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Abstract: Schizophrenia is a complex heterogenous disorder thought to be caused by
interactions between genetic and environmental factors. The theories developed to explain
the etiology of schizophrenia have focused largely on the dysfunction of neurotransmitters
such as dopamine, serotonin and glutamate with their receptors, although research in the
past several decades has indicated strongly that other factors are also involved and that the
role of neuroglial cells in psychotic disorders including schizophrenia should be given more
attention. Although glia were originally thought to be present in the brain only to support
neurons in a physical, metabolic and nutritional capacity, it has become apparent that these
cells have a variety of important physiological roles and that abnormalities in their function
may make significant contributions to the symptoms of schizophrenia. In the present paper,
we review the interactions of brain microglia, astrocytes and oligodendroglia with aspects
such as transmitter dysregulation, neuro-inflammation, oxidative stress, synaptic function,
the gut microbiome, myelination and the blood-brain barrier that appear to affect the cause,
development and treatment of schizophrenia. We also review crosstalk between microglia,
astrocytes and oligodendrocytes and the effects of antipsychotics on neuroglia. Problems
associated with studies on specific biomarkers for glia in schizophrenia are discussed.

Keywords: neuroglia; microglia; astrocytes; oligodendrocytes; transmitters; antipsychotics;
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1. Introduction

Schizophrenia is a complex and heterogenous psychiatric disorder [1-3] characterized
by the presence of constellations of positive (hallucinations, delusions, disorganized think-
ing and behaviour) and negative (blunted affect, alogia, avolition, asociality) symptoms
as well as cognitive impairment [4-6]. The phases of the disorder include the prodromal
(propsychotic) phase, initial onset of psychosis and chronic illness [7,8]. Schizophrenia is
considered to be a neurodevelopmental disorder involving interactions among multiple
genetic, epigenetic and environmental factors [6,9-17]. This disorder has a worldwide
prevalence of approximately 0.7-1% [16,17].

Although the emphasis of studies on the etiology and development of drugs for
the treatment of schizophrenia focused for many years on the dysregulation of neuro-
transmitters [primarily dopamine, but also glutamate, serotonin and y-aminobutyric acid
(GABA)] [18-27], it became obvious that factors in addition to these neurotransmitters
were involved. Studies in recent years have also focused on other neurotransmitters and
neuromodulators (e.g., acetylcholine, D-serine) and other factors such as the immune,
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endocrine and endocannabinoid systems, oxidative stress, mitochondrial dysfunction, the
blood-brain barrier (BBB) and the gut-brain axis [2,11,27-49].

There is growing evidence that glial cells (also known as neuroglia), which affect
many of the aspects mentioned above, should also be considered important factors in
schizophrenia. The principal types of glia in the central nervous system (CNS) are mi-
croglia, astrocytes, oligodendrocytes, ependymal cells, radial glia and neuron-glia antigen
2 (NG2) cells (also called oligodendrocyte precursor cells or polydendrocytes), while in the
peripheral nervous system (PNS) the principal types are Schwann cells, satellite cells and
enteric glia [50-52]. Although glia were originally thought to be important in brain function
only because of their physical, metabolic and nutritional supportive role for neurons, it has
become obvious in recent decades from genetic and molecular evidence that this approach
was too “neurocentric” [51,53] and that glia have many roles that may be important in the
normal functioning of the brain but under pathological conditions can contribute to the
symptoms of neuropsychiatric disorders [2,8,53-61]. The aim of the present paper is to
provide a review of the proposed roles of microglia, astrocytes and oligodendrocytes in
normal brain function and in the etiology and pharmacotherapy of schizophrenia.

2. Microglia

Microglia are the resident immune cells of the CNS. Associated with their innate
immune function, they express a number of pathogen recognition receptors including
Toll-like receptors and scavenger receptors [62]. Microglia are involved in coordinating
neuro-inflammatory responses in the CNS, but, as mentioned below, make other contribu-
tions to normal brain function, including synaptic pruning [63]. However, in pathological
situations including schizophrenia, microglia may become chronically active, creating
an inflammatory state. This is of great interest since there is now a large body of evidence
suggesting immune system abnormalities and increased neuro-inflammation in a substan-
tial number of patients with schizophrenia [64-84] and the anti-inflammatory properties of
several antipsychotics [85].

Microglia can be activated by diverse factors including cytokines, cellular debris and
bacterial lipopolysaccharide (LPS) which may be released by various stress events [6]. In
their activated state, there can be two subtypes, the classical M1 microglia that release
inflammatory mediators and alternative M2 microglia that release anti-inflammatory me-
diators and can produce neuroprotective effects [86,87]. There is also a pool of different
subtypes of microglia with a diversity of expressions of receptors and morphology [87].
Activated M1 microglia release free radicals and pro-inflammatory cytokines such as
interleukin-6 (IL-6), IL-8, IL-13 and tumour necrosis factor-o (TNF-«) [37] which recipro-
cally influence and modulate neuronal function [88,89].

