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Astrocyte ryanodine receptors
facilitate gliotransmission and
astroglial modulation of synaptic
plasticity

Ulyana Lalo and Yuriy Pankratov*

School of Life Sciences, University of Warwick, Coventry, United Kingdom

Intracellular Ca2*-signaling in astrocytes is instrumental for their brain
"housekeeping” role and astroglial control of synaptic plasticity. An important
source for elevating the cytosolic Ca2™ level in astrocytes is a release from
endoplasmic reticulum which can be triggered via two fundamental pathways:
IP3 receptors and calcium-induced calcium release (CICR) mediated by Ca2*-
sensitive ryanodine receptors (RyRs). While the physiological role for glial
IP3 became a focus of intensive research and debate, ryanodine receptors
received much less attention. We explored the role for ryanodine receptors in
the modulation of cytosolic Ca2+—signaling in the cortical and hippocampal
astrocytes, astrocyte-neuron communication and astroglia modulation of
synaptic plasticity. Our data show that RyR-mediated Ca?*-induced Ca?*-
release from ER brings substantial contribution into signaling in the functional
microdomains hippocampal and neocortical astrocytes. Furthermore, RyR-
mediated CICR activated the release of ATP and glutamate from hippocampal
and neocortical astrocytes which, in turn, elicited transient purinergic and
tonic glutamatergic currents in the neighboring pyramidal neurons. The CICR-
facilitated release of ATP and glutamate was inhibited after intracellular perfusion
of astrocytes with ryanodine and BAPTA and in the transgenic dnSNARE mice
with impaired astroglial exocytosis. We also found out that RyR-mediated
amplification of astrocytic Ca?t-signaling enhanced the long-term synaptic
potentiation in the hippocampus and neocortex of aged mice. Combined, our
data demonstrate that ryanodine receptors are essential for astrocytic Ca2™*-
signaling and efficient astrocyte-neuron communications. The RyR-mediated
CICR contributes to astrocytic control of synaptic plasticity and can underlie,
at least partially, neuroprotective and cognitive effects of caffein.

KEYWORDS

glia-neuron interaction, caffein, aging, microdomain Ca2™* activity, glutamate release,
ATP release

Introduction

Astrocytes are an instrumental component of brain cellular networks. Apart from
generally acknowledged brain “housekeeping” functions, such as metabolic and structural
support of neurons and control of neuro-vascular interface, astrocytes have recently
been implicated into higher brain functions, like information processing and learning
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and memory (Adamsky et al, 2018; Covelo and Araque, 2018;
Savtchouk and Volterra, 2018; Durkee and Araque, 2019; Durkee
et al, 20215 Lalo et al, 2021; Koh et al., 2022). Participation of
astrocytes in brain computation is underlined by their capability
to receive and integrate information on activity of large ensembles
of synapses (Giaume et al., 2010; Halassa and Haydon, 2010;
Bazargani and Attwell, 2016; Savtchouk and Volterra, 2018; Lalo
et al, 2021) and communicate back to neurons via release of small
molecule transmitters (gliotransmitters) such as ATP, glutamate
and D-Serine (Araque et al., 2014; Lalo et al., 2014, 2021; Savtchouk
and Volterra, 2018; Durkee and Araque, 2019; Koh et al., 2022; Lalo
and Pankratov, 2023). The integrative function of astroglia and,
thereby, efficient glia-neuron communication, critically depends on
the elevation of cytosolic Ca?* in astrocytes which is necessary to
activate various pathways of gliotransmission (Araque et al., 2014;
Bazargani and Attwell, 2016; Savtchouk and Volterra, 2018; Durkee
and Araque, 2019; Durkee et al., 2021; Lalo et al., 2021). Astrocytic
Ca®* -signaling can also mediate activity-dependent modulation of
their “housekeeping” functions (Gourine et al., 2010; Halassa and
Haydon, 2010; Bazargani and Attwell, 2016).

Although mechanistic details of Ca?*-dynamics in astrocyte,
in particular in different subcellular compartments, and their
relevance for astroglial modulation of synaptic plasticity and
cognitive function are still being elucidated, a pivotal role for Ca**-
signaling in astrocyte physiology is commonly accepted (Bazargani
and Attwell, 2016; Savtchouk and Volterra, 2018; Verkhratsky
and Nedergaard, 2018). There is also emerging evidence that
impairment of astroglial Ca>* signaling can contribute to various
psychiatric and neurodegenerative disorders and age-related
cognitive decline (Liu et al., 2017; Lalo et al., 2018; Morita et al,
2019; Verkhratsky et al., 2019; Lalo and Pankratov, 2021).

The main sources of elevating the cytosolic Ca?* level in
astrocytes include release from intracellular stores of endoplasmic
reticulum (ER), release from mitochondria and entry via plasma
membrane ligand-gated Ca®™ channels (Reyes and Parpura, 2009;
Palygin et al., 2010; Rasooli-Nejad et al., 2014; Bazargani and
Attwell, 2016; Agarwal et al., 2017; King et al., 2020). The release
from ER-stores possesses two fundamental activation pathways:
via IP3 receptors and calcium-induced calcium release (CICR)
mediated by Ca?* -sensitive ryanodine receptors (RyRs) (Berridge,
2016). During last two decades of research into specific mechanisms
of Ca’*-signaling in astrocytes, focus was made on role for IP3
receptors (Bazargani and Attwell, 2016; Savtchouk and Volterra,
2018; King et al., 2020). To a large extent, this was underlined by
the debate on impact of astroglia-specific deletion of IP3 receptors
on glia-neuron interactions and synaptic plasticity.

At the same time, an alternative mechanism of activation
of Ca’*-release from ER- via RyRs - remained underexplored.
Although earlier studies (Golovina and Blaustein, 1997; Simpson
et al, 1998; Hua et al, 2004) suggested the participation of
RyRs in generation of Ca2 + -transients and Ca2 + -waves in
astrocytes, the physiological importance of RyRs for brain function
was traditionally associated with neuronal and vascular cells. In
these cells, RyRs are usually activated by Ca2 + influx via voltage-
gated Ca2* channels, and lack of such channels in astroglial cells
undermined, in common opinion, a significance of RyRs for glia
signaling and glia-neuron communications. However, in astrocytes,
an initial influx of Ca?*- to trigger a substantial RyR-mediated
Ca?? release from ER could be provided by ionotropic NMDAR
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and P2X receptors and SOC channels (Reyes and Parpura, 2009;
Palygin et al., 2010; Weiss et al., 2022).

Nowadays, interest to the role for RyRs in the glial function
is growing and evidence of their participation in the astrocytic
signaling is accumulating (Reyes and Parpura, 2009; Pankratov
and Lalo, 2015; Skowronska et al., 2020; Weiss et al., 2022).
In our previous work, we have demonstrated that RyRs can
bring a substantial contribution into Ca®T-transients triggered in
neocortical astrocytes by noradrenaline (Pankratov and Lalo, 2015).
The recent data of Weiss et al. (2022) suggest that RyR-mediated
Ca’™ release from ER takes part in the propagation of Ca’*
waves between neighboring glial cells and that this mechanism
plays important role in maintaining normal brain excitability.
So, a putative amplification of astrocytic Ca?*-signaling by RyR-
dependent CICR might have important implications for glia-
neuron interactions which are yet to be fully understood.

The putative action of RyR as an “enhancer” of astrocytic
signaling can gain a special importance in the aging brain.
There is accumulating reports that age-related astrocyte atrophy
and dysfunction, in particular the decrease in Ca’*-signaling,
can underlie neurodegeneration and impairment of synaptic
transmission and plasticity (Lalo et al., 2011, 2020; Sadick and
Liddelow, 2019; Siracusa et al., 2019; Verkhratsky et al., 2019;
Lalo and Pankratov, 2021). At the same time, manipulations
that enhance astrocytic Ca?*-signaling, such as application of
exogenous noradrenaline or changes in lifestyle and diet, can
ameliorate the age-related decline in cognitive functions (Lalo et al.,
2019, 2020; Wahl et al., 2019; Lalo and Pankratov, 2021). In line
with this notion, there are multiple evidence of beneficial effects of
RyR agonist caffein on the function of aging brain (Eskelinen and
Kivipelto, 2010; Santos et al., 2010; Barberger-Gateau et al., 2013)
including amelioration of decline in learning and memory in the
AD model mice (Arendash et al., 2006; Laurent et al.,, 2014; Stazi
et al., 2023). Still, the role of activation of RyRs in the cognitive
effects of caffein in aging brain remains unexplored.

In the present paper, we explore the role for ryanodine receptors
in the modulation of cytosolic Ca**-signaling in the cortical
and hippocampal astrocytes and astrocyte-driven modulation of
synaptic plasticity across a lifetime. To dissect the impact of
astrocytic RyRs on synaptic signaling and plasticity, we compared
the effects of RyRs modulators in the wild-type and dnSNARE
transgenic mice with impaired gliotransmission (Halassa et al,
2009; Lalo et al., 2014, 2016) of two age groups.

Materials and methods

All animal work has been carried out in accordance with
UK legislation and “3R” strategy; research did not involve non-
human primates. This project was approved by the University of
Warwick Animal Welfare and Ethical Review Body (AWERB),
approval number G13-19, and regulated under the auspices of
the UK Home Office Animals (Scientific Procedures) Act licenses
P1D8E11D6 and I3EBF4DB9. Experiments were carried out in the
astrocytes and neurons of the hippocampus and somatosensory
cortex of dAnSNARE transgenic mice (Halassa et al., 2009; Lalo et al.,
2014) and their wild-type littermates (WT) of two aged groups,
2.5 - 4.5 (average 3.6) months and 14-18 (average 16.1) months;
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these groups were referred correspondingly as adult and old. In
some experiments, the transgenic mice expressing enhanced green
fluorescent protein (EGFP) under the control of the glial fibrillary
acidic protein (GFAP) promoter (GFAP-EGFP) were used (

; ; ). For clarity,
all data referred here as wild-type are reported solely for wild-
type littermates to dnSNARE mice; usage of GFAP-EGFP mice was

explicitly stated where appropriate.

