Received: 6 February 2020

Revised: 9 June 2020

Accepted: 3 July 2020

DOI: 10.1111/ejn.14900

SPECIAL ISSUE REVIEW

EJN Eiropean)JoumnalloiNeurosaiencel | FENS WILEY

Astrocytic-neuronal crosstalk gets jammed: Alternative
perspectives on the onset of neuropsychiatric disorders

Celia Roman'

1Department of Psychiatry and
Psychotherapy, University of Regensburg,
Regensburg, Germany

2Regensburg Center of Neuroscience,
University of Regensburg, Regensburg,
Germany

Correspondence

Barbara Di Benedetto, Department of
Psychiatry and Psychotherapy, University of
Regensburg, Franz-Josef-Straufl Allee 11,
93053 Regensburg, Germany.

Email: Barbara.Di-Benedetto @ukr.de

Funding information

Deutsche Forschungsgemeinschaft, Grant/
Award Number: GRK2174 ; Department of
Psychiatry and Psychotherapy, University of
Regensburg

1 | INTRODUCTION

Among all glia cells, astrocytes represent a highly hetero-
geneous class of neural cells of neuroectodermal origin.
They can be classified into two major groups: protoplasmic
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Abstract

Investigating interactions of glia cells and synapses during development and in adult-
hood is the focus of several research programmes which aim at understanding the
neurobiology of brain physiological and pathological processes. Both glia-specific
released and membrane-bound proteins play essential roles in the development,
maintenance and functionality of synaptic connections. Alterations in synaptic con-
tacts in specific brain areas are hallmarks of several brain diseases, such as major
depressive disorder, autism spectrum disorder and schizophrenia. Thus, a deeper
knowledge about putative astrocyte dysfunctions which might affect the synaptic
compartment is warranted to improve treatment options. Here, we present the latest
advances about the role of glia cells in orchestrating the arrangement of synapses and
neuronal networks in physiological and pathological states. We specifically focus on
the role of astrocytes in the phagocytosis of neuronal synapses as a novel mechanism
which drives the refinement of neuronal circuits and might be affected in pathologi-
cal conditions. Finally, we propose this astrocyte-dependent mechanism as a puta-
tive alternative target of pharmacological interventions for the treatment of brain
disorders.
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astrocytes, whose processes ensheath synapses and blood ves-
sels in the grey matter, and fibrous astrocytes, which contact
nodes of Ranvier and blood vessels in the white matter (for a
review, see Tabata, 2015). The revolutionary realization that
astrocytes are not only necessary for neuronal support, but
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actively contribute to synaptic formation and function, led to
an increased scientific interest in these cells (for review see
Perea, Navarrete, & Araque, 2009).

The bidirectional communication between astrocytes and
neurons which modulates synaptic structure and plasticity
is enabled by the close spatial association between the pe-
ripheral astrocyte processes and neuronal synaptic contacts
to form the so-called “tripartite synapse” (Araque, Parpura,
Sanzgiri, & Haydon, 1999; Perea et al., 2009). Synapses are
highly dynamic structures, which can be rapidly modified
upon neuronal activity. Dendritic spines undergo activity-de-
pendent structural remodelling as a result of experience-de-
pendent plasticity events, especially important for the
induction and maintenance of long-term potentiation (LTP),
the cellular correlate of learning and memory (Murakoshi &
Yasuda, 2012). The importance of a balanced synaptic activ-
ity becomes evident when considering that synaptic impair-
ments have been ascribed to various psychiatric pathologies.
Astrocytes actively influence synaptic properties through an
array of secreted and contact-dependent signals. Therefore,
the hypothesis that an altered astrocytic-neuronal crosstalk
may contribute to synaptic malfunctions and thereby trig-
ger the onset of brain disorders is gaining an increasing bio-
medical relevance (Chung, Welsh, Barres, & Stevens, 2015;
Di Benedetto, Rupprecht, & Czéh, 2013). Furthermore, the
targeting of molecules and pathways by which astrocytes in-
fluence synapses may represent an alternative and/or com-
plementary therapeutic approach to improve the treatment
of psychiatric disorders (Czéh & Di Benedetto, 2013; Di
Benedetto et al., 2013).

Here, we review the main mechanisms used by astrocytes
to modulate synaptic formation and functions. Furthermore,
we discuss in more details some of those mechanisms and
how they relate to psychiatric disorders, with particular em-
phasis on depression, autism spectrum disorder and schizo-
phrenia. Finally, we propose alternative paths which may be
relevant for the treatment of such disorders.

2 | INFLUENCE OF ASTROCYTIC-
RELEASED MOLECULES ON
SYNAPTIC REMODELLING

The first evidence which suggested that glia cells, and spe-
cifically astrocytes, may influence synaptic formation/degra-
dation/function was based on the observation that astrocytes
and most of the synapses simultaneously mature during the
early stages of postnatal brain development, a very delicate
time span also known as “sensitive” or “critical” period. This
dynamic interval of synapse development and refinement in
the postnatal brain under the control of glia cells is crucial for
a physiological neuronal circuit formation (Farhy-Tselnicker
& Allen, 2018).

