, Nizhny Novgorod University, Nizhny Novgorod, Russia; 
3Faculty of Biology, Moscow State University, Moscow, Russia; 
4Sechenov First Moscow State Medical University, Moscow, Russia; 
5Faculty of Biology, Medicine and Health, The University of Manchester, Manchester, 

M13 9PT, UK; 
6Achucarro Center for Neuroscience, IKERBASQUE, Basque Foundation for Science, 

48011 Bilbao, Spain & Department of Neurosciences, University of the Basque 

Country UPV/EHU and CIBERNED, Leioa, Spain; 

 
*Send all correspondence to:   

Alexej.Verkhratsky@manchester.ac.uk or semyanov@ibch.ru 

 
 
 



2

Abstract 
 
We analyzed spatiotemporal properties of Ca2+ signals in protoplasmic astrocytes in the 
CA1 stratum radiatum of hippocampal slices from young (2 - 3 months old) mice housed 
in control conditions or exposed to a caloric restriction (CR) diet for one month.  The 
astrocytic Ca2+ events became shorter in duration and smaller in size; they also 
demonstrated reduced velocity of expansion and shrinkage following CR. At the same 
time, Ca2+ signals in the astrocytes from the CR animals demonstrated higher amplitude 
and the faster rise and decay rates. These changes can be attributed to CR-induced 
morphological remodelling and uncoupling of astrocytes described in our previous study. 
CR-induced changes in the parameters of Ca2+ activity were partially reversed by 
inhibition of gap junctions/hemichannels with carbenoxolone (CBX). The effect of CBX 
on Ca2+  activity in CR-animals was unexpected because the diet already decreases gap 
junctional coupling in astrocytic syncytia. It may reflect the blockade of hemichannels 
also sensitive to this drug. Thus, CR-induced morphological remodelling of astrocytes is 
at least partly responsible for changes in the pattern of Ca2+ activity in the astrocytic 
network. How such changes in spatiotemporal Ca2+ landscape can translate into astrocytic 
physiology and neurone-glia interactions remains a matter for future studies. 
 
 
Keywords: astrocyte, caloric restriction, calcium signalling, gap-junctions  
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Introduction 
 
Astrocytes, the homeostatic cells of the brain and the spinal cord, exhibit a specific type 
of excitability mediated by intracellular changes in ion concentrations and second 
messengers, generally known as intracellular excitability [1]. Specific pathways 
underlying this type of excitability are mainly represented by ionic signalling, mediated 
by fluctuations in the intracellular concentration of Ca2+ ([Ca2+]i), Na+ and possibly of 
other ions. Astrocytic Ca2+ signalling in the form of [Ca2+]i transients and propagating 
Ca2+ waves has been discovered in vitro in astrocyte cell cultures [2-4]; subsequent 
experiments characterised underlying molecular pathways operating in brain slices [5, 6] 
and in vivo in the anaesthetised or awake brains [7, 8]. Astrocyte Ca2+ signalling is 
generated by several pathways differentially expressed in different cellular compartments. 
In the cell soma and primary processes (known as branches), Ca2+ signal is primarily 
generated by Ca2+ release from the endoplasmic reticulum mediated by InsP3 receptors [5, 
9] and mitochondria through the transient opening of the mitochondrial permeability 
transition pore [10]. Emptying of the Ca2+ stores triggers secondary store-operated Ca2+ 
entry through the stromal interaction molecule (STIM)-Orai complexes [11, 12] or 
transient receptor potential canonical (TRPC) channels [13]. In contrast, Ca2+ signal 
generation in the distal leaflets depends on Ca2+ entry across plasmalemma [14], which is 
mediated by reversed Na+/Ca2+ exchanger, ionotropic receptors and transient receptor 
potential ankyrin 1 (TRPA1) channels [9, 15-17]. Another factor affecting evolution and 
kinetics of astrocytic Ca2+ signals is linked to connexon-formed gap junctions [18]. 
 