Microglia express, and can de novo express or upregulate, receptors for several neu-
rotransmitters and neuromodulators, such as glutamate, adenosine triphosphate (ATP),
GABA, dopamine, noradrenaline, serotonin and endocannabinoids [53,62,90], and activa-
tion of these receptors can regulate the release of a number of microglia effectors such as
IL-1p, brain-derived neurotrophic factor (BDNF) and nitric oxide [53,91]. For example,
there is a large body of evidence implicating the hypofunction of N-methyl-D-aspartate
glutamate receptors (NMDARs) and the subsequent increased release of glutamate in the
etiology of schizophrenia [23-25], and glutamate has also been proposed to interact with
microglial cells to stimulate the over-production of pro-inflammatory cytokines, neuro-
inflammation, dendritic apoptosis and excessive synaptic pruning in psychosis [56,92-95].
The promotion of neurogenesis and synaptogenesis by secretion of neurotrophic factors is
reported to be a normal function of microglia [87]. BDNE, a neurotrophic factor released
by microglia and reported to enhance learning-related synapse formation, particularly
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glutamatergic synapses [96,97], has been reported to be lower than control values in plasma
samples from patients with schizophrenia [98].

Increased microglial activation and neuro-inflammation which is positively correlated
with psychotic severity has been reported in people with an ultra-high risk of developing
psychosis [94]. It appears that the activation of microglia and elevation of levels of pro-
inflammatory cytokines in schizophrenia occur prior to the onset of psychotic symptoms,
suggesting that inflammatory status may predict the subsequent onset of psychotic symp-
toms [94,95]. Chronic microglial activation has been reported to be associated with cytokine
release and inflammation, excessive synaptic pruning, reduced cortical volume in the brain
and prefrontal cortex (PFC) dysfunction [37]. However, the literature on inflammation in
schizophrenia and the involvement of microglia activation in inflammation is not without
controversy [59,68,99-104]. In a genome-wide association study (GWAS) on data from
a large cohort of people with schizophrenia and healthy controls, Goudriaan et al. [100]
found that astrocyte and oligodendrocyte gene sets were associated with increased risk
for schizophrenia, but microglia gene sets were not. They also reported that the astro-
cyte and oligodendrocyte results were related to astrocyte signaling at the synapse, the
integrity of myelin-containing membranes, the development of glia and epigenetic control.
Trepanier et al. [68] conducted a systematic review of the literature on neuro-inflammatory
marker studies on the postmortem brain tissue of patients with schizophrenia. The ex-
pression of glial fibrillary acidic protein (GFAP), a marker for astrocytes, was elevated,
lower or not changed compared to controls in 6, 6 and 21 studies, respectively, while
microglial markers were elevated, lower or unchanged in 11, 3 and 8 studies, respectively.
Snijders et al. [101] conducted a meta-analysis of studies on microglia in schizophrenia
and also conducted their own investigation by performing immunostaining and qPCRs
on an additional dataset. They concluded that the expression of several microglia-specific
genes was decreased in schizophrenia and proposed that there was a change in microglial
phenotype rather than density in schizophrenia. It has been proposed [102] that in patients
with schizophrenia, infiltrated regulatory T lymphocytes activate astrocytes, which then
increase transforming growth factor-f3 (TGFf3) secretion, forcing microglia to be sustained
in a non-inflammatory state, promoting microglial phagocytosis and synaptic pruning [102].
Murphy and Weickert [103] have provided an interesting commentary on the controversies
related to microglia and neuro-inflammation in schizophrenia. Koskuvi et al. [104] studied
human-induced pluripotent stem cell (hiPSC)-derived microglia generated from monozy-
gotic twins discordant for schizophrenia, and from healthy controls. These cells were used
to study the transcriptional and functional differences in microglia between the affected
and unaffected twins and the controls. Although there was an increased expression of
inflammatory genes in the cells from the twins with schizophrenia, there were not clear
functional signs of hyperactivation in microglia in those cells. The major histocompatibility
complex (MHC) locus has a strong association with schizophrenia, and microglia are major
MHC class II-expressing cells in the brain; these researchers found an upregulation of these
genes only in the microglia from the affected twins [104].

Through interactions with the innate and adaptive immune systems, the complement
system of plasma and membrane proteins is involved in modulating tissue homeostasis
and in immune surveillance [105]. The complement cascade is involved in clearing debris,
enhancing inflammation and tagging pathogens for engulfment or destruction, and is an im-
portant contributor to synapse elimination and plasticity [106,107]. Neurons, microglia and
astrocytes can produce complement compounds [106,107]). The appropriate activation of
the complement system plays an important role in the normal functioning of the brain,
but overactivation or dysregulation may lead to synaptic dysfunction and an inflamma-
tory response that is excessive [107]. Activation of the complement system can trigger
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microglia-dependent synaptic elimination through complement receptor 3 (CR3) [106], but
there is also evidence of increased synaptic loss, increased microglia synaptic engulfment
and excess pruning due to the overexpression of C4, a gene involved with inflammatory
responses and associated with schizophrenia [106,108,109].

