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ABSTRACT

Astroglial cells were long considered as structural and metabolic supporting cells are which do not directly participate in information processing in the brain.
Discoveries of responsiveness of astrocytes to synaptically-released glutamate and their capability to release agonists of glutamate receptors awakened extensive
studies of glia-neuron communications and led to the revolutionary changes in our understanding of brain cellular networks. Nowadays, astrocytes are widely
acknowledged as inseparable element of glutamatergic synapses and role for glutamatergic astrocyte-neuron interactions in the brain computation is emerging.

Astroglial glutamate receptors, in particular of NMDA, mGluR3 and mGIuR5 types, can activate a variety of molecular cascades leading astroglial-driven mod-
ulation of extracellular levels of glutamate and activity of neuronal glutamate receptors. Their preferential location to the astroglial perisynaptic processes facilitates
interaction of astrocytes with individual excitatory synapses. Bi-directional glutamatergic communication between astrocytes and neurons underpins a complex,
spatially-distributed modulation of synaptic signalling thus contributing to the enrichment of information processing by the neuronal networks.

Still, further research is needed to bridge the substantial gaps in our understanding of mechanisms and physiological relevance of astrocyte-neuron glutamatergic
interactions, in particular ability of astrocytes directly activate neuronal glutamate receptors by releasing glutamate and, arguably, p-Serine. An emerging roles for
aberrant changes in glutamatergic astroglial signalling, both neuroprotective and pathogenic, in neurological and neurodegenerative diseases also require further

investigation.

This article is part of the special Issue on ‘Glutamate Receptors — The Glutamatergic Synapse’.

1. Introduction - Astroglia: from passive glue to active player

Glial cells have long been neglected as active participants in infor-
mation processing in the brain, mainly due to initial lack of evidence for
their electrical excitability. This view has been challenged when it has
become evident that glial cells, especially astrocytes, can detect chem-
ical transmitters released from neurons and respond by releasing their
own extracellular signals, “gliotransmitters” (Cornell-Bell et al., 1990;
Nedergaard, 1994; Parpura et al., 1994). The recognition of great
importance of bi-directional communications between neurons and as-
trocytes gave rise to the concept of “tripartite synapse” which in-
corporates a presynaptic terminal, a postsynaptic spine, and an
astrocytic processes (Halassa et al., 2007; Perez-Alvarez and Araque,
2013). Remarkably, it was the discovery of glutamate-evoked cytosolic
Ca2*-elevation in astrocytes and glial release of glutamate which
awakened the extensive studies of glia-neuron communications (Cor-
nell-Bell et al., 1990; Glaum et al., 1990; Parpura et al., 1994). Over last
two decades, these studies led to the revolutionary changes in our un-
derstanding of brain cellular networks. (see Fig. 1)

Nowadays, it is widely acknowledged that glial cells are

indispensable to mechanisms of brain plasticity, homeostasis and
longevity (De Strooper and Karran, 2016; Soreq et al., 2017; Verkhrat-
sky et al., 2019) and that astrocytes can play active roles in storage and
processing of information (Adamsky et al., 2018; Savtchouk and Vol-
terra, 2018; Singh and Abraham, 2017). In its early version, the
“tripartite synapse” concept relied heavily on the idea of “fast glio-
transmission” postulating that Ca?*-dependent exocytosis of small mo-
lecular transmitters from astrocytes directly contributes to the
excitatory synaptic transmission. This, unduly radical, notion was
scrutinized (Agulhon et al., 2008; Hamilton and Attwell, 2010) and the
other concepts of multi-partite cellular interactions in the brain, such as
“astroglial cradle” and “glial metabolic hub”, were proposed to extend
and complement the “tripartite synapse” theory (Giaume et al., 2010;
Halassa and Haydon, 2010; Verkhratsky and Nedergaard, 2014). The
modern view on the tripartite synapse evolved to embrace non-vesicular
release of gliotransmitters, slow and long-reaching modulation of
neuronal activity and astrocyte-driven regulation of synaptic homeo-
stasis (Araque et al., 2014; Caudal et al., 2020; Savtchouk and Volterra,
2018). Importantly, a multidirectional glutamatergic signalling remains
instrumental for current models of glia-neuron interactions (Bazargani

* Corresponding author. School of Life Science, University of Warwick, Gibbet Hill Campus, Coventry, CV4 7AL, UK.

E-mail address: y.pankratov@warwick.ac.uk (Y. Pankratov).

https://doi.org/10.1016/j.neuropharm.2021.108758

Received 14 March 2021; Received in revised form 25 July 2021; Accepted 20 August 2021

Available online 22 August 2021
0028-3908/© 2021 Published by Elsevier Ltd.


mailto:y.pankratov@warwick.ac.uk
www.sciencedirect.com/science/journal/00283908
https://www.elsevier.com/locate/neuropharm
https://doi.org/10.1016/j.neuropharm.2021.108758
https://doi.org/10.1016/j.neuropharm.2021.108758
https://doi.org/10.1016/j.neuropharm.2021.108758
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuropharm.2021.108758&domain=pdf

U. Lalo et al.

and Attwell, 2016; Savtchouk and Volterra, 2018; Verkhratsky and
Nedergaard, 2014). A primary focus of this review is to discuss the most
important details of glutamatergic communications within “extended”
tripartite synapse as well as recent evidence of its physiological
importance.

2. Glutamate receptors in astroglia and neuron-to-glia signalling

All physiological functions of astrocytes, one way or another, rely on
their ability to detect the activity of surrounding neuronal networks. By
virtue of expression of diverse assortment of neurotransmitter receptors,
astroglial cells can “listen” to fast synaptic transmission and respond by
changes in their intracellular ion concentrations, in particular sodium
and calcium. In this “receiving” part of tripartite synapse, a very
important role belongs to different types of glutamate receptors.

2.1. mGluR receptors

One of the first receptors implicated in the detection of neurotrans-
mitters by glial cells were metabotropic glutamatergic receptors, in
particular of mGluRS5 type (Cornell-Bell et al., 1990; Glaum et al., 1990).
The evidence supporting prominent role for mGluRs spans from early
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observations of significant contribution of intracellular Ca?*-stores into
glutamate-evoked Ca®'-signalling in cultured astrocytes (Cornell-Bell
et al.,, 1990) to the data demonstrating participation of group I/II
mGluRs in the response of hippocampal astrocytes in situ to the activa-
tion of synaptic transmission by the train of stimuli (Porter and
McCarthy, 1996) and even to the release of glutamate from individual
synapses (Panatier et al., 2011). The functional evidence of participation
of mGluRs in glial signalling were substantiated by the data on gene
expression (Morel et al., 2014; Sun et al., 2013). The very interesting and
important features of metabotropic glutamatergic Ca>"-signalling in
astrocytes are its spatial diversity, including the subcellular level (Ari-
zono et al., 2014; Lavialle et al., 2011; Rusakov et al., 2014), and sig-
nificant age-dependent alterations (Cai et al., 2000; Sun et al., 2013).
The mGluRs family consists of three groups based on the sequence
homology and G-protein coupling, correspondingly mGluR1 and 5
(Group I), mGluR2 and 3 (Group II), and Group III including mGluRs 4,
6, 7, and 8. The main intracellular transduction cascade activated by
group I mGluRs, coupled to Gq/G, is activation of phospholipase C,
resulting in the generation of inositol 1,4,5-trisphosphate (IP3) and Ca®*
mobilization from intracellular stores (Niswender and Conn, 2010). This
underlies an important role for the Group I mGluRs in the tripartite
synapse signalling. The effects of group II and III mGluRs, coupled
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Fig. 1. The main pathways of glutamate-receptor mediated signalling within a tripartite synapse.

The NMDA and AMPA receptors located at the peri-synaptic astrocytic processes (PAP) provide the influx of Na®™ which modulates activity of EAAT glutamate
transporters and Na/Ca exchanger (NCX). The NMDA, mGIuR5 and, in some cases, AMPA receptors contribute to cytosolic Ca®*-elevation in astrocytes which in turn
modulates the trafficking and activity of glutamate transporters and motility of PAPs. These pathways can also be activated by astroglial mGluR2/3 receptors.
Astroglial modulation of glutamate uptake and spillover affect the desensitization of post- and extrasynaptic NMDARs and functional isolation of excitatory synapses.
The contribution of astroglial glutamate receptors into astroglial Ca®*-elevation which triggers the release, among other transmitters, of the ATP, glutamate and,
putatively, p-Serine. The astroglia-driven ATP and glutamate modulate the synaptic strength via several pre- and postsynaptic mechanisms.
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predominantly to Gi/o proteins, are associated mainly with inhibition of
adenylyl cyclase leading to regulation of ion channels and some other
downstream signalling cascades, such as activation of MAPK and
phosphatidyl inositol 3-kinase PI3 kinase (Niswender and Conn, 2010).
Although the group II and III mGluRs are not supposed to be immedi-
ately involved in the Ca®'-release from intracellular stores, their
participation in the astroglial signalling has also been reported (Cope-
land et al., 2017; Lazutkaite et al., 2017).

Although gene expression studies revealed that all mGluR types
could be found in astrocytes in the adult mammalian brain, at least at
low levels, the most prominent subtypes of glial mGluRs are mGluR3
and mGluR5 (Durand et al., 2013; Panatier and Robitaille, 2016). Their
abundant expression and functional roles in astrocytes have been re-
ported in various brain areas (Cavaccini et al., 2020; D’Ascenzo et al.,
2007; Durand et al., 2013; Sun et al., 2013; Umpierre et al., 2019), in
particular thalamus, cortex, hippocampus, striatum and nucleus accum-
bens (Table 1).

Contrary to neurons, where functional roles for both members of
group I have been demonstrated, mGluR5 receptors have predominant
role in the metabotropic glutamatergic signalling in astrocytes.
Numerous studies of astroglial glutamatergic signalling reported the
significant contribution of mGluR5 receptors in the elevation of cyto-
solic Ca®* (Panatier and Robitaille, 2016) (see also Table 1) as opposed
to the typical lack of effects of the selective mGluR1 antagonists on
astroglial functions (Honsek et al., 2012). Yet, there are some scattered
data suggesting that mGluR1 receptors also can contribute into astro-
glial signalling in adult human patients and rodents (Aoki et al., 2019;
Tang et al., 2015; Wang et al., 2006). Importantly, the level of expres-
sion mGluR1 in human astrocytes can increase dramatically in the
pathological context (Aoki et al., 2019; Geurts et al., 2003; Sukigara
et al., 2014).

Of the group II receptors, the mGluR3 type appears to be the most
relevant for astroglial function (Durand et al., 2013), despite some
recent data suggesting that mGluR2 receptor can also be involved in
astroglial Ca®*-signalling (Copeland et al., 2017). On the mRNA level,
the preferential expression of mGluR3 in astrocytes, as compared to
neurons and other types of glia, has been detected in the cerebral cortex
(Zhang et al., 2014). Still, most of the experimental evidence of
important roles for astroglial mGluR3 has been obtained in the patho-
logical context, often in reactive astrocytes (Durand et al., 2013; Geurts
et al.,, 2003; Planas-Fontanez et al., 2020), whereas reports of their
participation in physiological glial signalling are scarce (Table 1).
Regarding the tripartite synapse, an interesting feature of mGluR3 is
their preferential localisation to the peripheral astrocytic processes
where they can regulate astrocytic filopodia motility (Lavialle et al.,
2011) and thereby affect uptake of neurotransmitters by astrocytes. The
mGluR3-mediated regulation of glutamate uptake has been implicated
in pathogenesis of many brain disorders (Peterson and Binder, 2020;
Planas-Fontanez et al., 2020). Apart from regulation of surface expres-
sion and activity of GLT-1 glutamate transporter (Durand et al., 2013;
Peterson and Binder, 2020; Umpierre et al., 2019), another role for
astroglial mGluR3 is modulation of the release of glial-derived neuro-
trophic factor (GDNF), BDNF and TNF-f (Battaglia et al., 2015; Durand
et al., 2013; Planas-Fontanez et al., 2020).

