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Abstract 
 
The regenerative capacity of the central nervous system (CNS) in the adult mammalian 

brain is severely limited, often leading to irreversible neuronal loss and functional decline 

following injury or disease. Astrocytes, the predominant glial cells in the CNS, play crucial 

roles in maintaining neural homeostasis, supporting the blood-brain barrier, and facilitating 

neuronal and synaptic functions. Upon injury or disease, these cells undergo reactive 

astrogliosis, significantly altering their function and phenotype. Notably, following invasive 

injuries, a subset of astrocytes has been observed to acquire proliferative capacity, 

express markers characteristic of neural stem cells (NSCs), and demonstrate the ability 

to self-renew and form multipotent neurospheres in vitro. This discovery adds a new 

dimension to our understanding of the neurogenic potential in the adult brain, which was 

previously thought to be limited and confined to specialized neurogenic niches such as 

the subventricular zone (SVZ) and the hippocampal dentate gyrus. However, the scarcity 

of these plastic astrocytes (occurring in low frequency) and the lack of distinct molecular 

markers have hindered their study and subsequent application in CNS repair strategies. 

Therefore, the thesis aims to 1) identify specific marker genes of this plastic astrocytic 

subset following stab wound injuries in the mouse cortex and 2) explore their potential in 

regenerative strategies, such as direct neuronal reprogramming. 

 

To identify putative markers for plastic astrocytes post-injury, a trans-species approach 

was adopted, leveraging regenerative insights from zebrafish ependymoglia, and 

integrating them with astrocyte populations in a mouse stab wound model through single-

cell transcriptomic integration analysis. This method enabled the identification of key 

marker genes, such as Hmgb2 (High Mobility Group Box 2) and others, characterizing this 

distinct plastic astrocytic subset. These markers are expressed in a small subset of 

astrocytes emerging post-injury, demonstrating proliferation and capability of forming 

neurospheres in vitro. Subsequent investigation revealed that these plastic astrocytic 

subsets exhibit transcriptional similarities to transient amplifying progenitors (TAPs) in the 

SVZ. They display a partial trajectory towards neurogenic lineages while retaining 

gliogenic potentials due to distinct signalling pathways, compared to bonafide TAPs. 

 

The identification of Hmgb2, a chromatin-associated protein, through this comparative 

analysis, underscores its potential role in the reprogramming process, likely due to its 

involvement in chromatin remodelling—a critical step in activating neurogenic programs. 
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Overexpressing Hmgb2 alongside the pioneer transcription factor Neurog2 in vitro, under 

culture conditions mimicking the in vivo injury microenvironment, significantly enhances 

the efficiency of neuronal conversion of astrocytes to induced neurons (iNs). This 

improvement is attributed to the chromatin remodelling effects of Hmgb2, which facilitate 

accessibility and expression of neurogenic or reprogramming relevant genes, as 

evidenced by analysis of chromatin (ATAC-Seq) and transcriptome (RNA-Seq) data, along 

with the promoting maturation of iNs.  

 

In summary, this study illuminates astrocyte plasticity following CNS injury, identifies 

crucial marker genes, and lays the groundwork for exploring their stem cell potential. 

Additionally, it underscores their significance in strategies for neuronal replacement, such 

as direct neuronal reprogramming. Together, these findings pave the way for advancing 

astrocyte research in regenerative medicine and repair approaches. 
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1. Introduction 
 

Brain injuries, affecting millions globally each year, pose a serious concern with significant 

mortality and disability rates. These injuries, arising from incidents like accidents, falls, 

sports-related events, or violence, vary in severity from slight concussions to extreme 

traumatic brain injuries (TBIs) (Dewan et al., 2019; Hyder et al., 2007; Maas et al., 2008). 

While some individuals fully recover, others experience long-term disabilities affecting 

daily life functions. TBI ranks high in terms of global death and impairment, contributing to 

nearly 30% of injury-related deaths annually (Demlie et al., 2023). Germany records over 

300,000 TBI-related emergency room visits yearly as of 2021 (Younsi et al., 2023) and 

brain disorders in the European Union incur an estimated annual financial impact 

exceeding €800 billion (Brain Research - European Commission, n.d.), emphasizing the 

socioeconomic burden of neurological conditions in the region. Existing TBI treatments 

face challenges in promoting effective tissue repair and regeneration (Stein et al., 2015). 

To address this gap, urgent and targeted research efforts are required to deepen our 

understanding of the complex biological responses to TBI at various levels, spanning from 

molecular mechanisms to systemic interactions (Berwick et al., 2022; Maas et al., 2022). 

 

One of the most notable responses of the brain to injury is reactive astrogliosis, a complex 

and multifaceted cellular response in the CNS (Burda et al., 2016). This intricate process 

involves morphological, molecular, and functional changes in astrocytes. These changes 

include phenotypic alterations like hypertrophy, functional shifts such as increased 

proliferation in subsets of astrocytes (juxtavascular astrocytes), and changes in gene 

expression such as the upregulation of glial fibrillary acidic protein (GFAP) and vimentin 

(Bardehle et al., 2013; Hol & Pekny, 2015; Pekny & Nilsson, 2005; Sofroniew, 2009, 2020). 

The extent of these modifications depends on factors such as the type of injury, severity 

(ranging from mild to severe), and location of the injury sites (Burda & Sofroniew, 2014; 

Sofroniew, 2009; Sofroniew & Vinters, 2010). However, this response is not only limited to 

a specific injury type; it is observed in conditions such as stroke, tumour growth, infection, 

inflammation, or neurodegenerative diseases (Burda & Sofroniew, 2014; Haim et al., 

2015). 

 

The understanding of astrocytic reactivity has significantly deepened in recent years, 

acknowledging that astrocytes can adopt various states and perform diverse functions 

with dual impacts on CNS repair and recovery (Matusova et al., 2023; Michinaga & 

Koyama, 2019; Pekny et al., 2014; Sofroniew, 2020; Yang et al., 2020). The formation of 



Introduction 
  

2 
 

glial borders by proliferative border-forming astrocytes, which demarcate and segregate 

injured tissue from healthy regions, was once predominantly viewed as an impediment to 

axonal regeneration (Fawcett & Asher, 1999; Fitch & Silver, 2008; Rhodes et al., 2003; 

Sypecka et al., 2023; Wanner et al., 2013). This was notably through the secretion of 

extracellular matrix (ECM) components like chondroitin sulfate proteoglycans (CSPGs) 

and as a contributor to inflammation (Busch & Silver, 2007; McKeon et al., 1999; Silver & 

Miller, 2004). However, recent studies indicate that the astrocytic border not only serves 

as a physical barrier to protect the lesion area from further damage but also contributes 

positively by supporting axonal regeneration and restoring the integrity of the CNS 

(Anderson et al., 2016; Buffo et al., 2010; Bush et al., 1999; Faulkner et al., 2004; 

Herrmann et al., 2008; Myer et al., 2006; O’Shea et al., 2023; Sofroniew, 2015). 

 

Furthermore, recent studies have highlighted a subset of reactive astrocytes in the adult 

cerebral cortex that exhibit significant plasticity following acute invasive injuries. These 

astrocytes not only resume proliferation but also demonstrate the ability to form 

neurospheres in vitro (Buffo et al., 2008; M. Götz et al., 2015; Robel et al., 2011; Sirko et 

al., 2013, 2023). This plasticity emphasizes their potential for neural repair. However, the 

challenge lies in pinpointing this rare population without specific markers, impeding a 

thorough understanding and utilization of their regenerative capabilities. 

 

The primary focus of my PhD centres on identifying the key marker genes for these rare 

plastic astrocytic subsets through a trans-species approach and single-cell 

transcriptomics. Additionally, the work explores strategies for neuronal replacement 

strategies, such as direct neuronal reprogramming, using one of the identified markers to 

assess their impact on reprogramming efficiency. 

 

To provide context, I will briefly overview brain injury and reactive astrogliosis, 

emphasizing the heterogeneity of reactive astrocytes and their dual roles in repair 

processes—both beneficial and detrimental. Subsequently, I will introduce innovative 

repair approaches, such as exploring adult mammalian neurogenesis and leveraging 

zebrafish regenerative properties to identify injury-induced plastic astrocytic subsets in 

mice using single-cell transcriptomes. Furthermore, I will introduce neuronal replacement 

approaches, focusing on direct neuronal reprogramming. I will discuss the discrepancies 

between the in vivo injury microenvironment and the in vitro reprogramming culture 

conditions. Lastly, I will introduce the potential strategy of overcoming lineage barriers by 
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overexpressing chromatin architectural protein Hmgb2 to enhance astrocyte-to-neuronal 

conversion rates and promote the maturation of generated neurons.  

 
1.1 Reactive Astrogliosis: A Universal Response to CNS Injury 
 
The brain, an organ of remarkable complexity, is composed of billions of neurons that 

govern a wide range of functions, including cognition, memory, and motor control, all vital 

for everyday life (Maldonado & Alsayouri, 2023). However, the intricate neural network is 

not solely reliant on neurons; it also involves a collaborative effort with non-neuronal cells 

known as glial cells, which are dispersed throughout the CNS (Kettenmann & Verkhratsky, 

2022). 

 

Previously, glial cells were considered merely as structural components of the nervous 

system, providing support and "glue" for neurons (Virchow, 1856, 1858). However, 

advancements in histological techniques in the early 20th century allowed for the clear 

differentiation and classification of glia from neurons, leading to the identification of the 

primary glial cell types: astrocytes, oligodendrocytes, and microglia (Ramón y Cajal, 1920; 

del Rio-Hortega, 1920, 1921). Subsequent research revealed that beyond their traditional 

roles as support cells, glial cells are integral participants in synaptic plasticity, learning, 

and memory (Allen & Lyons, 2018; Jäkel & Dimou, 2017; Nedergaard et al., 2003). For 

instance, astrocytes play vital roles in maintaining homeostasis, contributing to the blood-

brain barrier, regulating neurotransmitter levels, and providing metabolic support to 

neurons (Abbott et al., 2006; Kim et al., 2019; Nedergaard et al., 2003; Ransom et al., 

2003). Microglia, immune cells in the CNS, play a crucial role in regulating neuronal 

activity, synaptic plasticity, maintaining brain homeostasis, and engulfing and clearing 

damaged cellular debris (Augusto-Oliveira et al., 2019; Kreutzberg, 1996; Szepesi et al., 

2018; Wu et al., 2015); and oligodendrocytes act as the myelin producers of the CNS, 

supporting axonal function (Bradl & Lassmann, 2010; Stadelmann et al., 2019; Waly et 

al., 2014). This indicates that the nervous system relies on glial cells for the proper 

functioning and health of neurons and the overall performance of the brain. However, this 

complex network of neurons and glial cells is vulnerable to various types of injuries, 

including trauma, ischemia, and neurodegeneration, that can disrupt its structure and 

function. 

 

Among glial cells, astrocytes remain the most abundant and diverse celltypes, 

outnumbering neurons by approximately 5:1 (Sofroniew & Vinters, 2010). They have a 
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star-shaped morphology and show regional variations, with protoplasmic astrocytes 

prevailing in gray matter, where they have extensive branched processes near neuronal 

synapses, and fibrous astrocytes dominating in white matter, where they have elongated, 

linear processes (Miller & Raff, 1984; Oberheim et al., 2012; D. D. Wang & Bordey, 2008). 

However, this traditional classification does not fully capture the complexity and diversity 

of astrocytes. Recent advances in single-cell sequencing have revealed additional 

astrocyte subtypes beyond these two categories (Batiuk et al., 2020; Bayraktar et al., 

2020; Llorens-Bobadilla et al., 2015; Verkhratsky et al., 2021; Verkhratsky & Nedergaard, 

2018). These subtypes are distinguished based on molecular signatures (expression 

profiles), anatomical locations, functional roles, and morphological criteria, suggesting a 

more nuanced and specialized involvement in the CNS physiology and pathology (Endo 

et al., 2022; Hasel et al., 2021; Khakh & Deneen, 2019; Lanjakornsiripan et al., 2018; 

Ohlig et al., 2021; Qian et al., 2023).  

 

When the CNS is injured or diseased, astrocytes undergo reactive astrogliosis, which 

involves context-dependent changes in their phenotype, molecular expression, and 

function (Burda et al., 2016; Burda & Sofroniew, 2014; Escartin et al., 2021; Matusova et 

al., 2023; Pekny & Pekna, 2004; Sofroniew, 2005, 2009, 2020; Sofroniew & Vinters, 2010). 

One common hallmark of reactive astrogliosis is astrocyte hypertrophy, evidenced by 

enlarged cell bodies and less branched processes, along with the upregulated expression 

of intermediate filament proteins such as glial fibrillary acidic protein (GFAP), vimentin, 

and nestin. While astrocytes in healthy CNS tissue rarely divide, they can become 

proliferative following an injury (Bardehle et al., 2013; Frik et al., 2018; Sirko et al., 2013). 

A good example of this is juxtavascular astrocytes, which have their cell bodies directly 

adjacent to blood vessels, are more prone to proliferate in the cerebral cortex following 

stab wound brain injury (Bardehle et al., 2013; S. Götz et al., 2021). However, not all 

reactive astrocytes undergo proliferation, and some may become reactive without dividing 

(Escartin et al., 2021; Sofroniew, 2020). 

 

One of the outcomes of astrocyte reactivity is the formation of a border around the lesion 

site, composed of boarder-forming astrocyte processes and extracellular matrix 

components (O’Shea et al., 2023; H. Wang et al., 2018). This border formation was 

previously thought to hinder CNS healing by inhibiting axon regeneration, as it expresses 

CSPGs and other molecules that block axonal growth (K. L. Adams & Gallo, 2018; 

Bovolenta et al., 1993; Fawcett & Asher, 1999; Fitch & Silver, 2008; McKeon et al., 1999; 

Silver & Miller, 2004). However, contrary to this, recent studies have shown that borders 
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aids rather than hinders CNS axon regeneration, demonstrated through genetic 

manipulations in adult mice with severe spinal cord injuries (Anderson et al., 2016; Bush 

et al., 1999). Furthermore, these border-forming astrocytes act as a physical barrier that 

isolates the damaged area, limits lesion expansion, reduces neurotoxic inflammation, 

restricts monocyte invasion, and aids in the restoration of the blood-brain barrier, 

highlighting their dual role in both supporting and inhibiting CNS repair processes (Buffo 

et al., 2010; Bush et al., 1999; Frik et al., 2018; Sofroniew, 2015). Nevertheless, it is also 

important to note that the prolonged effects of reactive gliosis tend to be less beneficial, 

as they foster an environment characterized by sustained inflammation and neurotoxicity, 

which can contribute to further damage to neurons (Burda & Sofroniew, 2014). 

 

Astrocytes reactivity is not specific to a particular type of injury; it manifests across various 

conditions, including stroke, tumour growth, infection, inflammation, and 

neurodegenerative diseases  (Brandao et al., 2019; Clarke et al., 2018; Escartin et al., 

2021; Han et al., 2021; Hasel et al., 2021; Herrmann et al., 2008; Liddelow & Barres, 2017; 

Patabendige et al., 2021; Zamanian et al., 2012; Zhu et al., 2017). This response extends 

beyond astrocytes, encompassing microglia, meningeal fibroblasts, extracellular matrix 

proteins, oligodendrocytes, and their precursors (Sofroniew, 2009, 2020). Following injury 

or disease conditions, astrocytes activate diverse pathways, involving cytokines (e.g., 

interleukin-1β, tumor necrosis factor-α), chemokines (such as C-C motif chemokine ligand 

2, CCL2, and C-X-C motif chemokine ligand 10, CXCL10), growth factors (transforming 

growth factor-β, TGF-β, and fibroblast growth factor-2, FGF-2), neurotransmitters 

(glutamate, ATP), and injury-related factors (reactive oxygen species, ROS, and damage-

associated molecular patterns, DAMPs) (Pekny & Nilsson, 2005; Pekny & Pekna, 2004; 

Sofroniew, 2009, 2020; Sofroniew & Vinters, 2010). These components collectively form 

the intricate cellular and molecular framework that defines the CNS’s reaction to injury and 

disease.   

 

In conclusion, reactive astrocytes exhibit a diverse range of responses to CNS injuries 

and diseases, with their phenotype and function being highly context dependent. This 

diversity highlights the need for thorough research into astrocyte heterogeneity to better 

understand their impact on CNS health and disease.  
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1.2 Heterogeneity of reactive astrocytes: Navigating from Health to Insult 
 

In a healthy CNS, astrocytes play diverse roles, including the regulation of blood flow, 

preserving the integrity of the blood–brain barrier (BBB), provision of energy molecules to 

neurons, contribution to synaptic activity and adaptation, and regulation of the extracellular 

environment in terms of ions, fluids, and transmitters (Sofroniew, 2005). This functional 

diversity aligns with the intricate cytoarchitecture, and diversity found throughout the CNS, 

indicating an expected heterogeneity among astrocytes (Chaboub & Deneen, 2013). The 

complexity of their functions further translates into region-specific phenotypes influenced 

by factors such as age, brain region, and proximity to vasculature or synapses 

(Westergard & Rothstein, 2020; Zhang & Barres, 2010). A myriad of studies has 

scrutinized the gene expression and morphology of astrocytes across different brain 

regions and under various conditions to explore their heterogeneity or diversity (Makarava 

et al., 2023). For example, the study by Zeisel et al., employed single-cell RNA sequencing 

(scRNA-seq) and spatial transcriptomics, revealing that astrocytes in different brain 

regions of mice have seven distinct subtypes that are determined by their developmental 

origins (Zeisel et al., 2018). 

 

The heterogeneity and diversity of astrocytes have become focal points of extensive 

research, especially in the context of diseases and brain injuries. As the field advances, 

our understanding of the dual function of reactive astrocytes—both beneficial and 

detrimental—grows. Exploring single-cell techniques becomes crucial in unveiling the 

intricacies of this heterogeneity. Studies reveal that post CNS injury or disease onset, 

reactive astrocytes exhibit additional heterogeneity in gene expression, morphology, and 

secreted factor profiles, contingent upon the type, location, and stage of the pathology  

(Makarava et al., 2023; Sofroniew, 2015; Sofroniew & Vinters, 2010; Zamanian et al., 

2012). For instance, a recent study by Makarava et al. explored astrocytes in the cortex, 

hippocampus, thalamus, and hypothalamus, revealing diverse reactive phenotypes linked 

to regional identity rather than the type of injury. They examined astrocytes in various 

pathological conditions, including prion disease, traumatic brain injury, brain ischemia, the 

5XFAD Alzheimer’s disease model, and normal aging, using targeted NanoString 

technology (Makarava et al., 2023). However, this approach limited their ability to obtain 

a global overview of astrocyte heterogeneity. On the other hand, Liddelow et al., 

suggested that the nature of the insult could influence the reactive state of astrocytes and 

proposed a classification into A1 and A2 subtypes. According to their model, A1 astrocytes 

induced by neuroinflammation are neurotoxic, while A2 astrocytes induced by ischemia 
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are neuroprotective (Liddelow & Barres, 2017). However, this binary classification has 

been challenged by recent evidence, which supports a continuum of phenotypes regulated 

by context-specific molecular pathways rather than a simplified good-bad or 

neuroprotective-neurotoxic or A1-A2 categorization (Escartin et al., 2021; Lawrence et al., 

2023). In fact, recent cutting-edge single-cell comparative transcriptomic analyses have 

illuminated the heterogeneous responses of astrocytes to different CNS insults, identifying 

both common and specific markers across various neurological disorders in murine 

models and human post-mortem tissues (Fig 1). This variation underscores the tailored 

nature of astrocytic reactions to different types of CNS damage (Matusova et al., 2023). 

