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Abstract: A distinct pathology for autism spectrum disorder (ASD) remains elusive. Human and animal studies have focused on
investigating the role of neurons in ASD. However, recent studies have hinted that glial cell pathology could be a characteristic of
ASD. Astrocytes are the most abundant glial cell in the brain and play an important role in neuronal function, both during development
and in adult. They regulate neuronal migration, dendritic and spine development, and control the concentration of neurotransmitters at
the synaptic cleft. They are also responsible for synaptogenesis, synaptic development, and synaptic function. Therefore, any change in
astrocyte number and/or function could contribute to the impairment of connectivity that has been reported in ASD. Data available to
date is scarce but indicates that while the number of astrocytes is reduced, their state of activation and their GFAP expression is
increased in ASD. Disruption of astrocyte function in ASD may affect proper neurotransmitter metabolism, synaptogenesis, and the
state of brain inflammation. Astrocytes alterations are common to ASD and other neurodevelopmental disorders. Future studies about
the role of astrocytes in ASD are required to better understand this disorder.
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Introduction
Autism spectrum disorder (ASD) is as a neurodevelopmental disorder that presents with disturbances in social commu-
nication and repetitive behaviors." One in every 54 children suffers from ASD in the United States with a prevalence 4.3
times higher in males than in females.” Global prevalence around the world is approximately of 1/100 children varying
based on geographic, ethnic, and socioeconomic factors.® The etiology of ASD is not well understood, however genetic,
environmental, and immune factors have been reported to be the cause.* Many genes linked to ASD have also been
associated to other neurodevelopmental disorders, indicating a etiological heterogeneity and genetic pleiotropy in ASD.’
Candidate genes linked to ASD include DISCI, DYXICI, RELN, AVPRIa, ITGB3, RPL10, and SHANK3, among many
others.® These genes regulate development, metabolism, plasticity, synapsis, and other important functions.”® Although
numerous genes have been involved in ASD, a genetic diagnosis is not possible in most of the cases because the
established genetic causes of ASD account for only a small portion of cases.” Environmental factors such as hypoxia or
trauma at birth, heavy metal exposure, maternal obesity, vitamin D deficiency, and maternal diabetes, have been
associated with ASD.'® There is also a significant link between ASD with increase in reactive oxygen species (ROS)
and a reduction in antioxidant capacity in the brain of ASD patients. ROS accumulation can directly enhance neuroin-
flammation and cytokine release.'' Accordingly, immune system impairment with elevated expression of pro-
inflammatory cytokines and chemokines and microglia activation have been reported in postmortem ASD brains.'*"?
Genetic, environmental, and immune factors are involved in the ASD phenotype, but how exactly is poorly understood.
The pathology of ASD is yet to be determined. However, the anatomy of several brain areas such as cerebellum,
amygdala, hippocampus and cerebral cortex have been reported to be affected.'* '® Increased brain size and disorganiza-
tion of white and grey matter have been identified in patients with ASD.'”'® MRI studies showed abnormalities in gyral
cortical anatomy, especially in the sylvian fissure, superior temporal sulcus, intraparietal sulcus, and inferior frontal gyrus
in ASD patients.'??° Multiregional dysplasia is present in 92% of ASD cases.?' It has been hypothesized that focal
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dysplasia in ASD may result from abnormalities in progenitor cell division, and/or migration and maturation of newly
generated cells during prenatal brain development.>'*? Cortical dysplasia in ASD could explain high seizure prevalence
and sensory disturbance in ASD.** Mini-columnar abnormalities have also been reported in ASD.***> Mini-columns
contain oriented arrays of pyramidal cells and GABAergic interneurons that modulate pyramidal cells input and output.
Mini-columns are considered the basic functional unit in the neocortex. In ASD, there are more mini-columns but they
are smaller in size. There is also less neuropil space resulting in cells more compacted.”**> The increased number of
mini-columns may result from additional division of progenitor cells during prenatal development, while the deficits in
peripheral neuropil space may result from lack of inhibitory cells.”® White matter is also affected in ASD. In particular,
there is a reduction in the number of long axons that are connected to long distance areas, and an increase in thin axons
that communicate neighboring areas. This indicates a disconnection between long distance pathways and short distance
over-connection. This is the case for the white matter in the anterior cingulate cortex, an area associated with attention,
social interaction and emotion, functions altered in ASD. Moreover, there is also a reduction in axonal myelin thickness
in some areas such as the white matter of the orbitofrontal cortex.?’

The ASD brain also presents with alterations in the number of specific cell types. However, most of the cell types and
regions of the brain have not been studied, and some of the data collected do not agree. Alteration in cerebellar cortex
including a decrease in size and number of Purkinje cells and abnormality in functional connectivity between the
cerebellum and other areas of the brain was reported in postmortem ASD brains. Decrease in Purkinje cells number was
more noticeable in posterior lobe (lobule VIIA) of the cerebellum. Accordingly, a reduction in grey matter volume and
a smaller vermis lobules VI-VII were present in ASD children.?® Children with ASD had a bigger amygdala than typically
developing children.?” A study on non-neuronal cell population numbers in the amygdala, reported no changes in number,
however there was a strong microglial activation in two of eight ASD brains. In addition, there was a reduced number of
a oligodendrocytes in the amygdala of adult ASD cases aged 20 and older.*® In the fusiform gyrus in seven postmortem
ASD subjects, there was a decrease in number of neurons in layers III, V and VI, and in the mean perikaryal neuronal

volumes in layers V and VI.*' An increase in the pyramidal cell population®***

and a reduction in oligodendrocyte and
astrocyte numbers (Figure 1A—B’) have also been reported in the prefrontal cortex of ASD postmortem brains.**** Also,
a reduction in parvalbumin+ chandelier GABAergic interneurons was found in the dorsolateral and ventral prefrontal
cortex.' %% Decreased dendrite numbers in the dorsolateral prefrontal cortex and reduced dendrite branching in the CA4
and CA1 have been reported in individuals with ASD.*” Overall, abnormalities in different cell type populations and their

morphology may lead to the disturbed neuronal function characteristic of ASD.

