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RESUMO 

 

Após um traumatismo cranioencefálico (TCE), a rede neural ativa uma resposta 

reparadora buscando restaurar a homeostase na área afetada. A reativação 

astrocitária é um componente essencial dessa resposta. Compreender a 

heterogeneidade funcional das células astrogliais e examinar o papel das moléculas 

de suporte na lesão cerebral é crucial para nossa compreensão dos mecanismos que 

levam ao reparo e regeneração do SNC, além do desenvolvimento de novas 

intervenções terapêuticas. Neste trabalho, estudamos os aspectos celulares e 

moleculares da reatividade astrocitária e a resposta glial à modulação das vias de 

sinalização neurogênicas Notch, Wnt and Shh. Foi usado um modelo in vivo de lesão 

cerebral por TCE e um modelo in vitro de lesão e reativação astrocitária por scratch. 

Nós encontramos aumento das vias Notch (NICD) e Wnt (β-catenina ativa) e 

descrevemos os padrões da sinalização no córtex de camundongos submetidos a 

TCE. Os astrócitos reativos apresentaram uma distribuição agregada no core da 

sinalização Notch. Adicionalmente, avaliamos a heterogeneidade funcional e 

plasticidade da progênie de progenitores neurais de camundongos E14 eletroporados 

in utero com o sistema GFAP StarTrack. Astrócitos protoplasmáticos da camada 

inferior mostraram uma intensa resposta reativa. Astrócitos reativos protoplasmáticos 

das camadas superior e inferior próximos às bordas da lesão mostraram aumento da 

polarização e enriquecimento de estruturas em malha (mesh-like). in vitro o tratamento 

com LY450139 Semagacestat inibiu a sinalização Notch - HEY. Nós sugerimos que a 

inibição da via Notch poderia atenuar a resposta dos astrócitos reativos e ativar 

mecanismos de precursores neurais. Finalmente, postulamos a co-regulação indireta 

da sinalização Wnt-Shh em genes alvo BHLH-Notch após inibição da via Notch. Da 

mesma forma, a inibição de Notch também poderia ter um efeito de suporte na 

ativação da sinalização Wnt-Shh. Em conjunto, esta tese contribui para aumentar o 

nosso conhecimento sobre a biologia da glia e o papel regenerativo das moléculas de 

sinalização neurogênica na resposta de astrócitos reativos após lesão cerebral. 

 

Palavras-chave: biologia das células gliais, vias de sinalização neurogênica, 

neuroproteção, morfógenos, traumatismo cranioencefálico   



xvii 
 

ABSTRACT 

 

After a TBI, the neural network activates a reparative response seeking to restore 

homeostasis in the affected area. Astrocyte reactivation is an essential component of 

this response. Understanding astroglial cell functional heterogeneity and dissecting the 

role of supportive molecules in brain damage is crucial for our current comprehension 

of the mechanisms leading to the repair and regeneration of the CNS and the 

development of novel therapeutic interventions. In this thesis, we study cellular and 

molecular aspects of reactive astrocytes and Notch, Wnt and Shh neurogenic signaling 

modulation response. We used an in vivo model of brain damage by TBI and an in vitro 

model of wound healing and astrocyte reactivation by scratch. We found Notch (NICD) 

and Wnt (active β-catenin) upregulation and described signaling concentration patterns 

in the cortex of mice submitted to TBI. Reactive astrocytes presented an aggregated 

distribution in the core of Notch signaling. We evaluated the functional heterogeneity 

and plasticity of the progeny of E14 mice -GFAP StarTrack in utero electroporated- 

active neural progenitors. Lower layer protoplasmic astrocytes showed a strong 

reactive response. Upper and lower layers protoplasmic reactive astrocytes close to 

the lesion borders showed increased polarization and enrichment of mesh-like 

structures. In vitro treatment with LY450139 Semagacestat inhibited Notch - HEY 

signaling. Notch inhibition may attenuate reactive astrocytes response and activate 

neural precursor mechanisms. Finally, we suggest indirect co-regulation of Wnt-Shh 

signaling in BHLH-Notch target genes after Notch inhibition. Similarly, Notch inhibition 

may also have a supportive effect in Wnt-Shh signaling activation. Above all, this thesis 

contributes to increasing our knowledge of glia biology and the regenerative role of 

neurogenic signaling molecules in the response of reactive astrocytes after brain injury. 

