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Abstract

Schizophrenia is a severe and clinically heterogenous mental disorder affecting approximately 1% of the population worldwide. Despite tremendous
achievements in the field of schizophrenia research, its precise aetiology remains elusive. Besides dysfunctional neuronal signalling, the
pathophysiology of schizophrenia appears to involve molecular and functional abnormalities in glial cells, including astrocytes. This article provides
a concise overview of the current evidence supporting altered astrocyte activity in schizophrenia, which ranges from findings obtained from post-
mortem immunohistochemical analyses, genetic association studies and transcriptomic investigations, as well as from experimental investigations
of astrocyte functions in animal models. Integrating the existing data from these research areas strongly suggests that astrocytes have the capacity
to critically affect key neurodevelopmental and homeostatic processes pertaining to schizophrenia pathogenesis, including glutamatergic signalling,
synaptogenesis, synaptic pruning and myelination. The further elucidation of astrocytes functions in health and disease may, therefore, offer new

insights into how these glial cells contribute to abnormal brain development and functioning underlying this debilitating mental disorder.
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Introduction

Schizophrenia (SZ) is a devastating mental disorder with a
worldwide prevalence of approximately 0.7%—1% (Owen et al.,
2016). Core features of the clinical manifestation consist of pos-
itive symptoms (symptoms such as hallucinations, delusions,
disorganised speech and thought), negative symptoms (a
decrease or absence of normal behaviour related to emotion,
motivation or interest) and cognitive symptoms (such as dys-
functions in working memory, verbal memory, attention and
executive functioning) (Correll and Schooler, 2020; Owen et al.,
2016). The clinical course, presentation and prognosis of SZ are
highly heterogeneous, generally associated with multiple and
hardly predictable relapses, and often manifest itself in disease
chronicity (Lewis and Lieberman, 2000; Owen et al., 2016). The
first episode of psychosis typically occurs during late adoles-
cence or early adulthood (Owen et al., 2016; Sommer et al.,
2016). Prior to the first episode, most but not all patients show
an at-risk mental state (prodromal phase) (Addington and
Heinssen, 2012; Lieberman et al., 2001), which in some cases is
accompanied by cognitive and social deficits (Lewandowski
et al., 2011). Upon full manifestation of SZ, patients are typi-
cally assigned to long-term pharmacological treatments, which
are, however, estimated to be effective in only ~66% of the
patients, whereas the remaining ~34% are treatment resistant
(Patel et al., 2014; Potkin et al., 2020).

Despite the continuous research efforts, the aetiology of SZ
remains largely elusive. SZ is now considered a neurodevelop-
mental disorder that involves complex interactions between

multiple genetic and environmental susceptibility factors (Insel,
2010). Converging evidence from large-scale genetic studies
suggests SZ has a polygenetic component, whereby increased
disease risk is conferred by an accumulation of common and rare
variants with relatively low effect sizes (Owen et al., 2016). In
addition to its genetic basis, SZ has also been associated with
numerous environmental risk factors, including prenatal expo-
sure to infectious or non-infectious maternal immune activation
(MIA), childhood stress and trauma, as well as drug abuse during
puberty (Brown, 2011; Meyer, 2019). Intricate interactions
between several genetic and/or environmental risk factors may
be necessary to affect early neurodevelopmental processes and
change the neurodevelopmental trajectories towards the lasting
brain disturbances that characterise SZ (Insel, 2010) and to cause
the varying psychiatric symptoms and clinical course of the dis-
order (Daskalakis and Binder, 2015). However, the precise nature
of these interactions and their neuropathological consequences
remain ill-defined and await future examination.

Besides dysfunctional neuronal signalling, the pathophysiol-
ogy of SZ appears to involve molecular and functional
abnormalities in glial cells, including microglia and macroglia,
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the latter of which comprises astrocytes, oligodendrocytes and
glial progenitor cells (GPCs) (Dietz et al., 2020). This article pro-
vides a concise overview of the current evidence supporting
altered astrocyte activity in SZ, which ranges from findings
obtained from post-mortem immunohistochemical analyses,
genetic association studies and transcriptomic investigations, as
well as from experimental investigations of astrocyte functions in
animal models. Integrating the existing data from these research
areas suggests that astrocytes have the capacity to critically affect
key neurodevelopmental and homeostatic processes pertaining to
SZ pathogenesis, including glutamatergic signalling, synap-
togenesis, synaptic pruning and myelination. The further elucida-
tion of astrocyte functions in health and disease may, therefore,
offer new insights into how these glial cells contribute to abnor-
mal brain development and functioning underling this debilitat-
ing mental disorder.

