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Abstract

Schizophrenia is a complex, chronic mental health disorder whose heterogeneous

genetic and neurobiological background influences early brain development, and

whose precise etiology is still poorly understood. Schizophrenia is not characterized

by gross brain pathology, but involves subtle pathological changes in neuronal

populations and glial cells. Among the latter, astrocytes critically contribute to the

regulation of early neurodevelopmental processes, and any dysfunctions in their mor-

phological and functional maturation may lead to aberrant neurodevelopmental pro-

cesses involved in the pathogenesis of schizophrenia, such as mitochondrial

biogenesis, synaptogenesis, and glutamatergic and dopaminergic transmission. Stud-

ies of the mechanisms regulating astrocyte maturation may therefore improve our

understanding of the cellular and molecular mechanisms underlying the pathogenesis

of schizophrenia.
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1 | INTRODUCTION

Schizophrenia (SCZ) is a chronic and debilitating psychiatric disorder

affecting 1% of the population with complex aberrations in the struc-

ture, wiring and chemistry of multiple neuronal systems that lead to a

reduction in brain volume, neuron size and spine density and the

abnormal distribution of neurons in the prefrontal cortex (PFC) and

hippocampus (Tandon et al., 2008; Wong & Van Tol, 2003). Neuro-

pharmacological studies have also found that the dopaminergic

(DAergic), GABAergic, glutamatergic, and serotonergic systems are

involved in abnormal neurotransmission (Carlsson & Carlsson, 2006;

Javitt et al., 2008; Wong & Van Tol, 2003).

As might be expected in the case of such a complex phenotype

that has not yet been fully described, its etiology is still largely

unknown. The progression has been divided into three phases: a pro-

dromal (prepsychotic) phase; the initial onset of psychosis; and

chronic illness. The core symptoms of SCZ cover the social, emotional,

perceptive and cognitive spheres, and its clinical phenotype can be

subdivided into positive psychosis-related symptoms, negative symp-

toms associated with a loss of functions (a lack of motivation and

social withdrawal), and PFC-related cognitive impairments such as

deficits in memory, attention, and executive functions (working mem-

ory and behavioral flexibility).

It is now widely recognized that SCZ has a substantial genetic

component, and a neurodevelopmental hypothesis postulates that the

interactions of multiple genes trigger a cascade of neuropathological

events during the embryonic and postnatal development of the brain

that may be initiated and directed by environmental factors (Fatemi &

Folsom, 2009; Green & Glausier, 2016; Hilker et al., 2018; Rapoport

et al., 2012; Sun et al., 2010; Thompson et al., 2004) such as maternal

infections or to infectious agents associated with the onset of inflam-

matory responses (Russo et al., 2014). The current mainstream theory
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of the development of the disorder is that genetic predisposition to

SCZ is pronounced during embryonic and early postnatal development

and environmental factors trigger symptoms in early adolescence

(Davis et al., 2016) and lead to the emergence of psychosis at the time

of the transition from late adolescence to young adulthood. This has

given rise to the hypothesis that SCZ may need to be studied in the

context of developmental processes, and that interventions aimed at

promoting normal brain development during late adolescence may

prevent the pathological process (Gomes et al., 2019; Hadar

et al., 2018; Millan et al., 2016; Owen et al., 2011; Tamura

et al., 2016; Uhlhaas & Singer, 2011).

Linkage analysis and gene expression studies suggest that a net-

work of 160 genes contribute to the etiology of the disease (Hjelm

et al., 2015; Lam et al., 2019; J. Li et al., 2021; Li et al., 2017; Pardiñas

et al., 2018; Periyasamy et al., 2019; Ripke et al., 2013; Rodriguez-

Murillo et al., 2012; Schulmann et al., 2019; Singh et al., 2022; J. Sun

et al., 2010; Vawter et al., 2021) by mediating a wide range of neu-

rodevelopmental events that include progenitor cell proliferation and

differentiation, cell migration, the formation of functioning synapses,

axonal connectivity, the patterning of brain structures, inflammation,

and the development of glial cell functions (Ayalew et al., 2012; Jaaro-

Peled et al., 2010; Moskvina et al., 2009; Potkin et al., 2010; Sun

et al., 2010). One of the more robust findings regarding the pathology

of SCZ is that many candidate genes encode synaptic proteins. Over

the last decade, accumulating proteomic, transcriptomic, neurophysio-

logical and histological evidence indicates that a hallmark of SCZ path-

ophysiology is widespread synaptic dysfunction and loss, also known

as synaptopathy (Adams et al., 2022; Berkel et al., 2010; Gauthier

et al., 2010; Glessner et al., 2010; Hall & Bray, 2021; Osimo

et al., 2019; Trubetskoy et al., 2022). However, understanding the ini-

tiation of synaptic dysfunction and its contribution to the develop-

ment of neurodevelopmental disorders such as SCZ is challenging

because alterations in the neuronal component do not fully explain

the synaptic alterations or the behavioral and cognitive deficits. For

example, strategies focused on restoring neuronal dendritic abnormal-

ities, impaired synaptic plasticity, and neurotransmitter imbalance only

lead to partial recovery of the neurodevelopmental deficits observed

in mouse models (Catuara-Solarz et al., 2016; De la Torre et al., 2014)

and humans (De la Torre et al., 2014; de la Torre et al., 2016;

Jacquemont et al., 2014), thus underlining the need to consider alter-

native mechanisms that may contribute to cognitive pathology.

Over the last decade, the concept of the tri-partite synaptic

assembly of pre and postsynaptic neuronal elements and peri-

synaptic astrocytes has evolved as it became clearer that complex

multidirectional relationships between neuronal and astroglial

components emerge as early as in the postnatal developmental

phase (Figure 1) (Araque et al., 2014; Dityatev & Rusakov, 2011;

Farhy-Tselnicker & Allen, 2018; Halassa, Fellin, & Haydon, 2007;

Pannasch & Rouach, 2013; Petrelli & Bezzi, 2016; Petrelli &

Bezzi, 2018).

