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Abstract

Previous studies have implicated several brain cell types in schizophrenia (SCZ), but

the genetic impact of astrocytes is unknown. Considering their high complexity in

humans, astrocytes are likely key determinants of neurodevelopmental diseases, such

as SCZ. Human induced pluripotent stem cell (hiPSC)-derived astrocytes differenti-

ated from five monozygotic twin pairs discordant for SCZ and five healthy subjects

were studied for alterations related to high genetic risk and clinical manifestation of

SCZ in astrocyte transcriptomics, neuron-astrocyte co-cultures, and in humanized

mice. We found gene expression and signaling pathway alterations related to synaptic
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Päijät-Häme Regional Fund Instrumentarium

Science Foundation dysfunction, inflammation, and extracellular matrix components in SCZ astrocytes,

and demyelination in SCZ astrocyte transplanted mice. While Ingenuity Pathway

Analysis identified SCZ disease and synaptic transmission pathway changes in SCZ

astrocytes, the most consistent findings were related to collagen and cell adhesion

associated pathways. Neuronal responses to glutamate and GABA differed between

astrocytes from control persons, affected twins, and their unaffected co-twins and

were normalized by clozapine treatment. SCZ astrocyte cell transplantation to the

mouse forebrain caused gene expression changes in synaptic dysfunction and inflam-

mation pathways of mouse brain cells and resulted in behavioral changes in cognitive

and olfactory functions. Differentially expressed transcriptomes and signaling path-

ways related to synaptic functions, inflammation, and especially collagen and glyco-

protein 6 pathways indicate abnormal extracellular matrix composition in the brain as

one of the key characteristics in the etiology of SCZ.

K E YWORD S

calcium imaging, cell transplantation, extracellular matrix, induced pluripotent stem cells,
monozygotic twins, RNA sequencing

1 | INTRODUCTION

Neuropharmacological studies have implicated abnormal dopaminer-

gic, glutamatergic, and GABAergic activity in schizophrenia (SCZ)

(Javitt et al., 2008), although the molecular mechanisms underlying

the disease remain unclear. According to the current mainstream

theory of the development of the disorder, genetic predisposition

to SCZ is pronounced during embryonal development, and environ-

mental effects trigger the symptoms in early adolescence (Davis

et al., 2016). For example, early brain immune activation, such as

upon exposure to maternal influenza, has long been known to

increase susceptibility to SCZ (Khandaker et al., 2015). As post-

mortem studies can only reveal findings related to full-blown illness

treated with antipsychotics, more information is needed about

molecular changes at the early stage of the disease and before the

psychosis in order to target prevention and early treatment for

people in high-risk groups. Several SCZ-associated genes are

involved in the development and physiology of glial cells

(González-Peñas et al., 2019; Toker et al., 2018). Therefore, the

importance of astrocytes in neurodevelopmental diseases has

gained more interest. Because of their key roles in maintaining

CNS homeostasis, synapse formation and the synaptic metabolism

of glutamate and monoamines, astrocyte dysfunction may lead to

abnormal neurotransmitter release in SCZ (Wang et al., 2015).

Human induced pluripotent stem cell (hiPSC) models have been

used to explore neuropathological abnormalities in patients with

SCZ, but so far, the main focus has been on neuronal pathophysiol-

ogy, while the contribution of astrocytes has received much less

attention. One study using hiPSC-derived astrocytes obtained from

patients with SCZ showed impaired astrocyte maturation related to

enhanced BMP signaling pathway in childhood-onset patients with

SCZ (Liu et al., 2019). Another study found attenuated C-C Motif

Chemokine Ligand 20 (CCL20) response and T cell recruitment in

patients with SCZ after Interleukin-1β (IL-1β) exposure (Akkouh

et al., 2020). Moreover, transplanted human iPSC-derived glial pro-

genitors obtained from childhood-onset SCZ patients have shown

delayed astrocytic differentiation and abnormal astrocyte morphol-

ogies, as well as behavioral abnormalities in mouse brains (Windrem

et al., 2017).

