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Abstract

Traumatic brain injury and degenerative diseases cause neuronal loss with detrimental
outcomes in patients. The limited capacity of the adult mammalian central nervous system to
replenish lost neurons harbors major challenges. Regenerative therapy aims to replace those
lost neurons by using different strategies. Next to the transplantation of neural precursor cells,
the direct reprogramming of brain-resident cells into neurons provides promising approaches
for novel regenerative therapies. However, it is not clear which glial cells could be the prime
target for direct conversion. Importantly, a subpopulation of astrocytes acquires stem cell
properties after injury. Therefore, this subset is prone to be a great candidate for direct
reprogramming into neurons. The mechanisms underlying astrocyte dedifferentiation and
acquisition of stem cell properties are not fully understood. Recently, multiple studies have

shown that the aryl hydrocarbon receptor (AhR) may potentially be involved in this process.

Hence, | used a conditional and inducible knock-out mouse model of AhR in astrocytes
in combination with the neurosphere assay to investigate the stem cell potential of AhR-
deficient astrocytes after stab wound injury. Notably, | could demonstrate that AhR is required
for the neurosphere-forming capacity of astrocytes after brain injury. Furthermore, histological
analysis revealed that the astrocyte-specific AhR knock-out did not alter astrocyte proliferation
or leukocyte extravasation in vivo. Encouraged by these results, | used single-cell transcriptomics
of magnetic-activated cell sorted non-recombined and AhR-deficient astrocytes to investigate
the cell-autonomous regulation of astrocyte fate in an AhR specific manner. | could identify a
group of astrocytes that reacts to injury in an AhR-dependent manner and upregulated
characteristic genes of stem cell maintenance. Importantly, this population of astrocytes also
upregulated Wnt signaling in response to injury, suggesting a potential role of the Wnt signaling
cascade in AhR mediated acquisition of stem cell properties in a subpopulation of astrocytes. In
addition, | used this data set of single-cell transcriptomics to investigate the heterogeneity of
astrocytes. | could detect various subtypes of astrocytes based on their expression patterns in
injured and intact conditions, such as reactive, homeostatic, pro-, and anti-inflammatory as well
as proliferating astrocytes. Subtypes of homeostatic astrocytes could be linked to various
functions such as neurovascular coupling, extracellular matrix organization, and neuronal

support.

Taken together, | could demonstrate that AhR signaling is required for reactive
astrocytes to dedifferentiate and subsequently acquire stem cell potential after injury. This
process may be influenced by Wnt signaling in an AhR-specific manner. AhR is thus a potential

target for novel therapeutic strategies in the context of regeneration after brain injuries.






1 Introduction

The brain is the central structure in our body that is responsible for processing our
feelings, actions, learning, and memory. Together with the spinal cord, it forms the central
nervous system (CNS) and regulates multiple functions in various organs that are essential to
life. Damages to this highly complex and well-structured organ lead to irreversible loss of
neurons, which is implicated in neural circuit malfunctions of the affected and connected CNS
regions. The regenerative capacity in the adult mammalian CNS is vastly limited, and hence,
therapies aiding the replacement of lost neurons are a major challenge in regenerative

medicine.

1.1 CNS response to traumatic brain injury

Traumatic brain injury (TBI) is, next to ischemic stroke, a type of acute insult to the CNS
and is also considered to be focal in form of a stab wound injury. TBI is a global health issue
affecting up to 74 million people each year causing death and disability (Dewan et al., 2019;
Haarbauer-Krupa et al., 2021). Despite its acute nature, TBI can also trigger additional chronic
outcomes, such as seizures, psychiatric disorders, and dementia (Stocchetti & Zanier, 2016).
These long-term effects impede the life of many TBI patients in multiple facets and it is thus

imperative to better understand the cellular and molecular processes governing TBI.

The response of the CNS to TBI is characterized by a multicellular reaction that can be
divided into three phases. In the primary phase of TBI, acute local cell death and neurite damage
occur, followed by vascular breach resulting in an initial rapid response by platelet influx and
subsequent coagulation, an important process of hemostasis (Figure 1) (Burda & Sofroniew,
2014; Moore et al., 2021). The vascular breach is associated with blood-brain barrier (BBB)
leakage. In physiological conditions, the BBB is responsible for restricting large or hydrophilic
molecules, pathogens, and hematopoietic cells circulating in the blood from entering the brain
in a non-selective manner, a key feature to preserve brain homeostasis (Daneman & Prat, 2015).
In addition, cellular damage causes the release of damage-associated molecular patterns
(DAMP), which induce astrocytes and microglia to secrete a variety of chemokines and cytokines
to instruct leukocytes to extravasate from the blood vessels to the brain parenchyma (Alam et
al., 2020). The recruitment of infiltrating leukocytes is accelerated by the disruption of the BBB.
These infiltrating leukocytes, especially neutrophils, but also CNS resident microglia promote
cellular debris removal (Alam et al.,, 2020; Donat et al.,, 2017). In addition, astrocytes are
implicated in phagocytosis upon insult and have the potential to compensate for dysfunctional

microglia (Konishi et al., 2020; Morizawa et al., 2017). Noteworthy, a secondary injury like the



subacute neuronal loss is initiated soon after insult by glutamate overproduction at synapses
that leads to Ca?*-mediated excitotoxicity via excessive glutamate receptor activation (P. Luo et

al., 2019).
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Figure 1: Phases and time course of the multicellular response to acute focal injury in the CNS.

(Adapted from Burda and Sofroniew 2014, https://doi.org/10.1016/j.neuron.2013.12.034, License
Number: 5267231217506)

The response during the second phase of acute focal CNS injury, like stab wound injury
or ischemia, is defined by the proliferation and migration of several cell types to assist in tissue
replacement (Figure 1) (Burda & Sofroniew, 2014). Microglia and oligodendrocyte precursor
cells (OPC) migrate towards the lesion site shortly after TBI and start to proliferate (Dimou &
Gotz, 2014; Donat et al., 2017; Hughes et al., 2013; Nimmerjahn et al., 2005). Some of the OPCs
become hypertrophic and polarize towards the site of injury (von Streitberg et al., 2021). The
accumulation of the proliferating OPCs at the injury site showed to be beneficial in brain repair
(von Streitberg et al., 2021). Furthermore, non-neural cells like pericytes, fibrocytes, fibroblasts,
and inflammatory cells migrate to the injury site and proliferate, ultimately resulting in a fibrotic

scar tissue upon spinal cord insult (Dorrier et al., 2021; Goéritz et al., 2011; Soderblom et al.,



2013). The proliferation of endothelial cells is linked to neovascularization (Casella et al., 2002).
Astrocytes, however, do migrate towards the damaged area in the spinal cord but not in the
brain (Bardehle et al., 2013; Okada et al., 2006). Upon TBI, astrocytes become hypertrophic and
start to proliferate to form a border separating the highly inflammatory lesion core from the
intact neural parenchyma (Anderson et al., 2016; Faulkner et al., 2004; Frik et al., 2018). To
clarify, the border formed by astrocytes has been termed astroglial scar in the past decades.
However, a recently published review strongly proposed to change the scar terminology into
border formation due to the scar tissue definition in other well-studied organs (Sofroniew,
2020). Hence, | am going to use the term border-forming astrocytes throughout my thesis

instead of scar-forming astrocytes.

The third phase of CNS response to TBI consists of tissue remodeling that includes BBB
repair, fibrotic scar, and astrocyte border-tissue reorganization by changes in the extracellular
matrix (ECM), as well as chronic neuroinflammation, which includes prolonged activation of
microglia and astrocytes and the production of proinflammatory cytokines (Figure 1) (Burda &
Sofroniew, 2014; Schimmel et al., 2017; Xiong et al., 2018). The long-lasting neuroinflammation
upon TBI may lead to the development of neurodegenerative diseases such as Alzheimer’s
disease and chronic traumatic encephalopathy (Jassam et al., 2017). Release of ECM molecules
and activation of proteases, mainly by microglia and astrocytes, results in long-term ECM
remodeling of the injury site and peri-lesion region, which negatively impacts neuronal circuits
(Burda & Sofroniew, 2014; George & Geller, 2018). In addition, a recent study conducted on
zebrafish suggests that also OPCs may be involved in the remodeling process of the ECM upon
injury (Sanchez-Gonzalez et al., 2022). A better understanding of chronic neuroinflammation
and ECM remodeling processes upon TBI would allow the development of novel therapies for

such detrimental injuries.

1.2 Astrocytes in health and disease

As described above, astrocytes play a crucial role in TBI response. Hence, | want to
introduce this cell type in further detail. The central element of astrocytic function is to maintain
homeostasis in the CNS. Water homeostasis is controlled by astrocytes via aquaporin 4 channels,
localized at astrocyte endfeet, which are in close contact with blood vessels (Daneman & Prat,
2015; Min & van der Knaap, 2018). They are part of the BBB and allow neurovascular coupling,
which is the effect of neural activity regulating the cerebral blood flow and is mediated by
astrocytes via arachidonic acid metabolites and potassium ions (MacVicar & Newman, 2015).
The regulation of the cerebral blood flow to the site of neural activation is important to

compensate for the energy demands upon neural activity (MacVicar & Newman, 2015). In



addition, astrocytes provide neurons with various glycolytic metabolites and can store glucose
in form of glycogen (Bélanger et al., 2011; Bonvento & Bolafios, 2021). Astrocytes do also
maintain the homeostasis of important ions in synaptic signaling such as K*, CI~ and Ca*
(Verkhratsky & Nedergaard, 2018). Furthermore, astrocytes are noted for their critical
contribution to neurotransmitter management through metabolic pathways and their supply to
neurons with glutamine, a precursor for the excitatory and inhibitory neurotransmitters
glutamate and y-aminobutyric acid (GABA), respectively (Verkhratsky & Nedergaard, 2018). In
addition to the close interactions of astrocytes and neuronal synapses, astrocytes are also
involved in synaptogenesis in the healthy and injured adult CNS (Tsai et al., 2012). Moreover,
astrocytes regulate neurogenesis in the adult brain (Asrican et al., 2020). Remarkably, astrocytes
are also vital in maintaining systemic homeostasis like sleep and reproduction control

(Verkhratsky & Nedergaard, 2018).

This functional diversity of astrocytes is linked to the morphological and molecular
heterogeneity of this cell population across different brain regions (Sofroniew & Vinters, 2010;
Verkhratsky & Nedergaard, 2018). Recent studies, however, also suggest astrocyte
heterogeneity within the same brain region (Batiuk et al., 2020; Bayraktar et al., 2020;
Lanjakornsiripan et al., 2018; Ohlig et al., 2021). A study observed morphological alterations of
layer-specific astrocytes, and by utilizing fluorescent activated cell sorting of upper- and deep-
layer astrocytes molecular differences in the somatosensory cortex have been identified
(Lanjakornsiripan et al., 2018). This heterogeneity of astrocytes has been further corroborated
by single-cell RNA sequencing (scRNAseq) experiments (Batiuk et al., 2020; Bayraktar et al.,
2020; Ohlig et al., 2021). Furthermore, Ca?* transient properties of astrocytes varied by the
location in the cortex across the dorso-ventral axis, showing that the molecular heterogeneity
results in functional differences (Batiuk et al., 2020). The field of astrocyte heterogeneity is
particularly interesting due to the varying responses of reactive astrocytes to CNS damage, and

thus, should be further investigated in health and disease.

Astrocyte reactivity describes the response of astrocytes to CNS injury and disease, and
it is characterized by morphological changes like hypertrophy and polarization as well as
upregulation of intermediate filaments such as glial acidic fibrillary protein (GFAP) and vimentin,
which serve important functions in reactive astrocytes to limit CNS insult (Middeldorp & Hol,
2011; Pekny & Pekna, 2014). In addition, early studies investigating the transcriptome of
reactive astrocytes resulted in altered gene expression compared to homeostatic astrocytes that
were not exposed to injury (Sirko et al., 2015; Zamanian et al., 2012). This response of astrocytes
is diverse across different CNS pathologies due to distinct signaling molecules derived from

various sources (Sofroniew, 2020). A heterogeneous astrocyte reactivity can also be observed



within the same CNS pathology such as TBI. For example, reactive astrocytes primarily serve a
pro-inflammatory purpose by guiding leukocytes from the blood periphery to the brain
parenchyma via cytokines immediately after injury (Alam et al., 2020). However, another
population of reactive astrocytes exhibits a mainly anti-inflammatory phenotype upon TBI, for
example by repair of the BBB, thus restricting the spread of inflammatory cells after insult (Bush
et al., 1999; Sofroniew, 2015). An important factor in limiting leukocyte extravasation is the
signal transducer and activator of transcription 3 (STAT3) (Okada et al., 2006; Wanner et al.,
2013). Experiments in the spinal cord demonstrated that STAT3 induces reactive astrocytes to
surround fibrotic and inflammatory cells at the insulted area and is also associated with their
proliferation upon injury (LeComte et al., 2015). The significance of STAT3 signaling in regulating
the proliferation of reactive astrocytes in the brain was shown by Wanner and others using a
stroke mouse model (Wanner et al., 2013). The proliferation of reactive astrocytes occurs mainly
in invasive injuries with disrupted BBB, and they are crucial for BBB repair and astrocyte border
formation (Frik et al., 2018; Sirko et al., 2013; Sofroniew, 2015, 2020). Additionally, it has been
observed that the majority of proliferating astrocytes are located juxtavascular, adjacent to
blood vessels (Bardehle et al., 2013; Frik et al., 2018; Heimann et al., 2017). The proliferation of
astrocytes does not only has anti-inflammatory effects by limiting leukocyte infiltration but is
also regulated by itself (Frik et al., 2018). This cross-talk of immune cells and astrocytes has long-
term effects. Frik and colleagues have shown that the ablation of infiltrating leukocytes leads to
increased astrocyte proliferation at the injury site, and reduced astrocyte border formation (Frik
et al., 2018). This was accompanied by an increase of neurons at the injury site 4 weeks post-
injury suggesting a neuroprotective outcome upon ablation of infiltrating leukocytes (Frik et al.,
2018). The border formation of astrocytes separating the lesion core and intact neural tissue has
been associated with limited regenerative potential by impeding axonal regeneration (Pekny &
Pekna, 2014). However, a growing body of evidence suggests a beneficial role of reactive
astrocyte borders upon CNS insult in neuroprotection, restricting neuroinflammation, and even
in supporting axonal regrowth (Anderson et al., 2016; Bush et al., 1999; Faulkner et al., 2004;
Sofroniew, 2015). A distinction between proliferative reactive astrocytes that contribute to the
border formation and non-proliferative reactive astrocytes has been proposed, the latter ones
being expected to interact with healthy tissue and support its physiological function (Sofroniew,
2020). Furthermore, some of the reactive astrocytes dedifferentiate upon TBI and acquire stem
cell potential after injury in vitro (Buffo et al., 2008; Lang et al., 2004; Sirko et al., 2009, 2013).
This is of particular interest in the field of regenerative medicine, which aims to replace lost
neurons. It has thus been proposed to achieve this challenging task by transplanting neural
progenitor cells or endogenous recruitment of aNSCs (Grade & Go6tz, 2017). The acquired

plasticity of reactive astrocytes allows for potential new targets to replace neurons in situ in the



field of regenerative medicine (Grade & Gotz, 2017). Indeed, it has been proven that reactive
astrocytes can be reprogrammed into pyramidal neurons after TBI in vivo by overexpression of
nuclear receptor related 1 protein (Nurrl) and Neurogenin 2 (Neurog2) (Mattugini et al., 2019).
In addition, interneurons could be generated from cortical astrocytes by genetically blocking
Notch signaling in astrocytes after injury, further supporting the potential use of reactive
astrocytes for in situ regenerative approaches (Zamboni et al., 2020). However, the process of
dedifferentiation, hence, the acquisition of stem cell potential in a subpopulation of reactive

astrocytes is not fully understood.

In the year 2006 Takahashi and Yamanaka for the first time showed that somatic cells
could be reprogrammed into so-called induced pluripotent stem cells (iPSC) and thus
dedifferentiate by the use of the four transcription factors (Oct-3/4, Sox2, c-Myc, and KIf4)
(Takahashi & Yamanaka, 2006). The idea behind this experiment was that embryonic stem cells
were likely to express pluripotency-inducing factors that are important to maintain pluripotency
(Takahashi & Yamanaka, 2006). Recently, the first clinical studies with iPSCs have been
conducted in an attempt of treating Parkinson’s Disease (Stoddard-Bennett & Reijo Pera, 2019).
Dedifferentiation of somatic cells into stem cells thus has great potential in regenerative
medicine. However, since the process of reactive astrocyte dedifferentiation is not fully
understood and it is already known that reactive astrocytes share features with neural stem
cells, it is important to understand the similarities of both cell populations and their respective

environment.

1.3 What can we learn from neural stem cells?

To compare reactive astrocytes and neural stem cells, | first would like to explain the
concept of stem cells and then assess the parallels between neural stem cells and reactive
astrocytes. Stem cells are undifferentiated cells that are defined by self-renewal capacity and
their potential to differentiate into specialized cell types (Do & Scholer, 2009). This definition is
also referred to as stemness. The potency of a stem cell is organized hierarchically based on its
developmental status, starting with the totipotent zygote and blastomeres that can differentiate
into any cell type forming a whole organism. Pluripotent stem cells exist during early
embryogenesis and are classified by the capability to differentiate into any cell type except those
from the trophoblast lineage (Do & Schéler, 2009). Multipotency describes the ability of stem
cells to give rise to multiple cell types within the same lineage. Neural stem cells (NSC) are
defined as multipotent and can generate neurons and macroglia such as astrocytes,
oligodendrocytes, and ependymal cells (Robel et al., 2011). Stem cells that can differentiate into

only one cell type are considered unipotent (Do & Schéler, 2009). The stemness potential can



be investigated in situ for example by lineage tracing or live imaging (Barbosa et al., 2015;
Bonaguidi et al., 2011; Calzolari et al., 2015; Pilz et al., 2018). In addition, it is also possible to
test for self-renewal and multipotency of NSCs using the neurosphere assay in vitro (Reynolds &
Weiss, 1992). Neurospheres are cellular aggregates derived from a single cell with self-renewal
characteristics, which can be observed by the passage propagation of these neurospheres. The
ability to give rise to neurons, astrocytes, and oligodendrocytes in differentiation conditions

characterizes their multipotency (Robel et al., 2011).

Current Opinion in Neurobiology

Figure 2: Neural stem cell niches in the adult mammalian brain.

Regions containing aNSCs are depicted in blue and regions of neurogenesis are shown in green.
OB: olfactory bulb; RMS: rostral migratory stream; STR: striatum; SEZ: subependymal zone; LV: lateral
ventricle; CTX: cortex; CC: corpus callosum; DG: dentate gyrus; HY: hypothalamus (Falk and Go6tz 2017,
https://doi.org/10.1016/j.conb.2017.10.025, open access article published under the terms of the
Creative Commons Attribution-NonCommercial-No Derivatives License (CC BY NC ND)).