Excellent reviews have recently explored the role of astrocytes in

neurodevelopmental disorders (Cresto et al., 2019; Allen & Eroglu,

2017; Petrelli & Bezzi, 2018, Petrelli & Bezzi, 2016), therefore the aim

of this review is to describe the evidence supporting the role of astro-

cytes in SCZ, and propose the intriguing hypothesis that early defects

in astrocyte function may even trigger the pathogenesis of the

disorder.

2 | EVIDENCES FOR ASTROCYTES
ALTERATIONS IN SCHIZOPHRENIA

It is now widely accepted that astrocytes play important role both

during postnatal development and in the adulthood by regulating the

formation and development of neuronal circuits (Eroglu &

Barres, 2010) and by regulating multiple homeostatic functions such

as the buffering of extra-cellular potassium or the modulation of syn-

aptic activity (Hu et al., 2015) as well as of functional hyperaemia

(Verkhratsky & Nedergaard, 2018), respectively, (Figure 2). They not

only provide metabolic support for synaptic activity, but are also nec-

essary for synapse formation and maintenance (Chung et al., 2015).

Consistent with the crucial roles of astrocytes in the physiology of

neuronal circuits, changes in astrocytic numbers have been shown to

trigger cognitive dysfunction. For example, selective elimination of

astrocytes located in the prefrontal cortex (PFC) using an astrocyte

specific toxin L-α-aminoadipate (L-AA) (Lima et al., 2014), or in a

transgenic mouse line with inducible and selective tetanus neurotoxin

(TeNT) expression in astrocytes (Lee et al., 2014) results in mice with

deficits in attentional set-shifting, working memory, reversal learning

(Lima et al., 2014), recognition memory, and abnormal cortical gamma

oscillations (Lee et al., 2014). Similarly, decreased expression of the

astrocytic glutamate transporter GLT-1, reduces prepulse inhibition of

the acoustic startle response (Bellesi et al., 2009), a well-established

feature of SCZ.

The involvement of astrocytes in SCZ has long been suspected

(Bernstein et al., 2015; Birnbaum & Weinberger, 2020; Kelly

et al., 2018; Kerns et al., 2010; Trépanier et al., 2016; Van Kesteren

et al., 2017; Wang et al., 2015), and it has been shown that changes in

astrocytic cell density and morphology in rodent PFC trigger SCZ-

related cognitive dysfunctions (Lee et al., 2014; Lima et al., 2014). The

evidence concerning altered astrocyte status in SCZ originated from

the findings of postmortem studies that identified significant changes

in astrocyte density and morphology, as well as the deregulated

expression of some common astrocyte markers such as glial fibrillary

acidic proteins (GFAP), aquaporin 4 (AQ-4), S100β, glutaminase,

thrombospondin (TSB-1), and excitatory amino acid transporter

2 (EAAT2) (Katsel et al., 2011; Kim et al., 2018; Tarasov et al., 2020;

Trépanier et al., 2016). However, there were quite significant differ-

ences in the findings as some studies indicated a decrease in marker

levels and the number of astroglial cells in comparison with controls,

and others an increase. Therefore, the nature of their contribution in

humans has not yet been defined, probably because of confounding

factors related to the use of postmortem tissues, the brain regions

analyzed, the severity of the disease in the subjects studied, differ-

ences in pharmacological treatments, and so on. Many studies have

not actually investigated the status of astroglial cells during postnatal
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brain development, but were limited to the postmortem examination

of adult brain tissues where dysregulation evident in developing

astroglial cells are hidden, whereas this may have profound effects on

the formation and maturation of neuronal networks. In line with this

hypothesis, recent studies of in vitro cultures of human glial progeni-

tors taken from SCZ patients has shown that the genes associated

with glial differentiation in particular those associated with early oligo-

dendroglial and astroglial lineage progression and those encoding for

glia-derived metalloproteinases, were disrupted, thus indicating the

existence of a cell autonomous glial pathology (Szabo et al., 2021;

Windrem et al., 2017).

Further supporting the hypothesis of astrocytes involvement in

the pathophysiology of SCZ, the same study showed that the trans-

plantation of the glial cell precursors into a normal mouse induced

abnormal behaviors, such as increased anxiety, deficits in social

behavior, and problems with prepulse inhibition, a hallmark of SCZ

patients (Mena et al., 2016). Interestingly, it is thought that decreased

prepulse inhibition in SCZ patients reflects an alteration in DAergic

and glutamatergic neurotransmission in which it is likely that astro-

cytes play an important functional role (see next paragraphs).

Despite these indications, defining the extent to which the

astroglial changes are causal or merely secondary to neuronal pathol-

ogy is still difficult. Some help has come from genetic association and

transcriptome studies that have provided additional evidence of

astroglial abnormalities. The involvement of astrocytes in SCZ is

supported by RNA sequencing data (Gandal, Haney, et al., 2018; Jaffe

et al., 2018) and the findings of genome-wide association studies

(Gandal, Zhang, et al., 2018; Schork et al., 2019) showing that SCZ risk

loci are enriched in genes related to astrocytes specification and mat-

uration such as SOX9 (astrocyte specific nuclear marker), GJA1

F IGURE 1 Schematic of prominent processes occurring during different periods of mouse fetal and postnatal brain development.

Developmental processes as occur in astrocytes (green, above), and neurons (blue, below) are shown.
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(encoding for Cx43), SPON1 and NOTCH2 (involved in proliferation,

cell fate decisions and survival of astroglial lineage) and, more particu-

larly, suggesting the dysregulation of neuro-inflammatory pathways

and the up-regulation of astrocyte-related genes. It is widely accepted

that inflammatory conditions can trigger reactive astrogliosis and,

although this can lead to a number of significant benefits, it can also

have harmful effects such as the production of toxic molecules (Baev

et al., 2022; Chavda et al., 2022; De Sousa, 2022; Liddelow et al., 2020;

Sofroniew, 2014, 2015, 2020). Reactive astrocytes have different func-

tional properties: they lose spontaneous Ca2+ oscillation (Buscemi

et al., 2017; Escartin et al., 2021; Santello et al., 2019; Shigetomi

et al., 2019), which has recently been shown to cause the onset of

repetitive behavior (Yu et al., 2018), and changes in the release of neu-

roactive compounds (gliotransmitters) compared to physiological condi-

tions (Agulhon et al., 2012; Bezzi & Volterra, 2001; Cali et al., 2014;

Habbas et al., 2015; Petrelli & Bezzi, 2016; Rossi et al., 2005; Santello

et al., 2019; Halassa, Fellin, & Haydon, 2007), which correlates with

neuronal damage (Santello et al., 2012; Santello & Volterra, 2011).

