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Abstract

Neurodegenerative diseases are a wide group of disorders affecting the central (CNS) and pe-
ripheral nervous system. Despite enormous efforts of the scientific and medical communities,
in many cases, the etiologies of neurodegenerative diseases remain unknown with no effective
treatment available.

Recently, glial cells have entered the spotlight as important players in disease onset and
progression, proving themselves as potentially interesting therapeutic targets. In healthy condi-
tions, they maintain homeostasis in the CNS. However, upon its disturbance, they acquire reac-
tive states, which affect the pathological processes in a positive or a negative manner. The re-
active states are disease-specific, yet there are similarities linking reactive states of glia across
pathologies, pointing to common mechanisms of coping with the disturbance of homeostasis in
the CNS.

Single-cell RNA sequencing (scRNA-seq) belongs to modern high-throughput methods that
enable studying transcriptional profiles of thousands of individual cells. Therefore, it can pro-
vide information on the representation of cell types across a variety of samples and reveal even
small populations with unique, biologically interesting transcriptional signatures.

In this work, we applied scRNA-seq to investigate cell populations and transcriptional pro-
files in two neurodegenerative disorders with quite distinct etiologies – amyotrophic lateral
sclerosis (ALS) and Alexander disease (AxD). ALS represents a neurodegenerative disease
with a multifactorial cause. In this case, we used a well-established mouse model carrying
a SOD1(G93A) mutation that causes only a minority of ALS cases. Addressing a controversial
question of the extent to which the cortex is affected in the SOD1(G93A) mouse model, we
found only limited signs of pathology in the SOD1 cortices. Thus, our in-depth transcriptomic
analysis showed that this well-studied animal model does not recapitulate all aspects of human
pathology, and another model should be used for the investigation of the cortex in ALS.

In contrast to ALS, Alexander disease belongs to rare diseases with well-defined and specific
cause – mutations in the intermediate filament protein GFAP, which is primarily expressed by
astrocytes and radial glia in the developing CNS. In this project, we focused on human induced
pluripotent stem cell-derived (hiPSC) models in 2D co-culture as well as in brain organoids. We
described these models using transcriptional profiling and found an interesting, early differenti-
ation phenotype resulting in a reduction of mature astrocyte populations and overrepresentation
of cells from other than neuroectodermal lineages. Thus, we revealed previously unknown
effects of a GFAP mutation on cell type differentiation, offering new insights into AxD patho-
genesis that should be considered in future research on this and related disorders.

Overall, the presented research projects demonstrate the usage of state-of-the-art transcrip-
tomic methods to describe neurodegenerative diseases in high resolution, revealing information
potentially important for future research on neurodegeneration with implications for the design
of novel treatment strategies.
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Abstrakt

Neurodegenerativnı́ onemocněnı́ jsou rozsáhlou skupinou poruch centrálnı́ (CNS) a perifernı́
nervové soustavy. Navzdory úsilı́ vědecké a lékařské komunity jsou však v mnoha přı́padech
přı́činy vzniku těchto onemocněnı́ neznámé a neexistuje pro ně efektivnı́ léčba.

V poslednı́ době je velká pozornost věnována gliovým buňkám jakožto důležitým hráčům
při vzniku a průběhu neurodegenerativnı́ch onemocněnı́. Za normálnı́ch okolnostı́ glie udržujı́
homeostázi CNS. Při jejı́m narušenı́ však přecházejı́ do reaktivnı́ch stavů, které pozitivnı́m či
negativnı́m způsobem ovlivňujı́ patologické procesy. Reaktivnı́ stavy jsou specifické pro dané
onemocněnı́, přesto existujı́ podobnosti spojujı́cı́ reaktivnı́ stavy gliı́ napřı́č patologiemi, což
naznačuje existenci společných mechanismů pro zvládánı́ narušenı́ homeostáze v CNS.

Sekvenovánı́ RNA jednotlivých buněk (scRNA-seq) patřı́ mezi modernı́ vysokokapacitnı́
metody, které umožňujı́ studium transkripčnı́ch profilů tisı́ců jednotlivých buněk. Tato technika
tedy poskytuje informaci o zastoupenı́ buněčných typů napřı́č různými vzorky a odhalı́ i malé
buněčné populace s jedinečnými biologicky zajı́mavými transkripčnı́mi profily.

V této práci jsme využili scRNA-seq k prozkoumánı́ buněčných populacı́ a transkripčnı́ch
profilů ve dvou neurodegenerativnı́ch poruchách s poměrně odlišnou etiologiı́ – amyotrofické
laterálnı́ skleróze (ALS) a Alexandrově chorobě (AxD). ALS představuje neurodegenerativnı́
onemocněnı́ s multifaktoriálnı́ přı́činou. V tomto přı́padě jsme použili zavedený myšı́ model
nesoucı́ mutaci SOD1(G93A), která způsobuje pouze zlomek přı́padů ALS. Zabývali jsme se
kontroverznı́ otázkou, a sice, do jaké mı́ry je v tomto modelu ovlivněna mozková kůra. Zjistili
jsme pouze omezené známky patologie v mozkové kůře u myšı́ s mutacı́ SOD1. Naše hloubková
transkriptomická analýza tak ukázala, že tento dobře popsaný zvı́řecı́ model nemusı́ napodobo-
vat všechny aspekty lidské patologie a pro zkoumánı́ mozkové kůry v ALS by měl být použit
jiný model.

Alexandrova choroba patřı́ mezi vzácná onemocněnı́ s dobře definovanou a specifickou
přı́činou – mutacemi v proteinu intermediálnı́ch filament GFAP, který je primárně exprimován
astrocyty a radiálnı́mi gliemi ve vyvı́jejı́cı́ se CNS. V tomto projektu jsme se zaměřili na modely
odvozené z lidských indukovaných pluripotentnı́ch kmenových buněk (hiPSC) ve 2D kultuře
a také v mozkových organoidech. S využitı́m transkripčnı́ho profilovánı́ jsme popsali zajı́mavý
raný diferenciačnı́ fenotyp, který vede k redukci populace astrocytů a ke zvýšenému zastoupenı́
buněk z jiných než neuroektodermálnı́ch vývojových liniı́. Odhalili jsme tak dosud neznámé
účinky mutace GFAP na diferenciaci buněk, což nabı́zı́ nový náhled na patogenezi AxD, který
by měl být zohledněn v budoucı́m výzkumu AxD a podobných onemocněnı́.

Tato práce ukazuje využitı́ nejmodernějšı́ch metod transkriptomiky k podrobnému popisu
neurodegenerativnı́ch onemocněnı́. Tyto metody pomáhajı́ odhalit informace, které jsou po-
tenciálně důležité pro výzkum neurodegenerace a mohou být využitelné při návrhu nových
léčebných postupů.
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Abbreviations

(f)AD (familial) Alzheimer’s disease

(s/f)ALS (sporadic/familial) amyotrophic lateral sclerosis

APC astrocyte progenitor cells

ARM activated response microglia

ATM axon tract-associated microglia

AxD Alexander disease

CNS central nervous system

COP committed oligodendrocyte precursors

CPM cycling and proliferating microglia

DAA disease-associated astrocytes

DAM disease-associated microglia

DEA differential expression analysis

DEGs differentially expressed genes

DOL disease-associated oligodendrocytes

EAE experimental autoimmune encephalomyelitis

ECM extracellular matrix

ESC embryonic stem cells

EST expressed sequence tags

FACS fluorescence-activated cell sorting

GFAP glial fibrillary acidic protein

GSEA Gene set enrichment analysis

HD Huntington’s disease

(hi)PSC (human induced) pluripotent stem cells

IF impact factor

IRM interferon response microglia

LRT likelihood-ratio test

MBP myelin basic protein

MFOL myelin-forming oligodendrocytes

MOL mature oligodendrocytes

MS multiple sclerosis

NSC neural stem cell
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NFOL newly formed oligodendrocytes

NGS next-generation sequencing

PAM proliferative region-associated microglia

PCA principal component analysis

PIPseq particle-templated instant partition sequencing

PLP proteolipid protein

OGD oxygen-glucose deprivation

OPC oligodendrocyte progenitor cell

ORA over-representation analysis

oRG outer radial glia

PCA principal component analysis

(RT-q)PCR (reverse transcription quantitative) polymerase chain reaction

PD Parkinson’s disease

RFs Rosenthal fibers

RIN RNA integrity number

(sc/sn)RNA-seq (single-cell/single-nucleus) RNA sequencing

sci-RNA-seq single-cell combinatorial indexing RNA sequencing

SAGE serial analysis of gene expression

SPLiT-seq split pool ligation-based transcriptome sequencing

SVZ subventricular zone

tRG truncated radial glia

t-SNE t-distributed stochastic neighbourhood embedding

UMAP uniform manifold approximation and projection

UMI unique molecular identifier

vRG ventricular zone radial glia

VZ ventricular zone

WAM white matter-associated microglia

WGCNA weighted gene co-expression network analysis
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1 Introduction

In the following chapters, the theoretical background underlying the ALS and AxD projects
is summarized. Starting with the fundamental basis of the aforementioned neurodegenerative
diseases, the current state of knowledge of glia heterogeneity and their role in such diseases
is discussed. In the next methodological part of this overview, models used for studying neu-
rodegeneration and transcriptomic methods applied in research are introduced. As data analysis
comprises a large part of transcriptomic studies, this process is also clarified in this chapter.

1.1 Neurodegenerative diseases

Neurodegenerative diseases include a variety of disorders of the CNS that are usually accom-
panied by progressive neuron death, and consequently lead to neurological symptoms, such as
motor disability, cognitive impairment, or seizures. Such diseases vary in the age of onset,
severity of symptoms and pace of their progression, selective vulnerability of CNS regions,
and heritability patterns. This variability exists even among different variants of one disease.
The causative factors and disease mechanisms are also heterogeneous and often not fully un-
derstood.

On the other hand, there are characteristics shared among neurodegenerative diseases. At
the molecular level, accumulation of proteins, influencing the balance between proteosynthe-
sis and protein degradation, is one of the hallmarks used for post-mortem diagnosis. Chronic
inflammation accompanying the dying neurons is also a common pattern identified across dif-
ferent neuropathologies. Recently, the role of glia in neuroinflammation and neurodegeneration
has been emphasized, as they play an important role in homeostasis maintenance and evidently
share common response patterns across pathologies (reviewed in Gleichman and Carmichael,
2020).

Nevertheless, due to the complexity of the CNS, many aspects of its pathology are unre-
solved. The majority of neurodegenerative diseases thus remain untreatable, although promis-
ing compounds and treatment strategies regularly enter clinical trials. However, their beneficial
effects are often not sufficient. Therefore, identification of biomarkers and druggable targets al-
lowing for early diagnosis and treatment is crucial and of a great interest in the current research.

1.1.1 ALS

ALS is a neurodegenerative disease predominantly affecting upper and lower motor neurons,
resulting in their loss and progressive motor disability that eventually leads to respiratory fail-
ure and death within months or a few years. ALS is clinically presented by advancing limb
weakness, bulbar symptoms, and respiratory problems. Based on the location of the first symp-
toms, multiple variants of ALS can be distinguished, including bulbar-, cervical-, lumbar-, and
respiratory-onset ALS (reviewed in Gupta et al., 2023; Mejzini et al., 2019).
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Multiple, somewhat opposing hypotheses about the directionality of ALS origin and pro-
gression exist and are supported by evidence (reviewed in Vucic et al., 2013). The “dying
forward” hypothesis is generally more favored and considers the motor cortex to be the origin
of the first pathological changes, which progress anterogradely to the spinal cord (Eisen et al.,
1992). The “dying back” hypothesis suggests that the first changes appear in lower motor neu-
rons at the neuromuscular junction and progress in a retrograde manner towards the spinal cord
and the motor cortex (Chou and Norris, 1993). Lastly, upper and lower motor neuron degenera-
tion may arise independently, as proposed by the poorly supported “independent degeneration”
hypothesis (Vucic et al., 2013).

The etiology of ALS is complex, likely with a combined effect of genetics, environment,
and aging. Most cases arise sporadically (sALS), while less than 10% of cases have a family
history of the disease (fALS; Barberio et al., 2023). The majority of the sALS cases are of
an unknown cause. Familial ALS, on the other hand, can often be attributed to mutations
in specific genes (Mejzini et al., 2019). The most common ALS-linked genes are C9ORF72

with an unclear function, superoxide dismutase SOD1, and RNA-binding proteins TARDBP

and FUS, accounting for 33.7%, 14.8%, 4.2%, and 2.8%, respectively, of fALS cases in the
European population (Zou et al., 2017). Nevertheless, in a genome-wide study, Zhang et al.,
2022 identified as many as 690 ALS risk genes, showing that the genetic aspect of ALS is
complex and most likely not linked to single mutations.

It is obvious that ALS is a very heterogeneous pathology. Actually, no universal disease
mechanism has been isolated to date. On the contrary, multiple mechanisms are probably in-
volved in the onset and progression of ALS, many of which are directly related to the function
of the ALS-linked genes (Mejzini et al., 2019; Zhou and Xu, 2023). A few examples of the pos-
sible mechanisms are the impairment of protein turnover caused by aggregation, as described
in SOD1-mutant cell cultures (Farrawell and Yerbury, 2021), alterations in RNA metabolism
(Humphrey et al., 2020), dysfunction of mitochondria, and increased oxidative stress (Zuo et al.,
2021). Another common pattern noticeable across different variants of ALS is the disruption
of neuronal morphogenesis, membrane transport, and signal transmission at synapses (Saez-
Atienzar et al., 2021). Ultimately, the neuronal degeneration might be universally triggered by
upregulation of TGFβ signalling (Namboori et al., 2021).

ALS is also presented by neuroinflammation and reactive gliosis. Microglia and astrocytes
participate in the ALS pathogenesis, co-regulating specialized gene expression programmes
during the progression of the disease (Maniatis et al., 2019). Moreover, in the spinal cord, mi-
croglial dysfunction occurs before the onset of symptoms and progresses along the course of
the disease (Maniatis et al., 2019). Microglia show the reactive phenotype (Keren-Shaul et al.,
2017) and through secretion of cytokines induce reactive astrogliosis (Guttenplan et al., 2020;
Liddelow et al., 2017; Ziff et al., 2022). Interestingly, the absence of reactive astrocytes slows
the progress of the pathology, but does not stop its onset (Guttenplan et al., 2020), suggest-
ing that reactive astrocytes strengthen the pro-inflammatory environment in ALS. In addition,
reduction of glutamate uptake in ALS astrocytes contributes to excitotoxicity causing further
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damage to neurons (Barton et al., 2020; Wallis et al., 2018). Oligodendrocytes should also not
remain unnoticed. In fact, impaired oligodendrocyte maturation and demyelination have been
reported even before symptom onset, implicating oligodendrocytes to be important contributors
to motor neuron degeneration (Kang et al., 2013; Saez-Atienzar et al., 2021). Interestingly, other
cell types, such as perivascular fibroblasts, show ALS-related changes preceding neuroinflam-
mation and neuronal loss, suggesting that some disease mechanisms involving other systems
besides the CNS-resident cell types remain unexplored (Månberg et al., 2021).

Although this overview is not exhaustive, it should illustrate the incredible complexity of
ALS. Clearly, the disease is a result of a pathological interplay of many cell types, involving
numerous cellular processes. ALS has been mainly studied in patient samples and mouse mod-
els, with the most widely studied model being SOD1(G93A) mouse (Gurney et al., 1994). In
SOD1(G93A) mouse, the majority of studies detecting pathological changes in glia focus on
the spinal cord (e.g., Guttenplan et al., 2020; Kang et al., 2013; MacLean et al., 2022; Ma-
niatis et al., 2019; Miller et al., 2017), with some data also available for the brainstem (Liu
et al., 2020). However, divergent and incomplete conclusions have been reached with respect to
the extent of cortical pathology (Gomes et al., 2019; Migliarini et al., 2021; Miller et al., 2018;
Niessen et al., 2006). Considering that cortical pathology is evident in symptomatic patients
and represents the main presumption supporting the “dying forward” hypothesis (Vucic et al.,
2013), it is necessary to unravel the actual usability of the mouse models in this context, in order
to advance in the search for the ALS origin and the triggering mechanisms.

1.1.2 Alexander disease

Alexander disease belongs to rare leukodystrophies – neurodegenerative diseases affecting the
white matter. Since its characterization in 1949, only around 550 cases of AxD have been re-
ported worldwide, and the prevalence of AxD in the Japanese population was estimated to be 1
case per 2.7 million individuals (Yoshida et al., 2011). AxD is clinically manifested by variable
symptoms including seizures, motor impairment, intellectual disability, overall developmental
delay, and increased brain size (Messing et al., 2012; Prust et al., 2011). Based on the localiza-
tion of lesions and the age of onset, at least three types of AxD can be distinguished (Messing
et al., 2012; Prust et al., 2011; Yoshida et al., 2011), with the early-onset AxD – infantile and
juvenile – being associated with higher incidence and mortality. On the other hand, late-onset
AxD patients may sometimes be misdiagnosed due to the similarity of symptoms with other
age-related neurodegenerative disorders.

AxD is caused by mutations in the GFAP protein that is expressed by astrocytes and radial
glia in the CNS (Middeldorp et al., 2010). The mutations can arise sporadically or are inherited
in an autosomal dominant manner (Messing et al., 2012). Several mutation hotspots within
the GFAP-coding sequence have been identified and linked with the more severe early-onset
AxD variants (Prust et al., 2011; Yoshida et al., 2011).

The AxD-causing mutations usually lead to overexpression of GFAP and its accumulation
into Rosenthal fibers (RFs) that can be found in astrocytes and are considered to be the main
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molecular hallmark of AxD (Hagemann, 2022; Messing et al., 2012). Besides GFAP, RFs con-
tain a variety of proteins including highly abundant vimentin, ubiquitin, heat shock proteins,
and αB-crystallin (Heaven et al., 2016). The composition of RFs implies the involvement of
the ubiquitin-proteasome system, and indeed, overexpression and aberrant degradation have
been proposed to create a positive feedback loop that eventually leads to protein accumula-
tion into visible aggregates (Messing et al., 2012) and inhibition of proteasome function (Tang
et al., 2010). The RFs have been shown to originate as small bundles along intermediate fila-
ments, increasing in size over time and altering the structure of the filament network (Sosunov
et al., 2017; Tanaka et al., 2007; Viedma-Poyatos et al., 2022; Yang et al., 2022). As a result,
they interfere with astrocyte mitosis (Sosunov et al., 2017) and disrupt mitochondrial function
(Viedma-Poyatos et al., 2022) and transfer (Gao et al., 2019). Actin cytoskeleton and mechan-
otransduction are also affected, and that results in increased stiffness of the CNS tissue (Wang
et al., 2018). In addition, posttranslational modifications have been implicated in GFAP’s sus-
ceptibility to damage, stress, and aggregation (Battaglia et al., 2019; Viedma-Poyatos et al.,
2022).

GFAP-mutant astrocytes display signs of reactive gliosis and increased stress response (Hage-
mann et al., 2005; Heaven et al., 2022), and naturally, perturbations in astrocyte function are
reflected in their interplay with other cell types. Oligodendrocyte progenitor (OPC) prolifer-
ation and oligodendrocyte maturation have been shown to be affected by GFAP-mutant astro-
cytes (Gomez-Pinedo et al., 2017; Li et al., 2018). Reactive microglia can also be found in
AxD samples alongside reactive astrocytes, enhancing the inflammatory environment in the tis-
sue (Hagemann et al., 2005; Heaven et al., 2022). On the other hand, a recent study reported
a protective phenotype of microglia in AxD that could represent a disease-specific microglia
response (Saito et al., 2024). Of course, astrocyte-neuron interaction and neuronal functions
are affected by the GFAP mutation as well (Hagemann et al., 2005; Meisingset et al., 2010).
Apparently, a combination of lack of support and toxicity of GFAP-mutant astrocytes are both
the mechanisms at play in AxD.

Several animal models have been developed, mimicking AxD to some extent, including
mouse (Hagemann et al., 2005), Drosophila (Wang et al., 2011), or zebrafish (Candiani et al.,
2020). A novel rat model was introduced recently, along with an antisense oligonucleotide
treatment strategy that proved to efficiently reduce GFAP accumulation and AxD symptoms
in the tested rats (Hagemann et al., 2021) and proceeded to clinical trials. However, most of
the animal models do not recapitulate all aspects of the human disease, and patient samples are
lacking due to the rarity of AxD. Therefore, further progress of AxD research relies on alter-
native hiPSC-derived models, which have already been efficiently employed in several studies
(Battaglia et al., 2019; Jones et al., 2018; Kondo et al., 2016; Li et al., 2018).

Cell cultures derived from iPSCs offer an opportunity to either model diseases in mature
cell types or observe their differentiation throughout neurodevelopment in models such as brain
organoids. The developmental aspect of AxD was only touched upon in a study by Hagemann
et al., 2013, which showed deficits in adult neurogenesis and the presence of RFs in radial glia-
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like cells in the hippocampus of the AxD mouse model. However, considering also the variety
of cellular functions affected by a single GFAP mutation, the impact of GFAP mutations in
radial glia and other cell types originating in radial glia during embryonic neurodevelopment
could be another promising avenue for the research of AxD disease mechanisms (Valihrach and
Benešová, 2022).

1.2 Glia heterogeneity in health and disease

Glia maintain homeostasis in the CNS, react to its disruption, support neuronal function, and
participate in neurodevelopment. Historically, they have been considered 10-fold more nu-
merous than neurons. However, recent estimations have decreased this ratio to approximately
1:1, although it can substantially vary across CNS regions, species, or developmental stage
(Fig. 1.1; Allen and Lyons, 2018; Endo et al., 2022; von Bartheld et al., 2016). Glial cells
include mainly astrocytes, oligodendrocytes, and microglia, but ependymal cells and radial glia
are often counted among glia as well (Rasband, 2016). Additionally, specialized glia, such as
Bergmann glia in the cerebellum, or Schwann cells, satellite glia, and enteric glia can be found
also in the peripheral nervous system (Bellamy, 2006; Rasband, 2016).

Figure 1.1: Pie chart with approximate estimated ratios of neurons, astrocytes, OPCs, oligodendrocytes,
and microglia in the CNS, data according to Allen and Lyons, 2018.

It has been shown that glia form spatially and functionally heterogeneous populations even
within individual cell types. Tab. 1.1 summarizes selected marker genes identifying main pop-
ulations of glia that are commonly distinguished in single-cell transcriptomic studies. This het-
erogeneity has been observed in healthy CNS, but also in disease (Floriddia et al., 2020; Habib
et al., 2020; Mathys et al., 2017). Depending on the character and the stage of the pathology,
disease-associated populations of glia have beneficial or negative effect on the disease progress,
and supporting the beneficial effect while mitigating the detrimental effect in different diseases
has been a major focus of glia research (Rahman et al., 2022).
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Table 1.1: Table of selected markers defining main glia populations in pivotal mouse and human single-
cell transcriptomic studies.

Cell type Cell state Markers Characteristics Reference
A

st
ro

cy
te

s

Immature astrocytes
HIST1H2AI, NUSAP1,
TNC, HES6, MKI67,

TOP2A
Proliferating APC Zhang et al., 2016

Mature astrocytes
CHI3L1, ALDH1L1,

ALDOC, SLC1A2, CPE,
GLUL

Mature astrocytes compared to
APC Zhang et al., 2016

Reactive astrocytes
Gfap, Vim, Clu, Igfbp5,
Id3, Cd9, Ctsb, Apoe,
C4b, Serpina3n, Mt2

DAA, located in the proximity
of Aβ plaques in AD Habib et al., 2020

O
lig

od
en

dr
oc

yt
es

OPC
Ptprz1, Pdgfra, Serpine2,

Cspg5, Vcan, Cspg4,
Atp1a2, Fabp7

Proliferative precursors,
sharing several markers with

radial glia
Marques et al., 2016

Immature
oligodendrocytes

Neu4, Gpr17, Fyn, Tns3,
Tcf7l2

COP and NFOL, early states,
migrating, starting to

differentiate
Marques et al., 2016

Mature oligodendrocytes Mal, Apod, Mog, Opalin,
Mobp, Glul, Plp1 MFOL and MOL Marques et al., 2016

Reactive oligodendrocytes

Klk6, Serpina3n, C4b,
H2-D1, H2-K1, B2m, Il33,
Cd63, Cd9, Sgk1, Rnase4,

Snca, Gstm1, Apoe

DOL, enriched in the
proximity of Aβ plaques in

AD
Kenigsbuch et al., 2022

M
ic

ro
gl

ia

Homeostatic microglia P2ry12, Tmem119, Sall1,
Stab1, Crybb1, Cx3cr1

The initial state from which
ARM and IRM originate Sala Frigerio et al., 2019

Reactive microglia
Apoe, Cst7, Spp1, Lpl,
Cd74, Clec7a, H2-Ab1,

Lyz2, H2-Aa, Ank

ARM, enriched in the
proximity of Aβ plaques in

AD, but present also in healthy
brain

Sala Frigerio et al., 2019

IRM
Apoe, Ifit2, Ifit3, Ccl12,

Ifitm3, Rtp4, Irf7,
Lgals3bp, Oasl2, Ifi204

Independent on Aβ plaques,
present also in healthy brain Sala Frigerio et al., 2019

R
ad

ia
lg

lia

Radial glia
SOX2, PAX6, GLI3,

HES1, VIM, ATP1A2,
CLU

Pan-radial glia signature,
neural precursor cells Pollen et al., 2015

oRG
HOPX, MOXD1, TNC,

FABP7, FAM107A,
PTPRZ1, GFAP

Found in SVZ, lost connection
with VZ Pollen et al., 2015

vRG
CRYAB, NR4A1, FBXO32,

PDGFD, TAGLN2,
PALLD

Cell bodies lie in VZ, bipolar,
reach from VZ to pia mater Pollen et al., 2015

Abbreviations: AD – Alzheimer’s disease, APC – astrocyte progenitor cells, ARM – activated response microglia, COP – committed oligo-
dendrocyte precursors, DAA – disease-associated astrocytes, DOL – disease-associated oligodendrocytes, IRM – interferon response microglia,
MFOL – myelin-forming oligodendrocytes, MOL – mature oligodendrocytes, NFOL – newly formed oligodendrocytes, OPC – oligodendro-
cyte progenitor cells, oRG – outer radial glia, SVZ – subventricular zone, vRG – ventricular zone radial glia, VZ – ventricular zone.

1.2.1 Astrocytes

Astrocytes, named by their star-like highly-branched morphology, support normal function of
the CNS. They participate in synaptogenesis, synaptic signalling and remodelling, neurotrans-
mitter recycling, maintenance of ion homeostasis, and production of lactate as a source of en-
ergy for neurons. They also associate with the blood–brain barrier, maintain its integrity, regu-
late its permeability, and can respond to cytokines in the bloodstream coming from the periphery
(reviewed in Lee et al., 2022b; Pekny and Pekna, 2014).

Based on their location and morphology several classes of astrocytes have been identified.
Protoplasmic astrocytes are located in the grey matter and occupy large non-overlapping ter-
ritories (Bushong et al., 2002; Oberheim et al., 2009), within which, in the human brain, they
can contact up to 2 million synapses. While protoplasmic astrocytes reside in the middle cor-
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tical layers, fibrous astrocytes can be found in the white matter and deep cortical layers, where
they regulate myelination and signal transmission along myelinated axons (reviewed in Stogs-
dill et al., 2023; Traiffort et al., 2020). In addition, interlaminar astrocytes in upper cortical
layers and varicose projection astrocytes in layers V-VI and the white matter, both of which oc-
casionally show evenly distributed varicosities along their long processes, have been described
in higher primates, reflecting the complexity of the CNS in these species (Falcone et al., 2022;
Oberheim et al., 2009).

Single-cell transcriptomics has contributed to more detailed characterization of astrocyte
populations. On one hand, it revealed many shared core features corresponding to astrocyte
essential functions, but on the other, it uncovered a substantial diversity among brain regions
(Batiuk et al., 2020; Endo et al., 2022), including for example a variable expression of genes
associated with cholesterol and neurotransmitter homeostasis, synapse function, and phagocy-
tosis. Moreover, cortical astrocytes have been found to organize into six layers, similar to but
not overlapping with neuronal layering in the cortex (Bayraktar et al., 2020). This regional
heterogeneity may arise from distinct progenitor populations, which are further shaped by their
surrounding environment, and results consequently in their morphological and functional spe-
cialization (Batiuk et al., 2020; Endo et al., 2022). Adding another level to the variability, sex-
and age-dependent expression profiles have been described in human astrocytes, potentially
defining the susceptibility to various CNS diseases (Krawczyk et al., 2022).

Astrocyte progenitors are highly proliferating cells, often recognized also by outer radial
glia (oRG) markers. As they mature, this progenitor signature decreases, astrocytes acquire
their mature phenotype and increase their morphological complexity, which allows them to full-
fill their proper functions. The mature expression profile includes genes involved in glutamate
response, water transport, ion homeostasis, calcium signalling, signal transmission, cell-cell
signalling, cell adhesion, lipid metabolism, and phagocytosis (Krawczyk et al., 2022; Sloan
et al., 2017; Zhang et al., 2016). Aging is then accompanied by a reduction of synaptic in-
teractions and energy metabolism and increase of cytokine signalling and senescence markers
potentially partially responsible for age-related cognitive decline (Krawczyk et al., 2022), cre-
ating a pro-inflammatory environment prone to development of age-related disorders, such as
Alzheimer’s disease (AD; Andronie-Cioara et al., 2023).

In response to disruption of homeostasis, astrocytes enter a reactive state, which is often
recognized by hypertrophy of cellular processes and an increase in GFAP immunoreactivity
(Escartin et al., 2021; Pekny and Pekna, 2014). GFAP has been traditionally used as a marker
of reactive astrocytes, however, a more detailed description of reactive astrogliosis is nowadays
more preferable, assessing transcriptomic and proteomic profiles, morphology, function, but
also underlying pathology, sex, or age (Escartin et al., 2021). At the molecular level, reactive
astrogliosis is accompanied by upregulation of immune response genes, cell cycle, extracellular
matrix (ECM) components, cytoskeletal proteins, and genes involved in adhesion (Zamanian
et al., 2012). This transformation may be beneficial, but also harmful for the tissue. Upon
a CNS injury, glial scar formed by astrocytes prevents the lesion from spreading but simultane-
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ously inhibits regeneration of neuronal axons (Yang et al., 2020). Moreover, neuroinflammation
accompanied by a long-lasting astrogliosis has been shown to have an overall negative effect
on the progress of the pathology, not to mention the possible role of astrocytes in disease onset
(Jiwaji and Hardingham, 2022; Liddelow and Barres, 2017; Liddelow et al., 2017; Van Harten
et al., 2021).