However, the physiological relevance of astroglial mGluRs, espe-
cially of the group I, has been hotly debated (Agulhon et al., 2008;
Bazargani and Attwell, 2016; Savtchouk and Volterra, 2018). This
debate, which is a part of more general discussion of physiological
relevance of “tripartite synapse”, has been fuelled by several factors.
Firstly, early studies of neuron-to-glia signalling were focused mainly on
the metabotropic Ca?*-signalling in astrocytes and did not take into
account a putative contribution of Ca®*-influx via various trans-
membrane channels, such as NMDA and AMPA receptors (discussed
below). So, after reports of the lack of effect of astroglia-specific
knock-out of IP3 receptors on synaptic plasticity in hippocampus (Pet-
ravicz et al., 2008), the physiological role of IP3-mediated release of
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Ca%f-from intracellular stores in astrocytes, which includes
mGluR5-mediated signalling, has been scrutinized (Agulhon et al.,
2008; Bazargani and Attwell, 2016; Hamilton and Attwell, 2010). Sec-
ondly, the majority of the early studies of glia-neuron interactions was
carried out, by obvious reasons, in the hippocampal CA1 area (Bezzi
et al., 2004; Cornell-Bell et al., 1990; Halassa et al., 2007; Henneberger
et al., 2010; Parpura et al., 1994; Porter and McCarthy, 1996), where
expression of mGluR5 receptors in astrocytes undergoes a sharp
age-dependent decline (Cai et al., 2000; Morel et al., 2014; Sun et al.,
2013). Also, the surface expression of mGluR receptors in fine astrocytic
processes can undergo dynamic local changes (Arizono et al., 2014;
Lavialle et al., 2011), which makes the metabotropic astrocytic signal-
ling highly sensitive to the physiological context and the way of acti-
vation (i.e. focal application of agonists, synaptic stimulation at different
strength). For instance, the mGluR-mediated Ca*-response of cortical
astrocytes to the in vivo whisker stimulation could be activated only at
the moderate but not at the low or high stimulation frequencies (Wang
et al., 2006). Although impact of these factors can explain most of the
inconsistencies in the results of different groups, e.g. (Panatier et al.,
2011; Sun et al., 2013; Wang et al., 2006), an unifying model of
metabotropic glutamatergic signalling in astroglia is yet to be developed
(Savtchouk and Volterra, 2018).

Nevertheless, the data obtained in the last decade in different brain
regions strongly suggest that mGluR-mediated astroglial signalling is
universally important for glia-driven modulation of synaptic function
(Table 1). Furthermore, recent data highlighted the role for alterations,
both positive and negative, in astroglial mGluR-signalling in pathology
of many neurodegenerative disorders, such as epilepsy, stroke, amyo-
trophic lateral sclerosis (ALS), neuropathic pain and Alzheimer’s disease
(Durand et al., 2013; Kim et al., 2017; Planas-Fontanez et al., 2020;
Umpierre et al., 2019).

2.2. NMDA receptors

Growing understanding that metabotropic Ca®*-signalling alone
cannot account for all complexity of astrocyte excitability and glia-
neuron communications inspired an interest to the putative mecha-
nisms of calcium influx from an extracellular space, such as ion ex-
changers or neurotransmitter-gated ion channels (Shigetomi et al.,
2013; Volterra et al., 2014). The Ca®*-permeable ionotropic glutamate
receptors (iGluRs) seem to be a plausible candidate for alternative
pathway of astrocyte activation since expression of various iGluRs
virtually in all types of neuroglial was repeatedly detected (Brand--
Schieber et al., 2004; Garcia-Barcina and Matute, 1996; Lee et al.,
2010a; Rusnakova et al., 2013; Ziak et al., 1998). Although earlier
studies reported the expression of GluN1 and GluN2 subunits in the
cerebellar Bergmann glia and astrocytes of neocortex and amygdala
(Conti et al., 1999; Farb et al., 1995; Luque and Richards, 1995; Schipke
et al., 2001), participation of NMDA receptors in the astroglial signal-
ling, for a long time, was deemed implausible due to the Mg?*-block at
negative membrane potentials characteristic of glial cells.

Several lines of evidence obtained in the last two decades helped to
resolve this controversy. Initially, the small NMDA-induced trans-
membrane currents were observed in the Bergmann glia cells from
mouse cerebellar slices (Muller et al., 1993); these currents were sen-
sitive to ketamine but not to glycine and were not accompanied by the
cytosolic Ca?t-elevation. Later, the exposure of slice preparations was
reported to induce the transmembrane currents and Ca®* -transients in
the astrocytes of neocortex (Schipke et al., 2001) and spinal cord (Ziak
et al., 1998) and in the sub-population of hippocampal astrocytes (Porter
and McCarthy, 1995). At the same time, astroglial NMDA responses in
slice preparation were reported to be sensitive to inhibition of neuronal
activity with tetrodotoxin and CNQX, arguing against direct activation
of astrocytes (Porter and McCarthy, 1995; Schipke et al., 2001).

An unequivocal evidence of direct activation of astroglial NMDA
responses was provided by recordings from individual astrocytes
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Table 1
Contribution of glutamate receptors in signalling and physiological functions of brain astrocytes.
Receptor  Cell type/location Species age Experimental evidence and main physiological effects Reference:
mGluR1 Hippocampal CAl astrocytes in Adult Application of group I agonist DHPG evoked Ca®*-response in the astrocytic Tang et al. (2015)
situ Mice (6-8 wks) processes which could not be reproduced by the selective mGluR5 agonist
CHPG. mGIuR1 receptors have modulatory action on the astrocytic Ca®*-
signalling evoked by synaptic stimulation
mGluR1 Somatosensory cortex astrocytes  Adult The mGluR1 selective antagonist LY367385 partially reduced the astrocytic Wang et al. (2006)
in vivo Mice (6-8 wks) Ca®*-response to the medium frequency whisker stimulation. The mGluR1 and
mGluR5 bring approximately equal contributions into astrocytic response to
sensory stimulation.
mGluR2 Thalamic astrocytes in situ Juvenile mice (P12- Astrocytic cytosolic Ca%*- transients were evoked by the group II agonist and Copeland et al. (2017)
16) were further potentiated by selective mGluR2 PAMs LY354740 and LY487379.
The group II agonist-induced Ca**- responses were inhibited in the astrocytes
of IP3R2-dificient mice. Astroglial mGluR2 were suggested to participate in the
modulation of sensory processing in thalamic neurons.
mGIuR3 Hippocampal and hypothalamic ~ Juvenile rats Ultrastructural analysis and immunocytochemistry showed that mGluR3 are Lavialle et al. (2011)
astrocytes in culture and in vivo Adult hamsters localized to the peripheral astrocyte processes; mGluR3 receptors mediate
glutamate-induced filopodia motility in astrocytes.
mGluR3 Spinal cord astrocytes in culture ~ Juvenile mice The group II agonist enhanced release of GDNF from astrocytes in the wild-type ~ Battaglia et al. (2015)
but not in the mGluR3 ™/~ mice.
mGluR4 Hypothalamic tanycytes in situ Adult mice Significant reduction of amino-acid activated Ca®*-response by mGluR4 Lazutkaite et al.
antagonists, mGluR4 receptors participate amino acid sensing (umami taste (2017)
perception).
mGIuR5 Hippocampal CA1 astrocytes in Juvenile Large doses of MPEP (100 pM) dramatically reduced the amplitude of Honsek et al. (2012)
situ Mice (P13-16) stimulation-evoked Ca®" signalling in astrocytes. Amplitude of astrocyte
Ca®*signals was related to the number of activated synapses but did not
correlate with the degree of potentiation of CA1 pyramidal cell synapses
mGluR5 Hippocampal CA1 astrocytes in Adult The mGluR5 expression dramatically increased in the large population of Umpierre et al. (2019)
situ Mice (6-8 wks) stratum radiatum astrocytes in the kainic acid-induced epilepsy model. The
astrocyte-specific KO of mGIuR5 inhibited the DHPG-induced Ca**-transients;
MPEP partially inhibited the astrocyte Ca**-response to synaptic stimulation.
The astroglial mGluR5 receptors have positive modulatory effect on astrocytic
uptake of glutamate during in status epilepticus.
mGluR5 Striatal astrocytes in situ Adult High-frequency stimulation of cortico-striatal synapses increased the Cavaccini et al. (2020)
Mice (4-12 wks) frequency of Ca**-transients in the dorsolateral striatum astrocytes in mGluR5-
dependent manner. The mGluR5-mediated Ca®*-signalling activated the
release of ATP/adenosine from astrocytes essential for the Al receptor-
mediated LTD in striatal synapses. The Al-dependent LTD was blocked by
MPEP and intracellular perfusion of astrocytes with GDPfS.
mGIuR5 Hippocampal CA1 astrocytes in Juvenile rats (2-3 The mGIuR5 antagonist MPEP inhibited astrocytic Ca®*-responses elicited by Panatier et al. (2011)
situ weeks) activation of individual synapses. Astroglial mGluR5 receptors caused
downstream activation of presynaptic A2, receptors, presumably via triggering
glial release of ATP/Adenosine.
mGIuR5 Nucleus accumbens astrocytesin ~ Young mice (2-6 wks) ~ The strong mGIuR5 immunoreactivity and DHPG-induced Ca* -signalling D’Ascenzo et al.
situ were observed in the GFAP-expressing astrocytes. The mGluR5 antagonist (2007)
inhibited astrocytic Ca®" -oscillations induced by the stimulation of cortical
afferents. Activation of mGIuR5 in the NA astrocytes caused Ca%* -dependent
release of glutamate leading to activation of extrasynaptic GluN2B receptors in
the medium spiny neurons.
mGIuR5 Somatosensory cortex astrocytes  Adult The mGIuR5 antagonist MPEP partially reduced the astrocytic Ca®*-response Wang et al. (2006)
in vivo Mice (6-8 wks) to the medium frequency whisker stimulation. The mGluR1 and mGluR5 bring
approximately equal contributions into astrocytic response to sensory
stimulation.
NMDAR Somatosensory cortex astrocytes  Young, adult and old Application of NMDA and stimulation of cortical afferents evoked the Lalo et al. (2006)
in situ mice (2 weeks—2 transmembrane currents and Ca®*-transients in the GFAP/EGFP-expressing (Lalo et al., 2011a;
years) astrocytes; astroglial signalling was inhibited by MK801, D-AP5 and GluN2C/  Palygin et al., 2011)
D-specific antagonist. The glial NMDARs exhibit weak Mg?*-block and bring Lalo et al. (2014)
significant contribution into astrocytic Ca®*-signalling and release of
gliotransmitters.
NMDAR Hippocampal CA1 astrocytes in Young mice (2-3 Application of NMDA induced depolarisation and Ca?*-elevation in the sub- Serrano et al. (2008)
situ weeks) population of GFAP/EGFP-expressing astrocytes.
NMDAR Hippocampal astrocytes in Human The expression of various GluN subunits has been detected at various levels. Lee et al. (2010a)
culture Application of glutamate induced Ca®*-elevation which was inhibited by
NMDAR antagonists MK801 and memantine.
NMDAR Hippocampal CA1 astrocytes in Juvenile rats (P14-21) Application of NMDA in the presence of TTX induced astrocyte membrane Letellier et al. (2016)
situ and adult mice (4-8 depolarisation which can be blocked by the intracellular infusion of MK-801 or
wks) deleting GRINT in astrocytes. Astrocytic NMDARs trigger the Ca®*elevation
and release of gliotransmitters, presumably ATP/Ado, which regulate pre-
synaptic strength.
NMDAR Astrocytes of several brain Adult Enriched astrocytic expression of GluN2C subunit have been found in the Ravikrishnan et al.
regions EFGP/GluN2C- cortex, striatum, hippocampus, substantia nigra and amygdala; functional (2018)
reporter mice expression of GluN2C-containing receptors in substantia nigra and cortical
astrocytes has been confirmed using electrophysiology.
NMDAR Somatosensory cortex astrocytes ~ Young and adult mice Stimulation of glutamatergic afferents or glutamate application induced Na™  Ziemens et al. (2019)

in situ

in situ

and Ca®"- in astrocytic processes, which were inhibited by D-AP5. The
NMDAR-mediated signalling was observed in the neocortical but not in the

(continued on next page)
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Table 1 (continued)
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Receptor  Cell type/location Species age

Experimental evidence and main physiological effects

Reference:

hippocampal astrocytes. NMDAR enhance the astroglial Ca®"-signalling by
altering the activity of sodium/calcium exchanger.

AMPAR Hippocampal CA1 astrocytes in Juvenile mice

Application of glutamate and AMPA to acutely isolated astrocytes induced
situ rapidly-desensitizing transmembrane currents which were potentiated by

Seifert and Steinhauser
(1995)

cyclothiazide. Moderate Ca®* - permeability (P.,/Pyal) of astrocytic AMPARs

was observed.
Application of glutamate to acute isolated astrocytes induced rapidly-
desensitizing currents which were inhibited by NBQX. Stimulation of cortical

AMPAR Neocortical layer 2/3 astrocytes  Young, adult and old

in situ mice

(Lalo et al., 2006,
2011a)

afferents induced the transmembrane currents in astrocytes, which were
potentiated by cyclothiazide and partially inhibited by NBQX or CNQX. Also,
AMPA receptors mediated a fraction of the fast spontaneous currents in
astrocytes. The amplitude of AMPAR-mediated currents in astrocytes was
highest at 1 month and gradually declined with age.

AMPAR Bergmann glia of cerebellum Adult rats

Agonist application activated Ca®"-permeable AMPA (GluA2-lacking)

Cervetto et al. (2015)

receptors leading to Ca>* -elevation in the astrocytic processes. Entry of Ca®"
through the AMPA receptors located on Bergmann glia processes induces
vesicular release of glutamate.