Interestingly, in a different study, RNA sequencing of glial progen-

itor cells from SCZ patients has revealed the down-regulation of a

host of genes associated with astroglial differentiation, in particular

those associated with early oligodendroglial and astroglial lineage pro-

gression including a coherent set of the key human glial progenitor

cells (hGPC) lineage transcription factors OLIG1, OLIG2, SOX10, and

ZNF488 which give rise to astrocytes as well as oligodendrocytes.

These data suggest that failed oligodendrocyte and astrocyte differen-

tiation may be an initial event in SCZ and that astrogliosis may be a

secondary event occurring later during the course of disease progres-

sion (Dietz et al., 2020; Windrem et al., 2017). The defective astro-

cytic maturation might have profound effects on developmental

synaptogenesis and circuit formation as well as on myelinogenesis

(Figure 2) and indeed, the importance of postnatal astrocytes matura-

tion has been recently highlighted by several studies showing that

neural connectivity and synaptic development are both intimately

dependent on astrocytic guidance (Allen et al., 2012; Allen &

Lyons, 2018; Clarke & Barres, 2013; Farhy-Tselnicker et al., 2017; Jo

F IGURE 2 Astrocytes in normal brain and in brain affected of schizophrenia. It is now widely recognized that astrocytes play crucial roles
both during postnatal development and in the adulthood because they are necessary for development of neuronal circuits and for the
maintenance of multiple homeostatic functions such as the buffering of extra-cellular ions or the modulation of synaptic activity. Several recent
studies have point out that schizophrenia induces molecular changes in astrocytes (including modifications in the rate of mitochondrial
biogenesis) that can results in an aberrant postnatal maturation of astrocytes. As the formation and maturation of neuronal circuits occurs
concomitantly to astrocytes maturation, it is evident that any dysfunctions in their morphological and functional maturation may have a direct
impact to the formation of neuronal circuits that ultimately may lead to aberrant neurodevelopmental processes involved in the pathogenesis of
schizophrenia.
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et al., 2021) and, hence, on the appropriate timing of astrocytic matu-

ration. As a result, any disruption in astrocytic maturation by SCZ

hGPC, might be expected to significantly confound the construction

and functional architecture of neural networks (Dietz et al., 2020).

The processes governing astrocyte maturation are still being

investigated, and little is known about the molecular mechanisms

underlying the ways in which they are specified and grow to take on

their complex morphologies, or how they interact with and sculpt

developing neuronal circuits. However, recent studies have given us a

basic understanding of the intrinsic and extrinsic mechanisms

governing their origin from precursor cells and the generation of their

diversity (Freeman, 2010), and revealed that morphologically highly

complex mature astrocytes interact with as many as ~100,000 individ-

ual synapses and cluster with other astrocytes to occupy unique spa-

tial domains in the brain (Bushong et al., 2002; Halassa, Fellin, Takano,

et al., 2007; Schiweck et al., 2018). This complexity is even greater in

humans as a single astrocyte occupies a brain volume that is almost

30 times that occupied in rodent brain and interacts with ~2,000,000

synapses (Oberheim et al., 2006).

Astrocyte maturation requires a number of morphological and

molecular re-arrangements (Figure 1). During the first week of postnatal

development, when they are still replicating, astrocytes send out their

long processes well beyond their still quite ragged borders and, in the

following two weeks, continue to expand in a manner similar to the

growth and expansion of neuronal protrusions, and elaborate the fine

processes that come into contact with developing synapses (Allen &

Eroglu, 2017; Bandeira et al., 2009; Bushong et al., 2004; Farhy-

Tselnicker & Allen, 2018; Freeman, 2010; Ge et al., 2012; Petrelli &

Bezzi, 2018; Silbereis et al., 2016; Schiweck et al., 2018; Zehnder

et al., 2021). Consequently, while growing in number and overall den-

sity, the morphology of maturing astrocytes changes (Bushong

et al., 2004; Stogsdill et al., 2017; Schiweck et al., 2018) from that of

small cells with a few long processes to that of mature cells whose

complex architecture is characterized by numerous very thin processes

(peripheral astrocytic processes, PAPs) (Calì et al., 2019; Derouiche &

Frotscher, 2001) reaching out to contact many thousands of synapses

(Halassa, Fellin, Takano, et al., 2007; Reichenbach et al., 2010;

Ventura & Harris, 1999).

Molecularly, recent transcriptome analyzes have shown that

many of the genes regulating proliferation are progressively down-

regulated during postnatal astrocyte maturation, whereas those

encoding glutamate and GABA transporters, connexin (Cx) 30 and

Cx43, and the inwardly rectifying potassium channel Kir 4.1 are pro-

gressively up-regulated (Cahoy et al., 2008; Zhang et al., 2016). The

genes that are progressively up-regulated encode the proteins

involved in maintaining synaptic homeostasis (glutamate and GABA

transporters, and Kir 4.1) and creating a functional interconnected

syncytium to spread nutrients and ions (such as Cx30 and Cx43), thus

indicating that astrocyte maturation parallels the gradually increasing

strength of synaptic activity. In particular, the larger syncytium of

mature astrocytes indicates that the delivery of metabolites to active

synapses is greater than that in less mature brains (Rouach

et al., 2008) and, as the expression of Cx30 can also regulate the

spatial proximity of PAPs to glutamatergic synapses, the gradual

increase in connexin levels can modulate the efficacy of the astrocytic

glutamate uptake of K+ buffering (Pannasch et al., 2014; Pannasch &

Rouach, 2013). Interestingly, astrocytes in the context of SCZ may

show a morphological phenotype reminiscent immature cells and may

express decreased levels of K+ channels, CX30 and CX43, or gluta-

mate transporter GLT-1 (i.e., proteins that are progressively up-

regulated during postnatal maturation), and all of these conditions

have been associated with features of SCZ in transgenic mice (Bellesi

et al., 2009) (Figure 2). Thus, the understanding of molecular mecha-

nisms underlying the generation and maturation of astrocytes during

the first postnatal week, is a key factor for cracking the pathophysiol-

ogy of SCZ.