Transcriptomic studies have identified numerous astrocyte populations in contexts of various
CNS pathologies. A pivotal study by Zamanian et al., 2012 provided a classification into A1
pro-inflammatory and A2 anti-inflammatory reactive astrocytes emerging in mouse models of
neuroinflammation and stroke, with A1 astrocytes being induced by microglial cytokines Il-1α ,
TNFα , and C1q (Liddelow et al., 2017). Since then, similar disease-associated populations have
been identified across models, species, and pathologies, including AD (often referenced disease-
associated astrocytes, DAA, described by Habib et al., 2020; Mathys et al., 2019; Morabito
et al., 2021), Parkinson’s disease (PD; Smajić et al., 2022), Huntington’s disease (HD; Al-
Dalahmah et al., 2020), multiple sclerosis (MS; Absinta et al., 2021; Leng et al., 2022; Wheeler
et al., 2020), and in stroke (Ma et al., 2022; Shi et al., 2021) and CNS injuries (Li et al., 2022;
Zamboni et al., 2020). Interestingly, while the overall astrocyte response is often pathology-
specific, these populations share a common transcriptional signature, suggesting that a universal
pattern of response to homeostasis disturbance exists and can be potentially targeted in treatment
(Liddelow and Barres, 2017).

1.2.2 Oligodendrocytes

Oligodendrocytes are the most prevalent cell type in the white matter. Their basic function is
to myelinate neuronal axons and thereby increase the speed of action potential conductance.
The myelin sheath is an extension of the oligodendrocyte membrane, highly organized along
neuronal axons and forming Ranvier nodes that allow fast saltatory conduction. Myelin is
composed of 70-80% lipids and only a few highly specific proteins, such as myelin basic protein
(MBP) or proteolipid protein (PLP). In addition, through specialized channels, oligodendrocytes
provide metabolic support to neuronal axons, facilitating maintenance and proper function of
the myelin sheath (reviewed in Seeker and Williams, 2022; Simons and Nave, 2015).

Oligodendrocytes are a heterogeneous population, and their heterogeneity can be assessed
at multiple levels, including morphology, histological and anatomical regions, sex, age, but
also developmental origin, stage of differentiation, and of course, transcriptome (Seeker and
Williams, 2022). Oligodendrocytes differentiate in at least three waves (Kessaris et al., 2006),
and populate the CNS at the stage of proliferative bipolar OPCs. Reaching their final des-
tination, OPCs lose their migration capability and mature into highly branched myelinating
oligodendrocytes that extend their processes to nearby axons (Chamling et al., 2021; Marton
et al., 2019). These differentiation states in healthy CNS have been also defined in single-cell
transcriptomic studies (Marques et al., 2016; Zeisel et al., 2015). The classification by Marques
2016 includes OPC, committed oligodendrocyte precursors (COP), newly formed oligoden-
drocytes (NFOL), and later myelinating stages, i.e., myelin-forming oligodendrocytes (MFOL)
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and mature oligodendrocytes (MOL), and it has been adapted also in later studies (Falcão et al.,
2018; Floriddia et al., 2020; Jäkel et al., 2019; Pandey et al., 2022). Moreover, different MOL
populations have been found enriched in specific CNS regions, which showed different speed
of oligodendrocyte differentiation and distinct stage-dependent response after traumatic injury,
implicating their region-, age-, and context-specific functions, and the existence of specialized
populations in disease (Floriddia et al., 2020; Marques et al., 2016).

OPCs, sometimes referred to as NG2 glia, are present in developing as well as adult CNS.
Typically, they are defined by markers Pdgfra, Cspg4, and cell cycle genes (Marques et al.,
2016). However, heterogeneous subpopulations within OPCs revealed their ability to respond to
cytokines and their potential to generate also neurons and astrocytes (Chamling et al., 2021). As
such, OPCs/NG2 glia have been shown to act in regeneration following an injury and participate
in glial scar formation (Kirdajova et al., 2021; Valny et al., 2018). OPCs also possess phagocytic
activity, suggesting their role in debris cleanup in disease (Falcão et al., 2018).

Oligodendrocytes are capable of renewing lost myelin through remyelination, which is or-
chestrated in cooperation with astrocytes and microglia (Molina-Gonzalez et al., 2023; Shen
et al., 2021). While new OPCs are recruited to the lesion site in mice, remyelination in humans
is also facilitated by mature oligodendrocytes (Jäkel et al., 2019). Of note, chronic dysfunction
of the remyelination pathways often accompanies neurodegenerative diseases.

Perhaps the most studied disease with regards to oligodendrocyte dysfunction is MS, an au-
toimmune disease characterized by neuroinflammation, demyelination, and axon degeneration
(Dobson and Giovannoni, 2019). Populations of oligodendrocytes with increased expression
of immune response genes were identified in both MS patient samples (Jäkel et al., 2019) and
in the experimental autoimmune encephalomyelitis (EAE) mouse model of MS (Falcão et al.,
2018). Since then, oligodendrocyte disease-associated populations have been defined in tar-
geted studies of models of MS, AD and other dementias, neuroinflammation model, and aging
white matter (Kaya et al., 2022; Kenigsbuch et al., 2022; Lee et al., 2021; Pandey et al., 2022;
Zhou et al., 2020). Surprisingly recurrent gene expression profile of these disease-associated
oligodendrocytes (DOLs; Kenigsbuch et al., 2022) includes, among others, the genes Serpina3n

and C4b, and genes of the interferon response and antigen presentation. As proposed by Kaya
et al., 2022, the interferon response might be triggered by infiltrating CD8+ T-cells, while Ser-

pina3n expression may provide protection to specific oligodendrocyte populations against direct
damage by immune cells (Falcão et al., 2018). Interestingly, a similar signature has also been
identified in astrocytes (Kenigsbuch et al., 2022), suggesting common response patterns across
multiple glia cell types.

Most importantly, these studies have drawn attention to the potential active participation of
oligodendrocytes in neurodegeneration, questioning previously valid assumptions about their
mostly passive role in pathologies. Given that alterations in the oligodendrocyte lineage have
been reported in a wide range of diseases, including various AD models (Grubman et al., 2019;
Lau et al., 2020; Leng et al., 2021; Mathys et al., 2019; Sadick et al., 2022), PD (Agarwal et al.,
2020), ALS (Ferraiuolo et al., 2016; Kang et al., 2013), major depressive disorder (Nagy et al.,
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2020), and traumatic injury (Floriddia et al., 2020), more studies targeting oligodendrocytes can
be expected in the near future. Nevertheless, considering also the differences in oligodendrocyte
function and response to pathology between mouse and human (Jäkel et al., 2019; Pandey et al.,
2022; Zhou et al., 2020), more extensive research is needed to uncover the mechanisms by
which oligodendrocytes participate in different pathologies and models, their interactions with
other cell types, and the therapeutic value of these findings.

1.2.3 Microglia

Microglia are the resident immune cells of the CNS. Their characteristic ramified morphol-
ogy allows them to constantly actively scan their surroundings for any signals of homeostasis
disturbance, sensing through a wide range of receptors for cytokines, hormones, neurotrans-
mitters, or growth factors. Microglia participate in homeostasis maintenance by phagocytosing
debris, remnants of apoptotic cells, or misfolded proteins. Additionally, they play a crucial
role in developmental and adult synapse formation and plasticity, phagocytosing excessive cells
and secreting neurotrophic factors, growth factors, and cytokines (reviewed in Butovsky and
Weiner, 2018; Dadwal and Heneka, 2024; Gao et al., 2023).

Microglia belong to glial cells, but developmentally originate in the yolk sac and are mem-
bers of the erythromyeloid lineage, closely related to macrophages (Ginhoux et al., 2010). They
are generated in the first wave of embryonic haematopoiesis, in rodents around embryonic day
7 (Ginhoux et al., 2010) and in human around 28 days of development (Li et al., 2022). As
primitive blood circulation forms, they migrate into the developing brain and are further shaped
by the CNS environment. In the adult CNS, the microglial population is maintained by local
self-renewal (Ajami et al., 2007).

Diverse microglial populations have been described with respect to their localization, ex-
pression of specific surface molecules, or appearance under a microscope (Baalman et al., 2015;
Bisht et al., 2016; Dadwal and Heneka, 2024; Shigemoto-Mogami et al., 2014). However, recent
single-cell transcriptomic studies have provided more detailed insights into microglial hetero-
geneity. Early microglia are highly proliferative, metabolically active, migratory, and variable,
transitioning through intermediate states in their differentiation trajectory (Hammond et al.,
2019; Li et al., 2019). At early postnatal days in mouse, axon tract-associated amoeboid mi-
croglia (ATM; Hammond et al., 2019) or proliferative region-associated microglia (PAM; Li
et al., 2019) with a reactive-like signature were identified in pre-myelinated white matter, repre-
senting a transient, regionally restricted population with a specific function, i.e., phagocytosing
early oligodendrocytes. Surprisingly, adult homeostatic microglia were shown to be less di-
verse across CNS regions, all sharing typical microglial markers including P2ry12, Cx3cr1, or
Tmem119 (Hammond et al., 2019; Li et al., 2019). During aging, inflammatory and interferon-
responsive microglial states increase in number, although they do not prevail over normal mi-
croglia (Hammond et al., 2019).

Interestingly, reactive microglia in disease seem to recapitulate developmental expression
programmes (Hammond et al., 2019), although with additional pathology-specific signatures.
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Microgliosis is usually characterized by clonal proliferation, change of morphology to amoe-
boid, migration, and production of immune response-related molecules (Hammond et al., 2019;
Krasemann et al., 2017; Tay et al., 2017). This functional change is accompanied by downreg-
ulation of homeostatic markers. While reactive microglia were originally classified into “M1”
pro-inflammatory and “M2” anti-inflammatory types, it now appears that these states are much
more diverse and dynamic (Gao et al., 2023).

In AD-like pathology, microglia were found to dynamically transition from a homeostatic
state to a reactive state and were termed disease-associated (DAM; Keren-Shaul et al., 2017)
or activated response microglia (ARM; Sala Frigerio et al., 2019). Upregulation of cell cycle
genes was also reported to parallel this transition process. The reactive populations are localized
near Aβ plaques and express higher levels of cytokines, MHC molecules, and other immune
response genes, many of which belong to AD risk genes (e.g., Apoe, Trem2, Lpl), suggest-
ing an essential role of microglia dysfunction in AD (Keren-Shaul et al., 2017; Sala Frigerio
et al., 2019). As proposed by Sala Frigerio et al., 2019 and Ellwanger et al., 2021, homeostatic
microglia may also transition into other states characterized by increased interferon response
(IRM), cell cycle genes (cycling and proliferating microglia, CPM), or MHC-II expression.
Furthermore, a population of white matter-associated microglia (WAM; Safaiyan et al., 2021)
dedicated to clearing up myelin debris was identified in aging and AD-affected brains, and rare
but highly inflammatory Ccl4+ microglia were described in aging and demyelinating injury,
where they were located within lesions (Hammond et al., 2019). Similar reactive populations
have been found in ALS (Keren-Shaul et al., 2017), PD (Smajić et al., 2022), normal aging
(Sala Frigerio et al., 2019), spinal cord injury (Matson et al., 2022), and MS model (Krasemann
et al., 2017; Masuda et al., 2019). In addition, Masuda et al., 2019 reported temporally and
regionally distinct microglial populations reflecting their local specification and unique profiles
in neurodegeneration and demyelination models.

Thus, these studies show that within diseased CNS, distinct reactive microglial populations
arise from the homeostatic pool. While they are protective at first, chronically activated and
dysfunctional microglia contribute to the disease progress. Inhibition of the microglial pro-
inflammatory phenotypes is one of the strategies that could be applied in therapy (Butovsky
and Weiner, 2018). However, the positive effect of such an approach needs to be assessed with
respect to the specific pathology, its stage, and potential effects on other cell types. Of interest
for future studies will also be the interactions of microglia with other CNS-resident cell types,
as well as peripheral immune cells and the microbiome, and the possible beneficial modulation
of this crosstalk (Calafatti et al., 2023; Erny et al., 2015).

1.2.4 Radial glia

Radial glia, sometimes called neural stem cells (NSCs), are progenitor cells that give rise to
the majority of cell types in the CNS. They differentiate from neuroepithelial stem cells and are
located in the germinal zones around the neural tube. The elongated shape and the apical-basal
polarity of radial glia allow them to contact the ventricular zone as well as the pia mater, and
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provide a scaffold for newly generated neurons migrating towards the cortical surface and grad-
ually forming six cortical neuronal layers (reviewed in Miranda-Negrón and Garcı́a-Arrarás,
2022; Zhou et al., 2024; illustrated in Fig. 1.2).

Figure 1.2: A simplified scheme of radial glia differentiation in the human cortex inspired by Zhou et al.,
2024. Abbreviations: APC – astrocyte progenitor cells, IP – intermediate progenitors, NEC – neuroep-
ithelial cells, OPC – oligodendrocyte progenitor cells, oRG – outer radial glia, RG – radial glia, tRG –
truncated radial glia, vRG – ventricular zone radial glia. The image was created with BioRender.com.

In humans, the progressive shift from neuroepithelial identity towards radial glia identity
occurs during the first trimester of gravidity. In the early stages, radial glia directly generate
the first neurons. More extensive neurogenesis begins later, indirectly through intermediate
progenitors (Eze et al., 2021). Since the second trimester, radial glia start to utilize their gli-
ogenic potential, generating EGFR+ glial progenitors that give rise to astrocytes and OPCs
(Ramos et al., 2022). Although restricted to specific areas, such as the dentate gyrus of the hip-
pocampus, radial glia-like cells with the potential to proliferate and generate new neurons and
glia persist in the primate brain until adulthood (Hao et al., 2022). However, the regenerative
capacity of adult mammalian CNS is highly limited and remains debatable (Miranda-Negrón
and Garcı́a-Arrarás, 2022).

The basic transcriptional program of radial glia seems to be conserved across brain regions
(Eze et al., 2021; Hendriks et al., 2024), with regional specificity increasing along differentiation
trajectory. However, in a study by Lee et al., 2022a, finer resolution and targeted analysis of
radial glia revealed their early regional specification in segments of the ganglionic eminence,
where distinct types of GABAergic interneurons originate.

The early radial glia differentiation is a continuous process, and the gene expression sig-
natures of the individual progenitor states often overlap. Nevertheless, transcriptomic studies
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have helped to distinguish several types of radial glia that can now be routinely identified in
sufficiently detailed single-cell studies. PAX6, SOX2, GLI3, or HES1 can be used as universal
markers of radial glia (Camp et al., 2015; Pollen et al., 2015). Radial glia that detach from
the ventricular zone and occupy the subventricular zone are called oRG. They are characterized
by expression of MOXD1 and HOPX and possess a great neurogenic potential, generating the
majority of upper-layer cortical neurons, astrocyte progenitors, and OPCs. Interestingly, oRG
are rare in rodents, and they are perhaps one of the prerequisites for the increased complexity of
the primate brain compared to other mammals (Pollen et al., 2015). Ventricular zone radial glia
(vRG) with cell bodies located in the ventricular zone and processes extending from the apical
to the basal surface can be identified by expression of a specific gene set including TAGLN2

and FBXO32 (Pollen et al., 2015). During the second trimester of gravidity, vRG detach from
the pia mater and terminate in the outer subventricular zone. These truncated radial glia (tRG)
adopt a specific gene expression signature represented by CRYAB and NR4A1 (Nowakowski
et al., 2016). Besides providing a scaffold for neurons in late neurogenesis, tRG were shown to
generate exclusively glial progenitors (Ramos et al., 2022). In addition, glycolytic radial glia
are sometimes identified as a separate population (Hendriks et al., 2024). However, this likely
reflects a general metabolic preference of progenitors rather than an isolated radial glia subtype
(Uzquiano et al., 2022).

Although no neurodegenerative disease-associated populations of radial glia have been iden-
tified to date, it is known that dysfunction of neuronal progenitors may severely affect neu-
rodevelopment and CNS structure (Guarnieri et al., 2018; Zhou and Xu, 2023). For example,
reduced brain volume and gyrification resulting from early brain developmental impairment
have been described in lissencephaly caused by mutations, e.g., in reelin (Igreja et al., 2023)
and doublecortin (Zare et al., 2019), or in the context of Down syndrome (Baburamani et al.,
2020). Additionally, in the adult brain, radial glia-like cancer stem cells have been found within
glioblastoma, contributing to its invasiveness and severity (Bhaduri et al., 2020).

Importantly, radial glia express a number of genes, whose levels decrease when entering
the neuronal fate but remain detectable in glial progenitors and glia. Therefore, mutations in
such proteins may affect not only the mature cell types but also the very early progenitors.
GFAP can be an example: its expression in radial glia has been the premise of focusing on
the developmental aspect of Alexander disease in our project.

1.3 Models of neurodegenerative diseases

Models of neurodegenerative diseases are designed to mimic human pathology as closely as
possible, in all aspects – from genetic causes and molecular mechanisms to the progression
of symptoms. Currently, the most widely used models of neurodegenerative diseases are still
animal models, especially rodents. However, disease modelling with the use of in vitro culture
systems and pluripotent stem cells (PSC) is becoming increasingly popular and is well comple-
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menting research on animal models. Due to their relevance to this thesis, these model systems
will be discussed below, along with their specifics, advantages, and shortcomings.

1.3.1 Animal models

The main advantage of animal models lies in the possibility to model diseases in living organ-
isms genetically close to human, with all their complexities, including mature and functional
CNS (MacDougall et al., 2021; Pasko et al., 2022). It is also possible to model diseases in
relation to natural processes like aging or interaction with the environment, which is especially
important as many neurodegenerative diseases are linked with these effects. The disease-like
phenotype and progression of symptoms in animal models can also be tested with various be-
havioural tests. Moreover, methods of genetic engineering enable genetic labelling of cell pop-
ulations and creating animals with defined genetic mutations and with transgenes introducing
human mutations to animal genome.

However, genetic and phenotypic differences between model animals and humans will al-
ways present a challenge in the creation of truly accurate models of human disease. For instance,
neurodevelopmental differences between rodents and humans, such as cortical structure, greater
heterogeneity of precursors, or a different neurodevelopmental timeline, impede the modelling
of neurodevelopmental disorders in rodents (reviewed in Zhang et al., 2023a). Conversely, the
limited lifespan of laboratory rodents does not allow aging-related diseases to fully develop,
raising the need to artificially accelerate the progression in the designed models (Dawson et al.,
2018; MacDougall et al., 2021). Furthermore, as many neurodegenerative diseases have a com-
plex etiology, the animal models need to take advantage of familial forms of the disease, fo-
cusing only on selected disease variants with known causative mutations and simplifying the
human pathology (Chen and Zhang, 2022; Dawson et al., 2018; MacDougall et al., 2021).

To provide specific examples, AD rodent models are often based on mutations in APOE,
PSEN1, and PSEN2, which are linked to a less common, familial form of AD (fAD; reviewed in
Chen and Zhang, 2022). A widely used 5xFAD mouse carrying multiple fAD-linked mutations
(Oakley et al., 2006) recapitulates several AD hallmarks including amyloidosis, neuronal loss,
impaired motor function, altered gene expression, and involvement of the immune system, but
lacks the tau pathology and does not fully mimic the cognitive aspect of AD (Oblak et al., 2021).

Similarly, SOD1-mutant models belong to a valuable source of information on ALS pathol-
ogy, modelling SOD1 accumulation, progressive motor impairment, motor neuron loss, and
gliosis, which are well documented in the spinal cord (Dawson et al., 2018; Gurney et al., 1994;
Maniatis et al., 2019). However, disputable data exist on the cortical pathology in this model,
ranging from no effect (D’Arrigo et al., 2010; Niessen et al., 2006) to early motor neuron loss
with astrogliosis and microgliosis (Gomes et al., 2019; Migliarini et al., 2021; Özdinler et al.,
2011). Moreover, SOD1 models lack the TDP-43 pathology presented by its aggregation and
altered metabolism, which normally occur in ALS patients (Dawson et al., 2018; Ling et al.,
2013). Therefore, separate models of ALS with genetically defined TDP-43 pathology (Huang
et al., 2020), or mutations in other ALS-linked genes such as FUS or C9ORF72 (O’Rourke
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et al., 2015; Qiu et al., 2014) need to be used to mimic other ALS variants. Alternatively,
the wobbler mouse, which resulted from a spontaneous mutation in the Vps54 gene, can be
used to model motor neuron degeneration. However, this mutation has not been associated with
ALS in humans (Moser et al., 2013). Given that each mutation represents only a minority of
familial ALS cases (Zou et al., 2017) if they occur at all, there is a need for a more complex
ALS model encompassing multiple aspects of the human disease, which does not exist to date.

In diseases determined by a single mutation, such as AxD, the design of adequate models
appears simpler, but also has its shortcomings. Pivotal studies using transgenic mouse models
and knock-ins revealed the basis of GFAP mutations in AxD. It was shown that an increased
expression of GFAP is sufficient to induce the formation of RFs and profound gene expression
changes (Hagemann et al., 2005), and this AxD-like pathology was worsened by a GFAP mu-
tation (Hagemann et al., 2006). On the contrary, the mutation without overexpression did not
lead to an AxD-like phenotype (Tanaka et al., 2007). Nevertheless, all of these early models
share an important limitation – the absence of white matter pathology and motor dysfunction
(Hagemann et al., 2005, 2006; Tanaka et al., 2007). This was overcome in a rat model carrying
a GFAP mutation orthologous to human (Hagemann et al., 2021), developing a severe pheno-
type accompanied by white matter pathology and showing that distinct rodent species may have
a different disease modelling potential.

Overall, even partially accurate animal models have historically revealed much about dis-
ease mechanisms in neurodegeneration, and have guided the design and testing of treatment
strategies. Therefore, despite the emergence of alternative modelling approaches, they still re-
main irreplaceable in neuroscience.

1.3.2 In vitro models

Cell culture models provide the possibility to study neurodevelopmental and neurodegenera-
tive diseases in human cells, either in primary cultures or cultures derived from PSCs. With
the use of defined differentiation factors, PSCs, either embryonic (ESC) or iPSCs, can be di-
rected towards different CNS cell fates, including neurons (Lin et al., 2021) and their subtypes
like GABAergic neurons (Grigor’eva et al., 2020) and motor neurons (Fujimori et al., 2018), or
astrocytes (Canals et al., 2018), oligodendrocytes (Ehrlich et al., 2017), and microglia (Lanfer
et al., 2022). These cells show morphological and functional features resembling the respective
cell types in vivo, including branching, signal transmission, and responsiveness (Canals et al.,
2018; Ehrlich et al., 2017; Grigor’eva et al., 2020; Lanfer et al., 2022). Moreover, through
controlled cultivation conditions, the cells can be exposed to various external factors, simulat-
ing the disease environment. With respect to neurodegeneration, the relevant factors include
oxygen-glucose deprivation simulating stroke (Tasca et al., 2015), bacterial lipopolysaccharide
inducing neuroinflammation (Lanfer et al., 2022; Leng et al., 2022), conditioned media (Polazzi
and Contestabile, 2003), or other cell types in a co-culture system (Luchena et al., 2022).

In order to better approximate the in vivo environment, iPSCs can be cultivated in a 3D cul-
ture supplemented with tissue patterning factors and ECM-like scaffold to generate organoids

26



(Lancaster and Knoblich, 2014), including so-called “mini-brains”. Cerebral or whole-brain
organoids take advantage of the natural self-organizing capability of iPSCs, which results in
formation of embryoid bodies, neuroectoderm, and finally, structured brain-like tissue with
organized progenitor zones, separated brain regions, and distinct neuronal populations assem-
bling to functional neuronal networks (Lancaster et al., 2013; Quadrato et al., 2017). At later
timepoints, glia emerge within organoids as well (Marton et al., 2019; Quadrato et al., 2017;
Verkerke et al., 2024).

Multiple studies have confirmed the accuracy of the brain organoid model and its resem-
blance to the fetal CNS (Camp et al., 2015; Quadrato et al., 2017; Velasco et al., 2019). There-
fore, within a relatively short time period, organoids recapitulate major developmental mile-
stones, which enables modelling of neurodevelopmental disorders such as microcephaly (Lan-
caster et al., 2013) and autism spectrum disorders (Li et al., 2023). Although the modelling of
adult-onset neurodegeneration is limited by the lack of natural aging in organoids, they offer
the possibility to model early, pre-symptomatic changes, which have so far been understudied
in pathologies such as AD (Fiock et al., 2020), ALS (Szebenyi et al., 2021), frontotemporal
dementia (Bowles et al., 2021), and HD (Mehta et al., 2018).

Diseases with selectively vulnerable CNS regions or neuronal populations can be modelled
using organoids more stringently directed toward the cortex (Yoon et al., 2019), hypothalamus
(Huang et al., 2021), midbrain (Smits et al., 2019), or highly specialized structures like the neu-
romuscular junction (Pereira et al., 2021). In addition, different types of brain organoids can be
co-cultured together as assembloids, modelling interaction between brain regions. For instance,
assembloids of dorsal and ventral cortical organoids can be used for studying neurodevelop-
mental diseases caused by impaired neuronal migration patterns (Birey et al., 2017).

Fine-tuned approaches facilitating even better representation of the in vivo tissue are con-
stantly being developed. Modelling of diseases with a strong influence of environment or aging
like MS can be improved by cell reprogramming with retained epigenetic information (Park
et al., 2024). To complement the brain organoids with the immune system component, microglia
can be introduced by co-cultivation with PSC-derived microglia (Xu et al., 2021). Alternatively,
only with a little protocol modification, microglia can naturally differentiate from mesodermal
progenitors within freely differentiating whole-brain organoids (Ormel et al., 2018). Further-
more, due to the absence of vasculature, organoids develop a necrotic core and grow only to
a limited size (Lancaster et al., 2013). This can be resolved by co-cultivation with endothelial
or vascular organoids (Song et al., 2019; Sun et al., 2022) and integration with microfluidic
chips (Salmon et al., 2022). Organoids can also be transplanted into mouse brains, which di-
rectly provide the in vivo environment and vasculature, increasing heterogeneity and maturation
level of the organoids (Wang et al., 2024).

Despite the abovementioned enhancements, cell cultures are still highly isolated systems,
reliant on the culture conditions. Even minor deviations in protocols can have large impacts on
organoid patterning, potentially introducing unwanted batch effects and variability (Jensen and
Little, 2023; Quadrato et al., 2017; Sanchı́s-Calleja et al., 2024). While whole-brain organoids
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are more variable and can develop cells from other than neuroectodermal origin, the directed
organoids show greater specificity and reproducibility (Quadrato et al., 2017; Velasco et al.,
2019). An additional level of variability is introduced by cell lines themselves, as they may
show a cell line-specific differentiation efficiency (Jerber et al., 2021) and can develop vari-
able cell population proportions within organoids (Kanton et al., 2019). Therefore, an opti-
mal experimental design should consider the sources of variability and, accordingly, determine
the appropriate number of replicates, batches, and cell lines.

Overall, while cell cultures do not fully substitute for in vivo animal models, they may fa-
cilitate the reduction of their total numbers used in research (Grimm et al., 2023) and provide
a solution for modelling diseases where good animal models are lacking. The usage of es-
tablished cell lines can also help to overcome legal struggles of working with fetal or patient
material or the lack of samples from biopsies. Furthermore, the continually expanding range
of methods enables disease modelling in complex systems of patient-derived cells, which also
represents the foundation of personalized medicine.

1.4 High-throughput transcriptomic methods

Transcriptomic methods have been used to map active gene expression at the level of mRNA.
Historically, multiple strategies were developed to capture and quantify RNA, including North-
ern blotting, expressed sequence tags (EST), or serial analysis of gene expression (SAGE)
(Lowe et al., 2017). However, all became obsolete with the introduction of reverse transcription
quantitative polymerase chain reaction (RT-qPCR) and microarrays, which, until recently, were
the dominant techniques used for gene expression profiling. Despite the limited sample size and
number of profiled genes, RT-qPCR remains remains popular for its sensitivity, simplicity, and
low cost, especially in diagnostics and for validation of other experimental data. Microarrays,
while capable of profiling thousands of genes at once, are limited to bulk samples, though some
single-cell applications have been reported (Esumi et al., 2008). With the reduction of costs and
increased throughput of next-generation sequencing (NGS) methods, microarrays have been
overshadowed by RNA sequencing, allowing for truly large-scale, high-resolution gene ex-
pression profiling. The RNA sequencing process from library construction to data analysis is
illustrated in Fig. 1.3 and is discussed in this chapter.

1.4.1 Bulk RNA sequencing libraries

Bulk RNA sequencing does not require any specialized sample preparation, except for the iso-
lation of RNA in sufficient amount and quality. Usually, total RNA is isolated from samples
by standard procedures like phenol-chloroform extraction (TRIzol) or extraction with silicate
columns (Scholes and Lewis, 2020). Sequencing libraries are then prepared with commercially
available kits that ensure compatibility with sequencing technologies.

To illustrate the library preparation process, QuantSeq 3’ mRNA-Seq Library Prep Kit (Lex-
ogen; Moll et al., 2014) can serve as an example. Optimally, QuantSeq requires 1–500 ng of

28



Figure 1.3: Schematic overview of RNA sequencing experiments, from library preparation to data pre-
processing and analysis. The image was created with BioRender.com, WGCNA plot from Langfelder
and Horvath, 2008. Abbreviations: PCA – principal component analysis, WGCNA – weighted gene
co-expression network analysis.

total RNA as input, but an even smaller amount can be processed with modifications of the pro-
tocol. The quality of input RNA can be assessed using the 260/280 and 260/230 ratios and
the RNA integrity number (RIN; Schroeder et al., 2006). Using poly(T) primers, only pro-
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tein coding sequences are converted to cDNA, minimizing contamination with highly abundant
rRNA or mtRNA transcripts without the poly(A) tail. In several steps, adapters and sample-
identifying indices compatible with Illumina sequencing are attached, the library is amplified
in polymerase chain reaction (PCR), and purified using magnetic beads, targeting the average
library size of 200–300 bp. Control of quality, concentration, and library size is performed with
microcapillary electrophoresis.

The process described above is applicable for gene expression profiling experiments, where
the ultimate goal is to identify and quantify transcripts for the purposes of differential gene ex-
pression analysis. For that, 3’-end-targeting protocols generating short fragments are sufficient
(Ma et al., 2019). However, for the detection of novel transcripts or splice variants, full-length
sequencing is recommended. Furthermore, specialized protocols are available for small RNA
profiling (Benesova et al., 2021), where an enrichment for short RNAs without the poly(A) tail
is desired.