We previously generated hiPSCs from five monozygotic twin

pairs discordant for SCZ and five healthy controls. We showed sex-

specific differences in gene expression of hiPSC-derived cortical neu-

rons, especially in pathways associated with N-glycan synthesis,

CAMK2G, GABAergic synapse, and purine metabolism in SCZ

(Tiihonen et al., 2019), which are largely in line with previous literature

on molecular mechanisms of SCZ. In this study, we differentiated hiP-

SCs from the same twin pairs and healthy controls into astrocytes.

We hypothesized that gene expression profiling of astrocytes may

reveal molecules and pathways that are associated with increased

genetic risk for SCZ (between all twins and healthy controls) and clini-

cal manifestation of the illness (between affected twins (ST) and unaf-

fected twins (HT)). Because men and women are known to have

different types of lifespan calendars of gene expression, and the phe-

notype, age of onset, and antipsychotic responses in SCZ are sex-

dependent (Li et al., 2016; Skene et al., 2017), we further hypothe-

sized that similar to iPSC-derived neurons (Tiihonen et al., 2019) also

iPSC-derived astrocytes show at least trends towards sexual dimor-

phism at the transcriptional level. To verify possible functional conse-

quences on neuronal and brain functions, we investigated whether

astrocytes from patients with SCZ dysregulate neuronal calcium

responses in neurons or alter brain endogenous gene expression upon

astrocyte engraftment into neonatal mouse brain.
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2 | MATERIALS AND METHODS

2.1 | Patient iPSC-lines and astrocyte
differentiation

The Ethics Committee of the Helsinki University Hospital District

approved this project. Five monozygotic twin pairs discordant for SZ

and five age and sex-matched healthy volunteers were included. The

patients' description and characterization of the iPSC lines are publi-

shed in Tiihonen et al. (2019). The hiPSC-derived astrocytes were dif-

ferentiated using the previously published protocol (Krencik &

Zhang, 2011; Oksanen et al., 2017) with slight modifications described

in Supplementary Methods. The differentiated astrocytes show func-

tions, responses to stimuli, marker and gene expression typical to

astrocytes (Oksanen et al., 2017, 2019).

2.2 | RNA isolation and sequencing

Extraction and purification of the RNA from cultured hiPSC-derived

astrocytes and transplanted mouse tissues are described in Supplemen-

tary Methods. RNA-sequencing libraries were produced from hiPSC-

derived astrocytes of ST, HT, and Ctrl (all groups n = 5; 2 males and

3 females), and cortices of mice transplanted with hiPSC-derived astro-

cytes from ST, HT or Ctrl subjects (altogether 18 cortices; n = 6 mice/

group), and control cortices (n = 3) without transplantation. The prepara-

tions of RNA sequencing libraries read alignment strategies, qRT-PCR,

and mouse studies have been described in Supplementary Methods.

2.3 | Calcium imaging and analysis

hiPSC-derived neuron and astrocyte co-cultures were loaded with

Fluo-4 followed by sequential 2-min neuron stimulation with glutamate

together with NMDA receptor co-agonist glycine, GABA, and KCl. The

recordings performed with an inverted ZEISS Axio Observer microscope

equipped with Prime BSI sCMOS camera were analyzed blinded using a

custom script in MatLab software. Mean pixel intensity of masked

regions of interests corresponding to individual cells was measured at

each time point. Traces were detrended, and the intensity of the treat-

ment period was normalized to the baseline intensity to produce ΔF/F.

A detailed description is in Supplementary Methods.

2.4 | Transplantation

hiPSC-astrocyte progenitors (100,000 cells/μl in PBS) dissociated

from sphere cultures with Accutase (Stemcell technologies) from two

female twin pairs and two female controls were transplanted into

newborn Rag1 knockout mouse (B6.12957-Rag1tm1Mom/J, The

Jackson Laboratory) forebrain using the protocol published by Kim

et al., 2014. A detailed description of animal handling and behavior

tests are in Supplementary Methods.

2.5 | Data availability

Supplementary Data files show raw RNA seq data. All the calcium

imaging analysis codes were written in Matlab and are available on

request from the authors. The detailed data of mouse behavioral stud-

ies are available on request from the authors. The RNA sequencing

data is also available in GEO: GSE191250.