As described above, NSCs are multipotent during development and generate all
neurons, astrocytes, and oligodendrocytes. Because of their radial morphology connecting the
apical and basal membrane, they are also known as radial glia cells (RGC) (Falk & Gétz, 2017). In
addition, RGCs, generate adult neural stem cells (aNSC) that maintain radial morphology and
reside only in three defined regions within the adult mammalian brain, namely the
subependymal zone (SEZ) of the lateral ventricle, the subgranular zone (SGZ) of the hippocampal
dentate gyrus (DG) and the third ventricle in the hypothalamus (Figure 2) (Ninkovic & Gotz,
2013). Interestingly, aNSCs share the expression of many proteins like GLAST (L-glutamate/L-
aspartate transporter), GLT1 (excitatory amino acid transporter 2), S1008, Promininl, and
ALDH1L1 (aldehyde dehydrogenase 1 family, member L1) not only with RGCs but also with
astrocytes (Anthony & Heintz, 2007; Dimou & Go6tz, 2014; Robel et al., 2011). Furthermore,
reactive astrocytes in the cerebral cortex upregulate immature markers like GFAP, vimentin, and
nestin, which are also shared with adult and embryonic NSCs (Robel et al., 2011). Nevertheless,
only a very small fraction of reactive astrocytes can dedifferentiate and acquire stem cell
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potential in vitro after TBI (Buffo et al., 2008; Sirko et al., 2013). Due to the similarities between
NSCs and reactive astrocytes and their potential to acquire stem cell characteristics, it is
worthwhile to examine the parallels of signaling cascades occurring in reactive astrocytes upon
injury and the adult neural stem cell niches.
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Figure 3: Shared signals between reactive astrocytes after injury and neural stem cells in their niches.
(Adapted from Robel et al. 2011, https://doi.org/10.1038/nrn2978, License Number: 5270311314840)

TBlinduces the release of the growth factors such as EGF (epidermal growth factor) and
FGF2 (basic fibroblast growth factor) by different cell types and the upregulation of the
respective receptors in astrocytes (Figure 3) (Robel et al., 2011). Additionally, it has been shown
that FGF2 signaling induces the proliferation of reactive astrocytes not only in vitro but also in
vivo (Gomez-Pinilla et al., 1995; Kang et al., 2014). Similar effects have been shown with EGF
signaling on astrocytes in vitro (Chan et al., 2019). Both growth factor signaling pathways can
activate the mammalian target of rapamycin (mTOR) and mitogen-activated protein kinase
(MAPK) pathways (Figure 3) (Robel et al., 2011). It has been demonstrated that mTOR is
upregulated in reactive astrocytes (Codeluppi et al., 2009). Furthermore, genetically
overactivation of mTOR specifically in astrocytes by loss of PTEN (Phosphatase and tensin
homolog) resulted in astrocyte reactivity and proliferation without inducing an injury (Fraser et
al., 2004). Activation of the extracellular signal-regulated protein kinase (ERK) and Jun N-
terminal kinase (JNK) pathways leads to the MAPK signaling pathway being upregulated in
astrocytes upon injury and regulates GFAP expression and proliferation in reactive astrocytes
(Gadea et al., 2008). Similar to the injury response, the growth factors EGF and FGF2 play a

central role in orchestrating the proliferative activity of aNSCs (Doetsch et al., 2002; Frinchi et
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al., 2008; Kuhn et al., 1997; Tao et al., 1997). Interestingly, EGF and FGF2 signaling are not only
important for cell division but also linked to lineage decisions in the CNS. For example, the
infusion of EGF into the lateral ventricles at the site of the SEZ stimulated aNSCs to an enhanced
generation of astrocytes (Kuhn et al.,, 1997). In contrast, FGF2 administration induced
enrichment of neurogenesis in the olfactory bulb, the region of neurogenesis of aNSCs located
in the SEZ that migrate as neuroblasts via the rostral migratory stream to the olfactory bulb
(Kuhn et al., 1997). Taken together, both growth factors are potential candidates to mediate the

dedifferentiation of astrocytes upon TBI.

In addition to the growth factors mentioned, other signaling pathways are well-known
regulators of aNSC behavior and some of them are upregulated upon TBI (Figure 3). For instance,
sonic hedgehog (SHH) signaling is a key factor to maintain the proliferation of aNSC in both the
SEZ and the DG of the hippocampus (Lai et al., 2003; Machold et al., 2003). SHH signaling is also
increased upon invasive injury in the cerebral cortex and has been shown to regulate the
proliferation of reactive astrocytes (Sirko et al., 2013). Of note, it was demonstrated that SHH
originated from the cerebrospinal fluid, which might explain the fact that reactive astrocyte
proliferation has been linked to BBB disruption (Burda & Sofroniew, 2014; Dimou & Gotz, 2014;
Sirko et al., 2013). Additionally, an increase of neurospheres has been observed, indicating that
SHH does not only increase proliferation but also may regulate dedifferentiation of reactive
astrocytes (Sirko et al., 2013). However, the deletion of SHH signaling in astrocytes did not fully
abolish the stem cell potential of reactive astrocytes, suggesting further signaling pathways to
be involved in the process of dedifferentiation. Also, the prominent wingless-type (Wnt)
signaling, which is known for its fundamental roles during development, is involved in
neurogenesis and aNSC self-renewal in the hippocampal SGZ and the SEZ via the canonical B-
catenin pathway (Adachi et al., 2007; Knotek et al., 2020; Lie et al., 2005; Qu et al., 2010; Rim et
al., 2022). Noteworthy, Wnt-dependent B-catenin signaling is upregulated in reactive astrocytes
and associated with their proliferative status upon TBI (White et al., 2010). Yet, there are also
differences observed between aNSCs and reactive astrocytes. For example, the bone
morphogenic protein (BMP) signaling is recognized for its role in positively regulating
neurogenesis in the aNSC niches by blocking the gliogenic fate (Colak et al., 2008). Conversely,
BMP signaling after injury fosters astrocyte fate by synergistic effects together with STAT
signaling (Robel et al., 2011). Interestingly, a recent study could demonstrate that diencephalic
astrocytes proliferate in vivo and even form neurospheres in vitro without injury in a Smad4-

dependent way, a downstream target of BMP signaling (Ohlig et al., 2021).
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Furthermore, the reaction of aNSCs has also been intensively studied upon TBI in the
CNS of species with high regenerative capacities such as the zebrafish (Danio rerio) (Barbosa et
al., 2015; Baumgart et al., 2012; Di Giaimo et al., 2018; Kishimoto et al., 2012; Kroehne et al.,
2011; Kyritsis et al., 2012; Sanchez-Gonzalez et al., 2022). It has been shown that the zebrafish
CNS can regenerate brain tissue, including the replacement of lost neurons, which is referred to
as restorative neurogenesis. (Barbosa et al., 2015; Baumgart et al., 2012; Di Giaimo et al., 2018;
Kroehne et al., 2011; Kyritsis et al., 2012). Interestingly, restorative neurogenesis in the zebrafish
brain is initiated by inflammation in response to injury (Kyritsis et al., 2012). Acute inflammation
in the zebrafish brain starts with the accumulation of neutrophils and microglia at the injury site
that is followed by activation of OPCs within 1 day post injury (Baumgart et al., 2012; Kroehne
et al., 2011; Sanchez-Gonzalez et al., 2022). In the second phase, adult NSCs are activated and
start to proliferate and generate new neurons (Di Giaimo et al., 2018; Kyritsis et al., 2012). Live
imaging of aNSCs after an injury has shown that the generation of new neurons upon injury can
also occur without prior proliferation of aNSCs and is referred to as direct conversion (Barbosa
et al., 2015; Di Giaimo et al., 2018). Importantly, the aryl hydrocarbon receptor (AhR) has been
identified as a key regulator for timing restorative neurogenesis and thus brain regeneration (Di
Giaimo et al., 2018). Low levels of AhR signaling did promote proliferation and/or self-renewal
of aNSCs a few days upon injury (Di Giaimo et al., 2018). High levels of AhR signaling at later
stages post-injury did induce direct conversion of aNSCs into neurons (Di Giaimo et al., 2018). In
addition, a recently published study demonstrated the importance of AhR signaling in aNSCs in
an Alzheimer’s Disease (AD) zebrafish model system that is based on the injection of AB42 into
the ventricles (Siddiqui et al., 2021). In line with the work of Di Giaimo and others, the study
could show that activation of AhR signaling reduces proliferation of aNSCs while antagonization
of AhR and AB42 injection results in an increase in cell division (Siddiqui et al., 2021). Together,
these studies have shown that AhR signaling is involved in brain regeneration as well as in the
neuronal potential and proliferation of aNSCs in the zebrafish brain after injury. Of note, AhR
expression has also been described in reactive astrocytes upon TBI and stroke in mouse models

(Chen et al., 2019; Frik et al., 2018).

In conclusion, significant efforts have already been made to understand the process of
dedifferentiation of reactive astrocytes and how they acquire stem cell capacities. Nonetheless,
this highly complex phenotype is not yet fully understood, and more research needs to be done

to provide potential novel regenerative therapies.
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1.4 The aryl hydrocarbon receptor

As described above, AhR signaling is crucial for brain regeneration, promotes the
neuronal potential of aNSCs, and is also expressed in reactive astrocytes. Therefore, AhR is a
strong candidate to regulate astrocyte dedifferentiation and stem cell potential acquisition. AhR
is a ligand-activated transcription factor (TF) that is part of the bHLH (basic helix-loop-helix) TF
family, a domain that allows DNA binding (Figure 4) (Stockinger et al., 2014). The ligand-binding
activity is ensured by the interaction of the AhR PAS domain (PER [period circadian protein],
with ARNT [AhR nuclear translocator], SIM [single minded protein] domain), which is also crucial
for dimerization processes (Stockinger et al., 2014). These interactions and AhR cellular
localization determine the AhR signaling activity (Figure 5). If the signaling is inactive, AhR is
bound in the cytoplasm to the chaperone protein HSP90 (heat shock protein 90) that interacts
with the bHLH and PAS domain of AhR (Figure 4 and 5) (Antonsson et al., 1995; Denis et al.,
1988; Perdew, 1988; Perdew & Bradfield, 1996). Importantly, this interaction with HSP90 retains
the AhR in a conformational state allowing a high affinity for ligand-binding (Pongratz et al.,
1992). Moreover, not only does HSP90 bind to AhR in the cytoplasm but also additional
interactors like the AIP (AhR-interacting protein) and the cochaperone p23 (Stockinger et al.,
2014). The interaction of AIP with the PAS domain of AhR and HSP90 stabilizes the protein
complex and blocks ubiquitin-dependent degradation (Kazlauskas et al., 2000; Lees et al., 2003;
Meyer & Perdew, 1999; Morales & Perdew, 2007). The co-chaperone p23, a member of the
HSP90 machinery, binds to AhR and HSP90, and hence, blocks the unspecific activation of AhR

in a ligand-independent manner (Kazlauskas et al., 1999, 2001).
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Figure 4: Functional domains of AhR

(Stockinger et al. 2014, https://doi.org/10.1146/annurev-immunol-032713-120245, License Number:
1201738-1, ISSN: 1545-3278)

The activation of AhR signaling follows ligand binding, which is postulated to result in a
conformational change of AhR within the HSP90 chaperone complex leading to the exposure of
the nuclear localization signal, that is recognized by importin B and ultimately regulates the
translocation into the nucleus (Figure 5) (Stockinger et al., 2014). The HSP90 chaperone complex
dissociates upon dimerization of AhR with the AhR nuclear translocator (ARNT) located in the

nucleus (McGuire et al., 1994). The dimerization of both proteins is required for AhR to bind
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genomic sequences containing a dioxin responsive element (DRE) and act as a transcriptional
regulator (Denison et al., 1988a, 1988b; Fukunaga et al., 1995). Well-known target genes of this
transcriptional activation are cytochrome P450 enzymes (e.g. CYP1A1, CYP1A2, and CYP1B1) and
the AhR repressor (AhRR). Both types of proteins have a negative feedback mechanism by either
metabolizing the AhR ligand or disrupting the AhR/ARNT complex due to higher binding affinity
for ARNT, respectively (Figure 5) (Bergander et al., 2004; Mimura et al., 1999; Wincent et al.,

2009). At last, AhR is degraded by the proteasome after activation (Davarinos & Pollenz, 1999).
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Figure 5: AhR signaling pathway

(Stockinger et al. 2014, https://doi.org/10.1146/annurev-immunol-032713-120245, License Number:
1201738-1, ISSN: 1545-3278)

One of the most prominent ligands of AhR signaling is TCDD (2,3,7,8-
tetrachlorodibenzo-p-dioxin) due to its strong toxic effects and high affinity for AhR (Okey,
2007). Therefore, the role of AhR has been studied for a long time in the context of sensing
xenobiotic chemicals. However, accumulating research in the past years changed their focus on
physiological roles of the AhR signaling, and thus also on endogenous ligands (Okey, 2007;
Rothhammer & Quintana, 2019; Stockinger et al., 2014). Metabolites of the essential amino acid
tryptophan are known endogenous ligands of AhR (Stockinger et al., 2014). For example,
bacterial degradation of tryptophan via tryptophanase follows the formation of various indoles,

which have been shown to activate AhR in astrocytes (Rothhammer et al.,, 2016). Another
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tryptophan metabolite often discussed as an AhR agonist is kynurenine, which is produced by
indoleamine 2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO) (Stockinger et al.,
2014). In an additional enzymatic reaction, kynurenic acid can be formed that is not only an AhR
agonist but also a well-known antagonist of ionotropic glutamate receptors and considered to
be neuroprotective (Ostapiuk & Urbanska, 2022). The process of photolysis of tryptophan by
visible and UV light ends in the formation of 6-formylindolo[3,2-b]carbazole (FICZ), a high-
affinity ligand of AhR (Rannug et al., 1987; Wincent et al., 2009). Interestingly, in contrast to
TCDD, the endogenous agonist FICZ is effectively metabolized by the AhR downstream target
CYP1A1 (Bergander et al., 2004; Miniero et al., 2001; Wincent et al., 2009). Such a mechanism
may give rise to prolonged AhR activation and consequently result in altered or ligand-specific

outcomes of AhR signaling (Quintana & Sherr, 2013; Stockinger et al., 2014).

Initially, AhR function has been investigated in the nervous system mainly in the context
of xenobiotic effects (Juricek & Coumoul, 2018). Growing evidence of research indicates a strong
role of AhR in regulating stem cell self-renewal and differentiation (Casado, 2016; Di Giaimo et
al., 2018; Gasiewicz et al., 2014; Mulero-Navarro & Fernandez-Salguero, 2016). Of particular
interest for my thesis are studies investigating the role of AhR during neurogenesis in the adult
mammalian system. For instance, AhR-deficiency in cerebellar granule neuron precursor cells
led to a reduction in proliferation and increased differentiation into inhibitory granule neurons
(Dever et al., 2016). In the adult organism, the knock-out of AhR causes reduced proliferation,
differentiation, and cell survival in aNSCs of the hippocampal DG with the consequence of
impaired memory functions (Latchney et al., 2013). Controversially, the activation of AhR
signaling by exposure to TCDD had similar effects in wildtype mice, indicating that AhR needs to
be tightly regulated to allow for proper neurogenesis (Latchney et al., 2013). Remarkably, the
treatment with the endogenous ligand FICZ revealed an improvement of hippocampus-
dependent behavioral tasks related to learning and memory (Keshavarzi et al., 2020). This was
most likely due to an increase in neuronal differentiation in the DG (Keshavarzi et al., 2020).
Improved neuronal differentiation in the adult hippocampus has also been described by the
group of Sven Pettersson upon indole-dependent signaling mediated by AhR, which could not
be reproduced by the application of kynurenine (Wei et al., 2021). In a stroke mouse model, an
augmented proliferation of aNSCs has been noticed in the ipsilateral SEZ and hippocampal SGZ
upon AhR knock-out in nestin-positive cells or AhR antagonization with 6,2",4'-
trimethoxyflavone (Chen et al., 2019). Taken together, AhR plays a crucial role in regulating the

behavior of adult neural stem cells, which in turn can influence animal behavior.

In the last years, AhR signaling has also become the center of attention regarding CNS

insult and inflammation (Di Giaimo et al., 2018; Rothhammer & Quintana, 2019). It has been
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shown that AhR mediates anti-inflammatory effects via type | interferons and indoles of
metabolized dietary tryptophan in astrocytes (Rothhammer et al.,, 2016). These anti-
inflammatory effects were key in reducing the EAE disease scores of the animals, resulting in a
loss of hind limb paralysis (Rothhammer et al., 2016). Acute focal insult in a stroke mouse model
causes upregulation of AhR expression in astrocytes and microglia (Chen et al., 2019). Strikingly,
AhR knock-out in a nestin-dependent manner or systemic antagonization of AhR leads to a
reduced infarct area (Chen et al., 2019). Furthermore, it has been reported that AhR expression
is highest in juxtavascular astrocytes upon traumatic brain injury, the astrocyte population that
preferentially proliferates (Frik et al., 2018). As already stated in section 1.3, the AhR pathway
has central regulatory functions in zebrafish brain regeneration by inducing proliferation of
aNSCs when AhR signaling is decreased and increasing differentiation into neurons when AhR
signaling is elevated (Di Giaimo et al., 2018; Siddiqui et al., 2021). Noteworthy, the AhR agonist
B-naphthoflavone (BNF), used by Di Giaimo and others, also disrupts astrocyte differentiation in
a C6 glioma cell line, which is used as an in vitro model for astrocyte differentiation, indicating
that AhR signaling is important in cell fate decisions (Takanaga et al., 2004). Finally, the first
therapeutical approaches targeting AhR in multiple sclerosis have been made using laquinimod,
which did result in reduced brain atrophy and was to some extent facilitated by astrocytes

(Vollmer et al., 2014).

In conclusion, AhR signaling is activated upon ligand binding triggering nuclear
translocation and transcriptional regulation. AhR plays a crucial role in stemness function in mice
and regulates brain regeneration in zebrafish. Furthermore, the notion that AhR is highly
expressed by the main population of proliferating reactive astrocytes upon TBI makes AhR a

strong candidate gene being involved in the process of fate decision of reactive astrocytes.
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1.5 Aims

Understanding the process of dedifferentiation of reactive astrocytes is important to
develop new strategies for regenerative therapies. Our lab has shown that AhR signaling is
crucial for brain regeneration and the neuronal potential of aNSCs in zebrafish (Di Giaimo et al.,
2018). In addition, multiple studies have shown that AhR is important in aNSC fate decision and
the response of astrocytes to CNS damage in mice. Therefore, AhR is a potential regulator of the

dedifferentiation of reactive astrocytes upon TBI.

The main goal of my thesis was thus to investigate whether AhR signaling is involved in
the dedifferentiation and gain of stem cell potential of reactive astrocytes after injury. The
second aim was to study the effects of AhR in astrocytes in the context of CNS injury response
in vivo. To work towards these two objectives, | exploited a combinatorial approach of
transgenic mouse models, primary cell culture systems, western blot, and

immunohistochemistry.

In addition, | focused on the cell-autonomous effects of the AhR pathway in astrocytes
exposed to injury. Since AhR signaling results in transcriptional activation of its target genes,
cell-autonomous changes can be detected on the mRNA level. Furthermore, only a subset of
reactive astrocytes dedifferentiates upon injury. Thus, my third aim was to explore
bioinformatically the heterogeneity and cell-autonomous changes of astrocytes with and

without AhR knock-out by using single-cell transcriptomics of sorted astrocytes.
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2 Results

2.1 The aryl hydrocarbon receptor knock-out system

For my PhD thesis, | utilized the Cre/loxP-system to induce a conditional knock-out of
the aryl hydrocarbon receptor (AhR) by modifying the genomic DNA. The Cre/loxP-system uses
the bacterial Cre recombinase that allows site-specific recombination of floxed DNA sequences.
The floxed DNA sequence is defined by two flanking loxP sites, which consist of 34 bp, and based
on their orientation define the recombination event. The floxed DNA sequence is excised if the
flanking loxP sites are in the same orientation. If they are in the opposite direction, the floxed

sequence is inverted (R. Feil, 2007).

Here, the second exon of AhR is floxed by two loxP sites in the same orientation in the
Ahrfx mouse line (Walisser et al., 2005). The Cre-dependent excision of exon 2 of AhR leads to a
premature stop codon at the beginning of exon 3 and thereby to a knock-out of AhR. To prove
the knock-out model, | used the Emx1® mouse line due to the strong Cre activity in empty
spiracle homeobox 1 (Emx1) expressing cells during cortical development (Gorski et al., 2002).
The Emx1%® mouse line was crossed to our Ahrfx mouse line including a GFP (green fluorescent
protein) reporter with a floxed premature stop codon under the control of a CAG promoter
(CAG-GFP) (Figure 6A). For this experiment proteins from cortex punches with a diameter of 2.5
mm were extracted (Figure 6B) and a subsequent western blot (WB) was performed to detect
the AhR protein (Figure 6C). Indeed, a definite band of AhR at about 90kDa in all wildtype (wt;
AhR"*") and heterogeneous (AhR"Y") animals was identified. Importantly, this band was no

longer detectable in AhR deficient (AhR™") animals (Figure 6C) leading to a knock-out at the

protein level.
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Figure 6: AhR knock-out upon Cre-dependent recombination

(A) Strategy of the experimental mouse model used to knock out AhR in a cell type-specific manner.
(B) Mouse brain scheme depicting the location of punches (dotted lines) used for Western Blot (WB)
experiments. Created with BioRender. (C) Full-length WB image against AhR (green) and Tubulin (blue).
The prominent band of AhR in the AhR*Y*t and AhR""f samples is lost in the AhR™ knock-out condition.
Each lane represents one animal with n = 3.
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2.2 The role of AhR in acquiring stem cell potential

To study the effects of AhR deficiency in astrocytes, | used the Glast“®%™ x Ahrfx x CAG-
GFP mouse line (Figure 7A). The astrocyte-specific L-glutamate/L-aspartate transporter (GLAST,
Slc1a3) dependent expression of Cre fused to a mutant estrogen ligand-binding domain
(CreERT2) that is activated upon tamoxifen binding, allowed me to knock out AhR in a time- and
astrocyte-specific manner and report the CreERT2 activity by GFP expression (S. Feil et al., 2009;
Mori et al., 2006). The tamoxifen-induced recombination is, however, limited to a few astrocytes
within the cortex, and thus did not allow for validating the knock-out using WB experiments as
shown above. Unfortunately, none of the tested antibodies used in immunohistochemistry (IHC)
experiments resulted in convincing staining of AhR in the hippocampus or cortex (data not
shown). It has been shown that the half-life of the AhR protein is below 20 h (Swanson & Perdew,
1993). Therefore, | induced the AhR knock-out by application of tamoxifen (TAM) 14 days prior
to stab wound injury of the somatosensory cortex to ensure full AhR-deficiency in astrocytes

(Figure 7B).