AMPAR Miiller glial cells of retina invivo ~ Larval zebrafish

Glutamate-induced electrical and Ca®*- responses in MGCs were suppressed by

Zhang et al. (2019)

the CNQX. The AMPA receptors mediate MGC Ca®*-signalling during retinal
waves induced by glutamate derived from bipolar cells; these waves are
instrumental for the activity-dependent refinement of visual topographic maps.

isolated (with the aid of non-enzymatic vibro-dissociation technique)
from cortices of GFAP/EGFP transgenic mice (Lalo et al., 2006; Palygin
et al., 2011). These experiments also clearly demonstrated the signifi-
cant shift of Mg?"-block of glial NMDA receptors towards hyper-
polarisation, with almost 100% of astrocytic NMDARs activated near the
membrane potential of —80 mV (Lalo et al., 2006; Palygin et al., 2011).
In parallel, the functional NMDA receptors, weakly sensitive to Mg>™,
were found in the oligodendrocytes, where their activity was associated
with ischaemic brain injury (Karadottir et al., 2005; Micu et al., 2006;
Salter and Fern, 2005) and regulation of glucose transport and axonal
metabolism (Saab et al., 2016). These results highlighted the existence
of functional glial NMDA receptors, active at negative membrane po-
tential, as universal phenomenon potentially important for brain phys-
iology and pathology (Lipton, 2006; Verkhratsky et al., 2020).

Glial NMDA receptors differ from the majority of neuronal NMDARs
not only by the weaker Ma2*-block but also by lower Ca?*-permeability;
the Pca/Pmonovalent ratio in cortical astrocytes is about 3 (Palygin et al.,
2011), i.e. 3-4 times lower than in neurons. Conversely, astroglial
NMDARSs receptors exhibit much higher sensitivity to the memantine
and GIuNR2C/D subunit-selective antagonist UBP141 than neuronal
receptors (Palygin et al., 2011). This peculiar combination of functional
and pharmacological properties of glial NMDARs allowed to decipher
their putative structure. The only feasible explanation of low sensitivity
to Mg2"-block and lower Ca®"-permeability is incorporation of one or
two GIuN3 subunits (Henson et al., 2010). On another hand, dimeric
GluN1/GluN3 receptors lack sensitivity to conventional NMDAR an-
tagonists D-AP5 and MK-801 (Henson et al., 2010), which were shown
to block the astroglial NMDA-mediated responses (Lalo et al., 2006;
Porter and McCarthy, 1995; Schipke et al., 2001). Hence, the most
feasible composition of glial NMDA receptor is the heterotetrameric
assembly of two GIluN1 subunits (required for trafficking to the mem-
brane), one GluN2C or D subunit and one GluN3 subunit. This notion
was corroborated by comparison of the functional properties of native
NMDARs of cerebellar oligodendrocytes with recombinant doublet
GluN1/GluN2C and triplet GluN1/GluN2C/GluN3A receptors (Burzo-
mato et al., 2010) and further supported by the data on expression of
GluN subunits in astrocytes. In particular, expression of GluN1, GluN2A,
GIluN2C, GluN2D, and GluN3A have been detected at mRNA levels in
mice of different ages (Orre et al., 2014; Rusnakova et al., 2013; Zhang
et al.,, 2014) and in cultured human astrocytes (Lee et al., 2010a). At
protein level, a preferential localisation of GluN2C subunit to astrocytes
rather than neurons have been recently found in the neocortex, hippo-
campus, and striatum (Ravikrishnan et al., 2018).

Histological and immunohistochemical studies of astroglial NMDARs

reported a preferential localisation of GluN subunits to the distal and
perisynaptic processes (Conti et al., 1999; Farb et al., 1995; Hadzic et al.,
2017; Ravikrishnan et al., 2018). Combined with the weak Mgztblock,
this renders astrocytic NMDARs capable to respond to the glutamate
released from synaptic terminals. Indeed, NMDAR-mediated trans-
membrane currents and Ca2t- and Na*-transients can be activated in the
neocortical astrocytes by physiologically-attainable stimulation of
cortical afferents (Lalo et al., 2011a; Palygin et al., 2010, 2011; Ziemens
et al., 2019). The spontaneous miniature NMDAR-mediated currents,
mostly likely activated by the vesicular glutamate release from indi-
vidual synapses, were observed in the cortical astrocytes as well (Lalo
et al., 2011a).

The level of expression of GluN subunits and NMDAR-mediated
signalling in astroglia exhibit high regional diversity and strong age-
dependence. Although expression of all seven GluN subunits has been
detected in astrocytes of various brain regions, such as hippocampus,
cerebellum, striatum and amygdala, the strongest and the most consis-
tent evidence has been provided for the cortical astrocytes where the
GluN1, GluN2C, 2D and GluN3A subunits appear to be the dominant
ones (Hadzic et al., 2017; Lee et al., 2010a; Ravikrishnan et al., 2018;
Zhang et al., 2014). Interestingly, the astroglial NMDAR-mediated sig-
nalling has not been observed in thalamus and basal ganglia which is
consistent with reported lack of expression of GluN subunits in astro-
cytes of these regions (Ravikrishnan et al., 2018). On a functional level,
the strong and consistent evidence of physiologically-relevant
NMDAR-mediated astroglial signalling has been provided in the
neocortex (Lalo et al., 2006, 2011a; Palygin et al., 2010; Schipke et al.,
2001) whereas the functional role for NMDARs in the hippocampus
remain controversial (Ziemens et al., 2019). Although earlier reports of
NMDAR-mediated signals in sub-populations of hippocampal astrocytes
(Porter and McCarthy, 1995; Serrano et al., 2008) were strongly sup-
ported by the later study demonstrating an instrumental role for the
astrocytic NMDARs in regulation of presynaptic strength in the hippo-
campal neurons (Letellier et al., 2016), more recent research has not
found a notable contribution of NMDA receptors in the Na™-influx in
CAl astrocyte activated via stimulation of glutamatergic afferents or
glutamate application (Ziemens et al., 2019).

The above discrepancy might be explained by the developmental
regulation of surface expression of GluN subunits in hippocampal as-
trocytes with similar age-dependent pattern as for astroglial mGIluR5
receptors (Sun et al., 2013) and astroglial NMDA receptors in the
neocortex (Lalo et al., 2011a; Orre et al., 2014). In mouse neocortical
astrocytes, the NMDAR-mediated signalling shows dramatic increase
with CNS maturation, peaking in the adult animals (3-6 months) and



U. Lalo et al.

then gradually declines with aging (Lalo et al., 2011a); this dependence
is in line with strong decrease in the GluN3A subunit expression in the
old (15-18 months) reported by (Orre et al., 2014). Still, the
age-dependence of NMDAR-mediated signalling in the hippocampal
astrocytes and its functional relevance remain an open question.

It would appear reasonable to assume that physiological role of
astroglial NMDA receptors is underpinned by their contribution into the
cytosolic Ca>-elevation in astrocytes. This notion is strongly supported
by the data obtained in the neocortical and sub-population of hippo-
campal astrocytes (Lalo et al., 2011a; Palygin et al., 2010; Schipke et al.,
2001; Serrano et al., 2008; Ziemens et al., 2019). Moreover, Ca®*- influx
through NMDA receptors was reported to trigger the release of glio-
transmitters (e.g. ATP) from neocortical astrocytes (Lalo et al., 2014).
Besides the Ca?*-influx, the Na*-influx provided by the NMDA receptors
can have a significant role in astroglial signalling (Lalo et al., 2011b;
Verkhratsky et al., 2020). One can expect the activation of NMDA re-
ceptors to significantly increase the sodium concentration in astrocytic
microdomains which in turn can cause considerable alterations in
astroglial functions (Verkhratsky et al., 2020; Ziemens et al., 2019).

Firstly, the Na™-influx via NMDA receptors can take part in astroglial
Ca?*-signalling by altering the activity of sodium/calcium exchanger
(NCX) and thereby prolonging Ca"-transients (Ziemens et al., 2019) or
leading to membrane depolarisation and activation of L-type
voltage-gated Ca®* channels (Letellier et al., 2016). The latter mecha-
nism has been implicated in the NMDAR-dependent regulation of pre-
synaptic strength by the hippocampal astrocyte (Letellier et al., 2016).

Furthermore, the Na'-elevation provided by astroglial NMDA re-
ceptors can switch the flux via various transmembrane sodium-
dependent transporters into reverse mode (Lalo et al., 2011b; Verkh-
ratsky et al., 2020). In particular, the Na™-triggered reversal of astroglial
GABA and glycine transporters in situ has been reported in the neocortex
and hippocampus (Eulenburg and Gomeza, 2010; Heja et al., 2012;
Unichenko et al., 2013). At the same time, the astroglial Na'-elevation
can hardly reverse GLT1 and GLAST glutamate transporters under
physiological conditions, since their thermodynamic equilibrium is
strongly shifted towards uptake (Verkhratsky et al., 2020). Hence,
Na'-elevation mediated by astrocytic NMDA receptors can couple glu-
tamatergic excitation with efflux of inhibitory neurotransmitters
thereby mediating a negative feedback mechanism in glia-neuron net-
works. The elevation of intracellular Na® can affect the metabolic
functions of astrocyte by stimulating the glutamine efflux via SNAT3
Na'-dependent transporters (Todd et al., 2017) and activating astrocytic
glucose uptake and lactate production (Chatton et al., 2016). There is
also evidence that both the activity of NMDA receptors and
Na'-elevation are essential for the activity-dependent regulation of
mitochondrial dynamics in astrocytes (Jackson et al., 2014; Stephen
et al., 2015). This suggests a high potential importance of astroglial
NMDARs for metabolic astrocyte-neuron cooperation.

Thus, astroglial NMDA receptors emerge as an important element of
tripartite synapse whose physiological relevance is yet to be fully un-
derstood (Verkhratsky and Nedergaard, 2018; Verkhratsky et al., 2020).

2.3. Non-NMDA receptors

In earlier studies of astroglial iGluR-mediated signalling, the main
emphasis was put on AMPA/KA receptors since they, in contrast to
NMDARSs, were expected to be active at physiological resting membrane
potentials. Also, the GluA2-lacking AMPARs exhibiting a moderate Ca*
- permeability (Traynelis et al., 2010) were suggested to contribute to
the astroglial Ca>-signalling. The presence of AMPA/KA receptors in
astroglial membrane, both at mRNA and functional level, has been
well-documented in vitro and in situ. In particular, functional expression
and physiological role for AMPARs was reported in the cerebellar
Bergmann glia (Muller et al., 1992) and in the astrocytes of hippocam-
pus (Jabs et al., 1994; Seifert and Steinhauser, 1995; Seifert et al., 1997),
neocortex (Conti et al., 1994; Lalo et al., 2006, 2011a), spinal cord
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(Brand-Schieber et al., 2004), thalamus (Hoft et al., 2014) and olfactory
bulb (Droste et al., 2017). All four AMPA subunits (GluAl — GluA4), as
well as splice variants, have been reported to be expressed in astroglia,
albeit in different combinations in different brain regions (Conti et al.,
1994; Molders et al., 2018; Seifert et al., 1997). In the hippocampal and
neocortical astrocytes, where expression of all four subunits was found,
the abundance of GluA2 and GluA4 subunits was observed (Conti et al.,
1994). The recent detailed study of heterogeneity of astrocytic AMPA
receptors reported the predominance of GluAl/4 combination in cere-
bellum and GluA1/2 and GluA2/4 combination in hippocampus and
neocortex (Molders et al., 2018). This closely agrees with the electro-
physiological properties of AMPA-mediated signalling in these cells, i.e.
linear I-V relationship and relatively low Ca?* permeability (Seifert and
Steinhauser, 1995). In contrast, the AMPA receptors found in Bergmann
glia and periglomerular astrocytes of the olfactory bulb are devoid of
GluA2 subunit and thereby exhibit moderate (Pca/Pmono ~1) Ca**
permeability (Droste et al., 2017; Muller et al., 1992; Traynelis et al.,
2010).

The most prominent evidence of physiological relevance of astroglial
AMPA receptors was provided by several studies of Bergmann glia of
cerebellum and Miiller glia in retina (Muller et al., 1992; Saab et al.,
2012; Zhang et al., 2019) where their functional importance is under-
lined by Ca?'-permeability and slower desensitization of GluAl/A4
heteromeric structure (Molders et al., 2018). The putative downstream
cellular effects caused by the Ca?'-permeable astroglial AMPARs
include release of gliotransmitters, e.g. glutamate and ATP (Cervetto
et al., 2015; Hoogland et al., 2009), modulation of glial glutamate
transporters (Zhang et al., 2019) and enhancement of motility and
structural plasticity of glial peri-synaptic processes which in turn is
crucial for function and sustainability of glutamatergic synapses in
cerebellum (lino et al., 2001; Saab et al., 2012).

Physiological and pathological roles for AMPA receptors in other
brain regions are yet to be established. The reported lack of Ca®*-
permeability of AMPA receptors expressed in hippocampal and cortical
astrocytes argues against their direct contribution into cytosolic Ca®*-
elevation. Although participation of AMPA receptors in the physiologi-
cally relevant Ca* signalling in cortical astrocytes in vivo has been re-
ported (Tran et al., 2018), it remains unclear whether this effect was
related to direct Ca®*-influx via AMPA receptors or their indirect effect
on calcium homeostasis, e.g. via sodium/calcium exchanger. The non
Ca?"-permeable AMPA receptors have been shown to bring significant
contribution into Na'-mediated transmembrane currents in the
thalamic, neocortical, and hippocampal astrocytes (Hoft et al., 2014;
Lalo et al., 2011a; Seifert and Steinhauser, 1995). One might argue that
Na*-influx via channels of astroglial AMPA could contribute to the same
signalling processes as influx via NMDARs discussed above. However, in
comparison with glial NMDARSs, overall increase in the cytosolic Na™
provided by AMPA receptors would be much lower due to their faster
desensitization and lower sensitivity to ambient glutamate. So, beyond
the Bergmann glial cells, significance of glial AMPA receptors for
physiological functions of tripartite synapse remains doubtful.