Astrocytes demonstrate a high degree of morphological and functional plasticity, 
contributing thus to the life-long adaptive remodelling of the central nervous system 
(CNS). In particular, astrocytes are involved in adult synaptogenesis and synaptic 
modulation through the release of a variety of molecular factors [19]. Astrocytes also 
show a high degree of fast morphological remodelling that defines neurotransmitters 
availability and neurotransmitter spillover, which both are involved in synaptic plasticity 
[20, 21]. At the same time, astrocytes undergo long-term changes, which affect their 
morphology and their relations with neighbouring neurones, with synapses and with the 
neurovascular unit at large. The long-term adaptive changes in astrocytes occur during 
development and ageing [22]. In particular, the transition from young to adulthood is 
associated with a substantial increase in astrocytic morphological profiles and in the 
volume of astrocytic leaflet distal processes that mainly provide for synaptic coverage 
and hence for synaptic support. Ageing, to the contrary, is associated with the shrinkage 
of astrocytes and a decrease in peripheral processes and hence in a decrease of synaptic 
support; these age-dependent changes translate into deficiencies in long-term potentiation 
(LTP), learning and memory [22, 23]. Another factor affecting brain structure and 
function is represented by lifestyle, including sensory and physical stimulation and 
dieting. Exposure of animals to an enriched environment increases astrocyte complexity 
and improves cognition, increase in astrocytic homeostatic support being arguably one of 
the underlying mechanisms [24, 25]. Our recent experiments have demonstrated the 
modifying effect of caloric restrictive diet on hippocampal astrocytes. Exposure of young 
animals to caloric restriction (CR) for a period of one month led to a significant change in 
astrocytic morphology manifested in an increase of the volume of distal leaflets of 
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hippocampal protoplasmic astrocytes. This led to an increase in astrocytic K+ buffering 
and glutamate clearance, both contributing to a positive modulation of LTP in CR 
animals [26]. In addition, CR led to a decrease in expression of major astrocytic connexin 
Cx43 and in a consequent decrease in gap junctional coupling in hippocampal astrocyte 
syncytium [26].   
 
Our previous experiments established a link between astrocytic morphology and 
spatiotemporal properties of [Ca2+]i dynamics [27]; similarly, changes in gap junctional 
coupling may influence [Ca2+]i  profiles [5]. Hence in this paper, we investigated the 
effects of CR on parameters of [Ca2+]i dynamics in hippocampal astrocytes. To 
distinguish between the effects of morphological remodelling and astrocyte uncoupling in 
the syncytium, we have also tested the effect of pharmacological inhibition of connexons. 
 
Materials and methods 
 
Animals 
 
The experiments were performed in two groups of male mice C57BL/6 from the age of 2-
3 months. Experiments were approved by the Institute of Bioorganic Chemistry 
committee for the maintenance and use of laboratory animals. The animals of both groups 
were held in individual cages for 1 month. Mice of the first groups received food ad 
libitum (control). For each animal, the nutrition was analyzed for a week, and the daily 
rate was calculated. The amount of food was weighed, and each animal in the second 
group (CR) was fed 70% of the average daily intake per animal. For all mice in their 
home cages lights were maintained on a 12 h light/dark cycle.  
 
Before sacrifice, the mice were anaesthetised with isoflurane. The brain was exposed and 
placed in an ice-cold solution containing (in mM 50 sucrose; 87 NaCl; 2.5 KCl; 8.48 
MgSO4; 1.24 NaH2PO4; 26.2 NaHCO3; 0.5 CaCl2; 22 D-glucose. The hippocampi were 
isolated and cut using a vibrating microtome (Microm HM650 V; Thermo Fisher 
Scientific) into  thick slices. The slices were left for 1 hour at 34 ° in a solution 
containing (in mM): 119 NaCl, 2.5 KCl, 1.3 MgSO4, 1 NaH2PO4, 26.2 NaHCO3, 1 CaCl2, 
1.6 MgCl2, 22 mM D-glucose. Experiments were carried out at 34° C in immersion 
chamber with continuous perfusion (1-3 ml/min) with artificial cerebrospinal fluid 
(ACSF) containing (in mM): 119 NaCl; 2.5 KCl; 1.3 MgSO4; 1 NaH2PO4; 26.2 NaHCO3; 
2 CaCl2; 11 D-glucose. All solutions had osmolarity adjusted to 295 ± 5 mOsm and a pH 
of 7.4. The solution was continuously gassed with a 95% O2 and 5% CO2 mixture. 
 