Brain injury in mice does not only stimulate the proliferation of astrocytes in vivo but
also leads to their dedifferentiation and acquisition of stem cell capacities in vitro (Buffo et al.,
2008; Sirko et al., 2009, 2013). The peak of proliferation in vivo and the yield of neurospheres in
vitro is highest at 5 days post injury (5 dpi) (Frik et al., 2018; Sirko et al., 2013). Hence, | carried
out the neurosphere assay at 5 dpi to investigate the stem cell potential of AhR deficient
astrocytes (Figure 7B). When comparing neurospheres at 14 days in vitro (14 div) from control
animals (Ctr), which includes animals having at least one wt allele of Ahr (AhR*Y*t or AhR"/f),
with AhR knock-out (AhR"") animals, no morphological differences in respect to their size were
observed (Figure 7C). Quantification of neurospheres did not result in differences between the
number of non-recombined (GFP") neurospheres derived from Ctr or AhR"f animals (Figure 7D).
Conversely, when comparing GFP* recombined neurospheres, | observed about 30 % of GFP*
neurospheres in the Ctr condition and none when AhR was knocked-out in astrocytes (Figure 7,

CtoE).

Nonetheless, it cannot be excluded that the AhR"" animals had low recombination
rates and thus | might not detect any GFP* recombined neurospheres derived from AhR-
deficient animals. Since | performed unilateral injuries and the injured hemisphere was used for
the neurosphere assay, | stained the contralateral hemisphere with an anti-GFP antibody and
counted the GFP* cells in the somatosensory cortex to control for possible differences in
recombination rates. Importantly, the recombination rate did show a linear correlation with the
percentage of GFP* neurospheres in the Ctr animals (R? = 0.8566; Figure 7H). As indicated by the

representative images, no differences in the recombination rate between the Ctr and AhR""
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animals have been observed that could explain the loss of GFP* recombined neurospheres upon

AhR knock-out (Figure 7, F and G).

To validate whether the effect of AhR on neurosphere formation is astrocyte-specific, |
generated neurospheres from the neural stem cell niche located at the later ventricle, the
subependymal zone (SEZ). Since GLAST is also expressed in adult neural stem cells (aNSC), | made
use of the same mouse line (GlasttR™ x Ahrfx x CAG-GFP) to study the role of AhR knock-out
in the neurosphere forming capacity of aNSCs. Neurospheres at 7 div were not different in shape
or number in Ctr or AhR"" condition (Figure 7, | and J). Interestingly, no differences have been
observed within the recombined GFP* neurospheres when comparing both conditions (Figure 7,

Jand K).

In conclusion, as already shown by Buffo and others Glast* astrocytes can
dedifferentiate after traumatic brain injury and form neurospheres in vitro (Buffo et al., 2008).
This acquisition of stemness in reactive astrocytes was lost upon AhR knock-out, as they could
not form neurospheres. Interestingly, AhR-deficiency did not affect the neurosphere forming
capacity of aNSCs, suggesting that AhR signaling is specific for the dedifferentiation process of
reactive astrocytes to acquire stem cell potential. However, it doesn’t regulate the sphere-
forming capacity of already undifferentiated cells (stem cells and progenitors in the SEZ). It is,

thus interesting to investigate how AhR regulates the astrocyte fate upon injury.
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Figure 7: AhR knock-out in astrocytes results in loss of neurosphere-forming capacity after injury

(A) Strategy of the experimental mouse model used to knock out AhR in astrocytes in a time-specific

manner. (B) Experimental timeline used to knock out AhR in astrocytes by i.p. injection of tamoxifen

(TAM) at 3 consecutive days 14 days before injury (microlesion). The neurosphere assay was performed

5 days post injury (5 dpi). Created with BioRender. (C) Representative images of cortical neurospheres
(brightfield) with GFP expression (green) derived from Ctr (AhR*¥*t or AhR*¥f!) and AhR knock-out (AhR/)
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animals. (D) Quantification of non-recombined (GFP’) and recombined neurospheres (GFP*) normalized
to the number of plated cells. (E) Contingency graph of all counted non-recombined (GFP) and
recombined cortical neurospheres in Ctr (number of plated cells: 391,000) and AhR"f (number of plated
cells: 455,500) mice. (F) Representative images of the contralateral cortex of injured animals showing the
recombined astrocytes (green). (G) The recombination rate is calculated based on the amount of GFP*
cells normalized to the volume in the cortex. (H) Correlation of GFP* neurospheres and recombination
rate in Ctr (blue) and AhR™ (red) neurospheres. Line represents the linear regression for Ctr (blue, R? =
0.8566) and AhR™ (red, R? = 1.0). (1) Representative composite images of subependymal zone (SEZ)
derived neurospheres from Ctr and AhRY" animals with recombined neurospheres (green).
(J) Quantification of counted SEZ-derived non-recombined (GFP") and recombined (GFP*) neurospheres
normalized to the number of plated cells. (K) Contingency graph of all counted non-recombined (GFP)
and recombined (GFP*) neurospheres from the SEZ in Ctr (number of plated cells: 24,000) and AhR™/
(number of plated cells: 27,000) mice. Scale bars represent 200 um (C and 1) and 100 um (F). Each point
represents one animal with n =4 (D, G and H) and n = 8-9 (J). Squared data point (D, G, and H) indicates
the TAM protocol from Figure 11A. Data are shown as median with IQR (D, G, and J). Significance was
calculated using the Mann-Whitney test (D, G, and J) and Fisher’s exact test (E and K). *p <0.05,
**p < 0.01.

2.3 AhR signaling does not regulate astrocytes proliferation upon injury

A correlation between proliferating astrocytes and their acquisition of stem cell
potential after TBI has been observed in previous studies (Dimou & Go6tz, 2014; Sirko et al.,
2013). This correlation is supported by the fact that both phenotypes are at their peak at 5 dpi
and decline with age (Frik et al., 2018; Heimann et al., 2017; Sirko et al., 2013). Proliferating
astrocytes are predominantly located with their soma at blood vessels, so-called juxtavascular
astrocytes (Bardehle et al., 2013; Frik et al., 2018; Heimann et al., 2017). In addition, the majority
of astrocytes with high expression of AhR were juxtavascular astrocytes (Frik et al., 2018). Hence,
| hypothesized that AhR signaling would also decrease or even abolish the proliferative response

of astrocytes in vivo upon injury.

To test this hypothesis the proliferation of astrocytes at 5 dpi was assessed by labeling
cycling cells in S-phase with the thymidine analogs, 5-bromo-2’-deoxyuridine (BrdU) and 5-
ethynyl-2’-deoxyuridine (EdU). BrdU was administered by water for 5 days after injury to label
all proliferating cells induced by injury (Figure 8A). EAU was injected 50 minutes before
sacrificing the animal to detect cells entering the cell cycle at the peak of astrocyte proliferation
at 5 dpi (Figure 8A). GFP* — and thus recombined — astrocytes in a radial distance of 150 um to
the injury site were analyzed in Ctr and AhR"" animals (Figure 8B). About 45 % of the recombined
astrocytes were BrdU* in both conditions, and on average, 3 % of GFP* astrocytes did proliferate
shortly before sacrifice at 5 dpi based on the EdU incorporation in Ctr and AhR"" mice (Figure 8,
Cto E). These results suggest a comparable proliferative capacity of Ctr and AhR knock-out cells
throughout the period of 5 dpi, as well as at the peak of proliferation at 5 dpi. And thus, AhR

signaling may not be involved in regulating the proliferation of reactive astrocytes. Nevertheless,
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both analogs — BrdU and EdU — are incorporated into the DNA during the S-phase of the cell
cycle, thus leaving the possibility that the analog labeled astrocytes got stuck in S-phase without
fully completing the cell cycle. To exclude this possibility, an immunohistochemical (IHC) staining
against Ki67 (marker of proliferation Ki-67, Mki67) was carried out (Figure 9A). Ki67 is a widely
established marker of cell proliferation that is expressed throughout the cell cycle and absent in
resting (Go) cells (Bruno & Darzynkiewicz, 1992). Comparable to the results above, the analysis
of Ki67* recombined astrocytes resulted in no differences between Ctr and AhR-deficient mice
at the injury site (Figure 9D). Since a major fraction of proliferating astrocytes are juxtavascular
and those are reported to express AhR, | decided to further investigate whether this particular
subpopulation of astrocytes is affected by the AhR knock-out (Bardehle et al., 2013; Frik et al.,
2018; Heimann et al., 2017). However, when separating juxtavascular and non-juxtavascular

GFP* astrocytes, no altering patterns of proliferation have been observed (Figure 9B, C, and E).

It can be concluded that the perturbation of AhR in GLAST* astrocytes did not lead to
any changes in their proliferative behavior upon injury. This is in contradiction with the
hypothesis suggested above and with the correlation of proliferating astrocytes and
neurosphere forming astrocytes observed in the past (Sirko et al., 2013). It thus opens the
guestion, of whether reactive astrocytes dedifferentiate after they proliferate or whether both

processes are unrelated to each other after injury.

24



A Analysis

day -16 -14 0 5
11 [ B |
TAM BrdU

Microlesion EdU i.p.

Glast:GFP

AhRA

80+

40+

EdU* GFP* cells
(% of recombined cells)
>

BrdU* GFP” cells
(% of recombined cells)

204

Glast:GFP

ctr AR ctr ARRY!
Figure 8: AhR knock-out does not alter proliferation of astrocytes at the injury site

(A) Experimental timeline used to knock out AhR in astrocytes by i.p. injection of tamoxifen (TAM) at 3
consecutive days 14 days before injury (microlesion). Labeling of proliferating cells for 5 consecutive days
after injury with BrdU water and cells proliferating at 5 dpi with EdU injection (i.p.). Created with
BioRender. (B) Representative images at the injury site of Ctr and AhR"" animals show recombined
astrocytes (green), BrdU labeled cells (magenta) and EdU labeled cells (cyan). (C) Magnification image
including orthogonal projection to show recombined astrocytes that are BrdU* EdU* (arrowhead),
BrdU* EdU (asterisk), and BrdU” EAU" (arrow). (D) Quantification of BrdU* recombined astrocytes over all
recombined astrocytes at the injury site. (E) Quantification of EAU* recombined astrocytes over all
recombined astrocytes at the injury site. Each dot represents one animal with n = 3. Scale bars represent
100 um (B) and 20 um (C).
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(A) Representative images at the injury site of Ctr and AhR"" animals showing recombined astrocytes
(green), Ki67* cells (magenta), and CD31* blood vessels (cyan). (B) Magnification image including
orthogonal projection to show recombined non-juxtavascular astrocytes that are Ki67* and not closely
located to a blood vessel. (C) Magnification image including orthogonal projection to show recombined
juxtavascular astrocytes that are Ki67* and closely located at a blood vessel. (D) Quantification of Ki67*
recombined astrocytes over all recombined astrocytes at the injury site. (E) Quantification of juxtavascular
Ki67* recombined astrocytes over all recombined astrocytes at the injury site. Each dot represents one
animal with n = 3. Scale bars represent 100 um (A) and 20 um (B and C)
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2.4 Is leukocyte extravasation upon injury affected by the astrocytic

AhR-deficiency?

The observed phenotype that the astrocyte-specific AhR knock-out prevents the
acquisition of stem cell properties suggests a cell-autonomous effect. Nevertheless, it cannot be
excluded that cell non-autonomous effects are responsible for the change of astrocyte fate after
injury. It has been demonstrated that astrocytes block leukocyte extravasation, a process in
which immune cells invade the parenchyma after brain insult (Frik et al., 2018). This infiltration
of leukocytes is known to inhibit proliferation and self-renewal of reactive astrocytes upon injury
(Frik et al., 2018; Lange Canhos et al., 2021). In addition, AhR signaling blocks Ccl2 expression in
astrocytes, an essential mediator of leukocyte extravasation (Frik et al., 2018; Rothhammer et
al.,, 2016). | hence investigated whether AhR-deficient astrocytes alter leukocyte infiltration
upon injury, which then might result in cell-nonautonomous changes observed in the

neurosphere assay.

For this experiment, | used IHC staining against lbal (ionized calcium-binding adapter
molecule, Aif1), a marker of brain resident microglia, and CD45 (cluster of differentiation 45), a
marker for leukocytes (Figure 10A). The staining against Ibal was necessary to differentiate
between microglia that upregulate CD45 (Ibal*and CD45%) and invading leukocytes (CD45* and
Ibal’) (Figure 10B). Quantifications of CD45" Ibalinvading leukocytes resulted in no changes

between Ctr and AhR"" animals (Figure 10C).

In summary, the similar numbers of extravasating leukocytes observed in animals with
an astrocyte-specific knock-out of AhR and in Ctr mice suggest that the loss of stem cell potential
in the AhR-deficient astrocytes is not attributed to this cell non-autonomous effect. Supported
by these results, | was intrigued to investigate the cell-autonomous effects of AhR knock-out

within astrocytes upon injury to understand how AhR regulates astrocyte fate.
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Figure 10: Leukocyte extravasation upon injury

(A) Representative images at the injury site of Ctr and AhR"" animals showing Ibal* labeled microglia
(white) and CD45* labeled cells (magenta). (B) Magnification image including orthogonal projection to
show Ibal* microglia upregulating CD45 (asterisk) and CD45* Ibal leukocytes invading the brain
parenchyma (arrowhead). (C) Quantification of CD45" Ibal" invading leukocytes at the injury site in Ctr
and AhR" animals. Each dot represents one animal with n = 3. Scale bars represent 100 pm (A) and 20
um (B).
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2.5 Elucidating the role of AhR in astrocytes after injury using single-cell

RNA sequencing

The results described above implied that the phenotype observed in the neurosphere
assay is likely caused by loss of AhR signaling in reactive astrocytes (sections 2.2 to 2.4). This
initiated the question of how AhR signaling is regulating the astrocyte fate upon injury. Since
AhR activation instructs transcriptional activation and only a small fraction of astrocytes are
reported to dedifferentiate and acquire stem cell potential, | choose to address this subject using
single-cell RNA sequencing (scRNAseq). Single-cell transcriptomics allows investigating the
heterogeneity of various cell types like astrocytes in further detail, which would not be possible
in bulk RNA sequencing experiments (X. Li & Wang, 2021). Moreover, the observed outcome
that astrocytes maintain their proliferative behavior in vivo after injury raised the question, of
whether the processes of proliferation and dedifferentiation of astrocytes are connected, as
suggested previously (Dimou & Gotz, 2014; Sirko et al., 2013). To elucidate this aspect | also
made use of the scRNAseq data by using velocity analysis, which enables to resolve transient

cell states (Bergen et al., 2020).

For this experiment, the protocol to induce Cre-dependent recombination in astrocytes
was altered to achieve higher yields of recombined astrocytes by injecting 2 cycles of tamoxifen
each for 5 consecutive days in the period of three weeks (Figure 11A). The animals have been
injured at both hemispheres — to reduce the number of animals — 14 days after the last day of
induction and sacrificed at 5 dpi (Figure 11A). Furthermore, only Glast“*®™ x AhR"" x CAG-GFP
animals were used to study the cell-autonomous effects of AhR by comparing recombined GFP*
AhR-deficient astrocytes (KO) to non-recombined GFP- astrocytes (NR) (Figure 11B). To enrich
astrocytes, | performed magnetic-activated cell sorting (MACS) using anti-ACSA-2 (astrocyte cell
surface antigen-2) MicroBeads (Figure 11B) as previously described (Batiuk et al., 2017; Kantzer
et al., 2017; Ohlig et al., 2021). To reduce the number of animals used in this experiment, |
performed the ACSA-2* MACS sorting without a myelin removal step upon dissociation, which
has been suggested to increase the purity of sorted cells but would increase the number of
animals required for this experiment (Batiuk et al., 2017). Subsequently, single-cell
transcriptome libraries were prepared following the 10x Genomics protocol, sequenced, and

analyzed in-depth in the following sections of this thesis (Figure 11B).
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Figure 11: Setup for scRNAseq experiment

(A) Experimental paradigm used to knock out AhR in astrocytes by i.p. injection of tamoxifen (TAM) for 2
cycles for 5 consecutive days in the period of three weeks. The last injection of TAM was done 14 days
before injury (microlesion). (B) Scheme depicting the strategy to enrich sequenced cells for astrocytes by
ACSA-2* MACS sorting of brain punches from intact or injured animals. Subsequently, the 10X Genomics
protocol has been carried out, and libraries were sequenced using Novaseq 6000 and analyzed by a
custom Python pipeline. Created with BioRender.

2.5.1 Quality control of sequenced cells

For both conditions, intact and injured (5 dpi), | split the MACS sorted cells into two
samples and loaded both separately on the 10x Chromium Chip to increase the number of
sequenced cells. Before proceeding with the analysis of the single-cell transcriptomic data, | had
to make sure that the quality of the samples is acceptable and that the different samples are
comparable. The quality of the sequenced libraries was examined by comparing the correlation
of the counts and genes per cell, which is depicted in the joint plot and shows that most cells
have about 1,800 to 3,600 genes and 3,000 to 13,500 counts per cell in the intact and injured
(5 dpi) condition (Figure 12, A and D). In addition, there is also a population of cells with lower
expression of genes ranging from 500 to 1,200 genes and 1,000 to 3,000 counts per cell in both
conditions (Figure 12, A and D). | observed that mainly cells with low count numbers (500 to
5,000 counts) and low gene numbers (100 to 1,000 genes) had high mitochondrial gene
fractions, which indicates dying or low-quality cells (Figure 12, B and E). After filtering out of
these cells, 20,932 cells in the intact and 18,324 cells in the 5 dpi condition remained for the

analysis, and their distribution in the scatter plot was similar to each other (Figure 12, C and F).
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Overall, the quality of the sequenced samples was acceptable, and no striking
differences between both conditions have been observed. Hence, | continued with the analysis

with the filtered cells.
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Figure 12: Quality Control of scRNAseq experiment

(A) Joint plot depicting the distribution of the log-transformed total number of counts to the log-
transformed number of genes expressed before filtering of bad quality cells, that are derived from the
intact condition. (B and C) Scatter plot depicting the distribution of a total number of counts to the
number of genes expressed before (D) and after (E) filtering out bad quality cells, that are derived from
the intact condition. The scale bar represents the fraction of mitochondrial-associated genes. (D) Joint
plot depicting the distribution of the log-transformed total number of counts to the log-transformed
number of genes expressed before filtering of bad quality cells, that are derived from the injured (5 dpi)
condition. (E and F) Scatter plot depicting the distribution of a total number of counts to the number of
genes expressed before (E) and after (F) filtering out bad quality cells, that are derived from the 5 dpi
condition. The scale bar represents the fraction of mitochondrial-associated genes.

2.5.2 ACSA-2+ MACS sorting enriched for astrocytes and oligodendrocytes

Following the quality control (section 2.5.1), altogether 39,256 cells with a total of
15,406 genes were used for the analysis of the ACSA-2* MACS isolated cells. To study the
heterogeneity of these cells a principal component analysis (PCA) using 2,000 highly variable
genes (HVG) was performed. Seven dimensions of the PCA data with 30 local neighbors were
used to compute a uniform manifold approximation and projection (UMAP) based on the k-
nearest neighbor algorithm. Subsequently, Leiden clustering with a resolution of 1.0 revealed
20 different clusters (Figure 13A). To identify the cell type of each cluster the top 100 expressed
genes per cluster were used and cross-referenced with the Linnarson lab database (Zeisel et al.,

2018). Interestingly, not only astrocytes were identified, but also oligodendrocytes,
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oligodendrocyte precursor cells (OPC), microglia, neurons, pericytes, and endothelial (Figure
13A). In addition, | validated these results by examining the expression of marker genes for
astrocytes (homeostatic: Sox9, Aldh1l1, Atp1b2, Slc1a3, Aldoc, Aqgp4; and reactive: Vim, Gfap),
oligodendrocytes (Sox10, Mag, Mog, Mbp), OPCs (Pddgfra, Cspg4, Gprl7), microglia (Aifl,
P2ry12, Cx3crl), neurons (Rbfox3, Slc17a7, Gabral, Bcl11b, Foxp2, Cck), pericytes (Pecaml,
Pdgfrb, Rgs5, Kcnj8, Fit1) and endothelial cells (Cldn5, Cdh5, Abcbla, Vwf) for each cluster
(Figure 13B). These sets of genes have further been used to calculate a cell type-specific score
to comprehend the distribution of each cell type on the UMAP (Figure 13, Cto|). The distribution
of astrocytes on the UMAP showed that this cell type was the most abundant (56.06 %) of all
cells (Figure 13C). Additionally, 31.02 % of the identified cells were classified as oligodendrocytes
(Figure 13D). The percentage of identified cell types did vary compared to previously performed
scRNAseq using ACSA-2* dependent MACS isolation from diencephalic tissue (Ohlig et al., 2021).
A possible explanation for the discrepancy may be that | included tissue from the injured cortex
at 5 dpi as well as the fact, that no myelin removal step previous to the ACSA-2 labeling was

performed.