3 | MITOCHONDRIA DYSFUNCTIONS IN
SCHIZOPHRENIA: IS THERE A ROLE FOR
ASTROCYTIC MITOCHONDRIA?

Among the most important risk factors for SCZ, abnormalities in

energy mitochondrial metabolism have been found in functional

assays and in magnetic resonance spectroscopy studies on SCZ

patients (Jensen et al., 2006; Maurer et al., 2001; Öngür et al., 2009;

Regenold et al., 2009, Adams et al., 2022) and an analysis of several

published studies on genomic, transcriptomic, and proteomic factors

associated with SCZ revealed 295 genes that mediate mitochondrial

structure or function (Hjelm et al., 2015; Lam et al., 2019; Li

et al., 2021; Schulmann et al., 2019; Vawter et al., 2021). Moreover,

22 genes encoding mitochondrial proteins have been mapped within

the 108 risk loci (encompassing more than 300 genes) identified by

the largest SCZ genome-wide association studies (GWAS) to date

(Hjelm et al., 2015; Lam et al., 2019; Li et al., 2021; Ripke et al., 2013;

Schulmann et al., 2019; Vawter et al., 2021) and further studies show

a decrease of factors and enzymes involved in the production of

energy (i.e., adenosine triphosphate–ATP-generation and storage)

(Iwamoto et al., 2005; Karry et al., 2004; Klushnik et al., 1991;

Middleton et al., 2002; Pennington et al., 2008; Washizuka

et al., 2009). Alterations in mitochondrial activity have been consis-

tently reported in SCZ patients: for example, reduced energy metabo-

lism has been reported in patients with psychosis (Regenold

et al., 2012) and phosphorous magnetic resonance studies (31P-MRS)

reported lower levels of ATP and phosphocreatine in brain of patients

with SCZ (Volz et al., 2000). Further studies reported mitochondrial

defects in neural progenitors, cerebral organoids, and cortical inter-

neurons derived from induced pluripotent stem cells (iPSCs) from

patients with SCZ compared with healthy control individuals

(Brennand et al., 2015; Kathuria et al., 2020; Ni et al., 2020). Mito-

chondria are the main intracellular location for generating adenosine

triphosphate (ATP) but they are far more than just power suppliers.

They are also involved in many other cellular functions, including cal-

cium signaling (Courchet et al., 2013; Lewis et al., 2018; Rangaraju

et al., 2019), proliferation (Iwata et al., 2020) or apoptosis, production

of free radical species, redox homeostasis maintenance (Friedman &
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Nunnari, 2014; Rizzuto et al., 2012) and neuronal development and

synaptic plasticity (Iwata et al., 2020; Iwata & Vanderhaeghen, 2021;

Lee et al., 2018) thus suggesting that compromised mitochondrial

function can alter critical neuronal processes underlying abnormal

brain development and cognitive impairment in psychosis.

This preponderant association of mitochondrial gene with SCZ

have been also demonstrated for 22q11 deletion syndrome(DS), a

common microdeletion syndrome in humans that represent one of the

strongest genetic risk factors for SCZ (Chow et al., 2006; Pulver

et al., 2000). 22q11 DS is caused by a hemizygous 1.5–3 Mb micro-

deletion on the long arm of chromosome 22 that affects approxi-

mately 35–60 known genes (Karayiorgou et al., 2010) and occurs in

about 1/4000 live births (Meechan et al., 2015). It is estimated that

patients with 22q11DS have about 30% risk of developing SCZ in a

manner that is not grossly distinguishable from nonsyndromic SCZ

(Chow et al., 2006; Sun et al., 2020). The psychotic symptoms and

related cognitive deficits emerge at the time of the transition from

late adolescence to adulthood, which has led to the hypotheses that

22q11DS, similar to SCZ, should be studied in the context of develop-

mental processes and that preadolescent interventions aimed at pro-

moting normal brain development may prevent its occurrence. Altered

brain energy metabolism and mitochondrial dysfunction have been

implicated in the etiology of SCZ symptoms (Prabakaran et al., 2004),

and the fact that six of the 45 genes deleted in 22q11DS (Prodh,

Slc25a1, Mrpl40, Zdhhc8, T10, and Txnrd2) encode mitochondrial pro-

teins (Devaraju & Zakhareko, 2017; Maynard et al., 2008) suggest that

mitochondria may be key organelles in its pathophysiology. One study

has found evidence for mitochondrial dysfunction in lymphocytes and

plasma samples from children with 22q11DS, (Napoli et al., 2015)

while another using a mouse model of 22q11DS has found the dys-

regulated expression of many genes related to mitochondrial func-

tions specifically in the PFC (Stark et al., 2008). Furthermore, recent

transcriptomic, proteomic and metabolomic studies of mouse models

and 22q11DS patients have identified multiple deregulated mitochon-

drial pathways (Carrera et al., 2012; Fernandez et al., 2019; Gokhale

et al., 2019; Napoli et al., 2015; Wesseling et al., 2017) and shown

that neuronal Txnrd2 and Mrpl40 genes are important players in the

psychosis-related cognitive deficits of transgenic mice (Carrera

et al., 2012; Devaraju et al., 2017; Fernandez et al., 2019). Finally

mitochondrial dysfunctions have been found in iPSC-derived neurons

from individuals with 22q11DS with SCZ versus healthy control indi-

viduals (Li et al., 2021) and reduced ATP levels and reduced activity of

complexes I and IV of the ETC have been found in patient-derived

neurons. Overall, these results suggest that mitochondrial deficits may

contribute to the development of SCZ in the context of 22q11DS but

still no studies to date have indicated whether mitochondrial dysfunc-

tions mediate the altered developmental mechanisms of the PFC as a

result of the diminished number of 22q11 genes. This lack of informa-

tion possibly originates from the fact that mitochondrial dysfunctions

associated with 22q11DS or with SCZ have only been investigated

from a neuronal perspective.