  

 
 

Figure 1: Recurrent marker genes of reactive astrocytes across CNS regions and 

pathologies in mice and humans (Matusova et al., 2023. Reactive astrogliosis in the era 

of single-cell transcriptomics. Frontiers in Cellular Neuroscience, 17, Article 1173200. 

https://doi.org/10.3389/fncel.2023.1173200. CC BY license). 

 

Reactive astrocytes have different genes and functions depending on the pathology and 

the brain region. They can be inhibitory or supportive of CNS repair, and some can 

become stem cell-like under certain conditions (Buffo et al., 2008; M. Götz et al., 2015; 

Lang et al., 2004; Robel et al., 2011; Shimada et al., 2012; Sirko et al., 2013; Zamboni et 

al., 2020). Therefore, the spectrum of astrocyte heterogeneity observed in various 

pathological states is shaped by the interplay between injury factors (type, location, 

severity, and duration) and regional astrocyte identity.  
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1.3 Reactive astrocytes: a source of neural stem cells in CNS injury  
 
In the adult mammalian brain, certain specialized astrocytes function similarly to neural 

stem cells (NSCs), typically residing within designated neurogenic niches such as the 

subventricular zone (SVZ) of the lateral ventricles and the subgranular zone (SGZ) of the 

hippocampal dentate gyrus (DG) (D. K. Ma et al., 2009; Taupin & Gage, 2002). These 

astrocytes are capable of self-renewal and can generate neurons and glia. Astrocytes 

outside these niches show little to no proliferation under normal physiological conditions. 

However, following invasive injuries like stab wounds or cerebral ischemia (occlusion of 

the middle cerebral artery, MCAo), a specific subset of cortical astrocytes begins to 

proliferate and exhibit stem cell-like properties, including the activation of genes typically 

associated with NSCs (M. Götz et al., 2015; Sirko et al., 2013). These astrocytes are 

capable of forming multipotent neurospheres in vitro, akin to NSCs; however, their 

behaviour in vivo exhibits distinct characteristics (M. Götz et al., 2015). 

 

The reversion of reactive astrocytes to a more primitive, stem cell-like state, known as 

dedifferentiation, and their neurogenic potential can be influenced by several factors. For 

example, Notch signalling, which regulates the maintenance and differentiation of neural 

stem cells, is downregulated in reactive astrocytes after injury, allowing them to initiate a 

neurogenic program and generate neurons that express Dcx, Ascl1, and NeuN in the 

mouse striatum (Magnusson et al., 2014; Santopolo et al., 2020). A study by Zamboni et 

al. similarly demonstrated that blocking Notch signalling in the mouse cortex induces 

astrocyte dedifferentiation and neurogenesis (Zamboni et al., 2020). Another factor 

influencing astrocyte stemness is Sonic Hedgehog (SHH), a morphogen that controls cell 

fate and patterning in the developing nervous system. SHH is upregulated by invasive 

injuries such as stab wounds or cerebral ischemia, reactivates their stem cell potential of 

astrocytes. This allows astrocytes to proliferate and generate neurospheres, which are 

clusters of self-renewing and multipotent cells, in vitro (Sirko et al., 2013). Additionally, 

Loss of p53, a tumour suppressor that is commonly mutated or inactivated in glioma, 

destabilizes the identity of astrocytes, and primes them to dedifferentiate in response to 

injury, resulting in increased proliferation and multipotency (Simpson Ragdale et al., 2023). 

Moreover, Ischemia-induced up-regulation of Wnt2 protein activates Wnt signalling 

triggering astrocyte dedifferentiation (Fan et al., 2022). Also, Inflammation, driven by 

tumour necrosis factor-alpha (TNF-α) and the NF-κB pathway, triggers the reversion of 

differentiated astrocytes into neural progenitors. This is marked by a decrease in specific 

astrocyte markers like GFAP and glycogen metabolism genes in some cells, alongside an  
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increase in immature markers such as CD44, Musashi-1, and Oct4 (Ding et al., 2021; 

Gabel et al., 2016). 

 

This transformation of reactive astrocytes to more plastic stem cell like state is of particular 

interest as it opens new avenues for research and potential regenerative mechanisms to 

promote tissue repair and regeneration. Yet, identifying these plastic subset remains 

challenging due to their occurrence as low frequency and the absence of specific markers. 

This limitation hinders the comprehensive understanding of the therapeutic potential and 

the precise role of this subset in CNS recovery. Therefore, innovative approaches are 

needed to identify this population. 

  
1.4 Neurogenesis in the Adult Mammalian Brain: Limited neurogenic niches 
 

In the adult mammalian brain, only a few regions, such as the SGZ of the hippocampal 

dentate gyrus and the SVZ lining the lateral ventricles, harbor NSCs that can generate 

new neurons (Figure 2). These regions are known as neurogenic niches and have limited 

capacity to replace lost neurons and restore damaged tissue and function after injury or 

disease (D. K. Ma et al., 2009). Within these neurogenic niches, neural stem cells (NSCs) 

reside in a quiescent state expressing markers Gfap and Prominin 1/CD133, capable of 

either self-renewal or differentiation into other cell types (Codega et al., 2014; Dulken et 

al., 2017; Fischer et al., 2011). Upon activation by specific stimuli, NSCs give rise to transit-

amplifying progenitors (TAPs) expressing Egfr, Mash1 and Dlx2, which undergo rapid 

division to generate neuroblasts (NBs) (Codega et al., 2014; Doetsch et al., 2002; Kim et 

al., 2009). NBs express Doublecortin (DCX) as a marker for immature neurons and 

migrate from the neurogenic niches to their final destination, where they mature into 

neurons that express markers such as DCX, NeuN, and Tuj1 and integrate into existing 

neural networks (K. V. Adams & Morshead, 2018; Couillard-Despres et al., 2005; Dellarole 

& Grilli, 2008; Dulken et al., 2017). The functionality and characteristics of the newly 

formed neurons are contingent on the specific neurogenic niche of origin. In the SVZ 

niche, NBs migrate in chains along the rostral migratory stream (RMS) to the olfactory 

bulb (OB), where they differentiate into interneurons that modulate olfactory processing 

(Doetsch et al., 1999; Lim & Alvarez-Buylla, 2016; Ming & Song, 2011; Pencea et al., 

2001). In the SGZ niche, NBs differentiate into granule neurons within the dentate gyrus, 

playing a role in hippocampal functions related to learning and memory (Ming & Song, 

2011). 
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1.5 Zebrafish an Intriguing Model for Regeneration 
 
In contrast to mammals, certain vertebrates like fish and amphibians possess the 

extraordinary ability to regenerate substantial portions of their brains post-injury (Lust & 

Tanaka, 2019). A prime example is the zebrafish, which can regenerate almost all organs, 

including the brain and spinal cord (Alunni & Bally-Cuif, 2016; Cacialli & Lucini, 2019; 

Diotel et al., 2020; Poss et al., 2003; Zambusi & Ninkovic, 2020). This regenerative 

capacity is underpinned by the presence of abundant stem cell niches across various brain 

regions, such as the telencephalon, optic tectum, cerebellum, and hypothalamus, and 

other areas, as illustrated in Figure 2 (Kizil, Kaslin, et al., 2012). These niches harbor 

ependymoglia or radial glial cells (RGCs)—a subtype of glial cells covering the ventricles 

with characteristics of both ependymal and astroglia cells, serving as neural stem cells 

that continuously generate new neurons through the proliferation, differentiation or direct 

conversion of these cells depending on the region and the stimulus (Barbosa & Ninkovic, 

2016; Ganz & Brand, 2016; Kizil, Kaslin, et al., 2012; Than-Trong & Bally-Cuif, 2015). In 

addition, zebrafish also induce injury-specific expression of transcription regulators, such 

as GATA binding protein 3 (Gata3), in proliferating RGCs within the injured adult zebrafish 

telencephalon (as well as other tissues, like the heart and fin), which is essential for 

neuronal repair and regeneration (Kizil, Kyritsis, et al., 2012). This highlights that zebrafish 

activate specific and distinct neurogenic programs in response to inflammation or injury, 

which are different from those involved in constitutive neurogenesis.  

 

 
Figure 2: Neurogenic regions of the zebrafish brain in comparison to mammals (Kizil et 

al. 2012. Adult neurogenesis and brain regeneration in zebrafish. Adapted by copyright 

permission from John Willey and Sons and Copyright Clearance Center: Developmental 

Neurobiology 72 (3): 429–61, 2012. License No: 5759490306855.  

https://doi.org/10.1002/dneu.20918).   

 

https://doi.org/10.1002/dneu.20918
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RGCs in the zebrafish brain can re-initiate cell proliferation and generate neural precursors 

to rebuild the lost neural circuit after injury (Jurisch-Yaksi et al., 2020). For example, a stab 

injury in the optic tectum activates plastic RGCs, showcasing their capability to 

differentiate into neurons and oligodendrocytes (Yu & He, 2019). Similarly, an injury to the 

telencephalon in adult zebrafish triggers an immediate glial response, which typically 

resolves within 7 days post-injury (Sanchez-Gonzalez et al., 2022). The rapid glial 

response resolution in zebrafish, post-telencephalon injury, contrasts with the sustained 

response in mammalian brains.  

 

Zebrafish and mammalian brains share some common features of adult neurogenesis in 

telencephalon, despite their divergent evolutionary histories and regenerative capacities. 

Studies have reported that the telencephalic ventricular zone (VZ) in the adult zebrafish 

brain generates neural progenitor cells (NPCs) that are similar to those found in the 

mammalian SVZ niche. These NPCs migrate tangentially into the OB via a pathway 

reminiscent of the RMS, and subsequently differentiate into mature neurons (Adolf et al., 

2006; Kishimoto et al., 2011). Furthermore, RGCs display characteristics similar to 

mammalian astrocytes, such as complex bushy morphology and the expression of typical 

astrocyte markers, such as Glast, Gfap, S100b, and glutamine synthetase (GS) (Diotel et 

al., 2020). Also, certain populations of RGCs at early larval stages show close proximity 

to synapses, tiling behavior, and dynamic Ca2+ transients at both global and microdomain 

levels, reminiscent of mammalian astrocytes (J. Chen et al., 2020). This indicate, while 

ependymoglia cells and mouse astrocytes are not identical, they do share some 

conserved properties. This similarity could provide valuable insights into identifying 

common mechanisms or pathways, shedding light on the potential for identifying plastic 

astrocytes that acquire a more neurogenic phenotype following injury or disease in 

mammals by cross-comparison approach. 

 
1.6 Cross-species analysis of single-cell transcriptomes with zebrafish: 
advantages and tools  
 
Single-cell transcriptomics is a rapidly evolving field that enables the characterization of 

gene expression patterns at the resolution of individual cells. By comparing scRNA-seq 

data from different species, researchers can unveil both evolutionarily conserved and 

divergent biological processes, as well as unique adaptations specific to each species 

(Diotel et al., 2020). 
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As previously mentioned, Zebrafish are particularly noteworthy for their exceptional 

regenerative capabilities, offering valuable insights that contrast with mammals’ limited 

brain regenerative capacities (Jurisch-Yaksi et al., 2020; Kozol et al., 2016). Emerging 

studies have begun to leverage the zebrafish model to dissect conserved and distinct 

processes in regenerative biology. For instance, Hoang et al. utilized integrative 

transcriptomic and epigenomic analysis to compare the gene expression and chromatin 

accessibility of Müller glia cells in zebrafish, mice, and chicks. Their study, conducted 

under both resting and tissue injury conditions, found that zebrafish and chick Müller glia 

possess a greater neurogenic potential post-injury compared to mice (Hoang et al., 2020). 

This potential is regulated by specific gene networks related to the cell cycle, glial 

quiescence, reactivity, neurogenesis, and the activation of transcription factors like nuclear 

factor I. By interfering with these factors, it’s possible to induce Müller glia in adult mice to 

proliferate and generate neurons following an injury. Another example is a study where 

they compared single-cell/nucleus transcriptomes between zebrafish and human brains 

(Cosacak et al., 2022). This comparison has uncovered both shared and unique molecular 

pathways implicated in Alzheimer’s Disease (AD), thereby enriching our comprehension 

of the disease’s mechanisms. Moreover, integrating with zebrafish also plays a crucial role 

in identifying cell type markers. Pandey et al. demonstrated this by combining zebrafish 

and mouse forebrain single-cell transcriptome data to identify zebrafish telencephalic 

neuronal cell types. Their study unveiled both conserved and unique types, along with 

marker genes, thus illuminating the intricacies of neuronal diversity (Pandey et al., 2023). 

These studies underscore the importance of zebrafish in unraveling biological 

mechanisms and the benefits of integrating scRNA-seq data across species to explore 

cellular and molecular complexities. 

 

To integrate scRNA-seq data across various dimensions, such as cell types, technologies, 

sources, and species, a range of specialized tools have been developed, each addressing 

specific aspects of data heterogeneity and complexity. Some of the commonly used tools 

are : (1) LIGER (Linked Inference of Genomic Experimental Relationships) that utilizes 

integrative nonnegative matrix factorization to jointly define cell types from multiple single-

cell datasets (J. Liu et al., 2020; Welch et al., 2019); (2) Harmony that uses an iterative 

clustering method to adjust the cell embeddings in a low-dimensional space until the batch 

effect is minimized (Korsunsky et al., 2019); (3) SAMap leverages the self-assembling 

manifold (SAM) algorithm to align cell atlas manifolds from different species, enabling 

cross-species comparisons (Tarashansky et al., 2021); (4) scPoli, which focuses on 
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integrating population-level single-cell data (De Donno et al., 2023); (5) Seurat v4, which 

offers versatile data alignment tools through canonical correlation analysis (CCA) or 

mutual nearest neighbors (MNN), effectively removing unwanted variations (using 

FindIntegrationAnchors and IntegrateData functions) (Butler et al., 2018); (6) Conos 

(Clustering On Network Of Samples), which constructs a global graph of cells from various 

samples, enabling robust clustering based on multiple inter-sample mappings; (7) 

FastMNN and mnnCorrect provide efficient MNN-based integration solutions, addressing 

batch effects in large-scale datasets (Barkas et al., 2019); (8) scMerge employs factor 

analysis of single-cell stably expressed genes (scSEGs) and identifies pseudoreplicates 

across different datasets to facilitate integration (Y. Lin et al., 2019); and (9) scGen is a 

generative model designed to predict how single cells respond to perturbations across 

different cell types, studies, and species (Lotfollahi et al., 2019).  

 

In addition to these integration tools, resources such as OrthoDB (Kuznetsov et al., 2023), 

OrthoFinder (Emms & Kelly, 2019), SonicParanoid (Cosentino & Iwasaki, 2019), Ensembl 

Compara (Herrero et al., 2016), NCBI HomoloGene (Agarwala et al., 2016), orthogene 

(Bioconductor - Orthogene, n.d.), and eggnog (Hernández-Plaza et al., 2023) are pivotal 

for multi-species scRNA-seq integration analysis. These resources contribute homologs 

and orthologs that are essential for cross-species comparative studies. They facilitate the 

identification of genes that are evolutionarily conserved, with orthologs indicating genes 

that have maintained similar functions across different species, and homologs identifying 

genes that share a common ancestry, enhancing our understanding of genetic evolution 

and function across species. 

 
1.7 Neuronal replacement approaches for Repair 
 
Recent advancements in neuronal replacement methods have broadened the scope for 

restoring lost or damaged neurons in the brain, surpassing the traditionally limited 

regenerative capacity of the adult brain. Neuronal replacement therapy, which 

encompasses exogenous and endogenous approaches, holds promise for improving 

brain function post-injury or disease (Grade & Götz, 2017). Exogenous approaches 

involve transplanting external cells, like neuronal stem cells or progenitor cells, into the 

damaged or diseased brain to effectively replace lost neurons. However, this method faces 

challenges such as low cell survival, poor migration and integration, and immune rejection 

(Liao et al., 2019). On the other hand, endogenous approaches aim to spur the 

spontaneous generation of new neurons from existing cells in the adult brain. One of the 
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most promising endogenous approaches is direct neuronal reprogramming, also known 

as transdifferentiation, which converts one mature cell type in the brain into induced 

neurons (iNs) by overexpressing lineage-specific transcription factors, without going 

through an intermediate or pluripotent stem cell state. This avoids the need for exogenous 

cell transplantation and exploits the potential of endogenous cells to regenerate brain 

tissue (Bocchi et al., 2022; Gascón et al., 2017; Grade & Götz, 2017). This is an alternative 

to indirect reprogramming, which reprograms somatic cells into induced pluripotent stem 

cells (iPSCs) by overexpressing Yamanaka factors (Pou5f1, Sox2, Myc, and Klf4) 

(Takahashi & Yamanaka, 2006), and then differentiates them into neurons. Recent 

advances have improved the efficiency and specificity of direct neuronal reprogramming, 

both in vitro and in vivo, by understanding the molecular and metabolic constraints of this 

process (Berninger et al., 2007; Gascón et al., 2016, 2017; Heinrich et al., 2010; 

Masserdotti et al., 2015; Mattugini et al., 2019; Wan & Ding, 2023). The following sections 

will discuss the details of direct astrocyte-to-neuron conversion, the reprogramming 

hurdles encountered within the injured brain milieu, and the role of chromatin proteins in 

generating efficient iNs. 

 
1.7.1 Direct neuronal conversions  
 
Direct neuronal reprogramming can be achieved by various methods that modulate the 

epigenetic and transcriptional landscape of the original cell type, enabling the activation 

of neuronal-specific genes while suppressing those of the cell's prior identity. This 

transformation is commonly facilitated by introducing transcription factors (TFs) that serve 

as master regulators of neuronal identity, such as Ascl1, Brn2, Dlx2, Myt1l, NeuroD4, 

NeuroD1, Neurog2, Nurr1, Pax6, Sox2, and Sox11 (Amamoto & Arlotta, 2014; Bergsland 

et al., 2006; Berninger et al., 2007; Blum et al., 2011; Brulet et al., 2017; Buffo et al., 2005; 

Grande et al., 2013; Heinrich et al., 2010, 2014; Mall et al., 2017; Masserdotti et al., 2015; 

Mattugini et al., 2019; Ninkovic & Götz, 2013; Niu et al., n.d.; Smith et al., 2016). These 

TFs alone or in combinations drive the conversion of non-neuronal cells into functional 

neurons and are commonly delivered through viral vectors, such as lentiviruses, 

adenoviruses, or retroviruses (Bocchi et al., 2022; M. Götz & Bocchi, 2021; Wan & Ding, 

2023). This integration results in the expression of TFs and kickstart reprogramming. 

Some of these TFs are pioneer factors, which can bind and open closed chromatin, 

enabling the expression of target genes (Morris, 2016). For example, Ascl1 and Neurog2, 

two well-studied neurogenic transcription factors, that are widely used and studied for 

direct reprogramming (Smith et al., 2016; Wapinski et al., 2013). 
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Another method involves using small molecules or epigenetic modifiers to alter chromatin 

structure and conversion rate (M. L. Liu et al., 2013; N. X. Ma et al., 2019; Smith et al., 

2016). This has also been shown to enhance reprogramming efficiency when combined 

with transcription factors. These molecules can activate neuronal genes and modify 

epigenetic marks, influencing the reprogramming process and improving the accessibility 

of target cells for efficient cell fate changes. For instance, Valproic acid inhibits histone 

deacetylases (HDACs); Vitamin C facilitates DNA demethylation; Forskolin activates cyclic 

AMP signaling, collectively bolstering reprogramming efficiency (Duan et al., 2019; Hsieh 

et al., 2004; Lee Chong et al., 2019; Smith et al., 2016). Moreover, microRNAs (miRNAs) 

are another strategy that can regulate post-transcriptional expression of multiple genes 

related to neuronal development and function, thereby creating a permissive chromatin 

environment for efficient reprogramming (Cates et al., 2021; Pascale et al., 2022). For 

example, miR-9/9* and miR-124 have been identified as potent neurogenic molecules that 

can drive the conversion of human fibroblasts into specific subtypes of neurons (Lu & Yoo, 

2018; Yoo et al., 2011). MicroRNA-375 overexpression improves NeuroD1-mediated 

reprogramming efficiency by promoting cell survival at early stages of reprogramming (X. 