There are also reports of bidirectional interactions between microglia and mitochon-
drial dysfunction in schizophrenia. Reactive oxygen species (ROS) produced by mitochon-
dria may lead to the increased production of pro-inflammatory cytokines by microglia [110],
and the mitochondrial anti-oxidative defence system may be perturbed by increased pro-
inflammatory cytokines in patients with schizophrenia [77,111]. In a study of postmortem
PFC tissue from patients with chronic attack-like progressive schizophrenia or continu-
ous schizophrenia, Vikhreva and Uranova [112] concluded that the former involves the
increased reactivity of microglia at a young age and dystrophic changes in microglia that
increase with age and length of disease, while the latter is associated with the decreased
reactivity of microglia and non-progressive dysphoric changes.

It has been postulated for many years that early inflammation may be a contribut-
ing factor to schizophrenia, and studies in maternal immune activation (MIA) models in
rodents have been used to demonstrate that a maternal infection can result in immuno-
logical changes that mobilize microglia and may result in psychosis-like symptoms in the
offspring [37,63,95,113,114]. Changes in several neurotransmitter systems, including the
dopamine and glutamate systems, have been found in such models [37,95]. The microglial
two-hit model of schizophrenia [114] proposes that the perinatal activation of microglia puts
them in a primed state, and that later stress in adolescence can trigger their overactivation
and the excessive pruning of synapses in brain areas such as the PFC and hippocampus [6].

Animal models of schizophrenia based on administration of the NMDAR antagonists
phencyclidine (PCP), ketamine or dizocilpine (MK-801) have been reported to produce
a state of neuro-inflammation characterized by microglial reactivity and the excessive
production of pro-inflammatory cytokines [114].

It has also been proposed that there is a disruption of the BBB in some patients with
schizophrenia [115,116] and that activated microglia, through the secretion of ROS and
pro-inflammatory cytokines, can also cause the disruption of the BBB [31].

The contributions of the gut microbiome to glial function in schizophrenia must
also be considered. There is now a very large body of evidence indicating the influence
of the gut microbiome on brain function [117-119]. The activity of the gut microbiome
can have marked effects on the immune system and inflammation, neurotransmission,
the hypothalamic—pituitary—adrenal (HPA) axis, myelination and the BBB [31,117-122].
Preclinical and clinical studies provide evidence for dysregulation in the gut microbiome in
schizophrenia-spectrum disorders [123-129]. It has been reported that the gut microbiome
is involved in the regulation and function of microglia [118,130]. Ju et al. [131] have reported
that short-chain fatty acids (SCFAs) produced by gut microbes cross the BBB and modulate
the activity of microglia and the production of cytokines.

3. Astrocytes

Astrocytes are normally the most abundant glial cells in the CNS. These cells are asso-
ciated very closely with neurons; cell bodies and synapses (tripartite synapses) enwrapped
by astrocytes are involved in the uptake and release of transmitters, particularly glutamate,
by the neuron, and also in the production and release of modulatory factors [132,133].
It has been proposed that astrocytes play an important role in synaptogenesis and that
the temporal relationship between the maturation of astrocytes and synapses suggests
that bidirectional interactions between them are involved in the post-natal maturation of
both, resulting in the fine-tuning of the development of functional circuits [132,134-136].
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See [132] for detailed tables of the signal-related molecules and synaptogenesis-related
molecules secreted by astrocytes. When exposed to damaging factors secreted by ac-
tivated neuro-inflammatory microglia, astrocytes can be activated and, like microglia,
show a dual nature [86]. Al astrocytes release IL-13, TNF-a and C3 components (which
propagate neuro-inflammation), D-serine and nitric oxide, while A2 astrocytes release
anti-inflammatory compounds such as neurotrophic factors and anti-inflammatory cy-
tokines and promote the survival, growth and repair of neurons [86]. BDNF secreted by
astrocytes has been reported to be involved in the modulation of GABAergic synapses [137].
BDNF and ciliary neurotrophic factor (CNTF) contribute to the development and survival
of oligodendrocytes [138], and it has been reported that following white matter damage,
BDNF secreted by astrocytes promotes oligodendrogenesis [139].

In a recent paper, Ling et al. [140] used single-nucleus RNA sequencing to analyze post-
mortem prefrontal cortical tissue from 97 healthy controls and 94 people with schizophrenia.
They described a neuron-astrocyte relationship in which samples from people whose neu-
rons strongly expressed genes encoding synaptic components also showed astrocytes
that more strongly expressed genes with synaptic functions and genes for the synthesis of
cholesterol, an important component of synaptic membranes. They termed this the synaptic
neuron and astrocyte program (SNAP) and reported that this concerted program declined
in ageing and schizophrenia [140]. Zehnder et al. [136] reported that the development of
mitochondrial biogenesis in astrocytes is important in regulating astrocyte maturation and
promoting synaptogenesis. These authors surmised that astrocytic mitochondria may be
a potential therapeutic target in treating disorders such as schizophrenia in which there is
impaired synaptogenesis. Mounting evidence suggests that astrocytes are also involved in
the regulation of rhythmic activity and the synchronization of neuronal networks [141].