Astrocytes in ASD
Astrocytes are key elements for neuronal metabolic and structural support in the brain. They control ion concentration,
modulate neurotransmitter release, maintain the blood—brain barrier, and regulate blood flow in the nervous system,
among many other functions.*® They also have crucial roles in neurodevelopment including in neurogenesis, neuronal
migration, and synaptic plasticity.>*** In addition, with pre- and postsynaptic neurons, perisynaptic astrocytes form
tripartite synapses to modulate synaptic transmission.*' Together with microglia, astrocytes are regulators of the
inflammatory responses. Innate immune responses are mediated through activation of microglia and astrocytes that
produce cytokines, chemokines, and other immune mediators.>®**** Astrocyte activation could be either neurotoxic, by
accelerating inflammatory responses and tissue damage, or neuroprotective by promoting neuronal survival and tissue
repair, though this classification is not clear cut. Pro-inflammatory astrocytes secrete pro-inflammatory factors, such as
tumor necrotic factor a (TNFa) and nitric oxide (NO), whereas neuroprotective astrocytes upregulate neurotrophic
factors and thrombospondins to control neuroinflammation. Excessive neuroinflammation with increased reactive astro-
cytes and pro-inflammatory cytokines has been reported in ASD. Given the role of astrocytes in higher cognitive
functions, any alteration in their number, distribution, morphology, and/or function, could lead to major neuronal
dysfunction that could contribute to neurodevelopmental disorders such as ASD.**

Glial fibrillary acidic protein (GFAP) is a type III intermediate filament that is mainly expressed in astrocytes. It is
also known as a marker for reactive astrocytes (Figure 1C—F).***> GFAP is reported to be elevated in the cerebrospinal
fluid of ASD subjects.***” Increased GFAP is correlated with astrogliosis and reactive damage that might result in
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Figure | (A and B) GFAP+ astrocytes in prefrontal cortical plate (CP) and the white matter (WM) (A) control (CT) and (B) ASD. (A’ and B’) Reconstruction of an average
case depicting GFAP+ astrocyte location in the CP and WM. (A’) control (CT) and (B’). (C—F) Astrocytes activation state. (C) Resting astrocyte with few processes and
small cell body, (D) mild reactive astrocyte with slightly enhanced staining of glial processes and minor enlargement of cell body, (E) moderate reactive astrocyte with
significant increase of cell body size and glial cell ramifications with dark stained processes and (F) severe reactive astrocyte with gemistocytic cell body and degraded
processes that present as dark stained puncta.I05 Scale bar in A, A’, B, B": 500 um; C, D, E, F: 20 pm.

immune response and further cytokines release.'>*® Data regarding GFAP gene expression in different regions of the
ASD brain is controversial. Some studies reported upregulation of GFAP gene expression in the prefrontal cortex and

4930 whereas others reported no significant changes in GEAP gene expression in anterior cingulate cortex and

cerebellum,
anterior prefrontal cortex in ASD brains.”'~? Rats treated with propionic acid showed increased GFAP gene expression in
the hippocampus, and presented ASD-like behaviors including aggressive behavior during adjacent interactions.> At the
protein level, several studies reported an increase in GFAP protein in superior frontal cortex, parietal cortex, cerebellum,
and anterior cingulate cortex white matter.'>*®>! There was also an increase in GFAP protein in the cerebellum of
postmortem brains whereas vimentin was decreased in both cerebellum and prefrontal cortex.>* In a valproic acid (VPA)
animal model of ASD, there was an increase in the number of astrocytes and GFAP in medial prefrontal cortex and
primary somatosensory cortex on postnatal day 30.%> In contrast, some other studies showed no change in GFAP protein
in anterior cingulate grey matter, amygdala, and anterior and dorsolateral prefrontal white matter of postmortem ASD
brains.**>'° Other proteins expressed by astrocytes are also changed in ASD. There was decreased amount of aquaporin
4 (AQP4), a water channel protein located in astrocytes, in the medial prefrontal cortex, but an elevation in the primary
somatosensory area in the VPA animal model of ASD. AQP4 is mainly responsible for eliminating water from the
cerebral parenchyma as well as supporting potassium buffering.>>>> In addition, there was a reduction in AQP4 protein in
the cerebellum and an increase of connexin (cnx) 43, a gap junction protein located in astrocytes, in BA9 of postmortem
ASD brains.’” Beside buffering ions and neurotransmitters concentration, cnx43 is responsible for regulating cellular
growth and cell-cell adhesion. Increased cnx43 expression in ASD subjects could signify enhancement of glial-neuronal

communication in frontal lobe that is in charge of executive functions.”’
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Data regarding the number of astrocytes in the brain with ASD are scarce (Table 1). We previously reported
a decrease in the number of astrocytes, labeled with GFAP and S100f, and a mild activation in GFAP+ astrocytes in
the prefrontal areas BA9, BA46, and BA47 of postmortem ASD brains compared to control individuals.** Figure 1
depicts representative images of astrocytes labeled with GFAP antibody and their location in control and ASD prefrontal
cortex and astrocytes in different stages of activation. In another study from our laboratory, using Nissl staining, we
showed a generalized reduction in astrocytes number with an increase in the neuronal population in layer II in the same
areas.” A reduced number of astrocytes could result from a reduced production and/or increased cell death. Increased
overall glial cell densities, including astrocytes, oligodendrocytes and microglial cells, in layer II of olfactory cortex was
reported, that may correlate with sensory deficits including damaged olfactory identification observed in patients with
ASD. This increased glial cell density was correlated positively with the scores for restricted and repetitive behavior
domain in the autism diagnostic interview — revised (ADI-R) questionnaire.>® Using clustering nuclear profiles, genetic
studies showed upregulated protoplasmic astrocyte gene expression in the prefrontal cortex and anterior cingulate cortex
of postmortem ASD brains.’® In addition, upregulation of a gene set that was enriched in astrocytes and microglia was
observed in frontal and temporal cortex of 251 postmortem samples from 48 ASD cases and 49 control subjects.®® These
data contrast with anatomical studies demonstrating a decreased number of astrocytes in the prefrontal cortex. This may
be because anatomical landmarks were not taking into account and the number of astrocytes was quantified using
homogenated tissue.

Table | Summarizing Astrocyte Abnormalities in ASD Human Studies

Astrocyte Markers Alteration Regions References
and Functions
GFAP Increased CSF, PFC, cerebellum, Superior frontal cortex, parietal [13,46-51]
Cortex, anterior cingulate cortex white white matter
No change Anterior cingulate grey matter, amygdala, anterior and [51,52]
dorsolateral prefrontal white matter
Vimentin Decreased Cerebellum and the PFC [54]
Aquaporin4 Decreased Cerebellum [57]
Connexin43 Increased BA9 of the PFC [57]
Astrocytes population Decreased BA9, BA46, BA47 of the PFC [33,34]
Astrocytes activation Increased BA40, BA9, BA46, BA47, cerebellum, anterior cingulate [13,34,48,51]
state cortex white matter
Neurotransmitter Elevated glutamine synthase level Plasma [64]
release Increased mRNA level of EAAT| Cerebellum [50]
Decreased AMPA receptor density | Cerebellum [50]
Neuroinflammation Releasing MCP-1 and IL-6 Cortical and subcortical white matter [13]
Increased gene expression of TSPO | Frontal cortex and cerebellum [73]
Elevated MCP-1/CCL2 Chemokine Brain and blood [13,74]
Synaptogenesis Disrupted RACI signaling [82,83]
TGF-B1 dysfunction Brain [87]
Mutations in Hevin, Neurexins and [89]
Neuroligins
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Astrocytes and Neurotransmitters