Chen et al., 2023). 

 

The choice of factors and methods depends on the desired neuronal subtypes and cell 

source, as different combinations of TFs, small molecules, and miRNAs can induce the 

generation of specific types of neurons, such as glutamatergic, GABAergic, dopaminergic, 

or cholinergic neurons, from various cell types, including fibroblasts, astrocytes, 

hepatocytes, or pericytes (Amamoto & Arlotta, 2014; Bocchi et al., 2022). For instance, 

Ascl1 is known for generating GABAergic neurons, while Neurog2 specializes in 

promoting the formation of glutamatergic neurons upon overexpression of these factors in 

astrocytes (Masserdotti et al., 2015). Astrocytes, the most abundant type of glial cells in 

the brain, serve as a readily available source for reprogramming into neurons. Several 

research groups have successfully converted astrocytes into functional neurons in vitro 

and in vivo, demonstrating the feasibility and potential of this approach (Berninger et al., 

2007; Chouchane et al., 2017; Gascón et al., 2016; Guo et al., 2014; Heinrich et al., 2010, 

2012; F. Liu et al., 2021; Masserdotti et al., 2015; Mattugini et al., 2019; Rao et al., 2021) 
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1.7.2 Astrocyte-to-Neuron Conversion in vivo: Challenges in the Injured CNS 
 

While direct neuronal reprogramming holds promise, translating this approach in vivo 

faces challenges, notably in delivering reprogramming factors. Current protocols relying 

on viral vectors pose risks, including immunogenic responses, insertional mutagenesis, 

lack of specificity, and limited packaging capacity (Bulcha et al., 2021; Gantner et al., 2020; 

Shchaslyvyi et al., 2023). Alternative non-viral delivery methods, such as plasmids, 

nanoparticles, or recombinant proteins, have lower efficiencies and stability (Tasset et al., 

2022). The harsh, inflammatory environment following CNS injury may further inhibit viral 

transduction, exogenous factor expression, and iNs survival, maturation, and integration. 

Apart from this, another challenge lies in the discrepancy between in vitro and in vivo 

reprogramming conditions. In vitro reprogramming protocols typically utilize sustained 

exposure to mitogens, such as epidermal growth factor (EGF) and fibroblast growth factor 

2 (FGF2), to promote iNs generation. However, the injury microenvironment exhibits 

dynamic and transient mitogen expression. For instance, following TBI, EGF levels spike 

within 24 hours but rapidly decrease to basal levels after 3 days, while FGF2 levels begin 

to rise 4 hours post-damage and remain elevated for at least 14 days (Addington et al., 

2015). Notably, FGF2 administration after post-traumatic brain injury has been reported to 

enhance cognitive performance and neurogenesis (Sun et al., 2009), while EGF infusion 

expands the neurogenic precursor pool in the neurogenic niche after ischemic injury 

(Ninomiya et al., 2006) These findings suggest that the temporal dynamics of mitogen 

signaling play a crucial role in modulating the reprogramming outcome. Therefore, to 

better replicate the endogenous injury response, regulated in vitro reprogramming models 

are essential, mimicking the transient EGF and sustained FGF signaling reported in vivo. 

  
1.7.3 Pioneer Factors and Chromatin Remodeling 
 
Neuronal reprogramming involves overcoming the chromatin barriers of starter cells like 

astrocytes or fibroblasts, wherein essential neuronal genes are typically sequestered 

within inaccessible chromatin areas. Pioneer transcription factors have a unique capability 

to access these regions and instigate chromatin remodeling (Morris, 2016).  

 

Ascl1, a well-known pioneer factor, exhibits “on-target” pioneering activity during neuronal 

reprogramming (Chanda et al., 2014; Iwafuchi-Doi & Zaret, 2014; Wapinski et al., 2013). 

Studies using ATAC-seq have shown that Ascl1 can rapidly open closed chromatin at its 

target sites within 12 hours of reprogramming initiation in mouse embryonic fibroblasts 
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(MEFs) into induced iNs. However, the majority of the accessibility changes occur between 

days 2 and 5 (Wapinski et al., 2017). This biphasic pattern suggests an initial targeting of 

specific regulatory elements by Ascl1, followed by broader chromatin remodeling 

mediated by additional factors. Rao et al. demonstrated a significant shift in gene 

expression profiles during the early stages of Ascl1-mediated reprogramming of mouse 

astrocytes, based on RNA-seq and ChIP-seq (Rao et al., 2021). They found that ASCL1 

directly targets the regulatory regions of numerous genes critical for neuronal 

development and function, such as Klf10 (involved in neuritogenesis), Myt1 and Myt1l 

(required for the electrophysiological maturation of iN cells), and Neurod4 and Chd7 

(crucial for the efficient conversion of astrocytes to iNs). The ability of ASCL1 to 

orchestrate such a broad transcriptional overhaul highlights the critical role of chromatin 

remodeling in facilitating the direct reprogramming process. 

 

Neurog2, another pioneer factor, similarly engages with closed chromatin to activate 

neuronal gene expression. It has the capability to transform astrocytes into glutamatergic 

neurons, the primary excitatory neurons in the brain (Berninger et al., 2007; Heinrich et 

al., 2010; Masserdotti et al., 2015). Neurog2's bHLH domain facilitates sequence-specific 

DNA binding, promoting chromatin remodeling (Aydin et al., 2019). However, Neurog2 

alone is not sufficient to reprogram fibroblasts, and requires additional molecules such as 

forskolin (FK) and dorsomorphin (DM) to enhance chromatin accessibility at its target sites 

(M. L. Liu et al., 2013; Smith et al., 2016). These small molecules (FK+DM) activate 

cooperative transcriptional activities of Neurog2 and CRE binding protein 1 (CREB1), 

increase H3K27 acetylation (a mark of open chromatin), elevate Sox4 (an HMG box 

transcription factor) expression, and subsequent Sox4-dependent chromatin remodeling, 

thereby synergizing with Neurog2 to augment the expression of a broad spectrum of pro-

neural transcription factors and firmly establish neuronal identity in a variety of fibroblast 

and glioblastoma cells. 

 

Further elucidating the significance of chromatin changes in neuronal reprogramming, the 

study by Rivetti di Val Cervo et al. employed a combination of transcription factors—

Neurod1, Ascl1, and Lmx1a, along with miR218, to induce the conversion of human and 

mouse astrocytes into induced dopamine neurons (iDANs) and this process is notably 

enhanced by chromatin remodeling agents (Rivetti Di Val Cervo et al., 2017). Furthermore, 

Hsieh et al. showed that histone deacetylase inhibitors, such as valproic acid (VPA), drive 

neuronal differentiation in adult hippocampal progenitors by upregulating neurogenic 
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transcription factors like NeuroD, underscoring the critical role of chromatin remodeling in 

neuronal reprogramming (Hsieh et al., 2004). 

   

Effective reprogramming to neurons entails not just triggering the neuronal program but 

also silencing the inherent identity of the original cells, particularly by overcoming key 

repressors such as RE-1 transcription repressor complex (REST). REST expressed in 

non-neuronal cells and known to suppress neuronal genes in non-neuronal cells 

(Jørgensen et al., 2009). Reducing REST levels significantly boosts Neurog2's ability to 

reprogram astrocytes into neurons, achieving up to 90% efficiency (Masserdotti et al., 

2015). Similarly, repressing the RNA binding protein PTB (polypyrimidine tract binding) in 

MEFs, promotes neuronal reprogramming by lifting the repression on neuronal genes, 

facilitated by microRNA (e.g. miR-124) mediated reduction of REST activity (Xue et al., 

2013). The interplay between activating desired neuronal pathways and inhibiting the 

original cell programming is essential for successful neuronal reprogramming. 

 
1.7.4 Chromatin architectural Hmgb2 proteins: expression and prospective role 
in Neuronal Reprogramming 
 
High Mobility Group Box 2 (Hmgb2) proteins, belonging to the non-histone chromatin-

binding protein family, are instrumental in altering chromatin architecture, thereby 

facilitating the interaction of transcription factors and chromatin modifiers (Thomas & 

Travers, 2001). These proteins are characterized by two HMG-box domains and bind to 

the minor groove of DNA, inducing bending, looping, and unwinding. Their interaction with 

nucleosomes and histone tails influences histone modifications and nucleosome 

positioning, playing a crucial role in transcription, replication, recombination, and DNA 

repair. 

 

Hmgb2 proteins have been extensively studied in cancer biology for their roles in cell 

proliferation, metastasis, drug resistance, and cellular senescence (Starkova et al., 2023).  

Beyond these aspects, Hmgb2 has also been investigated for its involvement in brain 

development and neurogenesis. For instance, a study by Ronfani et al. demonstrated that 

Hmgb2 expression is widespread in early embryonic stages (E10.5), notably in regions 

undergoing rapid cell division, using in situ hybridization (Ronfani et al., 2001). By E12.5, 

Hmgb2's distribution begins to specialize, concentrating in the ventricular zones of the 

brain, where it supports the proliferation of neuroepithelial cells, and extending into the 



Introduction 
  

19 
 

spinal cord. As development progresses to E17, Hmgb2 expression persists in the VZ but 

also expands to encompass the differentiated cortex and mesencephalon. Postnatally (at 

P4 and P17), Hmgb2 expression narrows further to specific brain regions, such as the 

external granular layer of the cerebellum and the hippocampus. However, this study 

suggests that Hmgb2 expression is low or absent in the adult brain, a finding that contrasts 

with other reports of Hmgb2 expression in specific adult brain regions (Abraham, 

Bronstein, Reddy, et al., 2013; Kimura et al., 2018). The study conducted by Kimura et al. 

investigated the expression and function of Hmgb2 in the dentate gyrus of the adult mouse 

brain, revealing that Hmgb2 is expressed in a subset of NSCs and progenitor cells, but 

not in mature neurons. This expression is notably associated with the transition from the 

quiescent to the proliferative state of NSCs, leading to the proposition of Hmgb2 as a novel 

marker for activated NSCs in the adult hippocampus (Kimura et al., 2018). In another 

study, it has also been reported that Hmgb2 potentially regulates neural stem cell 

proliferation in the SVZ, another adult neurogenic niche (Abraham, Bronstein, Chen, et 

al., 2013).  

 

Furthermore, Bronstein et al. compared perinatal neural progenitor cell (NPC) cultures 

from normal and HMGB2-null mice. They found that HMGB2 regulates polycomb group 

(PcG) proteins, key epigenetic modifiers controlling NSC fate. HMGB2 deficiency reduces 

PcG proteins and H3K27 trimethylation, altering the balance between neurogenesis and 

gliogenesis. This identifies HMGB2 as a crucial factor in NSC epigenetic regulation 

(Bronstein et al., 2017). 

 

Given these findings, Hmgb2 demonstrates an ability to influence chromatin accessibility 

and gene expression, marks it as a promising candidate for astrocyte-to-neuron 

conversion in direct reprogramming. More studies on HMGB2’s mechanisms and roles in 

neuronal reprogramming could advance regenerative therapies for CNS injuries.
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2. Results 
 
2.1 Aim of study I  
 
This study aimed to identify marker genes for rare plastic astrocytic subsets that exhibit 

proliferative and neurosphere-forming abilities in response to stab wound injuries in mice. It 

introduces an innovative trans-species approach that leverages the regenerative 

capabilities of zebrafish radial glia, employing single-cell integration analysis to achieve this 

goal. 

 

 

Stab wound injury induces transit amplifying progenitor-like phenotype in 
parenchymal astrocyte 
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Highlights 

l Single-cell transcriptome and trans-species comparisons identify post-CNS injury plastic 
astrocytes with proliferative and de-differentiated characteristics. 

l These plastic astrocytes display in vitro self-renewal and neurosphere-forming capabilities 
but exhibit gliogenic differentiation. 

l Originating from reactive astrocytes, they share transcriptional traits with TAPs rather than 
NSCs. 

l Differing from endogenous TAPs, these plastic astrocytes offer the potential for enhancing 
CNS repair post-injury. 
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Abstract 

Astrocytes, as prevalent brain glial cells, have beneficial and detrimental effects on CNS 
recovery. Post-CNS injury, a small astrocyte subset becomes proliferative, de-differentiated, 
and acquires self-renewal and neurosphere capabilities in vitro. Presenting a promising target 
for initiating repair processes after brain injury and their potential role in neural repair. Studying 
these rare plastic astrocytes is challenging due to a lack of distinct markers. In our study, we 
identified these subsets of the astrocytic population using single-cell transcriptome and trans-
species comparisons. Leveraging the regenerative properties of radial glia of zebrafish, we 
characterized injury-induced plastic astrocytes in mice. These injury-induced astrocytic 
subpopulations were predominantly proliferative and showed self-renewing and neurosphere-
forming capacity, differentiating only into astrocytes. By integrating these populations with 
neuronal lineages in the adult mouse subependymal zones (SEZ), we traced the origins of 
identified injury-induced plastic astrocytic subpopulations. This revealed that a subset of these 
injury-induced astrocyte cells shows transcriptional similarities to endogenous transient 
amplifying progenitors (TAPs) of SEZ rather than neural stem cells (NSCs). These injury-
induced TAP-like cells diverge from endogenous bona fide TAPs in their differentiation 
trajectories, adopting a gliogenic fate rather than a neurogenic one. Taken together, we 
identified a rare subset of injury-induced, proliferative, plastic astrocytes with neurosphere-
forming capacities originating from reactive astrocytes resembling TAPs. 

 
Introduction 
 
Brain injuries, including traumatic brain injuries (TBIs) and strokes, pose significant challenges 
to human health by causing long-term damage and functional impairments  (Bramlett & Dietrich, 
2015; Griesbach et al., 2018). This is mainly due to restricted ability of the mammalian brain to 
regenerate damaged neural circuitry  (Grade & Götz, 2017; Sun, 2014). Brain injuries do not 
only disturb the functional neural circuits, but also trigger the complex pathophysiological 
processes that form the glial border (Sofroniew, 2009). The glial border is a physical barrier that 
isolates the damaged tissue and prevents the expansion of inflammation and damage (Fawcett 
& Asher, 1999; Sofroniew, 2009). Astrocytes, microglia, and oligodendrocyte lineage cells 
undergo a complex and dynamic changes in their morphology, gene expression, and function 
(Liddelow & Barres, 2017; Matusova et al., 2023) to build the glial border. Recent advances 
showed that some components of the glial border, such as a subset of reactive astrocytes, 
promote the axonal regeneration after spinal cord injury (Anderson et al., 2016). However, the 
long-lasting neuroinflammation associated with glial border leads to the alternation of the 
extracellular milieu and impairment of regeneration (Li et al., 2020; Sanchez-Gonzalez et al., 
2022; Zambusi et al., 2022). Therefore, the revolutionary approach to transform the glial border 
cells into neurons would simultaneously limit the negative impact of prolonged glial reactivity 
and provide new neurons for the repair purpose in the areas that require them, such as injured 
tissue (Grade & Götz, 2017). Indeed, the pioneering in vitro studies demonstrated that it is 
possible to directly convert glial cell to neurons of a specific neurotransmitter identity using 
overexpression of neurogenic fate determinants (Berninger et al., 2007; Bocchi et al., 2022; 
Heinrich et al., 2010). Following these pioneering studies, the conversion of both astrocytes and 
NG-2 cells has been achieved with remarkable efficiency in vivo (Liu et al., 2021; Mattugini et 
al., 2019; Pereira et al., 2017; Torper et al., 2015). Importantly, the stab wound injury significantly 
increased neurogenic fated determinants mediated conversion rate of parenchymal astrocytes 
compared to the intact brain (Mattugini et al., 2019). This is in line with recent studies 
demonstrating that astrocyte subsets change their identity and become more stem-like after 
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brain injury (Behrendt et al., 2012; Buffo et al., 2008; Dimou & Gotz, 2014; Gotz et al., 2015; 
Mori et al., 2005; Shimada et al., 2012; Simpson Ragdale et al., 2023; Sirko et al., 2023; Torper 
& Götz, 2017; Zamboni et al., 2020). These originally post-mitotic cells start to proliferate and 
acquire capacity to form multipotent neurospheres in vitro (Buffo et al., 2008; Gotz et al., 2015; 
Sirko et al., 2013). The mechanisms underlying such dedifferentiation of astrocytes into 
neurosphere-forming cells following brain injury still need to be fully understood. However, 
several factors have been implicated in this process. For example, Sonic hedgehog (SHH) 
signaling was reported to trigger stem cell responses in reactive astrocytes following invasive 
injuries both in vivo and in vitro (Sirko et al., 2013). Injury induces the neurogenic potential of 
Notch signaling-deficient cortical astrocytes (Zamboni et al., 2020). Blocking Notch signaling 
increases the number and diversity of neurons generated from astrocytes in the striatum after 
stroke and improves mouse motor function (Magnusson et al., 2014; Santopolo et al., 2020), in 
line with Notch signaling maintaining the glial fate. Moreover, p53 mutation-bearing astrocytes 
generate more neurospheres compared to wild-type astrocytes after stab wound injury (Schmid 
et al., 2016; Simpson Ragdale et al., 2023). This sparse experimental evidence supports the 
hypothesis that injury induces temporal de-differentiation of astrocytes with active mechanisms 
to prevent their differentiation towards the neuronal lineage. Such lineage barriers could, 
however, been efficiently overcome by neurogenic fate determinants overexpression following 
injury (Gascon et al., 2015, 2017; Heinrich et al., 2014; Mattugini et al., 2019). Therefore, these 
astrocytes could represent a promising target population for direct neuronal conversion. The 
potential use of plastic astrocytes as source for new neurons rises an important concern 
regarding the endogenous role of these cells within the glial border. For example, it has been 
recently shown that proliferating astrocytes regulate monocyte trafficking following the injury and 
interference with their function leads to the prolonged neuroinflammation (Frik et al., 2018). 
Similarly, astrocytes have also been implicated in the blood-brain-barrier recovery and 
neuroprotection following the mild TBI (George et al., 2022). Thus, it is crucial to prospectively 
identify these cells analyze their lineage barriers and suitability as targets population for direct 
conversion. So far, the prospective identification of plastic astrocytes has been elusive. This is 
largely due to the absence of distinct markers to identify them. Therefore, exploring effective 
ways to identify these rare injury-induced plastic astrocytes is crucial for harnessing their 
potential in brain injury repair.  
 
In contrast to mammalian brain, the ependymoglia, the astrocytic counterparts in zebrafish 
brain, acquire plastic properties and differentiate into postmitotic neurons mediating 
endogenous repair after injury (Diotel et al., 2020; Zambusi & Ninkovic, 2020). Therefore, we 
hypothesized that the plastic mouse astrocytes should be the most similar population of 
astrocytes to the zebrafish ependymoglia. To test this hypothesis, we integrated cells from the 
zebrafish and mouse intact and injured brains based on their single cell transcriptomes. Indeed, 
we identified a subset of reactive astrocytes clustering together with ependymoglial cells. We 
further identified the unique transcriptional signature of these cells, including the high expression 
of Ascl1 transcription factor. Using the Ascl1:CreERT2 based genetic fate mapping we could 
show that these cells generate neurospheres after brain injury. Finally, the pseudotime based 
developmental trajectory demonstrated that these plastic cells following injury only transiently 
go through the state resembling neural stem cell state and end up in the gliogenic transit 
amplifying progenitor state. Thus, our analysis provides the cellular and molecular basis for the 
absence of endogenous generation of new neurons in the injured mammalian brain. Taken 
together, we prospectively isolated plastic, astrocyte-derived progenitors; described their 
specific transcriptome and identified the lineage barriers preventing them to spontaneously 
differentiate into neurons. This work sets the basis for further functional manipulations of plastic 
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astrocytes to address their endogenous role within the glial border and test their suitability for 
the repair. 
 