To analyze effects based on the condition, an embedding density score, which depicts
the distribution of cells, was calculated and plotted on the UMAP for each condition (Figure 13J).
Indeed, most cells in the intact condition were assigned to the astrocyte clusters. Nonetheless,
the remaining clusters of the other cell types did also include cells from the intact condition
(Figure 13J), suggesting that the myelin removal step was crucial for Ohlig and others to gain
higher purity of astrocytes (Ohlig et al., 2021). Furthermore, the cells from the injured (5 5dpi)
condition were distributed across all clusters with high abundancy in oligodendrocyte and
astrocyte clusters (Figure 13J). Additionally, the main fraction of microglia was attributed to cells
from the injured brain (Figure 13J). Taken together, these results show that the injury and the
left-out myelin removal step affect the purity of the ACSA-2* MACS isolation of astrocytes.
However, with 15,012 and 6,995 astrocytes from the intact and injured conditions respectively,

| had enough cells to continue with the analysis of sub-clustered astrocytes.

As stated above, only Glast“®8™2 x AhR"f x CAG-GFP animals have been used for this
experiment and non-recombined AhR-abundant (NR) cells were separated in the bioinformatic
analysis from the recombined AhR-deficient (KO) cells based on their GFP expression. The
distribution of NR and KO cells showed that most KO cells are in the astrocyte clusters (Figure
13K). This pattern indeed corresponds to the expression of the GLAST gene Slc1a3 which was

used as a driver of Cre-dependent recombination and thus also of GFP expression (Figure 13L).
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Figure 13: Defining cell types identified in scRNAseq experiment

(A) Clustering of all sequenced cells based on their transcriptome from injured (5 dpi) and intact samples.
Color code for their cell type identity was used. (B) Dot plot depicting the expression of cell type-specific
genes for each cluster. The scale bar represents a standardized scale between 0 and 1 for each gene.
(C to 1) UMAPs depict a cell type-specific score calculated based on the cell type-specific genes from the
dot plot (D). Scale bars represent gene expression scores for each cell type. (J) UMAP depicting the
computed embedding density of cells in the intact or injured (5 dpi) condition. The scale bar represents
the density score. (K) Distribution of recombined AhR-KO (KO) cells (green) and non-recombined (NR) cells
(grey). (L) UMAP depicts gene expression of two genes Slcla3 (GLAST). The scale bar represents log
transformed gene expression. Each dot represents a single cell in the UMAPs. OPCs = Oligodendrocyte
progenitor cells
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To conclude, not only astrocytes were identified in the scRNAseq analysis, but also
various other brain-associated cell types such as oligodendrocytes, microglia, and neurons.
Furthermore, differences in the distribution of intact and 5 dpi cells were observed, however,
enough cells in both conditions have been identified as astrocytes for subsequent analysis of

this cell type. Importantly, AhR-KO cells can be separated from NR cells by their GFP expression.
2.5.3 Non-recombined astrocytes show heterogeneity in their expression profiles

To examine the differences between NR and AhR-KO astrocytes, | first had to
understand the heterogeneity of NR astrocytes in the intact and injured conditions. Hence, |
subclustered the annotated astrocytes and selected the NR fraction based on the absence of
GFP expression (Figure 13, A and K). Following PCA using 2,000 HVGs a UMAP was constructed
utilizing 9 dimensions of the PCA data set and 30 local neighbors for the k-nearest neighbor
algorithm (Figure 14A). Leiden clustering with a resolution of 0.45 resulted in 7 unique
subclusters of NR astrocytes (Figure 14A). The top five expressed genes indicated that reactive
astrocytes are found in cluster 5_NR with increased expression of Gfap and Vim compared to
the other subclusters (Figure 14B). A calculated reactive astrocyte score based on enriched
genes in Al, A2, and pan reactive astrocytes from Liddelow and colleagues confirmed this result
(Figure 14C) (Liddelow et al., 2017). However, when looking into the distribution of Gfap and
Vim on a single cell level, also cluster 2_NR, 6_NR, and partially 1_NR had cells with high gene
expression (Figure 14D). In addition, a cell cycle score has been calculated based on genes
associated with the S and G,/M phase (Tirosh et al.,, 2016), which showed that the main
population of cycling cells was in clusters 2_NR and 5_NR (Figure 14E). Actively proliferating
astrocytes in the G,/M phase were in cluster 5_NR and astrocytes in the S phase were mostly in
cluster 2_NR (Figure 14E). This was confirmed when looking at the proliferation marker genes
Mki67 and Cdk1, which were expressed mainly in cluster 5_NR (Figure 14F). Furthermore, the
number of 5 dpi astrocytes was increased in clusters 2_NR, 5 NR, and 6 _NR, whereas astrocytes
from the intact brain were more abundant in clusters 0_NR, 1_NR, 3_NR, and 4_NR (Figure 14,
G and H). Taken together, all mentioned parameters suggest that homeostatic astrocytes are
found in clusters 0_NR, 1_NR, 3_NR, and 4_NR (blue) and reactive astrocytes are in clusters

2_NR, 5_NR, and 6_NR (red) (Figure 14A).

To further investigate the heterogeneity of NR astrocytes, the gene ontology (GO) of
biological processes (BP) of significantly upregulated differentially expressed genes (DEG) with
a threshold of adjusted p-value < 0.05 and log, fold change > 1 per cluster have been explored.
The 20 most significant biological processes with at least 3 genes per BP and a fold
enrichment > 2 are depicted in the dot plots (Figure 15). The homeostatic astrocytes in cluster

0_NR had many enriched biological processes related to cell signaling but also show a negative
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regulation of inflammatory response and positive regulation of angiogenesis and thus might be
involved in anti-inflammatory processes (Figure 15A). Cluster 1_NR astrocytes showed
enrichment of biological processes related to the extracellular matrix modulation (Figure 15B).
Reactive astrocytes in cluster 2_NR were characteristic of their enriched biological processes
related to immunity and inflammation (Figure 15C) The upregulation of chemokines such as
Ccl2, Ccl3, and Ccl4 suggests that these cells attract leukocytes and act as pro-inflammatory upon
traumatic brain injury (Middleton et al., 2002). The cluster 3_NR astrocytes showed a general
enrichment of transcriptional activity, whereas 4 _NR cells had enriched biological processes
related to short-term memory, peptide signaling, and NO signaling indicating a potential role in
regulating neuronal activity and neurovascular coupling (Figure 15, D and E) (Mufioz et al., 2015;
Verkhratsky et al., 2016). As already shown by the scRNAseq analysis (Figure 14, E and F), the
cluster 5_NR reactive astrocytes had enriched GO terms related to proliferation, but also innate
immunity and oxidative stress (Figure 15F). This reactive cluster showed thus a strong indication
to be involved in anti-inflammatory processes by astrocyte border formation (Sofroniew, 2020).
Finally, cluster 6_NR had many GO terms enriched that are linked to synapse regulation,

suggesting that these astrocytes interact directly with neurons at the synapse (Figure 15G).

In conclusion, the analysis of the NR astrocytes resulted in seven different subclusters
and each of them has been characterized as either homeostatic or reactive astrocytes, indicating
heterogeneous functions of astrocytes. Indeed, with the GO term analysis | could identify
subpopulations of astrocytes that show a strong pro- and anti-inflammatory response to
traumatic brain injury, but also homeostatic subpopulations were involved in different aspects

of homeostasis like extracellular matrix modulation and regulation of neuronal activity.
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Figure 14: Characterization of subclustered non-recombined astrocytes

(A) UMAP of subclustered non-recombined (NR) astrocytes from intact and injured (5 dpi) animals. Cells
are colored by their subcluster identity. (B) Dot plot of the top 5 enriched genes in each NR astrocyte
cluster. The scale bar represents the log fold change of each gene compared to the other clusters.
(C) UMAP depicts the reactive astrocyte score calculated from genes enriched in reactive astrocytes
(Liddelow et al., 2017). The scale bar represents the gene expression score. (D) UMAP depicts gene
expression of two genes, Gfap and Vim, that are characteristic of reactive astrocytes. The scale bar
represents log transformed gene expression. (E) UMAP depicts the distribution of cells in different cell
cycle states Go/G1 (blue), Go/M (magenta), and S phase (orange). Cells in the G,/M phase are highlighted
in the right UMAP. (F) UMAP depicts gene expression of two genes, Mki67 and Cdk1, that are
characteristic of proliferation. The scale bar represents log transformed gene expression. (G) UMAP
depicting the distribution from both intact (blue) and 5 dpi (red) samples. (H) UMAP depicting the
computed embedding density of cells in the intact or 5 dpi condition. The scale bar represents the density
score. Each dot represents a single cell in the UMAPs.
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Figure 15: GO term-based characterization of NR subclustered astrocytes

(A to G) Dot plots depicting representative Biological Processes enriched by upregulated differentially
expressed genes in each subcluster of NR astrocytes. Cluster 0_NR (A), 1_NR (B), 2_NR (C), 3_NR (D), 4_NR
(E), 5_NR (F), and 6_NR (G). Scale bars represent the negative logio p-value calculated by GO term analysis
(DAVID).
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2.5.4 AhR-deficient astrocytes maintain heterogeneous functions

As | identified multiple subclusters of non-recombined astrocytes, | asked the question,
which of those would be affected by the deletion of AhR. Therefore, | subclustered only the
AhR-KO astrocytes based on the annotation of astrocytes and their GFP expression (Figure 13,
A and K). Principal component analysis with 2,000 HVGs was performed and by the use of 9
dimensions a UMAP was constructed based on the k-nearest neighbor algorithm with 30 local
neighbors (Figure 16A). Six unique subclusters of KO astrocytes have been identified following
Leiden clustering with a resolution of 0.5 (Figure 16A). Similar to the NR astrocytes a reactive
astrocyte cluster within the KO astrocytes (5_KO) was identified by the top five expressed genes
due to increased expression of Gfap and Vim (Figure 16B). This was also confirmed by the
reactive astrocyte score (for definition see section 2.5.3) and the distribution of Gfap and Vim
expressing KO astrocytes, which also revealed some cells expressing those two genes in clusters
3_KO and 4_KO (Figure 16, C and D). As in the analysis of NR astrocytes, the proliferating cells in
the G»/M phase were in cluster 5_KO, and cluster 4_KO included mainly cells in the S phase
(Figure 16E). Expression profiles of proliferation marker genes Mki67 and Cdk1 corroborated the
cell cycle score analysis (Figure 16F). In addition, reactive astrocytes were enriched in clusters
4 KO and 5_KO, and homeostatic astrocytes from the intact tissue were more abundant in
clusters 0_KO to 3_KO (Figure 16, G and H). In summary, within the KO subclustered astrocytes
| was able to distinguish between reactive (red clusters) and homeostatic (blue clusters)

astrocytes (Figure 16A).

To study whether clusters from AhR-KO subclustered astrocytes were different from
NR astrocyte subclusters, a similarity matrix has been computed based on the top 100 expressed
genes per cluster (Figure 161). Remarkably, all clusters from KO astrocytes had high correlation
scores to at least one NR astrocyte cluster (Figure 161). This result correlated with the following
GO term analysis that has been performed on differentially expressed genes (DEG) with a
threshold of adjusted p-value < 0.05 and log; fold change > 1per cluster. Noteworthy to mention
that the number of DEGs was highly reduced overall in the KO clusters and thus did not allow
for the study of biological processes in all subclusters that are AhR-deficient. For the GO term
analysis, | highlighted the 20 most significant biological processes (BP) with at least 3 genes per
BP and a fold enrichment > 2 (Figure 17). The biological processes enriched in the homeostatic
2 KO astrocyte cluster were related to overall transcriptional activity and gene regulation
(Figure 17A), which was also observed in the corresponding cluster 3_NR (Figure 15D, Figure
16l). Moreover, a strong overlap of enriched biological processes has been observed in the
reactive subclusters 4_KO and 5_KO with their corresponding subclusters of non-recombined

astrocytes (Figure 161, Figure 17, B and C). | thus could identify pro-inflammatory astrocytes
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within cluster 4_KO by the enrichment of inflammation and immune system-related GO terms
and upregulation of chemokines such as Cc/3 and Ccl4, similar to cluster 3_NR (Figure 15C, Figure
17B). Also, proliferating reactive astrocytes have been identified in cluster 5_KO based on their
cell cycle phase (G2/M) (Figure 16H) and the enrichment of proliferation-associated GO terms
(Figure 17C). The enriched biological processes related to protein translation, synaptic
processes, innate immunity, and cell division in 5_KO astrocytes and the similarity matrix (Figure
161, Figure 17C) suggest that this cluster contains cells that are similar to the subclusters 5_NR
and 6_NR of non-recombined astrocytes. This is likely due to the reduced cell number of AhR-

KO astrocytes compared to NR astrocytes and thus does not allow more defined clustering.

Taken together, the loss of AhR in astrocytes resulted in a reduced number of
differentially expressed genes in each subcluster, indicating that AhR is transcriptionally active
in NR astrocytes. However, the analysis of AhR-KO and NR astrocytes showed that AhR-deficient
and NR control astrocytes react similarly to injury, as was already observed in the in vivo analysis
in sections 2.3 and 2.4. In addition, | was not able to identify differences between AhR-KO and
NR astrocytes that would explain the loss of dedifferentiation in AhR-deficient astrocytes and

their subsequent inability to form neurospheres as observed in section 2.2.

39



SEEYES i SESPESSTESLESLSELL RS
gfgoﬁgmf 3 o 3 05%15"' 22 L0 KQ_E
~
Ed Fraction of cells
= ' N o
E < ingroup (%) 15 fold ch
Y 5 KO g Tola cl ange
ol 4,250 cells &’ﬁ i ©0000 mr mm
20406080100 -5 0 5
C | Reactive Astrocytes D
Gfap Vim
0.6 5
P 3 4
o5
a6 e b 4 A%
0.4 ‘. A 5 2 3
¥ X : 3 &
sd > <
[ et 2R - - g S“"'- 2
0.2 D 2 X
1
. ~ 1
Y 0.0 :
= =
- > 0 0
UMAP 1 UMAP 1
phase phase Mki67 Cdk1
2.0
3
1.5
) 5 °G/M . 2
P NA P 10 %
05 1
Lo.o Lo
Intact 5dpi
Inta pI 10
08 06
06 04
® 5dpi .
Intact
0.4
02
o, g 0.2
o
< < 0.0
5 i 5 oo EEEEE
UMAP 1 UMAP 1 3,225 cells 1,025 cells - SERL 505

Figure 16: Characterization of subclustered recombined AhR-KO astrocytes

(A) UMAP of subclustered recombined AhR-KO (KO) astrocytes from intact and injured (5 dpi) animals.
Cells are colored by their subcluster identity. (B) Dot plot of the top 5 enriched genes in each KO astrocyte
cluster. The scale bar represents the log fold change of each gene compared to the other clusters.
(C) UMAP depicts the reactive astrocyte score calculated from genes enriched in reactive astrocytes
(Liddelow et al., 2017). The scale bar represents the gene expression score. (D) UMAP depicts gene
expression of two genes Gfap and Vim that is characteristic of reactive astrocytes. The scale bar represents
log transformed gene expression. (E) UMAP depicts the distribution of cells in different cell cycle states
Go/G1 (blue), G2/M (magenta), and S phase (orange). Cells in the Go/M phase are highlighted in the right
UMAP. (F) UMAP depicts gene expression of two genes, Mki67 and Cdk1, that are characteristic of
proliferation. The scale bar represents log transformed gene expression. (G) UMAP depicting the
distribution from both intact (blue) and 5dpi (red) samples. (H) UMAP depicting the computed
embedding density of cells in the intact or 5 dpi condition. The scale bar represents the density score.
(I) Heatmap depicting the correlation between the KO and NR astrocyte clusters based on the top 100
enriched genes per cluster. The scale bar represents the fraction of overlapping genes. Each dot
represents a single cell in the UMAPs.
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Figure 17: GO term-based characterization of AhR-KO subclustered astrocytes

(A to C) Dot plots depict representative Biological Processes enriched by upregulated differentially
expressed genes in each subcluster of AhR-KO astrocytes. Cluster 2_KO (A), 4_KO (B), and 5_KO (C). Scale
bars represent the negative logio p-value calculated by GO term analysis (DAVID).

2.5.5 Analysis of injured astrocytes reveals a subpopulation of astrocytes with stem cell

characteristics

Given that the analysis described above did not provide any conclusion about how the
loss of neurosphere forming capacity in AhR-KO astrocytes is regulated, | used yet another
approach. Since dedifferentiation and thus the acquiring of stem cell potential of astrocytes is
injury dependent, | focused on the astrocytes derived from the injured mice. Therefore, |
subclustered all astrocytes originating from the injured brain, including AhR-deficient (KO) and
non-recombined (NR) cells, which allows direct comparison between both types of astrocytes.
For this approach, a principal component analysis was performed with 2,000 HVGs and a UMAP
was constructed using 8 dimensions of the PCA data set and 30 local neighbors for the k-nearest
neighbor algorithm (Figure 18A). Leiden clustering with a resolution of 0.5 resulted in 7 unique
groups of astrocytes derived from the injured cortex (Figure 18A). The top 5 genes per cluster
revealed that two clusters (4_5dpi and 5_5dpi) had enrichment of the reactive astrocyte marker
Gfap (Figure 18B). The reactive astrocyte score (for definition see section 2.5.3) confirmed the
presence of an additional cluster (5_5dpi) containing reactive astrocytes compared to the NR
astrocyte clustering (Figure 18C). The marker genes Gfap and Vim were also expressed in the

cluster 2_5dpi and 6_5dpi (Figure 18D). The cell cycle score indicated that most cells in the S
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phase were in cluster 2_5dpi and proliferating cells in the G,/M phase were mainly in cluster
4 5dpi but also cluster 2_5dpi (Figure 18E). The marker genes for proliferation Mki67 and Cdk1
showed that the main proliferating cells are indeed located in cluster 4_5dpi (Figure 18F). When
comparing the top 100 genes of the clusters from the injured brain to the NR clusters using a
similarity matrix, most of the 5 dpi clusters showed high similarities to one of the NR clusters
except to 4_NR (Figure 18G). The reactive clusters from NR astrocytes (2_NR, 5_NR, and 6_NR)
had high similarity scores to the reactive astrocyte clusters 2_5dpi, 4 5dpi, and 6 _5dpi,
respectively (Figure 18G). A similar correlation has also been found comparing the injured
astrocytes with the KO subclustered astrocytes (Figure 18H). However, cluster 5_5dpi did not
show any correlation with one of the NR or KO astrocyte clusters (Figure 18, G and H). This is of
interest because, based on the similarity matrices (Figure 18, G and H), it showed that the cluster

5 _5dpi is an injury-specific cluster and thus may contain dedifferentiated astrocytes.

As described in section 2.2 the AhR-deficient astrocytes were not able to
dedifferentiate and form neurospheres. Therefore, | investigated the distribution of AhR-KO
versus NR astrocytes and observed that NR astrocytes were present in all seven different
clusters (Figure 19, A to C). KO astrocytes, however, were mainly located in clusters 0_5dpi,
2_5dpi, 3_5dpi, and 4_5dpi (Figure 19, A and B). When quantifying the percentages of NR and
KO cells within each cluster to all NR and KO astrocytes from the injured brain, respectively, it
appeared that KO astrocytes were enriched in clusters 0_5dpi and 3_5dpi (Figure 19C).
Interestingly, the two clusters that had a depletion of KO astrocytes were 1_5dpi and 5_5dpi,
while the clusters 4_5dpi and 6_5dpi were unchanged between NR and KO astrocytes (Figure
19C). Since cluster 5_5dpi appeared to be injury specific and AhR-KO cells were highly depleted
in this cluster, | analyzed their distribution in the UMAP of NR and AhR-KO astrocytes from the
analysis above (Figure 19D). Interestingly, the NR 5_5dpi astrocytes did cluster mainly within
cluster 1_NR, whereas the KO cells of the 5_5dpi cluster were more spread within clusters 0_KO

and 3_KO (Figure 19D).