Astrocytes play a critical role in neurotransmitter homeostasis, and in regulating the excitation/inhibition balance that is
disturbed in the ASD cortex. Disturbance in astrocyte calcium signaling through inositol 1,4,5-trisphosphate 6 receptor 2
(IP3R2), that regulates neurotransmitter release, leads to ASD-like behaviors including repetitive behaviors and abnormal
social interaction in mice.®'®* Also, elevated level of glutamine synthetase (GS), an adenosine triphosphate-dependent
enzyme that maintains glutamate levels located in astrocytes, was reported in the plasma of ASD patients.®* Increased
mRNA expression of excitatory amino acid transporter 1 (EAAT1), located in astrocytes and responsible for glutamate
uptake, and glutamate receptor AMPA 1, were found in the cerebellum of postmortem ASD brains. However, the density
of AMPA glutamate receptor protein was decreased in the cerebellum. These findings reveal abnormalities in glutama-
tergic system in ASD.® Some other studies reported a correlation between the glutamate transporter single gene
polymorphism and the severity of anxiety and repetitive behaviors in ASD children.®® Furthermore, excessive electrical
activity resulting from an abnormal glutamatergic function has been reported in ASD patients that can lead to pathologic
behaviors.®® In VPA animal model of ASD, there was a decrease of 40% in glutamate transporter 1 (GLT1) at P15, but an
increase of 92% in GLT1 with an increase of 160% in glutamate uptake at P120. The amount of glutathhione (GSH) was
also increased 27% at P120 suggesting a disturbance in astrocytic glutamate clearance from the synaptic cleft in an
animal model of ASD.®’

Some report ASD as a hypo-glutamatergic disorder because of the symptoms produced by glutamate antagonists in
ASD.®® Accordingly, a hypo-glutamatergic animal model displayed behavioral phenotypes that overlapped with the
features observed in ASD®, indicating an alteration in the glutamatergic function in ASD.

Astrocytes also participate in gamma-aminobutyric acid (GABA) clearance. Some studies have shown a relationship
between astrocyte abnormalities and the GABAergic system dysfunction in ASD. Wang et al showed a reduction in
astrocyte-derived ATP that impaired GABAergic system and lead to ASD-like behaviors in the PFC of the IP3R2 mutant
mice. ATP can modulate GABAergic synaptic transmission via P2X2 receptors located at the GABAergic interneuron
terminals.®® In an in vitro study, cultured astrocytes exposed to VPA showed impairment in GABAergic inhibitory
synapses but the excitatory synapses remained unchanged. This indicates that VPA can alter E/I balance in neural
network by affecting the astrocyte-neuron interaction, highlighting the impact of astrocyte dysfunction in ASD
pathology.”® Overall, there is evidence that astrocyte regulating of both glutamate and GABA neurotransmitters is
altered in the ASD brain.

Astrocytes and Neuroinflammation

Neuroinflammation plays a main role in ASD pathology and many studies reported activation of astrocytes in postmortem
ASD brains."*’"7* Reactive astrocytes are the major source of releasing cytokines. The macrophage chemoattractant protein
(MCP-1), that is in charge of monocyte/macrophage recruitment to the areas of inflammation, and pro-inflammatory cytokine
interleukin-6 (IL-6), are altered in cortical and subcortical white matter in ASD.'? The expression of the translocator protein 18
kDa (TSPO), that is a marker for brain inflammation, and the amount of activated microglia in the frontal cortex and
cerebellum are increased in reactive astrocytes in ASD.”® Monocyte chemoattractant protein-1 (MCP-1/CCL2) is a chemokine
that has been reported to be elevated in the brain and blood of ASD cases.'*’* CCL2 is produced by astrocytes and microglia
in the brain and is necessary for proliferation, migration and activation of microglia and astrocytes.”>”’® Elevated level of
CCL2 could also increase blood—brain barrier (BBB) permeability and allow more T-lymphocytes to enter the brain during
neuroinflammation.”” Multifocal perivascular lymphocytic cuffs are associated with astrocytes blebs that represents
a cytotoxic reaction to lymphocyte attack, suggesting a dysregulation in cellular immunity that could damage astrocytes in
ASD brains.”® Although many studies reported immune system dysfunction in ASD, it is not clear whether it is a cause or
a consequence of the pathology.”*

Astrocytes and Synaptogenesis
Astrocytes perform a critical role in synaptic formation, maturation, function, and elimination. An alteration in astrocyte
structure and function alters neuronal activity.”’ Astrocytes secrete platelet responsive protein (TSP) that works through
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its neuronal receptor calcium channel subunit a28-1, to control excitatory synaptogenesis.*® The synaptic signaling
protein Rho GTPase Ras-related C3 Botulinum toxin substrate 1 (RAC1), is downstream of the TSP-028-1 pathway and
has an important role in regulating synaptic and spinal growth.*! Disturbed RAC]1 signaling is strongly associated with
ASD and epilepsy pathology.®*** The fact that astrocytes control the TSP-023-1-RAC1 pathway, is an example of the
role of astrocytes on synaptic formation in ASD.** Astrocytes secrete cytokines, such as transforming growth factor 1
(TGF-B1) to regulate synaptogenesis. TGF-1 enhances phosphorylation of calcium/calmodulin dependent protein kinase
I (CaMK II), downstream of NMDA receptors, to induce the formation of inhibitory synapses.*> TGF-B1, with the
NMDA coactivator D-serine, encourages the formation of excitatory synapses through NMDA receptor-dependent
mechanisms.*® Supporting a role of TGF-B1 in the formation of inhibitory synapses suggest that a relationship between
the TGF-P1 dysfunction and inhibitory synapse disturbance in ASD.*” Hevin is another protein secreted by astrocytes
that is essential for maintaining synaptogenesis. Hevin bridges the presynaptic protein Neurexin-la (NRX/a) and
postsynaptic Neuroligin-1B (NLI1B) to assemble excitatory synapses.®® Mutations in Hevin, Neurexins and
Neuroligins are strongly related to ASD pathology suggesting a critical role of these proteins in normal brain
development.™

Astrocytes in Other Neurodevelopmental Disorders

Astrocyte abnormalities have also been reported in other neurodevelopmental disorders, such as schizophrenia (SZ),
bipolar disorder (BD) and major depressive disorder (MDD). A reduction in astrocyte densities was present in some brain
areas of postmortem brains with SZ including cingulate and motor cortex, medial and ventrolateral regions of the nucleus
accumbens, basal nuclei and substantia nigra.’® In an electron microscopic morphometric study of astrocytes in
hippocampal CA3 region of 19 SZ cases, mitochondrial volume fraction and area density was negatively correlated
with the duration of disease. However, the volume fraction of lipofuscin granules was positively associated with the
duration of illness suggesting progressive astrocyte dysfunction due to the mitochondrial deficit.”’ An increased
expression of GFAP mRNA with astrogliosis was also observed in SZ patients with neuroinflammation.”
Furthermore, in animal studies of SZ, transgenic mice that expressed a mutant form of the disrupted in schizophrenia
1 (DISCI) gene in astrocytes, showed behavioral abnormalities related to SZ supporting the role of astrocytes in SZ
pathology.”>**