Astrocytes express numerous types of receptors, transporters, enzymes and ion chan-
nels [2]. These neuroglia cells contribute to homeostasis in the CNS through a number
of mechanisms, including the following: providing nutrition to neurons; regulating the
uptake and release of neurotransmitters, particularly glutamate; controlling ion and water
availability; maintaining redox balance; regulating synapse formation and function; modu-
lating cerebral blood flow and metabolism; contributing to the proper development and
functioning of the BBB; regulating iron transport; and providing defense against oxidative
stress [2,8,41,114,142-147]. It has been proposed that dysfunction related to the maturation
of astrocytes may result in abnormalities in mitochondrial biogenesis, synaptogenesis and
the glutamatergic and dopaminergic transmission characteristics of schizophrenia [41]. For
a schematic overview of the properties of astrocytes proposed to be involved in normal
brain function and in schizophrenia, see Figure 1.

Astrocytes are involved in the transfer of glucose and lactate to neurons [133], and
in a study on the knockout of glutamate receptors, astrocytes have been reported to
provide the majority of functional glutamate transport [148]. GABA-A and -B receptors and
GAT-1 and -3 transporters for GABA are also expressed by astrocytes [149]. By secreting
synapotogenic and neurotrophic factors including thrombospondins, hevin, and TGF-f31,
astrocytes can modulate synaptic function [149]. In contrast, astrocytes are also capable of
eliminating synapses by mechanisms which include direct phagocytosis, the stimulation of
microglia to phagocytose, and the activation of the intracellular inositol 1,4,5-triphosphate
(IP3) pathway, producing release of Ca®* from the endoplasmic reticulum [2].
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Astrogliosis

Normal astrocyte

¢ Release of antioxidants
» Degradation of free radicals
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transmitters (eg. glutamate)
Providing energy and
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Figure 1. Examples of properties of normal astrocytes and reactive Al astrocytes which have been
reported to be relevant to normal brain function and brain function in schizophrenia, respectively
(adapted from [146]). Astrogliosis may be increased by factors arising from microglia such as Clq,
pro-inflammatory cytokines and free radicals [146]. This figure is based on information obtained from
references cited in the text of this review [2,12,41,54,60,133,141,146]. Created in BioRender, Chan, A.
(2025) https://BioRender.com/e61n459, accessed on 20 September 2024.

Astrocytes also make an important contribution to the glutamate—glutamine cycle.
Glutamate released from neurons is transported into astrocytes, and there it is metabo-
lized to glutamine. The glutamine is subsequently transported to neurons and converted
to glutamate [8,150]. Elevated glutamine-to-glutamate ratios have been reported in the
CSF of patients with first-episode psychosis (FEP) or drug-naive schizophrenia [151,152].
Bernstein et al. [153] reported a reduced density of astrocytes expressing the disrupted-in-
schizophrenia 1 (DISC1) gene in the dentate gyrus in patients with schizophrenia; such
a change could result in the reduced synthesis of D-serine [153], a potent NMDAR co-
agonist that has been implicated in the etiology and treatment of schizophrenia [154,155].
Decreases in D-serine levels and increases in levels of kynurenic acid, a tryptophan metabo-
lite and NMDAR antagonist derived from astrocytes, could contribute to the hypofunction
of NMDARs in schizophrenia [27,37,63] (Figure 2).
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Figure 2. The possible contribution of increased kynurenic acid to the NMDA glutamate receptor hy-
pofunction proposed in schizophrenia. The kynurenine pathway is a major route for the metabolism of
tryptophan, and in the brain, kynurenine is metabolized to kynurenic acid in astrocytes as part of that
pathway. The released kynurenic acid acts as an antagonist at the glycine co-agonist site on the NM-
DAR [27,63,156,157]. The above figure is adapted from information from references [27,63,132,158].
Glu = Glutamate. Created in BioRender, Chan, A. (2025) https://BioRender.com/e72n912, accessed
on 28 November 2024.

The association of D-serine with astrocytes has been a matter of controversy [159,160],
with early research proposing that it is synthesized in astrocytes [159], but later studies
indicating that L-serine is present in astrocytes and that it is shuttled to neurons to be con-
verted to D-serine, and that neuronally based D-serine regulates NMDAR activity [160,161].
However, it has also been proposed that astroglia, by removing synaptic D-serine and
by regulating its subsequent metabolic degradation, can influence NMDAR activity [162].
Although kynurenic acid acts as an antagonist at the three ionotropic glutamate receptors,
it preferentially inhibits the glycine co-agonist site on the NMDAR [163]. It has also been
proposed as a non-competitive allosteric inhibitor of the «-7 nicotinic receptor [164], al-
though there has been some controversy in that regard [165-167]. In the brain, kynurenic
acid is formed in part of the kynurenine pathway of tryptophan metabolism [27,63,132,158].
It has been reported to modulate glutamatergic, GABAergic, cholinergic and dopaminergic
transmission [reviews: 132,168]. Kynurenic acid has been proposed to be neuroprotective
in some neurological disorders [168,169], but its aberrant production has been reported to
be connected to schizophrenia pathology [132,163,170-172]. There have been numerous
reports of elevated levels of kynurenic acid in the CSF and postmortem brain tissue of
patients with schizophrenia, but results in plasma have not been consistent [163,172].