Initial in vitro experiments of cultured neurons grown
either in direct contact with astrocytes or with astrocyte
conditioned media revealed a remarkable increase in syn-
aptic numbers and activity with respect to neurons grown
alone. These results suggested an essential role of both con-
tact- and soluble factors-mediated effects for a proper syn-
apse formation and maturation (Allen et al., 2012; Barker &
Ullian, 2008). Several early studies suggest that alterations
in the contribution of these mechanisms to synaptogenesis
and subsequent activation of different intracellular signalling
pathways vary across neuronal populations (Barker, Koch,
Reed, Barres, & Ullian, 2008; Hama, Hara, Yamaguchi, &
Miyawaki, 2004; Mauch et al., 2001; Ullian, Sapperstein,
Christopherson, Barres, & Barde, 2001). A recent excel-
lent example of an astrocyte contact-mediated synaptogenic
mechanism is represented by the interaction between the as-
trocytic neuroligin and neuronal neurexin during astrocyte—
neuron adhesion processes, which leads to a local regulation
of synapse development (Singh et al., 2016; Stogsdill et al.,
2017).

Beyond contact-mediated mechanisms, the synchroniza-
tion of astrocyte and synapse development, which supports
the successful regulation of postnatal neuronal network re-
finement, is additionally facilitated by a tightly controlled
chronological expression of various soluble synaptogenic
factors. Astrocytes control excitatory synapse formation/
function in three major ways described so far (reviewed in
Barker & Ullian, 2008; Chung, Allen, & Eroglu, 2015). First,
astrocytic thrombospondins increase the number of synapses,
which exhibit a normal morphology, but are silent, since they
express N-methyl-p-aspartate receptors (NMDAR), but lack
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid re-
ceptors (AMPAR) on postsynaptic membranes (Clarke &
Barres, 2013; Crawford, Jiang, Taylor, & Mennerick, 2012;
Kucukdereli et al., 2011; Stogsdill & Eroglu, 2017). Second,
postsynaptic functionality may be achieved by Glypican4-
and 6-regulated AMPAR localization and clustering to the
postsynaptic membrane (Allen et al., 2012). Third, astrocytes
increase the probability of transmitter release at presynaptic
boutons, by cholesterol secretion (Goritz, Mauch, & Pfrieger,
2005; Mauch et al., 2001).

In contrast to excitatory synapse development, the as-
trocytic influence on inhibitory synapses is still widely un-
explored. However, a strong influence of soluble factors
released by astrocytes, such as brain-derived neurotrophic
factor, is suggested to influence inhibitory synapse formation
(Elmariah, Hughes, Oh, & Balice-Gordon, 2004; Hughes,
Elmariah, & Balice-Gordon, 2010).

Astrocytes are additionally dynamic partners of neurons
to support brain synaptic communication. NMDAR and
AMPAR are among the key players in excitatory neurotrans-
mission and synaptic plasticity. The activation of NMDAR
requires the binding of both glutamate and its co-agonist
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D-serine, a soluble molecule which has been considered to
be almost exclusively released by astrocytes (Panatier et al.,
2006). More recently, this view has been questioned after
few studies have shown that neurons might also represent a
source of D-serine in physiological conditions, whereas reac-
tive astrocytes may become the main source under patholog-
ical conditions (Ivanov & Mothet, 2018). D-serine controls
both NMDAR activity and synaptic memory (Henneberger,
Papouin, Oliet, & Rusakov, 2010). In particular, a proper
D-serine regulation is essential for a balanced NMDAR-
mediated synaptic transmission in the developing brain,
thereby promoting synapse maturation and axonal stabiliza-
tion (Van Horn, Strasser, Miraucourt, Pollegioni, & Ruthazer,
2017). In fact, selective loss of function of D-serine reduces
synaptic events and prevents induction and expression of
NMDAR-dependent LTP in the visual cortex (Meunier et al.,
2016). In addition, worth to be repeated, the localization and
clustering of AMPAR to the postsynaptic membrane, essen-
tial to lead the switch from a “silent” to an “active” synap-
tic state, are induced by Glypican4/6 released by astrocyte
(Allen et al., 2012).

3 | INFLUENCE OF ASTROCYTIC
MEMBRANE-BOUND MOLECULES
ON SYNAPTIC REMODELLING

Among others, one critical mechanism for the regulation of
neuronal interconnectivity is the synaptic pruning mediated
by glia cells, specifically astrocytes and microglia (Chung
et al., 2013; Stevens et al., 2007). This crucial mechanism
allows flexible and precise adaptations of neuronal circuits
to endogenous or environmental stimuli through an extensive
activity-dependent synaptic remodelling. Such a neuronal
circuit refinement is controlled by astrocytes through synap-
tic pruning in two major ways, one more “passive’” and one
more “active.” First, astrocyte may “passively” support syn-
apse elimination by microglia, via induction of the comple-
ment component C1q expression, which represents a starting
component of the classical complement cascade. This process
exhibits its strongest activity in the first two postnatal weeks
and is hypothesized to be regulated by astrocyte-derived sol-
uble factors (Bialas & Stevens, 2013; Luchena, Zuazo-Ibarra,
Alberdi, Matute, & Capetillo-Zarate, 2018; Stevens et al.,
2007). Second, astrocytes are able to “actively” engulf syn-
apses in a strongly activity-dependent manner. Interestingly,
this phagocytic activity of astrocytes is not only present dur-
ing brain development, but persists into adulthood (Chung
et al., 2013; Lee & Chung, 2019).