One challenge facing researchers trying to elucidate the mecha-

nisms underlying the 22q11DS and SCZ is that the processes of brain

maturation from childhood to adolescence and adulthood are still

unclear. The PFC is one of the last brain regions to acquire adult-like

features between late adolescence and early adulthood and, as PFC

dysfunction has been related to defined features of SCZ (e.g., deficits

in working memory) (Meyer-Lindenberg et al., 2005; Millan

et al., 2016; Uhlhaas & Singer, 2015), it is possible that SCZ may be

linked to alterations in PFC maturation. Many studies have shown

morphological and molecular alterations in the PFC of SCZ patients,

including decreased spine and synapses density and truncated den-

dritic trees, and specific transcriptome alterations in layers 3 and 5 that

are not detected in other cortical areas (Black et al., 2004; Garey

et al., 1998; Kolluri et al., 2005; Rajkowska et al., 1998), and some of

these molecular alterations seem to be mainly related to mitochondrial

functions (Arion et al., 2017). Interestingly enough, astrocytes are

important regulators of synapse formation and function during devel-

opment. While neurogenesis precedes astrogenesis in the cortex, syn-

aptogenesis only begins after astrocytes have been generated,

concurrent with neuronal branching and process elaboration. Over

the last few decades, it has become increasingly clear that brain matu-

ration and function depend on the efficient cooperation between neu-

rons and astrocytes in shaping neural circuits and appropriate

astrocyte maturation during postnatal development may be crucial for

the formation of neuronal circuitry. Each of these steps requires

astrocyte-derived factors and the astrocytic control of neuronal

homeostasis, which raises the question as to whether astrocyte dys-

function during this critical period contributes to the alterations in the

PFC maturations and consequently to the pathophysiology of cogni-

tive deficits associated to of 22q11DS and of SCZ. The findings of

some recent studies have further strengthened this hypothesis. A

recent transcriptomic analysis (Boisvert et al., 2018; Cahoy

et al., 2008; Zhang et al., 2016) has identified all of the six genes

deleted in 22q11DS and coding for mitochondrial proteins in astro-

cytes. It has also been shown that Prodh (a gene encoding a mitochon-

drial enzyme proline dehydrogenase or PRODH involved in regulating

oxidative stress) is among the 30 genes that are highly expressed by

astrocytes (Boisvert et al., 2018; Cahoy et al., 2008; Zhang

et al., 2016) and PRODH-deficient mice, which carry a mutation in the

mouse orthologue of the human Prodh gene, that introduces a prema-

ture termination (E453X) and leads to an ~60% reduction in enzymatic

expression and an ~90% reduction in enzymatic activity, has been

implicated in deficient sensorimotor gating (Paterlini et al., 2005). Fur-

thermore, a recent study has highlighted that those mitochondrial dys-

functions in developing astrocytes can affect their postnatal

maturation. Indeed, the conditional deletion of the metabolic regulator

PPARγ co-activator 1α (PGC-1α) and the consequent perturbation of

the mitochondrial network in developing astrocytes impairs their mor-

phological maturation (Zehnder et al., 2021), thus highlighting the

importance of mitochondria to astrocyte morphogenesis. Recent stud-

ies have highlighted the importance of the postnatal morphogenesis

of astrocytes by showing that their morphological maturation takes

place in tune with the growth and activity of synaptic circuits and can

actually control synaptogenesis and circuit functions (Stogsdill

et al., 2017; Stogsdill & Eroglu, 2017) and consistent with these
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studies, the deletion of PGC-1α in astrocytes decreases the formation

and function of excitatory synapses in the PFC (Zehnder et al., 2021).

Interestingly, the PGC-1α-dependent pathway is critically con-

trolled by the mGluR5, a metabotropic glutamate receptor that has

been shown to be highly expressed in developing astrocytes (Buscemi

et al., 2017; Sun et al., 2010). Indeed, the temporal relationship

between postnatal synapse and astrocyte maturation suggests that bi-

directional interactions orchestrate both in order to fine-tune the mat-

uration of functional circuits (Allen & Eroglu, 2017; Petrelli &

Bezzi, 2018). The mGluR5 gene (i.e., GRM5) as well as the genes regu-

lating glutamatergic signaling in astrocytes are also developmentally

regulated: for example, the expression of Homer and Shank, which

respectively encode Homer1b/c and Shank2 or 3 scaffold proteins, is

particularly high when astrocytes are immature (Boisvert et al., 2018;

Cahoy et al., 2008; Zhang et al., 2016), thus indicating that immature

astrocytes sense glutamatergic activity from the early phase of post-

natal development, even before the major wave of synaptogenesis

occurs. In line with its high expression level in immature astrocytes,

mGluR5 plays a crucial role in regulating postnatal astrocyte growth

and arborization by inducing mitochondrial biogenesis in immature

astrocytes (Morel et al., 2014; Zehnder et al., 2021), thus suggesting

that mGluR5 signaling oversees glutamatergic synaptic activity and

adapts postnatal astrocytic energy demands in such a way as to sup-

port the large number of fine processes typically seen in adult

astroglia. The events coupling the monitoring of synaptic activity by

mGluR5 and increasing mitochondrial biogenesis seem to be tempo-

rally correlated in developing astrocytes, in which the levels of

mGluR5 abruptly decrease when those of PGC-1α reach their peak

during the third postnatal week.

It is known that cellular energy metabolism requires the rapid

activation of the mitochondrial biogenesis program orchestrated by

PGC-1α (Wu et al., 1999), and that the consequent increase in the

number of mitochondria is crucial to the differentiation and matura-

tion of many cell types, including neurons (Cheng et al., 2012; Li

et al., 2004). Immature astrocytes rely on a PGC-1α-dependent net-

work of mitochondria to stop their replication and reach postnatal

maturation, and the dysfunctional mitochondrial network induced by

the selective deletion of astrocyte PGC-1α impairs correct postnatal

astrocyte maturation and correct synaptogenesis (Zehnder

et al., 2021), thus affecting postnatal PFC development, a situation

similar to those in SCZ and 22q11DS.