Changes in astrocytic density and/or several astrocytic markers have been reported
in postmortem studies of schizophrenia, although the reports have not been consis-
tent [2,59,82,173,174]. Laricchuita et al. [59] conducted a systematic review of the glial
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hallmarks of schizophrenia, with a focus on astrocytes and microglia, and concluded that
the development of schizophrenia may involve changes in the density, morphology and
function of these two types of glia. These researchers also discussed conflicting reports in
the literature on the overactivation of astrocytes and microglia in various brain regions in
schizophrenia. They also provided an overview of confounding factors that should be con-
sidered in studies of biomarkers for astrocytes and microglia. Pinjari et al. [175] measured
plasma levels of S100B, P-selectin (a cellular adhesion molecule) and IL-6 in patients with
schizophrenia and healthy controls. Levels of P-selectin correlated positively with levels
of 5100B and IL-6, and it was postulated that in patients with schizophrenia, peripheral
immune activation may be related to neuro-inflammation and the activation of astrocytes.
Myo-inositol is highly expressed in astrocytes, and low levels may be an indicator of the
impaired activity of astrocytes, possible redox imbalance, excitotoxicity and inappropriate
astrocyte-mediated inflammatory defence [59]. Jeon et al. [176] measured myo-inositol
levels (using 7-Tesla magnetic resonance spectroscopy) in the anterior cingulate cortex in
healthy controls and in patients with FEP schizophrenia (at baseline and after 6 months
of treatment with antipsychotics). At baseline, levels of myo-inositol were lower in the
patients with schizophrenia than in the healthy controls, while there was no difference
between the groups after months of treatment of the patients with antipsychotics. The
complement system should also be considered in the actions of astrocytes. In a study on
human postmortem brain tissue, Mou et al. [109] showed the robust expression of C4 in the
subventricular zone (SVZ), a region critical to brain development, and that this expression
was increased in patients with schizophrenia relative to controls.

Oxidative stress and neuro-inflammation can also be influenced by astrocytes [146].
Normally, astrocytes have antioxidant responses via the production of antioxidants
(e.g., glutathione), removal of glutamate and stimulation of antioxidant systems such as
nuclear factor erythroid 2-related factor 2 (Nrf2). However, in pathological situations such
as the dysfunction of mitochondria, impairment of metabolism, excessive glutamate and/or
reduced production of antioxidants, astrocytes can, through the release of ROS or reactive
nitrogen species (RNS), produce the activation of microglia and neuro-inflammation [148].
Oxidative stress can also affect astrocytes adversely through effects on metabolism and the
transport of glutamate by astrocytes [147,177].

As mentioned above, the development, maintenance and function of the BBB can be
affected by astrocytes. There is now evidence of BBB dysfunction in some patients with
schizophrenia [12,31,115]. Disruption of the BBB secondary to neuro-inflammation has
been proposed, and subsequent leakage of the BBB may permit an increased infiltration of
pro-inflammatory factors [116].

The BBB endothelium functions within a modular neurovascular unit composed of
a capillary segment and its affiliated pericytes, basement membranes, astrocytes, microglia
and neurons [12,31]. Alterations in this unit such as changes in ion channel and drug
transporter expression on endothelial cells and glia, leakage at tight junctions, and abnor-
mal modulation of adhesion molecules and leucocytes may occur in schizophrenia [12,31].
Pollak et al. [31] have provided extensive details on the abnormalities of BBB-associated
molecules in psychotic disorders and the effects of risk factors for these disorders on BBB
function. Although there is controversy about the validity of S100B, an acidic calcium-
binding protein secreted by astrocytes and oligodendrocytes, as a marker of BBB disrup-
tion [178], there have been reports of higher serum and CSF S100B concentrations in patients
with schizophrenia compared to controls [179,180]. In a meta-regression analysis, Schum-
berg et al. [180] found that serum S100B levels were higher in patients with schizophrenia
than in controls and were related to the duration of illness and clinical symptomology.
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Interestingly, astrocytes can have a dual effect on the BBB since several vascular
permeability factors derived from astrocytes can worsen BBB disruption, while protective
factors from these glia can reduce the increase in BBB permeability [181].

4. Oligodendrocytes

Oligodendrocytes are the myelinating cells of the CNS, and thus play a crucial role
in the propagation of action potentials and neuronal communication. They have other
functions as well, including providing trophic actions, energy supplies and buffering [63].
Oligodendrocytes are also thought to have the ability to downregulate inflammatory
damage [182,183].

In recent years, a number of researchers have provided evidence supporting abnor-
malities in myelination in some cases of schizophrenia. The abnormal myelination of
connecting fibres in the left frontotemporal region, an area of the brain proposed to be
involved in the development of auditory and verbal hallucinations, has been reported in
patients with schizophrenia [184]. Discrepancies in sensory feedback mechanisms may be
caused by dysmyelination-related delays in patients with psychosis [185]. Zhang et al. [186]
reported that mice treated with the NMDAR antagonist phencyclidine (PCP) displayed
schizophrenia-like behaviours, impaired myelination in the frontal cortex and decreased
quantities of oligodendrocytes. Schizophrenia-like behavioural deficits have also been
reported in myelin gene knockout mice [185]. Since some patients with myelin-related
disorders have also exhibited psychosis, it has been postulated that interruptions of myeli-
nation in localized regions such as the frontotemporal, callosal and periventricular fibre
tracts contribute to psychotic behaviour [187].