The pathological role for astroglial AMPA receptors also remains
elusive, in contrast to oligodendrocytes and microglia (Ceprian and
Fulton, 2019). There is only scarce evidence of a link between activity of
astrocytic AMPA receptors and brain disorders (Ceprian and Fulton,
2019; Cervetto et al., 2016; Peters et al., 2009). In particular, the early
data on the excitotoxicity mediated by glial AMPA receptors were ob-
tained in cultured astrocytes in the presence of cyclothiazide blocking
AMPAR desensitization (Ceprian and Fulton, 2019). Although increased
functional expression of AMPA receptors has been detected in the mouse
models of exocytotic brain injury and Alzheimer’s disease (Cervetto
etal., 2016; Peters et al., 2009), their causative role in brain insults is yet
to be established.

As for the kainate (KA) receptors, the expression of GluK1-5 subunits
in astrocytes was reported at the mRNA and protein levels in the white
matter, hippocampus and spinal cord (Brand-Schieber et al., 2004;
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Brand-Schieber and Werner, 2003; Das et al., 2012; Garcia-Barcina and
Matute, 1996; Matschke et al., 2015) but their functional role remains
elusive. Interestingly, high level of expression of GluK1-5 subunits has
been detected in the reactive (but not in healthy) astrocytes in patho-
logical context, both in rodents and human patients (Das et al., 2012; Li
et al., 2009; Vargas et al., 2013). Still, it is unclear whether increased
expression of GluK subunits is a cause or consequence of pathological
state and whether these newly expressed kainate receptors exacerbate
the excitotoxic damage of brain tissue (e.g. via Na'-dependent
down-regulation/reversion of glutamate uptake) or have some unknown
neuroprotective role.

2.4. Functional significance of astroglial glutamate receptors

The morphology of astrocytes, in particular intimate contacts be-
tween their fine processes and synapses (Kim et al., 2017; Rusakov et al.,
2014; Verkhratsky and Nedergaard, 2018), enables them to “listen” to
various neurotransmitters released from synaptic terminals. Owing to
the expression of various metabotropic and ionotropic glutamate re-
ceptors, astroglia can detect the activity of neighbouring excitatory
synapses and respond by changing cytosolic concentrations of calcium
and sodium. This underlies a special kind of ionic “excitability” which
activates a plethora of downstream molecular cascades in astrocytes.
The Ca?"-mediated component of this excitability is traditionally
viewed as a hallmark of astroglial physiological signalling (Bazargani
and Attwell, 2016; Caudal et al., 2020; Savtchouk and Volterra, 2018;
Verkhratsky and Nedergaard, 2018).

As detailed above, glutamate receptors can bring substantial
contribution to the cytosolic calcium elevation in astrocytes. Although
both mGluRs and iGluRs can work synergistically in the astroglial Ca%*
signalling, their relative contributions can vary to a large extent in
different brain regions and different ages (Bazargani and Attwell, 2016;
Panatier and Robitaille, 2016; Savtchouk and Volterra, 2018; Wang
et al., 2006; Ziemens et al., 2019). In addition, ionotropic glutamate
receptors can also provide an influx of Na® ions. Both calcium- and
sodium-based responsiveness of astrocytes have physiological impor-
tance because these types of signalling can strongly affect structural
plasticity and metabolic status of astrocytes and their bi-directional
communication with nearby neurones (Caudal et al., 2020; Singh and
Abraham, 2017; Verkhratsky and Nedergaard, 2018; Verkhratsky et al.,
2020).

In principle, functional diversity of glutamatergic signalling in
astroglia is governed by the repertoire of glutamate receptors they ex-
press and spatio-temporal profile of extracellular glutamate concentra-
tion. Astrocytes can be exposed to (i) fast local transients of glutamate
released or spilled out from presynaptic neuronal terminals; (ii) fast
vesicular and slow non-vesicular release of glutamate from glial cells
and (iii) ambient glutamate present in the interstitial space which most
likely originate from incomplete/reversed uptake (Moussawi et al.,
2011; Rose et al., 2017). There are accumulating immunocytochemical
and ultra-structural data of preferential expression of glutamate re-
ceptors in the fine astrocytic processes (Arizono et al., 2014; Hadzic
et al., 2017; Lavialle et al., 2011; Ravikrishnan et al., 2018) which can
make astrocytes responsive to all types of glutamate release. On a
functional level, the responses of astrocytes to the synaptic release of
glutamate activated by stimulation of individual axons in situ or sensory
stimulation in vivo has been reported. The second, autocrine, pathway of
astrocytic glutamatergic signalling might explain the existence of fast
spontaneous TTX-independent AMPAR-mediated currents in cortical
astrocytes (Lalo et al., 2011a) and delayed astrocytic responses to sen-
sory stimulation (Tran et al., 2018). The tonic activation of astroglial
glutamate receptors by ambient glutamate can also be viewed as an
autocrine pathway since astrocytes play a dominant role in the gluta-
mate uptake. Putative tonic activation of mGluR5s and NMDARs can
contribute to the baseline level of cytosolic Ca%* in astrocytes which has
been shown to affect the amplitude of astrocytic Ca%*-transients (King
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et al., 2020). Still, the physiological role for autocrine glutamatergic
signalling in astroglia needs further investigation.

So, a main factor underlying physiological importance of astroglial
glutamate receptors is their ability to detect the excitatory synaptic
activity which makes them instrumental for all types of glia-neuron
communications. From a plethora of reported effects of astroglial
mGluRs and iGluRs (Table 1), two major downstream mechanisms,
common for many brain regions, emerge: (i) Ca%*-dependent release of
gliotransmitters and (ii) Ca%*- and Na™-mediated regulation of astroglial
uptake of glutamate (and thereby glutamate/glutamine cycle). Both
mechanisms can underlie a significant impact of astrocytes on gluta-
matergic signalling in neurons which is discussed below.

3. Astroglia-driven modulation of neuronal glutamatergic
signalling

The glutamatergic glia-to-neuron communication within tripartite
synapse can occur via two main pathways: regulation of glutamate up-
take and metabolism by astrocytes and direct action of astrocyte-
released gliotransmitters, first of all glutamate and p-Serine, on the
postsynaptic glutamate receptors. While importance of former pathway
is well-established and widely accepted, the physiological significance
of the latter is hotly debated (Agulhon et al., 2008; Bazargani and Att-
well, 2016; Papouin et al., 2017b; Petravicz et al., 2008; Savtchouk and
Volterra, 2018). Still, there is growing evidence that both pathways can
be of equal importance and work synergistically underlying role for
astrocytes in brain functions (Araque et al., 2014; Caudal et al., 2020;
Savtchouk and Volterra, 2018; Singh and Abraham, 2017; Verkhratsky
and Nedergaard, 2018).

3.1. Astrocytes as key regulators of extracellular glutamate

Astroglial network is indispensable element of glutamatergic trans-
mission in the brain which regulates the extracellular concentration and
metabolism of glutamate (Peterson and Binder, 2020; Rose et al., 2017;
Verkhratsky and Nedergaard, 2018). This fundamental role for astro-
cytes is underpinned by three main mechanisms: removal of glutamate
from the synaptic cleft allowing to prevent of desensitization of synaptic
AMPA receptors and NMDA receptor-mediated excitotoxicity,
hampering the spill-out of glutamate by the perisynaptic astrocytic
processes and thereby ensuring synaptic isolation and supplying neu-
rons with glutamine, a precursor for glutamate and GABA (Moussawi
et al., 2011; Rose et al., 2017; Verkhratsky and Nedergaard, 2014).

Astrocytes play a main role in clearance of extracellular glutamate by
virtue of expression of high-affinity Na'-dependent transporters
EAAT1/SLC1A6 (or GLAST) and EAAT2/SLC1A2 (or GLT-1) (Peterson
and Binder, 2020; Verkhratsky and Nedergaard, 2018). The EAAT1 ex-
hibits high level of expression in the astroglial cells of cerebellum and
retina, whereas EAAT2 shows a predominant expression in the astro-
cytes in the rest of the brain. Although the EAAT1 and EAAT2 can also be
expressed in neurons, their highest density was found in the perisynaptic
astroglial processes (Verkhratsky and Nedergaard, 2018). The
astrocyte-specific knock-out of EAAT2 caused severe effects, including
cortical tissue abnormalities and fatal seizures, demonstrating the key
role for astrocytes in the glutamate uptake (Peterson and Binder, 2020;
Rose et al., 2017; Verkhratsky and Nedergaard, 2018).

As a counterweight to EAAT-mediated uptake, astrocytes can also
increase the extracellular glutamate concentration through the cys-
teine-glutamate exchanger or system Xc- (SLC7A11) (Moussawi et al.,
2011) and, putatively, via vesicular and non-vesicular Ca%*dependent
release (discussed below in section 3.2). In contrast to the EAAT trans-
porters, the highest density of astrocytic cysteine- glutamate exchangers
is observed in extra-synaptic regions. The interplay between glial uptake
and release leads to the heterogeneity in the baseline concertation of
extracellular glutamate: glutamate is kept at low nanomolar levels in the
synaptic cleft to prevent desensitization of AMPA receptors whereas the
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extrasynaptic regions of neuronal membranes are exposed to low
micromolar concentrations which enable tonic activation of extra-
synaptic mGluR5 and NMDA receptors and modulation of synaptic
plasticity (Moussawi et al., 2011; Rose et al., 2017; Valtcheva and
Venance, 2019). There is a wide consensus across “glial” and “neuronal”
research communities that astrocytes can regulate dynamics of gluta-
mate concentration and, thereby, the amplitude and kinetics of gluta-
matergic postsynaptic responses (Halassa and Haydon, 2010; Marcaggi
and Attwell, 2004; Valtcheva and Venance, 2019; Verkhratsky and
Nedergaard, 2014). Astroglial glutamate uptake has been demonstrated
to decrease the amplitude and decay time of NMDAR-mediated EPSCs in
hippocampus and cerebellum (Arnth-Jensen et al., 2002; Asztely et al.,
1997; Otis et al., 1996; Overstreet et al., 1999). Although AMPA re-
ceptors are deemed to be less sensitive to glutamate uptake due to their
fast desensitization (Asztely et al., 1997; Marcaggi and Attwell, 2004;
Sarantis et al., 1993), the effects of astroglial glutamate transporters on
AMPAR-mediated EPSCs have also been reported in the nucleus magno-
cellularis and cerebellum (Otis et al., 1996; Overstreet et al., 1999).

Capability of astrocytes to control the extracellular distribution of
glutamate is complemented by their pivotal role in the glutamate-
glutamine cycle (Araque et al., 2014; Marcaggi and Attwell, 2004;
Schousboe et al., 2014). Astrocytes are indispensable for maintenance of
glutamatergic transmission because they supply neurons with direct
precursor of glutamate, glutamine. The latter cannot be synthesized in
neurons since the key enzyme, glutamine synthetase, is expressed
exclusively by astrocytes. Glutamate, taken into astrocytes by the EAAT
transporters or synthesized de novo from glucose, is converted into
glutamine by glutamine synthetase (Carmignoto and Haydon, 2012;
Schousboe et al., 2014; Walls et al., 2015). After then, glutamine is
transported to neurons through the coordinated system of
sodium-coupled neutral amino acid transporters (SNATSs). The export of
glutamine from astrocytes is mediated by the SNAT3(SLC38A3) and
SNAT5 (SLC38A5) proteins, whereas its import to neurons relies on
SNAT1(SLC38A1), SNAT2 (SLC38A2) and SNAT4 (SLC38A4) trans-
porters (Scalise et al., 2016; Walls et al., 2015). Combined, these
biochemical mechanisms constitute the glutamate — glutamine shuttle
which is crucial for sustainable glutamatergic synaptic signalling
transmission (Edwards, 2007; Tani et al., 2014; Walls et al., 2015).
Synthesis and release of glutamine by astrocytes can increase in response
to the synaptic release of glutamate; this feedback mechanism relies on
Na™'-dependence of glutamate and glutamine transporters and elevation
of cytosolic Na™ -level in the perisynaptic astroglial processes (Broer
et al., 2004; Todd et al., 2017; Uwechue et al., 2012). The latter could be
provided, most likely, by astroglial glutamate receptors (Rose et al.,
2017; Tani et al., 2014; Verkhratsky et al., 2020; Ziemens et al., 2019).