Results 

Integration of single cell transcriptomes reveals shared cellular states in zebrafish and 
mouse brain 

To identify rare injury-induced plastic astrocytic populations, we employed a trans-species 
approach. We hypothesized that the plastic astrocyte population should be similar to the 
zebrafish ependymoglia. Therefore, we performed integration of single-cell transcriptomes-
based cellular states isolated from intact and injured mouse cerebral cortex and zebrafish 
telencephalon (Fig. 1A) (Koupourtidou et al., 2024; Zambusi et al., 2022). We chose to integrate 
cells isolated from zebrafish brain 3- and 7-days post-injury (dpi) corresponding to the onset of 
ependymoglial reaction (3 dpi) and the peak of injury induced ependymoglial proliferation (7 dpi) 
(Baumgart et al., 2012; Sanchez-Gonzalez et al., 2022). Similarly, cells were isolated from the 
injured mouse cerebral cortex at 3 and 5 dpi, corresponding to the onset of parenchymal 
astrocytic proliferation (3 dpi) and the maximal neurosphere forming capacity of astrocytes after 
injury (5 dpi) (Buffo et al., 2008; Sirko et al., 2013). We integrated zebrafish and mouse 
transcriptomes using Seurat v4 (Butler et al., 2018) following standard preprocessing and 
employing a self-compiled function (see Methods). After integration, zebrafish and mouse cells 
were intermingled regardless of their origin (zebrafish or mouse) and condition (injured or intact 
brain) (Fig. 1B, Suppl. 1A). Unsupervised clustering was performed using PCA (1:10) at a 
resolution of 0.7, revealing 25 distinct cell clusters (Fig. 1C). Using cell type-specific markers, 
we annotated the identity of these clusters, identifying various neuronal populations, glial and 
microglial cell types (Fig. 1C; Suppl. Table 1). This also included clusters that expressed both 
astrocyte and radial glia (RG) identity markers and therefore defined them as Astrocyte/RG 
clusters (Fig. 1C). These annotated clusters displayed a heterogeneous distribution of cells from 
both mouse and zebrafish, indicating successful cross-species data integration (Fig. 1D-E). 

To validate the data integration with independent integration method, we employed the Harmony 
algorithm, relaying on iterative integration and batch correction approach (Korsunsky et al., 
2019). Similar to the Seurat analysis, after the integration using Harmony almost every cluster 
contained cells from both species (Suppl. Fig 1B). Utilizing unsupervised clustering, we 
identified 26 distinct cell clusters following PCA (1:10) at a resolution of 0.7 (Suppl. Fig. 1E). We 
inferred cell type relationships between clusters obtained through Harmony and Seurat using 
the deduced relationship function from ELeFHAnt, assessing relative cluster similarities 
(Thorner et al., 2021). Importantly, each cluster identified with Harmony showed a one-to-one 
correspondence for with unique cell clusters within the Seurat integration (Suppl. Fig. 1C-E). 
Furthermore, we extended our analysis to assess similarities at the gene level. As we are 
interested in astrocytes, we examined the top 10 marker genes from Seurat cluster 2 Astro/RG 
and corresponding Harmony cluster 3 Astro/RG, which showed the highest relative similarity in 
the heatmap (Suppl. Fig. 1D). Encouragingly, 9 out of 10 top enriched genes characterizing 
these clusters were identical with similar enrichment (Suppl. Fig. 1F-I). These results suggest 
that cell clusters identified in the integrated dataset are defined by intrinsic biological factors 
rather than the choice of integration algorithm. Moreover, we integrated intact and injured 
samples from both mouse and zebrafish, along with mouse peripheral blood mononuclear cells 
(PBMCs) using the Seurat (Suppl. Fig. 2A). This allowed us to scrutinize if the integration 
process coerced distinct cell types into a unified representation. Our analysis indicated that 
PBMCs clustered with brain immune cells (microglia and infiltrating monocytes), distinct from 
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astrocyte/radial glia or neuronal clusters (Suppl. Fig. 2B-F; Suppl. Table 2), excluding the 
possibility that the integration method enforces a uniform clustering of cells regardless of their 
transcriptional features. Additionally, to ensure that transcriptional information was not lost 
during integration, we assessed the relative similarity between clusters identified in unintegrated 
mouse and zebrafish datasets and clusters defined in the integrated seurat mouse+zebrafish 
datasets using ELeFHAnt SVM classifier tools (Thorner et al., 2021) (Fig.1F, G). Our analysis 
revealed a robust concordance between the integrated dataset clusters and the cell types 
present in the unintegrated mouse or zebrafish datasets. This outcome further supports 
maintenance of specific cellular identities and essential transcriptional profiles during the 
integration process. Noticeably, several clusters were identified that exhibited no 
correspondence with the integrated clusters. This observation implies the existence of species-
specific cell type clusters within the unintegrated mouse or zebrafish datasets, highlighting the 
inherent biological diversity across species. Importantly, these cell clusters do not include 
astrocyte clusters and therefore do not compromise our downstream analysis. 

 

A specific population of reactive astrocytes clusters with zebrafish ependymoglia  

After integration, we were prompted to identify injury-induced plastic astrocytes as according to 
our hypothesis they would share the transcriptomic signature with zebrafish stem cells. 
Therefore, we focused our analysis on integrated clusters 2, 3, 9, 11, 12, 17, and 21 of 
Astrocytes/Radial glia (Astro/RG) and sub-cluster them further into a total of 10 Astro/RG sub-
clusters using PCA (1:10) at 0.3 resolution (Fig. 2A, C). Indeed, the newly defined sub-clusters 
contained a different proportion of cells originating from a specific condition (Fig. 2D, F). For 
example, the cluster 0 is enriched in cells originating from the intact mouse cerebral cortex (Fig. 
2F). These cells also express the typical homeostatic astrocyte markers (Koupourtidou et al., 
2024) in line with their origin (Fig. 2B, E). Interestingly, this cluster contained some zebrafish 
cells as well (Fig. 2D, F), suggesting that some of ependymoglial cells could be more specialized 
to have a protoplasmic astrocyte function. On the other hand, we identified the clusters 3 and 6 
that contain largely cells originating from zebrafish (Fig. 2D, F). The expression of typical 
proliferation genes (Fig. 2E) along with astroglial identity suggests that these cells belong to the 
actively cycling Type I radial glia (März et al., 2010). These clusters also contain cells from the 
injured but lack cells originating from the intact mouse cerebral cortex (Fig. 2D, F). Importantly, 
a fraction of mouse cluster 3 and 6 cells also expressed the typical markers identifying this 
cluster as zebrafish Type I stem cells (März et al., 2010) (Fig. 2G), further highlighting the 
similarity of these mouse cells with the zebrafish stem cells.  

We further aimed at visualization of the cluster 3/6 cells in the injured tissue using the expression 
of cluster 3/6 enriched genes. Our analysis revealed high expression of Hmgb2, Uhrf1, Ascl1, 
and Rpa2 in the cluster 3/6 cells (Fig. 3A-B). These genes are significantly upregulated in cells 
originating from the inured mouse cerebral cortex (both 3 and 5 dpi) compared to the intact 
sample (Fig.3C). Furthermore, we observed the increase in both the number of cells expressing 
these genes and the expression level per cell at 5 dpi compared to 3 dpi (Fig. 3C). This increase 
in expression corresponds with the peak of astrocytes proliferation and neurosphere forming 
capacity (Sirko et al., 2013). The immunohistochemical analysis, showed that the subset of 
reactive astrocytes upregulates these genes in response to injury (Fig. 3 D-K; Suppl. Fig. 3 A-
J). Importantly, a fraction of cells expressing HMGB2 also expressed the Uhrf1 (Fig. 3I) or Ascl1 
(Suppl. Fig. 3C) in line with our single cell analysis suggesting that expression of these genes 
mark cluster 3/6 cells. Notably, we also observe reactive, GFAP-positive astrocytes expressing 
only single marker genes (Hmgb2 or Uhrf1) (Fig.3K and Suppl. Fig. 3J) in line the hypothesis 
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that 3/6 cells upregulate the specific genes sequentially as they emerge from the homeostatic 
astrocytes in response to brain injury.  

We next asked the question if the cluster 3/6 cells could be identified without the integration with 
zebrafish dataset (unintegrated analysis). Therefore, we clustered only astrocytes from the 
intact and injured mouse cerebral cortex and identified 7 distinct clusters at 0.5 resolution using 
PCA (1:15) (Suppl. Fig. 4A, B). We then identified cells from the cluster 3/6 in this unintegrated 
analysis. Indeed, we observed the distribution of the cluster 3/6 cells from the integrated analysis 
to over 5 different clusters in the unintegrated analysis at resolution 0.5 (Suppl. Fig. 4E). 
Moreover, the different resolutions (0.3-0.8) of clustering also failed to isolate cluster 3/6 cells to 
the specific cluster in unintegrated analysis (Suppl. Fig. 4 C-H), suggesting that this cellular 
state could only be isolated in integrative analysis. 

 

Cell proliferation is a hallmark of the injury-induced Astro/RG 3 and 6 clusters  

The analysis of cluster enriched genes in different astrocyte populations revealed a notable 
enrichment of cell proliferation-related genes within cluster 3/6 cells, including Tuba8, Dut, 
Mcm2, Mcm5, Hmgb2, Mcm6, Nusap1, Ube2c, Top2a, Pcna (Chen et al., 2021; G. Han et al., 
2018; Kamino et al., 2011; Kimura et al., 2018; Nicolau-Neto et al., 2018; Ohtani et al., 1999; 
Ramos et al., 2020; Strzalka & Ziemienowicz, 2011; Wang et al., 2022; Xu et al., 2022; Yuan et 
al., 2022; Zeng et al., 2021) (Fig. 2E). Subsequent cell cycle analysis further revealed 
enrichment of distinct cell cycle phases across astrocytic sub-clusters (Fig. 4A). Notably, cluster 
3 exhibited a significant proportion of cells in the S phase (36.9% of all cluster 3 cells), while 
cluster 6 cells predominantly resided in the G2M phase (93.3% of all cluster 6 cells) (Fig. 4B). 
Conversely, cells from homeostatic astrocyte clusters were largely in G1(G0) phase (Fig. 4B). 
Gene Ontology (GO) analysis underscored enrichment of processes associated with the cell 
division, including translation, ribosome assembly, ribonuclear protein assembly, mitochondrial 
translation, and regulation of different phases of the cell cycle in both clusters 3/6 (Fig. 4C). 
Furthermore, examination of genes positively regulating the cell cycle (GO:0045787) revealed 
highest enrichment in these clusters (Fig. 4D, Suppl. Table 3). These finding suggests that 
cluster 3/6 contain astrocytes resuming the proliferation in response to injury. To test this 
hypothesis, we labelled all cells undergoing cell division within the first 5 days after injury using 
the BrdU incorporation (Fig.4E). Reactive astrocytes were identified using the GFAP 
immunoreactivity and cluster 3/6 astrocytes using their immunoreactivity for HMGB2 (Fig. 4F). 
Indeed, we observed that virtually all GFAP+ and HMGB2+ cluster 3/6 reactive astrocytes 
incorporated BrdU during the labelling period and only a few HMGB2+ and BrdU- cells were 
identified (Fig. 4G-J). Moreover, HMGB2+ cluster 3/6 astrocytes comprised about 50% of all 
reactive astrocytes that incorporated BrdU with the labelling period (Fig.4K), in line with previous 
finding that injury induced astrocytes undergo only one division after injury and after that enter 
the dormancy (Lange Canhos et al., 2021), also losing the cluster 3/6 identity. 

 

Injury-induced cluster 3/6 astrocytes generate neurospheres 

As proliferative cluster 3/6 astrocytes emerge only after injury, we sought to understand their 
emergence by employing Monocle3 (Cao et al., 2019). Monocle 3 enables the inference of 
temporal progression and cell fate decisions from scRNA-seq data. Pseudo-temporal ordering 
revealed the emergence of Astro/RG clusters 3 and 6 as continuum from the homeostatic 
astrocytes (Fig. 5A). The homeostatic astrocyte clusters 0 gives rise to the cluster 3/6 via 
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intermediate clusters 2, 4 and 5. Interestingly, these clusters show the features of astrocyte 
reactivity, such as Gfap upregulation (Fig. 5B), but still do not have the proliferative features 
(Fig. 4C-D). The cluster 3 cells precede the cluster 6 cells (Fig. 5A), in line with cell cycle 
analysis, with larger fraction of cluster 3 cells being in S-phase and almost all cluster 6 cells 
undergoing G2M transition (Fig. 4A-B). This temporal analysis, therefore, suggests that the 
emergence of proliferative astrocytes after brain injury is a sequential continuum of 
transcriptional changes. This prompted us to analyze the expression of genes changing along 
the pseudotemporal trajectory. The typical astrocyte genes (Aldoc, Gja1, S100b, Slc1a2, 
Slc1a3, Slc7a10) decrease along the trajectory (Fig. 5B). The Gfap first increases, reaches the 
maximum in cluster 5 and then decreases as the trajectory approaches clusters 3 and 6 (Fig. 
5B). In contrast we observed an increasing expression of genes associated with neural 
progenitors (Ascl1, Dlx2, Olig2, Pcna, Hmgb2, Uhrf1) (Fig. 5C). This data therefore suggests 
the gradual de-differentiation of protoplasmic astrocytes to reach the plastic, proliferative state. 
To test this hypothesis, we compared the transcriptomic profile of cluster 3, 6 (proliferative 
clusters) and cluster 0 (homeostatic cluster, (Suppl. Fig 5A)) to recently published 
transcriptomes of differentiated (AC1_RNA and AC2_RNA) and dedifferentiated (TRP1_RNA 
and TRP2_RNA) astrocytes in vitro (Schmid et al., 2016). The gene set enriched in the cluster 
3/6 astrocytes was also enriched in the de-differentiated TRP astrocytes, while gene set 
identifying the homeostatic cluster 0 astrocytes shows enrichment in the homeostatic AC 
astrocytes (Suppl. Fig.5B). In addition, we compared  the transcriptome of Astro/RG clustres 
with less mature cycling glial progenitors and astrocytes isolated from the postnatal (P4) mouse 
cerebral cortex (Di Bella et al., 2021). The similarity is assessed using the gene expression 
scores, defining cycling glial progenitors (cRGs cluster) and two astrocytic clusters 
(Astro_clust_1 and 2) in the P4 cortex (Suppl. Fig. 5C, Suppl. Table 4). Astrocytic clusters from 
the postnatal cortex shared similarities with homeostatic Astro/RG clusters, whereas Astro/RG 
clusters 3 and 6 exhibited resemblances to cycling glial cells (Suppl. Fig.5A, C). This finding 
further substantiates the hypothesis that astrocytes undergo dedifferentiation towards a less 
mature state (clusters 3/6) in response to injury. 

As the immature neural progenitors and neural stem cells have the capacity to form 
neurospheres in vitro, we sought to test the capacity of cluster 3/6 cells to generate 
neurospheres. As Ascl1 marks these astrocytic clusters (Fig. 3B,C; Suppl. Fig. 3), we opted for 
Ascl1-based genetic fate mapping. Off note, Ascl1 is also expressed in oligodendrocyte 
progenitors (OPCs) in the mouse cerebral cortex regardless of brain injury. However, as OPCs 
do not form neurospheres (Buffo et al., 2008), we reasoned that any reporter positive 
neurospheres would be generated by Ascl1 positive cluster 3/6 astrocyte. For the genetic fate 
mapping we made use of a Ascl1CreERT2 knock in mouse crossed to the tdTomato reporter 
mouse line, which expresses the red fluorescent protein tdTomato in Ascl1-expressing cells 
following tamoxifen treatment (Bottes et al., 2021; Madisen et al., 2010). The cre-mediated 
recombination was induced 3 and 5 dpi based on the Ascl1 expression in pseudo temporal 
analysis (Fig. 3C, Fig. 5C), cells were collected at 5dpi and used for the neurospheres assay 
(Fig. 5D). As expected, we observed neurospheres formation only after brain injury. Importantly, 
about 60% of all generated neurospheres expressed the tdTomato reporter (Fig. 5 E-H), 
suggesting that these neurospheres originate from the Ascl1-positive cluster 3/6 astrocytes. 
Interestingly, all reporter positive neurospheres were unipotent and in the differentiation assay 
generated only astrocytes. In contrast, reporter negative neurospheres were both uni- and tri-
potent in the differentiation assay (Fig. 5G, H). Taken together, we identified the injury-induced 
de-differentiated population of astrocytes with capacity to form unipotent neurospheres. 
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Cluster 3/6 astrocytes display transcriptional features of several types of neural 
progenitors 

The cluster 3/6 astrocytes appear to be unipotent in the neurospheres assay but still cluster with 
zebrafish neural stem cells possessing the capacity to generate neurons. Therefore, we 
reasoned that comparing their transcriptomes would identify the processes leading to 
unipotency. We identified 1123 (385 enriched in zebrafish and 738 enriched in mouse) 
differentially expressed genes (DEG) between zebrafish and mouse cluster 3 (Suppl. Fig. 5D, 
Suppl. Table 5) and 1089 DEGs (340 enriched in zebrafish and 749 enriched in mouse) in cluster 
6 (Suppl. Fig. 5E, Suppl. Table 5). Collectively, zebrafish cells from Astro/RG 3 and 6 clusters 
exhibited enrichment in  Wnt signaling, Notch signaling, G1 to S cell cycle control, ID-signaling 
and BMP signaling, all signaling pathways that have been implicated in regulation of 
neurogenesis in both zebrafish and mouse (Suppl. Fig. 5F, G) Conversely, cells from mouse 
Astro/RG 3 and 6 clusters showed enrichment in metabolic pathways, including oxidative stress, 
redox pathways, electron transport chain, glycolysis, and gluconeogenesis (Suppl. Fig. 5 F,G), 
suggesting that mouse cluster 3/6 astrocytes might fail to adopt their metabolic switch from 
astrocytes relaying on glycolysis to neural progenitors utilizing oxidative phosphorylation. As the 
specific metabolic programs appear to control the neuronal differentiation and neural stem cell 
maintenance in the adult mouse neurogenesis (Adusumilli et al., 2021; Beckervordersandforth 
et al., 2010; Wani et al., 2022), we hypothesized that incomplete transition of cluster 3/6 cells to 
neural stem cells might be the reason for the observed lack of potency and neurogenesis from 
cluster 3/6 astrocytes following injury. Therefore, we decided to compare the transcriptome of 
cluster 3/6 astrocytes and neural progenitors from the sub-ependymal zone in the adult mouse 
brain. We conducted an integrated analysis by combining single-cell transcriptome data from 
the SEZ of adult mice with previously collected data from both injured (3 + 5 dpi) and intact 
cerebral cortex (Fig. 6A). This approach allowed us to identify major cell types, including 
astrocytes, oligodendrocytes, microglia, transient amplifying progenitors (TAPs), neuroblasts 
(NBs), and neurons (Suppl. Table 6, Fig. 6B, D).  However, the aNSCs share many markers 
with astrocytes, making it impossible to delineate these two cell types in the integrated analysis 
(Fig. 6C, D). Therefore, we performed separate analysis focused exclusively on the SEZ 
condition (Suppl. Fig. 6A). Within this analysis, we identified distinct populations, including 
quiescent NSCs (qNSCs), activated NSCs (aNSCs), TAPs, and NBs (Suppl. Fig. 6B-D) based 
on known markers. Additionally, we observed continuous pseudotime trajectories from 
quiescent NSCs to NBs, reflecting the inherent differentiation process of NSCs (Suppl. Fig. 6E). 
Furthermore, when we mapped SEZ NSC cells (qNSCs and aNSCs) back to the integrated 
astrocyte clusters alongside TAPs and NBs (Suppl. Fig. 6F), we confirmed the presence of 
quiescent NSCs and activated NSCs within the integrated astrocyte clusters, validating their 
coexistence and affirming the robustness of our analysis.  