The idea that astrocytes are able to actively prune syn-
apses was proposed after a gene expression study which
compared gene activity among astrocytes, neurons and oli-
godendrocytes. Cahoy et al. found specifically in astrocytes

5719
EJN ' Eropean joumarorewoscence - FENS WI LEYJ—

an upregulation of a set of genes that have been implicated
in phagocytosis, suggesting that these cells may act as pro-
fessional phagocytes (Cahoy et al., 2008). Among them,
especially two encode for transmembrane receptors which
mediate synapse or debris engulfment, the Multiple EGF
Like Domains 10 (MEGF10) and the proto-oncogene tyro-
sine-protein kinase MER (MERTK), (Chung et al., 2013).
Remarkably, these receptors play a role in a phagocytic path-
way evolutionarily conserved in several species. MEGF10 is
an orthologue of the Drosophila melanogaster Draper and of
the Caenorhabditis elegans CED-1 (Fullard & Baker, 2015;
Mapes et al., 2012; Ziegenfuss et al., 2008), whereas MERTK
is a member of the MER/AXL/TYRO3 receptor kinase fam-
ily. Along with the integrin pathway, MERTK regulates
CrKII/DOCK180/Racl in order to control the rearrangement
of the actin cytoskeleton during the phagocytic process (Mao
& Finnemann, 2015). The MEGF10 pathway initiates phago-
cytosis with the mediation of the protein GULP, engulfment
adaptor PTB domain containing 1 (GULP1). Additionally,
the ATP-binding cassette subfamily A member 1 (ABCA1) is
also required to favour phagocytosis, but its function down-
stream to MEGF10 is still unclear (Hamon et al., 2006).
These receptors have similar roles in different species. In
the fly Drosophila, Draper is upregulated in glial cells after
axonal injury and drives the clearance of axonal debris. In
draper mutants, glia cells fail to expand their membranes and
engulf injured axons (MacDonald et al., 2006). In the worm
Caenorhabditis, CED1 is localized on the surface of phago-
cytic cells and is able to recognize cell corpses when cluster-
ing together around targeted apoptotic cells (Zhou, Hartwieg,
& Horvitz, 2001). In mammals, the MEGF10 and MERTK
pathways are mostly activated during development and spe-
cifically mediates synaptic pruning (Chung et al., 2013).
These data indicate that astrocytes are important effectors of
synaptic pruning during development and in adulthood in an
evolutionarily conserved way.

Alterations in the communication between microglial
cells and astrocytes may also influence synapse loss in brain
diseases, a topic which has also been discussed in a recent
review by Wilton and colleagues (Wilton, Dissing-Olesen,
& Stevens, 2019). In brief, both cell types control synapse
elimination through the phagocytosis of synaptic structures
in an activity-dependent manner and reshape in this way the
connectivity of neuronal circuits (Chung et al., 2013; Schafer
et al., 2012). The mostly studied mechanism used by both
microglial cells and astrocytes to mediate synapse elimina-
tion in the developing central nervous system (CNS) is the
activation of the classical complement pathway (Chu et al.,
2010; Schafer et al., 2012; Stevens et al., 2007). MEGF10
phagocytic receptor binds with high affinity to Clq (Iram
et al., 2016), which further recognizes and binds phospha-
tidylserine (PS) expressed on the surface of apoptotic cells,
thereby acting as a “bridging” molecule between interacting
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cells (Paidassi et al., 2008). PS represents one of the so-called
“eat-me” signals expressed on synapses, which is then rec-
ognized by MEGF10 and MERTK receptors localized on
astrocytes, thus serving as a tag to label synapses that have
to be eliminated. It has been observed that the engulfment
ability of astrocytes is also highly dependent on the presence
of protein S in blood serum, the latter representing the fac-
tor responsible for serum-stimulated phagocytosis (Anderson
et al., 2003; Chung et al., 2013).

To study the process of synapse elimination, the visual
system has been widely used due to its well-characterized
experience-dependent synaptic refinement (Wiesel & Hubel,
1963). In this system, during development, axonal projec-
tions from retinal ganglion cells (RGCs) form supernumer-
ary synapses with neurons in the dorsal lateral geniculate
nucleus (LGN) of the thalamus. Single LGN neuron receives
RGC inputs from a single eye during the first postnatal week.
Subsequently, upon eye opening and increased neuronal ac-
tivity, some RGC inputs onto each LGN neuron are removed
and the remaining ones get stabilized. Astrocytes play a
critical role in this removal of excessive synapses through
phagocytosis to favour the reshaping of the visual circuit.
Mice lacking MEGF10 and MERTK phagocytic receptors
since developmental stages displayed about 50% reduction
in their engulfment ability. Thus, they fail in the refinement
of thalamic synaptic connections and display an excess of
functional synapses. Using this model, it has been shown that
synapse engulfment and elimination by astrocytes persist in
the adult CNS (Chung et al., 2013).

The highest rate of synaptic pruning, however, occurs
during development, while afterwards it decreases with age.
Synapse formation and maturation occur in parallel with as-
trogenesis and astrocyte maturation during the so-called “crit-
ical period,” the time of postnatal development during which
most of neuronal circuit refinement takes place (Chung,
Welsh, et al., 2015). Although neurons send out projections
before birth, synapses only begin to form and get stabilized
from the first week of postnatal development, concurrently
with the appearance of higher numbers of astrocytes (Farhy-
Tselnicker & Allen, 2018). This may be one of the most im-
portant periods in terms of plastic changes, with a higher
rate of phagocytosis of weak synapses to favour the selective
stabilization of the stronger ones in adulthood. Moreover,
because of the lower rates of neurogenesis in adulthood
(Snyder, 2019), with consequent reduced replacement of neu-
rons throughout the brain, the reshaping of circuits seems to
be less relevant than during development.

In addition to the regulation of synaptic morphology, sev-
eral astrocyte-specific membrane-bound proteins are involved
in the control of synaptic transmission through the modu-
lation of ion concentrations in the synaptic cleft (Voglis &
Tavernarakis, 2006). To mention a few, aquaporin 4 (AQP4),
a transmembrane protein which acts as water channel and is

selectively expressed on the endfeet of astrocyte processes,
connexins 30 and 43 (Cx30 and Cx43), the transmembrane
proteins that form gap junctions, and the excitatory amino
acid transporters EAAT1 (known as GLAST in rodents) and
EAAT?2 (GLT-1) have been associated with a direct or indi-
rect modulation of K* and/or Ca2+, glutamate and D-serine
availability, which are necessary to regulate both basal and
activity-dependent synaptic neurotransmission (Mayorquin,
Rodriguez, Sutachan, & Albarracin, 2018; Strohschein et al.,
2011).