Slice and cell preparation

Mice were anesthetized by halothane and then decapitated;
brains were rapidly removed and placed into ice-cold physiological
saline containing (mM): NaCl 130, KCI 3, CaCl, 0.5, MgCl, 2.5,
NaH,POy4 1, NaHCO3 25, glucose 15, pH of 7.4 gassed with 95%
O, - 5% CO;. Transverse slices (280 jum) were cut at 4°C and then
placed in physiological saline containing (mM): NaCl 130, KCI 3,
CaCl, 2.5, MgCl, 1, NaH,POy4 1, NaHCO3 22, glucose 15, pH of
7.4 gassed with 95% O, - 5% CO, and kept for 1 - 5 h prior to
cell isolation and recording. The same extracellular saline was used
for the recordings with addition of 1 WM TTX except experiments
that required the evoking synaptic activity, namely: registration
of astrocytic Ca’*-signaling elicited by stimulation of neuronal
afferents and long-term plasticity experiments (detailed below).

Electrophysiological recordings

Whole-cell voltage-clamp recordings from the CAl and
neocortical neurones were performed using glass patch-pipettes
(4 - 5 MQ) filled with intracellular solution (in mM): 110
CsCl, 10 NaCl, 10 HEPES, 5 MgATP, 1 D-Serine, 0.1 EGTA,
pH 7.35; Transmembrane currents were monitored using an
MultiClamp 700B patch-clamp amplifier and Digidatal440A data
acquisition board (Axon Instruments, USA), filtered at 2 kHz
and digitized at 4 kHz. Experiments were controlled by WinWCP
software; recordings were analyzed using self-designed software.
Liquid junction potentials were compensated with the patch-clamp
amplifier. The series and input resistances were respectively 5-
7 MQ and 600-1100 MQ; both series and input resistance varied
by less than 20% in the cells accepted for analysis.

In the synaptic plasticity experiments, the same slice
preparations were used. Field excitatory postsynaptic potentials
(fEPSPs) were measured via a glass micropipette filled with
extracellular solution (0.5 - 1 MQ resistance) placed in neocortical
layer 2/3 or in the stratum radiatum of the CA1l area. The fEPSPs
were evoked correspondingly by the stimulation of neuronal
afferents descending from layers IV-V or stimulation of CA3-
CA1 Schaffer collaterals with a bipolar coaxial electrode (WPI,
Stevenage, UK); stimulus duration was 300 s, the stimulus
strength was set to provide average the fEPSP amplitude about
30-40% of maximal level (typically 1.5-3 LA in neocortex and
1.2-2.5 A in hippocampus).

To induce the long-term potentiation (LTP), several of trains
of high-frequency theta-burst stimulation (HFS-trains) have been
delivered; each HSF-train consisted of 10 pulses stimulated at
100 Hz (100 ms total length), trains were delivered with 200 ms
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interval and every 10 trains were separated by 10 s-long intervals.
For the weak and strong stimulation of CA3-CAl synapses
correspondingly 5 and 10 trains were used. In the L2/3 area,
the weak and strong stimulation consisted correspondingly of
20 and 50 trains.

Multi-photon fluorescent Ca2*-imaging

To evaluate the intracellular concentration of free Ca’™
([Ca2T];) in CA1 and layer 2/3 astrocytes in situ, brain slices were
incubated with 1 pM of Rhod-2AM for 30 min at 33°C. Usage
of relatively short incubation time ensured preferential loading of
astrocytes (as compared to neurons) with Ca?*-dye, as reported
previously ( ; )
Astrocytes were identified initially by their morphology under DIC
observation and EGFP fluorescence (astrocytes from dnSNARE
mice and GFAP-EGFP mice). After the recording identification of
astrocytes was confirmed by their electrophysiological properties as
described previously ( s ;

)

Two-photon images of neurons and astrocytes were acquired at
5Hz frame-rate using a Zeiss LSM-7MP multi-photon microscope
coupled to a SpectraPhysics MaiTai pulsing laser; experiments were
controlled by ZEN LSM software (Carl Zeiss, Jena, Germany).
Images were analyzed offline with aid of ZEN LSM (Carl Zeiss) and
Image] 1.52 (NTH) software. The [Ca?*]; levels were expressed as
AF/F ratio averaged over a region of interest (ROI). To analyze
spontaneous Ca?T-signaling in astrocytes, several ROIs located
over peripheral astrocytic processes (functional microdomains)
and 1 ROI located over the soma were chosen. The initial
identification of peripheral ROIs as microdomains was performed
with the aid of standard particle analysis routine of Image]. After
then, identification of microdomains was verified by quantification
of relative fluorescence time course. Only regions, exhibiting
average fluorescence 3 times larger than standard deviation of noise
for the period of 1 s at least once over 30 min, were selected as
active microdomains for further analysis. The average frequency
and amplitude of spontaneous Ca?* -transients were calculated for
all ROIs detected in each cell (typically 10-15 ROIs per cell). To test
the response of astrocyte to synaptic stimulation, a single HFS train
(as describe above) was used. The net Ca®™ -response to agonists
or synaptic stimulation was quantified using an ROI covering the
whole cell image.

Measurement of extracellular ATP
concentration in brain tissue

The DHPG-induced changes in the ATP concentration in the
neocortical and hippocampal tissue were evaluated with the aid
of microelectrode biosensors produced by the Sarissa Biomedical
(Coventry, UK). A detailed description of the biosensors and
recording procedure has been published previously in

( ). Briefly, biosensors consisted of the thin (25 pM) Pt/Ir
wire coated with permselective polymer matrix with immobilized
enzymes metabolizing ATP in a cascade of redox reactions, so the
current output of the sensor was proportional to the ambient ATP
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concentration. To calculate the ATP concentration, the auxiliary
null-sensor, coated with the matrix but containing no enzymes
was inserted in the vicinity of main the ATP-sensor and its signal
was subtracted from the signal of main sensor. Usage of null-
sensor enabled to minimize a putative interference from any
unspecific electro-active endogenous substances (Frenguelli et al,
2007). To further reduce an interference from unspecific signals,
only transient elevation of the ATP-signal from baseline level was
assessed. To calibrate the measurements and compensate for any
reduction in sensitivity during experiment, biosensor response to
the application of known concentrations of ATP (10 wM) was
recorded twice in each experiment, before the slice was present in
the perfusion chamber and after the slice had been removed.

Data analysis

All data are presented as mean =+ standard deviation (SD) and
the statistical significance of differences between data groups was
tested by two-tailed unpaired t-test, unless indicated otherwise. For
all cases of statistical significance reported, the statistical power
of the test was 0.8-0.9. Each brain slice was used only for one
experiment (e.g., fluorescent recordings in single astrocyte or single
LTP experiment either in CAl or layer 2/3). The number of
experiments/cells reported is therefore equal to the number of
slices used. The experimental protocols were allocated randomly so
the data in any group were drawn from at least from 3 animals,
typically from 4 to 10 mice. The average ratio of experimental unit
per animal was 1.5 for the LTP experiments and 1.4 whole-cell
recordings and fluorescent Ca>* -measurements.

The spontaneous transmembrane currents recorded in neurons
were analyzed off-line using methods described previously (Lalo
etal, 2014, 2016). The amplitude distributions of spontaneous and
evoked currents were analyzed with the aid of probability density
functions and likelihood maximization techniques; all histograms
shown were calculated as probability density functions.

Drugs

Receptor antagonists and agonists (NMDA, D-AP5, NBQX,
ryanodine, TFLLR, DPCPX, SCH58261) were from the Tocris
(Bristol, UK). Other salts and chemicals (Rhod-2, Rhod-2AM,
noradrenaline, caffeine, TTX) were from Sigma (Dorset, UK) unless
specifically indicated.

Results

Impact of ryanodine receptor
modulators on Ca?*-signaling in
astrocytes

We investigated the action of RyRs activator caffeine and
selective inhibitor ryanodine (Zucchi and Ronca-Testoni, 1997) on
the Ca?*-signaling in astrocytes of CA1 hippocampal area and
neocortical layer 2/3 in situ (Figures 1, 2). We used the dnSNARE

Frontiers in Cellular Neuroscience

10.3389/fncel.2024.1382010

mice and their wild type littermates of two age groups, adult (2.5 -
4 months old) and old (14 — 18 months old).

We evaluated the spontaneous and evoked Ca? T -transients in
the somata and functional microdomains (Shigetomi et al., 2013;
Savichouk and Volterra, 2018), located on the astrocytic branches
(Figures 1A, 2A, also see Materials and methods). Under baseline
conditions, neocortical and hippocampal astrocytes exhibited
prominent spontaneous Ca?*-transients, whose amplitude and
frequency showed notable decrease at the old age. In the layer 2/3
astrocytes, the average baseline frequency of spontaneous Ca®*-
transients (pooled for the whole cell image) was 0.34 £ 0.15 min~!
in the young WT mice and 0.19 & 0.08 min~! in the old WT
mice; the average relative amplitudes of Ca’*-transients were
correspondingly 0.32 £+ 0.13 and 0.21 £ 0.09 (Figures 1A, B).
The spontaneous signaling in the layer 2/3 astrocytes of dnSNARE
mice was not significantly different from their wild-type littermates
(Figure 1B). The similar pattern of age-related changes and lack of
difference between WT and dnSNARE mice was exhibited by the
spontaneous Ca?*-signaling in the CA1 astrocytes (Figure 1C).

Bath application of 20 M caffeine in the presence of Al
and A2 receptors antagonists (Bastia et al., 2002) DPCPX (3 pM)
and SCH58261 (1 wM), caused a slow and sustainable elevation
of the cytosolic Ca?T-level in cortical astrocytes of adult mice
(Figure 1A) accompanied by the notable increase in the number
of active microdomains and the amplitude and frequency of
microdomain Ca?¥-transients (Figures 1A, B). Whereas the
integral Ca?*-response of cortical astrocytes to caffeine underwent
a sharp decline with aging, the caffeine-induced augmentation of
microdomain signaling was retained in the layer 2/3 astrocytes of
old mice, both WT and dnSNARE (Figure 1B). The CA1 astrocytes
showed similar behavior in the respect of caffeine-induced effects
(Figure 1C). These data suggest that RyR-mediated release from
ER can play a prominent role in the augmentation of astroglial
Ca?* -signaling, both in adult and old age.