Astrocytes - a brief overview

Like neurons and oligodendrocytes, astrocytes originate from
neuroepithelium-derived radial glial cells (Kriegstein and
Alvarez-Buylla, 2009). Studies in rodents have shown that
embryonic astrogliogenesis commences at gestation day (GD)
1618 in the developing cortex, giving rise to a first fraction of
astrocytes (Reemst et al., 2016; Verkhratsky and Nedergaard,
2018). The majority of astrocytes, however, develop during the
second wave of astrogliogenesis, which in rodents occurs during
postnatal weeks 2 and 3 (Bosworth and Allen, 2017; Verkhratsky
and Nedergaard, 2018). As discussed in more detail below, this
second wave of astrogliogenesis coincides with the postnatal
phases of increased synaptogenesis, synaptic maturation, synap-
tic pruning and myelination (Bosworth and Allen, 2017; Downes
and Mullins, 2014).

In the adult mammalian brain, astrocytes are highly heterog-
enous (Verkhratsky and Nedergaard, 2018). Once believed to
serve as mere supporting cells for neurons, the functional roles of
astrocytes are now known to be highly diverse. Astrocytes
express a wide range of receptors, transporters, enzymes and ion
channels, through which they control and enable homeostasis of
ions, pH, neurotransmitters, reactive oxygen species and nutri-
ents (for a comprehensive review, see Verkhratsky and
Nedergaard, 2018). They are in close structural association with
synapses, with estimations suggesting that one protoplasmic
astrocyte contacts and integrates 20—120,000 synapses in mice
and up to 2 million synapses in humans (Verkhratsky and
Nedergaard, 2018). This special feature of astrocytes has led to
the proposal of the tripartite synapse model, which highlights the
contribution of astrocytes in regulating synaptic transmission
(Araque et al., 1999; Perea and Araque, 2010; Perea et al., 2009).
According to this model, astrocytes actively participate in synap-
tic transmissions by means of neurotransmitter synthesis, buffer-
ing and recycling, as well as the secretion of neuromodulators
(Mahmoud et al., 2019; Verkhratsky and Nedergaard, 2018).

Current evidence for astrocytic
anomalies in SZ
Evidence for altered astrocyte activity in SZ is manifold and

includes findings from post-mortem immunohistochemical analy-
ses, genetic association studies and transcriptomic investigations.

Although substantial heterogeneity exists between studies, several
post-mortem immunohistochemical findings in SZ identified sig-
nificant changes in astrocytic density and/or morphology, along
with deregulated expression of astrocyte-defining cellular mark-
ers (Kim et al., 2018; Tarasov et al., 2019; Trépanier et al., 2016;
Zhang et al., 2020). A number of studies reported decreased astro-
cyte densities in cingulate cortex, motor cortex, medial and vent-
rolateral regions of the nucleus accumbens, basal nuclei and
substantia nigra, whereas the number of astrocytes appear unal-
tered in the temporal and frontal cortex, amygdala, hippocampus
and ventral pallidum (Tarasov et al., 2019). A meta-analysis of
glial fibrillary acidic protein (GFAP), a type III intermediate fila-
ment protein that is expressed in astrocytes, suggests that there is
marked heterogeneity between individual studies, with 6 studies
reporting a significant increase in the levels of GFAP in SZ rela-
tive to controls, 6 identifying a significant decrease in SZ relative
to controls and 21 detecting no significant changes (Trépanier
etal., 2016). Similar heterogeneity was also found in post-mortem
studies using other astrocytic markers, including aldehyde dehy-
drogenase 1 (ALDHI) and the calcium binding protein
S100B (Steiner et al., 2008; Tarasov et al., 2019; Trépanier
et al., 2016; Zhang et al., 2020). As discussed in detail elsewhere
(Catts et al., 2014; Kim et al., 2018; Purves-Tyson et al., 2021;
Steiner et al., 2008; Tarasov et al., 2019; Trépanier et al., 2016), a
number of methodological and patient-related factors, including
differences in the brain regions analysed, selection of astrocyte-
defining cellular markers, disease state of study subjects and other
confounding factors such as medication, smoking and/or suicide,
likely contribute to the notable variability in post-mortem findings
of altered astrocytic density and/or morphology in SZ.