In BD, astrocytic density was also reduced supporting astrocyte dysfunction in regulating glutamate homeostasis,
calcium signaling, circadian rthythms and metabolism. Beneficial therapeutical effects of many BD drugs such as lithium,
valproic acid (VPA) and carbamazepine (CBZ) are partly due to their positive actions on astrocytes by affecting the gene
expression in astrocytes and regulating astroglia homeostatic pathways.’>*® There is also an elevation reported in the
expression profile of cortical astrocytes in the postmortem BD subjects generated from eight different cohorts of
subjects.”” In an in vitro study, astrocytes derived from induced pluripotent stem cells (iPSCs) generated from BD
individuals showed alteration in transcriptome and a decrease in neuronal activity when they were co-cultured with
neuronal cells. BD astrocytes also increased IL-6 secretion in the blood of BD patients highlighting the role of astrocytes
in inflammatory signaling in BD pathology.”®

A reduction in the astrocyte density in various regions of the brain including the prefrontal cortex, cingulate cortex
and amygdala is an important feature in MDD pathology.”® '®' Golgi staining showed astrocytic hypertrophy in cell
bodies and processes in the white matter of cingulate cortex of depressed patients that died by suicide. The presence of
hypertrophic astrocytes could reflect local inflammation supporting the neuro-inflammatory hypothesis in depressed
patients.'® In addition, the protein and mRNA level of pro-inflammatory cytokines secreted by reactive astrocytes were
increased in the prefrontal cortex of suicide victims.'®> However, other astrocytic proteins and markers such as GFAP,
AQP4, cnx43, cnx30, glutamate transporters, and glutamine synthetase were reduced in MDD.'**

Conclusion

Astrocytes play an important role in neurodevelopment and neuronal function in the brain, including higher cognitive
functions. Available data indicates that astrocyte number is decreased in the cerebral cortex, while their state of activation
and GFAP expression is increased in the ASD brain. This dysfunction and other astrocytic alterations may contribute to
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the ASD pathology. More research is needed to help our understanding of the mechanisms involved in astrocytic-related
pathophysiology in ASD, and to introduce astrocytes as one of the promising targets for ASD treatment. Future research
should answer questions as if the decreased in astrocyte number found in cortex occurs in other brain areas, if there are
areas where astrocytic activation is more pronounced that others, what is the role of astrocytes on development, plasticity,

and inflammation, and what other astrocytic functions are altered in ASD.
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References

1. Baio J. Prevalence of autism spectrum disorders: autism and developmental disabilities monitoring network, 14 sites, United States, 2008.
Morbid Mortal Wkly Rep. 2012;61(3):157.
2. Maenner MJ, Shaw KA, Baio J, et al. Prevalence of autism spectrum disorder among children aged 8 years — autism and developmental
disabilities monitoring network, 11 sites, United States, 2016. MMWR Surveill Summ. 2020;69:1-12. doi:10.15585/mmwr.ss6904al
3. Zeidan J, Fombonne E, Scorah J, et al. Global prevalence of autism: a systematic review update. Autism Res. 2022;15:778-790. doi:10.1002/aur.2696
4. Mandy W, Lai M-C. Annual research review: the role of the environment in the developmental psychopathology of autism spectrum condition.
J Child Psychol Psychiatry. 2016;57:271-292. doi:10.1111/jcpp.12501
5. Vorstman JAS, Parr JR, Moreno-De-Luca D, Anney RJL, Nurnberger JI, Hallmayer JF. Autism genetics: opportunities and challenges for
clinical translation. Nat Rev Genet. 2017;18:362-376. doi:10.1038/nrg.2017.4
6. Cardoso IL, Almeida S. Genes involved in the development of autism. /nt Arch Commun Disord. 2019;2:1-9. doi:10.23937/iacod-2017/1710011
7. Ansel A, Rosenzweig JP, Zisman PD, Melamed M, Gesundheit B. Variation in gene expression in autism spectrum disorders: an extensive
review of transcriptomic studies. Front Neurosci. 2017;10. doi:10.3389/fnins.2016.00601
8. Chaste P, Leboyer M. Autism risk factors: genes, environment, and gene-environment interactions. Dialogues Clin Neurosci. 2012;14:281-292.
doi:10.31887/DCNS.2012.14.3/pchaste
9. Voineagu 1. Gene expression studies in autism: moving from the genome to the transcriptome and beyond. Neurobiol Dis Assess Gene Expres
Neuropsychiatr Dis. 2012;45:69-75. doi:10.1016/j.n1bd.2011.07.017
10. Modabbernia A, Velthorst E, Reichenberg A. Environmental risk factors for autism: an evidence-based review of systematic reviews and
meta-analyses. Mol Autism. 2017;8:13. doi:10.1186/s13229-017-0121-4
11. Pangrazzi L, Balasco L, Bozzi Y. Oxidative stress and immune system dysfunction in autism spectrum disorders. Int J Mol Sci. 2020;21:3293.
doi:10.3390/ijms21093293
12. Morgan JT, Chana G, Pardo CA, et al. Microglial activation and increased microglial density observed in the dorsolateral prefrontal cortex in
autism. Biol Psychiatry. 2010;68:368-376. doi:10.1016/j.biopsych.2010.05.024
13. Vargas DL, Nascimbene C, Krishnan C, Zimmerman AW, Pardo CA. Neuroglial activation and neuroinflammation in the brain of patients with
autism. Ann Neurol. 2005;57:67-81. doi:10.1002/ana.20315
14. Bauman ML, Kemper TL. Neuroanatomic observations of the brain in autism: a review and future directions. I/nt J Dev Neurosci.
2005;23:183-187. doi:10.1016/j.ijdevneu.2004.09.006
15. Garbett K, Ebert PJ, Mitchell A, et al. Immune transcriptome alterations in the temporal cortex of subjects with autism. Neurobiol Dis.
2008;30:303-311. doi:10.1016/j.nbd.2008.01.012
16. Teffer K, Semendeferi K. Chapter 9 - human prefrontal cortex: evolution, development, and pathology. In: Hofman MA, Falk D, editors.
Progress in Brain Research, Evolution of the Primate Brain. Elsevier; 2012:191-218. doi:10.1016/B978-0-444-53860-4.00009-X
17. Hashemi E, Ariza J, Rogers H, Noctor SC, Martinez-Cerdefio V. The number of parvalbumin-expressing interneurons is decreased in the
prefrontal cortex in autism. Cereb Cortex. 2017;27:1931-1943. doi:10.1093/cercor/bhw021
18. Scuderi C, Verkhratsky A. Chapter eleven - the role of neuroglia in autism spectrum disorders. In: Ilieva M, Lau -WK-W, editors. Progress in
Molecular Biology and Translational Science, Autism. Academic Press; 2020:301-330. doi:10.1016/bs.pmbts.2020.04.011
19. Levitt JG, Blanton RE, Smalley S, et al. Cortical sulcal maps in autism. Cereb Cortex. 2003;13:728-735. doi:10.1093/cercor/13.7.728
20. Nordahl CW, Dierker D, Mostafavi I, et al. Cortical folding abnormalities in autism revealed by surface-based morphometry. J Neurosci.
2007;27:11725-11735. doi:10.1523/INEUROSCI.0777-07.2007
21. Wegiel J, Kuchna I, Nowicki K, et al. The neuropathology of autism: defects of neurogenesis and neuronal migration, and dysplastic changes.
Acta Neuropathol. 2010;119:755-770. doi:10.1007/s00401-010-0655-4
22. Casanova MF. Autism as a sequence: from heterochronic germinal cell divisions to abnormalities of cell migration and cortical dysplasias. Med
Hypotheses. 2014;83:32-38. doi:10.1016/j.mehy.2014.04.014
23. Casanova MF, El-Baz AS, Kamat SS, et al. Focal cortical dysplasias in autism spectrum disorders. Acta Neuropathol Commun. 2013;1:67.
doi:10.1186/2051-5960-1-67
24. Casanova MF, Buxhoeveden DP, Switala AE, Roy E. Minicolumnar pathology in autism. Neurology. 2002;58:428-432. doi:10.1212/WNL.58.3.428
25. Casanova MF, van Kooten IAJ, Switala AE, et al. Minicolumnar abnormalities in autism. Acta Neuropathol. 2006;112:287-303. doi:10.1007/
s00401-006-0085-5
26. Casanova MF. The Minicolumnopathy of Autism. In: Casanova MF, Opris I, editors. Recent Advances on the Modular Organization of the
Cortex. Netherlands, Dordrecht: Springer; 2015:225-237. doi:10.1007/978-94-017-9900-3 13
27. Zikopoulos B, Barbas H. Changes in prefrontal axons may disrupt the network in autism. J Neurosci. 2010;30:14595-14609. doi:10.1523/
JNEUROSCI.2257-10.2010
28. Palermo S, Morese R. Behavioral Neuroscience. BoD — Books on Demand; 2019.