In general, profiling of thousands of genes from total RNA in tens of samples in one ex-
periment represents the main advantage of bulk RNA-seq. Such “screening” experiments may
provide important clues and insights into processes ongoing in the samples of interest, i.e.,
pathology, treatment, or time scales. Nonetheless, without prior sorting of cell types, the contri-
bution of individual cell populations cannot be distinguished by bulk RNA-seq, and alternative
approaches have been developed to overcome this shortcoming.

1.4.2 Single-cell RNA sequencing libraries

Single-cell RNA-seq overcomes an important limitation of bulk RNA-seq, and that is the single-
cell resolution allowing for assessment of cell type heterogeneity. The sample and library prepa-
ration process requires additional steps, in which a single-cell suspension is generated and cel-
lular identity is preserved by barcoding of transcripts with unique cell-specific oligonucleotide
sequences. The library preparation protocols often introduce also unique molecular identifiers
(UMI), which are specific for each transcript and facilitate more precise transcript counting
(Islam et al., 2014).

Mechanical and enzymatic dissociation (e.g., with papain, accutase, or trypsin) followed
by straining are commonly applied to achieve high-quality suspension without cell clumps
(Lafzi et al., 2018). Ideal dissociation conditions usually need to be optimized with respect to
the specific sample type. For example, cell cultures like brain organoids, which do not contain
a strong ECM scaffold or myelin, require only enzymatic and very gentle mechanical dissocia-
tion with wide-bore pipettes (Kanton et al., 2019), while harsher mechanical dissociation with
pre-mincing and Douncer homogenization might be necessary in primary brain tissue samples
(Hammond et al., 2019).

Cell suspensions prepared from live cells need to be immediately processed to avoid any
technical artifacts. Sample preparation has been shown to induce activation of immediate early
genes, especially in highly sensitive cell types such as microglia (Marsh et al., 2022). There-
fore, adjustments in the cell preparation protocols like the use of transcriptional and transla-
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tional inhibitors (Marsh et al., 2022) or operating in cold conditions (Hammond et al., 2019;
Sala Frigerio et al., 2019) are necessary to increase the biological accuracy of single-cell exper-
iments. As fragile cell types are often underrepresented in single-cell data, enrichment of cell
populations with sorting based on specific surface markers can also be used to achieve better
resolution (Sadick et al., 2022).

In experiments with brain tissue containing many highly branched and sensitive cell types,
isolation of nuclei instead of whole cells is often the preferable option (as in, e.g., Habib et al.,
2020; Mathys et al., 2019; Sadick et al., 2022). Single-nucleus RNA-seq (snRNA-seq) has
been shown to preserve the cellular identity of neurons and glia and yield results comparable
to scRNA-seq (Bakken et al., 2018; Gerrits et al., 2020). Fixation of the suspension using
methanol-based protocols with long-term storing at –80°C can also be applied without a sub-
stantial loss of information (Alles et al., 2017). Both alternatives are especially convenient when
a delay between sample collection and processing is expected, for example in patient-derived
samples or in studies involving several timepoints. Importantly, fixed samples are nowadays
supported by the most popular single-cell library preparation protocols.

Single-cell or single-nucleus suspension is further processed using one of the strategies for
cell separation and barcoding resulting in final sequencing library. The appropriate method
needs to be selected based on prior hypotheses, expected resolution, and cost and labour effi-
ciency. A comparison of throughput, demands, and costs of some of the popular commercially
available methods can be found in Tab. 1.2. Based on the strategy of separation and labelling
of single cells, these methods can be grouped into well-based and droplet-based technologies.

Table 1.2: Table comparing main characteristics of selected scRNA-seq technologies. Data from De Si-
mone et al., 2024; Haque et al., 2017, and the respective manufacturers.

Technology Throughput Requirements Coverage Cell ID Costs Reference

Chromium
(10X Genomics)

< 10,000
cells/sample,

8 samples/chip

Chromium
controller

3’-end,
5’-end, or

probes

droplets with
barcodes $$$ Zheng et al.,

2017

Smart-seq2 1 cell per well in
96/384 plates no instrument full-length

i5 and i7
Illumina
indices

$$ Picelli et al.,
2013

Smart-seq3xpress 1 cell per well in
384 plates no instrument full-length

i5 and i7
Illumina
indices

$
Hagemann-
Jensen et al.,

2022

PIPseqTM

(Fluent BioSciences)

< 20,000
cells/sample,
< 8 samples

vortex 3’-end droplets with
barcodes $ Clark et al.,

2023

EvercodeTM WT
(Parse Biosciences)

scalable:
hundreds to
thousands of

cells,
< 96 samples

no instrument
full-length
with 3’-end

bias

split-pool
barcoding in

wells
$ Rosenberg et al.,

2018

Single Cell RNA Kit
(Scale Biosciences)

scalable:
< 500,000 cells,
tens to hundreds

of samples

no instrument 3’-end
split-pool

barcoding in
wells

$ Cao et al., 2017
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Well-based technologies, such as Smart-seq (Hagemann-Jensen et al., 2022; Picelli et al.,
2013, 2014), use 96 or 384-well plates, each containing a single cell that has been sorted by
one of the cell sorting methods. Individual reactions are, therefore, completely separated, un-
til the final pooling of the sequencing library, which follows the introduction of cell-specific
combinations of Illumina i5 and i7 indices.

In droplet-based technologies, the single cells are mixed with gel beads in emulsion, re-
sulting in the encapsulation of cells in droplets (Zheng et al., 2017). Each droplet represents
a stand-alone reaction chamber containing cell-specific barcodes, oligo(dT) primers, UMIs,
and sequencing adaptors. A widely used protocol provided by 10X Genomics requires the use
of an 8-sample microfluidic chip along with a microfluidic device (the Chromium controller),
which substantially increases the price of such scRNA-seq experiment.

In a comparative study by Wang et al., 2021b, Smart-seq2 proved to capture more genes per
cell than the 10X Genomics method and enabled the detection of alternative splicing thanks to
full-length sequencing. On the other hand, despite increased noise in 10X Genomics data, high
numbers of captured cells facilitated higher resolution of this method and identification of rare
cell populations. In general, well-based methods are usually cost- and labour-efficient in small-
scale experiments counting hundreds of cells, with sample size limited only by the number of
simultaneously processed plates. The 10X technology is applicable for large-scale experiments,
where thousands of cells per sample are profiled at once. The default lower sample size can be
increased using multiplexing methods, although this comes at additional costs.

Recently introduced alternative technologies offer a solution largely scalable to high cell
and sample numbers. For example, particle-templated instant partition sequencing (PIPseq) by
Fluent BioSciences captures cells in droplets only by emulsification with vortexing (Clark et al.,
2023). Another approach that takes advantage of combinatorial barcoding, uniquely labelling
cells in several rounds of suspension splitting, barcoding, and pooling, which can be done in
microwells, was developed as split pool ligation-based transcriptome sequencing (SPLiT-seq;
Rosenberg et al., 2018) and as single-cell combinatorial indexing RNA sequencing (sci-RNA-
seq; Cao et al., 2017). Both technologies are now commercially offered by two rival companies
– Parse Biosciences and Scale Biosciences, respectively. In addition, these protocols do not
require any specialized instruments, which makes them very attractive alternatives to the other
existing technologies.

Regardless of technology, single-cell library preparation is a rather straightforward process
requiring following the manufacturer’s instructions. However, a number of aspects need to be
considered beforehand, as a precise experimental design is crucial for such experiments. Firstly,
the single-cell preparation process should be optimized for every sample type so that high-
quality suspensions are generated. Secondly, the choice of the appropriate library generation
and sequencing strategies should be aligned with the number of samples and conditions entering
the analysis, targeted cell numbers, the total amount of information expected to be recovered,
and the available resources. Finally, prior knowledge and well-defined hypotheses are essential
and can markedly aid in data analysis.
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1.4.3 Sequencing considerations

The selection of optimal sequencing strategy belongs to the important aspects of bulk and
scRNA-seq experimental design, as sequencing accounts for a large portion of the total experi-
mental costs. The options to be considered include sequencing technology, depth, and coverage,
all with respect to the experimental questions and the total number of samples and cells.

Currently, the most widely used and supported sequencing technology suitable for gene ex-
pression profiling is provided by Illumina. A general recommendation from Illumina is that
bulk gene expression profiling requires 50–75 bp single-end reads totalling 5–25 million reads
per sample. For comparison, transcriptome-mapping experiments benefit from paired-end se-
quencing with 75- or 100-bp reads, counting up to 200 million reads per sample (Illumina.com,
2024). In the case of single-cell gene expression profiling, the read counts depend on the library
preparation strategy and the number of sequencing cycles. For example, full-length protocols
typically require 1 million reads per cell, while in 3’-end-targeting protocols, 10–100 thousand
reads per cell are sufficient (Haque et al., 2017; Illumina, Inc., 2024).

Other sequencing technologies, such as NanoPore, offering long-read sequencing of whole
DNA or RNA molecules, promise to provide full-length information unbiased by library frag-
mentation and amplification. Single-cell application has been implemented as well, in com-
bination with modified 10X library preparation protocol (Shiau et al., 2023) and coupled with
short-read Illumina sequencing (Wang et al., 2021a). However, as the Nanopore technology is
still associated with a high error rate, its real benefits for gene expression profiling are yet to be
determined.

1.4.4 Data analysis

Pre-processing

Sequencing data analysis involves several pre-processing steps, including quality control of
the sequencing output, demultiplexing, recognition and removal of artificially introduced se-
quences such as barcodes or sequencing indices, and alignment to the appropriate reference
genome (Lafzi et al., 2018). In scRNA-seq data, it is also necessary to distinguish wells or
droplets that are empty or contain highly damaged cells. Companies providing the scRNA-
seq library preparation kits, such as 10X Genomics and Parse Biosciences, offer their own
software allowing for standardized automatized pre-processing and downstream analysis (e.g.,
Cell Ranger software by 10X Genomics, Zheng et al., 2017, and Parse pipeline by Parse Bio-
sciences). In addition, a wide range of tools in various programming languages is available
for each pre-processing step (see database at http://www.scrna-tools.org/; Zappia et al., 2018).
They facilitate better control over parameter settings and customization of individual steps. Ul-
timately, the pre-processing generates a count matrix with thousands of genes and individual
samples in bulk RNA-seq or individual barcoded cells in scRNA-seq data.
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Normalization and clustering

Various pipelines for further processing and analysis of the data have been developed and im-
plement a number of statistical methods to efficiently handle large datasets with great biolog-
ical and technical variability and noise. R programming language (R Core Team, 2022) with
the DESeq2 package (Love et al., 2014) and the Seurat package (Hao et al., 2021) belong to
the widely used pipelines for analysis of bulk and single-cell RNA-seq data, respectively, and
will henceforth be mostly referred to.

Data normalization enabling inter-sample comparisons is one of the first steps in an analysis.
Normalization of bulk data with DESeq2 includes the estimation of sample-specific size factors,
accounting for varying sequencing depths across samples (Anders and Huber, 2010). In scRNA-
seq data, which need to control for variability between individual cells, this is achieved with
specialized methods within the Seurat package (Hafemeister and Satija, 2019).

Considering the high dimensionality of RNA-seq data, dimensionality reduction needs to
be applied to identify the sources of variability. Principal component analysis (PCA) is a con-
venient way to do so in bulk RNA-seq data, with data points representing individual samples
(Koch et al., 2018). Therefore, PCA can reveal outliers or inter-sample comparisons that may
be worth investigating in differential expression analysis (DEA).

In scRNA-seq datasets, linear “pre-reduction” PCA is usually followed by another, non-
linear dimensionality reduction method, most often the uniform manifold approximation and
projection (UMAP) or the t-distributed stochastic neighbourhood embedding (t-SNE) (Xiang
et al., 2021). These plots visualize cells as data points in a 2D space, preserving their local
relationships. The cells are then clustered based on similarities in their expression profile and
mapped onto the UMAP or t-SNE plots, revealing separate cell populations. The optimal clus-
tering resolution needs to be defined so that it corresponds to the biological composition of
the samples as well as possible. This can be achieved either manually or using an objective
analysis (Liu et al., 2021).

Marker genes of clusters can be calculated with one of the available tools (Pullin and Mc-
Carthy, 2024) comparing gene expression in one cluster with all others. Based on the marker
genes, the biological cell populations can be annotated either using automated annotators or
manually (Pasquini et al., 2021). While automated annotation is often reliable for identifica-
tion of distinct cell types, such as neurons or glia, a detailed characterization of cell types and
their subpopulations might require manual annotation coordinated with known marker genes
and literature.

Quality control

Quality control of scRNA-seq data can be performed at multiple stages during analysis. Number
of genes, number of transcripts, percentage of mitochondrial RNA, and percentage of ribosomal
RNA per cell, cluster, or sample are examples of metrics that should be used to assess data
quality (Ilicic et al., 2016). Cells or whole clusters with too few genes and transcripts and/or
too high a percentage of mitochondrial and ribosomal genes may be of low quality, potentially
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introducing bias if they are kept in the dataset. High numbers of transcripts, on the other hand,
may indicate the presence of multiplets in droplet-based experiments. These can be controlled
by packages such as DoubletFinder (McGinnis et al., 2019). Importantly, the optimal thresholds
for filtering based on these metrics may differ across datasets. Therefore, quality control criteria
need to be determined specifically for each dataset, as they largely depend on library preparation
and sequencing techniques, cell type composition, and sample origin.

Down-stream analyses

Analyses performed after the single-cell data cleanup usually involve a descriptive analysis of
cell populations, such as assessment of the differential abundance of clusters between conditions
and identification of clusters with condition-specific gene expression supported by statistics.
This can be achieved through functions within the Seurat pipeline or with the use of specialized
packages (Skinnider et al., 2021; Zhao et al., 2021).

Selected clusters or the whole single-cell, as well as bulk datasets, are usually subjected
to DEA, identifying differentially expressed genes (DEGs) between conditions of interest using
one of the available tools (Nguyen et al., 2023). Seurat’s FindMarkers() function offers multiple
options with respect to the statistical tests that can be applied, including Wilcoxon or t-test
(Hao et al., 2021). In DESeq2, a statistical model used for testing must be defined to indicate
relationships between variables (Love et al., 2014). The Wald test is then applied in simple
experimental designs, while the likelihood-ratio test (LRT) can be selected typically in more
complex time-scale experiments. The DEA results can be further filtered for adjusted p-value
after p-value correction for multiple comparisons and often also log2 fold change to obtain
the most biologically relevant DEGs.

When a large number of DEGs are detected, it is beneficial to include also an enrichment
analysis that links the DEGs to biological processes, cell compartments, or disease profiles.
Gene Ontology (Gene Ontology Consortium, 2021), KEGG (Kanehisa and Goto, 2000), or
Wiki pathways (Agrawal et al., 2024) are examples of commonly used databases of biological
terms that are manually curated and hierarchical. Over-representation analysis (ORA; Draghici
et al., 2003), which uses a list of filtered DEGs as input, or Gene set enrichment analysis (GSEA;
Subramanian et al., 2005) that works with a complete ranked gene list can be performed either
in R with, for example, the clusterProfiler package (Wu et al., 2021), or using online tools such
as WebGestalt (Liao et al., 2019).

DEGs can also be clustered into modules that follow similar expression patterns and might
be co-regulated. Weighted gene co-expression network analysis (WGCNA; Langfelder and
Horvath, 2008) or its alternatives can facilitate this task. Tools for identification of transcrip-
tional regulators and regulons in single-cell datasets are available as well, with SCENIC being
one of the popular examples (Aibar et al., 2017).

In studies where a variety of differentiation states is expected, pseudotime trajectory analy-
sis implemented by the Monocle package (Trapnell et al., 2014) can be used to order cells along
pseudotime based on dynamic changes in their expression profiles. Alternatively, RNA velocity
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analysis can be used to estimate cellular differentiation states by recognizing spliced and un-
spliced variants of transcripts (La Manno et al., 2018). These analyses may aid in answering
questions about developmental relationships between cell states and their diversification from
common progenitors, and reveal genes regulated along differentiation trajectories.

Interactions between cell populations can be assessed using one of the available packages
that detect ligand and receptor pairs in the analyzed dataset (Wang et al., 2022). Manually
curated (CellChat; Jin et al., 2021) or more automated and extensive databases of cell-cell
interactions (NicheNet; Browaeys et al., 2020) can be used for this purpose.

The wide spectrum of available tools offers countless ways how to approach the analysis,
mine the data, and generate large amounts of results. Therefore, the choice of the optimal
approach depends on the experimental design, the nature of the samples, the research questions,
and the underlying biology, ideally resulting in logically ordered and meaningful analysis steps.
Numerous benchmarking studies comparing different methods exist and may aid in selecting
the most convenient approach in individual cases.

Data interpretation

Analysis of RNA-seq and scRNA-seq/snRNA-seq data is often an iterative process. Therefore,
data processing and analyses should be well documented to ensure reproducibility of the results.
Importantly, all of the abovementioned analyses and packages offer a variety of visualization
options that facilitate better understanding and interpretation of the results and allow their visu-
ally appealing presentation.

The data interpretation is largely dependent on alignment with published reference datasets
and other available resources. Data integration with Seurat can be used to overlay several
datasets, minimizing technical variability and batch effect, albeit potentially losing modest bi-
ological heterogeneity (Hao et al., 2021). Existing datasets can also be explored in databases
(Franzén et al., 2019) or as comprehensive tissue atlases (Eze et al., 2021; Yao et al., 2023),
whose ultimate goal is to map tissue heterogeneity of human or animal models in health as well
as in disease.

To ensure the biological relevance of the conclusions resulting from RNA-seq experiments,
independent validation experiments always need to be performed following the RNA-seq anal-
ysis. While RT-qPCR, independent RNA-seq experiments, or in situ hybridization can be used
to validate the conclusions at the level of mRNA, immunohistochemistry, Western blot, or mass
spectrometry can provide information about the protein level. Correlation between mRNA and
protein levels is also an interesting path to pursue when addressing biological problems with
large-scale methods. Moreover, technologies derived from classic RNA-seq such as spatial tran-
scriptomics (Ståhl et al., 2016) or ATAC-seq (Buenrostro et al., 2015) may provide additional
information regarding the spatial location of cell populations and transcripts within histological
sections of the tissue or map regions of accessible chromatin, respectively. Thus, multiomics
and a combination of methods can give a more robust view considering multiple levels of gene
expression and its regulation.
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2 Aims of the thesis

This thesis aims to introduce the application of scRNA-seq in the characterization of differ-
ent neurodegenerative diseases. Recent research has shown substantial involvement of glia in
the onset and progression of neurodegeneration. With its capability to distinguish cell popu-
lations at high resolution, scRNA-seq can be used to characterize even small disease-related
populations of neurons and glia either at later stages of the disease or at very early stages even
before the onset of any symptoms. A variety of disease-related populations with characteristic
transcriptional profiles have already been identified. Interestingly, these profiles are partially
shared among different pathologies, while maintaining pathology-specific features.

Moreover, combined with iPSC-derived models such as brain organoids, scRNA-seq rep-
resents a powerful approach to reveal developmental changes linked with disease-causing mu-
tations, that are almost impossible to be studied in patients. Recently, many studies utilizing
organoids and large-scale transcriptomics have emerged offering detailed analyses of models of
human organs in health, disease, and development.

ScRNA-seq, especially in combination with other multiomic methods can provide new in-
sights into the pathogenesis of neurodegeneration, clarify the beneficial or negative role of
disease-related cell populations, and reveal druggable targets in the form of gene expression
regulators, structural and secreted proteins, or entire signalling pathways that are disturbed in
disease.

In our projects, we addressed the role of glia in a frequently used mouse model of ALS, and
we introduced a novel model of AxD with a remarkable differentiation phenotype, potentially
directing future research toward previously unexplored areas. The aims of this thesis can be
summarized into the following goals:

1. Characterize transcriptomic changes in the cortical glia of the SOD1(G93A) mouse model
of ALS at the single-cell resolution and address the controversial question of the involve-
ment of the cortex in the ALS-like pathology in this model. (Publication I)

2. Using scRNA-seq, assess transcriptional profiles of novel hiPSC-derived models of AxD
and identify GFAP mutation-related changes causing the abnormal phenotype observed
in these models. (Publication II)
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3 Experimental part

During my Ph.D. studies, I have participated in the preparation of five publications that have
been published in impacted scientific journals. Two of them are my first author primary research
publications (in shared first authorship) and are listed below in the Results section for their
relevance to this doctoral thesis. A brief summary of their contents can be found underneath
each citation along with specification of my contribution, followed by copies of the respective
papers. In the Methods section, the methods used in these studies are listed and divided based
on the contribution of the authors.

The list of other publications and manuscripts consists of all other co-authored work either
published or in preparation, including two mini-reviews on the topic of astrocyte and oligoden-
drocyte populations identified in single-cell transcriptomic studies, and three research papers,
where I was involved in the transcriptomic data analysis part of the work.

3.1 Results

• Publication I

Filipi, T.*, Matusova, Z.*, Abaffy, P., Vanatko, O., Tureckova, J., Benesova, S., Kubiskova,
M., Kirdajova, D., Zahumensky, D., Valihrach, L., Anderova, M. Cortical glia in SOD1-
(G93A) mice are subtly affected by ALS-like pathology. Scientific Reports, 13(1):6538,
2023. doi: 10.1038/s41598-023-33608-y.

* shared first authors

Journal: Scientific Reports, IF 3.8 (2023)

Summary: In this project, we applied single-cell transcriptomics on the cortex of the SOD1-
(G93A) mouse model of ALS. In the context of the pathology in mouse models of ALS,
the cortex is an understudied region and the available studies offer contradicting conclusions
regarding its involvement in the pathology. Enriching for glial cells within our samples, we
aimed to characterize different populations of astrocytes, oligodendrocytes, and microglia in
the cortex of the SOD1(G93A) model and identify differences in gene expression between
SOD1 model and controls at the single-cell level. Our results showed only mild signs of
activation of microglia and oligodendrocytes. Despite its popularity, this model does not
recapitulate the human disease to its full extent and should not be used for modelling the
cortical pathology in ALS.

Contribution: I contributed to this project with the analysis and interpretation of the scRNA-
seq data. I was involved in the manuscript text preparation and its final proofreading and
editing, with a special focus on the transcriptomic part and the respective figures.
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Cortical glia in SOD1(G93A) mice 
are subtly affected by ALS‑like 
pathology
Tereza Filipi 1,2,7, Zuzana Matusova 3,4,7, Pavel Abaffy 3, Ondrej Vanatko 1,2, Jana Tureckova 1, 
Sarka Benesova 3,5, Monika Kubiskova 1, Denisa Kirdajova 1, Jakub Zahumensky 6, 
Lukas Valihrach 3* & Miroslava Anderova 1*

The role of glia in amyotrophic lateral sclerosis (ALS) is undeniable. Their disease-related activity 
has been extensively studied in the spinal cord, but only partly in the brain. We present herein a 
comprehensive study of glia in the cortex of SOD1(G93A) mice—a widely used model of ALS. Using 
single-cell RNA sequencing (scRNA-seq) and immunohistochemistry, we inspected astrocytes, 
microglia, and oligodendrocytes, in four stages of the disease, respecting the factor of sex. We report 
minimal changes of glia throughout the disease progression and regardless of sex. Pseudobulk and 
single-cell analyses revealed subtle disease-related transcriptional alterations at the end-stage in 
microglia and oligodendrocytes, which were supported by immunohistochemistry. Therefore, our 
data support the hypothesis that the SOD1(G93A) mouse cortex does not recapitulate the disease 
in patients, and we recommend the use of a different model for future studies of the cortical ALS 
pathology.

The characteristic degeneration of motor neurons (MNs) in ALS initially causes progressive muscle atrophy 
leading to difficulties with movement, speaking and swallowing, and respiratory failure in the final stage. Gener-
ally, ALS is considered as a multifactorial disease with poorly understood pathological mechanisms, and with 
a median survival of three to five years. There is currently no cure or prevention available, only symptomatic 
treatment.

Although MNs are recognized as the primary cell type affected by the pathology, multiple studies have con-
firmed that also non-neuronal cells including glia undergo changes and participate in ALS progression1,2. Glial 
cells respond to neurodegeneration or injury by various mechanisms. Microglia and astrocytes acquire a so-
called reactive state marked by changes of gene expression and morphology. By the activation of inflammatory 
and anti-inflammatory pathways, they protect the tissue from further damage. However, in the chronic stage 
of diseases they have a harmful effect and contribute to the progression of neurodegeneration. Traditionally, 
reactive astrocytes and microglia were divided into A1 and A2 or M1 and M2 subtypes, respectively. However, 
this terminology is currently considered outdated, as many various subpopulations of glia with specific gene 
signatures have recently been described in different disease models3–5. Disease-associated astrocytes (DAA), 
disease-associated microglia (DAM), activated response microglia (ARM), and interferon response microglia 
(IRM), are just a few examples of these. Oligodendrocytes, on the other hand, are more susceptible to pathological 
changes. In reaction to disease, they tend to degenerate, rather than transform into a reactive state. However, their 
passive role in the progression of disease has recently been questioned by studies describing their contribution 
to immunoprotection, interferon signaling and antigen processing and presentation6,7.

The role of astrocytes, microglia and oligodendrocytes, and their respective pathology-related changes, have 
been reported in ALS patients multiple times8–10. The majority of available data come from the spinal cord, but a 
few studies also reported glial pathology in the cortex11. The known pathological changes were mostly identified 
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in post mortem tissue, which does not allow for study of the disease mechanisms, increasing the need for a 
reliable animal model. Currently, the SOD1(G93A) mouse represents the most widely used model resembling 
familial ALS12. Phenotypically the model matches the disease course, and studies in the spinal cord and brainstem 
reported ALS-related cellular changes previously found in patients2,8,13–16. The cortex, however, seems to be a 
subject of controversy. The number of studies is limited, and the results suggest contradictory outcomes. While 
some show that cortical glial cells and MNs are affected by the ALS-like phenotype17–20, others report no effect 
in the cortical area in the SOD1(G93A) model21.

In this study, we aimed to provide a comprehensive insight into the SOD1 glial pathology in the cortex of the 
SOD1(G93A) mouse. Combining robust and high-throughput methods such as scRNA-seq and immunohisto-
chemistry, we analyzed astrocytes, microglia, and oligodendrocytes, during the complete course of the disease, 
which was characterized by behavioral tests. The scRNA-seq was used to monitor transcriptional changes in 
individual glial cells in time, and to investigate the composition of distinct glial populations with a particu-
lar focus on disease-associated subpopulations. To complete the characterization of the cortical pathology, we 
evaluated the morphological and quantitative changes of glial cells using immunohistochemistry, measuring 
canonical protein markers.

Methods
Animals.  For all experiments, we used transgenic mice expressing high levels of human SOD1(G93A) (JAX 
Strain: 004435 C57BL/6 J-Tg (SOD1*G93A)1Gur/J) and their non-carrier littermates12. This strain contains ~ 25 
copies of the transgene, and its 50% survival ranges 157 ± 9.3 days (https://​www.​jax.​org/​strain/​004435). All exper-
imental protocols were approved by the Czech Republic Animal Care Commitee (approval number 40/2019). 
All methods using animals were carried out in accordance with the European Communities Council Directive 
(86/609/EEC). All animals used for experiments were sacrificed using pentobarbital followed by decapitation. 
Due to an advanced stage of the disease, mutant mice were euthanized using carbon dioxide shortly after reach-
ing five months of age. All efforts were made to minimize both the suffering and the number of animals used. 
The study is reported in accordance with the ARRIVE guidelines.

Behavioral testing.  We conducted the wire grid hang test and the rota-rod test (Mouse RotaRod NG 47650, 
Ugo Basile, Italy) to assess muscle strength, function, and coordination throughout the disease. Weight was also 
measured as an additional parameter of the symptom progression. Testing consisted of a single three-attempt 
session every week, beginning at P30, and lasted for 14 weeks. Before the experiment, all animals performed 
training. Data are presented as mean or mean ± standard error of the mean (SEM) for n animals. Repeated meas-
ures two-way ANOVA with Holm-Sidak’s multiple comparison correction was used to analyze the differences 
between groups.

Wire grid hang test.  The mouse was placed on a custom-made wire lid, approximately 60 cm above a wood 
chip covered bottom, and turned upside down. The latency to fall was measured. At the beginning of a testing 
period, we trained each mouse three consecutive times for at least 180 s. In the experimental session, the mouse 
had three attempts to hold on to the lid. We noted the best score out of the three with a maximum of 180 s.

Rota‑rod test.  The mouse was placed on a stationary rod facing against the direction of rotation. The rod 
started rotating at a constant speed of 15 rpm, and the latency to fall was measured. Each mouse was trained 
three consecutive times of at least 180 s at 5, 10 and 15 rpm speed. In the experimental session, the mouse had 
three attempts to remain on the rod. We noted the best score out of the three with a maximum of 180 s.

Immunohistochemistry.  For immunohistochemical analyses, the animals were deeply anesthetized with 
PTB (100 mg/kg, i.p.), perfused transcardially with 20 ml of saline solution followed by 20 ml of cooled 4% 
paraformaldehyde (PFA) in 0.1 M phosphate buffer and decapitated. The brains and spinal cords were dissected 
out, postfixed overnight with PFA and treated with a sucrose gradient (ranging from 10 to 30%) for cryoprotec-
tion. Coronal 30-μm-thick slices were prepared using a cryostat (Leica CM1850, Leica Microsystems, Wetzlar, 
Germany).

For immunohistochemical staining, the slices were washed in a phosphate buffer saline followed by blocking 
of the nonspecific binding sites with 5% Chemiblocker (Millipore, Billerica, MA), and 0.2% Triton in phosphate 
buffer saline. The blocking solution was also used as the diluent for the antisera. The slices were incubated with 
the primary antibodies overnight, and the secondary antibodies were applied for 2 h at 4–8 °C.

The following primary antibodies were used: rabbit anti-aldehyde dehydrogenase 1 family, member L1 
(ALDH1L1 1:500; Abcam, Cambridge, UK), rat anti-myelin basic protein (MBP, 1:500, Biorad, Hercules, CA, 
US), rabbit anti-choline acetyltransferase (ChAT, 1:200, Merck, Darmstadt, Germany), rabbit anti-ionized cal-
cium-binding adapter molecule 1 (Iba-1, 1:500, Abcam, Cambridge, UK), rabbit cleaved caspase-3 (CC3, 1:50, 
CellSignaling, Massachusetts, USA) and adenomatous polyposis coli (APC, 1:200, Merck, Darmstadt, Germany). 
The secondary antibodies were goat anti-rabbit IgG or goat anti-mouse IgG conjugated with Alexa Fluor 488, and 
chicken anti-rat IgG conjugated with Alexa Fluor 488 (1:500, Invitrogen, Waltham, MA, US). Cell nuclei were 
visualized by DAPI staining (Merck, Darmstadt, Germany). A Zeiss LSM 880 Airyscan confocal microscope 
equipped with Ar/HeNe lasers and × 40 water or × 63 oil objectives were used for the immunohistochemical 
analysis.
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Image analysis and quantification.  All analysis were done using FIJI image processing software (ImageJ 
2.9.0/1.53t)22. Confocal images (212 × 212 × 30 μm) were taken from brain coronal slices (1 mm and 2 mm from 
bregma), covering area of primary and secondary motor and primary somatosensory cortex (five to six zones 
per hemisphere).