Genetic association studies and transcriptomic investigations
provide additional lines of evidence for an involvement of astro-
cytic anomalies in SZ. For example, a functional gene set analy-
sis of genome-wide association data from 13,689 individuals
with SZ and 18,226 healthy controls found 6 astrocyte gene sets
and 3 oligodendrocyte gene sets to be strongly associated with
an increased risk for SZ (Goudriaan et al., 2014). Interestingly,
the same study found no association of SZ with the microglia-
defining gene sets, consistent with findings from the RNA
sequencing (RNAseq) analysis from the PsychENCODE
Consortium, which integrated genetic and genomic data from
~2000 well-curated, high-quality post-mortem brain samples
from individuals with SZ, bipolar disorder (BD), autism spec-
trum disorder (ASD) and control subjects (Wang et al., 2018). In
a transcriptome-wide association study performed by the
PsychENCODE Consortium, it was found that astrocyte and
interferon (IFN)-response gene expression modules were up-
regulated in SZ and ASD, while at the same time, the microglia
gene expression module was upregulated only in ASD but down-
regulated in SZ and BD (Gandal et al., 2018). Moreover, in a
re-analysis of 15 publicly available expression data obtained
from bulk tissue, it was found that the expression profiles
of cortical astrocytes were consistently increased in both SZ
and BD, while the ones from fast-spiking parvalbumin (PV)
interneurons were consistently decreased (Toker et al., 2018). In
line with these findings, Ramaker et al. showed an increase in
astrocytic gene expression and a concomitant decrease in neu-
ron-specific gene expression in the cingulate cortex of SZ and
BD patients relative to controls (Ramaker et al., 2017). Finally,
a recent RNAseq-based gene set enrichment study found that
rare genetic variants of SZ were enriched in astrocytic gene
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co-expression modules (Gonzalez-Pefias et al., 2019). Taken
together, there is accumulating evidence for a genetic basis of
astrocytic anomalies in SZ, which tentatively point towards an
upregulation of astrocytic gene expression mostly in cortical
areas of the brain.

Experimental studies in rodent models further corroborate a
link between astrocytes and SZ. For example, transgenic mice
that express a mutant form of the disrupted in schizophrenia 1
(DISC1) gene specifically in astrocytes display behavioural phe-
notypes relevant for SZ (Ma et al., 2013; Terrillion et al., 2017).
DISCI is considered a ‘historical’ candidate gene for SZ, whose
relevance has been challenged by more recent unbiased genome-
wide association studies (Farrell et al., 2015; Mathieson et al.,
2012). Accumulating evidence now suggests that DISC is gener-
ally involved in brain development and functioning through act-
ing on numerous cellular processes, and as such, abnormal
DISCI1 expression may be a general risk factor for multiple psy-
chiatric disorders rather than constituting a ‘SZ risk gene’ (Facal
and Costas, 2019; Niwa et al., 2016; Ryan et al., 2018).
Furthermore, astrocytic glutamate/aspartate transporter (GLAST
or excitatory amino-acid transporter 1 (EAAT1)) mutant mice
were shown to exhibit abnormalities on behavioural measures
thought to model the positive, negative and cognitive symptoms
of SZ, some of which were rescued by treatment with antipsy-
chotic drugs (Karlsson et al., 2008, 2009; Matsugami et al.,
2006). In another study, Windrem et al. developed a chimeric
mouse model, in which human GPCs from individuals with SZ or
age-matched healthy controls were engrafted into neonatal mice.
Mice with GPCs obtained from SZ showed significant changes in
astrocyte differentiation and morphology and developed behav-
ioural and brain morphological changes relevant to SZ (Windrem
etal., 2017).

Functional role of astrocytes
in synaptogenesis and synapse
elimination

Aberrant synaptic formation and elimination have emerged as
important pathophysiological processes contributing to SZ and
related neurodevelopmental disorders (Boksa, 2012; Keshavan
et al., 2020; Sakai, 2020; Sellgren et al., 2019). Indeed, given that
SZ is associated with reduced prefrontal grey matter volume
(Zhang et al., 2016), decreased synaptic density (Berdenis Van
Berlekom et al., 2020), and hypoconnectivity in different brain
networks (Li et al., 2019), it has been suggested that SZ could
primarily represent a disorder of reduced synapse formation and/
or excessive elimination.