Owing to high structural plasticity of perisynaptic astrocytic pro-
cesses (Bellesi et al., 2015; Iino et al., 2001; Krzisch et al., 2015; Per-
ez-Alvarez et al., 2014), astroglial modulation of glutamate spillover and
functional isolation of synapses are dynamically regulated (Bellesi et al.,
2015; Benediktsson et al., 2012; Moussawi et al., 2011; Rose et al., 2017;
Valtcheva and Venance, 2019). This can underlie a specific form of
astroglia-driven regulation of synaptic plasticity. In particular, the
Ca?"-impermeable AMPA receptors of Bergmann glial cells were re-
ported to affect the potentiation of glutamatergic transmission in the
cerebellum via regulation of motility of perisynaptic glial processes and
removal of glutamate (lino et al., 2001). Later, the similar mechanism,
but activated by the metabotropic Ca®'-signalling in astrocytes, has
been implicated into astroglia-driven regulation of synaptic meta-
plasticity in the hippocampus and somatosensory cortex (Perez-Alvarez
et al,, 2014). The important role for activity-dependent motility of
astroglia processes and astroglial control of glutamate spillover has been
confirmed again by the data showing that withdrawal of perisynaptic
processes enhances extrasynaptic cross-talk during LTP induction
(Henneberger et al., 2020).

On top of structural plasticity, the co-localisation of glutamate re-
ceptors and transporters in the astroglial processes enables mGluRs and
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NMDARs to modulate surface expression and activity of astroglial
EAATs and SNATs (Lavialle et al., 2011; Peterson and Binder, 2020;
Rose et al., 2017; Umpierre et al., 2019; Ziemens et al., 2019). Com-
bined, the above pathways constitute an important feedback mechanism
of activity-dependent regulation of tripartite synapse. The role for this
feedback loop can be augmented in the pathological context. In partic-
ular, it has been shown recently that expression of mGluR5 in astrocytes
re-emerges in mouse models of temporal lobe epilepsy and selective
knock-out of astrocytic mGluR5 downregulates the glutamate clearance
(Umpierre et al., 2019). Impairment of astrocytic glutamate receptor
-glutamate transporter regulatory cascade has been implicated in many
neurodegenerative and neurological disorders (Kim et al., 2017; Per-
ez-Alvarez and Araque, 2013; Peterson and Binder, 2020).

3.2. Release of glutamate and p-Serine from astrocytes and astrocyte-to-
neuron glutamatergic signalling

A capability of astrocytes to release the glutamate and p-Serine was a
cornerstone of many theories of glia-neuron interaction from early days
of research and still is one of the hotly debated issues in the astroglial
physiology. Arguably, vesicular exocytosis is the most frequently re-
ported pathway of glutamate release from glial cells. Exocytosis is a
universal and evolutionary conserved mechanism of molecular export
by eukaryotic cells and astrocytes possess all necessary components,
such as synaptic-like micro-vesicles, SNARE proteins and vesicular
transporters, including VGLUT1-3 (Martineau et al., 2013; Montana
et al., 2004; Sahlender et al., 2014; Savtchouk and Volterra, 2018).
Microvesicles, containing glutamate or p-Serine, were found in astro-
cytes of several brain areas and their activity-dependent fusion with
astroglial plasma membrane was repeatedly reported (Bezzi et al., 2004;
Marchaland et al., 2008; Martineau et al., 2013; Mothet et al., 2005;
Santello et al., 2011). The large body of evidence showed that activation
of astrocytes produced various effects on glutamatergic transmission in
situ and in vivo, which were inhibited by selective, pharmacological or
genetic, inhibition of astrocytic Ca®"-signalling, SNARE proteins and
vesicular glutamate transporters (Araque et al., 2014; Sahlender et al.,
2014; Verkhratsky and Nedergaard, 2018). Yet, majority of reported
astroglia-driven glutamatergic effects are indirect and typically include
up- and down-regulation of evoked and spontaneous excitatory post-
synaptic currents, increase in neuronal excitability and pre- and post-
synaptic potentiation (Araque et al., 2014; Navarrete et al., 2013; Perea
and Araque, 2007; Perez-Alvarez and Araque, 2013; Savtchouk and
Volterra, 2018).

There are several confounding factors which undermine a putative
physiological significance of “symmetrical” vesicular glutamatergic
transmission from astrocytes to neurons. Due to the differences in the
sub-type composition of SNARE proteins and functional organisation of
exocytosis-triggering Ca?"-microdomains (Sahlender et al., 2014;
Verkhratsky and Nedergaard, 2018) (e.g. lack of clusters of
Ca?"-channels in astrocytes), exocytosis in astrocytes is slower than in
neurons and can develop in a time scale of hundreds of milliseconds after
the onset of Ca®*-elevation (Marchaland et al., 2008; Sahlender et al.,
2014; Santello et al., 2011). The number and spatial clustering of
glutamate-containing vesicles is also different in astrocytes, lacking any
kind of “active zones” where vesicles concentrate (Araque et al., 2014;
Perez-Alvarez and Araque, 2013; Savtchouk and Volterra, 2018). Hence,
in contrast to the synaptic release, the astroglial release of glutamate
would be more broadly distributed in time and space, preferentially
targeting extra-synaptic neuronal membrane (Araque et al., 2014; Sah-
lender et al., 2014).

So, one might expect that activation of Ca?-signalling in astrocytes
would elicit a distinct population of transient transmembrane currents
in neurons which would generally resemble spontaneous miniature
synaptic currents but exhibit a smaller amplitude and slower kinetics
then mEPSCs of synaptic origin, similarly to the neuronal currents
activated by the vesicular release of ATP (Lalo et al., 2014). Since
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astroglial exocytosis would produce a smaller elevation of extracellular
glutamate, very likely at the extra-synaptic location, glutamatergic
currents of astroglial origin should be mediated mainly by the extra-
synaptic NMDA receptors containing GluN2B subunits (Hamilton and
Attwell, 2010; Sahlender et al., 2014). This hypothesis, however, was
not entirely confirmed by the experimental observations.

Ability of astroglial Ca®*-elevation to induce bursts of transient
glutamatergic currents of small amplitude in neurons in situ has not been
demonstrated so far. A feasible explanation for the lack of such obser-
vations could be a small amplitude of putative NMDAR-mediated cur-
rents activated by the release of individual vesicles from astrocytes,
which would put them beyond the threshold of detection. Although
individual events of astroglial exocytosis of glutamate could come un-
detected, it is conceivable that they can build up a baseline tone of
NMDAR-activity in neurons which could explain at least some effects of
astrocytes on synaptic plasticity (Araque et al., 2014; Savtchouk and
Volterra, 2018). So far, the only example of transient glutamatergic
neuronal responses to the activation of neighbouring astrocytes is pro-
vided by the GluN2B-mediated spontaneous slow inward currents (SICs)
of very low frequencies (<2 min’l), which were detected in situ in
several brain regions (Araque et al., 2014; Fiacco and McCarthy, 2018;
Sahlender et al., 2014; Savtchouk and Volterra, 2018).

The biophysical properties of SICs, however, do not allow to un-
equivocally attribute them to the astroglial exocytosis (Fiacco and
McCarthy, 2018; Perez-Alvarez and Araque, 2013; Verkhratsky and
Nedergaard, 2018). Firstly, the NMDAR-mediated SICs exhibit much
large amplitudes (typically >20-50 pA) and much slower rise and decay
times (correspondingly 20-100 ms and 300-1000 ms) than what could
be expected of currents elicited by individual synaptic-like vesicles.
Rather, the currents of such magnitude and kinetics might be activated
by release of a large multivesicular package, which seems not very likely
in astrocytes accordingly to the morphological data (Fiacco and
McCarthy, 2018; Hamilton and Attwell, 2010; Verkhratsky and Neder-
gaard, 2018). Secondly, the frequent failures and variable delays (in
range of 1-20s) in the induction of SICs after astroglial Ca®*elevation
were observed. Finally, glutamatergic SICs might also by explained by
indirect neuron-involving mechanism similar to the somatodendritic
release of glutamate from Purkinje neurons (Duguid et al., 2007). So, the
exact relation of SICs to the astroglial exocytosis is yet to be resolved;
this could be done using similar approaches as in studies of astroglial
ATP release (Lalo et al., 2014).

An alternative route for astroglial secretion of glutamate can be
plasmalemmal ion channels. There is a large transmembrane concen-
tration gradient of glutamate in astrocytes ([Glul; ~0.3 mM, [Glulp
~25 nM) and any pore large enough for glutamate to permeate would
conduct its significant outflux. The most characterized ion channels
capable to conduit glutamate include P2X7 receptors (in dilated state),
connexins, volume-regulated and Ca2+—dependent anion channels; all
these channels have been reported to mediate the release of glutamate
from astrocytes in different physiological context (Fellin et al., 2006;
Hamilton and Attwell, 2010; Takano et al., 2005; Verkhratsky et al.,
2014, 2016; Woo et al., 2012). Importantly, astrocytes can also release
glutamate through the TREK-1 channels, directly activated by the
interaction with G protein py-subunits (Woo et al., 2012). The kinetics of
TREK-1 mediated outflux of glutamate are very close to those ones of
glutamatergic SICs. This pathway of astroglial release can be triggered,
potentially, by various metabotropic receptors including mGluRs.
Glutamate release from astrocytes may also be mediated by the
Ca2+-dependent Bestrofin-1 chloride channels (Woo et al., 2012); this
pathway was shown to activate the NMDA receptors in CA1 pyramidal
neurons and modulate synaptic plasticity (Han et al., 2013; Park et al.,
2015). The cooperation between astroglial exocytosis and
channel-mediated release might explain many idiosyncrasies of gluta-
matergic glia-neuron interactions, yet this notion needs further
investigation.

The issue of putative role for p-serine as gliotransmitter is even more
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complicated. It is widely accepted that p-serine acts as NMDA receptor
co-agonists at excitatory synapses in many brain areas, including hip-
pocampus, amygdala, hypothalamus and neocortex, and thereby is
essential for the variety of cognitive functions. For more than two de-
cades an important role of astrocytes as a powerful source of p-serine
was widely accepted as a central dogma of glia-neuron communications.
This view was based on extensive experimental data, including the
presence of p-serine containing-vesicles in astrocytes (Martineau et al.,
2013; Mothet et al., 2005; Schell et al., 1995), modulation of neuronal
NMDARs induced by activation of astroglial Ca®*-signalling and astro-
glial exocytosis and reliance of astroglia-driven modulation of synaptic
plasticity on p-Serine (Halassa and Haydon, 2010; Henneberger et al.,
2010; Panatier et al., 2006; Shigetomi et al., 2013). The role for
impairment of astroglial release of p-Serine in cognitive deficits and
neurodegenerative diseases has also been suggested (Araque et al.,
2014; Halassa et al., 2007; Halassa and Haydon, 2010; Singh and
Abraham, 2017).

However, this view has been recently scrutinized and an alternative
model being suggested (Wolosker et al., 2016). This model states that,
under physiological conditions, p-Serine is released predominantly by
neurons and role for astrocytes in the p-serine mediated neuro-
modulation is confined to the supply of its obligatory precursor, L-serine,
which cannot be synthesized in neurons. Once again, the question to
what extent neurons and astrocytes act as sources of NMDA receptor
co-agonists, and by what mechanisms co-agonists are released from
either cell-type has become a topic of intense debate. The notion of
predominant role of neurons in release of p-Serine originates mainly
from the data suggesting a high level of expression of serine racemase
(SRR) in neurons rather than astroglia. However, this contradicts to
recent transcriptomic data showing relatively high level of Srr gene
expression in cortical and hippocampal astrocytes (Chai et al., 2017).
There are several other flaws in the “neuronal p-Serine” theory which
have been thoroughly addressed by (Papouin et al., 2017b). One should
note that even the studies, questioning astroglia-specific expression of
serine racemase, do not deny an ability of astrocytes to accumulate
p-serine and a reconciliating theory of cooperation between neuronal
and glial release has been recently proposed (Ivanov and Mothet, 2019;
Papouin et al., 2017b; Savtchouk and Volterra, 2018).

Whatever the intracellular p-Serine concentration is, the relative
contribution of neurons and astrocytes into extracellular p-serine level
will depend mainly on efficiency of neuronal vs glial mechanisms of
release. Release of p-serine from astrocytes can occur via Ca>"-depen-
dent exocytosis, as suggested by work of (Sultan et al., 2015) where
inhibition of vesicular release from astrocytes in transgenic models led
to the impairment of p-Serine-mediated regulation of hippocampal
synapses. Also, Ca>*-dependent exocytosis of p-Serine has been impli-
cated into astroglial response to the state of wakefulness and astroglial
modulation of neuronal NMDA receptors (Papouin et al., 2017a). The
SNARE-dependent exocytosis of p-Serine from neocortical astrocytes has
also been supported by the direct measurements of its extracellular level
with microelectrode biosensors (Lalo et al., 2018; Rasooli-Nejad et al.,
2014). As an alternative pathway of Ca?*-dependent p-Serine release,
one might also suggest large conductance chloride channels (Woo et al.,
2012). These channels have been shown to be permeable to glutamate
(Woo et al., 2012) which has even larger molecular size than p-Serine.