Reductions in the number and density of oligodendrocytes in the postmortem brain
tissue of patients with schizophrenia have been reported [185,187]. Other postmortem
studies on brain tissue from patients with schizophrenia reported a decrease in the volume
and mitochondrial number of oligodendrocytes in the caudate nucleus and prefrontal areas,
and decreased numbers of oligodendrocytes and myelin volume in the anterior thalamus
nucleus [188]. Oligodendrocyte precursor cells (OPCs) have been reported to be very sensi-
tive to oxidative stress [189]. Maas et al. [190] have proposed that environmental, genetic
and epigenetic factors combine to lead to the accumulation of ROS in these precursor cells,
disrupting signal transduction processes and resulting in hypomyelination and disrupted
connectivity in the PFC in schizophrenia. Windrem et al. [191] produced a humanized
chimeric mouse model via engrafting glial progenitor cells [from induced pluripotent stem
cells (iPSCs) obtained from patients with juvenile-onset schizophrenia and age-matched
controls] into neonatal, congenitally hypomyelinated mice. The chimera derived from
the patients with schizophrenia exhibited impaired maturation of oligodendrocytes and
astrocytes and a number of behavioural deficits characteristic of schizophrenia [191].

5. Crosstalk Among Neuroglia

Crosstalk among microglia, astrocytes and oligodendrocytes may also be relevant
with regard to schizophrenia. Microglia and astrocytes can influence the differentia-
tion of OPCs into myelinating oligodendrocytes, thus affecting remyelination [192,193].
Domingues et al. [192] have provided a comprehensive review describing astrocyte-
derived promoters and inhibitors of oligodendrocyte proliferation, differentiation and
myelination and the importance of astrocyte activation in these interactions. These authors
also describe how microglia can affect OPC survival and differentiation and modulate
remyelination and demyelination through the release of ROS and RNS, glutamate, neu-
rotrophic factors and cytokines or chemokines, and how astrocytes and the subsequent re-
cruitment of microglia act through the clearance of myelin debris during myelination [192].
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Microglia are present in the CNS prior to the onset of neurogenesis and guide neurogenesis
and astrogliogenesis [193]. Although astrocytes normally promote the survival of neurons
and synaptogenesis, when they are activated by the secretion of complement component 1q
(C1q) and cytokines by activated microglia, astrocytes lose the above-mentioned positive ef-
fects and may induce the death of neurons and oligodendrocytes [194]. Dietz et al. [8] have
proposed that in schizophrenia the activation of microglia during embryogenesis results in
the delayed differentiation of astrocytes and oligodendrocytes, leading to abnormalities in
cortical and subcortical white matter integrity. See Figure 3 for a schematic representation
of this process. It has been proposed that activated microglia, through the release of nitric
oxide, peroxynitrite and inflammatory cytokines, may produce cytotoxicity in oligodendro-
cytes [195-197]. The loss of oligodendrocytes could not only result in impaired myelination
but also in increased infiltration by pro-inflammatory cytokines and microglia [198].

d e

Figure 3. Interactions of neuroglia which may be relevant to schizophrenia. Figure adapted from
Deitz et al. [8]. It is proposed that immune activation of microglia and release of pro-inflammatory
factors such as cytokines during fetal development leads to suppression of differentiation of glial
progenitor cells and resultant production of immature oligodendrocytes and astrocytes with reduced
function. Immature oligodendrocytes result in hypomyelination, reduced white matter integrity and
circuit dysfunction. Immature astrocytes lead to abnormalities in the following: glutamate transport,
potassium buffering, release of neurotrophic factors and synaptic function [8,63,176]. (a) = microglial
cell; (b) = activated microglial cell; (c) = glial progenitor cell; (d) = immature oligodendrocyte;
(e) = immature astrocyte. Created in BioRender, Chan, A. (2025). https://BioRender.com/j610876,
accessed on 20 September 2024.

Uranova et al. [198], using transmission electron microscopy and morphometry, con-
ducted a study on microglia and adjacent oligodendrocytes in postmortem PFC tissue
extracted from patients with schizophrenia exhibiting predominantly positive or negative
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symptoms and from healthy controls. They found activation of microglia and dysphoric
alterations of both microglia and oligodendrocytes in close proximity to each other in both
schizophrenia groups compared to controls. In both clinical groups there was a reduction
in volume density and the number of mitochondria and an increase in the number of
lipofuscin granules in both glia types, and it was suggested that microglial dystrophy
may be contributing to oligodendrocyte dystrophy in the patients, particularly those with
positive symptoms during relapse.