To quantify the ALDH1L1 fluorescence intensity, we used six animals for each group and two slices from 
each animal. The thresholding method (Yen method) was used to filter out the background. We calculated the 
mean integrated density limited to the threshold for each animal.

To quantify changes in morphology of microglia, we conducted Sholl analysis on IBA1 positive cells using 
Sholl analysis plugin23. We used six animals for group and two brain slices from each animal. For each brain slice, 
a minimum of eight cells was analyzed. For the Sholl analysis, the consecutive z-stack images were converted to 
maximum intensity projection and the projection was thresholded for creating a binary mask. We counted the 
number of intersections starting from 5 μm from the center of soma, with radius step size of 5 μm.

To quantify the APC and CC3-positive cells, three animals from each group and one slice (1 mm from 
bregma) from each animal was used for the analysis. The number of APC or CC3-positive cells was determined 
from superimposed images and expressed as the percentage of marker expressing cells from the total number of 
DAPI + cells. The percentage of apoptotic cells was then expressed as a ratio of CC3 + to the previously counted 
APC + cells.

An Olympus FV10i confocal microscope equipped with × 60 oil objective was used for the analysis of MBP 
staining. We used six animals for each group and two slices for each animal and scanned 12 zones per each 
hemisphere. MBP expression density was determined using custom-written FIJI (ImageJ) macro (available at: 
https://​github.​com/​jakub​zahum​ensky/​JT_​paper). In brief, to keep the dimensionality of analyzed images equal, 
the macro extracted a substack of the 20 brightest frames from each z-stack. This was followed by creating a 
binary mask of the fibers in each frame and measurement of the frame fraction covered by the mask. Within 
each substack, the mean of this value was calculated, resulting in the volume fraction taken up by the fibers. The 
statistical analysis of the differences among groups was performed using unpaired t-test. All error bars in plots 
represent standard error of mean (SEM).

The preparation of single‑cell suspension.  The mice were deeply anaesthetized with pentobarbital 
(PTB) (100 mg/kg, i.p.), and perfused transcardially with a cold (4–8 °C) isolation buffer containing (in mM): 
NaCl 136.0, KCl 5.4, HEPES 10.0, glucose 5.5, osmolality 290 ± 3 mOsmol/kg. We isolated motor and primary 
somatosensory cortex and followed the Adult Brain dissociation protocol for mice and rats (Milteyni-Biotec, 
Germany) but omitted the red blood cell removal step. To prevent the activation of immediate early genes (IEGs), 
we used transcriptional inhibitor actinomycin D (Sigma–Aldrich, St. Louis, MO), 30 μM during enzymatic dis-
sociation and 3 μM in the following steps24. After the debris removal, the cells were layered on top of 5 ml of 
ovomucoid inhibitor solution (Worthington, NJ) and harvested by centrifugation (300 × g for 6 min). Potential 
cell aggregates were removed by 70 μm cell strainers (Becton Dickinson, NJ). We labeled the final suspension 
with ACSA-2, Cd11b and O4 antibodies conjugated with allophycocyanin and phycoerythrin respectively (4 °C, 
10 min; Miltenyi-Biotec, Germany) to allow for the enrichment of astrocytes25, microglia and oligodendrocytes. 
The cells were enriched using flow cytometry (FACS; BD Influx), calibrated to sort ACSA-2 + , Cd11b + and 
O4 + cells. Hoechst 33258 (ThermoFisher Scientific, Waltham, MA) was used to check viability. The cells were 
collected into 200  μl of Advanced Dulbecco’s Modified Eagle Medium, supplemented with 10% fetal bovine 
serum (ThermoFisher Scientific Waltham, MA). Four animals per condition were pooled for the preparation of 
cell suspension. After FACS, the cell suspension was spun down, concentrated, and used for library preparation.

scRNA‑seq.  Chromium Next GEM Single Cell 3’ Reagent Kits v3.1 (10 × Genomics, Pleasanton, CA) was 
used to prepare the sequencing libraries, and the protocol was performed according to the manufacturer’s 
instructions. Briefly, 10 × Chromium platform was used to encapsulate individual cells into droplets along with 
beads covered in cell-specific 10 × Barcodes, unique molecular identifiers (UMIs) and poly(dT) sequences. After 
reverse transcription, the cDNA libraries were amplified (13–14 cycles), fragmented and ligated to sequenc-
ing adaptors. SPRISelect magnetic beads were used for purification of the cDNA suspension and size selection 
of the fragments. Concentration and quality of the libraries was measured using Qubit dsDNA HS Assay Kit 
(Invitrogen) and Fragment Analyzer HS NGS Fragment Kit (#DNF-474, Agilent). The libraries were pooled and 
sequenced in paired-end mode using Illumina NovaSeq 6000 SP Reagent Kit, Read 1 containing a barcode and 
a UMI, and Read 2 covering the sequence of interest. Sequencing data comprised of approx. 100–200 million 
reads per sample (Supp. Tab. 4).

Data analysis.  The sequencing data were aligned to the reference mouse genome GRCm38 and annotated 
(GENCODE version M8 annotation) by STARsolo (STAR version 2.7.3a)26. EmptyDrops function (DropletUtils 
R package)27 with a threshold of 100 UMIs and FDR <  = 0.001 was applied to preserve only cell-containing drop-
lets. Cells were counted based on the barcodes specific for each droplet/cell. The final number of detected cells 
differed among samples and was in the range approx. from 2500 to 6800 cells (Supp. Tab. 4).

The data were further processed using Seurat R package (version 4.1.1)28. First, data from all samples were 
SCTransformed and integrated (excluding mitochondrial and ribosomal genes, prefixed by mt- or Rps/Rpl, 
respectively). Uniform Manifold Approximation and Projection (UMAP) was used to visualize 17 principal com-
ponents (PC), which were subsequently clustered (FindNeighbors and FindClusters functions, UMAP resolution 
0.5). Clusters were annotated based on the expression of known marker genes of the expected cell populations, 
and their correspondence to the markers found by the FindAllMarkers function (at least 80 % cells in the clus-
ter expressing the markers). DoubletFinder29 R package was used for the identification of droplets potentially 
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containing more than one cell. Doublet formation rate was set to 3.9 % as estimated by 10 × Genomics, and the 
data were processed according to the authors’ recommendations. Clusters expressing ambiguous markers and 
containing a higher number of doublets were filtered out of the data set.

Sex (male, female) was assigned to individual cells based on the expression of genes encoded by X (Xist) and 
Y chromosome, and those not matching our criteria (male: counts of Xist < 1, nFeature_Y > 0; female: counts of 
Xist > 0, nFeature_Y < 2, nCount_Y < 2; nFeature_Y being a number of Y-encoded genes and nCount_Y being a 
number of transcripts mapping to Y chromosome) were excluded from the dataset (Supp. Fig. 1a). These cells 
classified as ‘Undefined’ comprised almost 1/3 of the total number of cells and represented low quality cells 
(Supp. Fig. 1b).

A specific gene expression profile was also used to determine a phase of the cell cycle of each cell (CellCycle-
Scoring Seurat function) to ensure that the cells in all phases are equally distributed among clusters. Individual 
cell types were filtered based on the number of genes detected (nFeature_RNA), number of counts (nCount_
RNA) and amount of mitochondrial RNA (percent.mt). The cut-offs specific for each cell type of interest were 
the following: astrocytes—nFeature_RNA > 1000, 2000 < nCount_RNA < 10,000, percent.mt < 8; microglia—
nFeature_RNA > 700, 1000 < nCount_RNA < 10,000, percent.mt < 5; oligodendrocytes—nFeature_RNA > 1300, 
2500 < nCount_RNA < 50,000, percent.mt < 5 (Supp. Fig. 1d). Tissue dissociation may induce the expression of 
IEGs, the first rapid cellular response to stimuli24,30. A set of the IEGs (e. g. Fos and Jun transcription factors) 
was projected onto the UMAP using AddModuleScore function to investigate the level of induction of these 
genes by sample preparation (Supp. Fig. 1c). The SoupX R package (version 1.5.2)31 was applied to remove the 
contaminating RNA background. The unfiltered and annotated data were supplied as the input. The contamina-
tion fraction was estimated by the automated method and was in the range from 1 to 2 % for individual samples. 
The count values were subsequently corrected for the contamination.

To view the overall differences between samples by pseudobulk principal component analysis (PCA), the 
normalized and scaled data set was used to create a pseudobulk data by summing up the gene counts of cells 
belonging to the same condition, age, and sex.

Differential expression analysis and Gene Set Enrichment Analysis.  Differentially expressed 
genes (DEGs) in the single-cell data set were identified by t-test in Seurat’s FindMarkers function. Normalized 
and scaled data in the RNA assay were used in this analysis. P-adjusted value (padj) threshold was set to 0.05, and 
genes with log2 fold change (log2FC) > 1 or < − 1 were considered differentially expressed. Males and females were 
compared at each time point for each cell type and condition. Control (CTRL) and SOD1 pairs were also tested 
at each time point and for each cell type (end-stage DEGs in Supp. Tab. 1). The Gene Set Enrichment Analysis 
(GSEA)32 was performed using clusterProfiler R package (version 4.0.5)33,34. Reference gene set size was limited 
to 10–800 genes and the significance threshold was set to padj = 0.05. Only results where more than one gene 
contributed to the enrichment (core enrichment) were considered relevant.

The analysis of cellular subtypes.  Individual cell types of interest (astrocytes, microglia, oligodendro-
cytes) were analyzed separately. Mitochondrial and ribosomal genes were not included in the subsequent analy-
ses. The filtered, normalized, scaled and SCTransformed data were then subjected to PCA. Within the scope of 
quality control, several genes were excluded, as they introduced additional undesirable variability in the cluster-
ing (Sod1, Gm8566, Cmss1, Cdk8 and lncRNAs Xist, Gm42418, Gm424181, Malat1). 16 PC for microglia and 
astrocytes, and 17 PC for oligodendrocytes were visualized using UMAP, and clustered at a resolution of 0.2 
(FindNeighbors and FindClusters functions). A cluster of male control cells at the 3 M time point was excluded 
from the astrocyte and oligodendrocyte subsets, as it expressed potentially stress related marker genes (e.g., 
Cdkn1a, Fkbp5), which might have been induced during sample preparation (Supp. Fig. 2).

Markers of the subclusters were identified using the default Wilcoxon test in the FindAllMarkers function 
(at least 10 % cells in a cluster expressing the given marker, log2FC > 0.25, Supp. Tab. 3). The identity of the sub-
clusters was determined by comparison with available gene signatures of various previously described cellular 
subtypes using the AddModuleScore function and by manual annotation based on the calculated marker genes. 
Reference gene expression signatures were taken from Habib et al.5 (Gfap-Low and Gfap-High astrocytes), Sala 
Frigerio et al.4 (ARM, IRM) and Marques et al.35 (MFOL1/2, MOL2, MOL5/6). The intermediate state of astro-
cytes was visualized using a gene set containing calculated markers of cluster 2 and markers of transition state 
published by Habib et al.5. The signature of homeostatic microglia resulted from the combination of homeostatic 
markers mentioned in Keren-Shaul et al.3, Mathys et al.36 and Butovsky and Weiner37. The top 30 genes were 
used for the projection in astrocytes, and 20 genes were used in the microglia and oligodendrocytes. Numbers 
of cells entering differential expression analysis (DEA) and subpopulation analysis are provided in Supp. Tab. 4.

Results
Behavioral tests confirmed ALS‑like phenotype.  Firstly, we investigated the expected disease-related 
phenotypic changes characteristic for the animal model used in this study. Our goal was to assess the main turn-
ing points of the disease and characterize its progression.

To study the phenotype, we used two types of behavioral testing—the wire grid hang test and the rotarod 
performance test. We tested comparable groups of animals harboring SOD1(G93A) mutation (SOD1), and 
control animals (CTRL) with even numbers of males and females within each group. At the beginning of the 
testing period (1 month), all the animals performed for the maximum time (180 s) in both tests (see “Methods” 
section). The differences between CTRL and SOD1 animals were first noticeable in the wire grid hang test, where 
primarily the muscle strength is tested (Fig. 1a). The differences became significant at two months of age, so 
we considered this point an onset. The performance then slowly declined until a sudden drop at three months, 
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signaling the beginning of the symptomatic stage. This stage, accompanied by an even further performance 
decline, lasted approximately a month, after which the animals reached the end-stage marked by seriously 
impaired motor functions. The decrease in motor coordination of the animals measured by the rotarod (Fig. 1c) 
was only significant at the end-stage.

Investigating the SOD1 male versus female performance, the wire grid hang test revealed differences in the 
symptom onset and the progression in general (Fig. 1b). The onset in males appeared earlier, and overall they 
performed worse than the females, which is in agreement with human pathology38. However, despite the later 
onset, the female performance in the symptomatic stage declined faster than the male, resulting in similar results 
for both sexes at the end-stage. The rotarod measurements did not reveal any significant sex-related differences 
in motor coordination during the progression.

Thus, behavioral tests confirmed the characteristic features of the model, identified sex-related differences, 
and determined the four main time points of the disease, which we considered in the following experiments.

Identical cell populations were identified in the control and SOD1 mouse cortex using 
scRNA‑seq.  The scRNA-seq experiment was designed as follows (Fig. 2a): CTRL and SOD1 mice were sac-
rificed at four time points, representing the main stages of the disease, with two males and two females used per 
condition at each time point. All cell suspensions were prepared from the motor and somatosensory cortical 
tissue and were enriched for three glial cell types—astrocytes, microglia, and oligodendrocytes—using FACS.

The scRNA-seq data followed an initial quality control, filtering, and clustering, and the resulting set of 
single cells was annotated using the expression of canonical marker genes of individual glial cell populations 
(Fig. 2b,d). As expected, the most numerous clusters in the data set were identified as astrocytes (Aqp4, Aldh1l1, 
Gjb6), microglia (Cx3cr1, Aif1), and oligodendrocytes (Mobp, Apod). Oligodendrocyte precursor cells (OPC) 
and committed oligodendrocyte precursor cells (COP) clustered separately from the mature oligodendrocytes 
that prevailed in the data set. The marker genes of these populations partially overlapped, indicating a gradual 
maturation of OPCs into oligodendrocytes (Emid1, Pdgfra, Sox6, Vcan, Plp1, Cldn11 and others). In addition, 
perivascular macrophages, pericytes, and endothelial cells were present in the minority.

Each cell was assigned a sex identity based on the expression of X and Y chromosome-associated genes. Cells 
that did not fulfil the criteria for sex determination (see Methods, Supp. Fig. 1a, b) were excluded from further 
analyses. No cell cluster was overrepresented specifically in CTRL or SOD1, or in the male or female samples, 
confirming the robustness of cell preparation (Fig. 2c). Furthermore, the low proportion of mitochondrial reads 
and minimal activation of immediate early genes further validated the data quality (Supp. Fig. 1c, d). Overall, 
we successfully identified the targeted cell populations in the dataset and observed their equal proportions in 
both conditions and sexes.

Figure 1.   The cortical pathology evaluation by behavioral testing and immunohistochemistry. (a) The hanging 
wire test confirmed the motor skills decline in SOD1 animals during progression compared to the CTRLs. 
(b) Results from the hanging wire test comparing SOD1 animals divided based on sex revealed phenotypical 
differences in onset. (c), (d) The rotarod results comparing the CTRL and SOD1 animals did not reveal 
significant changes in progression. Statistical significance was determined using two-way ANOVA with Holm-
Sidak’s post-hoc test, error bars representing SEM. *padj ≤ 0.05, **padj ≤ 0.01, ***padj ≤ 0.001. n states the number of 
performing animals.
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The cortical glia of SOD1 mice showed minor changes in gene expression at the late stage of 
the ALS‑like pathology.  To provide a general view on the gene expression changes in SOD1 mice, each 
of the main cell types was subjected to PCA as a pseudobulk (Fig. 3a). The analysis revealed a minor alteration 
between the CTRL and SOD1 samples in both sexes during disease progression. The first apparent shift between 
the samples appeared at four months of age in microglia and oligodendrocytes, suggesting their reaction to 
ALS-like pathology. The SOD1 astrocytes, frequently reported to be activated in SOD1(G93A) and other mod-
els of ALS14,18,19,39, remained unchanged and clustered with the CTRL samples. Notably, the clustering showed 
a displacement of three-month-old (3 M) male data points. This was most prominent in astrocytes, where it 
represented the highest source of variability (reflected by separation in PCA1). Exploring the source of the vari-
ability, we identified a minor cluster of cells within astrocytes and oligodendrocytes, which was only present in 
3 M CTRL males (Supp. Fig. 2). The cluster was characterized by the expression of stress-related genes Cdkn1a 
and Fkbp5, which had the most extreme values of loadings in respective principal components (PCs) in the 
pseudobulk analysis, confirming the effect of the cluster on the displacement of 3 M CTRL male data points. As 
the presence of the cluster had a negligible effect on further analysis, we considered it as a technical artifact of 
sample processing and removed it from the dataset. This finding, however, showed the power of the single-cell 
analysis to characterize even minor changes in cell subpopulations, which might otherwise be hard to interpret 
in traditional bulk analysis.

Based on the sex-related differences in behavioral tests (Fig. 1a–d), we examined the potential ALS-associated 
gene expression variations between the sexes by DEA, and compared the male and female cells for CTRL and 
SOD1 separately. The analysis yielded only a few DEGs based on the set thresholds of |log2FC|> 1 and padj < 0.05. 
The X chromosome gene Xist was significantly upregulated in the females in all three cell types, regardless of 
genotype. The Xist gene plays a major role in the gene dosage compensation in females by silencing one of the X 
chromosomes, and is therefore expressed only in female cells40. Two genes encoded by chromosome Y (Eif2s3y, 
Uty) were upregulated in males, but the difference in their expression only exceeded the log2FC threshold in 
astrocytes (Fig. 3b). Apart from these, no other dysregulated genes related to the pathology progression and sex 
were found in our data.

Figure 2.   Single-cell RNA sequencing experiment overview. (a) A scheme summarizing the process of the 
sequencing experiment. (Created with BioRender.com) (b) A UMAP plot visualization of the identified cell 
clusters, containing cells from all samples. ASTRO n = 5536, MG n = 8429, OLIGO n = 6180, PVM n = 434, OPC 
n = 165, COP n = 98, PERI n = 395, ENDO n = 235, ENDO/PERI n = 108, total n = 21,580. (c) A visualization of 
cluster representation and the prevalence of targeted glia in both conditions and sexes. CTRL n = 7646, SOD1 
n = 12,499, female n = 10,246, male n = 9899. (d) A list of canonical marker genes used for identification of cell 
clusters. ASTRO—astrocytes, MG—microglia, PVM—perivascular macrophages, OPC—oligodendrocyte 
precursor cells, COP—committed oligodendrocyte precursors, OLIGO—oligodendrocytes, PERI—pericytes, 
ENDO—endothelial cells.
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To investigate disease-related transcriptional changes, we performed the DEA on the comparisons of CTRL 
and SOD1 samples at each time point and for each cell type, considering males and females together. The Sod1 
gene was the only one significantly upregulated DEG in all the measured stages of the disease, including the end-
stage as shown in Fig. 3c and Supp. Tab. 1 (|log2FC|> 1, padj < 0.05), confirming the validity of the SOD1(G93A) 
model. Other dysregulated genes were mostly noncoding or ribosomal transcripts that evaded quality control. 
Additionally, the 4 M CTRL samples were marked by an increased expression of genes Cdk8 and Cmss1 across 
all cell types. These two genes were identified in the subsequent analysis as confounders negatively effecting sub-
clustering results (Supp. Fig. 2a, b). Therefore, they were considered as biasing factors without connection to the 
ALS-like pathology. Together, these results show minimal variation in gene expression related to the pathology 
progression in the cortex of the SOD1(G93A) mouse, regardless of sex, with the indication of subtle changes in 
microglia and oligodendrocytes in the late phase of the disease.

The GSEA indicated an altered mitochondrial function in cortical microglia and oligodendro‑
cytes of SOD1 mice.  To investigate the potential biological significance of the minimal changes in gene 
expression detected by DEA, we utilized the GSEA32 focused on the most affected 4 M time point. As GSEA 
considers the expression of all genes, regardless of cut-offs in log2FC or p-value, it allows for the finding of any 
dysregulated processes even if the change of the individual genes is minor.

First, we employed a meta-analysis approach, and collected the gene signatures of glial cells affected by SOD1 
mutation from 15 transcriptomic studies published in the last 20 years (Supp. Tab. 2). This set includes data 
mostly derived from the spinal cord of the SOD1(G93A) model. Using GSEA, we detected the enrichment of only 

Figure 3.   Pseudobulk and differential expression analysis reveals only minor changes in gene expression. (a) 
Pseudobulk PCA clustering comparison of male and female samples showing a shared reaction to the ongoing 
pathology in microglia and oligodendrocytes at 4 M. (b) A visualization of the few differentially expressed genes 
found dysregulated in males and females in all cell types at 4 M time point. Xist clearly distinguishes female 
cells, whereas Eif2s3y and Uty are both expressed by male chromosome Y. (c) Results of the DEA comparing 
CTRL and SOD1 4 M samples show a limited number of up- and downregulated genes at the final stage. (d) 
Enrichment curves visualising the results of the GSEA at 4 M. One reference gene set was enriched among genes 
downregulated in oligodendrocytes. Analysis of GO terms showed mitochondrial components to be enriched 
among genes upregulated in oligodendrocytes and microglia.
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a single gene set that was recently reported by Liu, et al.15 as downregulated in brainstem oligodendrocytes in 
100-day-old mice. In concordance, our results showed a negative enrichment in oligodendrocytes (NES = − 1.32, 
padj = 6.3 × 10− 3; NES—normalized enrichment score; Fig. 3d), indicating small, but significant changes in the 
cortical 4 M SOD1 oligodendrocytes. No gene set was found enriched for microglia or astrocytes.

In addition to the meta-analysis, we also looked for Gene Ontology (GO) terms 41,42 enriched in our data. 
Two activated terms related to mitochondria turned out to be upregulated in our data set: mitochondrial envelope 
in oligodendrocytes (NES = 1.11, padj = 8.2 × 10–3) and mitochondrial protein-containing complex in microglia 
(NES = 1.73, padj = 1.1 × 10–6) (Fig. 3d). In support of our data, mitochondrial dysfunction has been extensively 
discussed as one of the factors contributing to ALS pathology, not only in relation to the mutant Sod1 gene, but 
also to other ALS-linked genetic perturbations (reviewed in Jankovic et al.43).

Taken together, despite the low number of DEGs, we identified subtle changes in the mitochondria func-
tion in cortical oligodendrocytes and microglia. However, considering the number of enriched terms and their 
significance, the severity of the dysfunction is rather low.

The subpopulation analysis confirmed subtle changes in oligodendrocytes and microglia.  As 
the pseudobulk analyses revealed only subtle variations in the gene expression of the SOD1(G93A) cortical 
glia, we speculated that the pathological changes could be represented by a small fraction of cells, hidden at the 
population level. Therefore, we conducted an in-depth sub-clustering analysis with the goal to identify subpopu-
lations potentially playing a role in the disease progression.

Starting with astrocytes, we identified three clusters that were present in both the CTRL and SOD1 samples 
in a similar proportion (Fig. 4a). To annotate these clusters, we calculated their marker genes (Supp. Tab. 3) and 
visualized the gene signatures of astrocytic subtypes described by Habib et al.5 in a mouse model of Alzheimer’s 
disease (AD). The study identified two similar subpopulations of astrocytes expressing markers of reactivity –⁠ 
Gfap-High and DAAs. While Gfap-high were present in controls and in AD samples, DAAs were unique to the 
AD model, and the authors suggested their potential role in the disease progression. Marker genes of cluster 3 
in our data partially overlapped with the markers of the Gfap-High cluster (e. g. genes Mt1, Mt2, Id3, Cd9, Vim), 
but we did not detect the DAAs specifically in SOD1 samples. Of note, Gfap and Vim expression levels were low, 
suggesting a limited pathological reaction of astrocytes in the cortex of the mutant SOD1(G93A) mice. This 
finding complies with the results of the pseudobulk analysis, showing no changes in astrocytes. Cluster 1 shared 
common genes with Gfap-low astrocytes (e. g. Luzp2, Trpm3), and the remaining cluster 2 expressed markers of 
both Gfap-High and Gfap-Low clusters, therefore representing an intermediate state cluster.

Microglia were grouped into four clusters as shown in the UMAP plot in Fig. 4b. Cluster 1 was characterized 
by the expression of homeostatic markers3,36,37. The gene signatures of microglia in clusters 2 and 3 resembled the 
expression profile of ARM, that were described in a model of AD, but also in a smaller proportion in a healthy 
brain3,4. These activated microglia characteristically downregulate homeostatic genes such as Cx3cr1, P2ry12, 
and Sall1, which is also noticeable in our data (Fig. 4b). Additionally, cluster 3 was marked by a higher expression 
of Apoe, which is a major regulator of microglial neurodegenerative phenotype44. Cluster 4 represented IRM4, 
and was clearly distinguishable by the expression of Ifit2, Ifit3, and Ifitm3, the genes involved in the interferon 
response pathway. However, the proportion of IRM was very low in both conditions. Nevertheless, we detected 
a small increase in the subpopulation of activated microglia in SOD1 samples (cluster 2), suggesting a starting 
activation of microglia in response to pathological stimuli.

Oligodendrocytes formed four clusters (Fig. 4c). Cluster 1 shared a similar gene expression signature with 
myelin forming oligodendrocytes (MFOL) described by Marques, et al.35, including the expression of Mal, Plp1, 
Mog, and Opalin genes. These cells were predominantly present at the one month (1 M) time point (Fig. 4d), 
which coincides with the extensive myelination in rodents during the early weeks after birth45. Cluster 2 rep-
resents mature oligodendrocytes (MOL2) expressing Klk6, but also mature oligodendrocyte marker Apod and 
genes typical for myelinating cells Pmp22, S100b, and Apc7,35,46. Floriddia et al.7 reported the MOL2 population 
to be more abundant in the white matter of the spinal cord, but also to a lesser extent in the cortex35. The pro-
portions in both conditions were similar for clusters 1 and 2. As for clusters 3 and 4, they showed an increased 
expression of several genes found in mature oligodendrocyte populations MOL5/67,35. Interestingly, cluster 4 
was present almost exclusively in the SOD1 samples (Fig. 4d), and it was characterized by a higher expression of 
Apoe and Il33. Il33 is upregulated in oligodendrocytes and astrocytes in lesions and can be released by stressed 
or damaged cells. It has an anti-inflammatory effect and promotes the activation of microglia (reviewed in Sun 
et al.47). Upregulation of Ill33 has been previously reported in disease-associated oligodendrocytes in a mouse 
model of AD48,49. Apoe was identified as a marker gene of immune oligodendroglia (ImOLG)50, which were 
enriched in multiple sclerosis lesions, suggesting their role in chronic demyelination and continuous attempts 
to remyelinate51. Thus, we hypothesize that cluster 4 represents a damaged or reactive state of oligodendrocytes, 
responding to the pathological stimuli in the 4 M SOD1 cortex. It is tempting to speculate whether the small 
increase in numbers of activated microglia and possibly the shift to the intermediate state in astrocytes that we 
observed in the SOD1 (Fig. 4a,b, respectively) might be a response to the damaged/activated oligodendrocytes. 
This kind of interaction between disease-associated states of glial cells was recently described in AD52, and also 
in ALS2.

Overall, we were able to identify multiple subpopulations of astrocytes, microglia, and oligodendrocytes, 
and we recognized the gene expression patterns of specific, previously described, cellular subtypes. However, in 
contrast with our expectations, we did not detect any disease-associated subpopulations in the SOD1 samples, 
apart from the damaged/activated oligodendrocytes.
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Figure 4.   The subpopulation analysis revealed a unique subpopulation of oligodendrocytes in SOD1 
samples. UMAP visualization of subpopulations of astrocytes (n = 5292) (a), microglia (n = 8414) (b), and 
oligodendrocytes (n = 5876) (c) split to CTRL and SOD1 condition (left), including cells from all four time 
points. Gene expression signatures of previously described subpopulations are shown projected onto UMAP 
(middle-top). A list of representative cluster markers used for their annotation (middle-bottom). Proportions of 
subpopulations in CTRL and SOD1 (right), including cells from all four time points. (d) UMAP visualization 
of CTRL and SOD1 oligodendrocytes split according to age (1 M: n = 682, 2 M: n = 1697, 3 M: n = 1430, 4 M: 
n = 2067). Bar plot shows proportions of subpopulations at each time point.
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The immunohistochemical identification of changes in the cortical and spinal glia of SOD1 
mice.  The results of the scRNA-seq analysis suggested minor changes in the cortical glia of the SOD1(G93A) 
mouse model. To further explore and validate this conclusion, we conducted an immunohistochemical analysis 
of glia in the motor and primary somatosensory cortex (the identical region used for the sequencing) at the 4 M 
time point, when the phenotypic changes are the most pronounced. The imaged zones within areas of interest 
are represented in Fig. 5a. As the morphological changes are well described in the spinal cord, we also stained 
the lumbar region of the spinal cord at the end-stage (4 M), and used those pictures as a reference for advanced 
gliosis in our animals.

Astrocytes were stained using ALDH1L1 marker, which allowed the inspection of the whole cell morphol-
ogy, including the processes. Astrogliosis, a morphological change marked by enlargement of the cellular body 
and shortened, thickened processes, is a characteristic response of astrocytes in pathological states, and it was 
well described in the ALS spinal cord13,14. In the cortex we conducted fluorescence analysis in order to find any 
morphological differences (Fig. 5b), but the analysis showed very similar fluorescence values of both SOD1 and 
CTRL astrocytes, suggesting there is no cell enlargement associated with activation. The similar morphology can 
be seen in Fig. 5c in comparison with astrocytes in the ventral horns of the spinal lumbar region, which showed 
an enlarged body with distinctively shortened processes. The results from fluorescence analysis align with little 
or no change detected in astrocytes at the level of gene expression.