To verify the importance of RyR-mediated CICR for
the astroglial activated by
neurotransmitters, we evaluated the impact of ryanodine (10 M)

signaling release of various
on Ca’T-transients elicited in astrocytes by the stimulation of
synaptic pathways (Figure 2). We used short burst of high-
frequency stimulation (see Methods) to mimic the conditions
of elevated neuronal activity which can occur either in the
physiologic context or during induction of long-term synaptic
potentiation. Ca®"-signaling was triggered in the CA1 astrocytes
by the activation of Schaffer collaterals and in the layer 2/3
astrocytes by the activation of intracortical afferents. We have
shown previously that major components of synaptically-induced
astrocytic Ca2+—activity are mediated by NMDA, mGluR, P2X,
P2Y and endocannabinoid receptors (Palygin et al., 2010; Rasooli-
Nejad et al., 2014; Pankratov and Lalo, 2015; Lalo et al., 2019; Lalo
and Pankratov, 2022).

We also evoked Ca’* -signaling with agonists of PARI,
adrenergic al and NMDA receptors, which were previously
reported to bring significant contribution into astrocytic signaling
and activate release of gliotransmitters (Palygin et al., 2010; Lalo
etal, 2014; Pankratov and Lalo, 2015). In terms of Ca2+-signaling,
the agonists of PARI and al-adrenoreceptors, correspondingly
TFLLR and NA, have been shown to act specifically in the astrocytes
so they are widely used as a tool to activate astrocyte-driven
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FIGURE 1

Caffein-induced Ca?*-signaling in neocortical and hippocampal astrocytes. (A) Representative multi-photon images of EGFP fluorescence and
presudo-color images of Rhod-2 fluorescence recorded in the astrocyte of the dnSNARE mouse before (baseline) and after the application of RyR
agonist caffein. Examples of Ca?* -transients recorded in the soma and microdomain (m.d.) ROls indicated in the images are shown below. Note the
marked increase in the spontaneous Ca2+ -elevations induced by application of caffein. (B,C) The pooled data on the net cell responses to caffein
and the frequency and amplitude of spontaneous Ca®™ - transients recorded in the layer 2/3 (B) and CAL (C) astrocytes of WT and dnSNARE mice of
two age groups. The data are shown as mean =+ SD; dots indicate the data obtained in the individual astrocytes. Asterisks (*,**) indicate the statistical
significance of effects of caffein. Note the lack of difference in the effect of caffein of Ca®* -signaling in the WT and dnSNARE mice and
responsiveness of CAl and layer 2/3 astrocytes to RyR agonist.
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FIGURE 2

Contribution of Ryanodine receptors to Ca2+ -signaling in the hippocampal astrocytes. (A) Representative multi-photon images of EGFP
fluorescence and presudo-color images of Rhod-2 fluorescence recorded in the CAl astrocyte of old dnSNARE mouse before (baseline) and after
the short train of high-frequency stimulation of CA3-CA1 synapses (HFS). Examples of Ca2* -transients recorded in the soma and microdomain
(m.d.) ROIs in control (left) and in the presence of 10 wM ryanodine (right) are shown below. Note the marked increase in the spontaneous
Ca?*-elevations after HFS in control and inhibition of the HFS-induced signaling by ryanodine. (B—E) The pooled data on the net cell responses to
HFS and agonists of PAR-1 (TFLLR, 10 wM), adrenergic (NA, 3 wM) and NMDA receptors (B,D) and the frequency and amplitude of the spontaneous
Ca?*- transients (C,E) recorded in the CA1 astrocytes of adult (B,C) and old (D,E) mice in control and in presence of ryanodine. The data are shown
as mean =+ SD for the cell numbers indicated in panels (B,D). Asterisks (*,**) indicate the statistical significance of the effects of ryanodine. Note the
sensitivity of CA1 astrocytes to ryanodine and age-related in Ca?* -signaling.
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modulation of synaptic plasticity (Woo et al., 2012; Lalo et al., 2014;
Pankratov and Lalo, 2015; Won et al., 2021; Koh et al., 2022).

In line with our previous reports, the HFS activated the
robust Ca’*-response in the wild-type and dnSNARE mice
(Figures 2A, B) and significantly increased the amplitude and
frequency of spontaneous Ca’*-transients in the astrocytic
microdomains (Figures 2A, C). Application of ryanodine did not
cause notable effect on the baseline Ca?*-level and spontaneous
signaling in astrocytes but strongly suppressed the HFS-induced
response and facilitatory action of HFS on Ca’*-transients in
the microdomains (Figures 2A-C). Similar to HFS, the 30 s-long
bath application of agonist of astrocytic receptors caused a notable
Ca’T-elevation accompanied by the increase in the spontaneous
Ca?* -transients. Again, similar to the effects of HFS, the effects
of TFLLR, NA and NMDA on astrocytic signaling were efficiently
blocked by the ryanodine.

The astrocytes of the old WT mice exhibited the decrease in the
basal amplitude and frequency of spontaneous Ca?*-transients but
retained responsiveness to stimulation (Figures 2D, F). Similar to
the adult mice, the HFS, TFLLR, NA and NMDA produced notable
effect on the Ca? T -signaling in the astrocyte of old mice, which was
dramatically reduced by ryanodine. In both age groups, there was
no significant difference in the effects of stimulation and ryanodine
in the astrocytes of dnSNARE mice (n = 7 for adult and 6 for old
mice) and their wild-type counterparts (the data are not shown).

One should note that application of exogenous ryanodine
could also affect neuronal RyRs which might affect the release
of neurotransmitters and, theoretically, alter neuron-to-astrocyte
communication. However, the main action of neuronal RyRs
would be augmentation of Ca?*-influx via voltage-gate Ca?*-
channels and NMDA receptors which would require significant
depolarization and thereby could manifest at high levels of synaptic
activity. Therefore, putative inhibition of neuronal RyRs could
not strongly affect the above responses of astrocytes to TFLLR,
NA and NMDA since they were recorded in the presence of
TTX (see Methods). We have also shown that primary effect
of application of these compounds in the presence of TTX
is activation of astrocytic Ca’*-signaling. However, one could
not a priori rule out putative influence of neuronal RyRs on
the astrocytic signaling evoked by HFS. To dissect the specific
contribution of astrocytic RyRs, we evaluated the responses of
astrocytes to HFS under conditions of intracellular perfusion with
10 M ryanodine (Figure 3). In addition to the dnSNARE mice
and their wild-type littermates, we also used the transgenic mice
expressing enhanced green fluorescent protein (EGFP) under the
control of the glial fibrillary acidic protein (GFAP) promoter; usage
GFAP-EGFP mice facilitated identification of astrocytes (Palygin
et al, 2010; Lalo et al., 2011). In the adult mice of all three
genotypes, the net Ca?*-response of CA1 astrocytes perfused with
ryanodine and Rhod-2 was significantly reduced in the comparison
to their counterparts perfused only with Rhod-2 (Figures 3B, C).
Intracellular ryanodine also significantly decreased the amplitude
of the spontaneous Ca?*-transients in the hippocampal astrocytes
(Figures 3C, D). These results closely agree with the data obtained
using exogenous application of ryanodine (Figure 2) and allow
to rule out the impact of neuronal RyRs on the astrocytic Ca®*-
signaling, at least in our experimental setting.

Thus, our data show that RyR-mediated Ca?*-induced Ca?*-
release from ER brings substantial contribution into signaling in the
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hippocampal and neocortical astrocytes and, potentially, can play
instrumental role in the release of gliotransmitters. This notion was
tested in the following experiments.

Impact of ryanodine receptor
modulators on release of gliotransmitters
and glia-to-neuron communications

To verify the participation of the RyRs in the gliotransmission,
we evaluated the caffeine-induced release of ATP in the CAl area of
brain slices of wild-type and dnSNARE mice. The extracellular ATP
was detected with the aid of microelectrode biosensors, as described
previously (Frenguelli et al., 2007; Gourine et al., 2010; Lalo et al.,
20145 Rasooli-Nejad et al., 2014). Both in the adult and old mice,
activation of CA1 astrocytes by 20 wM caffeine (in the presence of
Al and A2 receptors antagonists) caused the transient elevation in
the extracellular ATP (Figure 4A) which was strongly suppressed in
the dnSNARE mice. In comparison to their wild-type counterparts
(Figures 4A, B), the caffeine-induced ATP-transients were reduced
in the adult and old dnSNARE-expressing mice correspondingly by
72 £ 18% and 79 £ 16% (Figure 4B). Also, the caffeine-evoked
ATP-transients in the CA1l area of WT mice were dramatically
inhibited after 20 min-long incubation of brain slices with glial
metabolic poison fluoroacetate (FAC, 2mM) (Figure 4B). These
observations strongly suggest that caffeine-induced ATP release
originated from astroglial exocytosis.

Then, we verified that caffeine-induced exocytosis of ATP from
astrocytes can activate neuronal purinoreceptors. The hippocampal
and neocortical pyramidal neurons, by virtue of expression of P2X
receptors ( Pankratov et al., 1998, 2007), can act as a natural in situ
ATP-sensors. We have previously shown that release of ATP from
astrocytes can activate transient transmembrane currents in the
CALl and layer 2/3 neurons which can be distinguished from the
purinergic currents of synaptic origin by their slower kinetics and
smaller amplitude (Pankratov et al., 1998; Lalo et al., 2014, 2016).

To detect the putative astrocyte-derived purinergic activity,
excitatory whole-cell currents were recorded in the CA1 pyramidal
neurons at a membrane potential of —80 mV in the presence
of TTX (I pwM) and inhibitors of Al, A2 receptors. For
pharmacological isolation of purinergic currents, NBQX (30 uM),
D-APV (30 pM) and picrotoxin (100 M) have also been applied
to eliminate the synaptic signaling via AMPA, NMDA and GABAA
receptors. Similar to our previous reports (Pankratov et al,
1998, 2007; Lalo et al., 2016), we detected the non-glutamatergic
excitatory spontaneous currents which were fully inhibited by
application of P2X receptor antagonists PPADS (10 uM) and 5-
BDBD (5 wM) in all 15 neurons tested (Figure 4C).