4 | ROLE OF ASTROCYTE-
MEDIATED SYNAPSE REMODELLING
IN PSYCHIATRIC DISORDERS

4.1 | Major depressive disorder

Major depressive disorder (MDD) is characterized by core
symptoms of depressed mood or dysphoria. Other symptoms
or behaviours present in depressive patients include loss
of interest in daily activities, changes in sleep patterns and
appetite, sense of guilt and hopelessness, fatigue, restless-
ness, concentration problems and suicidal thoughts (Otte
et al., 2016). According to the World Health Organization,
the number of people suffering from MDD has increased
in the last decade. Nowadays, MDD is among the leading
causes of disability worldwide and is a major contributor to
the overall global burden of disease (DALY, World Health
Organization, 2017; https://www.who.int/health-topics). The
role of the serotonin and noradrenaline neurotransmitter sys-
tems in mental illnesses including MDD is well recognized.
Furthermore, there are evidences showing that abnormalities
in glial cells may alter normal brain function and likely con-
tribute to the development of mood disorders (Di Benedetto
& Rupprecht, 2013; Rajkowska, Hughes, Stockmeier, Javier
Miguel-Hidalgo, & Maciag, 2013; Schmidtner et al., 2019;
Banasr, Dwyer, & Duman, 2011). Specifically, modifica-
tions in astrocyte morphology, numbers and related mark-
ers—that is glial fibrillary acidic protein, calcium-binding
protein S100p, Cx, AQP4, EAAT1/2—in relevant lim-
bic brain structures are key features in the pathology of
MDD, as observed in postmortem histopathological studies
(Rajkowska & Stockmeier, 2013). Additionally, morpholog-
ical studies made after repeated stress paradigms in rodents,
used to induce depressive-like behaviours, showed the in-
duction of changes in volume of hippocampus and prefron-
tal cortex (PFC), with associated reduction in size, or loss
of, glial cells and neurons in these regions (Duman & Li,
2012; Liu & Aghajanian, 2008). In particular, both repeated
restraint stress and chronic immobilization stress in rats pro-
duced dendritic atrophy in pyramidal neurons of the medial
PFC and in the CA3 area of the hippocampus, with decreased
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apical dendritic branch length and spine density in distal
branches (Christian, Miracle, Wellman, & Nakazawa, 2011;
Liu & Aghajanian, 2008; Radley et al., 2006). Remodelling
of hippocampal spine synapses has also been analysed at the
ultrastructural level. Electron microscopy studies showed
that inescapable footshock or injection of the stress-inducing
steroid corticosterone caused an acute and persistent loss of
spine synapses in the rat hippocampus, while the antidepres-
sant (AD) desipramine (DMI) reversed both the structural
and behavioural deficits (Hajszan et al., 2009). Other multi-
modal stressors also provoked a robust loss of postsynaptic
density protein 95 (PSD-95)-positive puncta in hippocampal
areas, affecting learning and memory (Maras et al., 2014).
Rats subjected to long-term stress further showed a reduction
in the number of axo-spinous synapses in deep layers of the
medial PFC, suggesting an impaired network connectivity
among cortical neurons (Csabai, Wiborg, & Czéh, 2018) and
confirming previous observations on a loss or reduction of
total dendritic arbours in the PFC (Liu & Aghajanian, 2008;
Radley et al., 2006). In support of the above-mentioned
changes, in vivo evidences have linked the lower synaptic
density to network alterations and symptoms of depression
by analysing the synaptic vesicle glycoprotein 2A (SV2A)
as an indirect estimator of synaptic density. Individuals with
MDD showed lower SV2A density compared to healthy con-
trols (Holmes et al., 2019). Among the hypothesis proposed
for depression, a recent one suggests an altered functioning
of excitatory synapses to explain the excessive concentra-
tion of glutamate measured in parenchymal brain tissues of
both animal models of depression and postmortem human
brain tissues of MDD patients. More specifically, chronic
stress and an individual genetic susceptibility to develop
MDD may cause changes in the strength of subsets of glu-
tamatergic synapses in multiple brain areas, which might
induce changes in glutamate neurotransmission and lead to
several dysfunctions, such as the one in the cortico-mesolim-
bic reward circuitry which underlies many symptoms of de-
pression (Duman, Aghajanian, Sanacora, & Krystal, 2016;
Popoli, Yan, McEwen, & Sanacora, 2012; Thompson et al.,
2015) .