Consistent with a possible role of PGC-1α in the 22q11DS, recent

results obtained from iPSC derived neurons of 22q11patients with or

without SCZ have shown that variable penetrance to the develop-

ment of SCZ is influenced by compensatory mitochondrial biogenesis

that occurs in patients with 22q11DS without SCZ (Li et al., 2021).

Indeed, in the 22q11DS without SCZ, expression of nuclear genes

encoding ETC subunits, and of multiple mitochondrial encoded genes,

were upregulated, as was mitochondrial DNA content and the expres-

sion of genes affecting mitochondrial biogenesis and function, such as

PGC-1α and PPARα, in human induced pluripotent stem cells (hiPSC)

from the 22q11DS without SCZ, thus suggesting that the 22q11DS

group without SCZ is characterized by effective compensation for

the various mitochondrial abnormalities present in the 22q11DS

group with SCZ. Moreover they also found that stimulation of mito-

chondrial biogenesis in hiPSC-derived neurons from 22q11DS

patients with SCZ, normalizes the ATP deficit seen in this group of

neurons (Li et al., 2021). These results are suggesting that enhanced

mitochondrial biogenesis and functions are associated with the

absence of SCZ in hiPSC-derived neurons from patients with

22q11DS and that deficits in mitochondrial function in the 22q11DS

group with SCZ can be reversible by activating PGC-1α and mito-

chondrial biogenesis.

4 | FUNCTIONAL ROLE OF ASTROCYTES
IN THE REGULATION OF GLUTAMATERGIC
AND DOPAMINERGIC TRANSMISSION AND
ITS POSSIBLE IMPLICATIONS IN
SCHIZOPHRENIA

The contribution of glutamate to the pathology of SCZ has been stud-

ied extensively. The glutamate hypothesis of SCZ is mainly based on

the fact that hypofunctioning N-methyl-d-aspartate (NMDA) recep-

tors decrease PFC functions (Herédi et al., 2017) together with the

ability of NMDA antagonists such as ketamine or phencyclidine to

induce SCZ-like psychosis (Javitt & Zukin, 1991; Moghaddam &

Javitt, 2012; Steeds et al., 2015). This hypothesis is supported by

studies showing lower mRNA and protein expression of some NMDA

receptor subunits, changes in the postsynaptic density of gluta-

matergic synapses (Balu, 2016; Banerjee et al., 2015), and significant

levels of anti-NMDA antibodies in patients experiencing a first epi-

sode of SCZ (Levite, 2014).

The activation of NMDA receptors requires the binding of gluta-

mate and endogenous co-agonists D-serine or glycine (Oliet &

Mothet, 2009). A number of studies have shown that deficits in the

availability of D-serine may contribute to the NMDA hypofunction

associated with SCZ (Hu et al., 2015; Labrie et al., 2012; Mei

et al., 2018). The effects of D-serine on synaptic plasticity and NMDA

receptor currents have mainly been attributed to astrocyte D-serine

release (Fossat et al., 2012; Henneberger et al., 2010; Mothet

et al., 2006; Panatier et al., 2006), and this hypothesis is supported by

the finding that that the inhibition of astrocyte-mediated D-serine

release by clamping the increase in intra-cellular calcium levels or poi-

soning astrocytes with fluoroacetate impairs the plasticity of nearby

synapses (Fossat et al., 2012; Henneberger et al., 2010).

The finding that D-serine levels in mammalian brain increase dur-

ing early development suggests that it may play a role in normal brain

development and circuit refinement, and recent evidence indicating

that the synaptogenesis induced by transforming growth factor β-1

(TGF-β1) is dependent on D-serine is consistent with the idea that D-

serine plays a role in promoting the formation of functional synapses

(Diniz et al., 2012; Packard et al., 2003). Furthermore, it has been

found that, like TGF-β1 treatment, the application of D-serine alone is

sufficient to induce the formation of synapses and that the syn-

aptogenic property of TGF-ß1 is eliminated when D-serine levels are
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reduced by D-amino acid oxidase (DAAO) treatment, which suggests

that D-serine release may be responsible for TGF-β1-mediated

synaptogenesis.

The subunit composition of NMDA receptors changes during devel-

opment and by brain region, which suggests that the developmental roles

of the various NMDA receptor subtypes may be different (Bellone &

Nicoll, 2007): for example, GluN2B expression in the hippocampus peaks

early in development whereas GluN2A is expressed later, and this differ-

ence correlates with the maturation of neuronal circuits and the control

of a number of important developmental events (van Zundert

et al., 2004; Yashiro & Philpot, 2008). Recent findings have shown that

the availability of D-serine and glycine preferentially favors the diffusion

of NR2B over NR2A subunits (Burnet et al., 2011; Papouin et al., 2012),

thus suggesting that D-serine may play a role in the development of neu-

ronal circuits, possibly by influencing the subunit make-up of gluta-

matergic synapses.

The initial therapeutic use of D-serine to alleviate SCZ was based

on the hypothesis that NMDA receptor hypofunction was partially

responsible for the disease, and was supported by the subsequent

hypothesis that a deficiency in the availability of endogenous D-serine

was an underlying cause of NMDA receptor hypofunction, and the

finding that SCZ patients have reduced plasma and cerebrospinal fluid

D-serine levels (Bendikov et al., 2007; Calcia et al., 2012; Hashimoto

et al., 2003). This reduction may be partially explained by excessive D-

serine degradation, a hypothesis that is supported by the finding of

high levels of highly active DAAO (an enzyme with the molecular

function of oxidizing D-amino acids) in postmortem brain samples

taken from SCZ patients (Habl et al., 2009; Madeira et al., 2008).

Moreover, association studies have identified several mutations in

human D-serine metabolic enzymes as risk factors for SCZ, including

single-nucleotide polymorphism (SNP) variants of serine racemase

(Morita et al., 2007), DAAO (Boks et al., 2007; Caldinelli et al., 2013),

and the DAAO interacting protein G72 (Müller et al., 2011). It is par-

ticularly worth noting that the SCZ susceptibility gene DISC1 seems to

bind serine racemase directly, thus protecting it from ubiquitin-

mediated degradation (Ma et al., 2013).