Under baseline conditions, the purinergic spontaneous
currents recorded in the CAI neurons of adult WT mice had the
mean amplitude of 8.9 & 3.2 pA and decay time of 8.9 & 2.9 ms
(n = 8). After bath application of caffeine, the frequency of the
purinergic spontaneous currents underwent a dramatic increase in
the neurons of wild-type mice (Figures 4C, E) which was paralleled
by the reduction of their mean amplitude to 6.7 £ 1.7 pA and
slowing down of their decay kinetics.

Such changes in the average amplitude and decay time
of purinergic currents were caused by occurrence of large
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FIGURE 3

Impact of intracellular ryanodine on Ca?* -signaling in the hippocampal astrocytes. (A,B) Representative multi-photon presudo-color images of
Rhod-2 fluorescence recorded in the CAl astrocytes of adult dnSNARE mice perfused with 20 uM Rhod-2 (A) and Rhod-2 and 10 uM ryanodine
(B) Images were acquired before (baseline) and after the short train of high-frequency stimulation of CA3-CA1 synapses (HFS). (C) Examples of

Ca?*-transients recorded in the soma and microdomain (m

d.) ROls in control (left) and in the presence of intracellular M ryanodine (right) are

shown below. Note the marked increase in the spontaneous Ca2™* -elevations after HFS in control and inhibition of the HFS-induced signaling by the

intracellular ryanodine. (D) The pooled data on the net cell response to HFS and amplitude of the spontaneous Ca®*

-transients recorded in the CAl

astrocytes of the wild-type, GFAP-EGFP and dnSNARE mice. Dots indicate individual experiments. Asterisks (*,**) indicate the statistical significance

of the effects of ryanodine.

number of spontaneous events of smaller amplitude and slower
kinetics, as it was evidenced by appearance of two distinct peaks
in their amplitude and decay time distributions ( ).
This result is consistent with our previous experiments where
bimodal distributions of amplitude and decay time of spontaneous
purinergic currents were observed in the neocortical (

; ; ) and
hippocampal ( ) neurons. Our previous
experiments have proved that purinergic currents with smaller
amplitude and large decay time originate from the astrocytic
exocytosis of ATP ( ).

Application of caffein caused the significant increase in the
number of these smaller and slower currents ( ).
The caffein-evoked burst of purinergic EPSCs (pEPSCs) in the
CAl neurons was dramatically inhibited in the dn-SNARE
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mice, strongly supporting their origin from astroglial exocytosis
( ).

The putative mechanisms of Ca?*-dependent astroglial release
of glutamatergic gliotransmitters, Glutamate and D-Serine, are still
). Recent studies
provided strong evidence supporting both fast exocytosis (

under intensive study and debate (

; ) and slow channel-mediated
release ( ; ). The most plausible target
of glutamate released by astrocytes is neuronal NMDA receptors
which have high affinity to glutamate and are abundantly expressed
both at synaptic densities and extrasynaptic sites (

; ; ). One of
the prominent effects of glia-derived glutamatergic transmitters on
neuronal NMDA receptors is their tonic activation, whose origin
from Ca®*-dependent release of glutamate and D-Serine has been


https://doi.org/10.3389/fncel.2024.1382010
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Lalo and Pankratov 10.3389/fncel.2024.1382010

A Adult ATP sensor Ol B O,0WT [1dnSNARE
Caff —_—WT Caff Adult
I I *
dnSNARE
FAC -+ - -+ -
c WT dnSNARE
NBQX + picrotoxin + TTX NBQX + picrotoxin + TTX
[ ]
[ ] L] - [ ] . ® [ ]
] . [] - L)
. n fast .W " fast WW
‘ 5pA L
% %
+ Caffein + Caffein
*le o ‘ n ¢ °
n LA 5 pA - L} . [ ]
+ PPADS + 5-BDBD + PPADS + 5-BDBD

WWWWWWMWMWM

— baseline
— baseline

[ —t —— Caffein .
30'2 i . s 02 — Caffein
= [ A E
ﬁ ordf /) N LI - E 0.1 L} i
s | /M ! N I : /\ ______ .
Qo.o : L : L : < : ) CLo.o 2 j--—-=y—: ‘ %
4 8 12 5 10 15 20 4 8 12 5 10 15 20
amplitude (pA) Tdecay(Ms) amplitude (pA) Tdecay(Ms)

Il baseline [J Caffein
**p<0.01

O
WT dnSNARE WT dnSNARE

FIGURE 4

Caffein-activated release of ATP in hippocampal slices. (A,B) Release of ATP assessed with microelectrode biosensors to ATP placed in the stratum
radiatum of CAl area of hippocampus of WT and dnSNARE mice of two age groups. (A) Representative ATP-responses to the application of caffein.
(B) The average peak amplitude of caffein-elicited ATP-transients recorded in the adult and old mice in the control and after incubation of slices
with glia metabolic poison FAC (mean + SD for number of slice indicated by dots); asterisks (*) indicate the significance of difference between
genotypes and between control and FAC for WT mice. (C—E) Spontaneous purinergic currents were recorded in the CA1 pyramidal neurons of WT
(left) and dnSNARE(right) mice at =80 mV in the presence of picrotoxin, NBQX, TTX, DPCPX and SCH58261. (C), top to bottom: the whole-cell
currents recorded in the baseline, 3 min after start of 5 min-long caffein application, and after the second caffein application in the presence of P2X
receptor antagonists PPADS and 5-BDBD (25 min after the first one). The dots indicate correspondingly the purinergic events of fast (green) and
slow (orange) kinetics; the examples of individual events are shown in the inlays. Note the significant increase in the number of slow events during
caffein application and elimination of all transient currents by purinergic antagonists. (D) The amplitude and decay time (tgecay) distributions of the
spontaneous purinergic currents (pEPSCs) recoded before (baseline) and within 2—10 min after application of caffein. Note the increase in the
fraction of events of smaller quantal amplitude (left peak) and slower decay (right peak in the tgecay histogram) in the WT mice after application of
caffein. (E), the average frequency of smaller-and-slower purinergic currents (identified as shown in panels C,D) in the CA1 neurons of WT and
dnSNARE mice before (baseline) and after application of caffein (in 2—10 min window); mean + SD for the individual experiments indicated by dots.
Asterisks (**) indicate the significance of difference from the baseline and between the genotypes
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recently verified by Koh et al. (2022). Thus, we measured the tonic
NMDA current in the neocortical pyramidal neuron as a readout of
glutamatergic gliotransmission (Figure 5).

To assess the neuronal response to glia-derived glutamate
we recorded the whole-cell transmembrane NMDAR-mediated
currents in neocortical pyramidal neurons at membrane potential
of + 40 mV and physiological Mg?*concentration (Figure 5).
Activity of AMPA, GABA and P2X receptors was blocked by
DNQX, picrotoxin and PPADS plus 5-BDBD. The amplitude of
NMDAR-mediated tonic current was elevated by the downward
shift in the holding current caused by application of NMDAR
antagonist D-AP5 (3 wM). The selective activation of Ca?t-
signaling in astrocytes (Woo et al., 2012; Lalo et al., 2014; Pankratov
and Lalo, 2015) was achieved with a 30 sec-long application of 3 uM
noradrenaline or 20 wM caffein (as in Figure 1).

To verify that astrocytes regulate the neuronal NMDAR tone,
the tonic NMDAR-current was measured in the pyramidal neurons
while Ca’* signaling in nearby astrocytes was inhibited either
by Ca?T-clamping or intracellular ryanodine. For attenuation
of Ca?t-signaling, astrocytes were perfused via the patch-
pipette with intracellular solution containing fluorescent dye
AlexaFluor488 and 3 mM BAPTA or 10 pM ryanodine; as a control
condition, loading of astrocytes with AlexaFluor488 only was used
(Figures 5A, C).

The NMDAR tonic current recorded in the WT mice under
basal conditions (without astrocytes activation) reached 13.2 + 4.1
PA (n = 6) and 9.4 £ 3.5 pA (n = 5) at adult and old age
correspondingly (Figure 5C). Activation of astrocytes with NA

or caffein substantially increased the tonic current in both age
groups with NA producing larger effect (Figure 4A). The NA-
and caffein-induced elevation in the tonic NMDAR-current was
significantly inhibited by perfusion of astrocyte both with BAPTA
and ryanodine.

Taken together, the above results indicate that RyR-mediated
CICR is instrumental for Ca?T- dependent release of ATP and
glutamate from astrocytes. Both exocytosis of ATP and glial
modulation of NMDAR-tone have been implicated in astroglial
control of synaptic plasticity and memory (Lalo et al., 2016; Koh
et al,, 2022; Lalo and Pankratov, 2023). So, one might expect an
involvement of astrocytic RyRs in regulation of neuronal plasticity
in neocortex and hippocampus.

Impact of astrocytic ryanodine receptors
on glial modulation of long-term
synaptic plasticity

We assessed the long-term potentiation (LTP) of the field EPSPs
in the CAl hippocampal area and layer II/III of somatosensory
cortex of the wild-type mice of two age groups (Figures 6, 7). In
the first series of experiments, we used intracellular perfusion of
astrocytes with ryanodine and Alexa488 in the vicinity of fEPSP-
recording electrode similarly to the experiments described in the
Figure 5. As a control condition, a perfusion of astrocytes with
Alexa488 alone was used.

As we showed previously, a modulatory role for astrocytes
manifested prominently in facilitation of LTP induction by sub-
threshold high-frequency stimulation (Pankratov and Lalo, 2015;
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Lalo et al,, 2018). So, we used short and long trains of theta-burst
high-frequency stimulation further referred for simplicity as “weak
TBS” and “strong TBS”; details of induction protocols for CA1 and
L2/3 areas are given in the Methods. In the CA1 area of adult mice,
the weak TBS induced notable increase in the fEPSP slope only in 3
of 6 trials, with the average potentiation at 60™ min reaching only
44 £ 26% (above the baseline) whereas the strong TBS induced
robust the LTP amounting to 105 £ 26% (Figures 6A-C). In the
old mice, the weak TBS was not able to induce any notable LTP
(n = 5, data not shown) and the magnitude of LTP induced by the
strong TBS was significantly reduced as compared to the adult mice
(Figures 6C, D). The activation of astrocytes with TFLLR during
the induction enabled the weak TBS to induce the substantial
LTP in both age groups. The facilitatory effect of TFLLR on LTP
induced by the strong stimulus was statistically significant only in
the old mice. When fEPSPs were recorded in the vicinity of CAl
astrocytes perfused with ryanodine, the weak TBS did not cause
any marked potentiation and the magnitude of the LTP induced by
strong TBS decreased considerably (Figures 6A, D). Importantly,
the inhibition of astrocytic RyRs strongly attenuated the facilitatory
effect of astrocytes activation (Figure 6D) in both age groups.