Considering the previously described highly relevant role
of astrocytes in the regulation of synaptic numbers, morphol-
ogy and functions, their examination in animals exposed to
various stressors has, not surprisingly, revealed significant
changes in astrocyte-specific proteins which impact such pa-
rameters. Specifically, acute stress and chronic unpredictable
stress (CUS) decrease the diffusion of a special channel-per-
meable dye through astrocytes, with a corresponding re-
duced expression of the gap junction forming proteins Cx30
and Cx43, respectively (Sun, Liu, Yuan, Li, & Chen 2012;
Murphy-Royal et al. 2020). In line with these data, a decrease
in Cx43 occurs in the dorsolateral PFC of people who com-
mitted suicide and in the locus coeruleus and hippocampus
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of subjects diagnosed with MDD (Bernard et al., 2011; Ernst
et al., 2011; Medina et al., 2016). Furthermore, mice lack-
ing AQP4, which display an impaired K* buffering capacity
with a putatively consequent hampered synaptic transmis-
sion, showed remarkable signs of enhanced depressive-like
behaviours, demonstrated by longer immobility times in
the forced swimming and tail suspension tests (Kong et al.,
2014). In line with this, the coverage of blood vessels by the
AQP4-positive endfeet of astrocytes is reduced by 50% in
MDD patients and in an animal model of depression, suggest-
ing that a lowered expression or a mislocalization of AQP4
may further underlie the pathogenesis of MDD (Di Benedetto
et al., 2016; Rajkowska et al., 2013). A reduced expression
of the astrocyte-specific glutamate transporters EAAT1 and
EAAT? has also been described in the anterior cingulate cor-
tex, dorsolateral PFC, orbitofrontal cortex, in locus coeruleus
and hippocampus of MDD patients, thus suggesting an ad-
ditional involvement of dysfunctional astrocytes in the pre-
viously mentioned “glutamatergic hypothesis of depression”
(Bernard et al., 2011; Choudary et al., 2005; Medina et al.,
2016; Miguel-Hidalgo et al., 2010).

All cellular changes described so far indicate that both
neurons and astrocytes display several abnormal character-
istics in mood disorders. It is therefore conceivable that such
modifications affect both the single cell types, as well as the
astrocyte—neuron communication, which may influence the
formation, elimination and functions of synapses. The remod-
elling of synapses is a plasticity event, which has key roles
during development and specifically influences learning and
memory processes, which are severely impaired in MDD. In
a previous work, our group has examined the effect of the AD
DMI on hippocampal LTP in brain slices from male CD-1
mice. We first showed that LTP induction selectively acti-
vated the ERK/MAPK in astrocytes of the stratum radiatum
of the hippocampal CA1 region, but not in CA1 neurons. We
further demonstrated that DMI acutely inhibited LTP through
a cell-type-specific dampening of ERK activation in astro-
cytes, which consequently hindered synaptic potentiation. In
particular, our results indicated the enhancement of the glia—
neuron bidirectional ephrinA3/EphA4 signalling pathway as
a novel pharmacological downstream target of DMI (Tanasic
et al., 2016).

In addition to synaptic plasticity mechanisms, astro-
cyte-mediated phagocytosis may play a critical role in re-
shaping neuronal circuits. If the proper pruning of synapses
does not take place at specific time points (such as during
the critical period), an improper remodelling of circuits may
occur and this can evolve into the onset of mood disorders
in adulthood. To examine this aspect, our group is currently
evaluating whether ADs may activate MEGF10 receptor to
remodel glutamatergic synapses and thereby restore dis-
rupted neuronal circuits in an animal model of MDD through
phagocytosis. Preliminary data suggest that ADs induce an
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astrocyte-mediated early synaptic pruning in the PFC of adult
rats, suggesting that these drugs may reactivate a cellular pro-
gramme similar to the one which drives postnatal brain neu-
ronal circuit formation, when MEGF10 is highly expressed
in astrocytes. Thus, astrocytes may additionally represent AD
targets and play an essential role in synaptic network reshap-
ing upon drug treatments.

4.2 | Autism spectrum disorders
Autism spectrum disorders (ASDs) are neurodevelopmental
disorders characterized by varying degrees of impaired so-
cial interaction and communication. Several evidences indi-
cate that autism-related mutations disrupt genes which are
regulated by, and regulate, neuronal activity and synaptic
formation and/or function (Emberti Gialloreti & Curatolo,
2018). Although the molecular mechanisms of ASDs are
still poorly understood, several hypotheses point to an ab-
normal synapse development as an underlying putative
cause of some forms of ASD. Indeed, some features of the
disease have been ascribed to a misbalanced ratio of excita-
tory—inhibitory synapses (Rubenstein & Merzenich, 2003).
Moreover, alterations in glutamate concentrations have also
been detected in the pregenual anterior cingulate cortex of
pedriatic ASD patients (Bejjani et al., 2012). In support of
the latter observation, transgenic animal models have been
generated to triplicate the gene dosage of Ube3a, a protein
ligase expressed in mature neurons and affected in ASD pa-
tients. These animals show a subset of behaviours typical of
ASD, such as increased repetitive behaviour and impaired
social interaction and communication. When analysed at the
microscopical level, these animals displayed a suppressed
glutamatergic synaptic transmission as a result of modified
presynaptic release probability, with consequent changes in
synaptic glutamate concentration and postsynaptic action
potential coupling (Smith et al., 2011). Because of the role
that astrocytes play in the maintenance of appropriate levels
of glutamate in the synaptic cleft, the glutamine synthetase
(GS), an enzyme expressed in astrocytes with a critical role
in glutamate synthesis, has been examined and found to be
increased in the blood plasma of autistic patients (Hamed
et al., 2018). Furthermore, other astrocyte-specific proteins
such as AQP4 and Cx43 are altered in postmortem brains of
ASD patients, thereby suggesting an underlying abnormal
astrocyte—neuron communication in the pathophysiology of
ASD. In fact, changes in the expression of these proteins may
reflect disruptions in blood—brain barrier functionality and
cell-to-cell communication (Fatemi, Folsom, Reutiman, &
Lee, 2008).