In attempts to identify the cellular processes underlying
abnormal synaptic refinement in SZ, increasing attention is being
paid on microglia. Microglia are innate immune cells of meso-
dermal origin residing in the brain parenchyma and are pivotal
for various immune responses in the brain (Mattei and Notter,
2020). Besides their classical immunological functions, they are
actively involved in the refinement of brain circuitries by mediat-
ing the elimination of superfluous synapses through comple-
ment-dependent phagocytosis (Hong et al., 2016; Paolicelli et al.,
2011; Stevens et al., 2007). The association between allelic vari-
ations in the complement component 4 (C4) gene — shown to be
involved in microglia-dependent synaptic pruning — and the risk
to develop SZ strongly supports the hypothesis that excessive

synaptic elimination is involved in the pathophysiology of SZ
(Sekar et al., 2016).

In addition to microglia, however, emerging evidence points
towards a critical involvement of astrocytes in both synaptogen-
esis (Bosworth and Allen, 2017; Verkhratsky and Nedergaard,
2018) and synaptic elimination (Bialas and Stevens, 2013; Chung
et al., 2013; lino et al., 2001; Vainchtein et al., 2018; Yang et al.,
2016) during postnatal brain maturation. Astrocytes have been
shown to produce and secrete numerous synaptogenic factors,
which regulate synapse formation in a highly complex, brain
region- and neuronal subtype-specific manner (as reviewed by
Bosworth and Allen, 2017). Among these is the fatty acid binding
protein 7 (FABP7), which in turn has been implicated in SZ
(Shimamoto et al., 2014; Watanabe et al., 2007). In mice, FABP7
has been identified as a critical synaptogenic factor, especially
for synaptogenesis occurring in the medial prefrontal cortex
(mPFC) (Ebrahimi et al., 2016). Animals that do not express
FABP7 display decreased prefrontal dendritic complexity, spine
density and maturity of spines and show behavioural deficits rel-
evant for SZ and related disorders (Ebrahimi et al., 2016;
Shimamoto et al., 2014).

Thus far, astrocyte-dependent synaptic elimination has been
described in the developmental refinement of retinogeniculate
connectivity in the visual system (Bialas and Stevens, 2013;
Chung et al., 2013; Vainchtein et al., 2018), the ventral trigemi-
nothalamic tract of the somatosensory system (Yang et al., 2016)
and the cerebellar connectivity between climbing fibres and
Purkinje cells (Tino et al., 2001). There are several known mecha-
nisms by which astrocytes eliminate synapses. First, they can
eliminate synapses via phagocytosis, which appears to involve
astrocytic activation of phagocytosis-stimulating receptors,
including mer receptor tyrosine kinase (MERTK) and multiple
epidermal growth factor-like domain protein 10 (MEGF10)
(Chung et al., 2013). Second, astrocytes produce and release the
cytokines interleukin-33 (IL-33) (Vainchtein et al., 2018) and
transforming growth factor-p (TGF-B) (Bialas and Stevens,
2013), which in turn stimulate microglia to phagocytose synapses
in a complement-dependent manner. A third mechanism by
which astrocytes promote synaptic elimination involves activa-
tion of the intracellular inositol-1,4,5-triphosphate (IP3) pathway
and subsequent release of Ca?*from endoplasmic reticulum
(Yang et al., 2016). While the precise cellular mechanisms remain
to be identified, these data indicate that astrocytes can promote
synaptic elimination in a Ca?*-dependent manner.

As it has been proposed for microglia (Sekar et al., 2016;
Sellgren et al., 2019), alterations in astrocyte activity during criti-
cal developmental time windows could thus mediate excessive
elimination of synapses, resulting in functional dysconnectivity
of different brain regions and disturbances in distinct neurotrans-
mitter systems (Insel, 2010) and ultimately increase the risk of
SZ and related disorders.