Ca2+ imaging 
 
Astrocytic Ca2+ activity was recorded with a confocal microscope, Zeiss LSM DuoScan 
510, in CA1 str.radiatum of acute hippocampal slices pre-incubated with membrane-
permeable Ca2+ dye, Oregon Green 488 BAPTA-1 AM (OGB, Invitrogen, USA) and an 
astrocyte-specific marker, sulforhodamine 101 (100 nM, Invitrogen, USA). After 
preparation, the slices were transferred to a 3 ml incubation chamber with ACSF 
containing both dyes. OGB was initially dissolved to 0.795 mM in 0.8% Pluronic F-127 
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in DMSO. Then 3 µl of the dye was added to the chamber. After incubation for 40 -
 45 min at 37 oC in the dark, the slices were transferred into the recording/imaging 
chamber for time-lapse imaging (one frame/s). OGB was excited with a 488 nm argon 
laser; the fluorescence was detected through a 500 - 530 nm band-pass filter. 
Sulforhodamine 101 was excited with a 543 nm HeNe laser; the fluorescence was 
detected through a 650 - 710 nm band-pass filter. The imaging was performed for 10 min 
at 34 oC in normal ASCF, then 30 dark noise images were recorded. The recording field 
was 420x420 µm in 512x512 pixels. After recording the spontaneous Ca2+ activity, 
100 M carbenoxolone (CBX, Sigma, USA) was added to the ACSF. After 20 min of 
incubation with CBX, spontaneous Ca2+ activity was rerecorded in the same recording 
field. Recording parameters were kept unchanged for the entire experiment. 
 
Image processing 
 
All image analysis was performed using custom-written Python software. The raw 
imaging data were first transformed to a standardised form matching Poisson-like pixel 
intensity statistics. To this end, a linear regression between average value and variance 
for randomly chosen blocks of pixels in the background provided estimates for constant 
dark offset (intercept of the x-axis) and gain (slope of the line). After "Poissonisation", 
imaging data were denoised using a block-based approach developed in the lab. The 
Anscombe transformation was first applied to the intensity values to mitigate the 
heteroscedasticity of the raw data. Next, a local denoising step based on truncated 
singular value decomposition (SVD) transformation was applied to overlapping blocks of 
pixels. Intensity estimates in the overlapping regions were averaged. This was followed 
by inverse Anscombe transformation [28] to obtain final intensity estimates.  
 
Slow-changing baseline fluorescence level was calculated by iteratively smoothing 
fluorescence signal with an L1-spline [29] and at each iteration substituting values fi 
deviating for more that than 3 standard deviations from the smoothing curve fsi with the 
smoothed values fsi. This operation was done in each pixel and the resulting fluorescence 
baseline F0(t) was used to calculate relative fluorescence changes (F(t)-F0(t))/F0(t) 
denoted as F/F below. F/F changes were then thresholded at 3 standard deviations of 
background fluorescence fluctuations (in the denoised data), and contiguous sets of 
supra-threshold pixels in time and space were further termed as Ca2+ events. 
 
Spatiotemporal characteristics of Ca2+ dynamics 
 
Ca2+ events were characterised by the following parameters: 
1. Ca2+ event frequency  total number of events detected during the recording divided by 
the recording time and normalised to the recorded area (frequency density). 
2. Ca2+ event duration  number of frames from initiation to the end of an event 
multiplied by the inter-frame interval. 
3. Ca2+ event size  entire territory occupied by the event defined as the number of non-
zero pixels in maximal intensity projection along the time axis multiplied by the pixel 
area. 
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4. Mean expansion/shrinkage rate of Ca2+ event. The instantaneous event area was 
calculated for each frame. The resulting vector of event areas was rescaled by squared 
spatial resolution and filtered by the first derivative of Gaussian kernel (  s) to 
obtain the numerical derivative of the event area over time (dS/dt). The average of all 
positive dS/dt values was used as the mean event expansion rate, while the average of all 
negative dS/dt values was used as the mean event shrinkage rate.  
5. Peak amplitude of Ca2+  
event. 
6. The maximal rise and decay rates of the Ca2+ signal. Rise and decay rates were 
obtained in each pixel as the first derivative of the timecourse of Ca2+ signal in this pixel 
(