Some years ago it was suggested that ASD and re-
lated disorders might depend on a deregulated ratio be-
tween excitatory and inhibitory neurotransmission,

leading to a hyperexcitability of cortical circuits (Rubenstein
& Merzenich, 2003). At the neuronal level, the excitation/
inhibition (E/I) balance in the cortex is controlled by the
activity of glutamatergic and y-aminobutyric acid (GABA)
ergic neurons. In the cortex, excitatory glutamatergic neurons
outnumber inhibitory GABAergic neurons by about four to
one. It has been proposed that an imbalanced E/I may be in-
volved in the pathogenesis of this disorder as a consequence
of several mutations in genes coding for various components
of these two neurotransmitter systems in combination with
environmental variables (Rubenstein & Merzenich, 2003).
Identification of diseased phenotypes and the use of ap-
propriate functional assays are essential in understanding
psychiatric diseases. Among the methods developed for this
aim, the generation of different subtypes of cells starting
from patient-derived induced pluripotent stem cells (iPSCs)
has gained a lot of attention in the biomedical commu-
nity. Several groups have generated human astrocytes from
iPSCs of psychiatric patients and found that, for example,
ASD-derived astrocytes interfered with proper neuronal de-
velopment when grown together with primary neurons in
co-culture in vitro models. Specifically, ASD-derived neu-
rons show a severely impaired neuronal morphology with
decreased synaptogenesis, when grown with ASD-derived
astrocytes. However, co-culturing with control-derived astro-
cytes rescued this phenotype (Russo et al., 2018). These data
suggest that also for ASD, astrocyte-specific molecules may
fail to properly execute their functions and lead to the forma-
tion of aberrant neuronal synaptic contacts. Some of them
have been already mentioned (AQP4 and Cx30/43), although
the exact molecular mechanisms beyond their effects are still
a matter of currently ongoing studies. Among alternative un-
explored mechanisms, which could also lead to an E/I imbal-
ance, glia-mediated phagocytosis is worth to be mentioned
here. In fact, the preferential astrocyte-mediated phagocytic
activity towards glutamatergic synapses (Chung et al., 2013)
may indeed cause a dysbalanced development of the excit-
atory-to-inhibitory synaptic density ratio, with consequent
excess of excitatory synapses due to a lack of MEGF10 or
MERTK functionality during developmental stages.

43 | Schizophrenia

Schizophrenia (SCZ) is a debilitating mental illness that
impairs mental functions and social interactions and affects
about 1% of the population. Most common symptoms of
SCZ are hallucination, delusions, loss of pleasure and will
and social withdrawal. Schizophrenic people additionally
present cognitive disorders with impaired executive func-
tions, memory and speed of mental processing (Marder &
Cannon, 2019). Both genetic and environmental factors may
be involved in the pathogenesis of SCZ. Some studies point
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to abnormalities in glutamate transmission as a cause of SCZ.
This hypothesis proposes that an impairment or hypofunction
of NMDAR would cause an excessive glutamate release (for
review see Adell, Jiménez-Sanchez, Lopez-Gil, & Romon,
2012; Moghaddam & Javitt, 2012). More specifically, a re-
duction in activity of NMDAR on inhibitory neurons would
lead to the disinhibition of glutamate neurons, further increas-
ing presynaptic glutamate release. Indeed, alterations in the
activation of intracellular postsynaptic NMDAR signalling
effectors associated with NMDAR hypoactivity have been
described in postmortem PFC of SCZ patients, which may
be related to the pathogenesis of the disease (Banerjee et al.,
2015). In support of this hypothesis, the use of NMDAR an-
tagonists induces schizophrenic-like symptoms in healthy
individuals. For instance, resting-state functional connectiv-
ity experiments showed that the non-competitive NMDAR
antagonist ketamine produces alterations in functional con-
nectivity in different brain areas similar to those observed
in patients with schizophrenia (Fleming et al., 2019; Mueller
etal., 2018). These data suggest that disturbances in NMDAR
activation or inhibition of NMDAR-mediated transmission
may be implicated in the induction of schizophrenic symp-
toms. As the activation of NMDARSs requires the binding of
both glutamate and the co-agonists D-serine or glycine to
their sites of action, astrocytes may play an important role
in the etiopathogenesis of SCZ because of their control on
the release of D-serine and/or glycine, especially relevant in
pathological states (Ivanov & Mothet, 2018; Papouin & Oliet,
2014). Indeed, levels of D-serine and serine racemase (SR),
the enzyme responsible for D-serine biosynthesis, have been
shown to be reduced in the cerebrospinal fluid of SCZ pa-
tients (Bendikov et al., 2007). Conversely, the activity of the
D-serine degradation enzyme D-amino acid oxidase (DAAO)
has been found to be twofold higher in the SCZ patients than
in healthy controls, further supporting the relevance of as-
trocytes in SCZ disorder (Madeira, Freitas, Vargas-Lopes,
Wolosker, & Panizzutti, 2008). Studies in rodents which dis-
play schizophrenia-related behavioural deficits have further
reported that the genetic inactivation of DAAQO enhanced
D-serine levels in the brain and rescued behavioural deficits
associated with SCZ-like symptoms (Labrie, Wang, Barger,
Baker, & Roder, 2010). Other groups also reported about a
genetic deletion of SR which was associated with a reduction
in dendritic spine density and hippocampal volume and an
impairment in hippocampal plasticity and cognitive abnor-
malities, further supporting a role of D-serine and associated
enzymes in the pathogenesis of SCZ. Moreover, direct treat-
ment of animals with D-serine at adult stages reversed the
electrophysiological, neurochemical and cognitive deficits
of SCZ (Balu et al., 2013). Furthermore, direct supplementa-
tion of juvenile and adolescent mice with D-serine prevented
the onset of SCZ cognitive-like deficits in adult offspring of
female mice with induced maternal immune activation by
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viral mimetic activation with polyinosinic:polycytidylic acid
(known as poly(I:C)) (Fujita, Ishima, & Hashimoto, 2016).