 

Key words: glial biology, neurogenic signaling pathways, neuroprotection, 

morphogens, traumatic brain injury 

 



1 
 

1.INTRODUCTION 

 

Traumatic brain injury (TBI) is a neurological event that disrupts the function of 

the central nervous system (CNS). According to the Center for Disease Control and 

Prevention CDC, in 2019, there were about 60 thousand TBI-related deaths in the 

United States. That corresponded to approximately 166 TBI-related deaths every day 

(Center for Disease Control and Prevention. National Center for Health Statistics: 

Mortality data on CDC WONDER, 2019). Globally it is estimated that 69 million people 

per year suffer a TBI (Dewan et al., 2018).  

TBI is mainly caused by crashes and traffic accidents (GBD, Traumatic Brain 

Injury, and Spinal Cord Injury Collaborators, 2019). Those who survive can face long-

term effects such as prolonged motor and cognitive deficits and develop psychiatric 

and neurodegenerative disorders (Bramlett et Dietrich., 2015).   

After a TBI, the neural network activates a reparative response seeking to 

restore homeostasis in the affected area. Rapidly may be recognized three overlapping 

stages, from cell death of neural cells and inflammation to cell proliferation and tissue 

remodeling. Astrocyte reactivation is an essential component of this response. 

Therefore, understanding astroglial cell functional heterogeneity and dissecting the 

role of supportive molecules in brain damage is crucial for our current comprehension 

of the mechanisms leading to the repair and regeneration of the CNS and the 

development of novel therapeutic interventions. 

The main goal of this thesis was to gain a better understanding of the role of 

neurogenic signaling pathways in reactive astrocyte response and their functional 

heterogeneity during TBI. In the next section, we will discuss some concepts and 

methodological approaches relevant to the project's aim and methodology. 

1.1. Repairing and tissue remodeling after traumatic brain injury  

After any neurological condition, the adult brain triggers a cascade of cellular 

and molecular events to restore homeostasis and minimize tissue damage. 

Neuroprotection may display different forms of neural plasticity, from facilitating the 

generation of neurons, and axonal sprouting, to controlling synapse function (Pekny et 

al., 2019).  
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Currently is known that the mechanisms activated are context-dependent. For 

example, acute, focal injuries such as TBI or stroke may activate a multicellular 

response comparable with wound response in the skin. On the other hand, diffuse, 

chronic diseases that tend to be less intense but accumulate gradually over time trigger 

a gradually, prolonged and, disperse inflammatory response (Burda et Sofroniew., 

2014).  

As mentioned, TBI triggers a response comparable with wound skin. In the area 

rapidly may be recognized three overlapping stages, I) cell death of neural cells and 

inflammation, II) Cell proliferation and tissue replacement, and finally, III) tissue 

remodeling (Figure 1).  

 

Figure 1. Mechanisms of repairing and tissue remodeling 

The first stage occurs just minutes to hours after TBI. There is a massive rupture 

of the meninges, blood vessels, and neural tissue, which leads to the concomitant 

extravasation of inflammatory infiltrates and cell death of neural (astrocytes and 

neurons) and non-neural cells (Burda et Sofroniew., 2014, Wahane et Sofroniew., 

2021).  
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The second stage occurs 2 to 10 days after injury. In this stage, the absence of 

protecting tissues (meninges) and the rupture of blood vessels facilitate both the 

diffusion of endogenous and exogenous proteins in the extracellular matrix and the 

activation of multicellular response that may include endothelial progenitors, 

fibroblasts, microglia, astrocytes, and in some cases, neural progenitors. This new 

environment extends to considerable distances in the surrounding injured neural tissue 

and activates a mechanism for cell proliferation and tissue replacement (Burda et 

Sofroniew., 2014, Wahane et Sofroniew., 2021).  