Furthermore, this allows us to assess the congruence among dedifferentiated Astro/RG 3 and 
6 clusters cells, TAPs, and NBs within the integrated SEZ+cortex analysis. In line with absence 
of restorative neurogenesis in the cortex following injury (Buffo et al., 2008), we did not observe 
any cells from the cerebral cortex in the cluster containing SEZ neuroblasts, while clusters 
containing stem cells and TAPs contained cells from SEZ, intact and injured cortex (Fig. 6E). 
Furthermore, cross-referencing identities confirmed presence of cluster 3/6 cells in several 
clusters of with astrocyte identity Ast_4, Ast_6 and Ast_7 (Fig. 6F). To our surprise, we observed 
that of 20 % of cluster 6 cells cluster with SEZ derived TAPs_1 (Fig. 6F, G). Importantly, the 
TAPs_1 cluster did not contain any cells from the intact cerebral cortex (Fig. 6F), suggesting 
that this cellular state is injury induced. This prompted us to compare the transcriptome of the 
cluster 3/6 cells and neurogenic lineage cells identified in the SEZ only analysis following cell 
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cycle gene regression. Indeed, we observed that cluster 3/6 cells show the highest 
transcriptional similarity to the clusters of TAPs (Fig. 6H, I). Taken together, our analysis 
suggests that the injury induced, de-differentiated cluster 3/6 astrocytes spread along 
neurogenic lineage acquiring features of several progenitor types. 

 

Injury-induced, plastic astrocytes differentiate to TAPs-like state 

The distribution of cluster 3/6 cells along the neurogenic lineage, prompted us to delineate their 
differentiation path using pseudotime trajectory and diffusion map analyses (Figure 7A and 
Suppl. Fig. 7A, B). To differentiate between cortex and SEZ cells in the integrated object, the 
pseudotime was performed within the integrated object but considering either only SEZ or only 
cortical cells (Fig. 7A-C). As expected, the differentiation trajectory for SEZ cells started at 
cluster containing qNSCs, went via aNSCs-containing cluster to TAP containing clusters and 
ended up in the neuroblasts-containing cluster (Fig. 7B). Interestingly, we do not observe the 
heterogeneity represented by different clusters only in NSCs, but also in the TAP population. 
The TAPs_3 cluster transitioned to NBs, while TAPs_2 and TAPs_1 showed higher enrichment 
for proliferation markers (Figure 7B, Suppl. Fig. 7F). In the cortex, pseudotime trajectory, 
analysis unveiled a shift from homeostatic astrocytes to reactive astrocytes and subsequently 
to the TAPs_1 cluster (Fig. 7C). Remarkably, based on trajectory analysis, TAPs_1 cortical cells 
were not found to contribute to the trajectory of neuroblasts clusters (Fig. 7A-C). To confirm 
these state transitions by independent method, we performed diffusion map analysis (Suppl. 
Fig. 7A, B). In the SEZ, we found three distinct states corresponding to NSCs (q/a), TAPs and 
NBs with transitions identical to the pseudotime analysis (Suppl. Fig. 7A). In the cortex, we also 
identified three clusters of cells corresponding to homeostatic astrocytes, reactive astrocytes, 
and TAPs (Suppl. Fig. 7B), further supporting an emergence of TAP-like state from the 
homeostatic astrocytes via reactive astrocyte cluster that is similar but not identical to aNSCs 
following brain injury. 

The SEZ and cortical trajectories diverged at the level of astrocytic cluster Ast_4 (Fig. 7A). DEG 
analysis of SEZ and cortical cells contributing to Ast_4 showed an enrichment of GO terms 
related to cilium movement, pattern specification processes, epithelial cilium movement, and 
protein refolding in the SEZ cells (Fig.7D). These processes are known to be associated with 
stem cell differentiation and renewal (Moore et al., 2015; Yanardag & Pugacheva, 2021). 
Conversely, Ast_4 cells from the injured cortex exhibited enrichment in GO terms such as 
inflammatory response, response to virus, innate immune response, and interferon beta 
response (Fig.7D). As these are the terms linked to the astrocyte reactivity (Koupourtidou et al., 
2024), this suggests that the cells from the injured cortex did not completely downregulate 
inflammatory, injury-induced program and fail to establish neural stem cell maintenance 
network. This is in line with the observation that injury induced astrocyte plasticity diminishes 
after 7 days (Buffo et al., 2005, 2008). Moreover, the SEZ trajectory transits from the Ast_4 
directly to the TAP clusters, while the cortical trajectory contains one additional astrocytic cluster, 
the cluster Ast_6 (Fig. 7A-C). The direct comparison of cortical cells from the Ast_4 and Ast_6 
clusters revealed an enrichment of GO terms related to inflammatory response (interferon-beta 
response, defense response to virus) in the Ast_4 cells (Fig.7E). These findings suggest that 
the additional astrocytic state detected in the cortical trajectory could be due to longer time that 
these cells need to downregulate the inflammatory processes. Once the inflammatory 
processes are downregulated, they could proceed further to the TAP state (TAPs_1). 
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Injury-induced TAPs fail to upregulate neurogenic fate determinants 

The progression towards TAP states was associated with the expression of typical TAP markers 
such as Ascl1, Dcx, Olig1, Olig2, and Mki67 (Suppl. Fig.7F, G) in both pseudotime trajectories. 
Additionally, we observed a decline in the expression of astrocytic markers (e.g., Sox9 and 
Slc1a2; Suppl. Fig.7 F, G) within these clusters as they transit into TAP-like state. The GO term 
analysis revealed that TAP clusters (TAPs_1 and TAPs_3) activate processes linked to 
metabolism, replication, post-translational gene expression regulation, and translation (Fig. 7F), 
in line with reported need for metabolic changes and translation regulation along the neurogenic 
lineage (Adusumilli et al., 2021; Baser et al., 2017, 2019; Beckervordersandforth et al., 2017; 
Knobloch et al., 2017; Wani et al., 2022). However, the cortical cells from the TAPs cluster were 
not observed to continue along the neurogenic lineage towards neuroblasts (Fig. 7C). 
Therefore, we conducted the DEG analysis between the neurogenic TAP_3 from the SEZ and 
cortical TAP_1 cells (TAPs without the transition to the neuroblasts) (Fig.7G, Suppl. Table 7). 
Our analysis revealed that injury-induced TAP-like clusters still expressed glial-associated 
genes (e.g., Gfap, S100a1, S100a6, Olig1, Lgals1, Igfbp2,) as well as NSCs markers (HopX) 
(Fig. 7H), implicating that they fail to completely erase their previous states. Moreover, we 
observed that they did not upregulate typical neurogenic genes (Sox4, Sox11, Nfib, Dlx1, Meis2, 
Ascl1, Pou3f2) that are however upregulated in the SEZ TAP trajectory (Fig.7H).  Moreover, the 
cortical TAP_1/TAP_2 cluster cells express the high levels of genes indicative of Notch pathway 
activation (Suppl. Fig. 7 C-E, Suppl. Table 8). Importantly, these levels are comparable with the 
Notch activity levels in the bona fide neural stem cell clusters (Suppl. Fig. 7 D, E). This is line 
with findings that Notch activity inhibit progression of neural stem cells towards neurogenic 
progenitors (Imayoshi et al., 2010)and reports that inhibition of Notch in the astrocyte-derived 
cells after brain injury allows their differentiation to neurons (Zamboni et al., 2020). The analysis 
of expression of specific lineage genes was further confirmed by the unbiased GO term analysis. 
Genes specifically expressed in the TAPs_3 cluster were enriched in the processes related to 
neurogenesis, while genes specifically enriched in the TAPs_1 cluster were related to 
inflammatory response, monosaccharide catabolic process, chromosome segregation, and 
metal ion transport (Fig. 7G). Taken together, our analysis proposes that injury induces the de-
differentiation of post-mitotic astrocytes towards the state similar to aNSC-like state. However, 
these cells fail to generate properly specified TAP lacking the expression of critical neurogenic 
genes and, therefore, hindering further lineage progression towards neuroblasts. 

 

Discussion 

Multi-species data integration 

Cell linage barriers largely define the cellular reaction to the different brain pathologies, including 
the stab wound injury (Gascon et al., 2017; Ninkovic & Götz, 2018). Pathology induced 
crunching of these cellular barriers is the basis for the glial cell reactivity following brain 
pathology as well as their experimental trans-differentiation for the repair purposes. Importantly, 
glial cells show different level of the barrier plasticity with astrocytes showing the most drastic 
change. Namely, a subset of originally post-mitotic astrocytes re-enter the cell cycle, express 
NSCs markers, gain capacity to self-renew and generate multipotent neurospheres in vitro 
(Sirko et al., 2013). Such a dramatic change in cell and molecular biology of astrocytes in 
response to insult brings and important question about the functional importance of this 
astrocytic population. The main caveat in addressing this question is the prospective isolation 
of these cells. Indeed, several studies identified the plastic, proliferative astrocytes 
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retrospectively in both animal model organisms (Bardehle et al., 2013; Lange Canhos et al., 
2021; Sirko et al., 2015) and postmortem human brain (Sirko et al., 2023), making it difficult to 
specifically modify their reaction after injury and address their function. The recent advances in 
the single cell profiling technologies did not really resolve this problem despite the identification 
of enormous astrocytes heterogeneity in both healthy and pathological conditions (Batiuk et al., 
2020; Bugiani et al., 2022; Clarke et al., 2018; D’Elia et al., 2023; R. T. Han et al., 2021; Holt, 
2023; Liddelow et al., 2017; Matias et al., 2019; Schober et al., 2022), even including the 
identification of proliferative astrocytes with stem cell characteristics in the intact diencephalon 
(Ohlig et al., 2021). One possible explanation for this could be that the currently available 
methods to prepare the single cell suspension specifically miss this astrocytic population, as the 
retrospective characterization of de-differentiated, proliferative astrocytes revealed the 
particular localization of these cells to the juxtavascular compartment (Bardehle et al., 2013). In 
addition, the proliferative astrocytes are the small cellular population that could be missed due 
to the lack of the power of currently available datasets (R. T. Han et al., 2021). To overcome 
these limitations, we have recently developed the cell isolation method for single cell 
transcriptome analysis (Koupourtidou et al., 2024) that recovers most of the glial cells and 
reveals more glial heterogeneity compared to so far available datasets (Koupourtidou et al., 
2024). Moreover, we paired this analysis with the trans-species data integration to increase the 
power of our analysis. Indeed, this approach led to the identification of the specific cluster 
composed largely of zebrafish ependymoglia with stem cell properties. In addition, this cluster 
contained a small fraction of astrocytes from the injured tissue in line with the hypothesis that 
the de-differentiated astrocytes could in the cerebral cortex could be observed only after brain 
injury (Sirko et al., 2013). Importantly, a separate cellular cluster of proliferating plastic 
astrocytes could not be identified using only the dataset from the mouse brain as the cells were 
distributed amongst different cellular clusters (Suppl. Fig. 4), supporting the versatility of our 
approach. Importantly, the trans-species data integration relays on a set of genes with uniquely 
identified orthologues in zebrafish and mouse genome that contains about a half of all genes 
identified in these two species. However, this rudimentary gene set does not compromise the 
identification of the cellular clusters and their similarities as we identify the same basic cell types 
containing mouse cells in both integrated and original datasets. Moreover, the set of most 
variable genes identifying the cell types in two datasets do not differ significantly. This makes 
our approach very promising for the evolutionary comparisons and we expect it to be even more 
versatile by comparing more closely related species such as different mammalian species. 
Although, the basic analysis and the identification of different cellular states is not compromised 
in our analysis, we cannot exclude that a particular and cell type specific signaling pathways 
and regulatory mechanisms are not affected. Therefore, we trace back cells from the integrated 
data set to the original dataset and use the original gene-set containing all detected genes to 
address the regulatory pathways in representative populations. 

Molecular features of de-differentiated astrocytes 

The de-differentiated astrocytes are the rare population appearing exclusively after a particular 
type of insult including the TBI, bleeding, stroke or epilepsy (Sirko et al., 2013, 2023). Importantly 
the astrocyte proliferation is the most prominent feature of the plastic astrocytes (Dimou & Gotz, 
2014). The gain of plasticity in this set of astrocytes is associated with changes in their 
cytoarchitecture and up-regulation of intermediate filament GFAP (Escartin et al., 2021; Patani 
et al., 2023). However, these morphological changes are shared with a number of astrocytic 
populations that do not gain the proliferation capacity (Sirko et al., 2013). Moreover, a specific 
manipulation of the innate immunity pathways reduced the astrocytes proliferation after barin 
injury without the change in their morphology or GFAP levels (Koupourtidou et al., 2024). This 
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brings an interesting concept that the different aspects of the astrocyte reactivity are controlled 
by the different regulatory networks. Our analysis revealed an enrichment of a number of cell 
specific determinants (Hmgb2, Uhrf1, Ascl1, and Rpa2) in the de-differentiated astrocytic cluster 
known for their roles in neural stem cell dynamics, neurogenesis, DNA methylation regulation, 
and DNA replication/repair (Bostick et al., 2007; Kimura et al., 2018; Păun et al., 2023; Ramesh 
et al., 2016; Shi et al., 2010; Zhou & Luo, 2013). These molecular features allowed the de-
differentiated astrocytes to cluster with zebrafish neural stem cells. However, in stark contrast 
to zebrafish ependymoglia (neural stem cells), the de-differentiated astrocytes never give rise 
to any neurons despite up-regulation of these neurogenic genes. Our integration now allowed 
us to directly compare cells from zebrafish and mouse within the same cluster. This analysis 
revealed a differential enrichment of known neurogenic signaling pathways: the Notch, IL-6 and 
Wnt signaling both playing an important role in controlling neurogenesis in both zebtrafish and 
mouse developing and adult brain (Arredondo et al., 2020; Dray et al., 2021; Kageyama et al., 
2009; Storer et al., 2018; Westphal et al., 2022). Indeed, the Wnt pathway activation in radial 
glia after optic tectum injury, leading to RG proliferation and neurogenesis in adult zebrafish has 
already been described (Shimizu et al., 2018). These findings are very well in line with the 
capacity of different ECM components to induce the de-differentiation of astrocytes isolated from 
the intact brain in vitro, supporting a concept that inductive signal in the injured environment is 
missing in the mouse brain. Moreover, the de-differentiated astrocytes were still enriched in the 
glycolytic processes and processes involved in the oxidative stress. The oxidative stress has 
been associated with the trans-differentiation of astrocytes to neurons (Gascon et al., 2015, 
2017). The fate conversion of astrocyte to neurons requires the metabolic switch to oxidative 
phosphorylation and the mouse de-differentiated astrocytes might fail do so and as 
consequence die. In contrast, the zebrafish stem cells could change their metabolism and 
generate new neurons in response to injury. This is in line with the transplantation experiments 
of reactive astrocyte-derived neurospheres into the SEZ that failed to yield neurons (Shimada 
et al., 2012), suggesting a cell intrinsic block in the lineage. 

A subset of astrocytes goes through incomplete neurogenic lineage in response to injury 

As the comparison of zebrafish and mouse cells from the de-differentiated clusters 3/6 suggests 
the intrinsic barrier for the neurogenesis from de-differentiated astrocytes, we integrated these 
de-differentiated astrocytes to the bone fide neurogenic linage from the subependymal zone. To 
our surprise, at least a proportion of the de-differentiated cells clustered with TAPs. Importantly, 
these progenitors have been up-regulating transcription factors such as Olig2 involved in the 
gliogenesis (Nishiyama et al., 2021), suggesting their glial identity. Indeed, such gliogenic TAPs 
have been reported in the neurogenic zone as well (Colak et al., 2008; Hack et al., 2005; 
Malatesta et al., 2003; Ortega et al., 2013). These data are in line with our fate mapping 
experiments using Ascl1:CerERT2 mouse line. According to these experiments, the Ascl1-
positive de-differentiated astrocytes generate unipotent, gliogenic neurospheres. The analysis 
of the de-differentiation trajectory of reactive astrocytes along with neurogenic lineage revealed 
that they go through the activated stem cell-like state in order to generate the TAP-like state. 
This stem cell like state could then be the possible source of multipotent neurospheres 
generated from the de-differentiated astrocytes (Buffo et al., 2008; Sirko et al., 2013). 
Interestingly, the comparison between the stem cell like astrocytes and bona fide astrocytes 
revealed an enrichment of the inflammatory genes in the stem cell like astrocytes suggesting 
that these could be interfering with the neurogenic trajectory. Indeed the TAP-like cells 
generated from these inflammatory signature enriched astrocytes failed to up-regulate the 
typical neurogenic fate determinants such as Sox4 and Sox11. The upregulation of these factors 
downstream of the chromatin remodeling factors such as Brg1 is necessary for the completion 
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of the neurogenic cascade and generation of neuroblasts (Ninkovic et al., 2013). Instead, the 
Brg1-deficient cells generate gliogenic oligodendrocyte progenitors similar to the de-
differentiated astrocytes. One possibility is that the neurogenic fate is not fully induced or 
maintained due to increased level of Notch seen in these TAP-like cells of injured cortex 
(Santopolo et al., 2020; Zamboni et al., 2020). Notch signaling depletion in cortical astrocytes 
following TBI has been demonstrated to trigger a neurogenic response (Zamboni et al., 2020), 
possibly linking the intrinsic fate barriers with the inductive signals from the injured environment. 

 

Methodology 

Source of transcriptome data 

We harnessed single-cell transcriptome datasets from our prior investigations, specifically 
Zebrafish data by Zambusi et al., (GSE179134: Telencephalon, Wt Intact; Telencephalon, Wt 3 
dpi; Telencephalon, Wt 7 dpi), Mouse data by Koupourtidou et al., (GSE226207: Intact, bio rep 
1; Intact, bio rep 2; 3dpi_CTRL, bio rep 1; 3dpi_CTRL, bio rep 2; 5dpi_CTRL, bio rep 1; 
5dpi_CTRL, bio rep 2; 5dpi_CTRL, bio rep 3), Mouse adult Subependymal Zone (SEZ) data 
from [#GSE], and RNA-seq data pertaining to astrocyte dedifferentiation from the study 
conducted by Schmid et al. in 2016 (GSE75589: AC1-RNA; AC2-RNA; TRP1-RNA; TRP2-
RNA). Additionally, we incorporated mouse postnatal day 4 cortex data from Di Bella et al. in 
2021 (GSE153164: RNA-seq P4). For comparison of integration analysis with different mouse 
lineages scRNA-seq data of PBMCs (Peripheral Blood Mononuclear Cells) was sourced PBMCs 
from C57BL/6 mice (v1), Single Cell Immune Profiling Dataset by Cell Ranger 3.1.0, 10x 
Genomics, (2019, July 24). 