3 | RESULTS

3.1 | SCZ and control hiPSCs differentiate evenly
to astrocytes with similar cell-specific properties

The five adult SCZ-discordant monozygotic twin pairs and five

unrelated healthy control (Ctrl) hiPSC-lines have been fully character-

ized before (Supplementary Table 1) (Tiihonen et al., 2019). No signifi-

cant differences were found between the groups or lines in

differentiation efficiency based on protein or RNA expression levels

of astrocyte-specific markers or glucose and glutamate uptake

(Figure 1a, Supplementary Figure 1).

3.2 | SCZ astrocytes show changes suggesting
sex-specific gene expression alterations

We assessed whether gene expression profiles associated with

familial risk or clinical illness of SCZ in hiPSC-derived astrocytes

are suggestive for sex-specific changes using transcriptomic analy-

sis. Figure 1b summarizes the number of differentially expressed

genes (DEGs; Benjamini–Hochberg corrected p-value < .05 and

absolute log2-fold change >1.0) in comparisons between ST

and Ctrl (associated with both familial risk and clinical illness), HT

and Ctrl (associated with familial risk without clinical illness),

ST and HT (associated with pure clinical illness), and between all

twins and Ctrl (associated with familial risk with or without clinical

illness) of all participants and when separated by sex. The number

of DEGs increased from tens to hundreds in all comparisons when

the sexes were analyzed separately and were far more numerous

in males than females. To determine whether astrocytes might

contribute to sex differences in SCZ, we compared the number of

sex-specific gene expression differences between SCZ and Ctrl

astrocytes. First, 1.3% of genes (8461/34,783) were expressed dif-

ferentially in female versus male Ctrl astrocytes. Before separating

the sexes, the proportion of sex-specific genes reached up to

22.6% of the DEGs (ST vs. HT, p = 1.32 � 10�25), and after the

separation, the proportion was up to 47.0% (Female HT vs. Ctrl,

p < 2.23 � 10�308).

The lists of DEGs are found in Supplementary Data 1–12, and

the 20 most significant DEGs in the ST versus HT comparison with

combined sexes, females (all DEGs), and males, are shown in

Figure 1c. In the ST versus Ctrl comparison, top genes such as

CHL1, CNTN1, CDH8, CDH13, and PCDHGB7, related to cell
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adhesion, were expressed among both males and females. CHL1

was the number one top gene also in the male ST versus Ctrl

(adjusted p = 9.6 � 10�75) and male HT versus Ctrl comparison

(adjusted p = 5.1 � 10�93). In the HT versus Ctrl comparison, the

DEGs included downregulation of SHISA6 (�2.6 log2 fold change,

adj. p < .05).

3.3 | Pathways related to neuronal wiring and
inflammation are altered in SCZ astrocytes

Total numbers of Gene Oncology (GO) terms (Benjamini-Hochberg,

adj. p < .05) and Ingenuity Pathway Analysis (IPA) pathways (�log(p-

value) > 1.3) in each comparison are listed in Supplementary Table 2

F IGURE 1 RNA expression analysis of ST and HT twins using hiPSC-derived astrocytes. (a) The summary of the differentiation of hiPSCs
derived from twin pairs discordant to SCZ (red, female; blue, male) and controls towards astrocytes. Scale bar 50 μm. (b) The comparison table of
differentially expressed genes (DEGs) and proportion of sex-specific DEGs in comparison sets (cutoffs: Adjusted p-value <.05 and absolute log2
fold change >1.0). The p-value for sex-difference was too small to count in the used platform in four comparisons, which reached to
2.23 � 10�308. (c) The 20 most significant DEGs in ST versus HT comparisons with both sexes, females and males. (d) the most significant GO
enrichment terms in ST versus HT and IPA pathways in ST versus HT with (e) both sexes, (f) females, and (g) males. Dash line is value for p = .05.
Abbreviations: Ctrl, control, ST, affected twin, HT, unaffected co-twin
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and the lists of GO terms in Supplementary Data 13–19 and IPA

canonical pathways in Supplementary Data 20–28. In comparing ST

and HT, 30 GO terms involving neuron development and generation

of neurons were detected as the most significant terms (10 most sig-

nificant GO terms in Figure 1d, all in Supplementary Data 18). In

males, Glutamate Receptor Signaling (�log(p) = 2.24) was the most

significant pathway, and Ephrin receptor pathways were altered

among both sexes (Figure 1f,g, Supplementary Data 27–28).