Microglia, like astrocytes, change their morphology in response to pathological stimuli. They retract processes 
and adopt a specific amoebic shape, typical for their activated state. To visualize microglia, we used IBA1 anti-
body and stained both the cortex and lumbar spinal cord for comparison. The Sholl analysis we used to evaluate 
the changes in morphology (Fig. 5d) is frequently conducted to quantify the complexity of cell´s arborization. 
The analysis confirmed that the SOD1 cortical microglia morphology does not significantly differs from CTRL 
animals. We did not detect shorter processes or reduced branching, which would suggest activated phenotype. 
However, during the analysis we noticed some tips of the processes looking bulbous and enlarged (Fig. 5e). 
These structures, called bulbous termini, appear as the microglia’s first reaction after injury53, and may represent 
an initial phase of microglia activation observed in the transcriptomic data. The SOD1 microglia in the ventral 
horns of the spinal cord on the other hand display the typical amoebic shape with very short and thickened 
processes associated with activation.

The previous analysis identified a SOD1-specific oligodendrocyte cluster (cluster 4) suggesting a certain por-
tion of cells as being apoptotic, we thus focused on the protein expression changes related to chronic demyelina-
tion, necrosis, or apoptosis. Accordingly, we stained for myelin basic protein (MBP)—a marker of myelination, 
adenomatous polyposis coli (APC)—a marker of adult oligodendrocytes, and cleaved caspase 3 (CC3)—an 
apoptotic marker. The quantification of MBP signal intensity as well as the number of APC + oligodendrocytes 
in the cortex of the SOD1 animals excluded the demyelination processes as there was no significant decrease 
of MBP or APC + cells compared to the CTRLs (Fig. 5f). Similarly, the co-staining of CC3 with APC did not 
reveal a different abundance of CC3 + oligodendrocytes in either the SOD1 or CTRLs, suggesting a similar rate 
of apoptosis (Fig. 5f). MBP staining and representative image of a cell positive for APC and CC3 can be found 
in Fig. 5g. Collectively, the data showed no significant demyelination or degeneration of oligodendrocytes, 
therefore it is likely that the SOD1-specific cluster 4 identified in scRNA-seq in 4 M animals does not represent 
dying or damaged cells.

Taken together, we did not detect any profound morphological changes in the cortical glia of the SOD1 mice. 
Oligodendrocytes did not show an increased cell death or loss of MBP protein, suggesting its maintained func-
tion in the cortex of the ALS mice.

Discussion
ALS is a devastating neurodegenerative disease with fast progression and no effective treatment strategies. 
Although it is primarily recognized as a motor-neuron disease, the other cell types, including glial cells, con-
tribute to the disease progression and thus represent a potential target for future therapies. In the past, multiple 
experimental models have been developed to understand the mechanisms of the disease, as well as to facilitate 
the search for therapeutic targets. Among them, the SOD1(G93A) mouse model has the prime position as the 
best-characterized mouse strain used in current ALS research. Despite its long-term application, the effect of 
the pathological changes across different CNS regions is still not fully understood.

The pathological effect on cortex is of special interest due to its role in the planning, control, and execution 
of voluntary movements, which are severely affected by ALS. Pathological changes in the cortex of ALS patients 
have been reported since the first description of the disease in 1869, and the monitoring of cortical structural 
abnormalities became a standard ALS diagnostic procedure54. Along with cortical MN death, changes in glia have 
also been observed, including microgliosis11,55–57, accompanied by the DAM-like gene expression signature56, 
demyelination8, and change of oligodendrocyte function from myelinating to neuro-supportive57.

While the changes are well documented in humans, less is known about the effect of the ALS-like pathology 
on the cortex of the SOD1 models. In the SOD1(G93A) model, the cortical MN degeneration was observed early 
by Özdinler et al.17 and others, together with the changes in glia18–20. Reactive astrocytes in the SOD1(G93A) 
cortex were shown to differ from their spinal counterparts, while still maintaining a toxic effect on neurons18,19,58. 
However, Gomes et al.19 also reported no significant gene expression changes in microglia or oligodendrocytes. 
Moreover, others suggested the pathology in the SOD1 model as being restricted to only spinal and bulbar motor 
neurons, not affecting the motor cortex21. Thus, such opposing data raise questions as to what extent the cortex 
is affected in the SOD1 mouse model, and how well this model recapitulates the cortical pathology in humans.

To fill this knowledge gap, we applied single-cell RNA sequencing supported by immunohistochemistry 
to detect gene expression changes, the presence of disease-associated cell populations, and morphological or 
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Figure 5.   The immunohistochemistry (a) An upper cartoon depicts 12 areas scanned for the investigation of morphological changes 
and quantification of APC and CC3. Lower cartoon shows 24 areas scanned for the MBP analysis. (b) Fluorescence analysis did 
not reveal any significant differences in morphology between cortical astrocytes in SOD1 (n = 6) and CTRL (n = 6) animals. (c) 
Representative pictures of ALDH1L1 staining in cortex and spinal cord comparing astrocytes show morphological difference between 
SOD1 and CTRL in the spinal cord but no noticeable difference in the cortex. (d) The results of Sholl analysis indicated very similar 
microglia complexity in both CTRL (n = 6) and SOD1 (n = 6) samples. Scholl masks with red concentric radii depict single thresholded 
microglia as they were used for the analysis. (e) Representative images of cortical and spinal slices stained with IBA1 show evident 
amoebic morphology of spinal microglia but only subtle morphological changes represented by bulbous termini (see close up) in the 
cortex. (f) The quantification of MBP in the cortex revealed insignificant difference between SOD1 (n = 6) and CTRLs (n = 6). The 
number of APC + cells was consistent between SOD1 (n = 3) and CTRLs (n = 3) and the number of APC + cells co-stained with CC3 
used as a marker of apoptosis in oligodendrocytes also remained similar, suggesting no apparent oligodendrocyte degenerations. (g) 
Representative images of MBP, APC, and CC3 staining Scale bars, 20 μm. The statistical significance was determined using unpaired 
t-test. Error bars represent SEM. n states the number of used animals.
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other pathological modifications in cortical glia accompanying the ALS-like pathology in the SOD1(G93A) 
mouse model. The ALS-like phenotype was confirmed by behavioral testing, including sex-dependent differ-
ences in disease progression as reported by McCombe and Henderson38. The results of scRNA-seq focused on 
glia revealed minor changes in microglia and oligodendrocytes, and showed no significant ALS-related shift in 
astrocytes, which contradicts several studies reporting the reactive phenotype of astrocytes18,19,58. Although the 
only significantly dysregulated gene in the SOD1(G93A) model was Sod1, GSEA indicated the mitochondrial 
dysfunction in microglia and oligodendrocytes. Similar changes have recently been observed by Liu et al.15 in the 
oligodendrocytes isolated from the brainstem of 100-day-old SOD1 mice, suggesting the possible dysregulation 
of energetic pathways.

As our data were generated within the motor and primary somatosensory cortex, representing an end-point 
region of corticospinal tract affected by ALS, they allow basic questions to be addressed regarding the site of 
origin and the direction of ALS progression. Currently, there are two hypotheses, both supported by lines of 
evidence (reviewed in van den Bos et al.59). The ‘dying forward’ hypothesis suggests ALS originates in the cortex 
and spreads towards the spinal MNs. On the other hand, the ‘dying back’ hypothesis proposes ALS begins within 
muscles or neuromuscular junctions. Considering the advanced ALS-like phenotype of the end-stage SOD1 
mice and the more pronounced changes in the brainstem and the spinal cord observed elsewhere, the milder 
changes in the cortex indicated by our data are more in favor of the ‘dying back’ hypothesis in SOD1(G93A) mice. 
Interestingly, this contrasts with a report from Burg et al.60, which indicates the cortex as the initiating point of 
ALS in SOD1(G86R) mice. The contradictory data might suggest a differential effect of specific point mutations 
on the character of the disease, requiring further investigation.

Many of the previous reports exploring the effect of the SOD1 mutation on motor cortex relied on measuring 
the limited number of genes and proteins19,20,55, or analysis of the bulk population of cells18,61. This consequently 
decreased the sensitivity of the analysis and limited the interpretability of the data. In this study, we used high-
throughput scRNA-seq, allowing for an in-depth analysis of small cell populations that cannot be distinguished 
by bulk approaches. Using scRNA-seq, recent seminal studies revealed various disease-associated populations 
of glia, playing a major role in the disease progression3–6. Interestingly, many of these populations are present in 
multiple diseases, suggesting common mechanisms employed by glial cells in response to pathological stimuli. 
For example, a DAM-like population was identified not only in Alzheimer’s disease, but also in the spinal cord 
of the SOD1(G93A) mouse3, and in a spinal cord injury model62. In our work, we searched for these populations 
without any success, which confirmed the minimal changes observed at bulk transcriptional level, as well as by 
immunohistochemistry. We mostly found similar cellular composition between the control and SOD1(G93A) 
animals, except for microglia and oligodendrocytes. In the case of microglia, we observed a little increase in the 
proportion of the activated microglia, suggesting a starting phase of their activation. The data were completed by 
immunohistochemistry revealing bulbous termini on microglial processes. More apparent changes were observed 
in oligodendrocytes, where sub-clustering analysis identified the existence of a unique population of oligoden-
drocytes, characterized by an increased expression of Apoe and Il33, and enriched specifically in 4 M SOD1 
samples. Considering no profound loss of oligodendrocytes or a higher apoptotic rate in immunohistochemistry, 
we could speculate about the active role of this population of oligodendrocytes in disease progression. This is 
also in line with recent evidence suggesting the active role of oligodendrocytes in the progression of multiple 
sclerosis6 and in aging white matter63, which contrasts with their widely accepted passive role. Notably, we did 
not observe any expression patterns similar to previously reported disease-associated oligodendrocytes6,48–50, 
except Apoe or Il33 mentioned above. However, this might be related to the overall mild changes in gene expres-
sion observed throughout our data.

In conclusion, our study demonstrates that cortical glia are only subtly affected in the SOD1(G93A) model, 
even at the very end-stage of disease. Furthermore, owing to the power of scRNA-seq, we showed that oligo-
dendrocytes potentially actively participate in the pathology, emphasizing the importance of addressing their 
role in further research. Finally, on reflection of our results, we suggest that the SOD1(G93A) mouse model 
does not fully recapitulate the human disease and we recommend using a different model system for studying 
the cortical ALS pathology.

Conclusions
Collectively, our results suggest the ALS-like pathological changes present in the sensorimotor cortex of 
SOD1(G93A) mice are minimal. There is an ongoing discussion in the field whether the model mimics the 
disease completely including the pathology occurring in the cortex and the published results are disputable. 
Our collective findings inspecting glial cells on multiple levels did not reveal any significant changes of SOD1 
astrocytes and only subtle changes of microglia and oligodendrocytes at the final stage. The changes of microglia 
and oligodendrocytes suggest starting activation linked to the pathology, but the extent of change does not cor-
respond to the pathology described in human tissue. The SOD1 specific oligodendrocytes identified at the final 
stage, however, contribute to the recently published evidence reporting their active role in neurodegeneration, 
largely rejecting long-lasting dogma presenting oligodendrocytes as solely passive in the CNS diseases. However, 
despite the signs of activation, the effect of ALS-like pathology on the glial cells in the cortex of SOD1(G93A) 
mice is minor and our data provide supporting evidence against the use of this model for studying cortical 
pathology of ALS.

Data availability
The scRNA-seq data generated during this current study are available in NCBI’s Gene Expression Omnibus64 
and are accessible through GEO Series accession number GSE206330 (https://​www.​ncbi.​nlm.​nih.​gov/​geo/​query/​
acc.​cgi?​acc=​GSE20​6330).
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Abstract

Alexander disease (AxD) is a rare and severe neurodegenerative disorder caused by

mutations in glial fibrillary acidic protein (GFAP). While the exact disease mechanism

remains unknown, previous studies suggest that mutant GFAP influences many

cellular processes, including cytoskeleton stability, mechanosensing, metabolism, and

proteasome function. While most studies have primarily focused on GFAP-expressing

astrocytes, GFAP is also expressed by radial glia and neural progenitor cells, prompt-

ing questions about the impact of GFAP mutations on central nervous system (CNS)

development. In this study, we observed impaired differentiation of astrocytes and

neurons in co-cultures of astrocytes and neurons, as well as in neural organoids, both
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generated from AxD patient-derived induced pluripotent stem (iPS) cells with a

GFAPR239C mutation. Leveraging single-cell RNA sequencing (scRNA-seq), we identi-

fied distinct cell populations and transcriptomic differences between the mutant

GFAP cultures and a corrected isogenic control. These findings were supported by

results obtained with immunocytochemistry and proteomics. In co-cultures, the

GFAPR239C mutation resulted in an increased abundance of immature cells, while in

unguided neural organoids and cortical organoids, we observed altered lineage com-

mitment and reduced abundance of astrocytes. Gene expression analysis revealed

increased stress susceptibility, cytoskeletal abnormalities, and altered extracellular

matrix and cell–cell communication patterns in the AxD cultures, which also exhibited

higher cell death after stress. Overall, our results point to altered cell differentiation

in AxD patient-derived iPS-cell models, opening new avenues for AxD research.

K E YWORD S

Alexander disease, GFAP, iPS cells, neural organoids

1 | INTRODUCTION

Alexander disease (AxD) is a rare and severe neurodegenerative

disorder affecting primarily the white matter. It is caused by muta-

tions in glial fibrillary acidic protein (GFAP), which in the central

nervous system (CNS) is expressed by astrocytes and neural stem

cells. Mutant GFAP together with several associated proteins

form aggregates in astrocytes known as Rosenthal fibers (RFs),

which are the main neuropathological hallmark of AxD (reviewed in

Hagemann (2022), Pajares et al. (2023), Pekny et al. (2016)). To

date, a number of pivotal studies using rodent (Hagemann et al.,

2005; Hagemann et al., 2006; Heaven et al., 2022; Meisingset

et al., 2010; Tanaka et al., 2007), Drosophila (Wang et al., 2011),

zebrafish (Lee et al., 2017), human cell culture models (Jones

et al., 2018; Kondo et al., 2016), or patient post-mortem brain sam-

ples (Olabarria et al., 2015; Tang et al., 2010; Walker et al., 2014)

brought important insights into AxD pathogenesis, revealing

that overexpression and aggregation of mutant GFAP in astrocytes

is accompanied by a stress response, neuroinflammation, and

reactive gliosis as well as disruption of vesicular trafficking, protea-

some function, and glutamate and calcium homeostasis. AxD

astrocytes exhibit altered posttranslational modifications of

GFAP (Battaglia et al., 2019; Viedma-Poyatos et al., 2022),

impaired intermediate filament organization (Yang et al., 2022) and

their increased sensitivity to oxidative stress further enhances

GFAP aggregation (Viedma-Poyatos et al., 2022). Sosunov et al.

observed AxD astrocytes with reactive-like features, some of them

containing multiple nuclei as a consequence of mitosis arrest

(Sosunov et al., 2013; Sosunov et al., 2017). Abnormal organelle

morphology and distribution (Jones et al., 2018), including

mitochondria (Viedma-Poyatos et al., 2022), were detected in

AxD astrocytes. Impaired mitochondria transfer between astro-

cytes and neurons may contribute to the disease pathogenesis

(Gao et al., 2019). Linking GFAP mutation to white matter degener-

ation, AxD astrocytes were shown to inhibit proliferation of oligo-

dendrocyte progenitor cells (OPCs) and reduce their myelination

potential (Li, Tian, et al., 2018).

GFAP is also expressed in multipotent neural stem cells (Imura

et al., 2003) and in radial glia (RG) of the developing brain

(Dimou & Gotz, 2014), but the effect of GFAP mutations on brain

development is largely unexplored. Hagemann et al. (2013)

reported aberrant adult neurogenesis in the hippocampus of the

Gfap+/R236H AxD mouse model, observing RG-like cells with RFs

and hypertrophic morphology, absence of immature neurons, and

diminished proliferation of neural progenitors, possibly a conse-

quence of disturbed ubiquitin-proteasome system, which normally

regulates essential developmental pathways such as Notch, WNT,

Hedgehog, and TGFβ (Baloghova et al., 2019; Dutta et al., 2022;

Gao et al., 2014; Hsia et al., 2015; Imamura et al., 2013).

Here, we used an AxD patient-derived induced pluripotent stem

(iPS) cell line carrying a GFAPR239C mutation and a CRISPR/

Cas9-corrected isogenic control cell line to generate astrocyte-

neuron co-cultures, as well as unguided neural organoids and cortical

organoids. Leveraging single-cell RNA sequencing (scRNA-seq), we

describe a differentiation impairment and increased sensitivity to

oxygen–glucose deprivation (OGD) challenge in AxD co-cultures. In
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AxD unguided neural organoids and cortical organoids, we observed

almost complete absence of astrocytes, reduced neurogenesis and

enrichment of mesoderm- and endoderm-derived cell populations,

suggesting a neural lineage commitment defect.

2 | METHODS

2.1 | iPS cells

AxD iPS cells, derived from a 6-year-old AxD patient carrying the

heterozygous point mutation in GFAP (c.715C > T, p.R239C), and

isogenic CRISPR/Cas9-corrected control iPS cells were received

from Natasha Snider (Department of Cell Biology and Physiology,

University of North Carolina at Chapel Hill, USA) and were described

previously (Battaglia et al., 2019).

2.2 | Lentiviral production

Lentiviral vectors used wereM2-rtTA (rtTA, reverse tetracycline-controlled

transactivator, Addgene #20342), tet-O-Ngn2-puro (Addgene #52047,

Zhang et al. (2013)), tetO-Sox9-Puro (Addgene #117269), and tetO-

Nfib-Hygro (Addgene #117271). Nfib, Ngn2, Sox9, and rtTA lentiviruses

were produced in HEK 293 T cells, as described in Canals et al. (2018).

Briefly, the HEK 293 T cells were cotransfected with the packaging plas-

mids pMDLg/pRRE (Addgene #12251), pMD2.G (Addgene #12259), and

pRSV-Rev (Addgene #12253) in addition to the lentivectors, approximately

44 h following transfection the viruses were pelleted by centrifugation

(20,000 rpm at 4 C for 2 h), and the supernatant was subsequently aspi-

rated. A total of 100 μL of Dulbecco's modified Eagle's medium (DMEM)

was added to the pellet without resuspending. One day later, the viruses

were resuspended, aliquoted and frozen at 80 C for long-term storage.

2.3 | iPS cell culturing for neuronal and astrocyte
co-cultures

Cell lines were maintained in mTesR1/mTesR+ media on ES-

qualified Matrigel-coated 6 W plates at 37 C in humidified air

with 5% CO2 with daily medium change. Cells were passaged with

accutase (StemPro Accutase Cell Dissociation Reagent) upon

attaining confluency of 80%. Upon dissociation, the cells were

centrifuged at 300 g and replated onto fresh Matrigel-coated

6-well plates at a density of 2–2.5 105 cells/well using medium

supplemented with 10 μM of ROCK Inhibitor (RI) in the initial

24 h after replating to enhance the rate of cell survival.

2.4 | Differentiation of induced astrocytes

Human iPS cells at 80% confluency were dissociated with accu-

tase on Day 2, and 4 105 cells were plated on Matrigel-coated

6-well plates with mTeSR supplemented with 10 μM RI. The fol-

lowing day (Day 1), the medium was replaced with fresh mTeSR

medium, and 1 μL of rtTA Sox9 and Nfib lentivirus was added to

each well. On Day 0, the medium was replaced with fresh mTeSR

medium containing Doxycycline (Dox; 2.5 μg/mL), which was

added to the medium throughout the experiments. Sox9 and Nfib

lentiviral overexpression was used for astrocyte induction (Canals

et al., 2018). On Days 1 and 2 the iAs were cultured in expansion

medium (DMEM/F12, 10% FBS, 1% N2, and 1% GlutaMax).

Between Day 3 and 5, expansion medium was gradually changed to

FGF medium (Neurobasal, 2% B27, 1% NEEA, 1% GlutaMax, 1%

FBS, 8 ng/mL FGF, 5 ng/mL CNTF, and 10 ng/mL BMP4). Overall,

72 h of puromycin (2.5 μg/mL) selection and 5 days of hygromycin

(200 μg/mL) selection was performed.

2.5 | Differentiation of glutamatergic induced
neurons

Human iPS cells at 80% confluency were dissociated with accutase on

Day 2, and 3 105 cells were plated on Matrigel-coated 6-well plates

with mTeSR-1 supplemented with 10 μM RI. The following day (Day 1),

the medium was replaced with fresh mTeSR-1 medium, and 1 μL of rtTA

and Ngn2 lentivirus was added to each well. On Day 0, the medium was

replaced with fresh mTeSR-1 medium containing Doxycycline (Dox;

2.5 μg/mL), which was added to the medium throughout the experi-

ments. Ngn2 lentiviral overexpression was used for neuronal induction

(Zhang et al., 2013). From Day 1, supplemented BrainPhys medium

(BrainPhys, 0.5% N2 supplement, 1% B27 supplement) was used and

72 h of puromycin (2.5 μg/mL) selection was performed. From Day 5, the

medium was supplemented with NT3 (10 ng/mL) and BDNF (10 ng/mL).

2.6 | Co-cultures of iAs and iNs

On Day 7, iAs and iNs were dissociated with accutase supplemented

with DNase I for 10 min. The iAs were then pelleted for 5 min at

300 g. The iNs were dissociated in accutase for 10 min, followed by

manual resuspension in the accutase for 5 more minutes before being

pelleted for 5 min at 300 g. The iNs were then strained through a

40 μm mesh to avoid neuronal aggregates. 3.9 104 iAs were plated

together with 1.11 105 iNs on PEI + rhLam521-coated Ibidi 24 well

μ-Plates. For the scRNAseq, 2.6 105 iAs and 7.4 105 iNs were

plated on Matrigel-coated six well plates. The medium henceforth

consisted of 50% iNs medium and 50% iAs medium. On Day 8, the

medium was replaced with 1:1 BrainPhys and FGF medium. From Day

9 on, the FGF medium was changed to Maturation medium (1:1

DMEM/F12 and Neurobasal, 1% N2, 1% Na Pyruvate, 10 μg/mL NAC,

10 ng/mL hbEGF, 10 ng/mL CNTF, 10 ng/mL BMP4, 500 μg/mL

dbcAMP) and half of the medium would be changed every 2 days.

Between Days 9 and 21, 5-Fluoro-20-deoxyuridine (FUDR; 20 μM/mL)

was added to the medium to inhibit cell division. Co-cultures were

maintained for 42 days before being used for experiments.
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2.7 | Oxygen–glucose deprivation challenge

After 5 weeks in co-culture, medium was changed to deoxygenated

ischemic medium (DMEM w/o glucose, 2.5 μg/mL Dox, 5 ng/mL NT3,

5 ng/mL BDNF, 10 μg/mL NAC, 10 ng/mL hbEGF, 5 ng/mL CNTF,

5 ng/mL BMP4, 250 μg/mL dbcAMP) for cells to be subjected to the

OGD, and co-culture medium for the control (1:1 BrainPhys and Mat-

uration media, with factors). The OGD cells were incubated at 37 C in

humidified air with 1% O2 and 5% CO2, and control cells at normal

culturing conditions (37 C in humidified air with 5% CO2), for 4 h.

Subsequently, a medium change to fresh co-culture media for all cells

was performed, followed by 2 h of recovery under normal culturing

conditions for the LDH assay and 16 h of recovery for the single-cell

RNA sequencing.

2.8 | LDH assay

Media samples were taken following the 2 h reperfusion period after

OGD challenge, from both OGD-exposed and control cells. One well of

each condition was lysed by adding Triton-X 100 to final concentration

of 1%, to obtain the Max LDH release. Cytotoxicity was assessed using

Takara Bio LDH Cytotoxicity Detection Kit. Absorbance was measured

at 490 nm (600 nm as a reference wavelength) and cytotoxicity was

calculated using the formula: Cytotoxicity (%) = (Absorbance(490–600)

LDH Sample/Absorbance(490–600) Max LDH Release) 100.

2.9 | Single-cell suspension for scRNA-seq

Medium was aspirated and cells were washed with cold phosphate-

buffered saline (PBS) Ca/ Mg. Cells were dissociated with accutase

supplemented with 30 μM ActD and incubated until most cells were

detached. The accutase was then inhibited with DMEM supplemented

with 3 μM ActD and 2% B27 and cells were collected in LoBind

15 mL tubes and kept on ice for the rest of the protocol. Using a

wide-bore pipette, cells were gently resuspended. Cells were strained

before being centrifuged at 250 g at 4 C for 5 min. Supernatant

was removed and cells were gently resuspended in cold DMEM (with

3 μM ActD and 2% B27) using a wide-bore pipette tip. Cells were

centrifuged at 150 g at 4 C for 5 min. Supernatant was once again

removed. The volume of cell suspension was adjusted using cold

DMEM with 3 μM ActD and 2% B27. Samples were then strained,

and an additional cell count was performed. If necessary, the volumes

of samples were adjusted to obtain a target cell concentration of

700–1200 cells/μL and a target cell count of 10,000 cells per sample.

2.10 | Immunofluorescence of co-cultures

For immunofluorescence imaging, cells were plated on PEI

+ rhLam521-coated Ibidi 24-well μ-Plates. Cells were washed with

room temperature PBS Ca/Mg and then fixed in 4% paraformaldehyde

(PFA) in PBS at room temperature for 15 min. Cells were washed

three times with potassium-phosphate-buffered saline (KPBS) before

being blocked with KPBS containing 0.025% Triton X-100 (TKPBS)

and either 5% normal donkey serum or 2.5% normal donkey serum

and 2.5% normal goat serum for 60 min. Primary antibodies were

incubated in blocking solution overnight at 4 C. Cells were washed

twice with 0.025% TKPBS and once with blocking solution for 5 min.

Secondary antibody together with nuclear staining incubation was

performed at room temperature for 2 h in blocking solution. Cells

were washed once with 0.025% TKPBS for 5 min and twice for 5 min

with KPBS, PVA:DABCO was used to mount coverslips on top of

stained cells.

Images of the co-cultures were acquired using an epifluorescence

Leica microscope and were analyzed using Fiji (Schindelin et al., 2012).

Images for the assessment of the morphology of GFAP-positive cells

were acquired using a 40 objective. The GFAP outline was traced

manually, circularity, and perimeter were measured using Fiji shape

descriptors. Each datapoint represents a cell. Images for cell counts

were taken using a 10 objective, MAP2+, Vimentin+, or GFAP+ cells

were counted manually. Undifferentiated cells were identified manually

based on their spherical morphology on phase contrast images. Each

datapoint represents a separate culture. Normal distribution of the data

was tested with the Shapiro–Wilk normality test. The Wilcoxon rank

sum test with continuity correction was used to compare nonnormally

distributed data, Student's t-test was used to compare normally

distributed data.

2.11 | iPS cell culture for neural organoid
generation

iPS cells were maintained in Stemflex medium (Life technologies,

A3349401) on Geltrex-coated (Life technologies, A1413202) dishes in

feeder-free conditions at 37 C with 5% CO2. The medium was chan-

ged daily, and cells were split in Stemflex medium containing 5 μM

Y27632 (Axon Biochemicals, AXON 1683) as soon as they reached

80% confluency by incubating them with 0.5 mM EDTA for 3 min at

37 C. After 24 h, the medium was changed to regular Stemflex

medium. The number of passages was kept below 40 and routine test-

ing for mycoplasma (Lonza, LT07-318, Lonza Bioscience Solutions,

Basel, Switzerland) was performed.

2.12 | Generation of unguided neural organoids

Unguided neural organoids were generated according to a combined

protocol of Ormel et al. (2018), Lancaster et al. (2013), and Verkerke

et al. (2024). Briefly, at Day 0, iPS cells that reached 80% confluency

were dissociated into single cells following a 2-min incubation period

with 0.5 mM EDTA in PBS and a 4-min incubation period with accutase

at 37 C. After counting, 9000 iPS cells were allowed to form an

embryoid body at 37 C with 5% CO2 in a well of an ultra-low attach-

ment round-bottom shaped 96-well plate (Corning 3474) containing a
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total of 150 μL HES medium consisting of DMEM/F-12 (ThermoFisher

Scientific, 31330038), 20% KOSR (Life Technologies,10828028), 3%

FBS (ThermoFisher Scientific, 10082147), 1% l-glutamine (Life Technol-

ogies, 25030024), 1 % NEAAs (ThermoFisher Scientific, 11140035),

0.1 mM 2-Mercaptoethanol (Merck, 8057400005) supplemented with

4 ng/mL bFGF (Peptro-Tech 100-18B), and 50 μM Y27632 (Axon

Biochemicals, AXON 1683) (HES4+ medium). At Day 2, 100 μL of

medium was replaced by 150 μL of HES4+ medium. At Day 4, 150 μL

of medium was removed and replaced by 150 μL HES medium.

At Day 6, 150 μL of medium was replaced with 150 μL neural induc-

tion medium (NIM) consisting of DMEM/F-12 (ThermoFisher Scientific,

31330038), 1 % N2 (Life Technologies, 17502048), 1 % L-glutamine

(Life Technologies, 25030024), 1 % NEAA (ThermoFisher Scientific,

11140035), and 0.5 μg/mL heparin (Sigma-Aldrich, H3149). At Day

8, 10, and 12, 150 μL of the medium was replaced with fresh NIM. At

Day 13, unguided neural organoids were embedded in 30 μL droplets of

Matrigel (Corning, 356234), incubated for 25 min at 37 C, and trans-

ferred to a 6 cm ultra-low attachment culture dish (Corning, 3261)

containing 6 mL of differentiation medium without vitamin A

(B27-medium) consisting of DMEM/F-12 (ThermoFisher Scientific,

31330038) in a 1:1 ratio with neurobasal medium (ThermoFisher Sci-

entific, 21103049) supplemented with 1% B27-vitamin A

(ThermoFisher Scientific, 12587001), 1 % penicillin–streptomycin

(Life Technologies, 15140122), 1% L-glutamine (Life Technologies,

25030024), 0.5% NEAA (ThermoFisher Scientific, 11140035), 0.5%

N2 (Life Technologies, 17502048), 125 μL Insulin (Sigma-Aldrich,

I9278), 174 μL 2-Mercaptoethanol (Merck, 8057400005) diluted

1:100 in DMEM/F-12. After 4 days of stationary culture, at Day

17, unguided neural organoids were transferred to an orbital shaker

and cultured in 6 mL of differentiation medium containing vitamin A

(B27+ medium) consisting of DMEM/F-12 (ThermoFisher Scientific,

31330038), neurobasal medium (ThermoFisher Scientific, 21103049)

(1:1) supplemented with 1% B27 + vitamin A (ThermoFisher Scien-

tific, 17504001), 1% penicillin–streptomycin (Life Technologies,

15140122), 1% L-glutamine (Life Technologies, 25030024), 0.5%

NEAA (ThermoFisher Scientific, 11140035), 0.5% N2 (Life Technolo-

gies, 17502048), 125 μL Insulin (Sigma-Aldrich, I9278), and 174 μL

2-Mercaptoethanol (Merck, 8057400005) diluted 1:100 in DMEM/

F-12. Until harvested, the medium was replaced every 3 to 4 days.