Summarizing the first results of this part revealed four reactive (red) and three
homeostatic (blue) astrocyte clusters within the 5 dpi astrocytes (Figure 19A). Furthermore,
cluster 5_5dpi is emerging when investigating astrocytes only from the injured brain and AhR-

KO cells are depleted in this cluster.
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Figure 18: Characterization of subclustered astrocytes from injured brain

(A) UMAP of subclustered astrocytes (NR and KO) from injured (5 dpi) animals. Cells are colored by their
subcluster identity. (B) Dot plot of the top 5 enriched genes in each KO astrocyte cluster. The scale bar
represents the log fold change of each gene compared to the other clusters. (C) UMAP depicts the reactive
astrocyte score calculated from genes enriched in reactive astrocytes (Liddelow et al., 2017). The scale
bar represents the gene expression score. (D) UMAP depicts gene expression of two genes Gfap and Vim
that is characteristic of reactive astrocytes. The scale bar represents log transformed gene expression.
(E) UMAP depicts the distribution of cells in different cell cycle states Go/G; (blue), Go/M (magenta), and
S phase (orange). Cells in the G,/M phase are highlighted in the right UMAP. (F) UMAP depicts gene
expression of two genes, Mki67 and Cdk1, that are characteristic of proliferation. The scale bar represents
log transformed gene expression. (G and H) Heatmaps depicting the correlation between the 5 dpi and
NR astrocyte clusters (G) and between 5 dpi and KO astrocyte clusters (H) based on the top 100 enriched
genes per cluster. The scale bar represents the fraction of overlapping genes. Each dot represents a single
cell in the UMAPs.
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Figure 19: Comparison of NR and KO astrocytes of subclustered astrocytes from injured brain

(A) UMAP depicting the distribution of recombined AhR-KO (KO) cells (green) and non-recombined (NR)
cells (grey). (B) UMAPs depict the computed embedding density of NR and KO astrocytes. The scale bar
represents the density score. (C) Stacked bar plot depicting the percental fractions of cells per cluster in
NR and KO astrocytes at 5 dpi. Scale in percentage. Each cluster is color-coded by its identity (Figure 18A).
Arrowheads highlighting cluster 5_5dpi. (D) UMAPs depicting the localization of cluster 5_5dpi cells (dark
red) in the UMAPs of NR and KO astrocytes. Each dot represents a single cell in the UMAPs.

Since AhR-deficient astrocytes did not form neurospheres after injury in vitro (section
2.2), | expected a cluster that showed a depletion of reactive AhR-KO astrocytes. In addition,
clusters that showed high expression of proliferation markers were excluded because | did not
observe any differences between AhR"" and Ctr astrocytes regarding their proliferative behavior
(section 2.3). Due to these reasons, | further investigated cluster 5_5dpi as it was the only cluster

of reactive astrocytes that showed a depletion of KO cells and emerged upon injury.

To get afirstimpression of the regulated genes in cluster 5_5dpi astrocytes, | performed
GO term analysis of significantly upregulated differentially expressed genes (adjusted p < 0.05,
log, fold change > 1) of cluster 5_5dpi compared to the remaining six clusters (Figure 20, A and
B). The 35 most significant biological processes with at least 7 genes (to reduce redundant GO
terms) and a fold enrichment > 2 are depicted in the dot plots (Figure 20A). Interestingly, GO
terms related to bone morphogenetic protein (BMP) and wingless-type (Wnt) signaling pathway
were enriched in biological processes as well as a positive regulation of mitogen-activated
protein kinase (MAPK) cascade, which are all important signaling pathways important in neural
stem cell maintenance and differentiation (see section 1.3) (Figure 20A). Additionally, biological

processes such as multicellular organism development and neuron differentiation were
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enriched (Figure 20A). To complement the GO terms, KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathway analysis was performed. Plotting all significant enriched KEGG pathways
resulted in an enrichment of signaling pathways regulating pluripotency of stem cells that
include BMP and Wnt signaling (Figure 20, B and C; Figure 21, A, C, and D). The upregulated
genes in cluster 5_5dpi in this KEGG pathway are receptor molecules and downstream targets
of their signaling (Figure 20C; Figure 21A). Moreover, the receptors of EGF (Egfr) and FGF2 (Fgfr1

and Fgfr3) signaling, important for the neurosphere formation in vitro, were significantly

upregulated in cluster 5_5dpi (Figure 20D).
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Figure 20: Cluster 5_5dpi astrocytes show stem cell characteristics

(A and B) The dot plots depict representative Biological Pathways (A) and KEGG Pathways (B) enriched by
upregulated genes in cluster 5 of 5 dpi (5_5dpi) subclustered astrocytes. Scale bars represent the negative
logio p-value calculated by GO term analysis (DAVID). (C) The dot plot depicts genes from the KEGG
pathway “Signaling pathways regulating pluripotency of stem cells” in 5 dpi astrocyte subclusters. (D) The
dot plot depicts EGF and FGF2 receptor genes expressed in 5 dpi astrocyte subclusters. The scale bars
represent a standardized scale between 0 and 1 for each gene (C and D).

However, for signaling pathways it is important that not only the receptors and some
downstream targets are upregulated but also the remaining genes of each pathway need to be
expressed to allow the signaling mechanism to function and regulate cellular processes such as
dedifferentiation. | thus further explored the expression of genes involved in the KEGG pathway
“Signaling pathways regulating pluripotency of stem cells” (Figure 21). The differentially

expressed genes of each signaling cascade related to stem cell maintenance are highlighted in
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red (Figure 21A). From all four pathways the ligand molecules Bmp4, Wnt, Fgf2, and Lif were
very low expressed, suggesting that the activation of these pathways is initiated from a different
cell type than astrocytes (Figure 21, B to E). Many genes involved in the BMP signaling, including
the downstream targets Id1 to Id4, were highly expressed in cluster 5_5dpi (Figure 21B). Also,
genes involved in the Wnt signaling cascade including membrane receptors, signal amplifying
and effector molecules like Tcf3 were expressed in cluster 5_5dpi (Figure 21C). In addition, genes
involved in the FGF2 signaling were also detected in 5_5dpi astrocytes (Figure 21D). In contrast,
the effector molecules of the LIF mediated pathways such as Klf4, Myc, and Tbx3 were barely
expressed in 5_5dpi astrocytes (Figure 21E). Hence, these results suggest a potential role of
BMP, Wnt, and FGF2 signaling in the dedifferentiation process of reactive astrocytes upon injury.
To complete this analysis, the target genes of the stem cell regulating pathways have been
investigated and one of the highest expressed target genes within cluster 5_5dpi astrocytes was

the transcription factor Pax6 (Figure 21F).

Since transcription factors regulate the gene expression of a variety of genes and thus
are highly important in controlling cellular processes, | wanted to investigate, which
transcription factors (TF) are the most relevant to regulating the gene expression in this
subcluster. To perform this analysis | collaborated with Pawel Smialowski, who developed a
pipeline to analyze TF activity based on differentially expressed gene sets with a cut-off of the
adjusted p-value < 0.05 (Angerilli et al., 2018). The top 15 transcription factors from this ranking
are depicted in a network, which is based on the STRING database with a confidence cutoff of
0.4 (Figure 22A). It has been hypothesized that reactive astrocytes upregulate developmental
signaling cascades that are important in stem cell maintenance and differentiation and thus
allow them to dedifferentiate (Robel et al., 2011). Interestingly, the transcription factor Pax6,
which is known to play a crucial role during brain development and is also upregulated in
reactive astrocytes (Robel et al., 2011), was enriched in this analysis (Figure 22A). This was also
supported by the significant upregulation of Pax6 with a log; fold change of 0.96 in 5 5dpi
astrocytes (Figure 21F, Figure 22A). Of note, the transcription factor Achaete-scute homolog 1
(Ascl1) was among the top 15 TFs in this analysis, as well as among the differentially upregulated
genes in cluster 5 5dpi (Figure 22, A and B). Ascll has shown to be crucial for efficient
reprogramming of astrocytes to inhibitory neurons (Heinrich et al., 2010; Kempf et al., 2021;
Masserdotti et al., 2015). In addition, Wnt (Tcf4) and BMP (Id1, Id3, and Id4) signaling were also
enriched by the TF ranking analysis (Figure 22, A and B). Interestingly, the upregulation and
enriched activity of Stat transcription factors has been observed in cluster 5_5dpi (Figure 22, A
and B). The expression of Stat1 and Stat2 is regulated by interferon | (IFN-I) signaling in reactive
astrocytes, which is accompanied by an upregulation of the interferon regulatory factor 9 (/rf9)

(Rothhammer et al., 2016). Irf9 was also enriched in cluster 5_5dpi astrocytes with a z-score of
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2.2 and a log, fold change of 1.2 (Figure 22B). IFN-I signaling is important during
neuroinflammation and AhR is known to mediate its signaling in reactive astrocytes
(Rothhammer et al., 2016). Hence, the emergence of stem cell characteristics in dedifferentiated
reactive astrocytes for example by activation of PAX6 might be induced by IFN-I signaling that is

mediated by AhR.

In conclusion, | could show that the cluster 5 _5dpi astrocytes had enriched stem cell
signatures based on their differentially expressed genes. Furthermore, the analysis revealed a
potential link between neuroinflammation and upregulation of transcription factors that are
important during brain development such as Pax6. | could also demonstrate that receptors for
EGF and FGF2 signaling, which are important in the neurosphere assay were upregulated in
5 5dpi cells. Therefore, these astrocytes are strong candidates to dedifferentiate upon injury

and subsequently form neurospheres in vitro.
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Figure 21: KEGG Pathway of signaling pathways regulating pluripotency of stem cells

(A) KEGG graph of signaling pathways regulating pluripotency of stem cells depicting the genes
significantly upregulated in cluster 5_5dpi (red). (B to F) Dot plots depicting genes expressed in BMP (B),
Whnt (C), FGF2 (D), and LIF (E) signaling, as well as their downstream targets (F) expressed in 5 dpi astrocyte
subclusters. Genes belonging to each pathway are based on the KEGG pathway diagram (A). Scale bars
represent a standardized scale between 0 and 1 for each gene.
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Figure 22: Transcription factor ranking of cluster 5_5dpi astrocytes

(A) Top 15 TFs from transcription factor network analysis detecting active TFs in cluster 5 5dpi.
Interactions are calculated based on the STRING database. The strength of known interactions is indicated
by the thickness of connecting lines. (B) Dot plot depicting a selection of ranked TFs and Irf9 in 5 dpi
astrocyte subclusters. Scale bars represent standardized scales between 0 and 1 for each gene

2.5.6 What are the AhR-dependent processes regulated in 5_5dpi astrocytes with stem

cell characteristics?

As described in the section above (2.5.5), the astrocytes in cluster 5_5dpi are strong
candidates for defining the subpopulation of reactive astrocytes that dedifferentiate upon injury
and acquire stem cell potential. Because AhR-deficient astrocytes did not form neurospheres in
vitro (see section 2.2), | assessed the differences between NR and AhR-KO astrocytes in cluster
5_5dpi by differential gene expression analysis using the Wald test. Subsequently, | used the 203
differentially expressed genes that were downregulated in AhR-KO astrocytes to perform GO
term and KEGG pathway analysis (Figure 23, A and B). The biological processes showed a
reduction of G-protein coupled receptor signaling pathway and cell adhesion in AhR-KO
astrocytes in cluster 5_5dpi (Figure 23A). The GO term related to cell adhesion did consist of
Cd24a, among other genes, which is known to be expressed in the neuronal stem cell lineage
and thus might be a potential candidate explaining the loss of stem cell potential acquisition in
AhR-deficient astrocytes (Pruszak et al., 2009). Moreover, Cd24a showed to be lower expressed
across all 5 dpi clusters in KO astrocytes compared to NR cells from the injured brain (Figure
23C). In addition, the KEGG pathway “Hematopoietic cell lineage” was enriched within the
downregulated genes in 5_5dpi KO astrocytes (Figure 23B). The downregulated genes in this
pathway were Cd24a and //1r2 next to others. Furthermore, //1r2 — a non-signaling receptor of

interleukin 1 (IL-1) (Colotta et al., 1993) — was lower expressed in most KO astrocytes derived
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from injured mice (Figure 23D). This trend was not observed by the IL-1 signaling receptor gene
I11r1 (Figure 23E). Interestingly, the IL-1 receptors are potential direct downstream targets of
AhR activation (Hanieh, 2014). Noteworthy, Lyar was within the top 10 downregulated genes in
KO astrocytes based on the mean expression within NR and KO astrocytes. LYAR is a nucleolar
protein essential to maintaining the self-renewal of embryonic stem cells (H. Li et al., 2009).
When comparing the gene expression levels of Lyar across all 5 dpi subclusters, | observed that
this gene was absent only in KO astrocytes in cluster 5_5dpi (Figure 23F). The differential gene
expression analysis between AhR-deficient and non-recombined astrocytes with subsequent GO
term and KEGG pathway analysis resulted thus in three potential candidates that might be

responsible for the loss of dedifferentiation in AhR-KO astrocytes.

As stated in section 2.5.5, transcription factors are crucial in regulating gene expression
and with those also cellular processes. Therefore, | used the transcription factor ranking analysis
based on the differentially expressed genes with a cut-off of g-value < 0.5 to have enough genes
to construct a TF-based network, which was performed by Pawel Smialowski (Angerilli et al.,
2018). The analysis resulted in two downregulated transcription factors Tcf7 and Runx1 (Figure
23l). A network with these two TFs was calculated based on the STRING database (confidence
cutoff 0.4) and extended by ten additional interactors (grey) (Figure 231). The network revealed
that Tcf7 and Runx1 share 6 common interactors, among the 10 top interactors, that are also
transcription factors and thus may regulate partially overlapping gene expressions (Figure 23l).
Furthermore, Tcf7 and Runx1 were also significantly downregulated in 5 _5dpi KO astrocytes
(Figure 23, G and H). Interestingly, both transcription factors are associated with the Wnt

signaling pathway (Jeannet et al., 2010; Medina et al., 2016).

In conclusion, the direct comparison of AhR-deficient and NR astrocytes resulted in five
potential candidates that might explain the loss of neurosphere formation directly based on the
differential gene expression analysis. However, the enrichment of Wnt signaling in 5_5dpi
astrocytes and the specific downregulation of downstream target genes of this signaling
pathway in 5_5dpi AhR-KO astrocytes strongly suggest that Wnt signaling is important during

dedifferentiation and stem cell potential acquisition in an AhR-dependent manner.
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Figure 23: Differential gene expression analysis between NR and KO astrocytes in cluster 5_5dpi

(A and B) Dot plots depicting representative Biological Pathways (A) and KEGG Pathways (B) enriched by
downregulated genes in KO astrocytes of cluster 5 of 5 dpi (5_5dpi) subclustered astrocytes. Scale bars
represent the negative logio p-value calculated by GO term analysis (DAVID). (C to H) Violin plots of Cd24a
(C), ll1r2 (D), 1l1r1 (E), Lyar (F) Tcf7 (G), and Runx1 (H) gene expression in 5 dpi subclusters. The scale
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represents log transformed gene expression; each dot represents a single cell. (1) Repressed transcription
factors (colored) in KO astrocytes in cluster 5_5dpi from transcription factor network analysis. Interactions
are calculated based on the STRING database and the network is expanded by 10 interactors (grey). The
strength of known interactions is indicated by the thickness of connecting lines.

2.5.7 Are dedifferentiated astrocytes derived from proliferating astroglia?

In section 2.3 | described that no differences between AhR-deficient and Ctr astrocytes
had been found regarding their proliferation upon injury in vivo. Until now it was suggested that
proliferation and dedifferentiation of reactive astrocytes are linked with each other (Dimou &
Gotz, 2014; Sirko et al., 2013). So far, the scRNAseq analysis in section 2.5.5 also supports the
concept that different astrocyte clusters proliferate and form neurospheres. To further
investigate, whether the proliferative reactive astrocytes are linked to the astrocytes exhibiting
stem cell potential, | made use of RNA velocity analysis. RNA velocity is based on the ratio
between spliced and unspliced mRNA transcripts and was successfully used to analyze
developmental stages (Bergen et al., 2020). The rationale behind this analysis lies in the fact that
unspliced pre-mRNA is spliced in the process of mMRNA maturation and thus allows to indicate

the direction of cell differentiation.

The velocity analysis was performed on non-recombined and AhR-KO astrocytes
derived from the injured (5 dpi) brain, respectively. The top 2,000 highly variable genes were
used to calculate the velocity, which was then embedded on the UMAP of 5 dpi astrocytes
(Figure 24, A to D). The velocity analysis of 5 dpi NR astrocytes showed that cells from the
clusters 2_5dpi, 4_5dpi, and 6_5dpi had a directionality towards the stem cell-associated cluster
5 5dpi (Figure 24, A and B). Cluster 4 _5dpi has been shown to contain mainly reactive
proliferating astrocytes (see section 2.5.5), and thus a connection between proliferating and
dedifferentiation astrocytes could be established. Interestingly, only cluster 6_5dpi but not
2 5dpi and 4_5dpi astrocytes maintained the direction towards 5 5dpi cells in the AhR-KO
condition (Figure 24, C and D). Furthermore, KO cells in cluster 5_5dpi lost their north-east

directionality observed in NR astrocytes within this cluster (Figure 24, B’ and D’).

Together, these results suggest a possible link between proliferating and
dedifferentiating reactive astrocytes. Furthermore, the velocity analysis implies that some of the
proliferating astrocytes can fully dedifferentiate and acquire stem cell potential upon injury. To
complement this analysis, | identified important genes in NR astrocytes that may explain the
velocity in 4_5dpi astrocytes (Figure 24E). Interestingly, transferrin (Trf) was among the top ten
important genes (Figure 24E). Additionally, Trf was expressed in 5_5dpi cells in its spliced mature
MRNA form (Figure 24E). Transferrin expression is known to be regulated by hypoxia which

induces oxidative stress and an increase of reactive oxygen species (McGarry et al., 2018; Rolfs
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et al., 1997). Notably, oxidative stress is a key barrier to direct neuronal reprogramming of

astrocytes (Gascon et al., 2016).
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Figure 24: Velocity analysis of injured astrocytes

(A) Stream plot of velocity analysis on the UMAP of non-recombined (NR) injured (5 dpi) astrocytes.

(B) Scatter plot of velocity analysis on the UMAP of NR 5 dpi astrocytes including a magnification of cluster
5 5dpi (B’). (C) Stream plot of velocity analysis on the UMAP of AhR-KO injured (5 dpi) astrocytes.
(D) Scatter plot of velocity analysis on the UMAP of KO 5 dpi astrocytes including a magnification of cluster

5 5dpi (D’). Arrows in the velocity analysis indicate the direction and speed of movement of cells.

(E) Scatter plots of top ten ranked genes defining velocities in cluster 4_5dpi NR astrocytes. Non-

recombined cells in cluster 4_5dpi (light red) and 5_5dpi (dark red) are highlighted. Each dot in the scatter

plots and UMAPs represent a single cell.

53



54



3 Discussion

Replacement of lost neurons after central nervous system (CNS) injury is at the center
of regenerative therapy. The acquisition of stem cell properties of a subpopulation of astrocytes
after injury gives a promising target population for direct reprogramming into neurons. It is,
however, important to understand the underlying mechanisms of astrocyte dedifferentiation
not only to facilitate the process of reprogramming into desired neuronal fates but also more
immature astrocytes might have additional neuroprotective aspects, like the support of synapse
formation and neurite outgrowth. The aryl hydrocarbon receptor (AhR) has been implicated
with brain regeneration by promoting neuronal potential of adult neural stem cells (aNSC) and
is also expressed in reactive astrocytes (Chen et al., 2019; Di Giaimo et al., 2018; Frik et al., 2018;
Siddiqui et al., 2021). Therefore, AhR is an interesting candidate to regulate astrocyte
dedifferentiation upon injury and | investigated the neural stem cell response of the
subpopulation of cortical astrocytes after injury regarding the AhR signaling. My work shows,
that the AhR signaling is necessary for the dedifferentiation of astrocytes and their neurosphere
forming capacity. None of the AhR-deficient cerebral cortex astrocytes formed a neurosphere
after injury. Interestingly, the AhR-KO did not result in differences in astrocyte proliferation in
vivo upon stab wound injury. Hence, these results suggest that proliferation and
dedifferentiation of reactive astrocytes might not be interconnected processes. However, the
velocity analysis of single-cell transcriptome data of injured astrocytes could indicate that
proliferating reactive astrocytes dedifferentiate to acquire stem cell capacities. With the single-
cell RNA sequencing (scRNAseq) analysis, | was able to find different subpopulations of
astrocytes and identified a subpopulation that may have dedifferentiated with the potential to
form neurospheres in vitro. Furthermore, my analysis suggests the reduction in Wnt (wingless-
type) signaling in AhR-KO astrocytes within the dedifferentiated astrocyte subpopulation giving

a potential mechanism explaining the loss of neurosphere formation.