A strongly significant change appeared in Hepatic Fibrosis Signaling,

which was found in the male ST versus HT comparison, male ST versus

Ctrl and HT versus Ctrl comparisons, and in the female HT versus Ctrl

comparison. This pathway is prominently induced by experimental

inflammation in astrocytes (Cao et al., 2019) and shares several genes

related to extracellular matrix (ECM) and adhesion with Glycoprotein

6 (GP6) pathway, which was detected in the male ST versus HT (�log

(p) = 1.54), ST versus Ctrl (3.97) and HT versus Ctrl (6.47) comparisons.

The pathway analysis of the HT versus Ctrl comparison in females

revealed Synaptogenesis Signaling, Ephrin Receptor, and IL-15 Pro-

duction pathways in addition to Hepatic Fibrosis/Hepatic Stellate Cell

Activation pathway (Supplementary Data 24), whereas, in males Wnt,

Synaptogenesis, Ephrin, and inflammation-related pathways were

identified (Supplementary Data 25).

3.4 | The synaptic transmission associated altered
gene sets in SCZ astrocytes appear to be distinct in
males and females

>IPA function and disease pathways in ST versus HT comparison

identified neuronal exocytosis and postsynaptic excitatory processes

(Figure 2a–c). Importantly, SCZ disease pathway appeared among the

most significant pathways in each male comparison

(p = 2.14 � 10�6–1.18 � 10�7) (Figure 2d) and was also significant in

female twins versus Ctrl (p = 6.93 � 10�4) comparison. Many of the

genes contributing to the SCZ disease pathway were related to neuro-

transmitters and synaptic transmission. Thus, the functional pathway

for synaptic transmission also appeared significant in separate sex

comparisons (Figure 2e). In Synaptic transmission pathway, IPA predicted

high decrease for the female Twins versus Ctrl (z-score = �2.4, p-

value = 1.6 � 10�6), but an equally high increase for the male Twins ver-

sus Ctrl (z = 2.1, p = 5.1 � 10�6), respectively. Among the shared genes

with the opposite direction of expression were genes previously associ-

ated with SCZ: RAPGEF4, GRIK2, CNTNAP2, and CDH8 (Figure 2f–g:

females, h–i: males).

3.5 | Altered pathways in our comparisons were
comparable to the hiPSC-GPC data set with patients
with childhood-onset SCZ

For comparison, we performed IPA analysis from DEGs generated in

the Windrem et al. (2017) data (116 DEGs in glial progenitor cells

derived from patients with childhood-onset SCZ, absolute log2fold

change >1.0, FDR 5%, Supplementary Data 29). The first two path-

ways (Glutamate Receptor Signaling (�log(p) = 4.06) and Amyotrophic

Lateral Sclerosis Signaling (3.17)), and Synaptogenesis Signaling Path-

way (1.41) were shared with our male ST versus HT comparison (Sup-

plementary Figure 2a and Supplementary Data 30). The Synaptic

transmission pathway was significant (p = 1.06 � 10�9) with 15 genes.

Four genes in four comparisons were shared with the Windrem data

set (Supplementary Table 3).

3.6 | SCZ astrocytes modulate neurotransmitter
responses

Responses to glutamate and GABA in hiPSC-neurons as Ca2+ influx

were recorded from healthy female hiPSC-cortical neurons co-

cultured with hiPSC-astrocytes from ST, HT, and Ctrl persons

(Figure 3a,b, Supplementary Figure 3). When the effect of twins'

astrocytes was compared to same-sex Ctrl astrocytes, no differences

were detected in glutamate response between HT and Ctrl. In con-

trast, neurons co-cultured with ST astrocytes of either sex showed an

increased response to glutamate (adj. p < .0001) compared to co-

cultures with HT or Ctrl astrocytes (Figure 3c,d, Supplementary

Tables 4–5). While neurons with male ST or female HT astrocytes

showed increased Ca2+ response after GABA treatment (adj.

p < .0001). The proportions of responding neurons were the same

between the astrocyte groups (Supplementary Figure 3c–d).