So far, there is a lack direct evidence that neurons possess an efficient
mechanism of release of p-serine (Papouin et al., 2017b). The Asc-1
transporter has been suggested to serve as main pathway of neuronal
release (Wolosker et al., 2016). Compared to vesicular or
channel-mediated release allowing the movement of multiple mole-
cules, transporter, that releases a single molecule per single act of
conformational change, is intrinsically slow. So, one could hardly expect
the putative Asc-1 transporter-mediated release of p-Serine from neu-
rons to be more efficient than Ca®"-dependent release of p-Serine from
astrocytes. This notion is supported by data showing the lack of p-Serine
release from acutely isolated neocortical neurons (Lalo et al., 2018).
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Still, despite an extensive experimental evidence of astrocyte-driven
modulation of neuronal NMDA receptors, there is no definitive proof
that astrocyte-derived glutamate and p-serine play crucial role in higher
brain functions. It also remains elusive what mechanism, vesicular or
channel-mediated, plays predominant role in the release of these glu-
tamatergic agonists from astrocytes.

3.3. Modulation of glutamatergic synapses by other gliotransmitters

Beside the uptake and release of glutamate, the widely acknowl-
edged function of astrocytes is a release of ATP, followed by its further
conversion to adenosine. Astroglia-derived ATP has been implicated into
propagation of glial Ca®"-waves and the significant contribution of ATP
and adenosine to the astroglia-driven modulation of neuronal activity
and sleep homeostasis (Fields and Burnstock, 2006; Gourine et al., 2010;
Halassa et al., 2007, 2009). The variety of molecular mechanisms of ATP
release from astrocytes have been suggested, including exocytosis and
concentration gradient-driven diffusion through the large conductance
channels (Fields and Burnstock, 2006; Halassa et al., 2009; Lalo et al.,
2011c). There is a large body of evidence that release of ATP from as-
trocytes may share common mechanisms of vesicular neurotransmitter
release such as a dependence on the proton gradient and vesicular
transporters, SNARE proteins and intracellular Ca?"-elevation (Araque
et al., 2014; Halassa et al., 2007; Hamilton and Attwell, 2010; Lalo et al.,
2014; Zhang et al., 2007). As a source of Ca>"-elevation, triggering the
astroglial release of ATP, the glutamate and noradrenaline receptors
have been widely reported (Boue-Grabot and Pankratov, 2017).

Neuronal receptors activated by astroglia-derived ATP and adeno-
sine include correspondingly P2X/P2Y1 and A1/A2 receptors. These
receptors activate several downstream cascades which converge to
Ca%*-dependent phosphorylation and regulation of trafficking of the
post-synaptic NMDA and AMPA receptors (Boue-Grabot and Pankratov,
2017). In the framework of glutamatergic tripartite synapse,
astroglia-derived ATP and adenosine were reported to cause
bi-directional modulatory effects. While adenosine causes a suppression
of glutamatergic EPSCs and EPSPs by presynaptic mechanisms (Martin
et al., 2007; Pascual et al., 2005), the well-established effects of ATP
include both enhancement (Gordon et al., 2005; Lalo et al., 2019; Lee
et al, 2013) and down-scaling (Pougnet et al., 2016) of
AMPAR-mediated signalling at postsynaptic loci. The former action oc-
curs mainly via the P2X receptor-triggered PIK3-dependent insertion of
AMPA receptors whereas the latter is wunderlined by the
CaMKII-dependent internalization of AMPAR leading to a P2X
receptor-dependent synaptic depression (Boue-Grabot and Pankratov,
2017; Pougnet et al., 2016). The P2 purinoreceptors can also cause an
alteration of glutamatergic synapse plasticity by inhibiting NMDA
function through the PSD-95/NMDAR complex (Lalo et al., 2016).

Another putative gliotransmitter, which has been recently impli-
cated into regulation of glutamatergic synapses, is brain-derived neu-
rotrophic factor (BDNF). The role for BDNF in the modulation of
glutamatergic synaptic transmission and acute and homeostatic synaptic
plasticity is well-established (Correa et al., 2012; Cowansage et al.,
2010; Lu et al., 2013). There is growing evidence of capability of as-
trocytes to recycle (Vignoli et al., 2016) and release BDNF via
Ca2+-dependent (Stenovec et al., 2016) and mGluR3-dependent mech-
anisms (Durand et al., 2017). Astroglial release of BDNF has been
recently reported to mediate the anti-aging effects of diet and exercise
on the glutamatergic synapses in the neocortex (Lalo et al., 2020). This
result is line with data linking the impairment of astroglial release of
BDNF and age-related neurodegenerative disorders (Durand et al., 2017;
Hong et al., 2016). There are also scattered data on modulation of glu-
tamatergic synapses by the astroglia-released GABA (Kozlov et al., 2006;
Lee et al., 2010b) or TNF-a (Stellwagen and Malenka, 2006).

In summary, astrocytes can strongly affect the glutamatergic syn-
aptic signalling via multiple pathways, from which the most studied and
best-established mechanism is the activity-dependent regulation of
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glutamate uptake. Despite a great effort made and numerous experi-
mental results obtained, the detailed study of roles for astroglia-secreted
transmitters, glutamate and p-Serine remains to be accomplished.
Although the data on purinergic modulation of excitatory synapses are
much less controversial, physiological relevance of this pathway is yet to
be fully understood.

4. Physiological and pathological roles for glutamatergic glia-
neuron interactions

Numerous morphological and functional data suggest that genesis
and maturation of excitatory glutamatergic synapses occurs in the wake
of astrogliogenesis (Eroglu and Barres, 2010; Miller and Gauthier, 2007)
when neuronal developmental shift from massive synapse remodelling
to more confined structural synaptic plasticity coincides with develop-
mental shift in astroglial signalling somatic Ca®*-oscillations to more
localized Ca®*- transients in astrocytic processes (Durkee and Araque,
2019; Khakh and Sofroniew, 2015; Verkhratsky and Nedergaard, 2014).
During this events, astroglial perisynaptic sheath, which covers most
excitatory synapses, is being formed and refined (Eroglu and Barres,
2010; Verkhratsky and Nedergaard, 2014). Across a lifetime, the
astroglial coverage plays many essential roles in the homeostasis,
maintenance, and plasticity of excitatory synapses (Rose et al., 2017;
Valtcheva and Venance, 2019; Verkhratsky and Nedergaard, 2018).
These roles rely on the activity of astroglial glutamate receptors and
transporters. Age- and pathology-related alterations in glutamatergic
communications within tripartite synapse can have both protective and
pathogenic effects in the adult pathological brain (Halassa et al., 2007;
Kim et al., 2017; Peterson and Binder, 2020; Verkhratsky et al., 2016).

4.1. Regulation of synaptic plasticity and cognitive functions

The most intensively studied and hotly debated, and yet mysterious,
function of astrocytes in the brain is the regulation of synaptic plasticity
and, therefore, direct contribution to the information processing. To a
large extent, the notion of putative participation of astrocytes in
cognitive functions, in particular learning and memory, has been based
on their ability to respond to the synaptically released glutamate by
regulating the extracellular glutamate and, thereby, the activity of
synaptic glutamate receptors. Since crucial importance of neuronal
NMDA and AMPA receptors for cognitive functions is universally
recognized, the glutamatergic astrocyte-neuron interactions have been
the centre of attention from early days of research into glial physiology
(Araque et al, 2001; Halassa et al., 2007). Discovery of the
glia-to-neuron transmission, in particular via release of glutamate and
p-Serine (Bezzi et al., 2004; Montana et al., 2004; Panatier et al., 2006;
Schell et al., 1995; Zhang et al., 2004), gave another impetus in search
for significant role of astrocytes in the regulation of various types of
synaptic plasticity.

A substantial experimental effort has been made to verify this notion
in almost all region of the brain using a variety of techniques. The ability
of astroglial uptake of glutamate and astrocyte-derived transmitters to
modulate the strength of excitatory synaptic transmission and diversity
in the mechanisms of this modulation is well-documented (Araque et al.,
2014; Durkee and Araque, 2019; Halassa et al., 2007; Singh and
Abraham, 2017; Verkhratsky and Nedergaard, 2014).

In particular, the activity-dependent regulation of astroglial
morphology and glutamate uptake has been reported to regulated
plasticity of glutamatergic synapses in the cerebellum (Ilino et al., 2001),
hippocampus (Arnth-Jensen et al., 2002; Marcaggi and Attwell, 2004;
Moussawi et al., 2011) and somatosensory cortex (Perez-Alvarez et al.,
2014) suggesting that control of NMDA receptor-dependent synaptic
plasticity by astroglial glutamate could be a ubiquitous phenomenon in
the brain (Valtcheva and Venance, 2019).

In the CA3-CA1 hippocampal excitatory synapses in situ, three sem-
inal works reported different forms of synaptic plasticity which relied on
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astrocytic Ca®*-signalling and SNARE-dependent release of glutamate
(Perea and Araque, 2007), ATP (Pascual et al., 2005) and p-Serine
(Henneberger et al., 2010). While the former work reported the
short-term potentiation dependent on the presynaptic mGluRs (Perea
and Araque, 2007), two other studies were dealing with “classical”
NMDAR-dependent LTP induced by tetanic stimulation of Schaffer col-
laterals. At the same time, astroglial release of glutamate was shown to
mediate the spike-timing-dependent long-term depression (LTD) of
glutamatergic transmission in the neocortical layer IV (Min and Nevian,
2012). Recently, Ca®*-dependent release of ATP/adenosine from as-
trocytes has been reported to underlie the LTD in striatal synapses
(Cavaccini et al., 2020).

These studies also have revealed an overwhelming complexity of
astrocyte-neuron interactions, when release of even single glio-
transmitter, e.g. glutamate, can exert opposing effects on synaptic
transmission in the different spatial and physiological context (Durkee
and Araque, 2019). The purinergic gliotransmitters were also shown to
have bi-directional effects on glutamatergic synaptic transmission and
NMDAR-dependent synaptic plasticity depression (Boue-Grabot and
Pankratov, 2017; Pougnet et al., 2016). In addition, the presence of
functionally different astroglial sub-populations associated to specific
neuronal circuits and ability of astrocytes to release different glio-
transmitters at different sub-cellular locations and in response to the
different stimuli (Chai et al., 2017; Durkee and Araque, 2019; Per-
ez-Alvarez and Araque, 2013; Rusakov et al., 2014) was suggested.

The extent of putative modulatory actions of astrocytes, both on
individual glutamatergic synapses and large neuronal networks,
appeared confusing and, in times, controversial (Agulhon et al., 2008;
Hamilton and Attwell, 2010; Verkhratsky and Nedergaard, 2018).
Moreover, some lines of evidence supporting importance of tripartite
synapses in the synaptic plasticity and cognition, such as role for
astroglial IP3-mediated Ca?*-signalling and Ca?*-dependent glial
exocytosis of glutamate and p-Serine, were scrutinized (Agulhon et al.,
2008; Fiacco and McCarthy, 2018; Petravicz et al., 2008; Wolosker et al.,
2016). Also, it has been argued that many ex vivo studies study synaptic
plasticity in brain slices of juvenile animals with immature astrocytes or
use stimulation protocols which may compromise their metabolic and
homeostatic functions leading to various artifacts in astrocyte-to-neuron
signalling (Fiacco and McCarthy, 2018; Verkhratsky and Nedergaard,
2018). The initial wave of criticism (Agulhon et al., 2008; Hamilton and
Attwell, 2010; Petravicz et al., 2008) was followed by a significant effort
to reconcile available data and explain the apparent controversies
(Bazargani and Attwell, 2016; Caudal et al., 2020; Durkee and Araque,
2019; Papouin et al., 2017b; Savtchouk and Volterra, 2018; Verkhratsky
et al., 2020). Importantly, ability of astroglial glutamate receptors to
monitor the activity of surrounding synapses and capability of astrocytes
of activity-dependent regulation of glutamate uptake have never been
opposed (Rose et al., 2017; Valtcheva and Venance, 2019; Verkhratsky
and Nedergaard, 2018). Furthermore, these important functional fea-
tures of astrocytes provide the basis for various models of astrocytes as
integrators of neuronal information and regulators of synaptic homeo-
stasis (Araque et al., 2014; Caudal et al., 2020; Durkee and Araque,
2019).

Apart from the modulation of short- and long-term synaptic plas-
ticity, there is scattered evidence that process of learning is associated
with structural and functional alterations with tripartite synapse. For
instance, environmental enrichment has been shown to increase the
astroglial synaptic coverage (Jones and Greenough, 1996; Rodriguez
et al., 2013), which could lead to enhancement of glial uptake of
glutamate, and to the enhancement of gliotransmitter release and
astrocyte-driven modulation of excitatory synaptic transmission (Lalo
etal., 2018, 2020). The astroglial exocytosis of ATP has been reported to
down-regulate the NMDA receptors via PSD95 multiprotein complex
(Lalo et al., 2016) and the impairment of this pathway was previously
implicated into learning deficits (Migaud et al., 1998). Also, motor skill
learning (Anderson et al., 1994) has been linked to the positive effect of
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hypertrophic astrocytes on synaptogenesis. Yet, these studies have not
explored the causative role of astrocytes. So far, just a few studies have
directly approached the role of glutamatergic tripartite synapse in
learning and memory in vivo and some of these studies have brought
controversial results (Caudal et al., 2020; Durkee and Araque, 2019;
Fiacco and McCarthy, 2018; Verkhratsky and Nedergaard, 2018). So,
direct participation of astroglial glutamate receptors and
astroglia-driven glutamate in the complex cognitive functions or assis-
tance to these functions via metabolic support remains an open question
(Savtchouk and Volterra, 2018; Verkhratsky and Nedergaard, 2018).
Further work, combining electrophysiological recordings in individual
synapses and high-resolution fluorescent imaging in astrocytes
expressing genetically-encoded Ca?*- and cAMP-sensing proteins with
behavioural studies and computer modelling, is needed to fully under-
stand the relevance of tripartite synapse for cognitive function.