3.1 The aryl hydrocarbon receptor is necessary for the dedifferentiation of

astrocytes after injury

AhR-deficient astrocytes lost the capacity to form neurospheres, and thus their stem
cell potential after injury in vitro. Recently it has been shown that aNSCs in the zebrafish
telencephalon increase their proliferation rate upon injury by downregulating AhR activity.
Conversely, the enhancement of the AhR signaling leads to increased neuronal differentiation
(Di Giaimo et al., 2018). A study investigating the effects of AhR signaling in the DG showed that
deletion of AhR or its activation led to reduced neurogenesis (Latchney et al., 2013). However,

this study did lack a defined tool since they used a full knock-out system for AhR and systemic
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activation via 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), and thus, the observed effects might
result from indirect effects on neural precursor cells in the dentate gyrus. Using a full knock-out
of AhR did also result in a pluripotent phenotype in embryonic stem cells, which was
accompanied by overexpression of the pluripotency factors OCT4 and NANOG, and enhanced
glycolytic metabolism during early mouse embryo development (Nacarino-Palma et al., 2021).
In addition, antagonizing the AhR signaling leads to an expansion of human HSCs (Boitano et al.,
2010). The pivotal role of AhR in hematopoiesis has been also examined in mice and led to the
conclusion that a conditional AhR-KO in HSCs and AhR antagonization led to increased
proliferation of murine HSCs (Vaughan et al., 2021). Taken together, the low levels of AhR
promoted stemness in several somatic stem cells. Therefore, it would be expected that AhR-KO
would promote stemness in astrocytes after injury and increase neurosphere formation upon
conditional AhR-KO in astrocytes. This discrepancy might be explained by the fact that the
studies mentioned above did look at stem cells. However, astrocytes in the cortex are post-
mitotic cells without stem cell characteristics in intact conditions. To acquire stem cell potential,
astrocytes need to dedifferentiate. The astrocyte de-differentiation shares some features with
the cancer initiation and induction of the cancer stem cells (CSC) from somatic, differentiated
cells. CSCs are known for their capacity to self-renew and emerge either from adult stem cells
or from somatic cells by dedifferentiation (Friedmann-Morvinski et al., 2012; Friedmann-
Morvinski & Verma, 2014; Hanahan, 2022). This process has also been observed in astrocytes
after deletion of the tumor suppressors p16™** and p19”% in combination with EGF signaling
(Bachoo et al.,, 2002). Interestingly, the role of AhR in CSCs has been investigated in
choriocarcinoma and did result in a decrease of spheroids, and thus, in reduced stem cell-like
characteristics upon AhR knockdown using short hairpin RNA (shRNA) (C. Wu et al., 2018). The
shRNA-mediated knockdown of AhR led also to a suppressed tumorigenesis in vivo using a
xenograft model (C. Wu et al., 2018). Furthermore, it is widely accepted that Wnt signaling, a
signaling pathway that we identified in the AhR-deficient astrocytes, plays a crucial role in the
process of dedifferentiation in cancer (Hanahan, 2022). Thus, AhR signaling may have opposing
roles in stem cell maintenance and acquiring stem cell potential in the process of

dedifferentiation.

This concept is further strengthened by the observation that the conditional AhR-KO
does not alter the neurosphere formation capacity of progenitors and aNSCs from the
subependymal zone (SEZ). Moreover, AhR-deficient Nestin* aNSCs in the SEZ and DG increase
their proliferation after stroke (Chen et al., 2019). Similar results have been obtained by

antagonizing AhR in the same study.
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3.2 The astrocyte-specific AhR does not alter the proliferation of astrocytes

and infiltration of leukocytes

It has been suggested that reactive astrocytes that acquire stem cell potential in vitro
upon injury are a subpopulation of in vivo proliferating reactive astrocytes (Buffo et al., 2008;
Sirko et al., 2013). For both phenotypes, astrocytes need to dedifferentiate toward an earlier
developmental state that resembles features of NSCs. Recently it has been shown that the
proliferation of astrocytes was increased when infiltration of leukocytes into the parenchyma
was impaired in a C-C motif chemokine receptor 2 (CCR2) deficient mouse model (Frik et al.,
2018). In addition, the aryl hydrocarbon receptor nuclear translocator 2 (ARNT2), an important
partner protein of AhR to form a heterodimer for transcriptional activation, was enriched in the
cortical parenchyma at 5 days post injury (dpi) based on mass spectrometry in CCR2-KO animals
(Frik et al., 2018). AhR deficiency in astrocytes in multiple sclerosis (MS) mouse model systems
was associated with a pro-inflammatory state of astrocytes and resulted in an increase of
infiltrating monocytes (Rothhammer et al., 2016). Together, these studies suggest that AhR
signaling is associated with proliferation of reactive astrocytes and their anti-inflammatory role
upon injury. In this work, however, | did not observe any differences in the proliferation behavior
of astrocytes or the extravasation of leukocytes in an AhR-dependent manner. But it cannot be
excluded that the number of AhR-KO astrocytes was too low to observe any non-cell-
autonomous, astrocyte-mediated regulation of leukocytes infiltration. The use of an astrocyte-
specific mouse line expressing constitutively Cre in combination with the Ahrfx mouse line
(Walisser et al., 2005) would help to study the effects on leukocyte extravasation after injury.
Nonetheless, it can be concluded that the infiltration of leukocytes into the parenchyma after
injury did not affect the dedifferentiation of astrocytes. In this study, | did not observe any
differences in the proliferation of AhR-KO astrocytes after injury compared to control astrocytes
based on both immunohistochemical and scRNAseq analysis. As cell cycle regulation is a cell-
autonomous feature, my results support no role of AhR in regulating the proliferation of
astrocytes after brain injury. This data also raises the question, of whether fully dedifferentiated
astrocytes with stem cell properties in the neurosphere assay are indeed a subpopulation of
proliferating astrocytes. It is possible, that dedifferentiation towards early developmental stages
occurs after entering the cell cycle, and thus, effects of the AhR-KO in astrocytes cannot be
observed on proliferating astrocytes but only when examining the stem cell capacities. This
hypothesis would be supported by the velocity analysis performed on the scRNAseq data of
injured astrocytes. Another, yet plausible, explanation would be that the processes of
proliferation and dedifferentiation are independent of each other and AhR signaling is only

required for the acquisition of stem cell capacities by dedifferentiation. To address this topic,
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BrdU labeling of proliferating cells would not be sufficient due to its diluting nature after each
cell division, which occurs multiple times in the process of neurosphere formation from a single
cell. Hence, a system would be required to fate map proliferating cells in adult animals. The
group of Hans Clevers generated a mouse line expressing CreERT2 in a Ki67-dependent manner
(Basak et al., 2018). Crossing this mouse line with the CAG-CAT-EGFP reporter mouse line
(Nakamura et al., 2006) would enable us to study whether cortical-derived neurospheres are

indeed a subpopulation of proliferating astrocytes.

3.3 Heterogeneity of astrocytes observed by scRNAseq

It is widely accepted that astrocyte heterogeneity exists among different brain regions
(Sofroniew & Vinters, 2010; Verkhratsky & Nedergaard, 2018). A well-established heterogeneity
lies between astrocytes located in grey and white matter, which are referred to as protoplasmic
and fibrous astrocytes, respectively (Verkhratsky & Nedergaard, 2018). Increasing evidence has
shown that cortical astrocytes are heterogeneous within the same brain region, not only in their
gene expression profile at single-cell level but also in physiological properties (Batiuk et al., 2020;
Bayraktar et al., 2020). Furthermore, the response to CNS insult is heterogeneous among
astrocytes (Sofroniew, 2020). An important feature is to discriminate between proliferating and
non-proliferating reactive astrocytes (Sofroniew, 2020). Non-proliferating reactive astrocytes
undergo gene expression and morphological changes but retain cellular interactions and
supportive functions in neural tissue (Sofroniew & Vinters, 2010; Sofroniew, 2009; Zamanian et
al., 2012). Proliferating reactive astrocytes contribute to the astrocyte border forming process
separating the insulted area from the healthy CNS, which in the brain is also accompanied by
non-proliferating reactive astrocytes (Frik et al., 2018; Sofroniew, 2020). In addition, it has been
shown that the location of proliferating astrocytes is preferential juxtavascular (Bardehle et al.,
2013; Frik et al., 2018). This astrocyte population downregulates the inward rectifying K* channel
Ki-4.1 resulting in changes in their electrophysiological properties after traumatic brain injury
(TBI) compared to non-juxtavascular astrocytes (Gotz et al., 2021). Therefore, it was interesting
to see different states of cortical astrocytes in the scRNAseq data. Not only reactive and
homeostatic astrocytes have been identified, but also various states of astrocytes that might
explain their wide range of diverse functions, such as metabolic support, synaptic plasticity, and
regulation of inflammatory processes. For example, proliferative reactive astrocytes identified
by scRNAseq analysis are known to serve anti-inflammatory purposes by reforming the BBB
(Bush et al., 1999; Frik et al., 2018). In addition, astrocytes with a pro-inflammatory signature
were found in the single-cell transcriptomic data. Interestingly, it has been shown that acute
inflammation is critical for regenerative processes and neurogenesis upon TBI in zebrafish

telencephalon (Kyritsis et al., 2012, 2014). Furthermore, a cluster of astrocytes showed an
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upregulation of immediate-early genes like Fos and Jun. Immediate-early genes are transcription
factors (TF) and are recognized for their rapid response to a broad range of signaling molecules.
This is of importance in neurons during synaptic processes and vital for brain functions (Kim et
al., 2018). Recently, it has been demonstrated that the immediate-early gene c-Fos is also
upregulated in a pre-state of reactive astrocytes in a mouse model of MS (Groves et al., 2018).
The abundance of the so-called immediate-early astrocytes did correlate with MS severity in
these mice (Groves et al., 2018). It would be interesting to study whether this astrocyte state is

also present after TBI in mice.

As indicated by the presented work and also by other publications, astrocytes that
acquire stem cell capacities after TBI are yet another subpopulation (Buffo et al., 2008; Sirko et
al., 2013). It remained difficult to find a marker gene for this particular astrocyte subpopulation.
Sonic hedgehog (SHH) signaling in reactive astrocytes showed to be important for proliferation
and stem cell properties after TBI (Sirko et al., 2013). However, ablation of SHH signaling did not
lead to a complete loss of neurosphere formation of reactive astrocytes (Sirko et al., 2013).
Remarkably, diencephalic astrocytes have NSC potential, which was observed by neurosphere
formation in vitro (Ohlig et al., 2021). A key regulator of the NSC potential was Smad4, a
downstream mediator of TGFB/BMP signaling. BMP signaling is also active in aNSCs and is
required for their progression towards the neurogenic lineage (Colak et al., 2008). Remarkably,
BMP signaling was also upregulated in the dedifferentiated astrocyte cluster, which was
associated with stem cell functions. Although no differences between AhR-KO and NR astrocytes
regarding the BMP signaling were observed in this study, it cannot be excluded that BMP
signaling may also play a crucial role in acquiring stem cell properties. Nonetheless, this study
provided clear evidence that AhR signaling is required for neurosphere formation, and thus AhR
activity may be the marker for this subpopulation of astrocytes. AhR activity can be reported in
mice in vivo by use of the Cyplal (Cytochrome P450 family 1 subfamily a member 1) fate
reporter, which works in a Cre recombinase-dependent manner (Henderson et al., 2015;
Schiering et al., 2017). The Cyplal gene is a well-known downstream target of the AhR signaling.
Yet another mouse line reporting AhR activity exists, which uses the transgenic expression of a
chimeric construct consisting of the human CYP1A1 gene fused to a GFP reporter gene (Operafia
et al., 2007). Such reporter mouse lines might allow to label dedifferentiated astrocytes that
acquired stem cell capacities after TBI. Furthermore, scRNAseq experiments with these mice

would then also enable us to verify the results obtained in the presented work.
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3.4 Downstream targets of AhR signaling involved in the acquisition of stem

cell properties of reactive astrocytes

Interestingly, a cluster with stem cell characteristics emerged when studying injured
astrocytes on a single cell transcriptomic level. In addition, AhR-KO astrocytes were almost
absent in this cluster. As a result, it strongly suggests that astrocytes within this cluster did
dedifferentiate and acquired NSC potential. Hence, | was motivated to study the differences
between AhR-KO and NR astrocytes within this cluster to better understand the role of AhR
signaling in the process of dedifferentiation. Various genes have been identified as being
downregulated upon AhR-KO in dedifferentiated astrocytes. One of the candidates that might
explain the loss of stem cell capacities upon AhR deficiency is Cd24a. CD24 is expressed in the
neuronal stem cell lineage and plays an important role in self-renewal capacities of chemo-
resistant tumor cells (Lee et al., 2011; Pruszak et al., 2009). However, CD24 is upregulated by
each step of differentiation of NSCs and is negatively regulating cell proliferation in aNSCs in the
DG and SEZ; thus, is not the strongest candidate to explain the phenotype observed in AhR-
deficient astrocytes (Belenguer et al., 2021; Belvindrah et al., 2002; Pruszak et al., 2009). Two
other candidates that were differentially regulated in AhR-KO astrocytes located in the cluster

with stem cell characteristics were //1r2 and Lyar.

The IL1R2 is a non-signaling receptor binding IL1 molecules (Colotta et al., 1993).
Chronic IL1 signaling leads to loss of self-renewal in hematopoietic stem cells (HSC) mediated by
IL1R1 (Pietras et al., 2016). Therefore, it might be possible that AhR-KO astrocytes are lacking
the expression of IL1R2, which might be important to allow reactive astrocytes to
dedifferentiate and acquire self-renewal capacities. Both IL1 receptors also contain dioxin
responsive elements (DRE) in upstream sequences, and thus are potential downstream targets

of AhR transcriptional activation (Hanieh, 2014).

One of the top 10 downregulated genes in AhR-KO astrocytes was Lyar (Lyl Antibody
Reactive). LYAR is a nucleolar protein and is highly expressed in undifferentiated embryonic stem
cells (ESC) (H. Li et al., 2009). Knock-down experiments have shown that LYAR is essential to
maintaining the self-renewal of ESCs and their full differentiation potential (H. Li et al., 2009).
LYAR expression is driven by IFN-B, a type | interferon that also activates AhR signaling in
astrocytes (Rothhammer et al., 2016; Yang et al., 2019). AhR signaling and LYAR expression have
not yet been linked, but it is plausible that AhR activation directly or indirectly leads to LYAR
expression in an IFN-B dependent mechanism, and thus, leads to dedifferentiation of reactive

astrocytes.
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The differentially regulated genes in AhR-KO astrocytes in the stem cell-associated
cluster were used for a transcription factor ranking analysis (Angerilli et al., 2018). This analysis
revealed that the two transcription factors Tcf7 and Runx1 were downregulated in AhR-KO
astrocytes. Both TFs are interesting candidates since both are reported to have important roles
in stem cell functions. The transcription factor TCF1 (encoded by Tcf7) is a nuclear effector of
the canonical Wnt signaling and known for its role in maintaining stem cell-like functions in CD8*
T cells (Jeannet et al., 2010; Shan et al., 2021; Zhou et al., 2010). The transcription factor RUNX1
is linked to neurosphere formation of neural stem or progenitor cells and does affect their
differentiation and proliferation potential (Logan et al., 2015). Strikingly, the RUNX1 did not only
have six out of ten common interactors with TCF1, but is also linked to Wnt signaling (Q. Li et
al., 2019; Medina et al., 2016). In addition, it has been reported that TCF1 and RUNX1 bind each
other’s promoter regions, suggesting synergetic transcriptional regulation (J. Q. Wu et al., 2012).
Hence the fact that the Wnt signaling pathway was upregulated in the astrocyte cluster with
stem cell characteristics and downregulated in AhR-KO astrocytes of the same cluster, strongly
indicates that Wnt signaling is affected by AhR activity. Indeed, it has been shown that Wnt
signaling was upregulated upon AhR activation during zebrafish fin regeneration and in the
embryonal carcinoma cell line P19 (Mathew et al., 2009; Zhu et al., 2012). Therefore, it may be
worthwhile to further investigate the role of the AhR-Wnt axis during the dedifferentiation of
reactive astrocytes upon traumatic brain injury. This could be performed by application of Wnt
activators in vivo and/or in vitro using the Glast“®**™? x Ahrfx x CAG-GFP mouse line. A more
sophisticated experiment would include the genetic overexpression of TCF1 and/or RUNX1 in

AhR-deficient astrocytes.

3.5 Concluding remarks

Collectively, | showed for the first time the requirement of AhR signaling in the process
of dedifferentiation of cortical reactive astrocytes to acquire stem cell potential after TBI.
Furthermore, | provided evidence of downstream signaling mechanisms that may explain the
loss of stem cell capacity acquisition in AhR-KO astrocytes. This work also provides new thoughts
about the concept that reactive astrocytes acquiring stem cell potential upon injury are a

subpopulation of proliferating reactive astrocytes.

A future aspect of interest is the ligand specificity of AhR signaling. It has been
postulated that the outcome of AhR signaling is dependent upon specific exogenous and
endogenous ligands (Quintana & Sherr, 2013; Safe et al., 2018). A human-based study revealed
different concentration levels of AhR-specific ligands such as kynurenine, tryptophan, and

quinolinic acid in the blood and cerebrospinal fluid (CSF) (Raison et al., 2010). This might also be
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an important factor explaining the differences observed in neurosphere formation capacity of
AhR-KO astrocytes, which start proliferation and dedifferentiation upon BBB rupture while
aNSCs are located at the third ventricle with direct access to the CSF. A recently published work
by the group of Conacci-Sorrell linked AhR signaling with an increase in protein synthesis by
regulating genes involved in ribosome biogenesis and protein translation (Lafita-Navarro et al.,
2018). In addition, it has been shown that the regulation of protein translation is crucial for
differentiation processes in aNSCs (Baser et al., 2019). Therefore, it might be critical to
investigate the effects of AhR signaling not only on a transcriptomic level but also on the post-
transcriptional consequences. In the last year, new methods have been developed to study the

translatome on a single cellular level (Brannan et al., 2021; Vaninsberghe et al., 2021).

Although the exact mechanisms of AhR signaling regulating the dedifferentiation and
acquisition of neural stem cell potential remain to be validated and further investigated, the
presented work is an important step toward future potential therapeutic strategies facilitating

stem cell potential of astrocytes in patients affected by traumatic brain injuries.
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4 Material and Methods

4.1 Materials

4.1.1 Reagents and solutions

Description

Source

10 % running gel

Rotiphorese® Gel (3.3 ml), 4X Stacking Gel
Buffer (2.5 ml), H,0 (4.2 ml), TEMED (10 pl),
APS (100 ul)

10% Tween 20

BioRad

10X Electrophoresis Buffer (TGS)

Tris (0.5 M), Glycine (1.9 M), SDS (1 %), fill up
with diH,0

10X PBS

NaCl (400 g), KCl (10 g), KH2PO4 (10 g),
Na;HPQO, (58.75 g), adjust to pH 7.4 and fill up
to 5 I diH,0O

10X PO buffer (0.25 M)

NaH,PO,4 * 2 H,0 (65 g), NaOH (15 g), adjust
to pH 7.4 and fill up to 400 ml diH,0O

10X TBST

Tris (60 g), NaCl (87.7 g), adjust to pH 7.6,
Tween-20 (10 ml), fill up to 1 1 diH,0

10X Transfer Buffer

Glycine (144.2 g), Tris (30.2 g), SDS (2 g), fill
up to 1 | with diH,0

1X Transfer Buffer

10X Transfer Buffer (100 ml), MeOH (200 ml),
diH,0 (700 ml)

2-Propanol

Roth

4 % stacking gel

Rotiphorese® Gel (1.3 ml), 4X Stacking Gel
Buffer (2.5 ml), H,0 (6.2 ml), TEMED (10 pl),
APS (100 ul)

4X Running Gel Buffer

Tris base (1.5 M), SDS (0.4 %), adjust to
pH 8.8 and fill up with diH,0

4X SDS solution

Tris (110 mM), Glycerol (40 %), SDS (4 %),
DTT (40 mM), Bromphenol blue (0.1 %),
adjust to pH 6.8 and fill up with diH,O

4X Stacking Gel Buffer

Tris base (0.5 M), SDS (0.4 %), adjust to
pH 6.8 and fill up with diH,0

50X TAE buffer

Tris base (242 g), acetic acid (57.1 ml), EDTA
(50 mM), adjust to pH 8.0 and fill up with 11
diH,0

Acetic acid Sigma-Aldrich
Agarose (LE) for tissue embedding Biozym
Agarose for DNA electrophoresis Serva
Ammonium persulfate (APS) Roth
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Aqua (H20)

B. Braun

Aqua-Poly/Mount

Polysciences

ARG buffer (10X)

PerkinElmer

Atipazole (Atipamezole hydrochloride,
5 mg/ml)

Prodivet

B27 serum-free supplement (50X)

Gibco (Thermo Fischer Scientific)

Bepanthen Augen- und Nasensalbe 5 g (eye Bayer
ointment)
Blotting grade (Powdered milk) Roth

Borate buffer (0.1 M)