After clozapine application, the increased Ca2+ response to gluta-

mate observed in neurons co-cultured with ST astrocytes decreased

(adj. p < .0001) to Ctrl level in both the males and females. Similarly,

the Ca2+ response to GABA decreased in clozapine-treated cells, but

was insufficient in male ST (adj. p < .0001) and HT (adj. p < .01), and in

female HT (adj. p < .05) astrocyte co-cultured neurons.

3.7 | Transplanted hiPSC-astrocyte progenitors
mature into astrocytes and induce subtle behavioral
changes

Because from the patients from which the iPSC lines were gener-

ated, the females had more severe symptoms than males, we

transplanted female ST, HT, and Ctrl hiPSC-astrocyte progenitors

into neonatal mouse forebrains and analyzed mouse behavior at

5 and 10 months, followed by gene expression profiling of the

frontal cortices 7 days later (Figure 4, Supplementary Figure 4). A

behavioral test battery covering motor, sensory, emotional, social

and cognitive functions relevant for SCZ was used (for more

details, see Methods in Supplementary information). In a Novel

Object Recognition test, experimental objects caused high stress,

so that 38.1% of ST mice compared to 12.5% and 22.2% of Ctrl

and HT mice, respectively, were disqualified from the test at

5 months (Supplementary Table 6). For the remaining mice, the

test showed a significant age � transplantation interaction

(p = .02, General linear model, repeated measures), such that ST
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F IGURE 2 Ingenuity pathway analysis of disease and function pathways. The 30 disease and function pathways with the highest p-value in
different comparisons among (a) all, (b) female, and (c) male groups. (d) Schizophrenia disease pathway and related molecules in the pathway in
different comparisons. (e) Synaptic transmission function pathway and related molecules in the pathway in different comparisons. RNA sequence
expression of the genes of interest in (f) females and (g) their validation by RT-qPCR and (h) in males and (i) their validation. (f) and (h) have
Benjamini–Hochberg corrected p-value, and (g) and (i) have nominal p-value calculated by unpaired t-test. The data is presented as mean ± SD.
Abbreviations: Ctrl, control, ST, affected twin, HT, unaffected co-twin
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mice had a preference for novelty as they aged. At the age of

10 months, ST mice showed the least preference (0%) for the

odor of an unknown mouse compared to their own odor. In con-

trast, when exposed to cardamom and their own odor the day

after, only ST mice demonstrated an equal preference for carda-

mom (novel but socially neutral odor) as their own odor (familiar

but socially significant odor) (Figure 4b). The other behavior tests

did not identify any differences between the groups (Supplemen-

tary Figure 5).

3.8 | Transplanted SCZ astrocytes induce synaptic
dysfunction and inflammation pathways in mouse
brain

The humanized mice's frontal cortical tissues were used for trans-

criptomic analysis, as this brain area shows early involvement in SCZ

pathophysiology (Selemon & Zecevic, 2015). Based on human-specific

immunostainings (Figure 4e, Supplementary Figure 4) and RNA

expression profile of human-derived reads (Supplementary Figure 6b),

the majority of the transplanted cells maturated to astrocytes. The

transplanted human cells affected 872 individual mouse genes (adj.

p < .05) and 225 mouse signaling pathways (Supplementary Figure 6f,

Supplementary Tables 34 and 37) including Axonal Guidance (�log10

(p) = 11.3) and Synaptogenesis Signaling (�log10(p) = 9.21) pathways.

However, significantly less ST astrocytes than Ctrl or HT astrocytes

migrated to mouse cortices based on the human cytoplasmic marker

cell count. Similarly, the amount of ST-transplanted human reads was

lower than in Ctrl- or HT-transplanted mice (Supplementary

Figure 4d,e). Thus, we decided to look only at transcriptomic differ-

ences between HT and Ctrl animals. The analysis was done with

mouse cell-derived reads (for more details, see Methods in Supple-

mentary information, Supplementary Figure 6a,b, and Supplementary

Data 31) using the threshold of .05 for nominal p-value as DEG cri-

terion because none of the mouse DEGs survived Benjamini-

Hochberg adjustment (Supplementary Table 7). Importantly, we

detected Neuroinflammation Signaling Pathway (�log10(p) = 1.59)