6. Interactions of Antipsychotics with Neuroglia

Although the focus on the mechanisms of antipsychotics has been primarily on inter-
actions with neurotransmitter receptors, there is now a relatively large body of evidence
indicating that many of these drugs have important effects on glia. Konopeske et al. [199]
reported that the chronic administration of antipsychotics caused a significant reduc-
tion in the numbers of astrocytes in macaque monkeys. Several antipsychotics have
been reported to reduce microglial activation and hence the release of pro-inflammatory
cytokines [72,85,200-204]. Long et al. [205], in a study in which microglial cells were acti-
vated by LPS and then treated with haloperidol or risperidone, reported that risperidone
produced stronger anti-inflammatory and neuroprotective actions than haloperidol and
that these effects were mediated through p38 mitogen-activated protein kinases (MAPKS)
and Janus kinase-signal transducer and activator of transcription (JAK-STAT) signaling
pathways. These researchers proposed that these effects could contribute to the actions
of risperidone on the negative symptoms of schizophrenia. The number of more ma-
ture oligodendrocytes arising from OPCs was reported to be increased in the presence of
haloperidol [206]. Akkouh et al. [207], in a study on human iPSC astrocytes, reported that
clozapine induced the release of gliotransmitters (D-serine and L-glutamate) in clozapine-
responsive cells, but not in those cells that were clozapine-resistant. In a recent magnetic
resonance spectroscopy (MRS) study on patients with schizophrenia and healthy controls,
Torres-Carmona et al. [208] reported higher levels of myo-inositol (a surrogate marker of
astrocytic activity) in the patients who responded to clozapine than in those who did not in
several brain areas related to schizophrenia neurobiology. Yuhas et al. [209], in a study on
human-derived astroglia (A172) cells, found that clozapine produced downregulation of
the expression and release of TNF«, IL-f3 and IL-8 (pro-inflammatory cytokines), and upreg-
ulated the expression of cyclooxygenase2 (COX2). Clozapine has been reported to reduce
glutamate uptake in astrocytes through a mechanism involving a reduction in the expres-
sion of the GLT-1 glutamate transporter [210]. Tanahashi et al. [211], in a study on astrocytes
in hippocampus cultures, found that clozapine enhanced the release of D-serine. In a study
with cultured astrocytes, Okada et al. [212] found that quetiapine increased D-serine release,
enhanced signaling related to the cellular regulators extracellular signal-regulated kinase
(Erk), protein kinase B (PKB, also called Akt) and 5'-adenosine monophosphate-activated
protein kinase (AMPK) and increased cyclic AMP synthesis. Using the MK-801 mouse
model of schizophrenia, Yu et al. [213] proposed that quetiapine may reduce oligodendro-
cyte apoptosis, promote oligodendrocyte-induced myelination through the modulation
of PI3k/Akt signalling and thus reduce cognitive impairment in schizophrenia. How-
ever, it should be noted that it has also been reported that quetiapine does not reduce
disease severity in a mouse model of autoimmune-mediated demyelination in the spinal
cord [214]. In the neonatal ventral hippocampus lesion (nVHL) rat model of schizophrenia,
Apam-Castillejos et al. [215] found that olanzapine reduced reactive astrogliosis as well as
reducing inflammation and oxidative stress and improving neuronal plasticity in the PFC.
Olanzapine has also been reported to stimulate the proliferation of oligodendrocytes [216].
The retinoid X receptor agonist bexarotene inhibits inflammatory responses, upregulates
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microglia phagocytosis [217], reduces the microglial release of pro-inflammatory cytokines,
reduces numbers of Al astrocytes [218] and has been reported in two clinical trials to be
a useful adjunctive drug in the treatment of schizophrenia [219,220].

Interactions with glia can also account for some of the adverse effects observed with
antipsychotics, particularly after chronic administration. Schmitz et al. [221] have provided
a comprehensive table on the effects of several typical and atypical antipsychotics on
multiple actions of glia (e.g., inhibition of the release of pro-inflammatory cytokines; effects
on the uptake or release of glutamate and D-serine; release of trophic factors; oxidative
stress) and have described in detail how some of these effects may contribute to the
therapeutic actions of these drugs and how some may, particularly in association with
long-term use and aging, contribute to undesired side effects (Janus face). These authors
have suggested that the co-administration of glioprotective agents such as resveratrol
could attenuate some of the side effects of these drugs and reduce glial reactivity [221].
Several antipsychotics have been reported in clinical and preclinical studies to cause brain
volume loss and produce astrocyte death after chronic administration [review: 222]. In
a recent study with a human astrocyte cell line (C1028), He et al. [222] found that chronic
treatment with the antipsychotics olanzapine, quetiapine, risperidone and haloperidol
induced the death of astrocytes and activated signaling modulated by the inflammasome
sensor nod-like receptor protein3 (NLRP3) and caspase-1. These researchers reported that
co-treatment with a histamine H1 receptor agonist reduced this activation and suggested
that such drugs could be useful in the future development of strategies to inhibit the death
of astrocytes caused by antipsychotics and to inform the development of new antipsychotics
with reduced toxicity.

7. Discussion and Future Directions

As can be seen from the above literature review, the etiology and pharmacotherapy of
schizophrenia are very complex, with many facets beyond just the dysregulation of a small
number of neurotransmitters involved. It is also now evident that neuroglia have many
important roles in brain function above and beyond just providing physical and metabolic
support for neurons, and that their dysfunction may be very pertinent to the etiology of
schizophrenia. These relevant roles include possible involvement with synaptic devel-
opment and function, inflammation, endocrine function, oxidative stress, mitochondrial
dysfunction, the BBB and the gut-brain axis. Several of the current antipsychotic drugs are
now known to have effects on glia in addition to their effects on neurotransmitter receptors
on neurons, and these actions may contribute to their therapeutic results as well as their
side effects.