4.2. Roles in brain pathologies

It is widely accepted that impairment of astroglia-dependent gluta-
mate homeostasis is a prerequisite for excitotoxic damage of brain tissue
(Peterson and Binder, 2020; Planas-Fontanez et al., 2020). The aberrant
glutamate uptake and excessive release from astrocytes have been
repeatedly implicated in the pathogenicity of wide range of diseases,
including ischemia, epilepsy, multiple sclerosis, Alzheimer’s and Hun-
tington diseases (Peters et al., 2009; Peterson and Binder, 2020;
Verkhratsky et al., 2016). Due to key importance of glutamate uptake
and glutamate/glutamine cycle for maintenance and plasticity of syn-
aptic transmission (Edwards, 2007; Scalise et al., 2016; Schousboe et al.,
2014; Valtcheva and Venance, 2019), their malfunction can lead to
cognitive deficits. Indeed, downregulation of the expression and/or
function of astroglial EAAT1, EAAT2 and SNAT transporters have been
linked to epilepsy, ALS, schizophrenia, mood and anxiety disorders,
Alzheimer’s disease and addictive behaviour (Domingues et al., 2010;
Lauriat and McInnes, 2007; Proper et al., 2002; Rothstein et al., 1995;
Scofield, 2018; Verkhratsky and Parpura, 2016).

In response to immunological and biochemical challenges or brain
injury, astrocytes can significantly alter their morphology and functions,
becoming reactive astrocytes (Peterson and Binder, 2020; Pla-
nas-Fontanez et al., 2020; Verkhratsky and Parpura, 2016). Although
effects caused by reactive astrocytes in neighbouring cells are complex
and vary under different pathological situations, their neuroprotective
action has been widely reported (Scalise et al., 2016; Walls et al., 2015).
Regarding glutamatergic signalling and excitotoxicity, changes in the
expression of mGluRs and iGluRs appear to be a typical reaction of as-
trocytes to various insults of central nervous system (Table 2). An
important component of homeostatic response of astroglia, reported
both in the model animals and human patients, is an increase in the
expression and activity of mGluRs (Aronica et al., 2001; Geurts et al.,
2003; Martorana et al., 2012; Planas-Fontanez et al., 2020; Umpierre
et al., 2019). The neuroprotective effects caused by the activation of
Group I and II receptors in reactive astrocytes include the enhancement
of glutamate uptake (Battaglia et al., 2015; Peterson and Binder, 2020;
Planas-Fontanez et al., 2020; Verkhratsky and Parpura, 2016) and
release of glial neurotrophic factors, such as BDNF (Durand et al., 2017),
glial-derived neurotrophic factor (Battaglia et al., 2015), and TGF-f
(Planas-Fontanez et al., 2020; Spampinato et al., 2014). However, an
excessive activation of mGluR5s followed by aberrant Ca?*-signalling
can also induce apoptosis in astrocytes (Martorana et al., 2012; Rossi
et al., 2008) leading to detrimental consequences to neurons devoid of
astroglial support. Although enhanced activity or overexpression
mGIluR5 receptors in the astrocytes were reported to contribute to the
pathogenesis of epilepsy (Ding et al., 2007) and Fragile X Syndrome
(Dolen and Bear, 2008), more recent data showed that overexpression of
astrocytic mGluR5 could be induced by excessive neuronal activity as a
compensatory mechanism (Umpierre et al., 2019). So, astroglial mGluRs
can play both positive and negative roles in the defence mechanisms
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Table 2

Roles for (astro)glial glutamate receptors in brain pathologies.
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Receptor

Cell type/location

Species age

Disease/
pathological
condition

Change in
expression or
activity

Effects and underlying mechanisms

Reference:

mGluR3

mGluR3

mGluR4

mGluR5

mGluR5

mGluR5

NMDAR

NMDAR

AMPA
(GluAl)
AMPA
(GluA2)

Hippocampal
astrocytes in
culture and in situ

Spinal cord
astrocytes in vivo
and in culture

Cortical astrocytes
in situ and in
culture

Spinal cord
astrocytes

Hippocampal
astrocytes

Hippocampal
astrocytes

Cortical astrocytes
in situ and in vivo

Hippocampal
astrocytes in
culture

Spinal cord
astrocytes

Mouse AD model (PDAPP-
J20)

ALS model mice (SOD1%9%4)
mGluR3-KO mice

MS model mice (EAE mice)

ALS model mice (SOD1%9%4)

Adult mice (3-6 weeks)

Adult mice (8-14 weeks)

Adult mice, model of focal
cerebral ischemia

Mice

Adult rats

Alzheimer’s
Disease

Amyotrophic
Lateral
Sclerosis

Multiple
sclerosis
Ischemia

Amyotrophic
Lateral
Sclerosis

Epilepsy

Epilepsy

Ischemia

Alzheimer’s
Disease

Ischemia

!

"

"

"

"

"

12

The mGlu3R expression was reduced in
hippocampal astrocytes from PDAPP-J20 mice.
Selective activation of mGlu3R by LY379268
exerted neuroprotective effects in contrast to
selective activation of mGluR2 which had
neurotoxic effects. Neuroprotective activity of
LY379268 was abolished in the wild-type
neurons cultured with mGIuR3-lacking
astrocytes lacking mGlu3 receptors. Astrocytic
mGlu3Rs mediate protection against Ap
neurotoxicity via the release of sAPPalpha and
BDNF and activation of amyloid clearance from
extracellular space by glia-meditated
phagocytosis.

Treatment of SOD1G93A mice with mGluR3
agonist LY379268 enhanced astrocytic
expression of GLT-1 and release of GDNF. Effect
of LY379268 was abolished in the mGluR3-KO
mice.

Stimulation of mGluR4 receptors reduced
neuroinflammation in the EAE mice whereas
knockout of mGluR4 exacerbated the EAE
clinical symptoms. Astroglial mGluR4 receptors
(contrary to microglia) mediate survival of
oligodendrocytes under conditions of
excitotoxicity and inflammation, most likely by
activating the release of TGF-f.

Upregulation of astrocytic mGluR5-mediated
signalling led to degeneration of astrocytes,
followed by impairment of glutamate uptake,
excitotoxic damage and degeneration of
neurons. Blocking mGIuR5 in vivo slowed down
the degeneration of astrocytes and delayed the
onset of the disease.

The mGluR5-mediated Ca®" signalling increased
in astrocytes within 3 days during status
epilepticus and contributed to cell death in the
hippocampus. Selective loading of Ca®*-
chelators in astrocytes ex vivo after status
epilepticus had neuroprotective action.
Inhibition of mGIuRS5 in vivo (not cell-type
specific) also produced neuroprotective effects.
The expression and activity of mGluR5 in
astrocytes increased 3 days after the status
epilepticus, most likely as a compensatory
mechanism since mGluR5-expressing astrocytes
exhibited enhanced glutamate uptake.
Conditional knock-out of mGIuR5 in astrocytes
slowed down the glutamate clearance.
Expression of GluN1, Glu2D and GluN3A
subunits in astrocytes increased considerably
after the focal ischemia. At the same time the
glutamate-activated astrocytic Ca®*-signalling
decreased due to enhanced expression of
GluN3A, suggesting a compensatory cell
protective effect of alterations in NMDAR
expression.

Chronic treatment with Ap increased the
expression of GluN2A and GluN2B NMDAR
subunits in hippocampal astrocytes. However,
changes in NMDAR expression had
synaptoprotective effect, since pre-treatment of
astrocytes with NMDAR antagonists MK-801 or
CGP39551 exacerbate the Ap-induced loss of
PSD95 and synaptophysin. The
synaptoprotective effect of was most mediated
by astrocytic NMDAR-induced synthesis of nerve
growth factor p (B-NGF).

The GluA1 subunit overexpression, accompanied
by decreased GluA2 expression, was observed in
the reactive astrocytes following experimental
ischaemic spinal cord injury. The alterations in

(Caraci et al.,
2011; Durand
et al., 2017)

Battaglia et al.
(2015)

(Besong et al.,
2002; Spampinato
et al., 2014)

(Rossi et al., 2008;
Vergouts et al.,
2018)

Ding et al. (2007)

Umpierre et al.
(2019)

Dzamba et al.
(2015)

Li et al. (2016)

(Hefferan et al.,
2007; Oshiro
et al., 2010)

(continued on next page)
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Table 2 (continued)
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Disease/
pathological
condition

Receptor Cell type/location Species age

Change in

Effects and underlying mechanisms Reference:

expression or
activity

AMPA
(GluA2
subunit)

Mouse MS model
(experimental autoimmune
encephalomyelitis, EAE)

Multiple
sclerosis

Spinal cord
astrocytes

Mood
disorders
Excitotoxicity

KA (GluK2 Adult mice

subunit)

Cortical astrocytes
in culture and in
vivo

expression of astrocytic AMPA receptors
potentiated clinical signs of spasticity and
rigidity, most likely via excitotoxic neuronal
damage caused by secondary release of
glutamate from astrocytes. Intrathecal or
systemic treatment of animals with the selective
AMPA receptor antagonist NGX424 ameliorated
the ischemia-induced spasticity, very likely via
inhibiting astrocytic Ca®"-signalling.

In reactive astrocytes, GluA2 subunit interacted
with glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), enzyme of glycolysis
metabolic pathway, recently implicated in
initiation of apoptosis.

Formation of GluA2-GADPH complex led to
internalization of astrocytic AMPA receptors,
causing deleterious effects on morphology and
mitochondrial function of astrocytes, most likely
via disrupting actin filament organisation and
Ca?*-dependent phosphorylation. Abnormal
levels of GluA2-GADPH complex were associated
with MS-related neurodegeneration both in the
mouse models and human patients.
Overexpression and overactivation of astrocytic
GluK2 receptors has been linked to Bipolar
disorder and mood disorders. Most likely
mechanism of GluK2-mediated excitotoxic cell
damage is up-regulation of ERK
phosphorylation. Chronic treatment of
astrocytes, both in culture and in vivo, with the
mood-stabilizing drugs (Li*, carbamazepine or
valproate) reduced the expression of GluK2
subunit and the glutamate-induced ERK
phosphorylation.

Lee et al. (2018)

Li et al. (2009)

against brain injuries and pharmacological manipulation of these re-
ceptors has been suggested as perspective therapeutic strategy, at least
in some disease conditions (Planas-Fontanez et al., 2020; Verkhratsky
et al., 2016).

Apart from the metabotropic glutamate receptors, response of as-
trocytes to brain pathologies also involves changes in expression of
AMPA, KA and NMDA receptors (Cervetto et al., 2016; Hoogland et al.,
2009; Peters et al., 2009; Rusnakova et al., 2013). Although potential
contribution of Ca?* -permeable astroglial AMPA and NMDA receptors
to the aberrant elevation of cytosolic Ca®" leading to apoptotic cell
death and spreading of “vicious cycle” of excitotoxicity has been pro-
posed (Ceprian and Fulton, 2019; Singh and Abraham, 2017; Verkh-
ratsky and Parpura, 2016), their causative role in brain insults is yet to
be verified. At the same time, changes in the expression and activity of
astrocytic NMDARs and AMPARs were reported to have neuroprotective
effects (Table 2) underlined by several mechanisms including
down-regulation of astrocytic Ca%*-signalling due to over-expression of
GIuN3A and GluA1 subunits (Dzamba et al., 2015; Hefferan et al., 2007),
release of neurotrophic factors (Li et al., 2016) and modulation of
glutamate uptake (Peterson and Binder, 2020; Rose et al., 2017;
Verkhratsky and Nedergaard, 2018). Also, the Ca®*-influx via NMDA
receptors in the astrocytic endfeet have been implicated in the regula-
tion of neurovascular coupling. This could underlie a potential role of
astroglial NMDARs in diseases associated with impairment of brain
metabolism, such as diabetes or vascular dementia. Still, the data on
pathological connection of glial NMDAR receptors are scarce and related
mainly to oligodendrocytes, which were shown to mediate white matter
damage under ischaemic conditions (Karadottir et al., 2005; Salter and
Fern, 2005).