as the rise 
rates, negative  the decay rates. We refer to the absolute maximum (cf. minimum) 
values of  overall spatiotemporal voxels belonging to the event as maximum 
rates of fluorescence rise (cf. fluorescence decay). 
 
Statistics 
 
Statistical analysis was performed with Origin 8 (OriginLab Corp.). Event frequency 
density data are presented as the mean ± SEM (Fig. 1c), all other data presented as 
quartiles (box) ± 10th and 90th percentiles (whiskers). The differences between groups 
were tested with two-way repeated-measures ANOVA (Fig. 1c) and Mann-Whitney test 
(all other data); p < 0.05 was considered significant. N-numbers correspond to the 
number of animals in each set of experiments. To reduce the number of animals, 
hippocampal slices obtained from one animal were used in different sets of experiments 
of this project and different projects carried in the lab. However, only one slice was used 
for a particular set. n-numbers represent number of individual events pulled from all 
slices which were used for the plot. 
 
Results 
 
As alluded to before, treatments of young animals with CR initiates the growth of 
astrocytic processes associated with uncoupling of inter-astrocytic gap-junctions [26]. 
Our previous experiments have also demonstrated that astrocytic morphology and gap 
junction coupling strongly influence Ca2+ dynamics in the astrocytic network [5, 27]. 
Hence astrocytic morphological remodelling and uncoupling can affect Ca2+ signalling in 
these cells. To test this possibility, we performed time-lapse two-photon imaging in 
hippocampal slices stained with Ca2+ sensor (OGB, see method section) in two groups of 
mice: control and CR. Astrocytic Ca2+ events were detected in the CA1 stratum radiatum, 
as described previously [23]. Although OGB predominantly labels astrocytes and the 
majority of Ca2+ events which we recorded were astrocytic, we could not entirely exclude 
a contribution of neuronal Ca2+ activity. To circumvent neuronal contribution and to 
avoid sampling fast neuronal Ca2+ transients, we considered only Ca2+ events that lasted 
4 s and longer. The experiments were performed in baseline conditions (i.e. without any 
blockers) or after exposing the slice to 100 µM of gap junction/hemichannel blocker 
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carbenoxolone (CBX). Experiments with CBX aimed to test a possible role of astrocyte 
uncoupling after CR on cytosolic Ca2+ dynamics.  
 
CR decreases the duration and size of Ca2+ events 
 
Detected Ca2+ events were reconstructed for each slice in three-dimensional space: x-y-
time (Fig. 1a). Subsequently, individual events were extracted and analysed (Fig. 1b). 
Event frequency was calculated as the number of events divided by recording time and by 
the size of the recording field (frequency density). CR tended to increase Ca2+ event 
frequency; however, the difference did not reach statistical significance (Fig. 1c). 
Application of CBX affected the frequency neither in the control nor CR group. Event 
duration was calculated as the number of frames during which the event existed 
multiplied by the interval between frames. CR significantly decreased Ca2+ event 
duration at baseline recordings (Fig. 1d). The difference in Ca2+ event duration between 
the control and CR group remained significant in the presence of CBX. Application of 
CBX did not significantly affect the duration in either group. This finding rules out that 
gap junction uncoupling following CR is responsible for the shortening of Ca2+ events in 
astrocytes. Event size was calculated as the area of maximal intensity projection.  
 