In the second series of experiments, we explored the effects of
caffein on the LTP in the neocortex of wild-type and dnSNARE
mice (Figure 7). In line with our previous results, the LTP
registered in the layer 2/3 of somatosensory cortex of wild-type
mice under control conditions exhibited sharp stimulus- and age-
dependence. In particular, the weak TBS induced a moderate
long-term depression of fEPSPs and the magnitude of LTP was
substantially lower in the old mice (Figures 7A, B) as compared
to their younger counterparts. In the wild type mice, application
of caffein during the LTP induction led to dramatic changes in the
effect of weak TBS, switching it to the long-term potentiation in all
trials (125 £ 22%, n = 5). Caffein also increased the magnitude of
LTP induced by the strong TBS with a prominent effect in the old
mice (Figure 7B). The facilitatory effect of caffein was abolished
in the dnSNARE mice (Figures 7B, C), strongly supporting an
involvement of gliotransmission in this effect.

Combined, these data imply that astroglial ryanodine receptors
contribute to Ca?T-dependent release of gliotransmitters and,
thereby, into astrocyte-driven modulation of synaptic plasticity in
the hippocampus and neocortex.

Discussion

Combined, our data suggest a prominent role for RyRs in
the astroglial function across a lifetime which manifests in the
augmentation of intracellular Ca? -signaling (Figures 1, 2) both
in the astrocytic somata and functional microdomains. Our results
agree with recent reports on participation of RyRs and CICR in
spontaneous and neurotransmitter-evoked signaling (Rodriguez-
Prados et al., 2020; Skowronska et al., 2020; Weiss et al., 2022)
and previous data on expression of RyRs (predominantly of type2
and 3) in astrocytes of different brain regions (Martone et al., 1997;
Simpson et al., 1998; Matyash et al., 2002; Kovacs et al., 2021). Our
data also indicate a certain decline in the activity of RyRs during
(non-pathological) aging which contrasts with observations of
upregulations of RyRs expression in some pathologies (Kesherwani

and Agrawal, 2012; Kovacs et al., 2021).
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FIGURE 5

Astrocyte-driven modulation of tonic NMDA receptor-mediated currents in neocortical neurons. (A) The NMDA receptor-mediated transmembrane
currents were recorded in the layer 2/3 pyramidal neuron with whole-cell pipette filled with TexasRed fluorescent dye. Simultaneously, a nearby
astrocyte was perfused with intracellular solution containing either AlexFluor488 fluorescent dye alone (as a control), or AlexaFluor488 + ryanodine
(10 wM) or AlexaFluor488 + BAPTA (3 mM). The tonic NMDAR-mediate currents were assessed 10-15 min after established staining of neighboring
astrocytes. (B) The examples of NMDAR-currents recorded in the pyramidal neurons of adult WT mice in the control (left column) and during
intracellular perfusion of astrocytes with ryanodine (right column). The magnitude of tonic NMDAR-currents was evaluated by the shift in the
whole-cell holding current (lyonic) caused by the application of D-APV (50 wM). Currents were measured in presence of NBQX (50 wM), and DPCPX
(3 wM) and SCH58261 (1 wM) at holding potential of +40 mV. D-APV was applied either alone (baseline, upper traces) or after activation of astrocytic
signaling by 20 pM caffein (middle traces) or 3 wuM noradrenaline. (C) The average amplitude of tonic NMDAR-current measured in the mice of two
age groups under different conditions of astrocyte perfusion; the data are shown as mean =+ SD for the individual cell indicated by dots. Asterisks (*,

**) correspondingly indicate statistical significance of the effects of caffein and NA on tonic current as compared to the baseline (i.e., without
activation of astrocytes). The hush symbols (#) indicate statistical significance of the effect of astrocytes perfusion with ryanodine and BAPTA as
compared to the same agonist (caffein or NA) in control. Note the enhancement of the tonic current caused by caffein and NA and strong

attenuation of the tonic current with astrocytic ryanodine.

As one could expect, RyR-mediated Ca’T-release was
independent on the initial source of Ca?>*-and caused enhancement
of astrocytic signaling triggered by a wide range of GPCRs and
ionotropic receptors (Figure 2). Hence, RyR-mediated CICR can
potentially be implicated in the great variety of pathways of glia-
neuron communications. In the present work, we have shown just
few examples of involvement of ryanodine receptors in regulatory
cascades (Figures 5, 6) whose role in the astroglial modulation
of synaptic transmission plasticity was rather well-documented
(Rasooli-Nejad et al., 2014; Pankratov and Lalo, 2015; Lalo et al.,
2018, 2021; Durkee and Araque, 2019; Koh et al.,, 2022). It is
conceivable that CICR can be involved in many other mechanisms
of astrocyte-neuron interactions which are yet to be explored.

There is an important notion arising from our observations that
caffein, can trigger release of gliotransmitters (Figures 3, 4) which
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in turn can enhance the LTP in the old animals (Lalo et al.,, 2018,
20215 Lalo and Pankratov, 2023). We would like to emphasize that
these effects of caffein were not related to the inhibition of A1l and
A2 receptors and occurred via elevation of cytosolic Ca?T-level in
astrocytes. Also, our results confirmed that expression of dnSNARE
transgene in astrocytes did not affect the Ca’*-induced Ca?*-
release from ER, so difference in the putative effects of caffeine in
the WT and dnSNARE mice should be attributed to its action on
gliotransmission.

As our data indicate (Figures 6, 7), the RyR-related effects
of caffein can counter-balance the age-related decline in the
synaptic plasticity, acting independently of A1 receptors (Figure 7).
We would like to note that although the participation of
neuronal RyRs in the beneficial effect of caffein on LTP cannot
be excluded, significant attenuation of this effect both in the
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FIGURE 6

Impact of astrocytic ryanodine receptors on long-term synaptic plasticity in CAL hippocampal area. (A) The LTP of the field EPSPs was induced in the
CA1 hippocampal area by 5 (weak) or 10 (strong) trains of theta-burst stimulation (TBS) as described in Materials and methods. The LTP was
measured in the wild-type mice of two age groups under different conditions: control, after intracellular perfusion of astrocyts, lying in the vicinity of
recording site, with ryanodine (similar to the Figure 4) and application PAR-1 agonist TFLLR for 5 min prior and 5 min after delivering TBS either on its
own or after perfusion of astrocytes with ryanodine. (A—C) The time course of changes in the slope of fEPSPs recorded under different conditions.
Dots in the graphs represent the average of 6 consecutive fEPSPs; data are shown as mean =+ SD for 5-7 experiments (as indicated in panel D). Data
were normalized to the fEPSP slope averaged over 10 min period prior to the TBS. (A) Inhibition of the RyRs in astrocytes significantly reduced the
magnitude of LTP induced by the strong TBS in the adult mice. (B) Changes in the fEPSPs induced in the adult mice by the weak TBS; the magnitude
of LTP was much smaller as compared to the result of strong TBS (see panel A). Activation of astrocytes with TFLLR significantly the enhanced the
LTP which was prevented by the inhibition of astrocytic RyRs. (C) The strong TBS-induce LTP exhibits decreased significantly in the old mice.
Activation of astrocytes with TFLLR rescued the LTP; the effect of TFFLR was strongly attenuated by the inhibition of astrocytic RyRs. (C) The pooled
data on the magnitude of the CA1 LTP under different conditions evaluated as relative increase in the fEPSP slope at 60 min, averaged across 10 min
time window. Data are shown as mean + SD for the individual experiments indicated as dots. The asterisks (*, **) indicated statistical significance
(2-population unpaired t-test) for the difference between treatment groups. Note the significant decrease in the LTP magnitude caused by inhibition
of astrocytic RyRs.

Frontiers in Cellular Neuroscience 12 frontiersin.org


https://doi.org/10.3389/fncel.2024.1382010
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Lalo and Pankratov

10.3389/fncel.2024.1382010

A Adult
WT dnSNARE
strong TBS weak TBS
O control < control
A Caffein weak TBS
< control
& A Caffein
o
=
K]
[
& 1]
AT
o 11418070210/ |I|
v i
T T T T T T T T 1
0 20 40 60 80 0 20 40 60 80
Old
B WT dnSNARE
strong TBS
Caffein O control strong TBS
— . trol
180~ TBS A Caffein Caffein © con
— ‘ A Caffein
S
> i
&
- 1401 [i
(2]
Q -.It'-
o il
i ||||I|I||I|"|||||I||
100
min
- [ T T T I T T T 1
0 20 40 60 80 0 20 40 60 80
LTP at 60" min
¢ strong TBS *P<0.05 **P<0.005
o & Adult
* Old
strong TBS
5 week TBS g
150
<
é 125
100
dnSNARE WT dnSNARE
Caffein - + - 4+ - + -+
FIGURE 7
Impact of caffein on synaptic plasticity in the neocortex. The long-term potentiation of fEPSPs in the neocortical layer 2/3 was induced by 20 (weak)
or 50 (strong) trains of theta-burst stimulation (TBS) in the wild-type and dnSNARE mice either in control or after application of caffein 5 min prior
and 5 min after delivering TBS (in the presence of Al and A2 receptor antagonists). (A,B) The time course of changes in the slope of fEPSPs recorded
under different conditions. Dots in the graphs represent the average of 6 consecutive fEPSPs; data are shown as mean + SD for 6-12 experiments
(as indicated in panel C). Data were normalized to the fEPSP slope averaged over 10 min period prior to the TBS. (A) In the adult mice under control
condition, the strong TBS induced strong LTP but weak TBS did not. Application of caffein enables the weak TBS to induce LTP in the wild-type but
in the dnSNARE mice. (B) The magnitude of LTP induced by the strong TBS was significantly reduced in old mice in the control but increased
substantially when induced after application of caffein. The effect of caffein was abolished in the dnSNARE mice. (C) Pooled data on the magnitude
of LTP evaluated as relative increase in the fEPSP slope at 60th min, averaged across 10 min time window. Each data point shows mean =+ SD for
individual experiments indicated as dots. Asterisks (*,**) indicate statistical significance of difference in the LTP magnitude between control and
caffein and between genotypes (unpaired t-test). Note the significant changes in LTP caused by caffein in the wild-type but not the dnSNARE mice.