Transcriptome data analysis 

Datasets from both Mouse and Zebrafish under both injured and intact conditions were 
subjected to initial processing using Seurat package in R. A Seurat object was constructed using 
the unique molecular identifier (UMI) count matrix with minimum cells 3 and min genes 200 as 
cutoff. In both species datasets, cells exceeding 20% mitochondrial reads, featuring RNA counts 
beyond 6000 or below 200, or having RNA counts less than 40000 were systematically excluded 
to filter low-quality cells and potential outliers, ensuring the reliability of subsequent analyses. 
The potential doublets were removed using DoubletFinder (version 2.0.3) package. 
Normalization and identification of highly variable features were carried out using Seurat default 
parameters. The heterogeneity associated with the cell cycle genes, mitochondria and 
ribosomal percentage were regressed out using the ScaleData function taking features as all 
the genes. Subsequently, a Principal Component Analysis (PCA) was conducted on the 
resulting matrix. This PCA output was then utilized for Louvain cell clustering and Uniform 
Manifold Approximation and Projection (UMAP) visualization, providing a comprehensive view 
of the cellular landscape at 0.6 resolution and dimension 1:15. To identify the differentially 
expressed genes (DEGs) that serve as cluster biomarkers, we used the FindAllMarkers function 
of the Seurat package. The DEGs specific clusters between mouse and zebrafish was visualized 
using function do_VolcanoPlot of SCpubr package. In addition, we scored the known cell-type-
specific markers using the Seurat AddModuleScore function and visualized the results using the 
FeaturePlot function of Seurat and the EnrichHeatmap function of the ScPurb package. The 
unintegrated mouse and zebrafish species datasets were annotated based on published studies 
by Zambusi et al. and Koupourtidou et al., respectively. Similarly, the mouse SEZ scRNA seq 
(at resolution 0.8 and dimensions 1:20), postnatal day 4 cortex (at resolution 0.7 and dimensions 
1:10) and PBMCs data (at resolution 0.8 and dimensions 1:20), was analyzed and visualized. 
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The RNA seq data of astrocyte dedifferentiation was procured from iDEP 0.96 tool 
(http://149.165.154.220/idep/) to get log normalized transcript which was further visualized by 
scaling using pheatmap (version 1.0.12) R package.  

scRNA-seq Integration analysis 

We conducted trans-species integration of single-cell RNA sequencing data from both mouse 
and zebrafish using the Seurat package. Seurat v4 uses canonical correlation analysis (CCA) 
to identify correlated variables between datasets, with mutual nearest neighbors (MNN) serving 
as anchor points for integration. Homologous genes between mouse and zebrafish were 
identified using homologene R packages (version 1.4.68.19.3.27), and a custom 
'RenameMyGene' function was created to ensure consistent gene nomenclature, taking mouse 
as a reference. To perform integration, we identified common anchors between the datasets of 
both species using Seurat's FindIntegrationAnchors. These anchors were used to integrate the 
two datasets with the IntegrateData function. Subsequently, the integrated dataset underwent 
dimensionality reduction PCA, clustering with the Louvain algorithm (at resolution 0.7 and 
dimensions 1:10), and visualization via UMAP. Differentially expressed features (cluster 
biomarkers) were identified using the FindAllMarkers function. Similarly, the PBMCs data from 
mouse integrated using Seurat with Intact and injured cortex of mouse and telencephalon of 
zebrafish. Furthermore, to enable comparative integrated analysis, we utilized the Harmony 
package (version 1.1.0) in R, which employs an iterative method for integration, following the 
guidelines outlined at https://portals.broadinstitute.org/harmony/articles/quickstart.html using 
similar parameter as Seurat dimension (at resolution 0.7 and dimensions 1:10). The Integration 
of the cortex and the SEZ regions of mouse was also performed and analyzed in similar way (at 
resolution 0.8 and dimension 1:30) in order to access the similarities of identified dedifferentiated 
astrocytic cluster with bonafide neuronal stem/progenitor cells of SEZ. 

Cell distribution plots 

To visualize the cell distribution between/within conditions or species or samples, we used 
various plots like bar plots, alluvial plots, chord diagram plots, and pie charts; generated in 
Rstudio (version 4.2.3) using ggplot2 (version 3.4.2), DittoSeq using dittoBarPlot function 
(version 1.8.1) and SCpubr (do_ChordDiagramPlot function) (version 1.1.2) from Seurat object 
in R. The color palette used in these plots was generated by the Rcolorbrewer (version 1.1-3) 
package in R. 

Relative similarities heatmap 

We assessed the relative similarity between two scRNA-seq datasets using ELeFHAnt 
(https://github.com/praneet1988/ELeFHAnt) in R. We used the DeduceRelationship function, 
which predicts the relationship between the datasets based on their gene expression profiles. 
We used the following default parameters: varfeatures = 2000 (most variable features to use for 
dimensionality reduction and clustering), classifier = SVM (algorithm to train a classifier on a 
subset of the data and test it on another subset; shown ~85% accuracy), and downsample = 
200 (randomly samples 200 cells from each dataset to balance the class sizes and reduce the 
computational cost). The DeduceRelationship function returns a score that indicates how similar 
the two datasets are, ranging from 0 (no similarity) to 1 (high similarity). These scores can be 
used to identify cell types that are similar between the two datasets and to compare gene 
expression patterns across different cell types. 

Pseudotime trajectory and diffusion map analysis 
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The pseudotime trajectory analysis was performed using monocle3 as described https://cole-
trapnell-lab.github.io/monocle3/ in Rstudio. For the analysis we first imported the Seurat object 
clusters into Monocle3 as cds object. The cells were then ordered along a pseudotime trajectory 
using the orderCells function, taking homeostatic clusters (in context to integrated astrocytic 
clusters) and qNSC (in context to integrated SEZ clusters). We visualized the pseudotime 
trajectory of cells using plot cells function and color pallet by RColorBreweR package. 
Additionally, we utilized the plot_gene_in_pseudotime function to discern patterns in gene 
expression along the trajectory for a specific set of genes. To identify the major cell types or 
states in different conditions, we performed a diffusion map analysis on the Seurat clusters using 
the “DiffusionMap” function from the destiny package (version 3.1.1) in R with default 
parameters. We visualized the diffusion map using a scatter plot against the first diffusion 
component, which captures the main variation of the data. This allowed us to show how cells 
transition between different states in different conditions, where each point represents a cell and 
the color indicates the clusters. 

Tracing back cell identity 

To trace back the origin of cells from clusters from one object to an integrated object, we 
extracted the cells of clusters using the WhichCells function of Seurat. These cells were 
preprocessed using the substring function of R to match the UMI of cells. To visualize the cross-
referenced cells, we utilized the highlight.cells function from DimPlot of Seurat. We used 
DittoBarPlot from Dittoseq to quantify and plot the number of cross-referenced cells with respect 
to clusters. 

Biological Processes and WIKI Pathway Analysis 

We used Metascape 3.5 (https://metascape.org), an online tool, to perform biological processes 
and WIKI pathway analysis on our gene list. We uploaded our gene list using the mouse species 
and opted for custom analysis, where we specified the following parameters: 1) The annotation 
was performed using the default databases, including the Gene Ontology (GO) Biological 
Process and the WIKI Pathway, 2) The enrichment analysis was performed using a 
hypergeometric test with a p-value cut-off of 0.01, a minimum overlap of 3 genes, and a 
minimum enrichment of 1.5 for GO biological process and WIKI pathway, and 3) visualization 
was opted using heatmaps, which showed the expression levels of the genes in each term or 
pathway across conditions or clusters. 

Animals 

All surgeries were performed on 8-12 week old male mice (Mus musculus), housed, and handled 
under the German and European guidelines for the use of animals for research purposes. Room 
temperature was maintained within the range of 20–22 °C, while the relative humidity ranged 
between 45–55%. The light cycle was adjusted to 12 h light:12 h dark period. Room air was 
exchanged 11 times per hour and filtered with HEPA-systems. All mice were housed in 
individually ventilated cages (2-5 individuals per cage) under specified-pathogen-free conditions 
with food (standard chow diet) and water ad libitum. The cages were equipped with nesting 
material, a red corner house and a rodent play tunnel. Soiled bedding was removed every 7 
days. For ICH experiments wild-type C57BL/6J animals (strain #000664) were used, while 
neurospheres assay was performed in the Ascl1CreERT2 knock in mouse crossed to the 
tdTomato reporter mouse line (Bottes et al., 2020; Madisen et al., 2010). All animal work was 
performed in accordance with the German and European Union regulations and approved by 
the Institutional Animal Care and Use Committee (IACUC) and the Government of Upper 
Bavaria (AZ: ROB-55.2-2532.Vet_02-20-158). Anesthetized animals received a stab wound 
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lesion in the cerebral cortex by inserting a thin knife (19G, Alcon #8065911901) into the grey 
matter using the following coordinates from Bregma: RC: -1.2; ML: 1-1.2 and from Dura: DV: -
0.6 mm. To produce stab lesions, the knife was moved over 1mm back and forth along the 
anteroposterior axis from -1.2 to -2.2 mm as described before32. Animals were euthanized 3 
and 5 days after the injury (dpi) by transcardial perfusion (for more details see section tissue 
preparation). For the induction of Cre-mediated recombination in Ascl1CreERT2x tdTomato 
reporter mice, tamoxifen (40 mg/ml, Sigma #T5648) was administered orally (20G, Merck 
#CAD9921). Animals received tamoxifen twice (400 mg/kg per treatment). 

BrdU labelling 

Proliferating cells were labeled in vivo via water administration of the thymidine analog 5-bromo-
2’-deocyuridine (BrdU). To this end, BrdU (1 mg/mL) and sucrose (1 %) were added to the 
animals’ drinking water starting from 24h after injury. 

Tissue preparation 

Mice were deeply anesthetized and transcardially perfused with phosphate-buffered saline 
(PBS) followed by 4% paraformaldehyde (PFA) (wt/vol) dissolved in PBS. Brains were postfixed 
in 4% PFA overnight at 4 °C, washed with PBS and cryoprotected in 30% sucrose (Carl Roth 
#4621.2) at 4 °C for ICH. For RNAscope® in situ hybridization (ISH), brains were incubated in 
gradually concentrated sucrose solutions at 4 °C,starting with 10 % sucrose in 1X PBS, followed 
by 20 % and finally 30 % sucrose in 1XPBS. brains were embedded in frozen section medium 
Neg-50 (Epredia #6502), frozen and subsequently sectioned using a cryostat (Thermo Scientific 
CryoStar NX50). Coronal sections were collected either at a thickness of 20 μm on slides for 
RNAscope (Epredia #J1800AMNZ) or 40 μm for free-floating immunohistochemistry. 

Tissue preparation 

For immunohistochemistry, sections were blocked and permeabilized with 10% normal goat 
serum (NGS, vol/vol, Biozol #S-1000)/donkey serum (NDS, vol/vol, Sigma-Aldrich #566460) 
and 0.5% Triton X-100 (vol/vol, Sigma-Aldrich #T9284) dissolved in 1xPBS. The same solution 
was used to dilute the primary antibodies. Primary antibodies were incubated with sections 
overnight at 4 °C. Following primary antibodies were used: anti-RPA32/RPA2 (rabbit IgG, 1:250, 
Abcam, ab76420), anti-HMGB2 (rabbit IgG, 1:1000, Abcam, ab67282), anti-RFP (rabbit IgG, 
1:1000, Rockland/Biomol, 600-401-379), anti-BrdU (rat IgG2a, 1:500, Abcam, ab6326), anti-
GFAP (goat IgG, 1:250, Abcam, ab53554); anti-DCX (guinea pig, 1:1000, Merck/Millipore, 
AB2253), anti-O4 (mouse IgM, 1:50, Sigma, O7139). Sections were washed with PBS and 
incubated with secondary antibodies dissolved in 1xPBS solution containing 0.5% Triton X-100 
for 2 h at room temperature. Following secondary antibodies were used: goat anti-mouse IgG1 
Alexa Fluor™ 488 (1:1000, Thermo Fisher Scientific A21121), goat anti-rabbit IgG Alexa Fluor™ 
546 (1:1000, Thermo Fisher Scientific A11035), goat anti-rat IgG Alexa Fluor™ 647 (1:1000, 
Thermo Fisher Scientific A21247), donkey anti-goat IgG Alexa Fluor™ 488 (1:1000, Thermo 
Fisher Scientific A11055), donkey anti-rabbit IgG Alexa Fluor™ 594 (1:1000, Thermo Fisher 
Scientific A21207), Donkey anti-Rabbit IgG Alexa Fluor™ 647 (1:1000, Thermo Fisher Scientific 
A31573), goat anti-mouse IgG2a A488 (1:1000, Thermofisher A-21131). For nuclear labelling, 
sections were incubated with DAPI (final concentration of 4 µg/mL, Sigma #D9542) for 10 min 
at room temperature. Stained sections were mounted on glass slides (Epredia 
#AG00000112E01MNZ10) with Aqua-Poly/Mount (Polysciences #18606). For BrdU detection, 
sections were pre-treated with HCl (4 N), followed by three washes using borate buffer (0.1 M) 
and another three washes with 1XPBS before incubation with primary antibody solution. For 
RPA2 staining, antigen retrieval using Dako TRS (Agilent, Dako S1699) was performed prior to 
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primary antibody incubation. Dako solution was first diluted 1:10 in distilled water (diH2O) and 
then prewarmed at 65 °C for 15-20 minutes. Sections were incubated in the diluted DAKO 
solution at 95 °C for 20 minutes followed by another 15 minutes at 65 °C to slowly cool down. 
After cooling-down to room temperature, sections were washed three times in 1X PBS and 
incubated in primary antibody solution. 

In situ hybridization 

RNA in situ hybridization was performed using RNAscope® Multiplex Fluorescent Reagent Kit 
(ACD, 323110) according to the manufacturer’s instructions. Briefly, brain sections were 
ethanol-dehydrated (Carl Roth #9065.4), treated with H2O2 (ACD, 322381) and protease-
permeabilized for 20 min at 40 °C. Brain sections were then incubated for 2 h at 40 °C using the 
following probes: RNAscope® Probe –Mm-Uhrf1 (Bio-Techne 559891) and RNAscope® Probe 
–Mm-Ascl1-CDS-C3 (Bio-Techne 476321-C3). Signal was amplified according to the 
manufacturer’s instructions (User manual Cat.Nr: 320293, Fluorophore Opal 520: Akoya 
Biosciences FP1488001KT). Following washings steps with 1xPBS, sections were fixed for 15 
min in 4% PFA at 4 °C and subjected to immunohistochemistry analysis as described above. 

Neurosphere assay 

Neurosphere cultures were prepared as previously described (Buffo et al., 2008) using a volume 
of tissue punched (B0.35 cm) from the lesioned areas of the somatosensory cerebral cortex 
obtained from the injured brains 5 days after injury. After removal of meninges and white matter, 
grey matter cells were plated at a density of one cell/ 10 microliters (clonal density) in 500 
microliters of neurosphere medium with FGF2 and EGF (both at 20 ng/ml, Invitrogen). The 
number of neurospheres and the expression of the reporter was assessed after 14 days. The 
individual neurospheres were assessed differentiation capacity by plating individual 
neuroshpares on the PDL-coated coverslips as described previously (Buffo et al., 2008). 

Image acquisition and processing 

Confocal microscopy was performed at the core facility bioimaging of the Biomedical Center 
(BMC) with an inverted Leica SP8 microscope using the LASX software (Leica). Overview 
images were acquired with a 10x/0.30 objective, higher magnification pictures with a 20x/0.75, 
40x/1.30 or 63x/1.40 objective, respectively. Image processing was performed using the NIH 
ImageJ software (version 2.1.0/1.53f). a minimum of three sections per animal was analyzed 
for five animals in total. In each section, an area of 300 μm was selected around the injury (150 
μm on either side) and the number of positive cells in all individual z-planes of the optical stack 
was quantified using the Fiji plug-in tool ‘Cell Counter’. Cell counts quantified within different 
sections were averaged per animal and the graph was generated using GraphPad Prism 
(v.9.4.1). Data are shown as mean ± standard error of the mean (SEM) with individual data 
points representing different animals. 
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Figures legends 
 
Figure 1. Integration of mouse and zebrafish single cell transcriptomes. 
(A) Schematic of datasets used for integration analysis from both species. (B) UMAP plots of 

unaligned (before integration) and aligned (after integration) datasets from a mouse (red) and 

zebrafish (blue). (C) UMAP plot depicting integrated dataset grouped into 25 transcriptionally 

distinct clusters, annotated by cell type-specific markers. (D) Bar plot depicts the contribution of 

cells from different conditions to identified cell cluster. (E) Alluvial plot visualizes contribution of 

the two species to identified clusters. (F,G) Heatmaps visualizing relative similarities among 

clusters between (F) unintegrated mouse and integrated mouse+zebrafish and (G) unintegrated 

zebrafish and integrated mouse+zebrafish datasets. 

 

Figure 2. Integration of mouse and zebrafish species identifies SW injury-induced 
astrocytic population with radial glia properties. 
(A) UMAP plot highlighting astrocytes/radial glia (Astro/RG) in the integrated dataset. (B) UMAP 

plots visualize cell distribution across species and conditions after sub-clustering of Astro/RG 

clusters. (C) UMAP plot depicting Astro/RG sub-clusters. (D) UMAP plots illustrating condition-

specific distribution of cells within Astro/RG clusters mouse (above) and zebrafish (bellow). (E) 

Dot plot depicting top 5 enriched genes across Astro/RG sub-clusters. (F) Bar plot depicting cell 

distribution across injured and intact conditions in both species. Note that Astro/RG 3 and 6 

clusters contain mouse cells only after injury. (G) Dot-plot showing the expression of top 5 

enriched genes in Astro/RG 3 and 6 clusters, demonstrating elevated expression in injured mice 

(3 and 5 dpi) compared to intact mice. Note, only mouse cells from cluster 3 and 6 are 

considered for the analysis. 

 

Figure 3. Visualizations of injury-induced Astro/RG clusters 3 and 6 cells after SW injury 
in mouse. 
(A) UMAP highlighting Astro/RG 3 and 6 clusters. (B) Dot plot showing the expression of 

Astro/RG 3/6 enriched genes in all Astro/RG sub-clusters in mice. (C) Violin plots illustrating the 

expression of sub-clusters Astro/RG 3/6 across conditions in mouse. (D) Micrographs depicting 

the astrocyte reactivity in the intact and injured (3 dpi) cerebral cortex based on the GFAP 

staining. (E, F) Expression of RPA2 in reactive astrocyte. Micrographs in E and F are 

magnifications of boxed areas in D and E, retrospectively. (G-K) Micrographs showing the co-

localization of GFAP, HMGB2 and Uhrf1 RNA in the intact and injured (3 dpi) mouse cerebral 

cortex. H is magnification of boxed area in G. Micrographs in I, J and K are magnifications of 

boxed areas in H and depict triple positive cell (I), cell expressing only Uhrf (J) and cell 

expression only HMGB2 (K). All micrographs are maximum intensity projections of the confocal 

Z-stack and micrograph in F contains orthogonal projections. Scale bars in D, G are 100 mm; 
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50 mm in E, H; 10 mm in F, I, J, K. White dashed lines (D, E, G) and red dashed line in H show 

position of the injury. 

 

Figure 4. Astro/RG 3 and 6 clusters contain proliferative astrocytes.  
(A) PCA plots show injury-induced mouse clusters (green and blue) and cell cycle phases (G1, 

S, G2M). (B) Pie charts depict the distribution of Astro/RG 3 and 6 clusters amongst different 

cell cycle phases. (C) Heatmap showing GO terms enriched in injury-induced 3 and 6 Astro/RG 

clusters, colored by p-values. (D) UMAP plot displaying the enrichment score for genes 

associated with the Gene Ontology term "GO:0045787 positive regulation of cell cycle". (E) A 

schematic illustrating the experimental design to address proliferation of Astro/RG 3 and 6 

astrocytes using incorporation of BrdU. (F-J) Micrographs depicting BrdU incorporation by 

Hmgb2+ reactive (GFAP+) astrocytes in the intact and injured (5 dpi) mouse cerebral cortex. G 

is magnification of boxed area in F. H-J are magnifications of boxed areas in G as indicated by 

color-code. Micrographs in F and G are maximum intensity projections of confocal Z-stack. 

Micrographs in H-J are single optical sections. Scale bar in F is 100 mm; in G 50 mm and in H, 

I, J 10 mm. Red line indicates SW injury. (K) Dot plot showing the proportion of HMGB2+ 

astrocytes (GFAP+) incorporating BrdU within 5 days labelling period after SW injury. Data are 

shown as mean±SEM. Every dot represents an independent animal. 