Exposure to CR significantly decreased Ca2+ event size at baseline recordings (Fig. 1e). 
Application of CBX did not significantly affect the size of Ca2+ events in the control 
group but partially reversed the decrease in the Ca2+ event size following CR. The 
difference in Ca2+ event size between the control and CR group, however, remained 
significant in the presence of CBX.   
 
CR decreases the expansion and shrinkage rates of Ca2+ events 
 
Other properties of Ca2+ events are the rates at which they expand and shrink (Fig. 2a). 
From all Ca2+event we detected some were spreading, while the rest remained local. 
Neither CR nor CBX affected the proportion of spreading events (Fig. 2b). Then we 
measured the area occupied by the Ca2+ event in each frame and obtained the time course 
of the Ca2+ event area (Fig. 2c). In this time course, we identified the expansion phase 
and the shrinkage phase, from which expansion and shrinkage rates were calculated. 
Exposure to CR significantly decreased the expansion rate of Ca2+ events (Fig. 2d). 
Treatment with CBX had no significant effect on the rate in the control group but 
increased it in the CR group. As a result, expansion rates in control and CR groups 
became not significantly different in CBX treated slices. Similarly, the Ca2+ event 
shrinkage rate was significantly reduced following CR (Fig. 2e). Treatment with CBX, 
however, significantly affected shrinkage rate neither in control nor in the CR group. 
Hence, the difference between shrinkage rate in control and in CR groups remained in 
CBX treated slices. These results suggest that the reduction of Ca2+ event sizes following 
CR may be explained by reduced expansion and shrinkage rates. Blockade of gap 
junctions/hemichannel reverses the effect of CR on event size and expansion rate, but not 
on event duration. Reduced event duration following CR may reflect changes in astrocyte 
morphology or involvement of other mechanisms. 
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CR increases the amplitude and accelerates the rise and decay rates of Ca2+ signals 
 
Astrocytic Ca2+ events can be characterised in multiple dimensions within space and time 
[8]. In addition to spatiotemporal properties (size and duration) and spatiotemporal 
dynamics (expansion and shrinkage rates), we characterised the amplitude ( F/F) and the 
waveform (rise and decay rates) of the Ca2+ signal (Fig. 3a). Since different pixels within 
the event have different Ca2+ timecourse, we have identified the maximal amplitude, rise 
and decay rates within the event. CR increased the amplitude of Ca2+ signals (Fig. 3b). 
Treatment with CBX further increased the amplitude of [Ca2+]i increase in control but not 
in CR groups. As a result, the difference between groups disappeared. Similar to the 
amplitude, rise and decay rates of Ca2+ signals were increased following CR (Fig. 3c,d). 
Exposure to CBX increased the rates both in control and CR groups. Hence, the 
difference between groups, however, remained. 
 
Discussion 
 
In this study, we analysed spatiotemporal profiles of [Ca2+]i signals in hippocampal 
astrocytes from animals exposed to CR, which is known to boost  adaptive capabilities of 
various organisms,  counteract age-dependent cognitive decline and decrease the risk for 
neurodegenerative diseases [30-32]. Exposure to CR decreased the size and duration of 
Ca2+ events; these Ca2+ events also demonstrated slower expansion and shrinkage rates. 
In other words, slower expanding Ca2+ events occupy the smaller territory as compared to 
more rapidly expanding events. However, at present, we have not determined a 
mechanism that is responsible for the reduced size of events. We also observed that the 
frequency of Ca2+ events tends to increase after CR. Although the increase in frequency 
did not reach significance, it compensated for smaller size of Ca2+ events: the mean 
percentage of each frame covered by Ca2+ events was not statistically different between 
control and CR. This finding suggests that CR made Ca2+ events more localised and 

, but it does not affect overall Ca2+ activity. What could that mean from 
the point of astrocytic physiology or brain computation?  Recent reports demonstrated the 
importance of astrocytic microdomains for animal memory consolidation [33]. Since 
each astrocytic Ca2+ microdomain occurs in compartments covering a different number of 
synapses, the latter can be simultaneously co-modulated [8, 34]. In this scenario, a 
reduction in the size of the Ca2+ event may, conceivably, reduce clusters of co-modulated 
synapses. At the same time, CR increases the amplitude and accelerates the kinetics of 
both rise and decay of local [Ca2+]i transients. Thus, in animals under diet, Ca2+ signals 
become sharper and more localised. Their modulatory action of synapses may be stronger. 
This can be potentially linked to the precision of information coding in the neuronal 
network and warrants further analysis.  
 