The glutamate hypothesis of SCZ is also based on analyzes of

postmortem tissues which indicate layer-specific alterations in gluta-

matergic neurotransmission and receptors, as well as in the glutamate

metabolic pathways (Spangaro et al., 2012). The changes in glutamate

homeostasis, include reductions that are associated with SCZ in the

expression of the astrocytic glutamate transporters (Hu et al., 2015),

glutamine synthase (Hu et al., 2015), glutamate dehydrogenase

(Burbaeva et al., 2003), glutaminase (Hu et al., 2015), and D-serine

(Steffek et al., 2006) however, the extent to which these changes

occur autonomously in astrocytes, rather than being downstream of

neuronal dysregulations, remains unclear.

The DA hypothesis of SCZ is based on the presence of hyperac-

tive DA projections in the mesolimbic system and reduced DA projec-

tions in the mesocortical system (Tarasov et al., 2020). The

pharmacotherapy based on the DA theory of SCZ takes advantage of

antipsychotic agents: the first-generation antipsychotics work mainly

by inhibiting DAergic neuromodulation (D2 antagonists) or other

receptors such as noradrenergic, cholinergic, and histaminergic recep-

tors while the second-generation antipsychotics work by blocking

both D2 receptors and serotonin receptor (5HT2A subtype). How-

ever, there are a number of significant limitations when using antipsy-

chotics that prevalently act on D2 receptors because they mainly

improve only positive symptoms (e.g., sensory hallucinations, thought

disorders, schizophasia) and approximately 25% of SCZ patients are

treatment resistant (Remington et al., 2017), which suggests that

excess DA neuron recruitment from mid-brain areas is not the only

cause of the disorder. For example, hyperactivity in the PFC is a char-

acteristic pathophysiological feature of patients with SCZ (Grace &

Gomes, 2019; Heckers & Konradi, 2015; Tseng et al., 2007), and may

account for the hyperactivity of DA projections. It has indeed recently

been shown that chronic treatment of the PFC with a D2 antagonist

during the sensitive adolescent period can prevent a decrease in the

functions of inhibitory parvalbumin (PV) neurons and cognitive dys-

functions in a mouse model of SCZ (Mukherjee et al., 2019), which

suggests that antipsychotic drugs acting on D2 receptors may attenu-

ate psychosis by means of mechanisms of network activity that influ-

ence the recruitment of PV neurons. Possible direct mechanisms may

involve the functions of D2 receptors expressed by adult PV neurons

(Tomasella et al., 2018; Tseng & O'Donnell, 2007) or DAergic termi-

nals in the mPFC (Petrie et al., 2005) as neurodevelopmental alter-

ations in the frontal and PFC (which are greatly involved in cognition,

memory and learning) are probably involved in the etiology of SCZ

(Jonas et al., 2014; Langen et al., 2012; Simpson et al., 2010). These

cortical regions receive DA innervations and express DA receptors

(Björklund & Dunnett, 2007; Roeper, 2013; Tritsch & Sabatini, 2012)

from the embryonic phase, and DAergic maturation of the PFC con-

tinues affecting postnatal synaptogenesis and connectivity until they

become stable in young adulthood (Bhide, 2009; Hamilton et al., 2010;

Lu et al., 2009; Mameli et al., 2011; McCarthy et al., 2011; Spencer

et al., 1998; Stanwood et al., 2001, 2005; Stanwood & Levitt, 2007;

Zhang et al., 2010). This protracted phase of development provides

ample time for the development and maturation of the functional prop-

erties of the PFC, which may be strongly dependent on potential dis-

ruptors of DA innervations. Alterations in DAergic pathways have been

found in SCZ patients, including fewer DAergic axons in the deep layers

of the medial PFC and decreased D1 receptor binding (Akil et al., 1999;

Arnsten & Shansky, 2004; Gibbs & D'Esposito, 2005; Goldman-Rakic &

Selemon, 1997; Okubo et al., 1997).

Over the last few years, increasing efforts have been made to

clarify whether astrocytes are involved in the brain's DAergic system.

It has been widely reported that they express DAminergic receptors

(Corkrum & Araque, 2021; Jennings & Rusakov, 2016) and key

enzymes for DA metabolism, such as the mitochondrial enzymes

monoamine oxidase B (MAO-B) and cathecholamine-O-methyl trans-

ferase (COMT) (Cahoy et al., 2008; Youdim et al., 2006). Furthermore,

recent transcriptome analyzes have also shown the presence of genes

encoding for proteins involved in monoamines transport and storage

such as plasma membrane organic cation transporter 3 (OCT3) (Cahoy

et al., 2008; Cui et al., 2009; Yoshikawa et al., 2013; Zhang

et al., 2016), and vesicular monoamine transporter 2 (VMAT2) (Cahoy
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et al., 2008; Zhang et al., 2016), an integral vesicular membrane pro-

tein that, in neurosecretory cells, directly controls the efficient uptake

of cytosolic monoamines into intra-cellular vesicles (Edwards, 2007).

A novel mRNA splice variant of Drosophila VMAT (DVMAT-B)

has been found in a small subset of glia in the lamina of the fly's optic

lobe (Romero-Calder�on et al., 2008), but it is only very recently that

an immunohistochemistry survey of various brain areas has revealed

that VMAT2 immunolabeling is particularly enriched in the astrocytes

of the frontal cortex (including the PFC) in rodents and humans

(Petrelli et al., 2020, 2021). The rodent immunosignal is visible in

astrocytes from the second postnatal week, but almost absent in

other DAergic areas such as the striatum and ventral tegmental area,

which suggests that astrocytic VMAT2 plays a specific functional role

in frontal cortical regions. In line with this hypothesis, the deletion of

astrocytic VMAT2 causes an imbalance of DA homeostasis, a concom-

itant decrease in the extra-cellular levels of DA, and tonic DAergic

modulation of excitatory transmission specifically in the PFC (Petrelli

et al., 2020). The absence of the inhibitory action of DArgic modula-

tion increases basal synaptic activity, hinders synaptic plasticity, and

ultimately affects the proper development of the cognitive processes

associated with the PFC, such as working memory and cognitive flexi-

bility (something frequently observed in SCZ patients). A relatively

small decrease in extracellular DA levels in the PFC can therefore

have significant effects on cognitive performance, which underlines

the importance of maintaining correct DAergic tone during the post-

natal development of the PFC (Paterlini et al., 2005).