Neuropsychiatric Disease and Treatment 2023:19 https: 847

Dove:


https://doi.org/10.15585/mmwr.ss6904a1
https://doi.org/10.1002/aur.2696
https://doi.org/10.1111/jcpp.12501
https://doi.org/10.1038/nrg.2017.4
https://doi.org/10.23937/iacod-2017/1710011
https://doi.org/10.3389/fnins.2016.00601
https://doi.org/10.31887/DCNS.2012.14.3/pchaste
https://doi.org/10.1016/j.nbd.2011.07.017
https://doi.org/10.1186/s13229-017-0121-4
https://doi.org/10.3390/ijms21093293
https://doi.org/10.1016/j.biopsych.2010.05.024
https://doi.org/10.1002/ana.20315
https://doi.org/10.1016/j.ijdevneu.2004.09.006
https://doi.org/10.1016/j.nbd.2008.01.012
https://doi.org/10.1016/B978-0-444-53860-4.00009-X
https://doi.org/10.1093/cercor/bhw021
https://doi.org/10.1016/bs.pmbts.2020.04.011
https://doi.org/10.1093/cercor/13.7.728
https://doi.org/10.1523/JNEUROSCI.0777-07.2007
https://doi.org/10.1007/s00401-010-0655-4
https://doi.org/10.1016/j.mehy.2014.04.014
https://doi.org/10.1186/2051-5960-1-67
https://doi.org/10.1212/WNL.58.3.428
https://doi.org/10.1007/s00401-006-0085-5
https://doi.org/10.1007/s00401-006-0085-5
https://doi.org/10.1007/978-94-017-9900-3_13
https://doi.org/10.1523/JNEUROSCI.2257-10.2010
https://doi.org/10.1523/JNEUROSCI.2257-10.2010
https://www.dovepress.com
https://www.dovepress.com

Vakilzadeh and Martinez-Cerdefio Dove

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

Schumann CM, Hamstra J, Goodlin-Jones BL, et al. The amygdala is enlarged in children but not adolescents with autism; the hippocampus is
enlarged at all ages. J Neurosci. 2004;24:6392—6401. doi:10.1523/INEUROSCI.1297-04.2004

Morgan JT, Barger N, Amaral DG, Schumann CM. Stereological study of amygdala glial populations in adolescents and adults with autism
spectrum disorder. PLoS One. 2014;9. doi:10.1371/journal.pone.0110356

van Kooten [AJ, Palmen SJ, von Cappeln P, et al. Neurons in the fusiform gyrus are fewer and smaller in autism. Brain. 2008;131:987-999.
doi:10.1093/brain/awn033

Courchesne E, Mouton PR, Calhoun ME, et al. Neuron number and size in prefrontal cortex of children with autism. JAMA.
2011;306:2001-2010. doi:10.1001/jama.2011.1638

Falcone C, Mevises N-Y, Hong T, et al. Neuronal and glial cell number is altered in a cortical layer-specific manner in autism. Autism Int J Res
Pract. 2021;13623613211014408. doi:10.1177/13623613211014408

Vakilzadeh G, Falcone C, Dufour B, Hong T, Noctor SC, Martinez-Cerdefio V. Decreased number and increased activation state of astrocytes in
gray and white matter of the prefrontal cortex in autism. Cereb Cortex. 2022;32:4902-4912. doi:10.1093/cercor/bhab523

Amina S, Falcone C, Hong T, et al. Chandelier cartridge density is reduced in the prefrontal cortex in autism. Cereb Cortex.
2021;31:2944-2951. doi:10.1093/cercor/bhaa402

Ariza J, Rogers H, Hashemi E, Noctor SC, Martinez-Cerdenio V. The number of chandelier and basket cells are differentially decreased in
prefrontal cortex in autism. Cereb Cortex. 2018;28:411-420. doi:10.1093/cercor/bhw349

Mukaetova-Ladinska EB, Arnold H, Jaros E, Perry R, Perry E. Depletion of MAP2 expression and laminar cytoarchitectonic changes in dorsolateral
prefrontal cortex in adult autistic individuals. Neuropathol Appl Neurobiol. 2004;30:615-623. doi:10.1111/1.1365-2990.2004.00574.x

Kwon HS, Koh S-H. Neuroinflammation in neurodegenerative disorders: the roles of microglia and astrocytes. Trans! Neurodegener. 2020;9:42.
doi:10.1186/s40035-020-00221-2

Farhy-Tselnicker I, Allen NJ. Astrocytes, neurons, synapses: a tripartite view on cortical circuit development. Neural Dev. 2018;13:7.
doi:10.1186/s13064-018-0104-y

Wegiel J, Brown WT, Fauci GL, et al. The role of reduced expression of fragile X mental retardation protein in neurons and increased
expression in astrocytes in idiopathic and syndromic autism (duplications 15q11.2-q13). Autism Res. 2018;11:1316-1331. doi:10.1002/aur.2003
Perea G, Navarrete M, Araque A. Tripartite synapses: astrocytes process and control synaptic information. Trends Neurosci. 2009;32:421-431.
doi:10.1016/j.tins.2009.05.001

Colombo E, Farina C. Astrocytes: key regulators of neuroinflammation. Trends Immunol. 2016;37:608-620. doi:10.1016/.it.2016.06.006
Pardo-Villamizar CA. Can neuroinflammation influence the development of autism spectrum disorders? In: Zimmerman AW, editor. Autism:
Current Theories and Evidence, Current Clinical Neurology. Totowa, NJ: Humana Press; 2008:329-346. doi:10.1007/978-1-60327-489-0_15
Jacobs S, Nathwani M, Doering LC. Fragile X astrocytes induce developmental delays in dendrite maturation and synaptic protein expression.
BMC Neurosci. 2010;11:132. doi:10.1186/1471-2202-11-132