Spatiotemporal [Ca2+]i dynamics is a fundamental component for astrocytic intracellular 
excitability [1, 5]. Local [Ca2+]i microdomains are critically important for astrocyte 
physiology being involved in the regulation of ATP production (stimulus-metabolic 
coupling), gene expression, cell development and death (short and long-term adaptation) 
or exocytosis (stimulus-secretion couplings), to name a few Ca2+-dependent processes [8, 
35]. Generation and shaping of Ca2+ signals in a highly complex astrocytic arborisation is 
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determined by an interplay between plasmalemmal Ca2+ entry (mediated by Ca2+-
permeable ionotropic receptors, reversed Na+/Ca2+ exchanger, store-operated Ca2+ 
channels)  intracellular Ca2+ release from intracellular Ca2+ stores (mainly associated with 
the opening of InsP3/Ca2+-gated Ca2+ release channels of the endoplasmic reticulum), 
cytoplasmic Ca2+ buffering by Ca2+ binding proteins and by Ca2+ extrusion mediated by 
plasmalemmal Ca2+ pumps and Na+/Ca2+ exchanger running in the forward mode [5, 6, 
16]. All these molecular pathways operate within astrocytic compartments represented by 
organelle containing soma and primary processes, known as branches and organelle-free 
thin distal processes defined as leaflets [1, 8, 9, 36]. Generation of Ca2+ signalling in 
these two compartments is relatively independent with leaflets relying mainly on Ca2+ 
influx, whereas in branches Ca2+ release from the internal Ca2+ stores plays the leading 
role [1, 37-39]. These two principal compartments of astrocyte have another distinct 
morphological feature associated with the surface to volume ratio (SVR), which is high in 
leaflets and is much smaller in branches and in the soma. In addition, spatiotemporal 
properties of astrocytic [Ca2+]i dynamics may be influenced by gap junctional syncytia 
connectivity that provides diffusion of second messengers which can create propagating 
Ca2+ waves [18].  
 
All these arguments demonstrate that changes in astrocyte morphology and particularly 
changes in the morphology of their processes, both primary and distal, may substantially 
affect spatiotemporal [Ca2+]i landscapes. Previous studies have demonstrated such a 
morphofunctional relation [14, 27]. It appears that spontaneous Ca2+ events appear more 
frequently in distal processes with higher SVR compare to the branches with lower SVR. 
Astrocytic processes are morphologically dynamic structures, which can extend or retract 
both in short and long-term temporal domains, thus affecting and regulating 
neurotransmitter dynamics and synaptic plasticity [20, 21]. The long-term brain 
adaptation associated with, for example, dieting [26], physical exercise [24, 40] and 
ageing [22, 41] all  result in substantial morphological remodelling of astrocytes. Ageing 
and caloric restriction, in particular, mainly affect distal astrocytic leaflets [23, 26], which 
arguably form the majority of perisynaptic astrocytic contacts. These latter are 
fundamental to synaptic function through regulation of synaptogenesis, and providing for 
synaptic maintenance, synaptic isolation and synaptic extinction [19, 42]. 
 