Functional role of astrocytes in white
matter integrity and myelination

Impaired white matter integrity is another hallmark pathology
implicated in SZ (Dietz et al., 2020; Kelly et al., 2018; Landek-
Salgado et al.,, 2016). White matter comprises long-ranging
axonal connections that are ensheathed and insulated by myelin
— a lipid-dense material produced by oligodendrocytes assuring
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fast action potential propagation. White matter integrity can be
assessed in-vivo using diffusion tensor imaging (DTI) with mag-
netic resonance imaging (MRI) and indexed by changes in frac-
tional anisotropy (FA), a measure of diffusion rate along an axon
(Chang et al., 2017). Several studies found reduced FA in SZ
compared to healthy controls, especially within white matter
areas of the forebrain (Kanaan et al., 2009; Kelly et al., 2018;
Samartzis et al., 2014), indicating impaired white matter integrity
in SZ relative to controls. Interestingly, such changes in white
matter could already be detected in high-risk individuals before
the presence of obvious clinical symptoms, and these abnormali-
ties appear to progress along the clinical course of SZ (Samartzis
et al., 2014). In support of the findings provided by imaging stud-
ies, post-mortem investigations have also provided immunohis-
tochemical and/or transcriptomic evidence for myelination
deficits in SZ (Landek-Salgado et al., 2016).

Although myelin sheaths that insulate axons are produced by
oligodendrocytes, astrocytes have been shown to critically influ-
ence this process (Molina-Gonzalez and Miron, 2019). For
example, astrocytes directly provide oligodendrocytes with nutri-
ents and substrates via gap junctions, which are indispensable for
the metabolically highly demanding process of myelin formation
and maintenance (Orthmann-Murphy et al., 2008). Furthermore,
disrupting the direct communication between astrocytes and oli-
godendrocytes results in severe myelin disorders, which have
been associated with SZ-like psychosis (Molina-Gonzalez and
Miron, 2019; Walterfang et al., 2005). Hence, astrocytes are key
for maintaining white matter integrity and myelination, such that
disrupting astrocytic activity may lead to impaired white matter
structure and function pertaining to SZ and beyond.

This hypothesis has recently been supported by an elegant
experimental study, where neonatal myelin-deficient mice
(Windrem et al., 2017) were engrafted with human GPCs pro-
duced from induced pluripotent stem cells (iPSCs) of individuals
with SZ and age-matched controls (Windrem et al., 2017). GPCs
are a proliferating cell type of the central nervous system (CNS)
that have the capacity to differentiate into oligodendrocytes or
astrocytes, following a strictly regulated pathway (Dietz et al.,
2020; Hill and Nishiyama, 2014). In the study by Windrem et al.
(2017), it was found that GPCs generated from individuals with
SZ migrated prematurely into the cortex, which led to decreased
expansion of the white matter and hypomyelination relative to
control GPCs (Windrem et al., 2017). The authors further discov-
ered that chimeras with GPCs from individuals with SZ showed
delayed astrocyte differentiation and developed abnormal behav-
iours, including impaired sensorimotor gating, increased anxiety-
like behaviour and reduced social approach behaviour (Windrem
et al., 2017). Finally, RNAseq of cultured schizophrenic GPCs
revealed alterations in the expression of genes associated with
glial differentiation, as well as synaptic transmission, develop-
ment and function, indicating that the observed glial pathology
was cell autonomous (Windrem et al., 2017).

Functional role of astrocyte in
glutamatergic neurotransmission

The functional role of astrocytes in regulating glutamatergic neu-
rotransmission has long been known (Hansson and Ronnback,
1995; Mahmoud et al., 2019). More recently, it has been pro-
posed that astrocytes could contribute to some of the alterations