The extracellular matrix of the injury incorporates chondroitin sulfate 

proteoglycans (CSPGs), collagen, fibronectin, heparan sulfate proteoglycans, 

laminins, tenascins, thrombospondins, integrins, matrix metalloproteinases, growth 

factors, and supportive signaling molecules (ephrins, Nogo-A, semaphorins, 

morphogens as Sonic hedgehog (Shh), Wnt and Notch, cytokines, neurotrophic 

factors, and chemokines) (Roll et Faissner., 2014). Proteome analysis in models of 

stab wound injury showed that five days post-injury, extracellular matrix proteins 

presented distinctive composition and showed a subacute protein signature that 

precedes cell changes in the injury site (Kjell et Gotz., 2020)  

The multicellular response and extracellular matrix enrichment create a 

temporal niche with two major compartments. A central lesion core with non-neural 

cells and a compact glial scar, primarily composed of astrocytes, also called astrocyte 

limitans border. These astrocytes separate viable neural tissue from stromal cell scar 

tissue and modulate the inflammatory response (Sofroniew., 2015). However, they 

also may cause neuronal and glial progenitor loss.  Astrocytes, oligodendrocytes, 

macrophages, and microglia in the lesion border have been shown to express CSPGs, 

a major extracellular matrix component that repels regeneration of axons and affects 

the synaptic organization.  CSPGs include Brevican, Versican, Neurocan, 

Phosphacan, Nogo-A, Biglycan, and NG2 (Reviewed in Roll et Faissner., 2014, Adams 

et Gallo., 2018, Burda et Sofroniew., 2014 and Wahane et Sofroniew., 2021).   

More recently, the activation of progenitor cells in the neurogenic niches after 

brain injury has been described. This response may be considered an attempt to 

recapitulate a regenerative response. In this context, two previous studies in the Lab 

showed the effect of extracellular matrix molecules. In vitro, CSPGs impaired the 

migration of progenitor cells due to Nogo receptor activation and RhoA/ROCK 
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signaling pathway (Galindo et al., 2018), and in vivo, the chemokine Prokineticin 2, 

expressed by reactive microglia, promoted the migration of newborn cells from 

neurogenic niches to the cortex after a traumatic brain injury (Mundim et al., 2019).   

Lastly, in the third stage occurs the final restoration of brain barrier tissues and 

remodeling. However, cell proliferation does not necessarily include replacing lost 

neurons, and tissue remodeling of the injured area may be mainly generated by stromal 

cells (Burda et Sofroniew., 2014, Adams et Gallo., 2018, Wahane et Sofroniew., 2021).  

1.2. Exploring astrocytes functional heterogeneity and reactive response  

Astrocytes are the major players in the process of repairing. Astrocytes were 

first described in the work of Rudolf Virchow (1856) and later by Ramon y Cajal (1897). 

Since then, their function in the nervous system has evolved, from housekeeping, 

supportive cells to key elements during tissue development, homeostasis, neuronal 

signaling, and repair (Verkhratsky et Parpura, 2016, Verkhratsky et Nedergaard., 2018, 

Astiz et al., 2022).  

Many studies have shown that cortical astrocytes are an intrinsically 

heterogeneous population. Functional heterogeneity was first considered from a 

morphological perspective and extended to other aspects such as development, gene 

expression, physiological profile, and injury and disease stage (Bribián et al., 2016, 

Pestana et al., 2020).  

One of the most accepted and first well-known regional identities in astrocytes 

was related with their location either in white matter or grey matter. Nowadays, the 

advancement in immunocytochemical and molecular biology techniques allowed the 

identification of astrocyte subpopulations and functional clusters in the same or 

different regions of the nervous system. Using cell sorting-based strategy and a 

reporter mouse line (Aldh1l1–GFP), one study identified five astrocyte subpopulations 

across the cortex, brainstem, thalamus, olfactory bulb, cerebellum, and spinal cord that 

differentially supported neuronal synaptogenesis. The study also found correlative 

subpopulations in human glioma (John et al., 2017).  Another group used single-cell 