Liedtke W, Edelmann W, Bieri PL, et al. GFAP is necessary for the integrity of CNS white matter architecture and long-term maintenance of
myelination. Neuron. 1996;17:607-615. doi:10.1016/S0896-6273(00)80194-4

Ahlsén G, Rosengren L, Belfrage M, et al. Glial fibrillary acidic protein in the cerebrospinal fluid of children with autism and other
neuropsychiatric disorders. Biol Psychiatry. 1993;33:734-743. doi:10.1016/0006-3223(93)90124-V

Rosengren LE, Wikkelsg C, Hagberg L. A sensitive ELISA for glial fibrillary acidic protein: application in CSF of adults. J Neurosci Methods.
1994;51:197-204. doi:10.1016/0165-0270(94)90011-6

Laurence JA, Fatemi SH. Glial fibrillary acidic protein is elevated in superior frontal, parietal and cerebellar cortices of autistic subjects.
Cerebellum. 2005;4:206-210. doi:10.1080/14734220500208846

Edmonson C, Ziats MN, Rennert OM. Altered glial marker expression in autistic post-mortem prefrontal cortex and cerebellum. Mol Autism.
2014;5:3. doi:10.1186/2040-2392-5-3

Purcell AE, Jeon OH, Zimmerman AW, Blue ME, Pevsner J. Postmortem brain abnormalities of the glutamate neurotransmitter system in
autism. Neurology. 2001;57:1618-1628. doi:10.1212/wnl.57.9.1618

Crawford JD, Chandley MJ, Szebeni K, Szebeni A, Waters B, Ordway GA. Elevated GFAP protein in anterior cingulate cortical white matter in
males with autism spectrum disorder. Autism Res. 2015;8:649—657. doi:10.1002/aur.1480

Sciara AN, Beasley B, Crawford JD, et al. Neuroinflammatory gene expression alterations in anterior cingulate cortical white and gray matter of
males with autism spectrum disorder. Autism Res. 2020;13:870-884. doi:10.1002/aur.2284

Choi J, Lee S, Won J, et al. Pathophysiological and neurobehavioral characteristics of a propionic acid-mediated autism-like rat model. PLoS
One. 2018;13:¢0192925. doi:10.1371/journal.pone.0192925

Broek JA, Guest PC, Rahmoune H, Bahn S. Proteomic analysis of post mortem brain tissue from autism patients: evidence for opposite changes
in prefrontal cortex and cerebellum in synaptic connectivity-related proteins. Mol Autism. 2014;5:41. doi:10.1186/2040-2392-5-41

Deckmann I, Santos-Terra J, Fontes-Dutra M, et al. Resveratrol prevents brain edema, blood—brain barrier permeability, and altered aquaporin
profile in autism animal model. Int J Dev Neurosci. 2021;81:579—604. doi:10.1002/jdn.10137

Lee TT, Skafidas E, Dottori M, et al. No preliminary evidence of differences in astrocyte density within the white matter of the dorsolateral
prefrontal cortex in autism. Mol Autism. 2017;8:64. doi:10.1186/s13229-017-0181-5

Fatemi SH, Folsom TD, Reutiman TJ, Lee S. Expression of astrocytic markers aquaporin 4 and connexin 43 is altered in brains of subjects with
autism. Synapse. 2008;62:501-507. doi:10.1002/syn.20519

Menassa DA, Sloan C, Chance SA. Primary olfactory cortex in autism and epilepsy: increased glial cells in autism. Brain Pathol.
2017;27:437-448. doi:10.1111/bpa.12415

Velmeshev D, Schirmer L, Jung D, et al. Single-cell genomics identifies cell type—specific molecular changes in autism. Science.
2019;364:685-689. doi:10.1126/science.aav8130

Parikshak NN, Swarup V, Belgard TG, et al. Genome-wide changes in IncRNA, splicing, and regional gene expression patterns in autism.
Nature. 2016;540:423-427. doi:10.1038/nature20612

Bezzi P, Volterra A. A neuron—glia signalling network in the active brain. Curr Opin Neurobiol. 2001;11:387-394. doi:10.1016/S0959-4388(00)00223-3
Petrelli F, Pucci L, Bezzi P. Astrocytes and microglia and their potential link with autism spectrum disorders. Front Cell Neurosci. 2016;10.
doi:10.3389/fncel.2016.00021

848

https: Neuropsychiatric Disease and Treatment 2023:19
Dove


https://doi.org/10.1523/JNEUROSCI.1297-04.2004
https://doi.org/10.1371/journal.pone.0110356
https://doi.org/10.1093/brain/awn033
https://doi.org/10.1001/jama.2011.1638
https://doi.org/10.1177/13623613211014408
https://doi.org/10.1093/cercor/bhab523
https://doi.org/10.1093/cercor/bhaa402
https://doi.org/10.1093/cercor/bhw349
https://doi.org/10.1111/j.1365-2990.2004.00574.x
https://doi.org/10.1186/s40035-020-00221-2
https://doi.org/10.1186/s13064-018-0104-y
https://doi.org/10.1002/aur.2003
https://doi.org/10.1016/j.tins.2009.05.001
https://doi.org/10.1016/j.it.2016.06.006
https://doi.org/10.1007/978-1-60327-489-0_15
https://doi.org/10.1186/1471-2202-11-132
https://doi.org/10.1016/S0896-6273(00)80194-4
https://doi.org/10.1016/0006-3223(93)90124-V
https://doi.org/10.1016/0165-0270(94)90011-6
https://doi.org/10.1080/14734220500208846
https://doi.org/10.1186/2040-2392-5-3
https://doi.org/10.1212/wnl.57.9.1618
https://doi.org/10.1002/aur.1480
https://doi.org/10.1002/aur.2284
https://doi.org/10.1371/journal.pone.0192925
https://doi.org/10.1186/2040-2392-5-41
https://doi.org/10.1002/jdn.10137
https://doi.org/10.1186/s13229-017-0181-5
https://doi.org/10.1002/syn.20519
https://doi.org/10.1111/bpa.12415
https://doi.org/10.1126/science.aav8130
https://doi.org/10.1038/nature20612
https://doi.org/10.1016/S0959-4388(00)00223-3
https://doi.org/10.3389/fncel.2016.00021
https://www.dovepress.com
https://www.dovepress.com

Dove

Vakilzadeh and Martinez-Cerdefio

63. Wang Q, Kong Y, Wu D-Y, et al. Impaired calcium signaling in astrocytes modulates autism spectrum disorder-like behaviors in mice. Nat
Commun. 2021;12:3321. doi:10.1038/s41467-021-23843-0

64. Hamed NO, Al-Ayadhi L, Osman MA, et al. Understanding the roles of glutamine synthetase, glutaminase, and glutamate decarboxylase
autoantibodies in imbalanced excitatory/inhibitory neurotransmission as etiological mechanisms of autism. Psychiatry Clin Neurosci.
2018;72:362-373. doi:10.1111/pcn.12639