Research on glia has enhanced our understanding of the etiology of schizophrenia
and the actions of currently available antipsychotics but has also emphasized how complex
this disorder is. There are several impediments to doing future research on biomarkers
and drug development for schizophrenia with regard to glia. As discussed in detail by
Laricchiuta et al. [59], there are conflicting results on the overactivation of microglia and
astrocytes and the involvement of inflammation in schizophrenia in the literature. In recent
years, there has been an increased use of single-cell RNA-sequencing (scRNA-seq) or single-
nucleus RNA sequencing (snRNA-seq) to study specific cell types in brain tissue from
heathy controls and people with schizophrenia [223-227], and the findings of several studies
do not support the major involvement of glia in schizophrenia. Skene et al. [223] studied
whether the genomic loci proposed to be implicated in schizophrenia mapped onto specific
cell types and reported consistent mapping to pyramidal cells, medium spiny neurons and
certain interneurons but much less consistent mapping to embryonic, progenitor or glial
cells. In a study on schizophrenia risk genes employing summary-data based Mendelian
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randomization based on single-cell sequencing data, Wu et al. [225] identified 54 new risk
genes associated with schizophrenia. These researchers reported that the highest expression
of schizophrenia risk genes was in excitatory neurons and caudal ganglionic eminence
interneurons. Ruzicka et al. [226] used snRNA-seq to study postmortem PFC tissue from
two cohorts of healthy people and people with schizophrenia and developed a single-
cell resolution transcriptomic atlas of the PFC as well as characterizing the expression
changes associated with schizophrenia. They included neuronal and glial cell types to
investigate schizophrenia-dysregulated genes. Gene expression changes were observed in
all detected cell types, but most changes occurred in neurons, with more than three-quarters
of the changes occurring in excitatory neurons, with downregulation favoured. However,
Thrupp et al. [227] concluded that snRNA-seq is not suitably sensitive for detecting cellular
activation in microglia in humans.

Several of the possible biomarkers related to glia in schizophrenia are also present
in other neuropsychiatric disorders. In addition, many of the receptors expressed by glia
are also expressed by neurons. The clinical heterogeneity of schizophrenia, disagreement
on diagnosis and the presence of at least three phases in this disorder are complicating
aspects with regard to examining biomarkers [228,229], and measurement of biomarkers
should be conducted over the clinical course of the disorder. Peripheral biomarkers may
not be an accurate reflection of what is actually occurring in the CNS [76,229], and the
co-occurrence of other disorders in schizophrenia may also interfere with studies on selec-
tive biomarkers. Although some very useful animal models of schizophrenia have been
developed [8,37,54,95,113,114,230], there remain problems with translation of laboratory
animal data to the clinic in schizophrenia [49,113,114,231].

As pointed out by various references in this review, studies on neuroglia and other
aspects of schizophrenia in the future should include more comprehensive, well-powered
longitudinal studies that consider important factors such as sex, drugs being taken (and the
duration of treatment), smoking status, alcohol consumption, subtype differences, nutrition,
age of onset, stage of the disorder, brain region differences, methodological aspects, and the
prevalence of positive and negative symptoms [59,74,118,153,193,232-243]. Where feasible,
there should be an application of multiple methodologies, and the possible relationship of
the findings to specific symptoms and to patient subtypes (e.g., patients with inflammatory
or BBB abnormalities) should be studied [54,59,233,244-2471].

Research to date has suggested some potential drug targets related to glia, but as yet
there have not been major breakthroughs, to our knowledge, in antipsychotic development
based specifically on studies on their effects on glia. Although variable results have been
reported, there have been suggestions that drugs such as antioxidants, anti-inflammatory
drugs (including monoclonal antibodies), omega-3 fatty acids, minocycline, drugs acting in
epigenetic mechanisms and pre- and probiotics could be useful as adjunctive agents for
treating some symptoms of schizophrenia [1,32,36,39,63,234,240,248-251]. Several naturally
occurring compounds of plant or mammalian origin have been proposed as glioprotectives.
Quicozes-Santos et al. [60] have listed several of these compounds (resveratrol, curcumin,
guanosine, isoflavones, lipoic acid and sulforaphane) and their proposed glioprotective
mechanisms. In recent years, a variety of potential new antipsychotics have been tested
in clinical trials and show promise; these include drugs acting on muscarinic receptors,
the trace amine-associated receptorl (TAAR1) and 5-HT2A receptors as well as a glycine
transporter] inhibitor, a D-amino acid oxidase inhibitor and a voltage-gated sodium chan-
nel blocker (see [3,251]). A new drug targeting muscarinic receptors has recently received
FDA approval for the treatment of schizophrenia [252]. In a recent paper, Correll et al. [49]
described a number of strategies for the future pharmacotherapy of schizophrenia, includ-
ing targeting neural networks and circuits, developing biased agonists that provide the
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selective activation of specific signalling pathways downstream of receptors, and applying
molecular polypharmacy to develop drugs that target multiple molecular pathways. Based
on our knowledge of the involvement of glia in schizophrenia, it is conceivable that drugs
acting on the mechanisms mentioned above in this paragraph could also be having effects
on glial function, and it would seem reasonable to monitor such effects on the biomarkers
for glia in studies on these drugs since changes in the levels of these biomarkers may be
useful in monitoring treatment response over time.
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