(Supplementary Figure 6d,e, Supplementary Data 32 and 36) in HT

mice versus Ctrl mice, and two pathways, Proline biosynthesis

(�log10(p) = 3.09) and Folate polyglutamylation (�log10

(p) = 2.88), associated with glutamate metabolism. Triacylglycerol

degradation (�log10(p) = 2.66) and Adipogenesis (�log10

(p) = 2.30) pathway were also among five the most significant

pathways between HT and Ctrl mice. Interestingly, our HT mice

F IGURE 3 Calcium imaging of control neurons co-cultured with astrocytes. (a) co-cultured astrocytes expressed GFAP (red) and neurons
TUBB3 (green). Astrocytes showed a typical stellate morphology and AQP4 and S100β expression. TUBB3+ neuronal cells were positive to
VGLUT1 or GABA. The scale bar is 50 μm. (b) Examples of calcium traces in neuronal KCl+ cells after application of glutamate with glycine, GABA
and KCl. Neuronal responses were presented as ΔF/F values from c glutamate and (d) GABA applications. Each group has pooled ΔF/F values
from cells from 2 to 3 subjects, 4–6 recordings, 600–2700 cells per condition. The data is presented as mean ± SE. **** p < .0001, ***p < .001,
** p < .01, 3-way ANOVA and Tukey's post-hoc test. Abbreviations: Ctrl, control, ST, affected twin, HT, unaffected co-twin
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were significantly more obese at 10 months old than ST- or Ctrl-

transplanted mice (Supplementary Figure 6c).

Even though different numbers of present human astrocytes

would bias the comparison between Ctrl and ST animals, we looked

side-by-side Ctrl versus non-transplant and ST versus non-transplant

comparisons whether there are DEGs only related to ST-astrocyte

transplantation. Between ST and non-transplanted we identified

totally 553 DEGs (p.adj. <.05) (Supplementary Data 33). Once we

compared the list of DEGs, there were DEGs which were only signifi-

cantly expressed in ST versus non-transplant, but not in Ctrl versus

non-transplant, for example, serotonin receptor Htr2a, and ECM mol-

ecules Cdh9 (Cadherin 9), Pcdh17 (Protocadherin 17), and Hspg2

(Heparan Sulfate Proteoglycan 2), and astrocytic channel protein

Aqp4 (Aquaporin 4) (Supplementary Figure 6g, Supplementary Data

35, 38–39).

4 | DISCUSSION

Here, we generated hiPSC-astrocytes from monozygotic twins discor-

dant for SCZ and controls to study transcriptional and functional

changes. Concordance rate for both twins to develop SCZ is around

50% due to genetic or epigenetic factors (Cardno & Gottesman, 2000).

The possible traces of epigenetic alterations after iPSC-reprogramming

are completely outweighed by individual genetic variations and

differentiation-associated changes (de Boni et al., 2018; Vitale

et al., 2017). A substantial number of early developmental mutations

specific for one of the monozygotic twins are frequent (Jonsson

et al., 2021). As our previous CNV analysis identified 26 and 18 de novo

mutations in only ST or HT twins, respectively (Tiihonen et al., 2019), the

alterations in transcription between discordant twins may primarily be

explained by early postzygotic mutations.

F IGURE 4 Transplantation of human astrocytes into neonatal mouse brain. (a) schematic illustration of hiPSC-glial progenitor chimeras that
were established by neonatal injections into rag 1 KO hosts and sacrificed after 10 months. (b) results from behavioral studies: Prepulse inhibition,
novel object preference, unknown mouse odor preference, and cardamom odor preference of the transplanted mice. Ctrl, n = 16, ST n = 21, and
HT n = 27. The results are presented as mean ± SEM. ** p < .01, * p < .05. Representative pictures from Hunu+ cells (human nuclei) and human
GFAP+ cells. Sagittal sections demonstrating the distribution of (c) Hunu and (d) GFAP. (e) The representative images of human GFAP, S100β,
human NG2, GLT1, AQP4, and Hunu (human nuclei). Scale bar in all 50 μm. Abbreviations: Ctrl, control, ST, affected twin, HT, unaffected co-twin
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Our data showed aberrant expression of glutamatergic and