 

Figure 5: Injury-induced 3 and 6 Astro/RG cluster cells upregulate neural progenitor 
genes and gain neurosphere-forming potential. 
(A) UMAP depicting Monocle3 pseudotime trajectories (upper plot) across Astro/RG clusters 

(lower plot) in the mouse. (B, C) Plots depicting the dynamic changes in the expression of 

astrocytic marker genes (B) and injury induced Astro/RG clusters 3 and 6 specific genes (C) 

along pseudotime trajectories. Note that Astro/RG clusters 3 and 6 specific genes are typical 

neural progenitor genes. (D) A schematic illustrating a neurosphere assay using Ascl1CreErt2 // 

tdTomato mouse line. (E-G) Micrographs depicting reporter positive (E, F) and reporter negative 

(G) differentiated neurosphare stained for the lineage specific markers after 7 days in vitro. F is 

maginifcation of boxed area in E. All images are maximum intensity projections of the confocal 

Z-stack. Scale bars are 50 mm in E and 10 mm in F and G. (H) Pie chart depicting the 

differentiation potential of reporter positive and negative neurospheres. 28 neursphares from 3 

different animals have been analyzed. 

 

Figure 6. Some injury-induced Astro/RG 3 and 6 cluster cells show similarities to Transit 
Amplifying Progenitors (TAPs). 
(A) The schematic illustrating datasets used for the integration analysis. (B) The UMAP plot 

displays single cells grouped into 15 distinct cellular clusters annotated using known cell-type-

specific markers. (C) The UMAP plot demonstrating subclustering of the neurogenic lineage 
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cells containing astrocyte/neural stem cells (Ast), TAPs and neuroblast (NBs) clusters. (D) 

Heatmap depicting expression of known cell type markers across Ast, TAPs, and NBs (Suppl. 

Table 6. (E) Bar plot illustrating frequency distribution of cells from cortex and SEZ conditions 

across Ast, TAPs, and NBs cell types. (F) Circos plot showing the distribution of cells from 

different conditions amongst specific Ast, TAPs, and NBs clusters. (G) UMAP plot showing the 

cells of injury-induced 3 and 6 Astro/RG clusters (from the zebrafish/mouse integration) 

identified in the integrated cortex and SEZ dataset. Inlets represent the enrichment score for 

homeostatic and reactive astrocytes calculated based on the gene expression published by 

Koupourtidou et al. (Koupourtidou et al., 2024) (H, I) Heatmaps representing similarities of the 

transcriptome of injury-induced cluster Astro/RG_3 (H) and Astro/RG_6 (I) with SEZ Ast, TAPs, 

and NBs. 

 

Figure 7: TAP-like cells emerging after injury fail to upregulate neurogenic fate 
determinants. 
 

(A) UMAP plot illustrating representative pseudotime trajectory in the SEZ (dotted black line) 

and injured cerebral cortex (solid blue line) (B, C) UMAP plots of pseudotime trajectory of SEZ 

only cells (B) and cerebral cortex only (C) based on pseudotime (upper panels) and across 

clusters (lower panels). (D) Heatmap depicting enriched GO terms in the set of DEGs between 

Ast_4 cluster from the injured cerebral cortex and SEZ, color-coded by p-values. (E) Heatmap 

illustrating enriched GO terms in the set of DEGs between Ast_4 and Ast_6 clusters isolated 

from the injured cerebral cortex, color-coded by p-values. (F) Heatmap of enriched GO terms in 

the DEG set between across TAPs_1 and TAPs_3 clusters of the integrated cortex and SEZ, 

colored by p-values. (G) Heatmap of GO terms enriched in DEGs between TAPs_1 of the injured 

cortex and TAPs_3 of SEZ, colored by p-values. (H) Violin plot displaying 7 significant DEGs 

between injured context and SEZ in TAPs_1 and TAPs_2 clusters, color-coded by TAPs 

clusters. 
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Supplementary Figures legends 
 
Supplementary Figure S1. Comparison of Harmony- and Seurat-based integration of 
mouse and zebrafish datasets. 
(A) UMAP plots depicting Seurat-based integration of cells from injured and intact mouse and 

zebrafish brain. (B) Alluvial plot showing the distribution of mouse and zebrafish cells amongst 

different clusters following harmony integration. (C, E) UMAPs depicting cellular clusters with 

their identity after Seurat (C) and harmony (E) based integration. (D) Relative similarity heatmap 

comparing integrated and annotated clusters by Seurat and harmony. Highlighted 

3_Astrocytes/Radial cluster (yellow) in harmony analysis corresponds to 2_Astrocytes/Radial 

cluster (red) from Seurat integration. (F, H) UMAP plots highlighting clusters 

2_Astrocytes/Radial cluster in the Seurat integration (F) and corresponding cluster 

3_Astrocytes/Radial cluster in harmony-based integration (H). (G, I) Bar plots depicting the 

enrichment (log2FC) of top 10 enriched genes in the corresponding 2_Astrocytes/Radial cluster 

in Seurat analysis (G) and 3_Astrocytes/Radial cluster in harmony analysis (I). 

 

Supplementary Figure S2. Integration of brain datasets with the dataset of peripheral 
blood mononuclear cells (PBMCs). 
(A) UMAP plot depicting integration of Mouse (intact+3dpi+5dpi), Zebrafish (intact+7dpi+7dpi) 

and PBMCs cells. (B-F) UMAP plots showing expression score for immune cells (B), astrocytes 

(C), neurons (D), microglia (E) and monocytes (F) in integrated dataset. Gene lists used for the 

expression score generation are provided in the Suppl. Table 1 and Suppl. Table 2. 

 

Supplementary Figure S3. Expression of Astro/RG_6/3 enriched genes in reactive 
astrocyte population. 
(A, F) Micrographs depicting GFAP expression in the injured (upper panel) and intact (lower 

panel) cerebral cortex at 3 dpi. (B-E) Micrographs showing the RNAscope® signal for Ascl1 in 

HMGB2 positive reactive, GFAP+ astrocytes 3 dpi. (G, J). Micrographs illustrating the 

RNAscope® signal for Ascl1 and Uhrf1 in reactive, GFAP+ astrocytes 3 dpi. Micrographs in C-

E and H-J are magnifications of cells boxed in B and G according to the color code. Dashed 

lines indicate injury site. Micrographs A, B, F and G are maximum intensity projections of the 

confocal Z-stack. Micrographs C-E and H-J are single optical sections. Scale bars in A, F 100 

mm; in B, G 50 mm; in C-E and H-J 10 mm. 
 

Supplementary Figure S4. Cells from the Astro/RG 3 and 6 clusters are dispersed 
amongst different astrocytic clusters in unintegrated mouse dataset. 
(A) UMAP plot depicting 7 distinct astrocytic clusters at resolution 0.3. (B) Dot plot highlighting 

the top 5 expressed genes in each astrocytic cluster shown in A, color-coded by expression 
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levels. (C-H) Bar plots highlighting distribution of Astro/RG clusters 3 (green) and 6 (blue) cells 

across astrocytes clusters in unintegrated dataset at resolutions of 0.3 (C), 0.4 (D), 0.5 (E), 0.6 

(F), 0.7 (G), and 0.8 (H). 
 

Supplementary Figure S5. Injury-induced mouse Astro/RG 3 and 6 cluster cells share 
molecular features with immature astrocytic progenitors. 
(A) UMAP plots depict expression score for homeostatic and reactive astrocyte based on the 

classification in Koupourtidou et al. (Koupourtidou et al., 2024) in integrated astrocytic clusters. 

(B) Heatmaps depicting expression of genes identifying injury-induced (Astro/RG 6 and 

Astro/RG 3) clusters and homeostatic (Astro/RG 0) cluster in control (AC samples) and 

dedifferentiated (TRP samples) astrocytes. The astrocyte data are coming from the Schmid et 

al. dataset (REF). (C) UMAP plots illustrate the gene expression scores identifying cycling radial 

glia and astrocytes isolated from postnatal day 4 (P4) mouse cortex in integrated mouse and 

zebrafish Astro/RG clusters. The P4 dataset comes from Di Bella et al. 2021. (D, E) Volcano 

plots of depicting DEGs mouse and zebrafish in cells in Astro/RG 3 (D) and Astro/RG 6 (E) 

clusters. (F, G) Heatmaps depicting enriched GO terms in the set of DEGs between mouse and 

zebrafish cells in Astro/RG 3 cluster (F) and Astro/RG 3 cluster (G), color-coded by p-values. 

 

Supplementary Figure S6. Identification of SEZ cell types and their differentiation 
trajectories. 
(A) UMAP plot depicting SEZ cells grouped into 20 distinct transcriptional clusters, annotated 

by cell type-specific markers (Suppl. Table 1 and 6). (B-D) UMAP plots depict the expression of 

known marker genes used for annotation of NSCs (qNSCs/Astro and aNSCs) (B), TAPs (C), 

and Neuroblasts (D). (E) UMAP plot of pseudotime trajectory starting with qNSC, transiting via 

aNSC and TAPs, and ending in Neuroblasts clusters of SEZ. (F) UMAP plots locating the cells 

of the SEZ lineage within the integrated SEZ+cortex dataset. Cells from the specific SEZ cluster 

are marked in red.  

 

Supplementary Figure S7. Diffusion map-based definition of the lineage trajectory and 
gene expression changes along the trajectory. 
(A, B) Diffusion component plot of SEZ (A), and cortex (B) from integrated SEZ+cortex dataset 

displaying the position of Ast, TAPs and Neuroblast states. (C) Dot plot showing expression of 

genes downstream of notch receptor in TAPs clusters from injured cortex. (D-E) Heatmap plots 

depicting enrichment expression score of genes downstream of notch signaling (shown in C) in 

TAPs clusters from integrated injured cortex (D), and NSCs and TAPs clusters from SEZ only 

dataset (E). (F-G) Expression dynamics of selected genes along pseudotime trajectory in SEZ 

(F), and cortex (G) within the integrated SEZ+cortex dataset. 
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Supplementary Tables 
 
Supplementary Tables 1: Cell type-specific marker genes used for annotation of integrated 
mouse and zebrafish clusters. 
 
Supplementary Table 2: Known immune cell markers used for annotation of peripheral blood 
mononuclear cells (PBMCs). 
 
Supplementary Table 3: Gene list used to generate score for positive regulation of cell cycle 
(GO:0045787).  
 
Supplementary Table 4: Gene list used to generate score for cycling glial progenitors and 
astrocytes clusters of P4 cortex (Di Bella et al., 2021).  
 
Supplementary Table 5: Differentially expressed genes between Astro/RG cluster 3 and 6 cells 
originating from mouse and zebrafish. 
 
Supplementary Table 6: Marker genes used to identify NSC/Astro, TAPs and NBs. 
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2.2 Aim of study II 
 
The aim of this study is to investigate how the direct conversion of astrocytes to neurons is 

affected by the growth factor environment and the chromatin structural protein HMGB2. It 

demonstrates that Hmgb2 improves the reprogramming efficiency by opening the chromatin 

and expression of neuronal genes in cooperation with the neurogenic factor Neurog2. 

 

 

 

Hmgb2 improves astrocyte to neuron conversion by increasing the chromatin 
accessibility of genes associated with neuronal maturation in a proneuronal factor-
dependent manner 
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3. Discussion 
  

3.1 Cross-Species Insights into identifying injury-induced proliferative 
astrocytic subset 
 
The limited neurogenic capacity of the adult mammalian brain poses a significant obstacle 

to repairing and rejuvenating damaged or diseased brains (Jessberger, 2016; Sun, 2014). 

Nonetheless, there has been a notable paradigm shift suggests that reactive astrocytes 

in the cerebral cortex can exhibit remarkable plasticity and dedifferentiate into a stem cell-

like state following injury (Buffo et al., 2008). These astrocytic subsets share 

characteristics with NSCs, including the ability to proliferate and form multipotent 

neurospheres in vitro (M. Götz et al., 2015; Robel et al., 2011; Sirko et al., 2013). This 

revelation opens new avenues for regenerative medicine, potentially leveraging these 

plastic astrocytes for direct neuronal reprogramming, a promising approach for neuronal 

replacement (Guo et al., 2014; Heinrich et al., 2012). Yet, a significant challenge remains 

in the prospective identification and isolation of these plastic subsets due to their low 

frequency (approximately 5% in stab wound injuries (Buffo et al., 2008)). Moreover, 

despite the advancements in single-cell transcriptomics that have revealed the extensive 

heterogeneity of astrocytes (Batiuk et al., 2020; Bayraktar et al., 2020; Llorens-Bobadilla 

et al., 2015; Ohlig et al., 2021; Zamboni et al., 2020), the lack of specific markers continues 

to hinder their effective identification.  

 

To overcome these challenges, we hypothesized that leveraging the regenerative abilities 

of zebrafish RGCs, known for their stem cell-like properties, could be instrumental in 

identifying plastic astrocytic subsets (possessing proliferative and neurosphere-forming 

capacities) in mice post-injury. Given the RGCs’ capacity to initiate neurogenesis in 

response to injury, as evidenced by their proliferation and neuroblast production (Kizil, 

Kyritsis, et al., 2012; Kroehne et al., 2011), we posited that pinpointing these rare plastic 

astrocytic subsets in mice post-injury would be beneficial. Therefore, we integrated single-

cell transcriptomics data of mouse astrocytes with that of zebrafish RGCs following injury. 

The analysis revealed distinct clusters, with clusters 3 and 6 being particularly noteworthy. 

These clusters were predominantly composed of zebrafish cells, with a minor fraction 

(around 6%) from mice species. What makes these clusters interesting is that they lack 

cells from the intact mouse brain, primarily originating from the injured cortex. Cells within 

these injury-induced clusters expressed genes associated with proliferation, including top 

10 genes such as Pcna, Top2a, Ube2c, Nusap1, Mcm2, Mcm5, Mcm6, Hmgb2, Dut, and 
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Tuba8—a significant feature of plastic astrocytes. Importantly, the integrated analysis was 

crucial for identifying these rare injury-induced proliferative astrocytic subsets as clusters. 

Without integration, we have demonstrated that these cells have remained scattered and 

potentially overlooked in unintegrated mouse datasets. These findings highlight the value 

of our cross-species transcriptomic approach, which provides a resolution to identify and 

study marker genes of these subsets. 

 
3.2 Molecular profile of identified injury-induced proliferative astrocytic subset 
 
In search for marker genes representing these cluster 3/6, we found that post-injury, these 

clusters exhibited expression of genes such as achaete-scute family bHLH transcription 

factor 1 (Ascl1), high mobility group box 2 (Hmgb2), ubiquitin-like with PHD and ring finger 

domains 1 (Uhrf1), and replication protein A2 (Rpa2) after injury. Notably, these genes are 

involved in various aspects of neurogenesis, such as transcriptional regulation, chromatin 

remodelling, epigenetic modification, DNA metabolism, replication, and cell cycle (Bayin 

et al., 2021; Bostick et al., 2007; Castro et al., 2011; Kimura et al., 2018; Păun et al., 2023; 

Ramesh et al., 2016; Shi et al., 2010; L. Zhou & Luo, 2013). For example, Ascl1 acts as a 

pioneer transcription factor capable of reprogramming astrocytes into functional neurons 

(iN cells) both in vitro and in vivo (Y. Liu et al., 2015; Rao et al., 2021), while Uhrf1 is 

essential for the renewal of NSCs and the proliferation of progenitors, with its absence 

severely impairing neurogenesis (Blanchart et al., 2018). The presence of these genes in 

the injury-induced clusters suggests the activation of a latent neurogenic program within 

the mouse astrocytes, potentially induced by the injury.  

  

Further analysis of the metabolic pathways activated by mouse cells within these clusters 

3/6 highlighted a significant shift. There was an upregulation of pathways related to 

oxidative stress, redox reactions, the electron transport chain, and G protein signalling 

within these clusters. This observation is particularly intriguing given the traditional 

glycolytic metabolism of astrocytes, which is geared towards supporting neuronal activity 

through lactate production (Bélanger et al., 2011; Bonvento & Bolaños, 2021; Gascón et 

al., 2017). The shift towards oxidative phosphorylation—a metabolic pathway more 

characteristic of neurons—that supports higher energy demands suggests that these 

astrocytic subsets might be undergoing a metabolic transition towards a more neurogenic 

state (Bélanger et al., 2011; Gascón et al., 2016; Zheng et al., 2016). The switching quite 

evidently seems to be in direct reprogramming of astrocytes to neurons upon forced 
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overexpression of neurogenic factors. However, to fully understand the implications of 

these neurogenic and metabolic shifts in injured astrocytes, further studies are imperative. 

 

Overall, these findings suggest the identified injury-induced proliferative clusters exhibit a 

significant degree of plasticity, potentially transitioning towards a neurogenic phase or by 

initiating induction of lineage-specific genes (e.g. proneural gene Ascl1). Further studies 

are needed on dynamic changes in these genes and employing functional assays to 

corroborate these findings. 

 
3.3 Unipotent nature of identified injury-induced proliferative astrocytic subset 
  

Building upon the intriguing gene expression profile observed in the injury-induced 

astrocyte clusters (3/6), led us to investigate their potential for neurosphere formation (a 

characteristic often associated with the latent stem cell capacity of reactive astrocytes 

(Sirko et al., 2013)). To achieve this, we employed the Ascl1:CreERT2 mouse line, which 

allows fate mapping of Ascl1-expressing cells. Our findings revealed that Ascl1-positive 

astrocytes (one of marker of cluster 3/6) were indeed capable of forming neurospheres in 

vitro. 

  

Initially, the neurogenic gene expression within clusters 3/6 hinted at a possible shift 

towards a neurogenic phenotype. However, the resultant neurospheres displayed a 

unipotent, predominantly gliogenic phenotype, challenges this notion, underscoring a 

more restricted differentiation capacity than anticipated. This unexpected gliogenic 

dominance may underscore the adult brain's inherent bias towards glial differentiation 

(Ninkovic & Götz, 2013), further evidenced by the inability of neurospheres derived from 

reactive astrocytes to generate neurons in neurogenic regions like the SVZ (M. Götz et 

al., 2015).  

  

Prompted by this discrepancy, we delved into the gene expression dynamics of clusters 3 

and 6 through pseudotime trajectory analysis to understand the underlying cellular states 

and potential lineage decisions. This analysis uncovered a complex gene expression 

landscape, exemplified by the upregulation of Olig2 (Oligodendrocyte Transcription Factor 

2), a bHLH transcription factor. Studies have shown that Olig2 represses neurogenesis 

following brain injury by inhibiting the generation of immature neurons and suppressing 

neurogenic factors such as Pax6 (Buffo, 2007; Buffo et al., 2005). When the function of 

Olig2 is blocked, there is an increase in the production of new neurons, highlighting its 
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role as a repressor of the neurogenic process in cells that are reacting to brain injury. 

Within the same clusters, we also noted the expression of Dlx2 (Distal-Less Homeobox 2) 

in a subset of cells. Dlx2 is known to promote the proliferation of neuronal progenitor cells 

and contribute to neurogenesis (Suh et al., 2009). Studies have also shown Dlx2's ability 

to efficiently convert striatal astrocytes into neurons (M.-H. Liu et al., 2022). 

  

This intricate expression pattern indicates a state of lineage ambiguity within these 

clusters, with cells not fully committed to neurogenic fate and still having glial fate. These 

observations open questions like how does this observed plasticity within the injury-

induced clusters compare to the well-established neurogenic lineage of niches like the 

SVZ? And what implications does this have for understanding the mechanisms of CNS 

repair and regeneration?  