in the glutamatergic neurotransmitter system associated with SZ
(Mei et al., 2018; Tarasov et al., 2019). The glutamate hypothesis
of SZ was initially postulated based on the psychotogenic effects
of N-methyl-p-aspartate receptor (NMDAR) antagonists, such as
phencyclidine (PCP) and ketamine (Javitt and Zukin, 1991; Luby
et al.,, 1962; Moghaddam and Javitt, 2012). Subsequently, this
hypothesis received support from several research lines, includ-
ing post-mortem studies revealing lower mRNA and protein
expression of specific NMDAR subunits and changes in the post-
synaptic density of glutamatergic synapses in the brains of indi-
viduals with SZ (Balu, 2016; Banerjee et al., 2015). Taken
together, the glutamate hypothesis of SZ suggests that (at least
parts of) SZ-associated symptoms underly NMDAR hypofunc-
tions in discrete brain regions, including the prefrontal cortex
(PFC) and hippocampus (Moghaddam and Javitt, 2012), and in
specific cell types. With regards to the latter, hypofunction of
NMDA receptors on PV-positive interneurons appears particu-
larly relevant to the pathophysiology of SZ, resulting in decreased
activity in PV-positive GABAergic interneurons causing an
imbalance in the excitatory/inhibitory neurotransmitter actions
(Gonzalez-Burgos and Lewis, 2012). This view is in line with
findings in mice where the NR1 subunit of the NMDAR has been
ablated specifically in PV-positive GABAergic neurons, which in
turn led to the development of neuromorphological and behav-
ioural changes reminiscent of SZ (Belforte et al., 2010). A role of
aberrant NMDAR signalling in SZ has been further corroborated
by genome-wide association studies identifying genes encoding
NMDAR subunits to be genetic risk factors for SZ (Allen et al.,
2008; Consortium, 2014). Furthermore, single nucleotide poly-
morphisms of genes involved in the synthesis of D-serine, a co-
activator of NMDAR, have been associated with SZ (Boks et al.,
2007).

Glutamate

Despite substantial heterogeneity, numerous studies using proton
magnetic resonance spectroscopy (‘H-MRS) have provided evi-
dence for altered glutamate levels in unmedicated individuals
with SZ (Poels et al., 2014). While initial findings suggested that
individuals with SZ display increased glutamate levels in the
PFC, presumably as a result of increased presynaptic release
(Mei et al., 2018; Poels et al., 2014), more recent 'H-MRS studies
found lower levels of glutamate in prefrontal brain regions of
individuals with SZ relative to healthy controls (Reid et al., 2019;
Wang et al., 2019). The precise source of these discrepant find-
ings remains elusive but may involve age differences in the study
sample (Brandt et al., 2016) and/or technical differences in the
capacity of 'H-MRS to separate glutamate and glutamine into
distinct signals (Reid et al., 2019; Wang et al., 2019). Both ends
of the spectrums (i.e. reduced or increased glutamate levels) may,
however, involve altered astrocytic mechanisms. Indeed, astro-
cytes replenish presynaptic vesicles with synaptically released
glutamate via the glutamate-glutamine cycle, a process shown to
be disturbed in individuals with SZ (Dietz et al., 2020; Hertz and
Rothman, 2016; Jelen et al., 2018; Mei et al., 2018). In this cycle,
astrocytes buffer glutamate from the synaptic cleft via glutamate
transporters, including EAATs, and then convert glutamate into
glutamine via the glutamine synthetase (Hertz and Rothman,
2016; Mahmoud et al., 2019). Upon its release by astrocytes, glu-
tamine is taken up by neurons, converted back into glutamate,
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packed into presynaptic vesicles, and stored in synaptic terminals
(Dietz et al., 2020; Hertz and Rothman, 2016). In addition to their
role in the glutamate-glutamine cycle, astrocytes also represent
the primary cell type that synthesizes glutamate from glucose,
thus providing another astrocyte-mediated process that regulates
presynaptic glutamate levels in the brain (Mei et al., 2018).
Disruptions of astrocyte functions pertaining to the glutamate-
glutamine cycle and/or de-novo synthesis of glutamate from glu-
cose can thus be expected to contribute to abnormal glutamate
levels as seen in SZ and related disorders.

Moreover, deficient or excessive glutamate clearance from
the synaptic cleft by astrocytes could yet provide another cellular
mechanism for abnormal glutamate signalling in SZ. In the adult
brain, EAATs have been shown to play a major role in glutamate
uptake from the synaptic cleft (Bar-Peled et al., 1997; Haugeto
et al., 1996; Hu et al., 2015; Robinson, 1998). Among the four
subtypes of EAATs, EAAT1 and EAAT?2 have been shown to be
predominantly expressed in astrocytes (Haugeto et al., 1996). In
the adult brain, EAAT?2 has been identified to be responsible for
approximately 90% of total glutamate uptake in the synaptic cleft
(Bar-Peled et al., 1997; Robinson, 1998). Changes in EAATSs
expression and function could therefore directly alter synaptic
glutamate levels and glutamatergic neurotransmission, thereby
precipitating the glutamatergic pathophysiology of SZ and
related disorders. In support of this notion, post-mortem studies
found abnormal mRNA and protein expression levels of EAAT1
and EAAT? in different brain regions of SZ patients relative to
controls (Hu et al., 2015; Katsel et al., 2011; McCullumsmith
et al., 2016; Mei et al., 2018; O’Donovan et al., 2017). A link
between abnormal EAAT expression and SZ-related pathology
was also established by work in animal models, which demon-
strated that genetically induced loss of astrocytic EAATSs causes
behavioural phenotypes implicated in SZ and related psychotic
disorders (Karlsson et al., 2008, 2009; Matsugami et al., 20006).