Na;B407 (20.1 g), adjust to pH 8.5 and fill up
to 1 1 diH,0O

Bovine serum albumin (BSA) Sigma-Aldrich
BrdU (5-Bromo-2'-deoxyuridine) Sigma-Aldrich
Bromphenol blue Sigma-Aldrich
Buffer EB (elution buffer) Qiagen
Chameleon™ Duo Pre-stained Protein LI-COR
Ladder

cOmplete™ protase inhibitor cocktail Roche

Corn oil Sigma-Aldrich
D-(+)-Glucose Sigma-Aldrich
D-Sucrose Sigma-Aldrich
DAPI solution DAPI (2 mg), Tris (2 ml), fill up to 500 ml with

1X PBS

Disodium phosphate (Na;HPO4)

Roth

Dissociation medium

Solution | (10 ml), Trypsin (7 mg),
Hyaluronidase (7 mg)

Dithiothritol (DTT)

Applichem

DMEM/F-12, no glutamine

Gibco (Thermo Fischer Scientific)

DMEM/F-12+GlutaMAX™

Gibco (Thermo Fischer Scientific)

DNA lysis buffer

Tris (1 M), EDTA (5 mM), SDS (0.2 %), NaCl
(200 mM), adjust to pH 8,5 and fill up with
diH,0

dNTP Set, PCR Grade (100 mM)

Qiagen

Dormicum® (Midazolam, 5 mg/ml)

Roche

EBSS, no calcium, no magnesium (1X)

Gibco (Thermo Fischer Scientific)

EdU (5-ethynyl-2'-deoxyuridine)

Invitrogen (Thermo Fisher Scientific)

EGF-Stock (10 ug/ml)

EGF (100 pg), DMEM-F12 (no glutamine;
10 ml), D-Glucose (100 ul), P/S (100 pl)

Epidermal growth factor (EGF)

Gibco (Thermo Fischer Scientific)

Ethanol (EtOH) Roth
Ethidium bromide solution (1 %) Roth
Ethylenediaminetetraacetic acid (EDTA) Roth
Ethylenglycol AppliChem
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Fentanyl (Fentanyl citrate, 0.1 mg/ml)

Janssen

FGF-Stock (10 pg/ml)

FGF (10 pg), DMEM-F12 (no glutamine; 1 ml),
D-Glucose (10 ul), P/S (10 pl)

Fibroblast growth factor basic (FGF2)

Gibco (Thermo Fischer Scientific)

Flumazenil-hameln (Flumazenil, 0.1 mg/ml)

Hameln pharma

GeneRuler DNA Ladder (100 bp, 1 kb)

Thermo Fischer Scientific

Glycerol Sigma-Aldrich
Glycine Roth
Goat serum Gibco (Thermo Fischer Scientific)

HBSS with calcium and magnesium (10X)

Gibco (Thermo Fischer Scientific)

HBSS with calcium and magnesium (1X)

Gibco (Thermo Fischer Scientific)

HBSS-HEPES (10 mM)

HEPES (5 ml), HBSS (500 ml)

HEPES (1M)

Gibco (Thermo Fischer Scientific)

Hyaluronidase from bovine testes (750- Sigma-Aldrich
3,000 U/mg)

Hydrochloric acid (HCl, 37 %) Roth

Isotonic saline solution (NaCl, 0.9 %) B.Braun

Ketamine-Xylazine solution

Ketamine (1 ml), Xylazine (1 ml), NaCl
solution 0.9 % (8 ml)

Low TE Buffer (10 mM Tris-HCl pH 8.0, 0.1
mM EDTA)

Invitrogen (Thermo Fisher Scientific)

Melosus® suspension for oral application

CP-pharma

Metacam® injection solution

Boehringer Ingelheim

Methanol (MeOH)

Roth

Neurosphere medium

P/S (500 wl), HEPES (400 pl), B27 (1 ml), FGF-
Stock (50 pl), EGF-Stock (50 ul), DMEM/F-
12+GlutaMAX™ (up to 50 ml)

Nuclease-free Water

Ambion

Paraformaldehyde (PFA)

Roth

Penicillin/Streptomycin (P/S; 10,000 U/ml)

Gibco (Thermo Fischer Scientific)

PFA solution (4 %)

PFA stock (50 ml), 1X PBS (200 ml), both
filtered

PFA stock solution (20 %)

Na;HPQO, (58.75 g), PFA (400 g), adjust to
pH 7.4 with NaOH pellets and fill up to 2 |
diH,0

Ponceau S solution Sigma-Aldrich
Potassium chloride (KCl) Sigma-Aldrich
Potassium phosphate monobasic (KH,PO4)  Sigma-Aldrich

Primary antibody staining solution

Triton® X-100 (0.5 %), goat serum (10 %),
primary antibodies (1:X dilution), fill up with
1X PBS

Proteinase K Roth
Proxylaz® (Xylazine, 20 mg/ml) Bela-pharm
RIPA buffer Sigma-Aldrich
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RNaseZAP™

Sigma-Aldrich

Rotiphorese® Gel 30 (37.5:1)

Roth

Secondary antibody staining solution

Triton® X-100 (0.5 %), secondary antibodies
(1:1000), fill up with 1X PBS

Sedin® (Medetomidine hydrochloride,
1 mg/ml)

Pharma-Partner

Sodium chloride (NaCl) Roth

Sodium dodecyl sulfate (SDS) Sigma-Aldrich
Sodium hydroxide (NaOH) Sigma-Aldrich
Sodium phosphate monobasic dihydrate Sigma-Aldrich
(NaH,PO4 * 2 H,0)

Sodium tetraborate (Na;B407) Sigma-Aldrich

Solution | (HBSS-Glucose)

HBSS (10X; 50 ml), D-Glucose (9 ml), HEPES
(7.5 ml), diH,0 (433.5 ml), pH 7.5

Solution Il (Sucrose-HBSS)

HBSS (10X; 25 ml), D-Sucrose (154 g), diH,0O
(575 ml), pH 7.5

Solution Il (BSA-EBSS-HEPES)

BSA (20 g), HEPES (10 ml), EBSS (490 ml),
pH 7.5

SPRIselect Reagent Kit

Beckman Coulter

Storing solution

diH,0 (150 ml), 10X PO buffer (50 ml),
Glycerol (150 ml), Ethylenglycol (150 ml)

Tamoxifen

Sigma-Aldrich

Tamoxifen solution

Tamoxifen (20 mg/ml), EtOH (10 %), fill up
then with corn oil and dissolve using
ultrasonic bath for 2x 10 min

TE buffer (pH 8.0) Qiagen
TEMED Sigma-Aldrich
Temgesic® (Buprenorphine hydrochloride,  Essex

0.3 mg/ml)

Tris Roth

Tris base Sigma-Aldrich
Triton® X-100 Roth

Trypan Blue Solution (0.4 %)

Gibco (Thermo Fischer Scientific)

Trypsin from bovine pancreas (7,500 BAEE
U/mg)

Sigma-Aldrich

Tween-20

Sigma-Aldrich

Ursotamin® (Ketamine, 100 mg/ml)

Serumwerk Bernburg

66



4.1.2 Laboratory equipment

Description Source

2100 Bioanalyzer Laptop Bundle Agilent

8-Strip PCR Tube (0.2 ml) STARLAB Group
Axio Observer.Z1 inverted Microscope (with an EC  Zeiss
Plan-NEOFLUAR® 10x/0.3 objective)

Biopunch Handstanze (2.5 mm) Plano
Biosphere® plus Filter Tips (10 - 1000 pl) Sarstedt
Capsulotomy Scissor Geuder

Cell Strainer (70 um) Sarstedt

Cell Strainer Adapter Sarstedt

CELLSTAR® tubes (15 ml, 50 ml)

Greiner Bio-One

Centrifuge 5420

Eppendorf

Centrifuge 5427 R

Eppendorf

Chromium™ Controller

10x Genomics

Conical Tubes (25 ml) Eppendorf
Cover Slips Roth
Digital Monochrom Thermal Printer (P95) Mitsubishi

Digital Stereotaxic Frame

World Precision Instruments

Disposable syringe (50 ml) Mediware
DM IL LED Microscope Leica
DNA LoBind® Tube (1.5 ml) Eppendorf

Dumont #5 Forceps

Fine Science Tools

E-BOX - Gel Documentation Imaging

PEQLAB Biotechnologie

ElmasonicS40 H

Elma

Extra Fine Graefe Forceps

Fine Science Tools

Extra Fine Graefe Forceps - round

Fine Science Tools

Filter paper (Selecta)

Schleicher & Schill

Filtropur BT25/V50 Sarstedt
FlowSafe® B-[MAxPro]?-160 Berner
FLUOVIEW FV1000 confocal laser-scanning Olympus
microscope (with UPlanApo 10x/0.4 and UPlanSApo

20x/0.85 W, 60x/1.2 W objectives)

Galaxy® 170 R/S incubator Eppendorf

gentleMACS™ C Tubes

Miltenyi Biotec

gentleMACS™ Octo Dissociator

Miltenyi Biotec

Hemocytometer (Neubauer Zdhlkammer)

Roth

Heraeus Megafuge™ 8R Centrifuge

Thermo Fisher Scientific

High Speed Stereotaxic Drill

Bilaney Consultants GmbH

Horizontal Gel Systems

PEQLAB Biotechnologie

HXP 120 C lighting unit

Zeiss

LSM 710 Confocal Microscope (with Plan-
NEOFLUAR® 10x/0.3, 25x/0.8, 63x/1.3 objectives)

Zeiss
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M50 Stereo Microscope

Leica

MACS® MultiStand

Miltenyi Biotec

MACS® SmartStrainers (70 um)

Miltenyi Biotec

Microscope Slides

Thermo Fischer Scientific

Microwave

Severin

Mini Trans-Blot Electrophoretic Transfer Cell

BioRad

Mini-100 Orbital Genie™

Scientific Industries

Mini-Centrifuge

Biozym

MINIPULS® 3 Peristaltic Pumps

Gilson

MS Column

Miltenyi Biotec

NovaSeq™ 6000 Sequencing System

lumina

NovaSeg™ Flow cell Type S2

lumina

OctoMACS™ Separator

Miltenyi Biotec

ODYSSEY CLx LI-COR
Omnican® 50 (0.5 ml) B. Braun
Omnifix® (10 ml) B. Braun
Omnifix®-F (1 ml) B. Braun
PCR Tube Strips (0.2 ml) Eppendorf

Peel-A-Way® Embedding Mold

Polysciences

peqPOWER PEQLAB Biotechnologie
Petri Dishes Greiner Bio-One
Pipette Controller Pipetus® Hirschmann
PowerPac™ Basic BioRad

ProFlex™ PCR System

Applied Biosystems (Thermo

Fisher Scientific)

Protein LoBind® Tube (1.5 ml)

Eppendorf

Qubit™ 3 Fluorometer

Invitrogen (Thermo Fisher
Scientific)

Razor blades

Wilkinson Sword

Reagent Reservoirs Vistalab
Research® plus Pipettes (2.5 - 1000 ul) Eppendorf
Rotilabo®-syringe filters (0.22 um) Roth
S1000™ Thermal Cycler BioRad
Safe-lock tube (5 ml) Eppendorf
Serrological Pipettes (5 ml, 10 ml, 25 ml) Sarstedt

SevenCompact™ pH meter S220

Mettler Toledo

Standard Patteren Forceps

Fine Science Tools

Steamer

Braun

Sterican® cannula (0.45x25, 26 Gx1")

B. Braun

Student Fine Scissors

Fine Science Tools

Student Halsey Neeedle Holder

Fine Science Tools

Student Tissue Forceps

Fine Science Tools

Sugi® Sponge Points

Kettenbach

Supported Nitrocellulose Membrane

BioRad
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Surgical Disposable Scalpels

B. Braun

Surgical Scissors - Sharp-Blunt

Fine Science Tools

TC plate, 24-well, flat bottom Sarstedt
ThermoMlixer C Eppendorf
TipOne® Graduated Tips (10ul, 200 ul, 1000 pl) STARLAB Group
TubeOne® Microcentrifuge tubes (1.5 ml, 2 ml) STARLAB Group
U-RFL-T-200 Mercury Burner Olympus
V-Lance knife (19 G) Alcon
Vibratome (LeicaVT1000 S) Leica

Vicryl SH1-Plus (4-0 Gauge, antibacterial wound Ethicon

closure suture)

Vortex STARLAB Group
Waterbath WNB Memmert
4.1.3 Kits

Description Source

Adult Brain Dissociation Kit, mouse and rat

Miltenyi Biotec

Agilent High Sensitivity DNA Kit

Agilent

Anit-ACSA-2 MicroBead Kit, mouse

Miltenyi Biotec

Chromium Next GEM Chip G Single Cell Kit,
48 rxns

10x Genomics

Chromium Next GEM Single Cell 3' GEM,
Library & Gel Bead Kit v3.1, 4 rxns

10x Genomics

Chromium™ Accessory Kit

10x Genomics

Click-iT™ EdU Cell Proliferation Kit for
Imaging, Alexa Fluor™ 647 dye

Invitrogen (Thermo Fisher Scientific)

Qubit™ dsDNA HS Assay Kit

Invitrogen (Thermo Fisher Scientific)

Tag DNA Polymerase Kit (1000 units)

Qiagen

4.1.4 Antibodies and dyes

Antibody Source Dilution Pretreatment Experiment

Mouse anti-AhR Santa Cruz (sc-398877)  1:100 Western Blot

Rabbit anti-alpha abcam (ab18251) 1:2000 Western Blot

Tubulin

Donkey anti-Mouse LI-COR (926-32212) 1:5000 Western Blot

(IRDye® 800CW)

Donkey anti-Rabbit LI-COR (926-68073) 1:5000 Western Blot

(IRDye® 680RD)

Chicken-anti-GFP Aves Labs (GFP-1020) 1:500 IHC

Mouse anti-BrdU Sigma-Aldrich (B2531) 1:1000 4N HCI IHC

Rabbit anti-Ki67 Thermo Fischer Scientific 1:100 IHC
(MA-14520)

Mouse anti-CD31 BD Biosciences (550274) 1:100 IHC
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Rat anti-CD45 BD Biosciences (550539) 1:500  ARG6; heat IHC
Rabbit anti-lbal Synaptic Systems 1:1000 IHC
(234013)
Goat anti-Chicken IgY Invitrogen (Thermo 1:1000 IHC
(Alexa Fluor® 488) Fisher Scientific;
A11039)
Goat anti-Mouse I1gG Dianova (115-165-003)  1:1000 IHC
(Cy3)
Goat anti-Mouse 1gG Invitrogen (Thermo 1:1000 IHC
(Alexa Fluor® 647) Fisher Scientific;
A21236)
Goat anti-Rabbit IgG Invitrogen (Thermo 1:1000 IHC
(Alexa Fluor® 546) Fisher Scientific;
A11010)
Goat anti-Rabbit IgG Invitrogen (Thermo 1:1000 IHC
(Alexa Fluor® 633) Fisher Scientific;
A21070)
Goat anti-Rat IgG (Alexa Invitrogen (Thermo 1:1000 IHC
Fluor® 546) Fisher Scientific;
A11081)
DAPI (4',6-Diamidino-2-  Sigma-Aldrich (D9542) 4 pg/ml IHC

phenyl-indol-
dihydrochlorid)

4.1.5 Software

Description

Source

2100 expert (Version 2.09.0553)

Agilent

Affinity (Publisher, Photo; Version 1.10.1)

Serif Europe

CytoScape (3.9.0)

Open source (LGPL)

Fiji / Imagel2 (Version: 2.3./1.53f)

Open source (GPL v2)

FV10-ASW (Version 2.0.0.2)

Olympus

GraphPad Prism (Version 9.3.1)

GraphPad Software, LLC

imageStudio (Version 5.2.5)

LI-COR

Microsoft office 365

Microsoft

Python (Version 3.8.8)

Python Software Foundationn

Rstudio (Version 1.4.1106)

RStudio, PBC

ZEN 2.3 (black edition)

Zeiss

ZEN 2.3 (blue edition)

Zeiss
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4.2 Experimental animals

Adult mice (2-5 months old) of both sexes of the following lines were used: Triple
transgenic mice were obtained by crossing Emx1® mice (Iwasato et al., 2000) and Glast“¢tR™
mice (Mori et al., 2006) with CAG-CAT-EGFP (CAG-GFP) mice (Nakamura et al., 2006) as well as
with Ahrfx mice (Walisser et al., 2005) (referred to as Emx1°® x Ahrfx x CAG-GFP and GlastER™
x Ahrfx x CAG-GFP). Animals were kept under standard conditions in a 12h:12h light-dark cycle
with access to food and water ad libitum. All animal experimental procedures were performed
in accordance with the German and European Union guidelines and were approved by the
Institutional Animal Care and Use Committee (IACUC) and the Government of Upper Bavaria
under the license numbers: ROB-55.2-2532.Vet_02-19-168, ROB-55.2-2532.Vet_02-16-210 and
ROB-55.2-2532.Vet_02-15-219

4.3 Genotyping

Before each experiment every animal was genotyped by use of standard polymerase

chain reaction (PCR) of DNA samples from ear clips.
4.3.1 DNA extraction from ear clips

At first, ear clips were lysed in 300 ul DNA lysis buffer supplemented with 3 ul
Proteinase K (100 pg/ml) at 55°C and 700 rpm on a ThermoMixer C. Samples were then
centrifuged at 15,000 g and 4 °C for 20 min. Subsequent to transferring the supernatant, 300 pl
of ice-cold isopropanol was added and mixed well. After an incubation time of 10 min on-ice the
samples were centrifuged (15,000 g, 4 °C) for 5 min. Supernatant was removed and pellet dried
at room temperature (RT) for approximately 5 min with an open tube. Dry pellet was then

dissolved in 30 ul TE buffer.
4.3.2 Polymerase chain reaction

Standard PCR was performed specifically for each mouse line. The used primers (from

metabion), PCR solution mix and thermocycler conditions are listed below:
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Table 1: Primers used for genotyping

Mouse line Gene Primer ID Sequence
CreF GTG AGT GCATGT GCCAGG CTT
Emx1¢® x Ahrfx x CAG-GFP Emx1Cre/wt CreR TGG GGT GAG GAT AGT TGA GCG
Test Cre GCG GCA TAA CCA GTG AAA CAG
AG-2 CTG CTAACCATG TTCATG CC
CAGGFP
CAT-2 GGT ACATTG AGCAACTGA CTG
Emx1°"® x Ahrfx x CAG-GFP oIMR6075 (F1)  CAG TGG GAA TAA GGC AAG AGT GA
Glast®=RT2 x Ahrfx x CAG-GFP Ahrfx
oIMR6076 (R) GGT ACA AGT GCA CAT GCCTGC
Ahrfx exciced  OL4062 (F2) GTC ACT CAG CAT TACACT TTC TA
Primer F8 GAG GCA CTT GGC TAG GCT CTG AGG A
GlastCreERT2 v Ahrfx x CAG-GEP | GlastCreERT2/wt Primer R3 GAG GAG ATCCTG ACCGATCAGTTIGG
Primer CER1 GGT GTA CGG TCA GTAAATTGG ACAT

Table 2: PCR solution mix used for genotyping

Emx1¢r Emx1* | Glast®f®™/"t | CAG-GFP | Ahrfx Anrfx
excised

H,O 13.8 ul 13.8 ul 10.5 ul 16 pl 16 pl 16 ul
Buffer (10X) 2.5 ul 2.5l 2.5l 2.5l 2.5ul 2.5ul
MgCl (25 mM) 2.5l 2.5l 2.5l 2.5l 2.5ul 2.5l
Primer 1 Cre F: 1l Cre F: 1l F8:0.5 ul AG-2:0.5ul | F1:05ul | F2:0.5ul
Primer 2 CreR:1ul | Test Cre: 1 pl R3: 0.5 ul CAT-2:0.5ul | R:0.5¢l R: 0.5 ul
Primer 3 CER1:0.5
Q-Solution 5ul 5ul 5ul
dNTPs (10 mM) 0.5l 0.5l 0.5 ul 0.5 ul 0.5 ul 0.5 ul
Taq Polymerase 0.2 ul 0.2 ul 0.5 ul 0.5 ul 0.5 ul 0.5 ul
DNA 1ul 1ul 2yl 2 pl 2 ul 2 ul
End volume 25 ul 25 ul 25 ul 25 ul 25 ul 25 ul

The PCR was performed with a positive and negative (wildtype DNA sample) control

and a water control (DNA-free) to rule out contaminations and verify the results.
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Table 3: Thermocycler conditions for each PCR reaction

Emxl®  EmxI™  GlastO\m CAG-GFP Ahrfx X
excised
Initialization 94 °C, 5' 94 °C, 5' 94 °C, 3' 94 °C, 3' 94 °C, 3' 94 °C, 3'
X cycles 36 X 36X 35X 35X 35X 35X
i) Denaturation 94 °C,30" 94°C,30" 94°C, 30" 94 °C, 30" 94°C, 30" 94°C, 30"
ii) Annealing 64 °C, 60" 64 °C,60" 60 °C, 40" 60 °C, 40" 60 °C, 40" 65 °C, 40"
iii) Elongation 72°C,30" 72°C,30" 72°C, 40" 72 °C, 40" 72°C, 40" 72°C, 40"
Final elongation 72°C, 5" 72°C,5' 72°C 73 72°C, 3"  72°C, 3" 72°C, 3
Final hold 4°C, 00 4°C, 00 4°C, o0 4°C, o0 4°C, o0 4°C, o0

4.3.3 Gel electrophoresis

For PCR products from Emx1°¢, Emx1*, Glast“®®"T/"t and CAG-GFP 1 % agarose gels
were used. For the PCR products of Ahrfx and its excised version 3 % agarose gels were used for
the electrophoresis. Agarose gels were made with a 1X TAE buffer containing ethidium bromide
(1:10,000) to visualize the DNA. In all cases 10 ul of each PCR product was loaded on the

respective gel and ran at 120 V for 45 min. DNA bands were detected using UV-light in an E-BOX.