 
3.4 Transcriptional parallels between injury-induced plastic astrocytes and 
transient amplifying progenitors 
  

The transcriptional landscape of the injury-induced proliferative astrocytic subset (clusters 

3/6) presents a compelling narrative of cellular plasticity and lineage ambiguity. These 

clusters, exhibiting a blend of glial and neurogenic gene expressions, suggest an 

intermediate, perhaps transitional, phase in the lineage specification of reactive astrocytes 

following injury. This leads us to ponder whether the shift of reactive astrocytes towards 

neuronal identities might be incomplete, characterized by an inability to fully repress glial-

specific genes. To explore this possibility, we conducted an integrative analysis of single-

cell transcriptomic data from the adult mouse SVZ and cortex, encompassing both injured 

and intact conditions. Our goal was to discern any parallels between the cellular dynamics 

within clusters 3/6 and the established neurogenic trajectories within the SVZ. This 

comparative approach aimed to elucidate the extent to which injury influences astrocytic 

subsets to adopt or diverge from the neurogenic lineages of SVZ.  

 

SVZ, a region renowned for its role in harbouring NSCs and facilitating adult neurogenesis 

(Fischer et al., 2011; D. K. Ma et al., 2009). The integration and subsequent analysis 

successfully delineated known cell types within the SEZ's neurogenic lineage. This 

included quiescent NSCs (qNSCs), activated NSCs (aNSCs), transient amplifying 

progenitors (TAPs), neuroblasts (NBs), and astrocytes (Doetsch et al., 1999; Kazanis, 

2009; Taupin & Gage, 2002). This comparative analysis revealed that the clusters 3/6 
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share more similarities with TAPs than with NSCs, suggesting that the injury-induced 

astrocytic subsets may exhibit TAP-like properties. This observation was further 

substantiated by tracing the origins of cluster 3/6 cells within the integrated cortex and 

SVZ data, where their congruence with TAP populations was evident, reinforcing the 

notion that these clusters might embody a TAP-like state. TAPs, as intermediate 

progenitors originating from NSCs, undergo several rounds of cell division before 

committing to a specific lineage (Beckervordersandforth et al., 2010; M. Götz et al., 2016; 

Kazanis, 2009). TAPs are heterogeneous progenitors and express varying levels of 

neurogenic or gliogenic transcription factors, hints at the pivotal decision-making phase 

for lineage commitment (Azim et al., 2015; Marshall et al., 2003). The expression of Pax6 

in TAPs, for instance, is linked to neuronal differentiation, whereas Olig2 expression 

heralds a glial fate (Hack et al., 2004). Intriguingly, our injury-induced clusters, akin to 

TAPs, predominantly express Olig1/2, indicating a bias towards gliogenesis, a tendency 

corroborated by the gliogenic nature of their derived neurospheres. This raises intriguing 

questions about the lineage trajectories of these injury-induced, TAP-like cells compared 

to bonafide TAPs. Specifically, it prompts us to explore whether the injury context redirects 

these cells along a divergent path from their conventional trajectory, favouring gliogenesis 

over neurogenesis. 

  

By employing pseudotime trajectory analysis, we aimed to dissect the distinctions and 

similarities in the lineage specification processes between these injury-induced TAP-like 

cells in relation to endogenous TAPs. Our findings revealed divergent progression 

trajectories for bonafide TAPs and injury-induced TAP-like cells. In the SEZ, notable 

heterogeneity within the TAP populations was noted, with TAPs_3 transitioning to NBs and 

bifurcating into TAPs_2 and TAPs_1, indicating diverse subpopulations. In contrast, the 

pseudotime trajectory of the cortex revealed a progression from homeostatic astrocytes 

to reactive astrocytes and further to the TAPs_1 cluster. However, unlike in the SEZ, TAPs-

like cells (TAPs_1) within the cortex did not advance towards TAPs_3 or NBs. This 

suggests a potential interruption or incomplete activation of the neurogenic program in 

these injury-induced TAP-like cells. While these cells exhibit characteristics suggestive of 

plasticity, their limited progression towards a fully neurogenic fate necessitates further 

investigation. 

 

In our study, the gene expression analysis of these TAP-like cells along pseudotime 

trajectories in the cortex revealed a discernible decrease in the expression of astrocytic 

markers such as Sox9 and Slc1a2, suggesting a transition of these cells towards a 
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progenitor state. This observation is consistent with the findings of Zamboni et al., where 

clusters of neurogenic astrocytes demonstrated a decrease in genes linked to astrocyte-

specific functions, while simultaneously adopting a transcriptional landscape akin to that 

of NSCs in a latent, primed state (Zamboni et al., 2020). Additionally, the activation of 

progenitor-related genes in TAPs-like cells such as Nestin, Gfap, Ascl1, Olig1/2, Mki67, 

and notably Dlx2, further supports this transition (Azim et al., 2015; Bayin et al., 2021; 

Bernal & Arranz, 2018; Castro et al., 2011; Dimou et al., 2008; Garcia et al., 2004; Suh et 

al., 2009; Q. Zhou & Anderson, 2002). To further explore why these TAP-like cells in the 

cortex do not adopt the NB trajectory observed in the SVZ, we conducted a differential 

analysis between bona fide TAPs (going to NBs) and injury-induced TAP-like cells (which 

are more gliogenic, favour a glial fate, and do not switch to a neurogenic trajectory). The 

comparisons showed upregulation of genes, for example, Hopx, which has been shown 

to be predominantly expressed in NSC subsets within the postnatal SVZ that are biased 

to acquire an astroglial fate (Zweifel et al., 2018). Galectin 1 (encoded by Lgals1), following 

brain injury, influences the proliferation and NSC-like potential of specific reactive 

astrocytes (M. Götz et al., 2015) and has also been shown to strongly inhibit astrocyte 

proliferation, contributing to the regulation of astrocyte populations (Sasaki et al., 2004). 

Apart from this, TAP-like cells were still enriched for glial fate-related genes compared to 

bona fide TAPs. The bona fide TAPs upregulated genes that regulate the establishment 

of neuronal fates, such as Sox4 and Sox11 (Bergsland et al., 2006), Nfib (Ninkovic et al., 

2013), Dlx1/2 and Meis2 (Agoston et al., 2014), Ascl1 (Aydin et al., 2019), Pou3f2 or Brn2 

(Hagino-Yamagishi et al., 1997; Y. M. J. Lin et al., 2018). The trend in expression of these 

genes was also seen in TAP-like cells but not at a significant level. This finding indicates 

that the TAP-like cells indeed express neurogenic-related genes but not at a level like the 

bonafide TAPs and still express glial fate-related genes, suggesting that the transition of 

injury-induced TAP-like cells to neurogenic fates is not complete and that they stall at the 

TAP level. 

  

Furthermore, we investigated the molecular pathways that might be involved in the 

neurogenic potential of TAPs (SVZ) and TAP-like cells (cortex). Notch signalling, an 

evolutionary conserved pathway first identified in fruit flies, is crucial in fate acquisition, 

spatiotemporal patterning, and regulation of neuronal and glial cell fates (Androutsellis-

Theotokis et al., 2006; Basak et al., 2012; Basak & Taylor, 2007; Gozlan & Sprinzak, 2023; 

Morrison et al., 2000; Santopolo et al., 2020; Zamboni et al., 2020). Studies have shown 

that ablating Notch signalling following a stab wound injury in the cortex induces the 

emergence of neurogenic astrocyte clusters expressing neurogenic genes such as 
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Neurog1 and Ascl1 (Zamboni et al., 2020). Notably, Neurog1 expression was absent in 

injury-induced TAP-like cells identified in our model, but Ascl1 was expressed. By 

analysing the expression of Notch pathway genes, higher levels of Notch signalling 

components were observed in injury-induced TAP-like cells compared to bona fide TAPs. 

This indicates that elevated Notch signalling may underlie why TAP-like cells fail to adopt 

a neurogenic trajectory similar to bonafide TAPs, as Notch signalling is known to promote 

the maintenance of stem-cell-like properties over differentiation into neuroblasts. 

 
3.5 High efficiency of direct conversion of astrocytes to neurons using a marker 
of identified injury-induced plastic astrocytes 
  
As we identified injury-induced proliferative plastic astrocytic subsets (cluster 3/6) 

exhibiting TAP-like characteristics, albeit with an incomplete neurogenic lineage, these 

cells still expressed few progenitor-related genes. We hypothesized that these plastic 

astrocytic subsets would be suitable for direct astrocyte-to-neuron conversion. Given their 

down regulation of astrocytic markers and upregulation of neurogenic-related genes, 

these subsets could be conducive to efficient neuronal fate conversion. To test this 

hypothesis, we overexpressed chromatin architectural protein Hmgb2, a marker of these 

plastic subsets, along with the pioneer factor Neurog2, in astrocytes and assessed their 

neuronal conversion efficiency. We also mimicked the in vivo injury microenvironment by 

using different combinations of mitogen EGF and FGF2 (EGF+FGF2 or FGF2 only) in the 

culture conditions. While EGF+FGF2 are often used for in vitro reprogramming due to their 

synergistic effects, FGF2 is the dominant mitogen in the in vivo injury microenvironment 

(Addington et al., 2015). Our study compares the reprogramming outcomes of Hmgb2 

alone, Neurog2 alone, and their combination (Neurog2+Hmgb2) under proposed mitogen 

conditions. We observed that both the growth factor and transcription factor expression 

levels significantly influenced the reprogramming efficiency of astrocytes to neuron 

conversion. Neurog2 alone exhibited greater reprogramming efficiencies in the presence 

of EGF+FGF2 compared to FGF2 alone. This suggests that Neurog2 alone may not 

sufficiently alter the chromatin structure of astrocytes to facilitate neuronal gene activation 

in cultures with FGF alone, making such conditions restrictive for reprogramming. 

However, co-expression of Hmgb2 with Neurog2 overcame this barrier, enhancing 

reprogramming efficiency in FGF2 cultures. This cooperative action suggests that Hmgb2 

facilitates the opening of genes crucial for reprogramming and drives the specification of 

neuronal identity, a task unattainable by proneural transcription factors Neurog2 alone in 
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FGF2 condition. Interestingly, Hmgb2 by itself was insufficient to induce neuronal 

reprogramming, regardless of the growth factor environment. Furthermore, under 

EGF+FGF2 conditions, there was no difference in efficiency between Neurog2 alone and 

Neurog2+Hmgb2, suggesting that chromatin remodelling and activation of 

reprogramming-related genes can be fully enhanced without Hmgb2 in this condition. 

 

These observations raise questions such as: How does the combination of Hmgb2 and 

Neurog2 enhance the reprogramming efficiency of astrocytes to neurons under FGF2 

culture? How does this combination overcome the lineage barriers and induce neuronal 

fate and function in astrocytes? What are the key genes and processes involved in this 

process? 

  
3.6 Hmgb2 in corporation with Neurog2 enhances direct astrocyte-to-neuron 
conversion by modulating chromatin accessibility and gene expression 
  
To examine how Hmgb2, a chromatin-associated protein, enhances the reprogramming 

efficiency of astrocytes to neurons, I performed a comprehensive analysis of the 

transcriptome (RNA-Seq) and chromatin accessibility (ATAC-Seq) of astrocytes under 

three distinct culture conditions: reprogramming-prone (EGF+FGF2 induced by Neurog2), 

reprogramming-restricted (FGF2 induced by Neurog2), and reprogramming-permissive 

(FGF2 induced by Neurog2+Hmgb2). By comparing the gene expression and chromatin 

accessibility profiles among these conditions, I aimed to identify the differentially 

expressed and accessible genes, particularly in reprogramming-permissive conditions, to 

elucidate how Hmgb2 collaborates with Neurog2 to overcome the lineage barriers and 

induce neuronal fate and function in astrocytes. 

 

Our differential expression analysis revealed that the reprogramming-prone and 

reprogramming-restricted conditions shared the expression of essential Neurog2-induced 

genes, such as Neurod4, Insm1, Hes6, Slit1, Sox11, and Gang4, which have been 

previously reported to be involved in astrocyte-to-neuron conversion (Masserdotti et al., 

2015). However, these genes were not sufficient to ensure efficient reprogramming, as the 

reprogramming-restricted condition exhibited low conversion rates. We hypothesized that 

additional genes may be required to facilitate efficient reprogramming process. Indeed, 

we found that genes, such as Dscaml1, Prox1, Lrp8, and Shf (Masserdotti et al., 2015), 

were exclusively induced in the reprogramming-prone and reprogramming-permissive 
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conditions, but not in the reprogramming-restricted condition. Gene ontology analysis 

linked these genes to critical neuronal maturation processes, including axonogenesis, 

neurogenesis, axon guidance, and nervous system development, suggesting their 

relevance to reprogramming. To corroborate these findings, we overexpressed Prox1 

alongside Neurog2 in the reprogramming-restricted condition, which resulted in enhanced 

reprogramming efficiency of astrocytes to neurons. This finding supports the hypothesis 

that Hmgb2 is instrumental in reprogramming, as it activates genes that lead to more 

efficient neuronal conversion upon overexpression in reprogramming-restricted 

conditions. The concept that additional factors or molecules are required to boost 

reprogramming efficiency is well-established in the field (Vasan et al., 2021). Consistent 

with this, previous studies like Smith et al. have demonstrated Neurog2’s limited 

reprogramming capacity in human fibroblasts, akin to our observations in FGF culture. 

However, the addition of small molecules such as forskolin and dorsomorphin enabled 

chromatin remodelling and the activation of neuronal transcription factors, culminating in 

successful neuronal conversion (Smith et al., 2016). 

  

Next, we examined how Hmgb2 improved the efficiency of astrocyte-to-neuron conversion 

and transitioned the condition from reprogramming-restrictive to reprogramming-prone at 

the chromatin level. Employing ATAC-Seq, we assessed chromatin accessibility across 

different culture conditions: reprogramming-prone, permissive, and restrictive. Our 

analysis revealed an increase in chromatin accessibility of reprogramming-relevant genes 

in the Hmgb2-induced permissive condition compared to the reprogramming-restrictive 

condition. This enhanced accessibility aligns more closely with the reprogramming-prone 

condition. Further analysis revealed that the Hmgb2-induced permissive condition 

facilitated the opening of chromatin regions associated with neuronal maturation and 

synaptic functions, which were not accessible in the reprogramming-restrictive condition. 

These regions included the promoters of neuronal maturation genes, such as Kif1a12, 

Artn34, and Rasd25 (Errico et al., 2008; Niwa et al., 2008; Okada et al., 1995; R. Wang et 

al., 2014; Wong et al., 2015), and synaptic genes, such as Mical3, Enc1, Foxo6, and 

Dscaml1 (Hernandez et al., 1997; Q. Liu et al., 2016; Ogata et al., 2021; Salih et al., 2012). 

Moreover, neurons that underwent conversion from astrocytes in the Hmgb2-induced 

permissive condition displayed features indicative of enhanced maturity. This was 

evidenced by their extended and more complex branching processes and increased 

dendritic complexity, as determined by Sholl analysis, compared to those derived under 

reprogramming restrictive conditions. Thus, Hmgb2 not only boosts the rate of astrocytes 

to neuronal conversion but also improves the quality of the resulting neurons.  
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https://www.nature.com/articles/d41586-019-01362-9
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These insights are significant for the field of neuronal replacement therapies, suggesting 

that Hmgb2 could potentially improve the functionality and integration of neurons directly 

converted from astrocytes within injured brain tissue. Nonetheless, additional research is 

required to fully understand the collaborative mechanisms of Hmgb2 and Neurog2 in the 

in vivo reprogramming process. 

 
3.7 Summary and conclusions 
 
In a nutshell, the findings of my PhD projects addressed the persisting challenge of reliably 

identifying and isolating rare, injury-induced plastic astrocytic subpopulations in mice 

following stab wound injuries. To overcome this challenge, I employed an innovative trans-

species approach, integrating single-cell transcriptomic data from regenerative zebrafish 

ependymoglia stem cells with mouse astrocytes. This approach led to the identification of 

key marker combinations, including Hmgb2, Ascl1, Rpa2, and Uhrf1, which are expressed 

in actively proliferating plastic reactive astrocyte subpopulations. These subsets, notably 

those that are Ascl1-positive, were found to acquire neurosphere-forming capacities and 

give rise to unipotent gliogenic neurospheres. Interestingly, these plastic astrocytes 

express a unique combination of progenitor-related and gliogenic genes. Transcriptionally, 

these subsets exhibit TAP-like features, resembling bona fide TAPs of the SEZ. However, 

unlike bonafide TAPs, they exhibit partial trajectories toward neurogenic lineages, 

indicating injury-induced plasticity in these astrocytes. Furthermore, we explored the 

potential of utilizing these identified markers, particularly Hmgb2, to enhance astrocyte-to-

neuron conversion. Overexpression of chromatin binding protein Hmgb2 alongside the 

pioneer transcription factor Neurog2 significantly improved the efficiency of neuronal 

conversion in vitro, particularly under conditions mimicking the in vivo injury 

microenvironment. Additionally, we have shown that co-expression of Hmgb2 and 

Neurog2 promoted the maturation of iNs. This enhancement was attributed to the 

chromatin remodelling effects of Hmgb2, which facilitated accessibility and expression of 

neurogenic genes, as confirmed by chromatin and transcriptome analysis. 

 

In conclusion, the findings from my PhD research lay the groundwork for a deeper 

exploration of astrocyte plasticity following injury. Through the identification of key marker 

genes, this study provides crucial insights for pinpointing these specific astrocytic 

populations. Further investigation into the identified markers reveals their potential roles 

in augmenting the efficiency of astrocyte-to-neuron conversion. This underscores the 
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potential of plastic astrocytic subsets as a valuable source for direct neuronal 

reprogramming, presenting promising prospects for regenerative approaches in CNS 

repair. 

 
3.8 Outlook 
 
This work opens new avenues for exploring astrocyte plasticity and its prospective role in 

CNS repair. However, further research is essential to understand the mechanisms and 

complex interactions between astrocytic subsets, other cell types, and factors within the 

CNS. Additionally, a few questions and challenges remain to be addressed in future 

research that could enhance the quality and impact. 

 
While this study focused on plastic astrocyte transcriptome profiles, a comprehensive 

understanding of molecular, cellular, and injury-induced epigenetic changes warrants a 

multi-omics approach. Integrating transcriptomics with proteomics, metabolomics, and 

epigenomics could provide a more holistic view. Additionally, characterizing plastic 

astrocyte marker genes across various injury and disease conditions, like stroke, epilepsy, 

and spinal cord injury, is crucial to assess reliability and variability of the identified markers. 

 

Moreover, the study has yet to address the morphological changes in plastic astrocytes 

and their distinctions from reactive astrocytes throughout injury or disease. Advanced 

imaging techniques could offer a window into these changes, potentially revealing how 

they influence interactions with other cell types in the CNS. Given that the shape, size, 

and branching patterns of astrocytes potentially signify their functional states, influence 

interactions within the CNS. 

 

Furthermore, while Hmgb2 serves as one marker for plastic astrocytes and is also 

expressed by a subset of reactive astrocytes, achieving specificity and precision in 

targeting plastic astrocytic subsets for efficient neuronal reprogramming necessitates 

requires the use of a combination of other identified markers. Additionally, in the study, the 

collaborative overexpression of Hmgb2 with Neurog2 has shown promise in inducing a 

more mature neuronal phenotype, upregulating synaptic and neuronal maturation-related 

genes. However, assessing the electrical properties of the converted neurons and 

conducting Chromatin immunoprecipitation (ChIP) assays to identify direct binding sites 

of Hmgb2 and neurogenic factors on target gene promoters remain crucial steps. Although 

this study has focused on in vitro reprogramming as a model for what happens in vivo, 
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validating these findings is essential for understanding their contributions to the 

reprogramming process. 

 

Addressing these research areas will enhance our understanding of the regenerative 

process and and pave the way for future therapeutic strategies, marking significant strides 

toward harnessing astrocyte plasticity for CNS repair.
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