65. Gadow K, Roohi J, DeVincent C, Kirsch S, Hatchwell E. Brief report: glutamate transporter gene (SLC1A1) single nucleotide polymorphism
(rs301430) and repetitive behaviors and anxiety in children with autism spectrum disorder. J Autism Dev Disord. 2010;40:1139-1145.
doi:10.1007/s10803-010-0961-7

66. Choudhury PR, Lahiri S, Rajamma U. Glutamate mediated signaling in the pathophysiology of autism spectrum disorders. Pharmacol Biochem
Behav Glutamate Recept. 2012;100:841-849. doi:10.1016/j.pbb.2011.06.023

67. Bristot Silvestrin R, Bambini-Junior V, Galland F, et al. Animal model of autism induced by prenatal exposure to valproate: altered glutamate
metabolism in the hippocampus. Brain Res. 2013;1495:52—60. doi:10.1016/j.brainres.2012.11.048

68. Carlsson ML. Hypothesis: is infantile autism a hypoglutamatergic disorder? Relevance of glutamate — serotonin interactions for pharmacother-
apy. J Neural Transm. 1998;105:525-535. doi:10.1007/s007020050076

69. Nilsson M, Carlsson A, Markinhuhta KR, et al. The dopaminergic stabiliser ACR16 counteracts the behavioural primitivization induced by the
NMDA receptor antagonist MK-801 in mice: implications for cognition. Prog Neuropsychopharmacol Biol Psychiatry. 2004;28:677-685.
doi:10.1016/j.pnpbp.2004.05.004

70. Takeda K, Watanabe T, Oyabu K, et al. Valproic acid-exposed astrocytes impair inhibitory synapse formation and function. Sci Rep. 2021;11:23.
doi:10.1038/541598-020-79520-7

71. Liao X, Liu Y, Fu X, Li Y. Postmortem studies of neuroinflammation in autism spectrum disorder: a systematic review. Mol Neurobiol.
2020;57:3424-3438. doi:10.1007/s12035-020-01976-5

72. Matta SM, Hill-Yardin EL, Crack PJ. The influence of neuroinflammation in autism spectrum disorder. Brain Behav Immun. 2019;79:75-90.
doi:10.1016/j.bbi.2019.04.037

73. Fiorentino M, Sapone A, Senger S, et al. Blood—brain barrier and intestinal epithelial barrier alterations in autism spectrum disorders. Mol
Autism. 2016;7:49. doi:10.1186/s13229-016-0110-z

74. Ashwood P, Krakowiak P, Hertz-Picciotto I, Hansen R, Pessah IN, Van de Water J. Associations of impaired behaviors with elevated plasma
chemokines in autism spectrum disorders. J Neuroimmunol. 2011;232:196—199. doi:10.1016/j.jneuroim.2010.10.025

75. He M, Dong H, Huang Y, et al. Astrocyte-derived CCL2 is associated with M1 activation and recruitment of cultured microglial cells. Cell
Physiol Biochem. 2016;38:859—870. doi:10.1159/000443040

76. Hinojosa AE, Garcia-Bueno B, Leza JC, Madrigal JL. CCL2/MCP-1 modulation of microglial activation and proliferation.
J Neuroinflammation. 2011;8:77. doi:10.1186/1742-2094-8-77

77. Song L, Pachter JS. Monocyte chemoattractant protein-1 alters expression of tight junction-associated proteins in brain microvascular
endothelial cells. Microvasc Res. 2004;67:78—89. doi:10.1016/j.mvr.2003.07.001

78. DiStasio MM, Nagakura I, Nadler MJ, Anderson MP. T lymphocytes and cytotoxic astrocyte blebs correlate across autism brains. Ann Neurol.
2019;86:885-898. doi:10.1002/ana.25610

79. Clarke LE, Barres BA. Emerging roles of astrocytes in neural circuit development. Nat Rev Neurosci. 2013;14:311-321. doi:10.1038/nrn3484

80. Eroglu C, Allen NJ, Susman MW, et al. Gabapentin receptor a23-1 is a neuronal thrombospondin receptor responsible for excitatory CNS
synaptogenesis. Cell. 2009;139:380-392. doi:10.1016/j.cell.2009.09.025

81. Risher WC, Kim N, Koh S, et al. Thrombospondin receptor 023-1 promotes synaptogenesis and spinogenesis via postsynaptic Racl. J Cell Biol.
2018;217:3747-3765. doi:10.1083/jcb.201802057

82. Tejada-Simon MV. Modulation of actin dynamics by Racl to target cognitive function. J Neurochem. 2015;133:767-779. doi:10.1111/jnc.13100

83. Zeidan-Chulia F, Rybarczyk-Filho JL, Salmina AB, de Oliveira B-HN, Noda M, Moreira JCF. Exploring the multifactorial nature of autism
through computational systems biology: calcium and the Rho GTPase RAC1 under the spotlight. NeuroMolecular Med. 2013;15:364-383.
doi:10.1007/s12017-013-8224-3

84. Liu X, Ying J, Wang X, et al. Astrocytes in neural circuits: key factors in synaptic regulation and potential targets for neurodevelopmental
disorders. Front Mol Neurosci. 2021;14:729273. doi:10.3389/fhmol.2021.729273

85. Diniz LP, Tortelli V, Garcia MN, et al. Astrocyte transforming growth factor beta 1 promotes inhibitory synapse formation via CaM kinase II
signaling. Glia. 2014;62:1917-1931. doi:10.1002/glia.22713

86. Bae JJ, Xiang -Y-Y, Martinez-Canabal A, Frankland PW, Yang BB, Lu W-Y. Increased transforming growth factor-f1 modulates glutamate
receptor expression in the hippocampus. Int J Physiol Pathophysiol Pharmacol. 2011;3:9-20.

87. Lochman I, Svachova V, Pavlikova KM, et al. Serum cytokine and growth factor levels in children with autism spectrum disorder. Med Sci
Monit. 2018;24:2639-2646. doi:10.12659/MSM.906817

88. Singh SK, Stogsdill JA, Pulimood NS, et al. Astrocytes assemble thalamocortical synapses by bridging NRX1a and NL1 via Hevin. Cell.
2016;164:183-196. doi:10.1016/j.cell.2015.11.034

89. Baldwin KT, Eroglu C. Molecular mechanisms of astrocyte-induced synaptogenesis. Curr Opin Neurobiol. 2017;45:113—120. doi:10.1016/].
conb.2017.05.006

90. Tarasov VYV, Svistunov AA, Chubarev VN, et al. Alterations of astrocytes in the context of schizophrenic dementia. Front Pharmacol.
2019;10:1612. doi:10.3389/fphar.2019.01612

91. Kolomeets N, Uranova N. Ultrastructural abnormalities of astrocytes in the hippocampus in schizophrenia and duration of illness: a postortem
morphometric study. World J Biol Psychiatry. 2009;11:282-292. doi:10.1080/15622970902806124