2.13 | Generation of cortical organoids

Cortical organoids were generated according to an adapted version of

Yoon et al. (2019). Briefly, iPS cells that reached 80% confluency were

dissociated into single cells following a 7-min incubation period with

accutase at 37 C. After counting, 3.5 106 iPS cells were seeded in a

well of an Aggrewell™800 plate (STEMCELL technologies, 34811) in

2 mL human embryonic stem (HES) medium consisting of DMEM/F-

12 (ThermoFisher Scientific, 31330038), 20% KOSR (Life

Technologies, 10828028), 3% FBS (ThermoFisher Scientific,

10082147), 1% Glutamax (ThermoFisher Scientific, 35050061), 1%

NEAAs (ThermoFisher Scientific, 11140035), 3.5 μL

2-Mercaptoethanol (Merck, 8057400005) supplemented with 4 ng/

mL bFGF, and 50 μM Y27632 (Axon Biochemicals, AXON 1683)

(HES4+). Embryoid bodies were allowed to form at 37 C with 5%

CO2. After 24 h, 1.5 mL of medium was replaced with fresh HES4+

medium. At Day 2, properly formed embryoid bodies were transferred

to an ultra-low attachment round-bottom shaped 96-well plate

(Corning, 3474) containing a total of 150 μL of HES medium supple-

mented with two SMAD pathway inhibitors—Dorsomorphin (2.5 μM;

Tocris 3093) and +SB431542 (10 μM; Axon biochemicals 1661) to

start neural induction. At Day 4, 100 μL of medium was replaced with

150 μL of fresh medium. At Day 6, 150 μL of medium was replaced

by 150 μL of neural medium consisting of neurobasal medium

(ThermoFisher Scientific, 21103049), 2% B27-vitamin A

(ThermoFisher Scientific, 12587001), 1% penicillin–streptomycin (Life

Technologies, 15140122), and 1% L-glutamine (Life Technologies,

25030024) supplemented with 20 ng/mL EGF (R&D systems 236-EG)

and 20 ng/mL bFGF (Peptro-Tech 100-18B). After the medium was

refreshed every 2 days, at Day 24, EGF and bFGF were replaced by

20 ng/mL BDNF (STEMCELL Technologies 78005.1) and 20 ng/mL

NT-3 (Tebu-bio 450-03-B). After a period of bi-daily medium changes,

at Day 42, cortical organoids were transferred to a 6 cm ultra-low

attachment culture dish (Corning, 3261), and the medium was

replaced by neural medium without the addition of growth factors.

Subsequently, cortical organoids were cultured on an orbital shaker

until harvest with medium changes every 3 to 4 days.

2.14 | Immunofluorescence of organoids

Neural organoids were fixed in 4% PFA in PBS overnight at 4 C and

washed three times for 10 min in PBS before being incubated over-

night at 4 C in 30% sucrose in PBS. Subsequently, neural organoids

were embedded in Tissue-Tek(R) O.C.T. Compound (Sakura Finetek,

4583), snap-frozen in a dry ice/ethanol slurry and stored at 80 C

until further use. Sections of 20 μm thickness were obtained with a

Leica CM1950 cryostat (Leica Biosystems, Illinois, USA), collected

on SuperFrost(R) PLUS (VWR, 631-0108) slides and stored at

80 C until further processing. Sections were blocked in blocking

buffer consisting of 10% normal donkey serum (Jackson ImmunoRe-

search, 017-000-121), 3% BSA (Sigma-Aldrich, A4503-100) and

0.1% Triton-X (Sigma-Aldrich, T8787-100) in PBS at room tempera-

ture for 1 h. Next, samples were incubated with primary antibodies

in blocking buffer at 4 C overnight. Slides were then washed three

times for 10 min in PBS containing 0.05% Tween 20 (Merck,

817,072) (PBS-T) before being incubated with secondary antibodies

and Hoechst (Sigma-Aldrich, 94403) in blocking buffer at room tem-

perature for 1 h. Then, slides were washed three times for 10 min in

PBS-T. The antibodies that were used in the current study can be found

in Table S2. Finally, samples were mounted on glass coverslips using

Fluorosave (CalBioChem, 345789) and imaged using a Zeiss Axioscope

A1 (Zeiss, Oberkochen, Germany) and a Zeiss LSM 880 confocal micro-

scope (Zeiss, Oberkochen, Germany). Negative controls are shown in

Figure S9.
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2.15 | Quantification of immunofluorescent
images of organoids

20 epifluorescent microscopy images were used. To quantify

Hoechst+, SOX9+, and FOXG1+ cells, images were processed using

ImageJ software as follows. First, background was subtracted

using the subtract background function. Next, a threshold was set to

generate binary images. To decrease noise, the despeckle function

was used. Hereafter, the watershed function was applied to reduce

nuclei clumping. Following this, cells were counted using the analyze

particles function, whereby the minimum size of the particles was set

at 10 μm. Three pictures from the outer edge of three organoids

were analyzed, thereby generating nine datapoints. DCX integrated

density was measured from four organoids per genotype and pre-

sented as integrated density per μm2. No difference in the Hoechst

signal was observed. Shapiro–Wilk test was used to determine nor-

mal distribution of the data and Wilcoxon test (SOX9, FOXG1) and

t-test (DCX) were used for statistical comparison between CTRL

and AxD samples.

2.16 | RNA isolation and cDNA synthesis

For RNA isolation, five or more neural organoids were pooled and

homogenized in 1 mL of Qiazol (QIAGEN, 79306) with an ULTRA-

TURRAX(R) (IKA, 0003737000), followed by the addition of chloro-

form in a 1:5 ratio to Qiazol and centrifuged at 12000 g at 4 C for

20 min. The aqueous top phase was collected and mixed with 500 μL

isopropanol and stored overnight at 20 C to allow the RNA to pre-

cipitate. Subsequently, samples were centrifuged at 12000 g at 4 C

for 30 min and the supernatant was aspirated. Pellets were washed

three times with 75% ethanol, air-dried, and dissolved in TE-buffer

(Invitrogen, 12090-015). RNA concentration was measured using

a Varioskan Flash (Thermo Scientific, N06354) or NanoDrop

(ThermoFisher Scientific, ND-2000) and cDNA was synthesized using

a Quantitect Reverse Transcription kit (QIAGEN, 205311) as follows.

After removal of potential genomic DNA contamination using gDNA

wipe-out buffer from the kit, 500 ng of RNA was reverse transcribed

at 42 C for 30 min followed by incubation at 95 C for 3 min to deac-

tivate the RT enzyme. Samples were diluted 1:20 in RNase-free water

and stored at 20 C.

2.17 | RT-qPCR

Real-time quantitative PCR (RT-qPCR) was performed on Quant-

Studio 6 Flex Real-Time PCR System (ThermoFisher Scientific Inc.)

using a 384-well plate under the following conditions: denaturing

at 95 C for 10 min, 40 cycles with 95 C for 15 s and annealing

at 60 C for 1 min, followed by a dissociation stage where the

temperature was increased from 60 to 95 C. Per reaction, 5 μL

FastStart Universal SYBR Green Master (Roche, 04913914001),

3 μL MQ (Millipore, SYNS00000), 1 μL cDNA (RNA input

concentration 2.5 ng/μL), and 1 μL of 0.5 μmol/mL forward and

reverse primer mix. Primers are listed in Table S1. Reactions were

run in triplicates. Melting curve analysis was performed as a qual-

ity check. Gene expression was normalized to reference genes

SDHA, TBP, and RPII in unguided neural organoids and to GAPDH,

β-Actin, TBP, SDHA, and RPII in cortical organoids, and the data

were visualized in a log2FC scale of 2 ΔΔCt relative to the average

of ΔCt of controls. Normal distribution of the data was assessed

with Shapiro–Wilk test. Statistical comparison was made with Stu-

dent's t-test or the Wilcoxon test.

2.18 | Preparation of neural organoids for
single-cell RNA sequencing

Eight to 10 neural organoids were washed in an abundance of warm

PBS and subsequently chopped into small pieces using a sterile blade.

The minced organoids were dissociated in 5 mL of DMEM/F-12

(ThermoFisher Scientific, 31330038) with freshly dissolved DNAse

(1/23 units/mL, Worthington LS006361) and papain (22 units/mL,

Worthington LS003118) by gently passing them through a 1 mL pipet

tip about 20 times, followed by incubation on an orbital shaker at

37 C with 5% CO2 for 10 min. Trituration and centrifugation were

repeated three times in total with the last incubation lasting 5 min.

After the final dissociation, the enzymes were inactivated by addition

of 2% FBS in DMEM/F-12. Cells were passed through a 40 μm mesh

and spun down for 5 min at 300 g. After removal of the superna-

tant and resuspension in 1 mL of DMEM/F-12 + 2% FBS, cells were

counted using an automated cell counter (Countess II). 1 106 cells

were fixed for 20 h at 4 C using 10x Fixation of Cells & Nuclei for

Chromium Fixed RNA Profiling, (10x Genomics) according to the man-

ufacturer's instructions.

2.19 | Preparation of scRNA-seq libraries

Single-cell suspensions from co-cultures were processed using Chro-

mium Next GEM Single Cell 30 Reagent Kit v3.1 (10x Genomics, Pleas-

anton, CA) according to the manufacturer's instructions by the Center

for Translational Genomics, Lund University. Suspension from 165D-

old organoids was fixed and processed using Chromium Fixed RNA

Kit (10x Genomics, Pleasanton, CA) according to the manufacturer's

instructions. In this case, a pre-defined set of probes is used to cap-

ture protein-coding genes, mitigating the risk of contamination by

ribosomal and mitochondrial genes and other highly abundant tran-

scripts. The concentration and quality of the libraries were measured

using Qubit dsDNA HS Assay Kit (Invitrogen) and Fragment Analyzer

HS NGS Fragment Kit (#DNF-474, Agilent).

The libraries were sequenced in paired-end dual indexing mode

with NovaSeq 6000 SP Reagent Kit v1.5 (100 cycles). Cell-specific

10x GEM Barcodes (16 bp) and molecule-specific UMIs (12 bp) were

contained within Read 1 (28 bp), and target sequence was contained

within Read 2 (90 bp). Details can be found in Table S3.
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2.20 | Data processing and analyses

Initial quality control of sequencing data was performed using FastQ

Screen (0.11.1, Wingett and Andrews (2018)). Sequences were

trimmed with TrimmomaticSE (0.36, Bolger et al. (2014)). STARsolo

(STAR 2.7.9a, Dobin et al. (2013)) was applied to align sequences to

human genome Homo sapiens GRCh38 (annotated with GENCODE

version 21). EmptyDrops (DropletUtils R package 1.16.0, Lun et al.

(2019)) with FDR ≤ 0.01 was used to filter out empty droplets.

The data were further processed using R programming language

(4.1.1 and 4.2.2, R Core Team (2022)) and the Seurat package

(4.1.0 and 4.3.0, Hao et al. (2021)). The data were SCTransformed and

integrated excluding mitochondrial and ribosomal genes prefixed by

MT- and RPS-/RPL-, if applicable (Chromium Fixed RNA Kit does not

contain probes for rRNA). Further, the data went through an iterative

process of quality control and filtering, including identification of dou-

blets with DoubletFinder (2.0.3, McGinnis et al. (2019)) and removal of

cells containing high levels of mitochondrial or contaminating tran-

scripts. In the co-culture dataset, the expression values were corrected

according to the contamination estimated by SoupX package (1.5.2,

Young and Behjati (2020)). Quality control process for both datasets is

summarized in Figures S1B–D and S6A,B.

NormalizeData(), ScaleData(), and SCTransform() Seurat functions

were used for normalization, scaling, and transformation. The data were

visualized with UMAP and FindNeighbors() and FindClusters() functions

were used to identify clusters. Cell cycle score was assigned to cells by

CellCycleScoring() function. FindAllMarkers() was used to identify cluster

markers using the default Wilcoxon test (Tables S4A, S7A, S8A). The

three cell groups identified in co-culture data (the AxD cell cluster, astro-

cytes, neurons) were clustered and analyzed separately, excluding mito-

chondrial and ribosomal genes. For the purposes of visualization in

Figure 1, the three cell groups were merged, while maintaining cluster-

ing labels from individual analyses. Also, the merged dataset entered the

analysis of cell–cell communication potential performed using CellChat

(1.6.1, Jin et al. (2021)) package. Unguided and cortical organoid data

were treated as separate datasets. Because of large difference between

cortical control and AxD obtained with standard processing, an addi-

tional integration step was applied to overlay similar cell populations. To

identify stressed cells originating in the organoid core, we applied the

recently introduced Gruffi package (0.7.4, Vértesy et al. (2022)) with

neurogenesis GO:0022008 set for negative filtering. Additionally, using

Seurat AddModuleScore() function, we visualized expression of stress-

related gene sets from the Gene Ontology database (Gene Ontology

Consortium, 2021) suggested by the authors of Gruffi—glycolysis

GO:0006096 and endoplasmic reticulum stress GO:0034976

(Figure S6E–H).

The differential expression analysis (DEA) was performed on the clus-

ters of interest using t-test in FindMarkers(logfc.threshold = 0, min.

pct = 0.1, test.use = “t”) function. The significance threshold for differen-

tially expressed genes (DEGs) was jlog2FCj > 0.65 and padj < 0.05 with

Bonferroni correction. The enrichment of Gene Ontology terms (Gene

Ontology Consortium, 2021) (biological process, molecular function, and

cellular component) was analyzed with clusterProfiler (4.2.2 and 4.4.4, Wu

et al. (2021)) package. The Gene Set Enrichment Analysis (GSEA) and

Overrepresentation Analysis (ORA) were implemented with functions

gseGO(ont = “ALL”, keyType = “ALIAS”, minGSSize = 3, maxGSSize =

800, pvalueCutoff = 0.1, pAdjustMethod = “BH”) and enrichGO(keyTy-

pe = “ALIAS”, OrgDb = org.Hs.eg.db, ont = “ALL”, pAdjustMethod = “fdr”,

pvalueCutoff = 0.1, minGSSize = 3). ORA of custom gene sets from Zeng

et al. (2023) was performed with enricher() function.

Top 10 markers of each co-culture cluster (the AxD cell cluster and

iAs: log2FC > 1, padj < 0.05; iNs: log2FC > 0.65, padj < 0.05) were pro-

jected on organoid UMAPs using Seurat::AddModuleScore() function.

Overlap of the co-culture and organoid data was calculated using clus-

terProfiler::enricher() function. Organoid cluster markers (broad markers

were considered: log2FC > 0.25, padj < 0.05) were supplied in the

TERM2GENE argument, and the enrichment was calculated separately

for each co-culture cluster. The results were summarized in a matrix

and a heatmap, where each row and its padj values correspond to one

enrichment analysis. NA padj values were replaced by 1, and for this

case the number of shared genes among cluster markers was set to 0.

2.21 | Proteomics

Single 150-day-old cortical organoids were lysed in 100 mM triethy-

lammonium bicarbonate buffer pH 8.5 and 0.2% n-Dodecyl β-D-

maltoside and resuspended thoroughly. Proteins were digested with

20 μg trypsin (Worthington) supplemented with 5 mM CaCl2 for 2 h

at 50 C. Peptides were fractionated in 8 pH fractions using strong

anion exchange (flow through, pH 11, 8, 6, 5, 4, 3, and 2) and dried in

vacuo. Peptides were cleaned using in-house manufactured C18

stagetip columns and eluates were dried in vacuo.

Samples were separated on a 20-cm pico-tip column (50 μm ID,

New Objective) packed in-house with C18 material (1.9 μm aquapur

gold, dr. Maisch) using a two-step 140-min gradient that was adjusted

slightly for each SAX fraction: (F1 and F2: 5%–24% ACN/0.2% FA in

80 min, and to 50% in 40 min; F3: 5%–27% ACN/0.2% FA in 80 min,

and to 50% in 40 min; F4: 6%–29% ACN/0.2% FA in 80 min, and to

52% in 40 min; F5: 7%–30% ACN/0.2% FA in 80 min, and to 55% in

40 min; F6: 8%–33% ACN/0.2% FA in 80 min, and to 58% in 40 min;

F7: 10%–34% ACN/0.2% FA in 80 min, and to 58% in 40 min) using an

easy-nLC 1200 system (Thermo Fisher Scientific). Peptides were

electro-sprayed directly into an Orbitrap Exploris 480 Mass Spectrome-

ter (Thermo Fisher Scientific). The column temperature was maintained

at 45 C using a column oven (Sonation). Spray voltage was set to

2.1 kV, funnel RF level at 60, and the transfer capillary temperature at

275 C. The FAIMS device was set at standard resolution and a carrier

gas flow of 3.8 and alternated between CV-45 and CV-65. The MS was

operated in DDA mode, and full scans were acquired with a resolution

of 120,000 and a scan range from 450 to 1200 m/z, with an AGC tar-

get of 300% and a maximum injection time of 50 ms. Most intense pre-

cursor ions were selected for fragmentation for 2 s at a normalized

collision energy (NCE) of 32%, after reaching the AGC target of 200%

or maximum injection time of 200 ms. MS/MS was acquired at a reso-

lution of 30,000, with an exclusion duration of 120 s.
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RAW data files were split into two based on their FAIMS com-

pensation voltages using FreeStyle 1.8 SP2 QF1 (Thermo Fisher Sci-

entific) and then processed with MaxQuant (1.6.3.4, Cox and Mann

(2008)), and MS2 spectra were searched with the Andromeda search

engine against the SwissProt protein database of H. sapiens spiked

with common contaminants. Methionine oxidation and protein N-term

acetylation were set as variable modifications. Trypsin was specified

as enzyme and a maximum of two missed cleavages was allowed. Fil-

tering was done at 1% false discovery rate (FDR) at the protein and

peptide level. Label-free quantification (LFQ) was performed, and

“match between runs” was enabled. The data were further processed

using Perseus (1.6.0.7, Tyanova et al. (2016)). Only proteins that were

identified in 3 out of 4 replicates in at least one condition were con-

sidered for further analysis. Empty values were imputed from a normal

distribution (width 0.3, down shift 1.8).

Differentially expressed proteins (DEPs) were identified with t-

test (FDR < 0.05; Table S9A). For correlation calculation, DEGs in

scRNA-seq dataset were determined in a pseudo bulk manner com-

paring control and AxD samples across all clusters simultaneously

(Table S9B). Correlation of DEGs with DEPs was calculated using

Pearson's correlation coefficient. Only genes present in the DEG as

well as the DEP set, with padj < 0.05, were used (2521 genes).

Enrichment of biological processes from the Gene Ontology data-

base among the upregulated and downregulated DEPs was calculated

using clusterProfiler (4.4.4) R package with the function enrichGO(key-

Type = “ALIAS”, OrgDb = org.Hs.eg.db, ont = “BP”, pAdjust-

Method = “fdr”, pvalueCutoff = 0.1, minGSSize = 5, maxGSSize = 800).

3 | RESULTS

3.1 | scRNA-seq reveals a population of less
differentiated cells in astrocyte-neuron co-cultures
containing AxD astrocytes

We differentiated AxD patient-derived iPS cells and their isogenic

controls (Battaglia et al., 2019) into induced astrocytes (iAs) and

induced neurons (iNs) using lentiviral transduction of Sox9 and Nfib

or Ngn2, respectively (Canals et al., 2018; Zhang et al., 2013)

(Figure S1A). To assess the effect of the GFAPR239C mutation on

the transcriptome at the single-cell level, we applied scRNA-seq on a

co-culture system of iAs and iNs. In individual co-cultures, we com-

bined iAs and iNs carrying either the corrected or the mutant GFAP

gene, resulting in fully corrected co-cultures (astroC/neuroC), fully

mutant co-cultures (astroAxD/neuroAxD), and a combination of

mutant iAs and corrected iNs (astroAxD/neuroC) (see experimental

setup in Figure 1a).

Using marker genes, the scRNA-seq data revealed two groups of

cells annotated as iNs and iAs. A third, AxD-specific cell population

(AxD cluster) appeared almost exclusively in astroAxD/neuroC and

astroAxD/neuroAxD co-cultures and was characterized by the

increased expression of epithelial markers (Figure 1b–d), including

CLDN7, CDH1, and EPCAM (Dong et al., 2018). Furthermore, Gene

Ontology (GO) enrichment analysis (Figure 1g and Table S4B,C) of the

AxD cluster markers showed differences in cell-substrate junction,

structural constituent of cytoskeleton, and cytoskeleton-dependent intra-

cellular transport. Levels of SOX9 and NFIB expression suggested that

the AxD cluster originated from iPS cells that had been induced into

astrocytes, rather than neurons (Figure S2E). To clarify the identity of

the AxD cluster, we performed an enrichment analysis using a refer-

ence study by Zeng et al. (2023), which had mapped early stages of

human gastrulation by scRNA-seq and therefore, constitutes a suit-

able resource of gene signatures defining cell populations during early

development. This analysis revealed a substantial overlap between

the AxD cluster markers and the markers of epithelial cells derived

from surface ectoderm, as defined by Zeng et al. (2023) (Figure S1E).

The enriched populations included diverse nonneural cell populations.

The simultaneous expression of epithelial, neuronal, and astrocyte

genes within the AxD cluster points to mixed identity of these cells

(Figure S2C). Together, these results imply a differentiation impair-

ment in co-cultures containing AxD astrocytes.

Within the iAs and iNs populations, multiple clusters with varying

abundance across samples were identified (Figure 1e, Figure S2,

Table S4A). Four astrocyte clusters (ASTRO 1–4) included mature

astrocytes (ASTRO 2) characterized by the expression of canonical

astrocyte markers GFAP and S100B (Figure S2A and Figure 1f). Cells

in the ASTRO 3 cluster expressed high levels of collagens, the increase

of which was reported in astrocytes in vitro (Heck et al., 2003).

ASTRO 1 and ASTRO 4 (Figure S2A) shared multiple markers that sug-

gested a lower degree of maturation (CRLF1, CD9, and ITGA7)

(Chaboub et al., 2016; Haas et al., 2017; Podergajs et al., 2016). The

ASTRO 4 cluster additionally expressed cell proliferation genes (e. g.,

NUSAP1 and MKI67). Clusters NEURO 1–3 represented different mat-

uration states of neurons (DCX, MAP2, NEFM, NEFL; Figure 1c,

Figure S2B). NEURO 1 markers included genes that are increased in

neuronal precursors (IGFBP2, FTL, SERF2, and VIM) (Freed et al., 2008;

Kirkcaldie & Dwyer, 2017; Shen et al., 2019). NEURO 3 shared some

of these markers and expressed also genes involved in hormone

secretion (PTH2, UCN, and TRH). Interestingly, while NEURO 1 was

more abundant in astroAxD/neuroAxD co-cultures (Figure 1e),

NEURO 3 was enriched in astroAxD/neuroC co-cultures, suggesting

unique gene expression signatures of corrected and AxD neurons in

co-cultures with AxD astrocytes. The NEURO 2 cluster, enriched

in astroC/neuroC co-cultures (Figure 1e, Figure S2B), was character-

ized by expression of NNAT, encoding for neuronatin, a proteolipid

membrane protein expressed in the developing brain (Pitale

et al., 2017), as well as SCG2, PCSK1, and SYT4 genes involved in neu-

ropeptide processing and secretion (Fischer-Colbrie et al., 1995;

Wang et al., 2017; Zhang et al., 2009), indicating their more differenti-

ated state compared to NEURO 1 and NEURO 3. The NEURO 4 clus-

ter was annotated as peripheral neurons (PHOX2B and ISL1) (Lin

et al., 2021) and was represented similarly across conditions. Overall,

the analysis of cell populations in the scRNA-seq co-culture data

showed the presence of a specific AxD cluster and an increased pro-

portion of less mature astrocytes and neurons in co-cultures that con-

tained AxD astrocytes.
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3.2 | Impaired astrocyte differentiation in
co-cultures containing AxD astrocytes

Since the single-cell transcriptomics data showed the presence of

less mature astrocytes and neurons in astroAxD/neuroC co-cultures,

we further characterized the cell populations by immunocytochemistry

using antibodies against MAP2 to visualize neurons, and antibodies

against vimentin to visualize astrocytes (Figure 2a). The astroC/neuroC

and astroAxD/neuroC co-cultures contained comparable numbers of

vimentin-positive astrocytes and MAP2-positive neurons (Figure 2b). The

density of undifferentiated cells (identified by their spherical morphology,

the lack of cellular processes and distinctly larger size than neurons) was

higher in co-cultures containing AxD astrocytes (Figure 2a,b). The propor-

tion of cells identified across both genotypes using immunofluorescence

was 9/7/0.5 (neurons/astrocytes/undifferentiated cells), while the

neuron/astrocyte/AxD cluster ratio was identified as 3/5/1 by scRNA-

seq (Figure 1b,d). This implies an increased loss of neurons during the

preparation of single-cell suspensions, as expected due to their more

fragile nature (Cuevas-Diaz Duran et al., 2022; Lafzi et al., 2018), resulting

in an overrepresentation of undifferentiated cells. GFAP immunolabeling

and cell quantification showed no statistically significant difference in the

number of GFAP-positive cells between astroC/neuroC and astroAxD/

neuroC (Figure 2c,d). As GFAP is expressed also in RG, we next quantita-

tively assessed selected morphological features of the GFAP-positive

cells. We found that GFAP-positive cells in co-cultures containing AxD

astrocytes exhibited lower circularity and a larger perimeter (Figure 2e),

indicative of a more RG-like morphology, that is, a less differentiated

astrocyte phenotype (Liour & Yu, 2003). Jointly, the immunocytochemical

analysis of the co-cultures indicated a lower degree of differentiation of

co-cultures containing AxD astrocytes.

F IGURE 1 Overview of the scRNA-seq dataset derived from astrocyte-neuron co-cultures. (a) Experimental design explaining co-culture
compositions and conditions entering the scRNA-seq analysis. (b) UMAP plot showing three main cellular populations and their clusters across all
six samples. AxD cluster: n = 2558, iAs: n = 6855, iNs: n = 4604 (c) Dotplot with selected marker genes of the cluster of the AxD cluster, iAs,
and iNs. Wilcoxon test with Bonferroni correction was used to determine marker genes. (d, e) Proportional barplots showing higher abundance of
the population of the AxD cluster and less mature cells in astroAxD/neuroC and astroAxD/neuroAxD samples. Oxygen–glucose deprivation
(OGD) challenge did not significantly reflect in population proportions. (f) Violin plot showing that GFAP was expressed predominantly in the
ASTRO 2 cluster. (g) Overrepresentation analysis results showing top five upregulated and downregulated GO terms distinguishing the AxD
cluster from iAs and iNs (padj < 0.1, false discovery rate (FDR) was used to correct for multiple comparisons). astroC/neuroC, corrected co-
cultures; astroAxD/neuroC, co-cultures with AxD astrocytes and corrected neurons; astroAxD/neuroAxD, co-culture with AxD astrocytes and
neurons; AxD, Alexander disease; CTRL, control without OGD challenge; GO, gene ontology; iAs, induced astrocytes; iNs, induced neurons; OGD,
oxygen–glucose deprivation.
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3.3 | The AxD mutation affects the development
and interactions of iAs and iNs

To identify the effect of the GFAPR239C mutation on gene expression

in individual cell types in the co-culture systems, we performed DEA.

First, we took advantage of the astroAxD/neuroC co-cultures, where

only astrocytes carry the GFAP mutation. The mutant GFAP astrocytes

downregulated genes such as GFAP, S100B, ACAN, and PTPRZ1, indi-

cating impaired astrocyte differentiation. The upregulation of metal-

lothioneins MT2A and MT1X suggested an increased stress response

(Juárez-Rebollar et al., 2017; Ruttkay-Nedecky et al., 2013) in astro-

AxD/neuroC co-cultures (Figure 3a,b). These genes were differentially

expressed in AxD astrocytes regardless of the genotype of the co-

cultured neurons (Figure 3b, Table S5A). In total, we identified

21 upregulated and 26 downregulated genes shared between the two

comparisons (i.e., astroAxD/neuroC vs. astroC/neuroC and astroAxD/

neuroAxD vs. astroC/neuroC, Figure S4A). Importantly, assessing the

gene expression changes in neurons, we found that regardless of

the neuronal genotype, the AxD astrocytes affected expression of

neuronal genes (Figure 3a,b, Figure S4A, Table S5C). The downregu-

lated genes included NNAT involved in development and calcium sig-

naling (Pitale et al., 2017) and glutathione S-transferase GSTP1. The

genes upregulated in AxD astrocyte-containing co-cultures included

genes participating in oxidative stress response (STC1, Bonfante et al.

(2020)), ion channel function (S100A10, Seo and Svenningsson

(2020)), protein aggregation (SERF2, Stroo et al. (2023)), ubiquitination

(UBA52, Kobayashi et al. (2016)), and mitochondrial function (ATP5I,

UQCR11).

To assess whether the genotype of neurons affected the mutant

GFAP astrocytes, we analyzed differential gene expression between

astrocytes from astroAxD/neuroC and astroAxD/neuroAxD co-

cultures (Figure S4B, Table S5A). This comparison revealed several

genes downregulated in astroAxD/neuroAxD co-cultures, including

VGF nerve growth factor inducible (VGF) and synaptotagmin 4 (SYT4).

These differences were reflected in GO enrichment analysis as

synapse and cell–cell signaling (Figure S4C, Table S5B). Addressing

the difference between AxD and corrected isogenic control neurons

co-cultured with AxD astrocytes, we found upregulation of neurode-

velopmental genes (SOX4 and PCDH17) (Braccioli et al., 2018;

Peek et al., 2017) and the mature neuronal marker gene (NEFM) in

astroAxD/neuroAxD. AxD neurons showed also downregulation of

genes coding for neuropeptides (CRH, TAC1, PTH2, and UCN), synaptic

proteins (SYT4), and genes involved in hormone secretion (TRH, SCG5)

(Figure S4B, Table S5C). Thus, both comparisons suggested altered

cell–cell communication between astrocytes and neurons in astroAxD/

neuroAxD co-cultures, possibly due to immaturity of AxD neurons.