dnSNARE mice (Figure 7) and after intracellular perfusions
of astrocytes with ryanodine (Figure 6) strongly suggests the
substantial contribution of astrocytic RyRs. Interestingly, beneficial
effects of caffein on cognitive function in elderly individual are
rather well-documented. There is a number of epidemiological
studies reporting a negative correlation between that regular caffein
consumption and progression of cognitive decline or risk of

Frontiers in Cellular Neuroscience 13

developing AD and dementia later in life (Eskelinen and Kivipelto
2010; Santos et al., 2010; Barberger-Gateau et al., 2013). Association
of caffein consumption with lower risk of stroke and dementia have
been recently confirmed with the large cohort data (Zhang et al,
2021). In the mouse models of AD, oral administration of caffein
was reported to ameliorate decline in learning and memory and
reduce B-amyloid tissue and plasma concentrations and neuronal
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loss (Arendash et al., 2006; Laurent et al., 2014; Yelanchezian
et al,, 2022; Stazi et al., 2023; Tiwari et al., 2023). Beneficial effects
of caffein on cerebral vascularity and blood flow have also been
reported both in animal models and human patients (Chen et al.,
2008; Gaspar et al., 2024).

Historically, the cognitive effects of caffein were usually
ascribed to the inhibition of adenosine receptors (Cellai et al,
2022; Merighi et al, 2023) and

al., 22;
importance of caffein action as CICR-activator in the brain cells

2018; Yelanchezian et
was often overlooked. However, there is a growing evidence of
neuroprotective and cognitive effects of caffein which cannot
be directly attributed to the inhibition of Al/A2 receptors
(Yelanchezian et al,, 2022). For instance, caffein administration
has been reported to improve memory via facilitation of neuronal
progenitor cell survival (Tiwari et al, 2023) and ameliorate
neuroinflammation and neurodegeneration in the hippocampus in
microglia- and astrocyte-dependent manner (Tiwari et al., 2023).
Also, caffein has been reported to ameliorate some forms of
pathological cognitive dysfunction acting via ryanodine receptors
(Liu et al., 2023).

An importance of astrocytes in mediating the neurovascular
interface and orchestrating neuroprotection is widely recognized
(Giaume et al., 2010; Halassa and Haydon, 2010; Liu et al., 2017;
Verkhratsky and Nedergaard, 2018; Verkhratsky et al., 2019) and a
key role for Ca?*-signaling in homeostatic functions of glia cells is
well established (Halassa and Haydon, 2010; Bazargani and Attwell,
2016; Verkhratsky and Nedergaard, 2018). It is conceivable,
therefore, that neuroprotective effects of caffeine could, at least
partially, result from its action as activator of astrocytic ryanodine
receptors. Thus, role for caffein-RyR-astrocyte axis in cognitive
enhancement at the old age and neurodegenerative disorders is
worthwhile the further investigation.

To conclude, our data demonstrate that ryanodine receptors
participate in the activation of hippocampal and neocortical
astrocytes leading to release of gliotransmitters which, in
activates  postsynaptic
signaling in the neighboring neurons. This signaling cascade

turn, purinergic and glutamatergic
contributes to astrocytic control of synaptic plasticity and
might underlie, at least partially, neuroprotective, and cognitive

effects of caffein.

Data availability statement

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
be doi:

and accession number(s) found below:

10.6084/m?9.figshare.20496516.

can

References

Adamsky, A., Kol, A., Kreisel, T., Doron, A., Ozeri-Engelhard, N., Melcer, T., et al.
(2018). Astrocytic activation generates de novo neuronal potentiation and memory
enhancement. Cell 174, 59-71.e14. doi: 10.1016/j.cell.2018.05.002

Agarwal, A., Wu, P. H,, Hughes, E. G., Fukaya, M., Tischfield, M. A., Langseth,
A. T, et al. (2017). Transient opening of the mitochondrial permeability transition

Frontiers in Cellular Neuroscience

14

10.3389/fncel.2024.1382010

Ethics statement

The animal study was approved by the University of Warwick
Animal Welfare and Ethical Review Body (AWERB). The study
was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

UL: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Writing - original draft. YP:
Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Supervision, Writing - original draft, Writing - review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the BBSRC UK grants numbers BB/K009192/1
and BB/F021445/1 to YP.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fncel.2024.
1382010/full#supplementary-material

pore induces microdomain calcium transients in astrocyte processes. Neuron 93,
587-605.€7. doi: 10.1016/j.neuron.2016.12.034

Araque, A., Carmignoto, G., Haydon, P. G., Oliet, S. H., Robitaille, R., and Volterra,
A.(2014). Gliotransmitters travel in time and space. Neuron 81, 728-739. doi: 10.1016/
j-neuron.2014.02.007

frontiersin.org


https://doi.org/10.3389/fncel.2024.1382010
https:/doi.org/10.6084/m9.figshare.20496516
https://www.frontiersin.org/articles/10.3389/fncel.2024.1382010/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fncel.2024.1382010/full#supplementary-material
https://doi.org/10.1016/j.cell.2018.05.002
https://doi.org/10.1016/j.neuron.2016.12.034
https://doi.org/10.1016/j.neuron.2014.02.007
https://doi.org/10.1016/j.neuron.2014.02.007
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Lalo and Pankratov

Arendash, G. W., Schleif, W., Rezai-Zadeh, K., Jackson, E. K., Zacharia, L. C.,
Cracchiolo, J. R., et al. (2006). Caffeine protects Alzheimer’s mice against cognitive
impairment and reduces brain beta-amyloid production. Neuroscience 142, 941-952.
doi: 10.1016/j.neuroscience.2006.07.021

Barberger-Gateau, P., Lambert, J. C., Feart, C., Peres, K., Ritchie, K., Dartigues,
J. F.,, et al. (2013). From genetics to dietetics: The contribution of epidemiology to
understanding Alzheimer’s disease. J. Alzheimers Dis. 33(Suppl. 1), S457-5463. doi:
10.3233/JAD-2012-129019

Bastia, E., Varani, K., Monopoli, A., and Bertorelli, R. (2002). Effects of A(1) and
A(2A) adenosine receptor ligands in mouse acute models of pain. Neurosci. Lett. 328,
241-244. doi: 10.1016/50304-3940(02)00524-4

Bazargani, N., and Attwell, D. (2016). Astrocyte calcium signaling: The third wave.
Nat. Neurosci. 19, 182-189. doi: 10.1038/nn.4201

Berridge, M. J. (2016). The inositol trisphosphate/calcium signaling pathway in
health and disease. Physiol. Rev. 96, 1261-1296. doi: 10.1152/physrev.00006.2016

Cellai, L., Carvalho, K., Faivre, E., Deleau, A., Vieau, D., Buee, L., et al. (2018). The
adenosinergic signaling: A complex but promising therapeutic target for Alzheimer’s
Disease. Front. Neurosci. 12:520. doi: 10.3389/fnins.2018.00520

Chen, X., Gawryluk, J. W., Wagener, J. F., Ghribi, O., and Geiger, J. D. (2008).
Caffeine blocks disruption of blood brain barrier in a rabbit model of Alzheimer’s
disease. J. Neuroinflamm. 5:12. doi: 10.1186/1742-2094-5-12

Covelo, A., and Araque, A. (2018). Neuronal activity determines distinct
gliotransmitter release from a single astrocyte. eLife 7:¢32237. doi: 10.7554/eLife.32237

de Ceglia, R., Ledonne, A,, Litvin, D. G., Lind, B. L., Carriero, G., Latagliata, E. C.,
etal. (2023). Specialized astrocytes mediate glutamatergic gliotransmission in the CNS.
Nature 622, 120-129. doi: 10.1038/s41586-023-06502-w

Durkee, C., Kofuji, P., Navarrete, M., and Araque, A. (2021). Astrocyte and neuron
cooperation in long-term depression. Trends Neurosci. 44, 837-848. doi: 10.1016/j.tins.
2021.07.004

Durkee, C. A., and Araque, A. (2019). Diversity and specificity of astrocyte-neuron
communication. Neuroscience 396, 73-78. doi: 10.1016/j.neuroscience.2018.11.010

Eskelinen, M. H., and Kivipelto, M. (2010). Caffeine as a protective factor in
dementia and Alzheimer’s disease. J. Alzheimers Dis. 20(Suppl. 1), S167-S174. doi:
10.3233/JAD-2010-1404

Frenguelli, B. G., Wigmore, G., Llaudet, E., and Dale, N. (2007). Temporal and
mechanistic dissociation of ATP and adenosine release during ischaemia in the
mammalian hippocampus. J. Neurochem. 101, 1400-1413. doi: 10.1111/j.1471-4159.
2007.04425.x

Gaspar, C., Rocha, C., Balteiro, J., and Santos, H. (2024). Effects of caffeine on
cerebral blood flow. Nutrition 117:112217. doi: 10.1016/j.nut.2023.112217

Giaume, C., Koulakoff, A., Roux, L., Holcman, D., and Rouach, N. (2010). Astroglial
networks: A step further in neuroglial and gliovascular interactions. Nat. Rev. Neurosci.
11, 87-99. doi: 10.1038/nrn2757

Golovina, V. A., and Blaustein, M. P. (1997). Spatially and functionally distinct
Ca2+ stores in sarcoplasmic and endoplasmic reticulum. Science 275, 1643-1648.
doi: 10.1126/science.275.5306.1643

Gourine, A. V., Kasymov, V., Marina, N., Tang, F., Figueiredo, M. F., Lane, S., et al.
(2010). Astrocytes control breathing through pH-dependent release of ATP. Science
329, 571-575. doi: 10.1126/science.1190721

Halassa, M. M., Florian, C., Fellin, T., Munoz, J. R,, Lee, S. Y., Abel, T., et al. (2009).
Astrocytic modulation of sleep homeostasis and cognitive consequences of sleep loss.
Neuron 61, 213-219.