4.4 Application of tamoxifen

Glast®®ER™2 x Ahrfx x CAG-GFP mice received in three consecutive days daily one
intraperitoneal (i.p.) injection of 40 pg tamoxifen solution (20 mg/ml) per g of body weight. For
the single cell RNA sequencing (scRNAseq) experiment (10x Genomics) mice received i.p.
injections of tamoxifen (40 pg/g of body weight) for 2 cycles for 5 consecutive days in the period

of three weeks. Fourteen days after the last injection animals were used for surgical procedures.

4.5 Surgical procedure

Before performing surgery, animals were anesthetized with an i.p. injection of sleep
solution containing midazolam (5 pg/g of body weight), medetomidine (0.5 pg/g) and fentanyl
(0.05 pg/g). When animals were fully anesthetized — no toe and eye reflex left — the fur on top
of the head was removed and Bepanthen was administered to the eyes to prevent them from
drying out. Mice were then fixed in a stereotactic apparatus and underwent an incision on the

head to expose the skull beneath the skin. For local anesthesia lidocaine gel (2 %) was applied
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on the skull surface. Subsequent, the bregma was defined and a small cranial window with a
diameter of approximately 3 mm was drilled. The cranial window was collected in a drop of NaCl
solution (0.9 %). The stab wound microlesion was performed by inserting the V-lance knife in
the grey matter parenchyma of the somatosensory cortex and moving it once caudal and then

back rostral at the following coordinates:

Medio-lateral (x): 1.0 mm from bregma
Rostro-caudal (y): -1.2 to -2.2 mm from bregma

Dorso-ventral (z): -0.6 mm from meninges

The craniotomy was covered with the cranial window and the skin was sutured with at
least three stitches. For the antagonization of the anesthesia the awake solution containing
atipamezole (2.5 pug/g of body weight), flumazenil (0.5 pg/g) and buprenorphine (0.1 pg/g) was
applied subcutaneous. Animals recovered on a pre-warmed heating pad until being fully awake
and were given the same day and the day after postoperative analgesia by subcutaneous or oral
application of meloxicam (1 pg/g). For all experiments but the scRNAseq experiment the
microlesion was performed unilateral on the right hemisphere. For the scRNAseq experiment
the microlesions were performed bilateral to reduce the number of animals used to 6 animals

per condition (intact and injured).

4.6 BrdU and EdU labeling

To label proliferating cells the thymidine analogues 5-bromo-2’-deoxyuridine (BrdU)
and 5-ethynyl-2’-deoxyuridine (EdU) were applied to mice by water administration for 5 days
after injury and i.p. injection 50 min before sacrificing the animal, respectively. The BrdU water
contained 1 % sucrose and 1 mg/ml BrdU in tap water. EAU was dissolved in a concentration of

5 mg/ml and injected 50 pg/g of body weight.

4.7 Perfusion and brain sectioning

Prior to perfusion, animals were deeply anesthetized by i.p. injection of high dose
Ketamine-Xylazine solution (10 ul/g of body weight). After loss of reflexes mice were fixed and
the heart exposed. Subsequently, they were perfused by inserting the canula into the left
ventricle and perforation of the right atrium to ensure drainage of the blood and perfusion
solution. First, they were perfused with 1X PBS for about 10 minutes and then followed by
freshly prepared PFA solution (4 %) for about 20 minutes to ensure proper fixation of the tissue.
The brain was then dissected out of the skull and post-fixated in the same fixative at 4 °C

overnight. Next, the brain was washed in 1X PBS, the cerebellum and olfactory bulbs were
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removed, and the remaining tissue was dried and embed in 3 % agarose solution in an
embedding mold. After polymerization at RT the brain tissue was cut into 50-70 um thick coronal
sections, which were collected in 1X PBS. Sections that were not immediately stained were kept

in storing solution at -20 °C.

4.8 Immunohistochemistry and EdU detection

For EdU detection on sections the Click-iT Edu Alexa Fluor 647 Imaging Kit was used and
performed as instructed from step 3.2 on. After EdU detection, sections were pre-treated with
HCI (4 N) for 20 min at RT to expose intercalated BrdU. Sections were then washed with borate
buffer (0.1 M) and then 1X PBS. Subsequently, sections were incubated with primary antibodies
against BrdU and GFP in primary antibody staining solution at 4 °C overnight. For all other
immunohistochemical (IHC) stainings the EdU detection and HCl pre-treatment was not
performed. Here, sections were directly incubated in primary antibody staining solution at 4 °C
overnight, except for staining against CD45, which did need a heat mediated pre-treatment in
1X ARG6 buffer for 20 min in a steamer (about 95 °C). After cooldown of these sections at RT for
about 5 min pre-treated sections were washed in 1X PBS and proceeded with primary antibody
staining (section 4.1.4). Next, sections were washed with 1X PBS and incubated with secondary
antibody staining solution containing fluorophore conjugated secondary antibodies against the
appropriate species (section 4.1.4) at RT in the dark. Afterwards, nuclei were visualized using
DAPI solution on the sections for about 10 min in the dark. Following extensive washing with 1X

PBS, sections were mounted on microscope slides using Aqua-Poly/Mount.

4.9 Confocal microscopy

Images of IHC stained sections were taken using laser-scanning confocal microscopes
LSM 710 (Zeiss) using the ZEN software (black edition) and FLUOVIEW FV1000 (Olympus) using
the FV10-ASW software with 20x to 63x objectives. Analysis was done with Fiji / ImageJ2 and for
guantification the plug-in Cell Counter was used while carefully inspecting every optical section

of the confocal Z-stack.

4.10 Protein extraction and Western Blot

Brains were dissected and put in HBSS-Hepes. Brain punches from the somatosensory
cortex of both hemispheres were collected using a biopunch with a diameter of 2.5 mm.
Meninges and white matter of the punches were removed and samples were then immediately
frozen in liquid nitrogen. Next, proteins were extracted by adding 150 ul RIPA buffer

supplemented with 1X protease inhibitor to the sample. The tissue was ruptured by pipetting
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up and down, first with a pipette and then with a syringe and cannula (26 G). The mixture was
then incubated for 30 min on ice. Subsequently, the samples were centrifuged at 15,000 g at

4 °C and supernatant was transferred into a new tube and frozen at -80 °C.

Western Blot was performed with the Trans-Blot System from BioRad. Extracted
proteins were mixed with 4X SDS in a ratio of 1:1, denatured at 95 °C for 5 min and 12 ul were
loaded next to a Chameleon® protein ladder (10 ul) for the electrophoresis of proteins, which
was done on a 10 % running gel in combination with a 4 % stacking gel at 10-30 mA/gel in 1X
electrophoresis buffer. After proper separation the proteins were transferred onto a
nitrocellulose membrane using a wet transfer with 1X transfer buffer for 90 min at 100 V. The
blots were then blocked in 5% milk in 1X TBST for at least 30 min at RT or overnight at 4 °C.
Next, the blots were washed with 1X TBST, followed by an incubation with primary antibodies
(section 4.1.4) diluted in 5 % milk in 1X TBST at 4 °C overnight. Afterwards, blots were washed
again (1X TBST) and then incubated with appropriate secondary antibodies (section 4.1.4)
diluted in 5% milk in 1X TBST for 1h at RT protected from light. Following extensive washing
with 1X TBST the stained proteins on the blots were detected using the ODYSSEY CLx (LI-COR)

with the imageStudio software, which was also used to analyze the blots.

4.11 Neurosphere assay

For the neurosphere assay brains were dissected and immediately put in ice-cold HBSS-
Hepes. A brain punch (2.5 mm diameter) was taken from the injured somatosensory cortex of
the right hemisphere and meninges and white matter of the punches were removed. In addition,
the subependymal zone (SEZ) of the same hemisphere was dissected. Both tissues were put
separately into 5 ml HBSS-Hepes on ice and let settle down. HBSS-Hepes was exchanged with
1 ml dissociation medium, and samples were incubated for 15 min at 37 °C. Following trituration
of the tissue (10 times) to break up the pellet without introducing air bubbles, the samples were
incubated again for 15 min at 37 °C. Next, 1 Volume of ice-cold Solution Il was added to
inactivate the trypsin. After trituration, cells were passed through a cell strainer (70 um) into a
fresh tube and centrifuged for 5 min at 272 g at 4 °C. Supernatant was then removed and the
pellet of cells was resuspended in 5 ml of ice-cold Solution Il. Following a 10 min centrifugation
at 644 g at 4 °C the supernatant was removed, and cells were resuspended in 1 ml of ice-cold
neurosphere medium. Next, the cells in neurosphere medium were carefully added to a 15 ml
tube containing 8 ml of Solution Ill. Cells were then centrifuged for 7 min at 362 g at 4 °C,
supernatant was removed, and cells were resuspended in 200 ul neurosphere medium. Cells
were counted with trypan blue using a hemocytometer and subsequently plated on 24-well

plates in a density of 1 cell/ul to enable clonal analysis of the neurospheres.
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SEZ derived neurospheres were counted after 7 days in vitro (div) using an inverted
microscope (Axio Observer.Z1) and the ZEN software (blue edition). Neurospheres derived from
the injured cortex were counted and analyzed at 14 div. The left hemisphere of the brain was
immerged into a fresh PFA solution (4 %) and incubated for 36 h at 4 °C for further procedure at

the vibratome to control for the recombination rate per animal.

4.12 Single cell RNA sequencing

For this experiment three male and three female mice were used per condition, intact
and injured (5 dpi, bilateral), to obtain in total 12 punches from the somatosensory cortex.
Furthermore, all animals went through the extended protocol of tamoxifen induction (s. section

4.4).
4.12.1 Sample preparation

Five days after injury animals were sacrificed and brains were dissected. The brain
punch (2.5 um diameter) was taken, and white matter and meninges were removed. Next, the
samples were collected in buffer Z in C-tubes from the “Adult Brain Dissociation Kit, mouse and
rat”. The dissociation of the brain punches was performed according to manual with used
volumes for up to 1 g neural tissue and the gentleMACS program 37C_ABDK_02. The debris
removal was performed twice, and red blood cell removal was skipped. Subsequently,
astrocytes were labeled with the “Anit-ACSA-2 MicroBead Kit, mouse” to achieve an enrichment
of these cells. Following the assumption of obtaining < 107 total cells after dissociation of the
brain tissue, the labeling of astrocytes was performed as instructed by the manual using the MS
column. After the elution step of ACSA-2* cells, the cells were counted, centrifuged (300 g, 5 min,

4 °C) and resuspended in 1X PBS to a concentration of 800 cells/pl.
4.12.2 Library preparation and sequencing

For the library preparation of the single cell RNA sequencing (scRNAseq), the protocol
of the 10x Genomics kit “Chromium Next GEM Single Cell 3' GEM, Library & Gel Bead Kit v3.1”
was used and the manual instructions were followed in detail. The samples of the ACSA-2* sorted
fractions from intact and injured brain were loaded each twice on the Chromium Next GEM Chip
G, resulting in 4 samples used for library preparation in order to increase the number of
recovered cells to be analyzed. For each reaction 20.6 pul of the ACSA-2* sorted cells were loaded
to aim for a targeted cell recovery of 10,000 cells per sample. In step 2.4, using the Agilent
Bioanalyzer, the calculated cDNA vyield was between 89.3 and 138.5 ng for the being carried
forward in the protocol resulting in 13 cycles in the sample index PCR (step 3.5). The uniquely

barcoded libraries were then multiplexed onto one lane of a NovaSeq™ Flow cell Type S2 and
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the 100 bp paired-end sequencing was carried out at the Next Generation Sequencing facility at
the Helmholtz Zentrum Miinchen on the NovaSeq™ 6000 Sequencing System aiming for 25,000

reads per cell.
4.12.3 Analysis of sequenced data

Raw sequencing data was demultiplexed, aligned to the GRCm38 mouse genome library
extended by the EGFP sequence and pre-processed with the 10x Genomics Cell Ranger 5.0.0
pipeline. The pre-processing was performed on a high-performance computational cluster
provided by the Bioinformatic Core Facility at the Biomedical Center in Munich. The resulting
matrices were then loaded into the Python package Scanpy (version 1.7.1), which was used for
the analysis (Wolf et al., 2018). Cells were filtered during the first quality control steps and kept
for analysis, if the following parameters were fulfilled: gene counts > 300; reads per cell <
40,000; mitochondrial fraction < 0.3. In addition, only genes found in at least 20 cells were used
for analysis. The doublet score, an event when more than one cell is present in a single GEM
(Gel Beads-in-emulsion), was calculated using Scrublet and all cells with a doublet score > 0.05
were excluded (Wolock et al., 2019). Each cell was then normalized by total counts over all genes
and the data matrix was logarithmized using Scanpy. Furthermore, expression values have been
normalized by dividing the measured counts by the size factor, an estimation of cell-specific RNA
molecules that were initially in the cells, for each cell. The size factor was calculated using scran
by calling R from Python. For visualization, dimensionality reduction by principal component
analysis (PCA) based on 2,000 highly variable genes (HVG) was applied. The used number of
principle components (PC, 7 to 9 dimensions) was based on an Elbow plot followed by a k-
nearest neighbor (KNN) based neighborhood calculation with 30 local neighbors, which was
then projected onto a uniform manifold approximation and projection (UMAP) (Mclnnes et al.,
2018). Clustering of cells into subgroups was performed with the Leiden algorithm (Traag et al.,

2019).

The ranking of genes per cluster was calculated with the ‘t-test overestim_var’
method, which performs a t-test with overestimating the variance of each group. Differential
gene expression analysis comparing the two conditions of AhR-KO and NR cells within the cluster

5_5dpi was executed with diffxpy using the Wald test (https://github.com/theislab/diffxpy).

The transcription factor (TF) ranking analysis was performed by Pawel Smialowski using
the method described in Angerilli et al. with a threshold of the adjusted p-value <0.05 or
g-value < 0.5 from the differentially expressed genes (Angerilli et al., 2018; Rackham et al.,
2016). The top 15 regulated TFs with highest scores were used to plot the interaction network

with CytoScape (Shannon et al., 2003) and STRING database (Szklarczyk et al., 2021).
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Velocity analysis computing the ratio of unspliced pre-mRNA and spliced mRNA was
performed with the scVelo pipeline (Bergen et al., 2020). The data from the injured (5 dpi)
astrocytes was split into non-recombined and AhR-KO cells and then velocity was calculated
based on the top 2,000 high variable genes after a filtering step of including only genes that are
expressed by at least 20 cells. The moments for velocity estimation were computed with default
settings including 30 neighbors and 30 PCs. The velocity was then plotted on the UMAP

embedding of the 5 dpi astrocyte data set.
4.12.4 Gene Ontology analysis

Gene Ontology (GO) analysis was used to detect enriched biological processes of
significantly regulated genes (p-value <0.05, fold change > 2) using the Database for
Annotation, Visualization and Integrated Discovery (DAVID) 2021 (Huang et al., 2009a, 2009b).
To reduce redundant GO terms a threshold of fold enrichment > 2 was applied and only the most
significant GO terms containing at least 3 genes were highlighted in the dot plots. GO terms
were visualized using RStudio with the ggplot2 and pathview package (W. Luo & Brouwer, 2013;
Wickham, 2016).

4.13 Statistical analysis

Numbers of biological replicates are indicated on the dot plots and in the figure legend.
Dot plots in Figure 2 to 5 are presented as median + interquartile range (IQR), if not otherwise
indicated. IQR was calculated in GraphPad Prism. For the neurosphere experiments, the
statistical analysis was executed in GraphPad Prism using the non-parametric Mann-Whitney
test. When comparing the GFP* and GFP™ neurospheres the data was presented in a contingency
graph and the Fisher’s exact test was performed to account for zero-inflated data. Statistical
tests were only performed with at least 4 biological replicates and significancy is indicated in

each figure legend.
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5 Abbreviations

ACSA-2
AD
AhR
AhRR
AlP
ALDH1L1
aNSC
Arnt2
Ascll
AB42
BBB
bHLH
BMP
BNF
BP
c-Myc
Ccld
CCR2
CD24
Cdk1
CNS
CreERT2
CSC
CSF
Cyplal
DAMP
DAVID
DEG
DER
DG
div
dpi
ECM
EGF
Emx1
ERK
ESC
FGF2
FICZ
Fos
GABA
GFAP
GFP

astrocyte cell surface antigen-2
Alzheimer's Disease

aryl hydrocarbon receptor

AhR repressor

AhR-interacting protein

aldehyde dehydrogenase 1 family, member L1
adult neural stem cell

AhR nuclear translocator 2

achaete-scute homolog 1

Amyloid-beta 42

blood-brain barrier

basic helix-loop-helix

bone morphogenic protein
B-naphthoflavone

biological processes

MYC proto-oncogene

C-C motif chemokine ligand 4

C-C motif chemokine receptor 2

cluster of differentiation 24

cyclin dependent kinase 1

central nevous system

Cre fused to a mutant estrogen ligand-binding domain
cancer stem cell

cerebrospinal fluid

Cytochrome P450 family 1 subfamily a member 1
damage-associated molecular patterns
Database for Annotation, Visualization and Integrated Discovery
differentially expressed genes

dioxin responsive element

dentate gyrus

days in vitro

days post injury

extracellular matrix

epidermal growth factor

empty spiracle homeobox 1

extracellular signal-regulated protein kinase
embryonic stem cell

basic fibroblast growth factor
6-formylindolo[3,2-b]carbazole

FBJ osteosarcoma oncogene
y-aminobutyric acid

glial acidic fibrillary protein

green fluorescent protein
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GLAST L-glutamate/L-aspartate transporter

GLT1 excitatory amino acid transporter 2
GO gene ontology

HSC hematopoietic stem cell

HSP90 heat shock protein 90

HVG high variable genes

i.p. intraperitoneal

Ibal jionized calcium-binding adapter molecule
IDO indoleamine 2,3-dioxygenase
IFN-B type-l interferon B

IHC immunohistochemistry

11r2 interleukin 1 receptor, type Il
iPSC induced pluripotent stem cell

IQR interquartile range

JNK Jun N-terminal kinase

Jun jun proto-oncogene

KEGG Kyoto Encyclopedia of Genes and Genomes
Ki67 marker of proliferation Ki-67

KIf4 kruppel like factor 4

KNN k-nearest neighbor

KO knock-out

Lyar Lyl antibody reactive

MACS magnetic-activated cell sorting
MAPK mitogen-activated protein kinase
MS multiple sclerosis

mTOR mammalian target of rapamycin
Neurog?2 Neurogenin 2

NR non-recombined

NSC neural stem cell

Nurrl nuclear receptor related 1 protein
Oct-3/4 octamer-binding transcription factor 3/4
OPC oligodendrocyte precursor cell
PAS PER-ARNT-SIM domain

Pax6 paired box 6

PBS phosphate-buffered saline

PCA principal component analysis

PCR polymerase chain reaction

PER period circadian protein

PFA paraformaldehyde

PTEN phosphatase and tensin homolog
RGC radial glia cell

RNA ribonucleic acid

RT room temparature

Runx1 runt related transcription factor 1
scRNAseq single-cell RNA sequencing
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SDS
SEZ
SGZ
Shh
ShRNA
SIM
Sox2
STAT3
TAM
TBI
TBST
TCDD
TCF1
TDO
TF
TGFB
Trf
UMAP
Vim
WB
Wnt

wt

sodium dodecyl sulfate
subependymal zone

subgranular zone

sonic hedgehog

short hairpin RNA

single minded protein

SRY-Box transcription factor 2
signal transducer and activator of transcription 3
tamoxifen

traumatic brain injury

tris-buffered saline with Tween®
2,3,7,8-tetrachlorodibenzo-p-dioxin
transcription factor 1

tryptophan 2,3-dioxygenase
transcription factor
transforming growth factor 8
transferrin

uniform manifold approximation and projection
vimentin

western blot

wingless-type

wildtype
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