92. Catts VS, Wong J, Fillman SG, Fung SJ, Shannon Weickert C. Increased expression of astrocyte markers in schizophrenia: association with
neuroinflammation. Aust NZ J Psychiatry. 2014;48:722—734. doi:10.1177/0004867414531078

93. Ma TM, Abazyan S, Abazyan B, et al. Pathogenic disruption of DISC1-serine racemase binding elicits schizophrenia-like behavior via D-serine
depletion. Mol Psychiatry. 2013;18:557-567. doi:10.1038/mp.2012.97

94. Terrillion CE, Abazyan B, Yang Z, et al. DISCI in astrocytes influences adult neurogenesis and hippocampus-dependent behaviors in mice.
Neuropsychopharmacology. 2017;42:2242-2251. doi:10.1038/npp.2017.129

Neuropsychiatric Disease and Treatment 2023:19 https: 849

Dove:


https://doi.org/10.1038/s41467-021-23843-0
https://doi.org/10.1111/pcn.12639
https://doi.org/10.1007/s10803-010-0961-7
https://doi.org/10.1016/j.pbb.2011.06.023
https://doi.org/10.1016/j.brainres.2012.11.048
https://doi.org/10.1007/s007020050076
https://doi.org/10.1016/j.pnpbp.2004.05.004
https://doi.org/10.1038/s41598-020-79520-7
https://doi.org/10.1007/s12035-020-01976-5
https://doi.org/10.1016/j.bbi.2019.04.037
https://doi.org/10.1186/s13229-016-0110-z
https://doi.org/10.1016/j.jneuroim.2010.10.025
https://doi.org/10.1159/000443040
https://doi.org/10.1186/1742-2094-8-77
https://doi.org/10.1016/j.mvr.2003.07.001
https://doi.org/10.1002/ana.25610
https://doi.org/10.1038/nrn3484
https://doi.org/10.1016/j.cell.2009.09.025
https://doi.org/10.1083/jcb.201802057
https://doi.org/10.1111/jnc.13100
https://doi.org/10.1007/s12017-013-8224-3
https://doi.org/10.3389/fnmol.2021.729273
https://doi.org/10.1002/glia.22713
https://doi.org/10.12659/MSM.906817
https://doi.org/10.1016/j.cell.2015.11.034
https://doi.org/10.1016/j.conb.2017.05.006
https://doi.org/10.1016/j.conb.2017.05.006
https://doi.org/10.3389/fphar.2019.01612
https://doi.org/10.1080/15622970902806124
https://doi.org/10.1177/0004867414531078
https://doi.org/10.1038/mp.2012.97
https://doi.org/10.1038/npp.2017.129
https://www.dovepress.com
https://www.dovepress.com

Vakilzadeh and Martinez-Cerdefio Dove

95. Butt AM, Rivera AD. Astrocytes in bipolar disorder. In: Li B, Parpura V, Verkhratsky A, Scuderi C, editors. Astrocytes in Psychiatric Disorders,
Advances in Neurobiology. Cham: Springer International Publishing; 2021:95-113. doi:10.1007/978-3-030-77375-5_5
96. Peng L, Li B, Verkhratsky A. Targeting astrocytes in bipolar disorder. Expert Rev Neurother. 2016;16:649—-657. doi:10.1586/
14737175.2016.1171144
97. Toker L, Mancarci BO, Tripathy S, Pavlidis P. Transcriptomic evidence for alterations in astrocytes and parvalbumin interneurons in subjects
with bipolar disorder and schizophrenia. Biol Psychiatry Bipolar Disorder. 2018;84:787-796. doi:10.1016/j.biopsych.2018.07.010
98. Vadodaria KC, Mendes APD, Mei A, et al. Altered neuronal support and inflammatory response in bipolar disorder patient-derived astrocytes.
Stem Cell Rep. 2021;16:825-835. doi:10.1016/j.stemcr.2021.02.004
99. Bowley MP, Drevets WC, Ongiir D, Price JL. Low glial numbers in the amygdala in major depressive disorder. Biol Psychiatry.
2002;52:404-412. doi:10.1016/S0006-3223(02)01404-X
100. Cotter D, Mackay D, Landau S, Kerwin R, Everall 1. Reduced glial cell density and neuronal size in the anterior cingulate cortex in major
depressive disorder. Arch Gen Psychiatry. 2001;58:545-553. doi:10.1001/archpsyc.58.6.545
101. Ongiir D, Drevets WC, Price JL. Glial reduction in the subgenual prefrontal cortex in mood disorders. Proc Natl Acad Sci.
1998;95:13290-13295. doi:10.1073/pnas.95.22.13290
102. Torres-Platas SG, Hercher C, Davoli MA, et al. Astrocytic hypertrophy in anterior cingulate white matter of depressed suicides.
Neuropsychopharmacology. 2011;36:2650-2658. doi:10.1038/npp.2011.154
103. Pandey GN, Rizavi HS, Ren X, et al. Proinflammatory cytokines in the prefrontal cortex of teenage suicide victims. J Psychiatr Res.
2012;46:57-63. doi:10.1016/j.jpsychires.2011.08.006
104. Rajkowska G, Stockmeier CA. Astrocyte pathology in major depressive disorder: insights from human postmortem brain tissue. Curr Drug
Targets. 2013;14:1225-1236. doi:10.2174/13894501113149990156
105. Gouw AA, Seewann A, Vrenken H, et al. Heterogeneity of white matter hyperintensities in Alzheimer’s disease: post-mortem quantitative MRI
and neuropathology. Brain. 2008;131:3286-3298. doi:10.1093/brain/awn265

Neuropsychiatric Disease and Treatment Dove

Publish your work in this journal

Neuropsychiatric Disease and Treatment is an international, peer-reviewed journal of clinical therapeutics and pharmacology focusing on
concise rapid reporting of clinical or pre-clinical studies on a range of neuropsychiatric and neurological disorders. This journal is indexed on
PubMed Central, the ‘PsycINFO’ database and CAS, and is the official journal of The International Neuropsychiatric Association (INA). The
manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit
http://www.dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/neuropsychiatric-disease-and-treatment-journal

850 n | in u Dove Neuropsychiatric Disease and Treatment 2023:19


https://doi.org/10.1007/978-3-030-77375-5_5
https://doi.org/10.1586/14737175.2016.1171144
https://doi.org/10.1586/14737175.2016.1171144
https://doi.org/10.1016/j.biopsych.2018.07.010
https://doi.org/10.1016/j.stemcr.2021.02.004
https://doi.org/10.1016/S0006-3223(02)01404-X
https://doi.org/10.1001/archpsyc.58.6.545
https://doi.org/10.1073/pnas.95.22.13290
https://doi.org/10.1038/npp.2011.154
https://doi.org/10.1016/j.jpsychires.2011.08.006
https://doi.org/10.2174/13894501113149990156
https://doi.org/10.1093/brain/awn265
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
https://www.dovepress.com
https://www.dovepress.com

	Introduction
	Astrocytes in ASD
	Astrocytes and Neurotransmitters
	Astrocytes and Neuroinflammation
	Astrocytes and Synaptogenesis
	Astrocytes in Other Neurodevelopmental Disorders
	Conclusion
	Disclosure