Halassa, M. M., and Haydon, P. G. (2010). Integrated brain circuits: Astrocytic
networks modulate neuronal activity and behavior. Annu. Rev. Physiol. 72, 335-355.
doi: 10.1146/annurev- physiol-021909- 135843

Hua, X., Malarkey, E. B., Sunjara, V., Rosenwald, S. E., Li, W. H., and Parpura,
V. (2004). C(a2+)-dependent glutamate release involves two classes of endoplasmic
reticulum Ca(2+) stores in astrocytes. J. Neurosci. Res. 76, 86-97. doi: 10.1002/jnr.
20061

Kesherwani, V., and Agrawal, S. K. (2012). Upregulation of RyR2 in
hypoxic/reperfusion injury. J. Neurotrauma. 29, 1255-1265. doi: 10.1089/neu.
2011.1780

King, C. M., Bohmbach, K., Minge, D., Delekate, A., Zheng, K., Reynolds, J., et al.
(2020). Local Resting Ca(2+) controls the scale of astroglial Ca(2+) Signals. Cell Rep.
30:€3464. doi: 10.1016/j.celrep.2020.02.043

Koh, W., Park, M., Chun, Y. E, Lee, J., Shim, H. S., Park, M. G,, et al. (2022).
Astrocytes render memory flexible by releasing D-serine and regulating NMDA
receptor tone in the hippocampus. Biol. Psychiatry 91, 740-752. doi: 10.1016/j.
biopsych.2021.10.012

Kovacs, G., Reimer, L., and Jensen, P. H. (2021). Endoplasmic reticulum-based
calcium dysfunctions in synucleinopathies. Front. Neurol. 12:742625. doi: 10.3389/
fneur.2021.742625

Lalo, U., Bogdanov, A., Moss, G. W., and Pankratov, Y. (2020). Astroglia-derived
BDNF and MSK-1 mediate experience- and diet-dependent synaptic plasticity. Brain
Sci. 10:462. doi: 10.3390/brainscil 0070462

Frontiers in Cellular Neuroscience

15

10.3389/fncel.2024.1382010

Lalo, U., Bogdanov, A., and Pankratov, Y. (2018). Diversity of astroglial effects on
aging- and experience-related cortical metaplasticity. Front. Mol. Neurosci. 11:239.
doi: 10.3389/fnmol.2018.00239

Lalo, U., Bogdanov, A., and Pankratov, Y. (2019). Age- and experience-related
plasticity of ATP-mediated signaling in the neocortex. Front. Cell. Neurosci. 13:242.
doi: 10.3389/fncel.2019.00242

Lalo, U., Koh, W., Lee, C. ]., and Pankratov, Y. (2021). The tripartite glutamatergic
synapse. Neuropharmacology 199:108758. doi: 10.1016/j.neuropharm.2021.108758

Lalo, U, Palygin, O., North, R. A., Verkhratsky, A., and Pankratov, Y. (2011). Age-
dependent remodelling of ionotropic signalling in cortical astroglia. Aging Cell 10,
392-402.

Lalo, U,, Palygin, O., Rasooli-Nejad, S., Andrew, J., Haydon, P. G., and Pankratov,
Y. (2014). Exocytosis of ATP from astrocytes modulates phasic and tonic inhibition in
the neocortex. PLoS Biol. 12:e1001747. doi: 10.1371/journal.pbio.1001747

Lalo, U., Palygin, O., Verkhratsky, A., Grant, S. G., and Pankratov, Y. (2016).
ATP from synaptic terminals and astrocytes regulates NMDA receptors and synaptic
plasticity through PSD-95 multi-protein complex. Sci. Rep. 6:33609. doi: 10.1038/
srep33609

Lalo, U., and Pankratov, Y. (2021). Astrocytes as perspective targets of exercise- and
caloric restriction-mimetics. Neurochem. Res. 46, 2746-2759. doi: 10.1007/s11064-
021-03277-2

Lalo, U., and Pankratov, Y. (2022). Role for astrocytes in mGluR-dependent LTD
in the neocortex and hippocampus. Brain Sci. 12:1718. doi: 10.3390/brainscil212
1718

Lalo, U., and Pankratov, Y. (2023). ATP-mediated signalling in the central synapses.
Neuropharmacology 229:109477. doi: 10.1016/j.neuropharm.2023.109477

Laurent, C., Eddarkaoui, S., Derisbourg, M., Leboucher, A., Demeyer, D., Carrier, S.,
et al. (2014). Beneficial effects of caffeine in a transgenic model of Alzheimer’s disease-
like tau pathology. Neurobiol. Aging 35, 2079-2090. doi: 10.1016/j.neurobiolaging.
2014.03.027

Liu, B., Teschemacher, A. G., and Kasparov, S. (2017). Astroglia as a cellular target
for neuroprotection and treatment of neuro-psychiatric disorders. Glia 65, 1205-1226.
doi: 10.1002/glia.23136

Liu, B, Zhu, X,, Zhou, Q., Su, Y., Qian, Y., Ma, Z,, et al. (2023). Activating
ryanodine receptor improves isoflurane-induced cognitive dysfunction. Brain Res.
Bull. 204:110790. doi: 10.1016/j.brainresbull.2023.110790

Martone, M. E., Alba, S. A., Edelman, V. M., Airey, J. A., and Ellisman, M. H.
(1997). Distribution of inositol-1,4,5-trisphosphate and ryanodine receptors in rat
neostriatum. Brain Res. 756, 9-21. doi: 10.1016/s0006-8993(96)01430-8

Matyash, M., Matyash, V., Nolte, C., Sorrentino, V., and Kettenmann, H. (2002).
Requirement of functional ryanodine receptor type 3 for astrocyte migration. FASEB
J. 16, 84-86. doi: 10.1096/fj.01-0380fje

Merighi, S., Travagli, A., Nigro, M., Pasquini, S., Cappello, M., Contri, C,, et al.
(2023). Caffeine for prevention of Alzheimer’s Disease: Is the A(2A) adenosine
receptor its target? Biomolecules 13:967. doi: 10.3390/biom13060967

Morita, M., Ikeshima-Kataoka, H., Kreft, M., Vardjan, N., Zorec, R., and Noda, M.
(2019). Metabolic plasticity of astrocytes and aging of the brain. Int. J. Mol. Sci. 20:941.
doi: 10.3390/ijms20040941

Palygin, O., Lalo, U., Verkhratsky, A., and Pankratov, Y. (2010). Ionotropic NMDA
and P2X1/5 receptors mediate synaptically induced Ca2+ signalling in cortical
astrocytes. Cell Calcium 48, 225-231. doi: 10.1016/j.ceca.2010.09.004

Pankratov, Y., Castro, E., Miras-Portugal, M. T., and Krishtal, O. (1998). A
purinergic component of the excitatory postsynaptic current mediated by P2X
receptors in the CA1 neurons of the rat hippocampus. Eur. J. Neurosci. 10, 3898-3902.

Pankratov, Y., and Lalo, U. (2015). Role for astroglial alphal-adrenoreceptors in
gliotransmission and control of synaptic plasticity in the neocortex. Front. Cell.
Neurosci. 9:230. doi: 10.3389/fncel.2015.00230

Pankratov, Y., Lalo, U., Verkhratsky, A., and North, R. A. (2007). Quantal release of
ATP in mouse cortex. J. Gen. Physiol. 129, 257-265.

Paoletti, P., Bellone, C., and Zhou, Q. (2013). NMDA receptor subunit diversity:
Impact on receptor properties, synaptic plasticity and disease. Nat. Rev. Neurosci. 14,
383-400. doi: 10.1038/nrn3504

Papouin, T., and Oliet, S. H. (2014). Organization, control and function of
extrasynaptic NMDA receptors. Philos. Trans. R. Soc. Lond. B Biol. Sci. 369:20130601.
doi: 10.1098/rstb.2013.0601

Perea, G., and Araque, A. (2005). Properties of synaptically evoked astrocyte
calcium signal reveal synaptic information processing by astrocytes. J. Neurosci. 25,
2192-2203.

Rasooli-Nejad, S., Palygin, O., Lalo, U., and Pankratov, Y. (2014). Cannabinoid
receptors contribute to astroglial Ca(2)(+)-signalling and control of synaptic plasticity
in the neocortex. Philos. Trans. R. Soc. Lond. B Biol. Sci. 369:20140077. doi: 10.1098/
rstb.2014.0077