GABAergic receptor genes in SCZ astrocytes. Especially GRIK2 was

sex-specifically expressed in astrocytes of affected and unaffected

twins. Furthermore, affected twin astrocytes modulated healthy neu-

ron calcium responses to glutamate and GABA in co-cultures. These

data suggest that dysfunction of the glutamatergic or the GABAergic

signaling contributing to neuronal excitatory/inhibitory imbalance in

SCZ (Cherlyn et al., 2010) may at least in some SCZ cases be indirectly

due to the dysfunction of these particular pathways in astrocytes.

One of the most significant findings in the behavior of ST-

transplanted mice was their increased interest in cardamom odor, a

novel but socially neutral odor, over their own odor. We interpret the

finding with two factors: reduced social interest and enhanced odor

sensitivity of the ST mice. We also noticed that the mice in HT group

showed altered gene expression of fatty acid related pathways in the

cortex by 10 months of age while gaining more weight when com-

pared to other mouse groups. Metabolic syndrome is highly prevalent

among patients with SCZ and potentially contributes to cognitive

symptoms in SCZ (Hert et al., 2009). The reason for not detecting sim-

ilar changes in fatty acid pathways and mouse weight could be due to

limited amount of SCZ astrocytes in the mouse cortex.

Our identification of many differentially expressed adhesion and

collagen genes in astrocytes between affected and unaffected twins

and healthy individuals indicates the involvement of ECM in SCZ

(Gray et al., 2015; Halassa et al., 2007). ECM is synthesized by both

neural and glial cells and has both protective and suppressive effects

(Song & Dityatev, 2018). Previous studies have implicated ECM in

regulation of cell migration and neurite outgrowth (Tiihonen

et al., 2021), and in perineuronal nets in protection of parvalbumin-

expressing GABA interneurons (Berretta, 2012; Wen et al., 2018).

After brain injuries, neuroinflammation, and neurodegeneration, par-

ticularly reactive astrocytes modify the brain ECM to build physiologi-

cal and chemical barriers which inhibit axonal growth and reduce

plasticity. Notably, astrocytic ECM is crucial in synapse formation and

stabilization in brain development. We demonstrated strongly altered

astrocyte expression of CHL1. CHL1 regulating neuronal survival and

growth and dendritic spine pruning in developing pyramidal neurons

has been linked to SCZ in several studies (Mohan et al., 2019). It was

also one of the most altered genes in the affected male twins versus

healthy controls and unaffected twins versus healthy controls com-

parisons in hiPSC-derived neurons (Tiihonen et al., 2019). Abnormali-

ties in collagen genes are associated with SCZ (Cao et al., 2019), and

in animal models loss of certain collagen molecules results in

decreased inhibitory synapse number, reduction in perineuronal nets

and SCZ-related behaviors (Su et al., 2016, 2017). Taken together, we

identified links between altered gene expression in inflammation,

ECM, and synaptic pathways in astrocytes of individuals with clinical

illness and familial risk, which are associated with altered regulation of

neurotransmitter responses in neurons.

In conclusion, our results showed that signaling pathways

related to inflammation, synaptic functions, and especially collagen

and GP6 pathways contributing to ECM may be crucial in the etiol-

ogy of SCZ. Our rather limited sample size does not allow to make

strong conclusions whether astrocytes show sex-specific functional

and gene expression differences in SCZ. Nevertheless, our study

suggests that such differences may well occur at least in the subset

of SCZ patients. Importantly, abnormalities in ECM have been

among the strongest findings in iPSC-derived brain cells already in

three datasets (Kathuria et al., 2019; Szabo et al., 2021; Tiihonen

et al., 2021), highlighting its importance in the pathophysiological

process of SCZ. The reproducible results suggest the intriguing pos-

sibility that SCZ may be primarily a disease of ECM of the brain:

abnormal and insufficient cell adhesion and ECM may result into

abnormal neuron guidance and synaptogenesis, leading to imbalance

in GABA/glutamate balance, and, finally, to clinical symptoms.

Targeting ECM molecules instead of specific neuronal populations

may lead to new therapeutic discoveries.
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