Given the indications of cell–cell interaction changes in AxD co-

cultures, we further focused on the astroAxD/neuroC co-cultures and

investigated the cell–cell interaction potential of the AxD cluster, iAs,

and iNs using the CellChat analysis (Jin et al., 2021). We identified

increased number and strength of interactions in astroAxD/neuroC

co-culture compared to astroC/neuroC (Figure 3c), involving

F IGURE 2 Immunocytochemistry identified less mature cells in astroAxD/neuroC co-cultures. (a) Co-cultures of iAs and iNs were labeled
with antibodies against MAP2 (red), vimentin (green), and nuclei were visualized with DAPI (blue). Arrows point to undifferentiated cells; scale
bar, 50 μm. (b) Number of undifferentiated cells, MAP2+, and vimentin+ cells. n = 5, 4, and 5 independent sets of astroC/neuroC and astroAxD/
neuroC cultures. Wilcoxon test (undifferentiated cells) and t-test (MAP2, vimentin) were used for statistical comparison. (c) Representative image
of GFAP+ astrocytes (GFAP, green; DAPI, blue); scale bar, 20 μm. (d) Number of GFAP+ astrocytes, n = 3 independent sets of astroC/neuroC and
astroAxD/neuroC cultures. T-test was used for statistical comparison. (e) Circularity and perimeter of GFAP+ signal for individual astrocytes
(astroC/neuroC: n = 55, astroAxD/neuroC: n = 55). Wilcoxon test was used for statistical comparison. ns: not significant, **p ≤ 0.01;
****p ≤ 0.0001. In b, d, and e Shapiro–Wilk test was used for normality assessment. astroC/neuroC, corrected co-cultures; astroAxD/neuroC,
co-cultures with AxD astrocytes and corrected neurons; iAs, induced astrocytes; iNs, induced neurons.
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specifically the AxD cluster. As the CellChat analysis controlled for

different size of cell clusters, this suggested an increased signaling

activity of the AxD cluster. The ASTRO 2 cluster representing mature

astrocytes was less involved in cell communication in astroAxD/neu-

roC. The ASTRO 4 cluster contained very few cells for any ligands and

receptors to be reliably detected. Multiple pathways were dysregu-

lated in astroAxD/neuroC compared to astroC/neuroC (Figure 3d).

For instance, astroAxD/neuroC upregulated RELN and EGF pathways.

RELN expression was activated in the NEURO 2 cluster, and astro-

cytes and the AxD cluster expressed RELN receptors ITGA3 and ITGB1

(Figure 3e, Figure S3B). The interactions between reelin and integrins

participate in neuronal migration along RG during corticogenesis

(Belvindrah et al., 2007; Dulabon et al., 2000). Thus, these results

indicate that the isogenic control neurons signal to AxD astrocytes,

targeting mainly their less differentiated, more RG-like states, while

such interactions with less differentiated astrocytes were absent in

the astroC/neuroC and astroAxD/neuroAxD co-cultures (Figure 3e,

Figure S3C,D). EGF signaling (HBEGF/AREG-(EGFR+ERBB2)), which

has a prominent role in gliogenesis (Zhang et al., 2023), was enhanced

in the astroAxD/neuroC AxD cluster (Figure 3e, Figure S3A,B). EGFR+

progenitor cells are present in the developing cortex around the

period of the gliogenic switch (Fu et al., 2021), and therefore, the

increased EGF signaling potential in the astroAxD/neuroC AxD cluster

would be compatible with delayed or halted differentiation of the

AxD cluster. Other pathways associated with astrogenesis (Voss

et al., 2023; Zarei-Kheirabadi et al., 2020) and mediating communica-

tion between astrocytes and neurons in astroC/neuroC were absent in

astroAxD/neuroC (Figure 3e). These included FGF (pair FGF2-FGFR1),

F IGURE 3 Results of differential expression analysis of iAs and iNs and cell–cell interaction analysis. (a) Volcano plot showing DEGs
between astroC/neuroC and astroAxD/neuroC astrocytes and neurons (jlog2FCj > 0.65 and padj < 0.05, t-test was used to calculate DEGs,
Bonferroni correction was used to correct for multiple comparisons). (b) Heatmap shows expression of DEGs shared between comparisons
of astroC/neuroC with astroAxD/neuroC and with astroAxD/neuroAxD. (c) Differential number of interactions (top) and differential
interaction strength (bottom) between astroC/neuroC and astroAxD/neuroC defined by CellChat analysis (red—increase in astroAxD/
neuroC, blue—decrease in astroAxD/neuroC). (d) Information flow chart from the CellChat analysis of cell–cell interactions presents the
pathways identified in both conditions. Significantly dysregulated pathways (paired Wilcoxon test, p-value < 0.05) are highlighted in colors
(red—increase in astroAxD/neuroC, blue—decrease in astroAxD/neuroC). (e) Heatmap divided to outgoing (ligands) and incoming
(receptors) signaling patterns shows selected neurodevelopmental and astrogenesis-related pathways that were changed in astroAxD/
neuroC compared to astroC/neuroC co-cultures. astroC/neuroC, corrected co-cultures; astroAxD/neuroC, co-cultures with AxD astrocytes
and corrected neurons; astroAxD/neuroAxD, co-culture with AxD astrocytes and neurons; AxD, Alexander disease; DEGs, differentially
expressed genes; iAs, induced astrocytes; iNs, induced neurons.
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TGFb (ligands TGFB1 and TGFB2), and LIFR (LIF-(LIFR+IL6ST),

CLCF1-(CNTFR+LIFR)) (Figure 3e, Figure S3A). Additionally, in astroC/

neuroC, we detected the ASTRO 1 immature astrocytes, more mature

ASTRO 2 astrocytes, and NEURO 2 as the main senders and receivers

of the non-canonical WNT (ncWNT) signaling (mainly WNT5B-FZD3/

FZD6). In astroAxD/neuroC this pathway was enhanced in the

AxD cluster. Similarly, the cells of the AxD cluster were also the

main recipients of NOTCH signaling coming from neuronal clusters

(mainly DLL3-NOTCH2) (Figure 3e, Figure S3A,B). Both the ncWNT

and Notch signaling play an important role in neurodevelopment,

with WNT5B participating in cytoskeleton rearrangement, mechano-

sensing, and neural tissue patterning (Suthon et al., 2021) and Notch

maintaining the pool of progenitors and being dependent of astrocyte

intermediate filaments (Lampada & Taylor, 2023; Suthon et al., 2021;

Wilhelmsson et al., 2012).

Together, these results support the concept of impaired astro-

cyte differentiation and point to an increased stress level in mutant

GFAP co-cultures. Moreover, neuronal development was found to be

affected by iAs with the AxD mutation, and the cell–cell interaction

analysis showed the absence of or impaired signaling potential

related to astrogenesis and neurodevelopment in astroAxD/neuroC

astrocyte-neuron co-cultures.

3.4 | OGD challenge enhances the effect of the
AxD mutation

To investigate the susceptibility and adaptation of the co-cultures to

stress, we subjected them to a mild OGD challenge for 4 h followed

by a 16 h long recovery period (Figure 4a). Cell death measured 2 h

after the challenge as a release of lactate dehydrogenase (LDH) indi-

cated no OGD-induced cell death in astroC/neuroC co-cultures, while

in astroAxD/neuroC co-cultures an increase in OGD-induced cell

death was found (Figure 4b).

We collected and analyzed samples after the recovery period and

performed scRNA-seq. The OGD challenge was not significantly

reflected in population proportions (Figure 1d,e). To address the effect

of OGD on individual cell types, we performed DEA comparing the con-

trol (unchallenged) and the respective OGD samples in astroC/neuroC

and astroAxD/neuroC co-cultures. In corrected iAs and iNs, no genes

were differentially expressed (Figure 4c), and only a single differentially

expressed gene was detected in the corrected cells within the AxD clus-

ter. In contrast, several genes were downregulated in OGD in all three

cell populations in the astroAxD/neuroC co-cultures (Figure 4c,

Figure S4D, Table S6A). The most affected cell type appeared to be the

cells of the AxD cluster. In these cells 14 genes were downregulated

after the OGD challenge. Using gene set enrichment analysis (GSEA) we

identified an upregulation of the GO terms cell adhesion molecule binding,

anchoring junction, and plasma membrane region (Figure S4E, Table S6B),

and a downregulation of GO terms related to mitochondrial function

and respiration (e.g., mitochondrial protein-containing complex, cellular res-

piration), which might reflect the increased sensitivity of cells of the AxD

cluster to the OGD challenge.

The analysis of cell–cell interactions with CellChat showed that

18 signaling pathways were exclusively upregulated in astroAxD/neuroC

co-cultures after OGD and recovery, compared to the astroAxD/neuroC

co-cultures without OGD (Figure 4d,e), many with cells of the AxD clus-

ter and immature astrocytes as signal sending or signal receiving cells.

These included TGFβ-related pathways (ACTIVIN, TGFb, and BMP),

along with neuregulin (NRG) signaling previously linked to the differenti-

ation of RG into astrocytes (Schmid et al., 2003) (Figure 4f). In astroC/

neuroC co-cultures, only three pathways were exclusively detected after

OGD and recovery, including PDGF signaling, specifically PDGF-C

astrocyte-astrocyte signaling via PDGFRα (Figure 4g,h). Interestingly, the

PDGF-C signaling to PDGFRα, which was previously associated with the

astrocyte response to stress (Miyata et al., 2014), was absent in astro-

AxD/neuroC co-cultures, indicating reduced adaptation of AxD

astrocytes to OGD-induced stress.

3.5 | scRNA-seq reveals altered differentiation in
AxD unguided neural organoids

The differentiation defect observed in GFAP-mutant astrocyte-neuron

co-cultures prompted us to investigate the effect of the GFAPR239C

mutation in an organoid model, which better mimics the in vivo devel-

opment. To do so, we generated unguided neural organoids (Lancaster

et al., 2013; Ormel et al., 2018) from the same AxD iPS cells and their

isogenic corrected controls as were used for the astrocyte-neuron co-

cultures. We cultured the organoids until Day 165, by which time sev-

eral cell populations, including astrocytes and neurons, had emerged,

and subjected them to scRNA-seq (Figure S5A). Using marker genes,

we annotated 20 cell populations (Figure 5a,b, Figure S6C, Table S7A),

including cell types of the neural lineage, such as RG (PAX6, SOX2), pre-

oligodendrocyte progenitor cells (pre-OPCs; OLIG1, EGFR, DLL3) (Van

Bruggen et al., 2022), intermediate progenitors (EOMES) (Kanton

et al., 2019), and CNS excitatory neurons (NEUROD2, NEUROD6, and

GRIA2) (Kanton et al., 2019). We also identified a peripheral neuron-like

population (PHOX2B, PRPH, and ISL1) (Lin et al., 2021), a population of

choroid plexus cells (TTR, TRPM3, and CA2) (Pellegrini et al., 2020), and

a population of astrocytes expressing GFAP, S100B, and FOXJ1

(Jacquet et al., 2009; Li, Floriddia, et al., 2018). We detected cells of

mesodermal origin, that is, mesenchymal-like cells/fibroblasts (DCN

and COL1A1) (Pfau et al., 2024), satellite cells (MYF5and PAX7)

(Motohashi & Asakura, 2014), muscle cells (MYOG and TNNT2) (Liu

et al., 2012), and mesothelial cells (LRRN4 and UPK3B) (Kanamori-

Katayama et al., 2011). Additionally, there were populations of epithe-

lial cells (EPCAM and ELF3) (Dong et al., 2018), pancreatic-like acinar

cells (CLPS, CTRB1, CTRB2 and CPA2) (Ma et al., 2023), and a cluster of

cells characterized by increased glycolysis and endoplasmic reticulum

stress (VEGFA, DDIT4; Figure S6E,F), known to originate in the organoid

center where there is a limited supply of nutrients and oxygen (Vértesy

et al., 2022). RT-qPCR of control and AxD unguided neural organoids

revealed reduced expression of markers of choroid plexus cells

(TRPM3), and neurons (PHOX2B), and increased expression of markers

of muscle cells (MYF5), and pancreatic acinar cells (CLPS) in the AxD
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organoids, reflecting changes in the abundance of the cell populations

as detected by scRNA-seq (Figure S7A).

Importantly, the AxD unguided neural organoids showed only very

small number of peripheral neurons, astrocytes, pre-OPCs, and choroid

plexus cells, and they were enriched for the acinar cells and the

mesenchymal-like populations (Figure 5a), suggesting an altered differ-

entiation trajectory in AxD organoids. To explore the potential cause of

the differentiation defect, we focused on the progenitors giving rise to

neurons as well as astrocytes, and we performed DEA on the clusters of

RG comparing AxD and control unguided organoids (Figure 5c,

Table S7B). The DEGs downregulated in AxD RG included neuronal

markers GAP43 and STMN2, which were also reflected in GO enrich-

ment analysis as axonogenesis and regulation of neuron projection

development (Figure 5c, Table S7C,D). Interestingly, outer RG

markers MOXD1 and HOPX were upregulated in AxD RG, along with

pancreatic genes CLPS and REG3G. Integrin binding, epithelial cell pro-

liferation, and gliogenesis belonged to the GO terms upregulated in

AxD RG. In addition, DEA of the neuronal clusters showed dysregu-

lation of several protocadherin genes (e.g., PCKDHA2, PCDHGA8,

and PCDHGB6) that play a role in neurodevelopment (Peek et al.,

2017), as well as pancreatic genes CLPS and REG3G (Figure 5c,

Table S7E). The GO enrichment analysis of neuronal DEGs showed

upregulation of homophilic cell adhesion via plasma membrane adhe-

sion molecules and downregulation of regulation of neurogenesis in

AxD unguided organoids (Table S7F,G).

Immunofluorescence analysis showed the presence of GFAP+

cells in both control and AxD unguided neural organoids (Figure 5d).

To assess the abundance of astroglial cells between control and AxD

organoids, we performed immunocytochemistry for both GFAP and

S100B, another marker of astrocytes (Haan et al., 1982). The AxD

F IGURE 4 The OGD challenge enhanced the effect of the GFAP mutation in the AxD cluster. (a) A scheme of the timeline of the OGD
challenge. (b) LDH assay measuring cell death showed increased LDH release in OGD astroAxD/neuroC co-culture compared to OGD astroC/
neuroC and astroAxD/neuroC without stress, n = 6 sets of cultures of CTRL and OGD, astroC/neuroC and astroAxD/neuroC. T-test was used
for statistical comparison, Shapiro–Wilk test was used for normality assessment, *p < 0.05. (c) Heatmap summarizing numbers of DEGs showing
that the AxD cluster was the most affected by the OGD challenge (jlog2FCj > 0.65 and padj < 0.05; t-test with Bonferroni correction). (d, e)
Information flow chart showing pathways affected by the OGD challenge in astroC/neuroC (d) and astroAxD/neuroC (e) co-cultures. Significant
change is marked by colors: red—increased in OGD, blue—decreased in OGD; paired Wilcoxon test, p-value < 0.05. Arrows highlight pathways
included in panels f–h. (f) Heatmap of selected pathways that are enriched in astroAxD/neuroC co-cultures after OGD challenge. (g) Ligand-
receptor pairs of three pathways uniquely enriched in astroC/neuroC co-cultures after OGD. Clusters of senders and receivers are distinguished
by colors. (h) Detailed heatmap of PDGF signaling pathway shows roles of individual clusters in this signaling based on statistical and network
analysis by CellChat. astroC/neuroC, corrected co-cultures; astroAxD/neuroC, co-cultures with AxD astrocytes and corrected neurons; AxD,
Alexander disease, CTRL, control co-culture without stress; DEGs, differentially expressed genes; iAs, induced astrocytes, iNs, induced neurons;
LDH, lactate dehydrogenase; L-R pairs, ligand-receptor pairs; OGD, oxygen–glucose deprivation.
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organoids showed a reduction in the GFAP immunoreactivity (Figure 5d),

a finding supporting the transcriptomics data that showed a reduced

number of astrocytes in AxD organoids. Together, these results suggest

that in the AxD unguided organoids, mesodermal and endodermal

differentiation was favored, while the neuroectoderm-derived cells

failed to achieve the same degree of differentiation as they did in

control organoids.

3.6 | scRNA-seq and proteomics analyses reveal
altered differentiation of AxD cortical organoids

Since unguided neural organoids are characterized by their relatively

wide differentiation capabilities, we aimed to investigate whether the

neural lineage commitment defect in AxD organoids could be rescued

by dual SMAD inhibition (inhibition of BMP and TGFβ pathways), a

F IGURE 5 GFAP mutant unguided neural organoids partially diverged their differentiation into other than neuroectodermal lineage and did

not develop astrocyte-like cells. (a) UMAP plot showing various cell types that were identified in 165 days old unguided organoids, split to
conditions. Legend includes a barplot depicting abundance (absolute cell counts) of clusters in each condition (top bar = CTRL, bottom
bar = AxD). (b) Selected markers highlighting clusters of neuroectodermal lineage, as well as off-target populations that were overrepresented in
AxD organoids. (c) DEA was performed on clusters of radial glia (in a highlighted with a magenta rectangle) and neuronal clusters (in a highlighted
with a green rectangle) comparing CTRL and AxD. Volcano plots show DEGs (jlog2FCj > 0.65 and padj < 0.05; t-test with Bonferroni correction).
GO overrepresentation analysis was performed on the DEGs, with FDR used to correct for multiple comparisons and padj < 0.1 used as
significance threshold for the results. (d) Immunofluorescent microscopy images showing a Hoechst (nuclei), GFAP, and S100B staining of Day
165 CTRL and AxD unguided organoids. Scale bar, 50 μm. AxD, Alexander disease; CTRL, control; DEA, differential expression analysis; DEGs,
differentially expressed genes; FDR, false discovery rate; GO, gene ontology; log2FC, log2 fold change; padj, adjusted p-value; pre-OPCs, pre-
oligodendrocyte progenitor cells.
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method known to induce neuroectoderm and generate cortical orga-

noids (Yoon et al., 2019). We generated AxD and isogenic control

cortical organoids and performed scRNA-seq on 165 days old

organoids (Figure S5A). This revealed, as expected (Yoon

et al., 2019), a lower diversity of cell populations compared to

unguided neural organoids (Figure 6a,b, Figure S6D,G,H, Table S8A).

F IGURE 6 Legend on next page.
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We identified cell populations representing outer radial glia (oRG)/

astrocytes (TNC, HOPX, FABP7, SOX9, and AQP4), and neurons at dif-

ferent stages of maturation (DCX, STMN2, and GRIA2). AxD neuronal

populations were strongly reduced and the neurons that did develop

lacked expression of the forebrain marker FOXG1 (Figure 6c). The

AxD cortical organoids lacked pre-OPCs (GSX2, ASCL1, EGFR,

SMOC1, and HES6) (Van Bruggen et al., 2022), were strongly

enriched for RG (SOX2 and PAX6), and, in contrast to control orga-

noids, contained proliferating RG (TOP2A and MKI67). We observed

nonneural differentiation in AxD cortical organoids. For example,

compared to controls, the AxD cortical organoids contained much

larger populations of mesenchymal-like (DCN) and muscle cells

(TNNT2; Figure 6a), indicating a differentiation defect as observed in

the AxD unguided neural organoids.

To address how the development of astrocytes was affected in

AxD cortical organoids, we performed DEA on the AxD and control

oRG/astrocyte populations (Figure 6d, Table S8B). The most promi-

nently downregulated genes in AxD included synaptic protein NRXN1,

neurogenesis marker NNAT, forebrain transcription factor FOXG1, and

astrocyte markers NCAN, BCAN, FABP7, and AQP4. Importantly, glio-

genic transcription factors SOX9 and NFIB were also downregulated in

AxD oRG/astrocyte population. Among the upregulated genes in AxD

cortical organoids were CHL1, encoding a neural cell adhesion protein,

extracellular matrix components FN1 and SPARCL1, and retinol bind-

ing CRABP2. The upregulated genes in AxD cortical organoids were

reflected in GO enrichment analysis as collagen-containing extracellular

matrix, endoplasmic reticulum lumen, and axonogenesis, whereas the

downregulated GO terms included gliogenesis, forebrain development,

and cell fate commitment (Figure 6d, Table S8C,D). We validated these

findings with RT-qPCR, detecting a decrease in the expression of neu-

rodevelopmental genes (NCAN and NNAT) and gliogenesis-related

genes (AQP4 and NFIA), and an increase in the expression of muscle

cell marker TNNT2 (Wei & Jin, 2016) (Figure S7B). The CellChat analy-

sis performed on cell populations of neural lineage in the cortical

organoids showed—similar to co-cultures of AxD astrocytes and iso-

genic corrected neurons after OGD challenge—dysregulation of TGFβ

signaling (represented by ACTIVIN, TGFb) in AxD organoids

(Figure S7C,D). PDGF signaling (PDGFD and PDGFA via PDGFRB)

was downregulated in AxD organoids and did not involve the

oRG/astrocyte cluster as signal senders. Other dysregulated pathways

included EGF, NOTCH (ligands DLL1/3 and JAG1 and receptors

NOTCH1-3), FGF, RELN, HH (Hedgehog), and the ncWNT pathways,

pointing to a developmental impairment in AxD organoids.

To determine differences in protein abundance between control

and AxD cortical organoids, we performed mass spectrometry on 150-

day-old cortical organoids. Comparison of transcriptomic and

proteomic data showed a significant positive correlation between the

DEGs and DEPs (Pearson's correlation coefficient = 0.67, p-value <

2.2 10 16; Figure 6e, Table S9A,B). Among the upregulated proteins

in the AxD cortical organoids, we identified several myosins and other

muscle-related proteins, such as desmin (Figure 6e,f, Figure S7E).

Lamin A/C was also upregulated in AxD organoids. The upregulation

of lamin A/C was reported in both rat and Drosophila models of AxD

as well as in human AxD tissue (Hagemann et al., 2021; Wang

et al., 2018), and it can also reflect higher abundance of muscle cells in

AxD organoids (Röber et al., 1989). In line with the observation of

impaired astrogenesis and neurogenesis, we identified GFAP, AQP4,

SOX2, and the neuronal proteins α-internexin, neurofilament light

chain (NF-L) and neurofilament medium chain (NF-M) as less abundant

in AxD cortical organoids (Figure 6f). The DEPs reflected in GO enrich-

ment analysis as synapse and neuronal function-related terms (e.g.,

neuron development, synaptic signaling) were downregulated in AxD

cortical organoids, while muscle development-related terms were

upregulated (Figure S7F). Overall, the proteomics data revealed a

reduced abundance of neural proteins and an increase of muscle pro-

teins, thereby confirming the transcriptomics data and supporting the

concept of a reduced neural differentiation and off-target differentia-

tion into muscle cells.

F IGURE 6 GFAP mutant cortical organoids showed delayed development and were enriched for mesoderm-derived cell populations.
(a) UMAP plot showing various cell types that were identified in 165 days old cortical organoids, split to conditions. Legend includes barplot
depicting abundance (absolute cell counts) of clusters in each condition (top bar = CTRL, bottom bar = AxD). (b) Selected markers highlighting
clusters of neuroectodermal lineage, as well as off-target populations that were overrepresented in AxD organoids. (c) Expression plot of
telencephalic marker FOXG1 showing only limited expression in neuronal clusters in the AxD organoids. (d) DEA was performed on the cluster
of oRG/astrocytes (in a highlighted with magenta rectangle) comparing CTRL and AxD. Volcano plot shows DEGs (jlog2FCj > 0.65 and padj < 0.05;
t-test with Bonferroni correction). GO overrepresentation analysis was performed on DEGs with FDR used to correct for multiple comparisons
and padj < 0.1 used as significance threshold for the results. Top five upregulated and downregulated terms are shown in the dotplot. (e) DEGs
(padj < 0.05) and DEPs (FDR < 0.05) were plotted against each other, with fitted line, Pearson's correlation coefficient (r) and statistical
significance. Myosin genes are highlighted in red, selected neuronal genes are highlighted in blue, and other genes of interest are highlighted in
green. (f) Normalized intensities of selected proteins were compared in CTRL and AxD organoids using t-test; ns: not significant, *p ≤ 0.05;
**p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001. (g) Immunofluorescent microscopy images showing SOX9, DCX, FOXG1, and TNNT2 for Day 165 CTRL

and AxD cortical organoids. Nuclei are stained by Hoechst; scale bar, 100 μm. (h) Quantification of immunofluorescent signal of SOX9 and
FOXG1 proteins in ratio to nuclei staining with Hoechst. Data points represent three images taken from three individual organoids. DCX
integrated density was measured from four organoids per genotype and presented as integrated density per μm2. No difference in the Hoechst
signal was observed. Shapiro–Wilk test was used to determine normal distribution of the data Wilcoxon test (SOX9, FOXG1) and t-test (DCX)
were used to compare CTRL and AxD samples. AxD, Alexander disease; CTRL, control; DEA, differential expression analysis; DEGs,
differentially expressed genes; DEPs, differentially expressed proteins; FDR, false discovery rate; GO, gene ontology; log2FC, log2 fold change;
oRG, outer radial glia; padj, adjusted p-value; pre-OPCs, pre-oligodendrocyte progenitor cells.
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To compare the number of astroglial cells between control and

AxD cortical organoids, we performed immunocytochemistry using

antibodies against SOX9, a marker of astrocytes and RG (Sun

et al., 2017). The AxD cortical organoids showed a reduction in the

SOX9+ immunoreactivity (Figure 6g,h), which is consistent with

the transcriptomics results showing a prominent reduction in the

number of astrocytes in AxD cortical organoids. Immunocytochemical

analysis with antibodies against DCX, an early neuronal marker

(Sarnat, 2015), showed decreased DCX immunoreactivity in AxD

compared to control organoids (Figure 6g,h). This implicates that

astrogenesis and neurogenesis are both decreased in AxD organoids.

In comparison to control organoids, AxD organoids exhibited fewer

cells positive for the forebrain marker FOXG1 (Hou et al., 2020)

(Figure 6g,h), and a higher number of cells positive for the muscle

marker TNNT2 (Figure 6g).

Taken together, scRNA-seq, proteomics and immunocytochemistry

showed a decrease in neural differentiation and an altered lineage com-

mitment trajectory in AxD cortical organoids, complementing the previ-

ous observations of abnormal neurodevelopment in AxD unguided

neural organoids and in AxD co-cultures.

3.7 | Co-culture clusters resemble the cell
populations in unguided neural organoids and cortical
organoids

Given that the astroAxD/neuroC co-cultures, AxD unguided neural

organoids, and AxD cortical organoids all showed impaired differentia-

tion of astrocytes and neurons, we explored the similarity of the cell

populations and the effect of the GFAPR239C mutation across the

models. We projected the top 10 co-culture cluster marker genes on

the unguided neural and cortical organoid UMAPs (Figure S8A–C) and

we also identified marker genes overlapping between co-culture clus-

ters and all the organoid cell populations (Figure S8D,E).

In the unguided neural organoid dataset, co-culture clusters

including mature ASTRO 2, NEURO 2, and peripheral NEURO

4 shared several marker genes with the organoid populations of

astrocytes (S100B, FABP7, and GFAP), neurons (NNAT and SCG2),

and peripheral neurons (ISL1, PRPH, and PHOX2B). Interestingly,

immature ASTRO 1 showed similarities not only to the organoid

astrocytes (CD9, CRIP2, and CLU), but also to the mesenchymal-like

population (ELN, HSPB6, MGP, and COL6A2). We also found that the

AxD cluster mapped to the populations of epithelial (KRT81, EPCAM,

JUP, SAT1, and ELF3) and mesothelial cells (KRT19, CDH3, SDC4, and

DSG2), sharing several genes with the pancreatic-like acinar cells

(KRT18, KRT8, DSP, FLNB, and LAMA5), which are also of epithelial

origin (Ma et al., 2023) (Figure S8B,D).

We also overlapped the astrocyte-neuron co-culture clusters and

cell populations of cortical organoids and found that the AxD cluster

and clusters of less mature ASTRO 1 in co-cultures mapped to RG

(SLC2A3, SLC2A1 and NGFR, CLU, respectively), oRG glia/astrocytes

(APOE, EGFR in the AxD cluster and CD9 in both) and to the cell popu-

lations that exhibited an aberrant differentiation and were enriched in

AxD cortical organoids (FN1, PLEC and COL6A2, ITGA7) (Figure S8C,E).

Although the ASTRO 2 signature appeared more scattered, since the

control cortical organoids largely lacked mature astrocytes, it was

enriched in oRG/astrocyte (COL11A1, CRYAB, DBI, and SIRT2) and RG

populations (FABP7, PTPRZ1, and ID4). Despite the lack of shared

marker genes, the mature NEURO 2 signature was detected mostly in

neuronal clusters of the control cortical organoids, and the signature

of immature NEURO 1 was localized to AxD-enriched RG and

mesenchymal-like and muscle cells in organoids.

Overall, these data indicate an aberrant differentiation of astrocytes

and neurons in three different AxD models derived from AxD patient iPS

cells carrying the GFAPR239C mutation, potentially pointing to a new

unexplored pathophysiological mechanism in AxD patients.

4 | DISCUSSION

AxD is a devastating disorder caused by mutations in GFAP, with no

effective treatment available. Apart from the recently introduced rat

model (Hagemann et al., 2021), other animal models do not fully reca-

pitulate AxD pathology or require simultaneous presence of the AxD

mutation and an overexpression of normal GFAP (Hagemann, 2022).

Patient iPS cell-derived models allow to study AxD pathogenesis in a

human model system. Previously, these models were shown to reca-

pitulate some neuropathological hallmarks of AxD including RFs

(Battaglia et al., 2019; Canals et al., 2018; Jones et al., 2018; Kondo

et al., 2016; Li, Tian, et al., 2018), revealed abnormal organelle mor-

phology and distribution (Jones et al., 2018), shed some light on the

impact of AxD astrocytes on oligodendrocytes (Li, Tian, et al., 2018),

and suggested a role of GFAP hyperphosphorylation in AxD pathology

(Battaglia et al., 2019). In this study, we used an existing patient-

derived iPS cell line carrying the GFAPR239C mutation and its respec-

tive isogenic control cell line (Battaglia et al., 2019) to generate an

astrocyte-neuron co-culture system that combines isogenically cor-

rected neurons with AxD astrocytes. We also generated unguided

neural organoids and cortical organoids from the same AxD and cor-

rected control iPS cell line. In all three systems, we observed a distinct

differentiation phenotype pointing to the effect of the GFAPR239C

mutation on neural development.

Astrocyte intermediate filaments positively contribute to the ability

of astrocytes to handle various stresses (Pekny & Lane, 2007; Ridge

et al., 2022), including mechanical, ischemic, and hypoxic stress

(De Pablo et al., 2013, Ding et al., 1998, Li et al., 2008, Lundkvist

et al., 2004, Nawashiro et al., 1998, Verardo et al., 2008, Wunderlich

et al., 2015). Here, we report signs of an increased stress response of

human iPS cell-derived AxD co-cultures as well as their increased sensi-

tivity to OGD-induced stress. DEGs in astroAxD/neuroC co-cultures

showed increased stress response as indicated by upregulation of metal-

lothioneins (MT2A and MT1X). This supports previous observations of

increased oxidative stress and activation of stress response pathways in

AxD astrocytes (Hagemann et al., 2005; Heaven et al., 2022; Sosunov

et al., 2018; Viedma-Poyatos et al., 2022; Wang et al., 2011), including

the upregulation of metallothioneins (Hagemann et al., 2005). The
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exposure of astrocyte-neuron co-cultures to a mild OGD challenge fol-

lowed by a recovery period identified an increased susceptibility to

stress in the astroAxD/neuroC co-cultures. This is in agreement with

the previous reports showing that AxD astrocytes exhibit increased sen-

sitivity to specific stresses (Cho & Messing, 2009; Viedma-Poyatos

et al., 2022). One possible link is the lack of PDGF-C to PDGFRα signal-

ing potential in astroAxD/neuroC, but not in astroC/neuroC, co-cultures

after exposure to OGD, since PDGF-C was previously shown to be

induced by the stress triggered by radiation injury (Miyata et al., 2014).