The ability of astrocytes to control extra-cellular DA levels depends

on VMAT2, which works in tandem with the degradation enzymes

MAO-B and COMT to maintain the correct balance between vesicular

and free cytosolic DA levels and prevent abnormal DA metabolism (Fon

et al., 1997). Unlike other DAergic areas, the PFC expresses low levels

of the high-affinity neuronal DA transporter (DAT), and relies on sec-

ondary mechanisms such as those of COMT and MAO-B to maintain

appropriate DA levels (Yoshikawa et al., 2013).

The COMT gene is considered an attractive candidate for inducing

susceptibility to SCZ (Glatt et al., 2003; Weinberger et al., 2001), and

the activity of the COMT enzyme seems to be particularly relevant in

controlling PFC DA levels (Egan et al., 2001) and influencing PFC-

dependent cognitive processes such as attention, working memory,

and executive functions (Bilder et al., 2002; Egan et al., 2001;

Malhotra et al., 2002). COMT gene contain numerous polymorphisms,

the most frequently studied of which is the functional single nucleo-

tide polymorphism (SNP) rs4680 (G/A or Val/Met substitution) that

affects enzymatic activity (Tunbridge et al., 2019), and the rs4818

polymorphism (C/G or Leu/Leu substitution) that affects COMT

expression (Roussos et al., 2008). The COMT rs4680 polymorphism

causes alterations in PFC DA levels, and it has been reported that its

G allele is associated with SCZ (González-Castro et al., 2016) and

alterations in cognition and neuronal functions in SCZ patients (Egan

et al., 2001). The rs4818 polymorphism is often transmitted with

COMT rs4680 polymorphisms in a haploblock (Hirasawa-Fujitaa

et al., 2018; Perkovic et al., 2020), and it has been reported that a hap-

lotype of COMT rs4818 and rs740603 polymorphisms is associated

with negative SCZ symptoms (Li et al., 2012). Finally, as COMT maps

to a region of chromosome 22 that is frequently deleted in patients

with DiGeorge/velocardiofacial syndrome (22q11.2 deletion syn-

drome, or 22q11.2DS) (Drew et al., 2011; Karayiorgou et al., 2010),

COMT deficiency and abnormal PFC DA levels may be involved in the

cognitive deficits and behavioral abnormalities observed in

22q11.2DS patients.

The two biochemically distinct forms of the MAO mitochondrial

enzyme (MAO-A and MAO-B) are encoded by different genes

(Grimsby et al., 1991) and, despite being predominantly expressed in

astrocytes (Duarte et al., 2021) play an important role in regulating

DA levels. According to the DAergic theory of SCZ, low MAO activity

may be a risk factor for the development of the disorder (Gass�o

et al., 2008) and, in addition to its general role in SCZ, MAO-B plays a

major role in the development of negative SCZ symptoms, as has been

shown in a study of the positive effects of selegiline, a selective

MAO-B inhibitor, on the treatment of such symptoms (Amiri

et al., 2008). It has been suggested that the rs1799836 polymorphism

of the MAO-B gene increases MAO-B protein expression

(Jakubauskiene et al., 2012), and that it is associated with the etiology

of SCZ (Wei et al., 2011); it has also been found that another MAO-B

polymorphism, rs6651806, is associated with higher or lower levels of

3-methoxy-4-hydroxyphenylglycol, one of the major monoamine

metabolites measured in the cerebrospinal fluid of psychotic patients

(Andreou et al., 2014). However, although the studies mentioned

above have demonstrated links between the COMT rs4680 and

rs4818 and MAO-B rs1799836 polymorphisms in SCZ and its negative

symptoms (Madzarac et al., 2021), their possible associations with

astrocytic dysfunctions have not been investigated.

It has not yet been determined whether the ability of astrocytes

to control DA in the PFC is involved in the pathophysiology of SCZ.

However, on the basis of its crucial importance in regulating amines,

some of the very rare human variants of VMAT2 have been

associated with SCZ (Chu & Liu, 2010) and others with protection

against alcohol neurotoxicity (Lin et al., 2005). Furthermore, recently

described pathogenic variants in the SLC18A2 gene encoding VMAT2

cause severe forms of brain DA/serotonin vesicular transport disease

and symptoms such as hypotonia, parkinsonism, tremor, developmen-

tal disability, and depression (Jacobsen et al., 2016; Rath et al., 2017;

Rilstone et al., 2013).

5 | DISCUSSION

Astrocytes, as an active component of the synapse since the early

phase of postnatal development, not only promote synaptogenesis

and regulate synaptic connectivity by influencing synapse formation,

and maturation, but also maintain synaptic homeostasis and influence

synaptic activity and plasticity by releasing neuroactive substances.

Synaptic dysfunction is a prominent feature of various neu-

rodevelopmental disorders, including SCZ, therefore, the importance

of astrocytes is evident. As the synaptic connectivity occurs concomi-

tantly to astrocytes maturation, it is also obvious that the cellular and
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molecular mechanisms regulating the transition toward the mature

phenotype of astroglial cells play a crucial role for postnatal brain mat-

uration and may be implicated in the pathogenesis of neu-

rodevelopmental disorders and SCZ. The combination of data

obtained from postmortem analyzes, genetic association studies and

transcriptome investigations, induced pluripotent stem cell (iPSC)

technologies as well as from studies of astrocytes in animal models

have provided an unprecedented opportunity to establish first insights

on the cell autonomous astroglial pathology associated to SCZ thus

supporting the hypothesis that astrocytes have the capacity to be part

of the cellular mechanisms involved in the pathogenesis of SCZ. The

future perspective will involve a more in-depth analysis and descrip-

tion of astrocytes dysfunctions in SCZ by using the combination of

the above approaches in order to explore new therapeutic strategies

for SCZ.
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