What are molecular and cellular mechanisms responsible for such remodelling of 
astrocytic Ca2+ activity following CR? There could be numerous possibilities at 
molecular, cellular and network levels. Previous studies have demonstrated a relationship 
between astrocyte morphology and Ca2+ dynamics [27, 34].  It appears that spontaneous 
Ca2+ events are more frequent in distal processes with a higher surface-to-volume ratio 
(SVR) compared to the branches with lower SVR. Indeed, CR triggers astrocyte growth 
which can thus affect Ca2+ activity [26]. Gap-junction coupling has been suggested as a 
Ca2+ signal propagation pathway in astrocytic syncytium [5, 43]. Exposure to the CR 
reduces astrocytic coupling through gap junctions [26], which may explain the reduced 
size of Ca2+ events. Gap junction blocker, CBX did not impact on [Ca2+]i dynamics in the 
control mice; in the CR group, CBX partially rescued the decrease in the size of Ca2+ 
event in CR animals. This finding was unexpected since we assumed that CBX should 
mimic astrocyte uncoupling in the control group and hence have more effect than in the 
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CR group.  However, CBX not only prevents the coupling of astrocytes through gap 
junctions but also blocks hemichannels. Assuming astrocyte uncoupling following CR 
exposes more hemichannels previously used in gap junctions may explain why CBX (by 
blocking hemichannels) has a more substantial effect in the CR group. 
 
In summary, the results show remodelling of Ca2+ activity in hippocampal astrocytes 
following CR. Ca2+ events became shorter and smaller in size. The smaller size may be 
explained by slower expansion and shrinkage rates of the events. On the other hand, CR 
increased the amplitude, rise and decay rates of Ca2+ signal. These changes were partially 
reversed by the action of CBX, pointing to the role of gap junctions or hemichannels. 
Unexpectedly, CBX had a more profound effect on the CR group, where gap junction 
coupling between astrocytes is reduced [26]. This suggests that uncoupling may lead to 
an increased number of hemichannels that are responsible for Ca2+ events confined in 
space and time with higher Ca2+ content. How these changes in Ca2+ spatiotemporal 
landscape may translate into astrocytic physiology remains a matter for future studies. 
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Figure legends 
 
Figure 1. CR reduces both size and duration of astrocytic Ca2+ events. 

a. Recording astrocytic Ca2+ activity in hippocampal CA1 stratum radiatum. All Ca2+ 
events were detected and presented in the x-y-time volume, where the bottom illustrates 
the fluorescent image and the vertical axis of the time. Each Ca2+ event occurs in time 
and space.  

b. Individual Ca2+ event zoomed from the boxed area at the panel a. The duration of the 
event is calculated as the number of frames when the event was detected multiplied by 
the interframe interval. The event duration calculated as the area of event maximal 
intensity projection (MIP) along the time axis. 

c. Frequency of Ca2+ events normalised to the imaging area (frequency density) at 
baseline conditions (N = 6 in control, green, and N = 5 in CR, grey) and in the presence 
of carbenoxolone, CBX (N = 7 in control and N = 5 in CR).  CR did not significantly 
affect the frequency (p=0.11); CBX did not significantly affect the frequency (p=0.77); 
there was no significant interaction between the effects of CR and CBX (p=0.58). Two-
way repeated-measures ANOVA. 

d. Ca2+ event duration at baseline conditions (N = 6, n = 239 in control, green, and N = 5, 
n = 327 in CR, grey; p = 0.002 between control and CR) and in the presence of 
carbenoxolone, CBX (N = 7, n = 201 in control and N = 5, n = 354 in CR; p = 0.025 
between control and CR). CBX did not have statistically significant effect on either 
control (p = 0.84) or CR group (p = 0.25). Mann-Whitney test. 

e. Ca2+ event size at baseline conditions (N = 6, n = 239 in control, green, and N = 5, n = 
327 in CR, grey; p < 0.001 between control and CR) and in the presence of 
carbenoxolone, CBX (N = 7, n = 201 in control and N = 5, n = 354 in CR; p < 0.001 
between control and CR). CBX did not have statistically significant effect on control (p = 
0.44) but on CR group (p < 0.001). Mann-Whitney test. 

The data are presented as quartiles (box) ± 10th and 90th percentiles (whiskers), except 
for panel c, where data are presented as the mean ± SEM. N  number of slices (animals), 
n  number of recorded Ca2+ events; ns  p > 0.05, * - p < 0.05, ** - p < 0.01, *** - 
p < 0.001. 