Studies performed with iPSCs additionally revealed that
SCZ patient-derived neurons showed alterations in neur-
ite outgrowth, in PSD-95/MAP2AB ratio levels and in the
expression of glutamate receptors (Brennand et al., 2011).
More specifically, patient-derived glutamatergic neurons dis-
played significantly less staining of the pre- and postsynaptic
markers synapsinl and PSD-95, respectively, with associated
reduced ability to form synaptic contacts (Robicsek et al.,
2013).

Among further studies, a genome-wide association study
(GWAS) has shown genetic evidence for the role of glia cells
in SCZ. Astrocyte- and oligodendrocyte-specific genes, but
not microglial-specific ones, are associated with an enhanced
risk to develop schizophrenia. Among the astrocytic genes
which came up in that study, especially remarkable were
those involved in functions at the tripartite synapse and in
signal transduction, such as genes implicated in intracellular
astrocytic responses such as calcium elevations or gap junc-
tion coupling, astrocyte-mediated regulation of neurotrans-
mitter balances via neurotransmitter transporters or release
of gliotransmitters, and/or astrocytic modulation of synapse
strength and synapse morphology or involved in cell-matrix
interactions (Goudriaan et al., 2014). Moreover, in human
DNA samples from SCZ patients, single-nucleotide poly-
morphisms in genes that play a role in phagocytic pathways
have been identified, further linking phagocytosis to the dis-
ease state. Evidences from both linkage association studies
and expression studies, using postmortem brain cDNA li-
braries, suggest that MEGF10 may be associated with SCZ
(Chen et al., 2008). Moreover, the reduced activity of gluta-
matergic synapses may further involve synaptic phagocytic
mechanisms in the onset/development of SCZ because of the
importance that the activity-dependent astrocyte-mediated
refinement of neuronal circuits plays during the early stages
of brain postnatal development, which may not properly occur
in SCZ brains. Apart from MEGF10, genetic evidence sug-
gests that GULPI1, the adapter protein required for efficient
phagocytosis, is altered in SCZ. As these genes are necessary
to activate the process of phagocytosis, their impairment may
be related to the formation of abnormal synaptic connections
and lead to disease progression (Chen et al., 2009).

5 | PUTATIVE INVOLVEMENT OF
GLIAL CELLS IN THE E/I BALANCE
REGULATION AND IMPLICATIONS

FOR PSYCHIATRIC DISORDERS

A hypothetical role for an E/I imbalance in neuropsychi-
atric disorders has been mostly proposed and defined for
ASD (Gao & Penzes, 2015; Rubenstein & Merzenich,
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2003; Sohal & Rubenstein, 2019). This hypothesis
stemmed from the observation that many gene mutations
associated with ASD are linked to the proper development
of the glutamatergic and GABAergic neurotransmitter sys-
tems, thereby suggesting that imbalances in their respective
synaptic properties, with a focus on number and strength
of excitatory and inhibitory synapses, might underlie the
etiopathogenesis of ASD. In view of similar findings in
other psychopathologies, it is conceivable to consider this
“E/I imbalance hypothesis” of brain disorders as a com-
mon thread line linking several neuropsychiatric disorders.
In addition, given that various homoeostatic mechanisms,
including forms of plasticity and refinement of circuits,
occur during the early stages of postnatal development, the
critical period should be considered as a target for future
studies and treatment options. Although neurons and es-
pecially synapses seem to be the worst affected structures
in neurodevelopmental and neuropsychiatric disorders, a
large body of evidence is now putting a high relevance on
the involvement of glial cells in such disorders, especially
because of the emerging key roles played by these cells in
the shaping of neuronal networks and functions.

We already mentioned that astrocytes play a critical role
in the activity-dependent selective synapse elimination which
favours the remodelling of excitatory or inhibitory inputs
(Chung et al., 2013). The close proximity of astrocyte pro-
cesses to the synapses renders these cells ideal candidates for
controlling and eventually restoring E/I balance in the brain.
On the one hand, astrocytes exert their regulatory functions
on glutamatergic and GABAergic neurotransmission. On
the other hand, astrocytes directly reshape neuronal circuits
through their phagocytic activity directly on synapses.

For the modulation of glutamatergic and GABAergic neu-
rotransmission, specific glutamate receptors and transporters
found in astrocytes are activated upon glutamate release at the
synapse. They protect the brain from glutamate-induced over-
excitation of neurons and excitotoxicity and control the con-
centration of glutamate in the synaptic cleft (for review, see
Parpura et al., 2012; Schousboe, Scafidi, Bak, Waagepetersen,
& McKenna, 2014). Astrocytes also express GABA recep-
tors and transporters and respond to extracellular GABA.
Interestingly, ex vivo experiments show that astrocyte reactivity
driven by viral induction leads to a selective reduction of inhib-
itory currents as a consequence of rapid GABA depletion in-
duced by downregulation of the astrocytic glutamine synthetase
enzyme (Ortinski et al., 2010). Because reactive astrocytes may
additionally become a major source of D-serine in pathological
conditions (Ivanov & Mothet, 2018) and may thereby over-acti-
vate NMDAR, we might hypothesize that such events also lead
to an E/I imbalance, with consequent onset of brain disorders.
Indeed, a reduced inhibitory function has been, for example,
described in MDD, characterized by a reduced concentration
of the inhibitory GABA neurotransmitter and alterations in the