Reyes, R. C., and Parpura, V. (2009). The trinity of Ca2+ sources for the exocytotic
glutamate release from astrocytes. Neurochem. Int. 55, 2-8. doi: 10.1016/j.neuint.2008.
12.018

frontiersin.org


https://doi.org/10.3389/fncel.2024.1382010
https://doi.org/10.1016/j.neuroscience.2006.07.021
https://doi.org/10.3233/JAD-2012-129019
https://doi.org/10.3233/JAD-2012-129019
https://doi.org/10.1016/s0304-3940(02)00524-4
https://doi.org/10.1038/nn.4201
https://doi.org/10.1152/physrev.00006.2016
https://doi.org/10.3389/fnins.2018.00520
https://doi.org/10.1186/1742-2094-5-12
https://doi.org/10.7554/eLife.32237
https://doi.org/10.1038/s41586-023-06502-w
https://doi.org/10.1016/j.tins.2021.07.004
https://doi.org/10.1016/j.tins.2021.07.004
https://doi.org/10.1016/j.neuroscience.2018.11.010
https://doi.org/10.3233/JAD-2010-1404
https://doi.org/10.3233/JAD-2010-1404
https://doi.org/10.1111/j.1471-4159.2007.04425.x
https://doi.org/10.1111/j.1471-4159.2007.04425.x
https://doi.org/10.1016/j.nut.2023.112217
https://doi.org/10.1038/nrn2757
https://doi.org/10.1126/science.275.5306.1643
https://doi.org/10.1126/science.1190721
https://doi.org/10.1146/annurev-physiol-021909-135843
https://doi.org/10.1002/jnr.20061
https://doi.org/10.1002/jnr.20061
https://doi.org/10.1089/neu.2011.1780
https://doi.org/10.1089/neu.2011.1780
https://doi.org/10.1016/j.celrep.2020.02.043
https://doi.org/10.1016/j.biopsych.2021.10.012
https://doi.org/10.1016/j.biopsych.2021.10.012
https://doi.org/10.3389/fneur.2021.742625
https://doi.org/10.3389/fneur.2021.742625
https://doi.org/10.3390/brainsci10070462
https://doi.org/10.3389/fnmol.2018.00239
https://doi.org/10.3389/fncel.2019.00242
https://doi.org/10.1016/j.neuropharm.2021.108758
https://doi.org/10.1371/journal.pbio.1001747
https://doi.org/10.1038/srep33609
https://doi.org/10.1038/srep33609
https://doi.org/10.1007/s11064-021-03277-2
https://doi.org/10.1007/s11064-021-03277-2
https://doi.org/10.3390/brainsci12121718
https://doi.org/10.3390/brainsci12121718
https://doi.org/10.1016/j.neuropharm.2023.109477
https://doi.org/10.1016/j.neurobiolaging.2014.03.027
https://doi.org/10.1016/j.neurobiolaging.2014.03.027
https://doi.org/10.1002/glia.23136
https://doi.org/10.1016/j.brainresbull.2023.110790
https://doi.org/10.1016/s0006-8993(96)01430-8
https://doi.org/10.1096/fj.01-0380fje
https://doi.org/10.3390/biom13060967
https://doi.org/10.3390/ijms20040941
https://doi.org/10.1016/j.ceca.2010.09.004
https://doi.org/10.3389/fncel.2015.00230
https://doi.org/10.1038/nrn3504
https://doi.org/10.1098/rstb.2013.0601
https://doi.org/10.1098/rstb.2014.0077
https://doi.org/10.1098/rstb.2014.0077
https://doi.org/10.1016/j.neuint.2008.12.018
https://doi.org/10.1016/j.neuint.2008.12.018
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Lalo and Pankratov

Rodriguez-Prados, M., Rojo-Ruiz, J., Garcia-Sancho, J., and Alonso, M. T. (2020).
Direct monitoring of ER Ca(2+) dynamics reveals that Ca(2+) entry induces ER-
Ca(2+) release in astrocytes. Pflugers Arch. 472, 439-448. doi: 10.1007/s00424-020-
02364-7

Sadick, J. S., and Liddelow, S. A. (2019). Don’t forget astrocytes when targeting
Alzheimer’s disease. Br. J. Pharmacol. 176, 3585-3598. doi: 10.1111/bph.14568

Santos, C., Lunet, N., Azevedo, A., de Mendonca, A., Ritchie, K., and Barros, H.
(2010). Caffeine intake is associated with a lower risk of cognitive decline: A cohort
study from Portugal. J. Alzheimers Dis. 20(Suppl. 1), S175-S185. doi: 10.3233/JAD-
2010-091303

Sanz-Clemente, A., Nicoll, R. A., and Roche, K. W. (2013). Diversity in NMDA
receptor composition: Many regulators, many consequences. Neuroscientist 19, 62-75.
doi: 10.1177/1073858411435129

Savtchouk, I., and Volterra, A. (2018). Gliotransmission: Beyond black-and-white.
J. Neurosci. 38, 14-25. doi: 10.1523/JNEUROSCI.0017-17.2017

Shigetomi, E., Bushong, E. A., Haustein, M. D., Tong, X., Jackson-Weaver, O.,
Kracun, S., et al. (2013). Imaging calcium microdomains within entire astrocyte
territories and endfeet with GCaMPs expressed using adeno-associated viruses. J. Gen.
Physiol. 141, 633-647. doi: 10.1085/jgp.201210949

Simpson, P. B., Holtzclaw, L. A., Langley, D. B., and Russell, J. T. (1998).
Characterization of ryanodine receptors in oligodendrocytes, type 2 astrocytes, and
O-2A progenitors. J. Neurosci. Res. 52, 468-482.

Siracusa, R., Fusco, R, and Cuzzocrea, S. (2019). Astrocytes: Role and
functions in brain pathologies. Front. Pharmacol. 10:1114. doi: 10.3389/fphar.2019.
01114

Skowronska, K., Kozlowska, H., and Albrecht, J. (2020). Neuron-derived factors
negatively modulate ryanodine receptor-mediated calcium release in cultured mouse
astrocytes. Cell Calcium 92:102304. doi: 10.1016/j.ceca.2020.102304

Stazi, M., Zampar, S., Klafki, H. W., Meyer, T., and Wirths, O. (2023). A combination
of caffeine supplementation and enriched environment in an Alzheimer’s disease
mouse model. Int. J. Mol. Sci. 24:2155. doi: 10.3390/ijms24032155

Frontiers in Cellular Neuroscience

16

10.3389/fncel.2024.1382010

Tiwari, V., Mishra, A., Singh, S., and Shukla, S. (2023). Caffeine improves memory
and cognition via modulating neural progenitor cell survival and decreasing oxidative
stress in Alzheimer’s rat model. Curr. Alzheimer Res. [Online ahead of Print]. doi:
10.2174/1567205020666230605113856

Verkhratsky, A., and Nedergaard, M. (2018). Physiology of astroglia. Physiol. Rev.
98, 239-389. doi: 10.1152/physrev.00042.2016

Verkhratsky, A., Rodrigues, J. J., Pivoriunas, A., Zorec, R, and Semyanov, A. (2019).
Astroglial atrophy in Alzheimer’s disease. Pflugers Arch. 471, 1247-1261. doi: 10.1007/
s00424-019-02310-2

Wahl, D., Solon-Biet, S. M., Cogger, V. C., Fontana, L., Simpson, S. J., Le Couteur,
D. G, et al. (2019). Aging, lifestyle and dementia. Neurobiol. Dis. 130:104481. doi:
10.1016/j.nbd.2019.104481

Weiss, S., Clamon, L. C., Manoim, J. E., Ormerod, K. G., Parnas, M., and Littleton,
J. T. (2022). Glial ER and GAP junction mediated Ca(2+) waves are crucial to maintain
normal brain excitability. Glia 70, 123-144. doi: 10.1002/glia.24092

Won, J., Pankratov, Y., Jang, M. W., Kim, S., Ju, Y. H,, Lee, S, et al. (2021).
Opto-vTrap, an optogenetic trap for reversible inhibition of vesicular release, synaptic
transmission, and behavior. Neuron 110, 423-435.e4. doi: 10.1016/j.neuron.2021.11.
003

Woo, D. H., Han, K. S., Shim, J. W., Yoon, B. E., Kim, E., Bae, J. Y., et al. (2012).
TREK-1 and Best1 channels mediate fast and slow glutamate release in astrocytes upon
GPCR activation. Cell 151, 25-40. doi: 10.1016/j.cell.2012.09.005

Yelanchezian, M. Y., Waldvogel, H. J., Faull, R. L. M., and Kwakowsky, A. (2022).
Neuroprotective effect of caffeine in Alzheimer’s Disease. Molecules 27:3737 doi: 10.
3390/molecules27123737

Zhang, Y., Yang, H., Li, S., Li, W. D., and Wang, Y. (2021). Consumption of coffee
and tea and risk of developing stroke, dementia, and poststroke dementia: A cohort
study in the UK Biobank. PLoS Med. 18:¢1003830. doi: 10.1371/journal.pmed.1003830

Zucchi, R, and Ronca-Testoni, S. (1997). The sarcoplasmic reticulum Ca2+
channel/ryanodine receptor: Modulation by endogenous effectors, drugs and disease
states. Pharmacol. Rev. 49, 1-51.

frontiersin.org


https://doi.org/10.3389/fncel.2024.1382010
https://doi.org/10.1007/s00424-020-02364-7
https://doi.org/10.1007/s00424-020-02364-7
https://doi.org/10.1111/bph.14568
https://doi.org/10.3233/JAD-2010-091303
https://doi.org/10.3233/JAD-2010-091303
https://doi.org/10.1177/1073858411435129
https://doi.org/10.1523/JNEUROSCI.0017-17.2017
https://doi.org/10.1085/jgp.201210949
https://doi.org/10.3389/fphar.2019.01114
https://doi.org/10.3389/fphar.2019.01114
https://doi.org/10.1016/j.ceca.2020.102304
https://doi.org/10.3390/ijms24032155
https://doi.org/10.2174/1567205020666230605113856
https://doi.org/10.2174/1567205020666230605113856
https://doi.org/10.1152/physrev.00042.2016
https://doi.org/10.1007/s00424-019-02310-2
https://doi.org/10.1007/s00424-019-02310-2
https://doi.org/10.1016/j.nbd.2019.104481
https://doi.org/10.1016/j.nbd.2019.104481
https://doi.org/10.1002/glia.24092
https://doi.org/10.1016/j.neuron.2021.11.003
https://doi.org/10.1016/j.neuron.2021.11.003
https://doi.org/10.1016/j.cell.2012.09.005
https://doi.org/10.3390/molecules27123737
https://doi.org/10.3390/molecules27123737
https://doi.org/10.1371/journal.pmed.1003830
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

	Astrocyte ryanodine receptors facilitate gliotransmission and astroglial modulation of synaptic plasticity
	Introduction
	Materials and methods
	Slice and cell preparation
	Electrophysiological recordings
	Multi-photon fluorescent Ca2+-imaging
	Measurement of extracellular ATP concentration in brain tissue
	Data analysis
	Drugs

	Results
	Impact of ryanodine receptor modulators on Ca2+-signaling in astrocytes
	Impact of ryanodine receptor modulators on release of gliotransmitters and glia-to-neuron communications
	Impact of astrocytic ryanodine receptors on glial modulation of long-term synaptic plasticity

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	Supplementary material
	References