In addition to modulation of structural plasticity of astrocytic pro-
cesses and glutamate/glutamine cycle, astroglial mGluRs and NMDARs
were shown to trigger the release of ATP (Cavaccini et al., 2020; Lalo
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et al., 2014; Letellier et al., 2016). The latter is widely acknowledged to
serve as a ‘“danger signal” in the brain; the important role for
ATP-mediated signalling in various brain pathologies is universally
recognized and extensively reviewed elsewhere, e.g. (Rodrigues et al.,
2015; Verkhratsky et al., 2014). The putative role for ATP/Ado released
by reactive astrocytes remains elusive. As for the astroglial-driven
glutamate and p-Serine, their roles in brain diseases were frequently
proposed in many thematic reviews (Halassa and Haydon, 2010; Pla-
nas-Fontanez et al., 2020; Singh and Abraham, 2017; Verkhratsky et al.,
2016). Still, we think that detailed discussion of pathological implica-
tions of these gliotransmitters should be postponed until controversies
about their physiological relevance are resolved.

4.3. Astrocytic glutamate receptors as perspective pharmacological targets

Involvement of glutamatergic signalling and glutamate homeostasis
in variety of physiological functions and pathological processes un-
derpins a great interest to development of therapeutic agents targeting
glutamate receptors and transporters. The efficacy of mGluR and
NMDAR ligands in treatment of various pathologies, such as depression,
chronic pain, epilepsy, Parkinson’s disease and drug addiction has been
verified in numerous pre-clinical studies (Durand et al., 2013; Panatier
and Robitaille, 2016; Peterson and Binder, 2020; Planas-Fontanez et al.,
2020; Verkhratsky et al., 2014, 2016). Still, usage of glutamatergic
compounds in clinical practice is hampered by various side-effects of
different severity which originate from ubiquity of glutamate receptors
and complexity of glutamatergic signalling in central and peripheral
nervous systems (Durand et al., 2013; Niswender and Conn, 2010;
Peterson and Binder, 2020; Planas-Fontanez et al., 2020). Most previous
research and reported findings in the field were focused on neuronal
glutamate receptors and contribution of astrocytes into complexity of
glutamatergic interactions was underestimated. More recent data,
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however, suggested that communications within the tripartite synapse
could underlie both beneficial and adverse effects of modulators of
glutamate transporters and receptors (Liu et al., 2017; Peterson and
Binder, 2020; Planas-Fontanez et al., 2020; Verkhratsky et al., 2016).
There is growing evidence that in many neurodegenerative diseases
genetic and biochemical alterations in glial cells can precede or even
cause pathological changes in neuronal function (Liu et al., 2017; Singh
and Abraham, 2017; Soreq et al., 2017; Verkhratsky and Parpura, 2016).
So, usage of astroglia-targeting compounds which could enhance ho-
meostatic and neuroprotective function of astrocytes without negative
side-effects on synaptic signalling has been widely suggested as a
perspective therapeutic approach to brain dysfunction (Liu et al., 2017;
Planas-Fontanez et al., 2020; Verkhratsky and Parpura, 2016; Verkh-
ratsky et al., 2016).

Research in this area is still in its infancy and a main obstacle to
overcome is entanglement of astrocytic and synaptic signalling medi-
ated by metabotropic and ionotropic glutamate receptors (Table 3).
Theoretically speaking, one might expect astrocyte-specific therapeutic
effects of glutamate receptor ligands under certain, not mutually
excluding, conditions: (i) preferential expression of certain types of
mGluRs and/or iGluRs in reactive astrocytes in brain tissue affected by
pathology, (ii) predominant role for astroglial glutamate receptors in
physiological/pathological mechanisms involved and (iii) specific
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action of drug on receptors selectively expressed by astrocytes. Inter-
estingly, several works highlighted a stark contrast between specific
neuroprotective action of astrocytic mGluR3 receptors and neurotoxic
action of neuronal mGluR2 receptors (Caraci et al., 2011; Corti et al.,
2007; Durand et al., 2013). This goes in line with preferential increase of
mGluR3 expression in reactive astrocytes in the brain and spinal cord of
rodent models and human patients in contrast to mGluR1, predomi-
nantly expressed in neurons, and mGluR5, represented both in neurons
and glial cells (Aronica et al., 2001; Durand et al., 2013; Geurts et al.,
2003; Planas-Fontanez et al., 2020). Thus, astroglial mGlu3R seems to
be a perspective therapeutic target for treatment of neurodegenerative
and psychiatric disorders (Battaglia et al., 2015; Planas-Fontanez et al.,
2020). Selective activation of astroglial mGluR3 receptors by LY379268
and NAAG has been reported to exert neuroprotective effect against
glutamate excitotoxicity and Ap-induced neuro-degeneration (Battaglia
et al., 2015; Caraci et al., 2011; Durand et al., 2013, 2017); LY379268
can also protect astrocytes against oxidative stress (Durand et al., 2013).
In contrast to mGluR3, astrocytic mGluR5 receptors play mainly
pro-pathogenic roles (Table 2) and administration of their specific an-
tagonists, such as MPEP, exhibited neuroprotective effects in models of
epilepsy and ALS (Peterson and Binder, 2020; Planas-Fontanez et al.,
2020; Rossi et al., 2008). A suitability of mGluR5-ligands as
astrocyte-targeting drugs is undermined, however, by their potential

Table 3
Perspective pharmacological agents modulating astroglial glutamatergic signalling.
Targeted  Drug Action EC50 or Astrocyte Notes Reference
Receptor IC50 specificity
mGluR1 (S)-3,5-DHPG Group I 6-10 No Does not discriminate between mGluR1 and mGIuR5 Niswender and Conn (2010)
selective pM specificity
agonist
mGluR1 LY367385 mGluR1 8.8 uM Weak In the pathological context, may preferentially affect ~ (Aoki et al., 2019; Niswender and Conn,
LY 456236 selective 143 nM specificity astrocytes due to dramatic increase in mGluR1 2010; Sukigara et al., 2014; Wang et al.,
antagonists expression 2006)
mGluR1 Ro 01-6128 mGluR1 104 nM
Ro 67-7476 selective 60 nM
PAMs
mGluR3 LY 379268 Group II 4.5-5 Moderate Drug does not discriminate between mGluR2 and (Caraci et al., 2011; Corti et al., 2007;
selective nM mGluR3. In the adult brain, mGluR2 is expressed Durand et al., 2013; Geurts et al., 2003;
agonist predominantly in neurons, while mGIuR3 expression ~ Planas-Fontanez et al., 2020)
is high in reactive astrocytes.
mGluR3 NAAG (N-acetyl-  Endogenous 10-50 High Affinity for mGluR3 is much higher than for other Durand et al. (2013)
aspartyl- agonist pM mGluRs, so action of NAAG may be highly specific
glutamate) for reactive astrocytes
mGluR3 LY 541850 Antagonists for ~300 High One can expect opposing effects of these drugs in (Durand et al., 2013; Hanna et al., 2013;
LY 395756 mGIuR3 nM astrocytes and neurons Niswender and Conn, 2010)
Agonists for
mGluR2
mGIluR5 (S)-3,5-DHPG Group I 2-2.5 No Does not discriminate between mGluR1 and mGIluR5 Niswender and Conn (2010)
selective pM specificity
agonist
mGIuR5 CDPPB mGluR5 10-20 Weak In the pathological context, may preferentially affect ~ (Aoki et al., 2019; Geurts et al., 2003;
VU 0360172 highly selective ~ nM reactive astrocytes (as opposed to neurons) due to Niswender and Conn, 2010; Rossi et al.,
VU 0409551 PAM 16 nM mGluR5 overexpression 2008; Umpierre et al., 2019; Vergouts
260 nM etal., 2018)
mGluR5 MPEP mGluR5 36 nM
MTEP selective 10 nM
antagonists
mGluR5 Fenobam mGluR5 87 nM
selective
NAM
NMDAR UBP141 GluN2C/D 2.3 M Moderate to  These drugs affect astroglial receptors with much (Kotermanski and Johnson, 2009; Palygin
NMDAR memantine subunit-specific 2.2 uM High higher affinity than GIJuN2A/B-containing receptors et al., 2011)
antagonists (main neuronal NMDARs)
Also, at therapeutic concentrations (0.1-0.5 pM),
memantine would predominantly affect GluN2C/D-
containing astrocytic NMDARs
EAAT1/ Riluzole Positive ~10 yM  Moderate Enhances activity and upregulates gene expression (Fumagalli et al., 2008; Liu et al., 2017;
2 modulator membrane trafficking of astroglial Glu transporters. Peterson and Binder, 2020)

Also inhibits release of glutamate, uptake of GABA,
voltage-gate Na-channels and TRPC5 channels. Toxic
in high concentrations (>100 pM)
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side-effects on synaptic transmission mediated by pre-synaptic mGIluR5
receptors (Panatier and Robitaille, 2016; Planas-Fontanez et al., 2020).

Another interesting example of pharmacological specificity is pro-
vided by astrocytic NMDARs, which, due to their peculiar subunit
composition, exhibit much higher sensitivity to GluNR2C/D subunit-
selective antagonist UBP141 than neuronal receptors (Palygin et al.,
2011). At physiological concentrations of extracellular Mg?*, astrocytic
NMDARs also show almost 7-fold higher affinity to the NMDAR antag-
onist memantine than neuronal GluN2A/B-containing receptors (Paly-
gin et al., 2011). Hence, it is possible that inhibition of astrocytic
NMDARSs contributes to the therapeutic effects of memantine, especially
at lower dosage. Potentially, astrocytic NMDAR can be highly sensitive
to the GluN3 subunit-specific ligands. Yet, pharmacological properties
and therapeutic effects of astroglial NMDAR remain largely unexplored.

Astrocytic glutamate transporters, which have been implicated in
various pathologies linked to the neurotoxic effects of high concentra-
tion of glutamate (Ceprian and Fulton, 2019; Peterson and Binder, 2020;
Singh and Abraham, 2017), also gain attention as perspective targets for
glutamatergic therapeutic agents. Here, “astroglial specificity” of ther-
apeutic action can arise from preferential expression of EAAT2 in as-
trocytes. The drugs up-regulating the expression of EAAT2, such as
riluzole and ceftriaxone, showed beneficial effects, resulted from
reduction of glutamate excitotoxicity, in animal models of Parkinson’s
Disease, ischemia, epilepsy, ALS and multiple sclerosis (Liu et al., 2017;
Peterson and Binder, 2020; Planas-Fontanez et al., 2020). However, the
therapeutic efficiency of riluzole and ceftriaxone in clinical trials of ALS
and multiple sclerosis was not particularly high, which could be
attributed to their side-effects on other signalling systems (De Angelis
et al., 2020; Liu et al., 2017). The pre-clinical trials of ceftriaxone also
revealed some adverse effects on synaptic plasticity and memory
(Peterson and Binder, 2020). Relevance of these effects to the
up-regulation of astroglial glutamate uptake is yet to be established.

Taken together, the available data on physiological and pathological
aspects of glutamatergic tripartite synapse suggest good therapeutic
perspectives for astrocyte-targeting drugs. However, further research, in
particular in the cell type-specific KO mice and human astrocytes, is
needed to harness this potential and translate data obtained in cell
cultures and mouse models to clinical setting.

5. Summary

With discovery of multitude of effects exerted by synaptically-
released glutamate on astrocytes and pathways of astroglial-driven
modulation of extracellular levels of glutamate and activity of gluta-
mate receptors, it becomes increasingly evident that astroglial element
is inseparable from glutamatergic synapses. The role for glutamatergic
astrocyte-neuron interactions in the brain computation is just starting to
emerge. Although the mechanistic details and spatial dynamics of this
interaction require further investigation, one can highlight two features
common for many brain regions: (i) astrocytes often act as integrators of
synaptic and metabolic signals and (ii) astrocytic perisynaptic processes
can receive input from neurons and respond by rapid morphological
alterations which in turn affect function of individual glutamatergic
synapses. Astroglial glutamate receptors are instrumental for the inte-
grative role of astrocytes due to their capability to regulate activity and
surface expression of glutamate and glutamine transporters. Their
preferential location to the astrocytic perisynaptic processes can facili-
tate an intimate interaction of astrocytes with a single synapse. Com-
bination of the diffuse and localized communications between
astrocytes and glutamatergic synapses enables spatially distributed and
diverse modulation of neuronal firing thus contributing to the enrich-
ment of information processing. Still, further experimental and theo-
retical work is needed to bridge the substantial gaps in our
understanding of computational function of tripartite synapses and its
relevance for cognitive functions.

An importance of the astroglial element for the homeostatic and
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pathological alterations in the tripartite glutamatergic synapse is less
controversial. A growing interest to the pathological aspects of gluta-
matergic astrocyte-neuron communications is based on the well-
documented pivotal role for the glutamate uptake in the mechanisms
of excitotoxicity and more recent data on alterations in the functional
expression of glutamate receptors in reactive astrocytes. Yet, despite
substantial descriptive work implicating the astroglial glutamate re-
ceptors and transporters in various neurological and neurodegenerative
diseases, it is still unclear whether aging- and pathology-related changes
in glutamatergic astroglial signalling has a neuroprotective or patho-
genic role. Hopefully, recent advances in the optogenetic techniques and
astrocyte-specific transgenic animals will help to answer this question
and fully uncover therapeutic potential of astroglial glutamate
receptors.
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