subunit composition of GABAergic receptors which affected
their activity (for review see Luscher, Shen, & Sahir, 2011).
Additionally, changes in the inhibitory system have also been
reported in ASD. Studies of autistic brains revealed reduced
expression of glutamic acid decarboxylase (GAD) 65 and
GADG67, the major enzymes that modulate GABA synthesis
from L-glutamate (Blatt & Fatemi, 2011). Moreover, various
GABA receptor subunits were found to be reduced in superior
frontal cortex, parietal cortex and cerebellum of postmortem
brains from patients (Blatt & Fatemi, 2011). Markers of in-
hibitory neurotransmission are altered in the PFC of subjects
with SCZ, with reported selective reductions of specific inter-
neuron gene expression, such as somatostatin and neuropeptide
Y mRNAs (Fung, Fillman, Webster, & Shannon, 2014). Apart
from changes in synaptic modulation, a reduction in the ex-
pression of synapse-related genes and changes in the number
of spine densities have been found in neuropsychiatric disor-
ders using microarray gene profiling and electron microscopic
stereology (Kang et al., 2012). Among such genes, a few are
classified as regulators of synaptic vesicles, such as calmod-
ulin 2 and synapsin, and regulators of dendritic spine formation,
such as Rab3A and Rab4B. Moreover, mediators of axonal out-
growth and regeneration, such as beta-tubulin 4, are known to
be decreased in MDD subjects. A decrease in the expression of
these genes in the PFC is exhibited in rodent models of chronic
unpredictable stress as well (Kang et al., 2012). In postmor-
tem studies of ASD, an increased dendritic spine density with
reduced spine pruning in pyramidal neurons of layer V of the
cortex has been reported during development. Similar results
have been seen in Tsc2"" animal model of autism (Tang et al.,
2014), further suggesting a dysregulation of synaptic pruning
in neuropsychiatric disorders. Neuropathological studies in
patients with SCZ revealed alterations in synaptic densities in
prefrontal cortical projection neurons. Particularly interesting
is the described reduction in synaptic densities (Konopaske,
Lange, Coyle, & Benes, 2014; MacDonald et al., 2017) and
downregulation of expression levels of mRNAs encoding for
proteins known to be key regulators of dendritic spine forma-
tion (Hill, Hashimoto, & Lewis, 2006). These synapse-related
deficits appear to affect multiple cortical and subcortical re-
gions, involving both glutamatergic projection neurons and
multiple classes of GABAergic inhibitory interneurons (Hill
et al., 2006; Nakazawa et al., 2011). Synaptic activity is the
strongest trigger of phagocytic processes, thus allowing us to
propose that excitatory/inhibitory synaptic activity can be af-
fected by glia-mediated synapse engulfment, highlighting a
possible involvement of astrocytes as a cause of E/I imbalance
in brain pathologies. An altered excitatory and inhibitory activ-
ity, which takes place already since developmental stages, may
lead to subsequent synaptic dysfunction(s) in specific networks.
This could in turn affect signal processing, thereby leading to
the phenotypic changes observed in the various psychiatric dis-
orders (Figure 1).
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Astrocytes control synapse elimination. (a) In healthy conditions, astrocytes mediate synapse elimination in order to refine

neuronal circuits. Astrocytes mediate pruning during development and in the adult nervous system through the activation of the MEGF10 and

MERTK phagocytic pathways, thereby contributing to the excitatory/inhibitory (E/I) balance. (b) In psychiatric disorders, molecules involved in

the phagocytic pathway may be dysregulated since developmental stages, giving rise to an improper refinement of circuits. In major depressive

disorder, a lower number of astrocytes may be cause of a declining rate of synapse engulfment contributing to an E/I imbalance. Furthermore, a

downregulation of “eat-me” signals may be responsible for an increase in spine densities with immature morphology, as found in autism spectrum

disorders. In schizophrenia, instead, an upregulation of “eat-me” signals may be responsible for an excessive pruning activity, which leads to

a reduced amount of excitatory synapses. Those activities may take place during the critical period, what could explain the early onset of some
psychiatric disorders. ASD, autism spectrum disorder; MDD, major depressive disorder; MEGF10, Multiple EGF Like Domains 10; MERTK,

proto-oncogene tyrosine-protein kinase; SCZ, schizophrenia

Next step of investigations should support a deeper under-
standing on the process of synapse remodelling mediated by glia
cells. A more refined knowledge about how neuronal activity
controls the rate of astrocyte-mediated synapse phagocytosis, for
instance based on the modulation of “eat-me” signals in physio-
logical conditions, may help to formulate innovative hypothesis
about what may occur in pathological conditions during devel-
opmental stages and/or in adulthood. Understanding whether
glial cells are the initial causes of E/I imbalances will allow us
to target those cells as an effective therapy to revert an improper
synaptic pruning in psychiatric disorders.

6 | CONCLUSIONS AND
PERSPECTIVES

Defects in synapse elimination which may result in un-
wanted synapse loss or may give rise to supernumerary
synapses might contribute to pathophysiological features

shared by many neuropsychiatric diseases (Bian, Miao,
He, Qiu, & Yu, 2015; Tang et al., 2014). In the last dec-
ade, growing evidences have shown the impact of glial
cells on synapse elimination (Chung et al., 2013; Schafer
et al., 2012; Stevens et al., 2007). As a consequence,
both excitatory and inhibitory neuronal activities can be
affected when glia cells do not perform proper synaptic
pruning. The reduced number and impaired morphology
of astrocytes described in brains from MDD patients,
which might be true for other psychopathologies, could
lead to a declining rate of synapse engulfment during the
critical period. This may result in imbalanced neurotrans-
mission and subsequent synaptic dysfunction, contribut-
ing to a disease phenotype that may represent a common
underlying mechanism behind several psychiatric disor-
ders. Further studies are necessary to reveal if changes in
the rate of pruning during development could contribute
to changes in the critical period plasticity, triggering the
synaptic dysfunctions.
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