OGD in astroAxD/neuroC co-cultures induced signaling potential

through several pathways that were absent in corrected control co-

cultures exposed to OGD, and this could reflect maladaptive effects:

SPP1 and NRG were reported to have multiple detrimental roles in

the CNS and other tissues, respectively (Basak et al., 2023;

Cappellano et al., 2021; Schramm et al., 2022). Exposure to various

stresses during in vitro differentiation or prenatal development is

known to result in a differentiation/developmental delay, and conse-

quently, it is possible that the increased sensitivity of the AxD cells

to stress is a driving factor behind the impaired development seen in

AxD co-cultures and AxD neural organoids.

Using scRNA-seq, we found a population of less differentiated cells

in astrocyte-neuron co-cultures containing AxD astrocytes. These cells,

which we termed the AxD cluster, were characterized by genes

expressed by epithelia (Dong et al., 2018). Importantly, in co-cultures

containing AxD astrocytes, less differentiated cells were also identified

within the populations of astrocytes and neurons, and we observed

downregulation of astrocyte-specific marker genes (e.g., GFAP, S100B).

The assessment of morphological parameters of GFAP+ cells in

co-cultures showed more RG-like morphology of AxD astrocytes

compared to controls. Unguided neural organoids are well suited for

investigating differentiation, as they allow a variety of cell types to

develop and self-organize in a 3D environment, and in that sense mimic

the in vivo development (Lancaster & Knoblich, 2014; Ormel

et al., 2018; Verkerke et al., 2024). In 165 days old AxD unguided neu-

ral organoids, astrocytes were almost absent, and neurogenesis was

reduced. Our data suggest a neural lineage commitment defect in AxD

unguided neural organoids that resulted in an aberrant differentiation,

generating epithelial, mesoderm-derived, or pancreatic acinar cells.

Interestingly, Hagemann et al. (2005) reported in a mouse model of

AxD, a downregulation of genes related to neuronal development and

function, and this might reflect a neuronal loss or impaired neurodeve-

lopment in AxD. Another, more advanced study, showed that AxD mice

have reduced proliferation of hippocampal neural progenitor cells,

decreased adult neurogenesis, RG with atypical morphology and an

increased fraction of undifferentiated neural cells, possibly due to dys-

regulation of pathways regulating renewal of neural stem cells and neu-

ral differentiation (Notch, WNT, Hedgehog, and TGFβ) (Hagemann

et al., 2013).

Here we show a dysregulation of some of the same pathways in

astroAxD/neuroC co-cultures and in AxD cortical organoids using Cell-

Chat analysis. Signaling pathways such as Notch, WNT, FGF, or EGF, are

known to regulate both CNS and pancreatic development (Alkailani

et al., 2022; Gonçalves et al., 2021; Lampada & Taylor, 2023; Li

et al., 2015; Napolitano et al., 2023; Tomé et al., 2023; Zhang et al., 2023).

Therefore, an imbalance of these pathways in AxD organoids may have

resulted in the increased presence of cell populations other than those of

neuroectodermal origin. These pathways are regulated by the proteasome

system (Baloghova et al., 2019; Dutta et al., 2022; Gao et al., 2014; Hsia

et al., 2015; Imamura et al., 2013), which was previously shown to be

defective in AxD due to the presence of GFAP aggregates (Tang

et al., 2010).

Cortical organoids were generated using dual SMAD inhibition of

the TGFβ and BMP pathways. Interestingly, this did not rescue the

differentiation phenotype seen in the AxD unguided neural organoids.

The AxD cortical organoids showed impaired neural differentiation

with mesoderm-derived cells dominating over neural cell types. The

overrepresentation of RG and neurons lacking FOXG1 expression, and

severe depletion of astrocytes and oligodendrocyte precursors suggest

a failure of differentiation into the cortical lineage and impaired gliogen-

esis. Mass spectrometry analysis of AxD and control cortical organoids

revealed a positive correlation between DEGs and DEPs in AxD cortical

organoids compared to controls. Proteomics data showed lower levels

of the astrocyte marker GFAP, and neuronal proteins α-internexin, NF-

L, and NF-M in AxD organoids, corroborating the transcriptomics and

immunocytochemical data, and implying impaired neural differentiation

in AxD organoids. We observed downregulation of the AQP4 water

channel in AxD cortical organoids at the level of protein as well as

mRNA, which supports the recently reported finding of a reduced

expression of AQP4 in different regions of the CNS in the AxD rat

model (Hagemann et al., 2021). The myogenic markers desmin and nes-

tin were upregulated in AxD organoids, as were many of the proteins

involved in muscle differentiation or markers of muscle cells

(e.g., myosins), a finding that further confirms the aberrant differentia-

tion in AxD organoids along the myogenic lineage.

In conclusion, by using a combination of approaches and experi-

mental systems ranging from iPS cell-derived astrocytes and neurons to

iPS cell-derived neural organoids, we show that the AxD GFAPR239C

mutation increases the sensitivity of AxD cells to stress and leads to

impaired astrocyte and neuronal differentiation. This finding needs to

be validated on iPS cell lines from other AxD patients, and if confirmed,

it might indicate that a proportion of individuals carrying the AxD muta-

tions might be lost prenatally as a consequence of impaired neuronal

and astrocyte differentiation. It also remains to be seen to what extent

this abnormal neural differentiation is reflected in AxD animal models

and AxD patients.
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3.2 Methods

The methods utilized in the abovementioned projects resulting in the two main first-author pub-
lications are listed below.

Performed by me:

• Preparation of sequencing libraries (Publication I & II)

• Processing of the scRNA-seq data, including quality control and filtering (Publication I &
II)

• Cell population analysis with cell type annotation (Publication I & II)

• Differential gene expression analysis and Gene Ontology enrichment analysis between con-
ditions (Publication I & II)

• Cell-cell interaction analysis (Publication II)

• Result interpretation with respect to other experimental data and relevant literature (Publica-
tion I & II)

Performed by co-authors:

• Behavioural testing of model animals (Publication I)

• Cell type enrichment with FACS (Publication I)

• Generation of co-cultures and organoids (Publication II)

• Preparation of single-cell suspensions and sequencing libraries (Publication I & II)

• Processing of the sequencing data, including quality control and filtering (Publication I &
II)

• Immunohistochemistry (Publication I & II)

• RT-qPCR (Publication II)

• Mass spectrometry (Publication II)

3.3 Other publications and manuscripts

Other co-authored publications and manuscripts in preparation are listed below.

• Publication III – review
Valihrach, L., Matusova, Z., Zucha, D., Klassen, R., Benesova, S., Abaffy, P., Kubista, M.,
Anderova, M. Recent advances in deciphering oligodendrocyte heterogeneity with single-
cell transcriptomics. Frontiers in Cellular Neuroscience, 16:1025012, 2022. doi: 10.3389/-
fncel.2022.1025012.
Journal: Frontiers in Cellular Neuroscience, IF 5.3 (2022)
Contribution: Literature search, proofreading, and editing.
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• Publication IV
Fedorova, V.*, Pospisilova, V.*, Vanova, T.*, Cerna, K. A.*, Abaffy, P., Sedmik, J., Raska,
J., Vochyanova, S., Matusova, Z., Houserova, J., Valihrach, L., Hodny, Z., Bohaciakova, D.
Glioblastoma and cerebral organoids: development and analysis of an in vitro model for
glioblastoma migration. Molecular Oncology, 17(4):647–663, 2023. doi: 10.1002/1878-
0261.13389.
* shared first authors
Journal: Molecular Oncology, IF 5 (2023)
Contribution: Transcriptomic figure preparation, help with data analysis.

• Publication V – review
Matusova, Z., Hol, E. M., Pekny, M., Kubista, M., Valihrach, L. Reactive astrogliosis in
the era of single-cell transcriptomics. Frontiers in Cellular Neuroscience, 17:1173200,
2023. doi: 10.3389/fncel.2023.1173200.
Journal: Frontiers in Cellular Neuroscience, IF 4.2 (2023)
Contribution: Literature search, manuscript and figure preparation.

• Manuscript in preparation I
Dykstra, W.*, Matusova, Z.*, Battaglia, R. A., Abaffy, P., Goya-Iglesias, N., Pérez-Sala, D.,
Ahlenius, H., Kubista, M., Pasterkamp, R. J., Li, L., Chao, J., Shi, Y., Valihrach, L., Pekny,
M., Hol, E. M. Mutant GFAP alters lineage commitment of neural organoids.
* shared first authors
Contribution: Optimization of experimental design, preparation of the sequencing libraries,
data analysis and interpretation, manuscript preparation with focus on the transcriptomic sec-
tions and figures.

• Manuscript in preparation II
Berankova, M.*, Holoubek, J.*, Hönig, V.*, Matusova, Z.*, Palus, M.*, Salat, J., Vojtiskova,
J., Svoboda, P., Pranclova, V., Valihrach, L., Lipoldova, M., Ruzek, D. Genotype-driven
sensitivity in mice to tick-borne encephalitis virus correlates with differential host re-
sponses in peripheral macrophages and brain.
* shared first authors
Contribution: Interpretation and visualization of microarray transcriptomic data, preparation
of related text and figures.
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4 Discussion

This dissertation presents the application of transcriptomic profiling with single-cell RNA se-
quencing in two projects focusing on two neurodegenerative diseases with distinct etiologies
and model systems. The results of these studies have been summarized in two publications
(Publication I and Publication II).

4.1 Minimal changes in cortical glia in SOD1(G93A) mouse model of ALS

In the ALS project (Publication I), we took advantage of the cell-level resolution of the scRNA-
seq method to investigate the cortical pathology of SOD1(G93A) mouse model of ALS, particu-
larly focusing on main glial cell types. This model is often used in ALS research and numerous
studies have discussed molecular changes that precede and accompany the decline of motor
function observed in these mice during several month-long time period (Gurney et al., 1994).

The SOD1 mutation has been reported to affect astrocytes, microglia, and oligodendrocytes
in the spinal cord. We and others have shown that astrocytes and microglia adopt reactive phe-
notypes characterized by reduced branching and hypertrophy (Ohgomori et al., 2016; Özdinler
et al., 2011; Publication I). At the gene expression level, astrocytes reduce metabolic sup-
port of neurons and become reactive and pro-inflammatory (Ferraiuolo et al., 2011; MacLean
et al., 2022). Likewise, microglia upregulate pro-inflammatory, DAM-like signature genes
(Keren-Shaul et al., 2017; MacLean et al., 2022). Oligodendrocytes exhibit aberrant matura-
tion and myelination and decreased survival along the pathology progression in the spinal cord
of the SOD1(G93A) mouse (Kang et al., 2013).

However, contradicting results can be found on the level of pathology in the cortex of this
model (D’Arrigo et al., 2010; Gomes et al., 2019; Migliarini et al., 2021; Niessen et al., 2006;
Özdinler et al., 2011). Considering that cortical changes such as hyperexcitability and degener-
ation of neurons (Nihei et al., 1993; Vucic et al., 2021), reactive gliosis (Dols-Icardo et al., 2020;
Guttenplan et al., 2020), and demyelination in grey matter regions (Kang et al., 2013) have been
observed in patients, the current literature lacked an in-depth transcriptomic study of the cortical
glia populations in the SOD1(G93A) mouse model during the pathology progression, similar to
the study by MacLean et al., 2022 in the spinal cord.

For our analysis, we selected four timepoints based on the progression of motor impair-
ment, which was tested by the wire hanging test and the rotarod test. The timepoints covered
presymptomatic (1 month of age), early symptomatic (2 months), symptomatic (3 months), and
late (4 months) stages of the ALS-like pathology, in line with the known symptom progression
in this model (Gurney et al., 1994).

Enriching for astrocytes (ACSA-2), microglia (CD11b), and oligodendrocytes (O4) with
fluorescence activated cell sorting (FACS) of the cells isolated from cortices, we prepared se-
quencing libraries with the 10X Genomics technology. After quality control and filtering of
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the sequencing data, we recovered the glia types of interest in balanced proportions: 27% astro-
cytes, 39% microglia, and 29% oligodendrocytes. The remaining cells classified as endothelial
cells, pericytes, and others, were out of the scope of our study.

Focusing on pseudobulk differential gene expression in glia types, we found no substantial
SOD1(G93A)-related gene expression changes at any timepoint. Moreover, based on the X and
Y chromosome-linked transcripts, we distinguished between male and female mice and also
addressed sex-specific gene expression. While behavioural tests suggested faster progression in
males, which agrees with observations from some strains of SOD1(G93A) mice (Pfohl et al.,
2015), it was not reflected in our transcriptomic data. However, mild sex-specific ALS-related
gene expression changes were reported in SOD1(G93A) spinal cord (MacLean et al., 2022) and
suggest that these differences may arise in the CNS areas affected by the pathology.

As multiple studies identified the disease-associated glia in neurodegenerative diseases, we
performed a subpopulation analysis of each of the glial cell types and aligned the identified
subpopulations with literature (Fig. 4.1). Disease-associated astrocytes and microglia have been
described not only in AD but also other neurodegenerative diseases and aging CNS, increasing
in numbers over time compared to healthy CNS (Habib et al., 2020; Keren-Shaul et al., 2017;
Sala Frigerio et al., 2019). We found only a minimal increase in Gfap-high (Habib et al., 2020)
astrocytes and ARM (Sala Frigerio et al., 2019) corresponding to previously defined populations
of astrocytes and microglia. Immunohistochemical analysis of the cortical glia confirmed these
observations at the level of protein and cellular morphology. We found only enlarged tips of
microglial processes in the SOD1 cortex, a phenomenon previously associated with starting
activation of microglia upon injury (Davalos et al., 2005).

The most notable change was found in oligodendrocytes. At 4 months in SOD1(G93A)
mice, we identified a unique population characterized by upregulation of Il33 and Apoe. Consid-
ering the recent studies reporting disease-associated oligodendrocytes with immune response-
related gene expression signature (Kaya et al., 2022; Kenigsbuch et al., 2022), including the two
genes in our dataset, and oligodendrocyte activation in the spinal cord of SOD1(G93A) mouse
(MacLean et al., 2022), we can hypothesize about their early active role in ALS.

In our study, we encountered several difficulties that needed to be overcome. Initially, during
suspension preparation we dealt with lower viability of cells, leading to reduced recovery in
scRNA-seq compared to targeted numbers. The quality of the resulting dataset is, however,
indicative of the robustness of the 10X Genomics library preparation procedure. Nevertheless,
reflecting on the newly introduced library preparation strategies discussed in the Introduction
chapter, for these branched and fragile cell types another approach such as fixed cell or nucleus
profiling might be more convenient and facilitate higher cell recovery.

During our analysis, we noticed a clustering separation of 3-month-old control male astro-
cytes and oligodendrocytes driven by stress-associated genes, and a few mitochondrial and ribo-
somal transcripts among differential expression results that were not removed following quality
control. After careful assessment, both were classified as technical artifacts. Importantly, this
shows the high sensitivity of scRNA-seq and emphasizes the requirement of high-quality sus-
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Figure 4.1: Analysis of astrocytes a), microglia b), and oligodendrocytes c) revealed subpopulations,
whose transcriptional signature corresponded to literature (Habib et al., 2020; Marques et al., 2016;
Sala Frigerio et al., 2019). Left in a)–c): clustering in UMAP plots split to CTRL and SOD1; middle in
a)–c): overlap with reference populations and marker genes; right in a)–c): subpopulation proportions
in barplots split to CTRL and SOD1. d) Subpopulations of oligodendrocytes evolving over time, with
subpopulation 4 being unique to SOD1 at 4 months. Abbreviations: 1M–4M – months of age, ARM –
activated response microglia, CTRL – control, IRM – interferon response microglia, MFOL – myelin-
forming oligodendrocytes, MOL – mature oligodendrocytes, MG – microglia, SOD1 – SOD1(G93A)
mouse. Figure from Publication I.
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pension and reasonable quality control of the data in order to filter out the artifacts and interpret
only the truly biological findings, which may sometimes be difficult to distinguish.

As opposed to extensive cortical pathology in ALS patients, we detected only mild patho-
logical changes in the cortex of the SOD1(G93A) mouse model. However, the limited survival
of the SOD1(G93A) model, progressing fast to severe pathology within 4 months and death
following shortly afterward, does not enable studying the development of cortical changes at
later timepoints. Therefore, based on our data, we suggest using different models for studying
the cortical pathology in ALS.

4.2 Abnormal neurodevelopment in iPSC-derived models of AxD

AxD is a severe neurodegenerative disorder caused by mutations in the intermediate filament
protein GFAP, which is expressed by astrocytes and radial glia in the CNS. Due to the rarity
of AxD, patient samples are scarce, and the majority of available animal models recapitulate
GFAP aggregation in astrocytes, but do not show white matter abnormalities typical for the
pathology in patients (Hagemann et al., 2013; van der Knaap et al., 2001). Therefore, iPSC-
derived astrocytes have proved to be indispensable for studying the disease on human genetic
background (Battaglia et al., 2019; Jones et al., 2018; Kondo et al., 2016; Li et al., 2018).
In our study (Publication II), we used a patient-derived iPSC line carrying the GFAP(R239C)
mutation and an isogenic control cell line and generated two complex models that should mimic
the interaction of GFAP-mutant astrocytes with other cell types in a co-culture with neurons and
in 3D neural organoids.

Although we observed neither GFAP overexpression nor reactive astrogliosis characteristic
for animal models and patients with symptomatic disease, our models showed altered neuroge-
nesis and gliogenesis potentially preceding the GFAP overexpression and aggregation positive
feedback loop (Messing et al., 2012). In fact, in the early mouse model of AxD, Hagemann
et al., 2005 reported downregulation of genes related to neuronal development and function, re-
flecting either neuronal loss or faulty neurodevelopment in their mouse model of AxD. Later on,
a follow-up study revealed aberrant adult neurogenesis in GFAP-mutant mice (Hagemann et al.,
2013), manifested by proliferation deficits, radial glia with atypical morphology, and enrich-
ment of an uncharacterized cell population representing abnormally dividing NSCs. The pro-
posed mechanism involved dysregulation of pathways regulating NSC renewal and gliogenesis
(Notch, WNT, Hedgehog, and TGFβ ), whose activity is normally controlled by the proteasome
system (Baloghova et al., 2019; Hsia et al., 2015), which is, however, defective in AxD due to
the presence of GFAP aggregates (Tang et al., 2010).

In our astrocyte-neuron co-culture model, we found a cluster of GFAP-mutant cells that
did not fully differentiate into mature astrocytes (Fig. 4.2). This AxD-specific cluster was
characterized by spherical morphology, expression of epithelial genes, and increased sensitivity
to stress induced by mild oxygen-glucose deprivation (OGD) challenge. Notably, clusters of
less differentiated, abnormal cells, were also identified within the populations of astrocytes and
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neurons, suggesting a persisting effect of the mutation in cells that proceeded further in their dif-
ferentiation trajectory. Additionally, mutant neurons dysregulated development, cytoskeleton,
and neuropeptide signalling, indicating that the GFAP mutation in early GFAP-expressing pro-
genitors of neurons interferes with their basic functions also in cell-autonomous manner. The
analysis of cell-cell interactions with CellChat revealed dysregulation of signalling via FGF,
TGFβ , LIFR, non-canonical WNT, Notch, EGF, and reelin pathways, which are essential in
neurodevelopment and astrogenesis (Dulabon et al., 2000; Suthon et al., 2021; Zarei-Kheirabadi
et al., 2020; Zhang et al., 2023b).

Figure 4.2: Co-cultures with GFAP-mutant astrocytes contained less mature cells compared to CTRL.
a) Design of the scRNA-seq experiment showing combinations of cell types within co-cultures.
b) The AxD cluster, iAs, and iNs were the main three cell populations in the dataset. c) Marker genes
used for annotation of the populations. d) The AxD cluster was more abundant in co-cultures with GFAP
mutation. e) Clusters of less mature iAs and iNs were more abundant within the iAs and iNs populations.
f) Cluster of mature astrocytes ASTRO 2 contained GFAP-expressing cells. g) Enrichment analysis of
the AxD cluster markers revealed enhanced epithelial signature genes and suppressed neural tissue sig-
nature genes. Abbreviations: AxD – Alexander disease, CTRL – control, GO – Gene Ontology, iA –
induced astrocytes, iN – induced neurons, OGD – oxygen-glucose deprivation challenge. Figure from
Publication II.

To investigate this differentiation deficit in a more complex model mimicking the in vivo en-
vironment, we generated unguided neural organoids, harvested them after 165 days in culture,
and analyzed them with scRNA-seq. At this timepoint, we expected to find diverse neuronal
populations and astrocytes as well (Kanton et al., 2019; Lancaster et al., 2013). Interestingly,
in AxD organoids, we observed compromised and delayed neurogenesis and astrogenesis, re-
sulting in a reduction of astrocyte population and a higher abundance of off-target cell pop-
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ulations like epithelial, mesoderm-derived, and unexpectedly, pancreatic acinar cells. In fact,
Notch, WNT, FGF, or EGF signalling pathways are also involved in development of the pan-
creas (Gonçalves et al., 2021; Li et al., 2015; Napolitano et al., 2023). Hence, the imbalance of
these pathways in an unguided cell culture may have indeed resulted in overrepresentation of
cell populations of a different than neuroectodermal origin.

Our scRNA-seq results also pointed to a dysregulation of mechanical properties of the AxD
cells, including cytoskeleton, membrane, and ECM components, which has been observed be-
fore in a mouse model of AxD. While Hagemann et al., 2005 attributed this to tissue remodelling
during ongoing gliosis, Wang et al., 2018 proposed that overexpression of GFAP followed by
overstabilization of actin leads to increased mechanosensing and tissue stiffness. Although we
did not directly measure the ECM stiffness, we noticed that GFAP-mutant cell cultures are more
adherent than their control counterparts, supporting the idea that the mechanical properties of
the AxD cells are distinct from the control cell line. Considering that environmental stress
including tissue mechanics can modulate differentiation trajectories of pluripotent or multipo-
tent stem cells (reviewed in Kaitsuka and Hakim, 2021), the altered mechanical properties of
the AxD cells and the increased stress susceptibility might provide a link with their off-target
differentiation in our organoids.

To reduce the differentiation potential of the AxD iPSCs, we inhibited two of the pattern-
ing pathways during the early days of cultivation – TGFβ and BMP, and we generated cortical
organoids (Yoon et al., 2019). At Day 165, these organoids showed an enrichment of mesoderm-
like populations and an impairment of cortical lineage specification and gliogenesis represented
by the overrepresentation of radial glia and neurons without FOXG1 and a lack of oligoden-
drocyte precursors and astrocytes (Fig. 4.3). Without time series analysis, we could not assess
whether this was just a delay or a complete disruption of gliogenesis. However, considering
that early cortical neurons are needed for the switch to gliogenesis, and the expression of re-
lated ligands and receptors is limited to a specific time window (Voss et al., 2023), we may
speculate that the AxD cell line did not properly respond to the dual SMAD inhibition, and this
developmental milestone failed in our model.

While GFAP is commonly associated with astrocytes and astrogliosis, its role in iPSCs and
early neuronal precursors remains elusive. We can, therefore, hypothesize about the possible
mode of action of mutant GFAP during early differentiation, which likely involves multiple
mechanisms. Misfolded, dysfunctional, and aggregated GFAP increases stress and suscepti-
bility to stress and destabilizes cytoskeleton. AxD astrocytes have shown increased oxida-
tive stress and activation of stress response pathways (Hagemann et al., 2005; Heaven et al.,
2022; Viedma-Poyatos et al., 2022; Wang et al., 2011), including the upregulation of metal-
lothioneins (Hagemann et al., 2005), and have been more sensitive when exposed to additional
stress (Cho and Messing, 2009; Viedma-Poyatos et al., 2022). Abnormal organization of the cy-
toskeleton can also interfere with normal mitochondrial function (reviewed in Gao et al., 2019;
Solomon et al., 2022; Viedma-Poyatos et al., 2022). Furthermore, altered mechanical proper-
ties of the AxD cells and their surroundings can disrupt neurodevelopment within organoids.
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Figure 4.3: ScRNA-seq revealed lineage commitment impairment in AxD cortical organoids. a) Dys-
proportional abundance of cell populations in CTRL and AxD. b) Marker genes of cell populations.
c) Lower expression of FOXG1 in AxD indicating failure of specification of cortical neuron iden-
tity. d) Differential expression analysis suggested downregulation of astrogenesis in the cluster of
oRG/astrocytes. Abbreviations: AxD – Alexander disease, CTRL – control, GO – Gene Ontology,
oRG – outer radial glia. Figure from Publication II.

Mechanosensing modulates cell differentiation in culture, with stiffer ECM suppressing neu-
rogenesis and promoting mesoderm differentiation (Baek et al., 2022; Kaitsuka and Hakim,
2021; Keung et al., 2011; Rammensee et al., 2017). Given the interconnection of mechanosens-
ing and crucial developmental pathways including WNT, TGFβ , and Notch (Abuammah et al.,
2018; Azzolin et al., 2014; Sen et al., 2021), it is plausible that their disbalance, together with
altered mechanical properties, increased stress, and disruption of the essential timing can deter-
mine the differentiation outcome, leading to a shift from neuroectoderm to mesoderm, which
interferes with neurogenesis and gliogenesis. However, experiments targeting the individual
components of this proposed mechanism of GFAP action in iPSCs and early neurogenesis need
to be performed to verify this hypothesis.

Interestingly, aberrant astrocyte differentiation was previously observed by Reyes-Ortiz
et al., 2023 in iPSC-derived astrocytes modelling HD. The authors reported an impairment of
glutamate signalling, maturation, and dysregulation of actin cytoskeleton-related signalling. In
addition, impaired neurogenesis, namely an increased number of progenitors at the expense of
mature neurons, were reported in iPSC-derived 2D and 3D cell culture models of fAD caused
by PSEN1 mutations and was linked to dysregulation of Notch signalling (Arber et al., 2021;
Hurley et al., 2023). It is, therefore, possible that the iPSC-derived models can reveal severe
consequences of mutations that are otherwise mitigated in the in vivo environment and may
represent an understudied developmental aspect of neurodegenerative diseases.

On the other hand, magnetic resonance imaging of AxD patients does not usually show ab-
normal cortical layering indicative of abnormal neurodevelopment (van der Knaap et al., 2001),
no increase in prenatal death has been reported in the AxD rodent models, and despite the pres-
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ence of GFAP aggregates, no alterations of differentiation were observed in iPSC-derived AxD
astrocytes from different cell lines (Jones et al., 2018; Kondo et al., 2016). Therefore, more data
from iPSC-derived models and especially patient tissue samples will be needed for extrapola-
tion of our findings to AxD in general.

Finally, media contents, timing of introduction of regulatory factors, mechanical proper-
ties of the environment, and stress are all variables that shape iPSC fate decision (Kaitsuka
and Hakim, 2021; Sanchı́s-Calleja et al., 2024). This makes the in vitro systems largely vari-
able and requires consideration in experimental design and data interpretation. Nonetheless,
organoids represent a highly promising model for studying complex biological processes in
patient-derived cell lines and hold a great potential for future research and therapeutic applica-
tions.
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Conclusion

RNA sequencing is a powerful approach to characterizing transcriptomic changes and cell pop-
ulations in health and disease. It is also a fast-evolving field, with many analytical tools en-
abling extensive data mining. Due to the number of available methods and the uniqueness of
each biological sample, RNA-seq lacks a standardized pipeline of sample and data processing.
Therefore, every experiment requires careful planning and knowledge of the underlying biology
that may aid in the decision-making process. While RNA-seq generates high-throughput and
high-resolution data, offering a broad overview of gene expression, it is most effective when
combined with targeted experiments and aligned with existing biological knowledge.

In this work, we performed an in-depth RNAseq analysis of two neurodegenerative disease
models. While in the ALS project, we mapped glia populations and pathology-related gene
expression changes in the cortex of the SOD1(G93A) mouse model throughout the pathology
progression, in the AxD project, we studied previously unexplored neurodevelopmental changes
caused by the GFAP(R239C) mutation in hiPSC-derived models of the disease.

The cell-level resolution of scRNA-seq allowed us to identify several populations of glia
in the cortex of the SOD1(G93A) mouse and overlap them with populations described in other
single-cell studies of neurodegenerative diseases. One outstanding observation was a population
of oligodendrocytes exclusive to the late stage of the pathology, partially overlapping with other
disease-associated oligodendrocytes with a potential active role in disease. However, overall we
did not find significant gene expression differences, which supports the results of other studies
reporting limited cortical pathology in the SOD1(G93A) mouse model.

In the AxD project, we used scRNA-seq to reveal an intriguing differentiation phenotype
in astrocyte-neuron co-cultures and neural organoids derived from hiPSCs with the GFAP mu-
tation. This phenotype was characterized by impaired neurogenesis, astrogenesis, and lineage
specification, resulting in an increased abundance of cell types of other than neuroectodermal
origin. We also showed that essential developmental pathways were perturbed in these models.
Thus, the imbalance of these pathways along with elevated sensitivity of hiPSCs to stress caused
by the GFAP mutation might have affected their ability to differentiate into neuroectoderm and
form normal populations of neurons and glia, revealing a previously unknown effect of GFAP
mutation on neurodevelopment.

In summary, we performed a thorough transcriptomic analysis of the cortex of a widely used
ALS mouse model, adding another reference point to existing data on SOD1(G93A) mouse
pathology. Given the minimal changes in the cortex, we recommend against using this model
for studying cortical pathology in ALS. We also used transcriptomics to describe two novel
hiPSC-derived models of AxD, observing their aberrant lineage commitment and increased
susceptibility to stress during differentiation. Emerging studies presenting similar differentia-
tion impairments in iPSC-derived models of neurodegenerative diseases suggest that focusing
on this aspect may pave the way for early diagnosis and novel treatment strategies.
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Erny, D., Hrabě de Angelis, A. L., Jaitin, D., Wieghofer, P., Staszewski, O., David, E., Keren-Shaul, H., Mahlakoiv, T., Jakobshagen, K., Buch,
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