D-serine

NMDAR activation necessitates the binding of both glutamate
and a co-agonist, with D-serine and glycine representing the
endogenous co-activators (Hu et al., 2015). In support of the glu-
tamate hypothesis of SZ, several lines of evidence indicate that
deficits in the availability of D-serine may contribute to NMDAR
hypofunctions associated with SZ (Hu et al., 2015; Labrie et al.,
2012; Mei et al., 2018). D-serine, on one hand, is catalysed from
L-serine by the enzyme serine racemase (SR), which is primarily
expressed in neurons (Balu et al., 2014; Kartvelishvily et al.,
2006; Miya et al., 2008). L-serine, on the other hand, is de novo
synthesed in astrocytes involving the enzyme 3-phosphoglycer-
ate dehydrogenase (PHGDH) (Yamasaki et al., 2001). Deletion
of astrocytic PHGDH reduced L-serine levels, as well as neu-
ronal D-serine (Neame et al., 2019; Yang et al., 2010). Moreover,
selective inhibition of PHGDH reduced L- and D-serine synthe-
sis and reduced the NMDAR synaptic potentials and long-term
potentiation (LTP) at the Schaffer collaterals-CA1 synapses in
the hippocampus (Neame et al., 2019). Further experimental
work in animal models highlight that there may be a critical link
between abnormal astrocyte functions, D-serine productions and
SZ-related pathologies. Based on the accumulating evidence
implicating the DISC1 gene in the aetiology of mental illnesses
(Chubb et al., 2008; Facal and Costas, 2019; Ishizuka et al., 2006;

Niwa et al., 2016; Ryan et al., 2018; Sawa and Snyder, 2005), Ma
et al. (2013) generated mice expressing a mutant form of DISC1
selectively in astrocytes. Compared with wild-type controls,
these mice displayed decreased levels of D-serine and a number
of behavioural abnormalities relevant to SZ and other mental ill-
nesses, including locomotor hyperactivity, deficits in sensorimo-
tor gating in the form of prepulse inhibition, increased anxiety-like
behaviour, impairments in social interaction and recognition, as
well as cognitive impairments (Ma et al., 2013; Terrillion et al.,
2017). Intriguingly, chronic treatment with D-serine significantly
improved the behavioural phenotypes in mutant DISC1 mice
(Ma et al., 2013; Terrillion et al., 2017). A more recent study
showed that region-specific knockdown (KD) of DISC-1 in
mature mouse astrocytes affected cognitive performance in a
brain region-specific manner (Shevelkin et al., 2020). Subsequent
post-mortem analyses in this model revealed that astrocytes-spe-
cific DISC1-KD caused marked alterations in the morphology of
astrocytes, the expression of mitochondrial markers and astro-
cytic EAAT1, as well as the levels of glutamatergic and
GABAergic synaptic markers (Shevelkin et al., 2020). The trans-
lational value of these findings is supported by post-mortem find-
ings showing reduced density of DISC1-expressing astrocytes in
the hippocampus of SZ patients relative to healthy controls
(Bernstein et al., 2018).

Concluding remarks

Concurrent with dysfunctional neuronal signalling, the pathophys-
iology of SZ involves molecular and functional abnormalities in
glial cells, including astrocytes. The current evidence supporting
altered astrocyte activity in SZ ranges from findings obtained from
post-mortem analyses, genetic association studies and transcrip-
tomic investigations, as well as from experimental investigations
of astrocyte functions in animal models. Integrating the existing
data from these research areas strongly suggests that astrocytes
have the capacity to critically affect key neurodevelopmental and
homeostatic processes pertaining to SZ pathogenesis, including
glutamatergic signalling, synaptogenesis, synaptic pruning and
myelination. The further elucidation of astrocytes functions in
health and disease may, therefore, offer new insights into how
these glial cells contribute to abnormal brain development and
functioning underlying this debilitating mental disorder.
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