 

Figure 2. CR reduces the expansion and shrinkage rates of astrocytic Ca2+ events. 

a. Time-lapse imaging (1 frame/s) of an expanding Ca2+ event. The event was binarised 
to illustrate changes in its area. 

b. Percentage of expanding Ca2+ events at baseline conditions (N = 6 in control, green, 
and N = 5 in CR, grey) and in the presence of carbenoxolone, CBX (N = 7 in control and 
N = 5 in CR). CBX did not have a statistically significant effect on either control or CR 
group. Two-sample t-test. 
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c. The timecourse of the change in the area of Ca2+ event shown at the panel a. Red  
expansion phase, blue  shrinkage phase. 

d. Ca2+ event expansion rate at baseline conditions (N = 6, n = 184 in control, green, and 
N = 5, n = 214 in CR, grey; p < 0.001 between control and CR) and in the presence of 
carbenoxolone, CBX (N = 7, n = 142 in control and N = 5, n = 227 in CR; p = 0.06 
between control and CR). CBX did not have statistically significant effect on control (p = 
0.36) but on CR group (p = 0.024). Mann-Whitney test. Data presented for expanding 
events only. 

d. Ca2+ event shrinkage rate at baseline conditions (N = 6, n = 184 in control, green, and 
N = 5, n = 214 in CR, grey; p < 0.001 between control and CR) and in the presence of 
carbenoxolone, CBX (N = 7, n = 142 in control and N = 5, n = 227 in CR; p = 0.002 
between control and CR). CBX did not have statistically significant effect on control (p = 
0.06) or CR group (p = 0.59). Mann-Whitney test. Data presented for expanding events 
only. 

The data are presented as quartiles (box) ± 10th and 90th percentiles (whiskers). N  
number of slices (animals), n  number of recorded Ca2+ events; ns  p > 0.05, * - 
p < 0.05, ** - p < 0.01, *** - p < 0.001. 

 

Figure 3. CR increases the amplitude of the Ca2+ signal and Ca2+ rise and decay 
rates. 

a. Time-lapse imaging (1 frame/s) of an expanding Ca2+ event. Top row, the event was 
presented in pseudocolor to illustrate the amplitude (
each pixel forming the event. The background is an original fluorescent signal showing 
astrocyte morphology. MIP  maximal intensity projection. Bottom row, each pixel of the 
event presented in red when the fluorescent signal increases and in blue when it decreases. 
The colour intensity illustrates the rate of the rise or decay of the signal.  

b. Maximal Ca2+ signal amplitude within the event at baseline conditions (N = 6, n = 239 
in control, green, and N = 5, n = 327 in CR, grey; p < 0.001 between control and CR) and 
in the presence of carbenoxolone, CBX (N = 7, n = 201 in control and N = 5, n = 354 in 
CR; p = 0.26 between control and CR). CBX had statistically significant effect on control 
(p < 0.001) but not on CR group (p = 0.06). Mann-Whitney test. 

c. Maximal rise rate of Ca2+ signal within the event at baseline conditions (N = 6, n = 239 
in control, green, and N = 5, n = 327 in CR, grey; p < 0.001 between control and CR) and 
in the presence of carbenoxolone, CBX (N = 7, n = 201 in control and N = 5, n = 354 in 
CR; p < 0.001 between control and CR). CBX had statistically significant effect on both 
control (p < 0.001) and on CR group (p < 0.001). Mann-Whitney test. 

d. Maximal decay rate of Ca2+ signal within the event at baseline conditions (N = 6, n = 
239 in control, green, and N = 5, n = 327 in CR, grey; p < 0.001 between control and CR) 
and in the presence of carbenoxolone, CBX (N = 7, n = 201 in control and N = 5, n = 354 
in CR; p < 0.001 between control and CR). CBX had statistically significant effect on 
both control (p < 0.001) and on CR group (p < 0.001). Mann-Whitney test. 
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The data are presented as quartiles (box) ± 10th and 90th percentiles (whiskers). N  
number of slices (animals), n  number of recorded Ca2+ events; ns  p > 0.05, *** - 
p < 0.001. 