RNA sequencing to investigate astrocyte molecular diversity in mouse cortex and 

hippocampus. The analysis reported five distinct astrocyte clusters. Later in situ 

analysis showed unique spatial positioning of defined subpopulations across brain 

regions (Batiuk et al., 2020).  The same group also used in situ spatial transcriptomics 
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to identify cortical astrocyte identities and layer patterns in the Aldh1L1-GFP transgenic 

mouse. The group suggested that excitatory neurons and astrocytes have distinctive 

layer configurations. Additionally, using two models of failed neuronal maturation and 

layering arrangement, the Satb2 conditional knockout (Satb2 cKO) mice and Reeler 

(Reln) mice, the group showed that neuronal specification determines astrocyte 

laminar gene expression (Bayraktar et al.,2020). 

Brain damage, neuroinflammation, and disease also present some degree of 

astrocyte functional heterogeneity. Astrocytes undergo a wide variety of alterations in 

gene expression and phenotype. Reactive astrocytes present hypertrophy of their 

cellular processes, accompanied by hyperplasia, proliferation, and an increased 

concentration of the cytoplasmic proteins, GFAP, vimentin, and S100β (reviewed in 

detail in Escartin et al., 2021).  

 One notorious work using Aldh1l1-eGFP mice showed the differences in the 

transcriptome of reactive astrocytes after ischemia by middle cerebral artery occlusion 

(MCAO) and neuroinflammation by lipopolysaccharide (LPS) treatment. The analysis 

showed that reactive astrocytes of the model of ischemia (MCAO) showed a differential 

protective profile when compared with reactive astrocytes in the model of 

neuroinflammation (LPS). Reactive astrocytes of the model of ischemia expressed 

high levels of neurotrophic factors and cytokines.  In contrast, reactive astrocytes in 

the neuroinflammation model strongly upregulated classical complement cascade 

proteins that may promote neuronal loss (Zammanian et al., 2012). In a later work, the 

same group reproduced this genotype in vitro and showed that A1 reactive astrocytes 

of the neuroinflammation LPS model were induced by activated microglia. In their 

model, reactive microglia secreted Il-1α, TNFα, and C1q, three cytokines necessary 

and sufficient to induce A1 reactive astrocytes. A1 reactive astrocytes lose the ability 

to promote neuronal survival, outgrowth, synaptogenesis, and phagocytosis and 

induce death of neurons and oligodendrocytes (Liddlelow et al., 2017).  

Given those results, the group suggested that neuroinflammation and ischemia 

induce two different types of reactive astrocyte response. A1 reactive astrocytes, which 

upregulated classical complement cascade genes and had a destructive effect in the 

synapses and, A2 reactive astrocytes that upregulated neurotrophic factors and 

cytokines and presented a protective profile (Liddlelow et Barres, 2017).  

Additionally, using both RNA sequencing and in situ hybridization, they found 
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that astrocytes have region-specific transcriptional identities that change with aging. 

Aged astrocytes acquired a reactive, A1 neuroinflammatory response (Clarke et al., 

2018). A similar study also showed by single-cell sequencing and special 

transcriptomics that reactive astrocyte response drastically changed over time. There 

was a gradual inflammatory transition with defined transcriptomic profiles in the brain 

of Aldh1l1-EGFP mice submitted to a model of neuroinflammation (LPS) (Hasel et al., 

2021). 

A2 neuroprotective reactive astrocytes have also been studied. One of the 

genes that could be involved in the process of neuroprotection may be STAT3. One 

study using transgenic mice mGFAP-Cre-STAT3-loxP showed that ablation of STAT3 

scar-forming reactive astrocytes promoted failed spontaneous regrowth of transected 

corticospinal axons in a model of spinal cord injury. RNA sequencing analysis showed 

that scar-forming astrocytes upregulate and substantively express axon-growth-

supporting molecules (Anderson et al., 2016).  

1.3 GFAP StarTrack to study functional heterogeneity and reactive 

astrocyte response 

At the developmental level, functional heterogeneity raises the question of how 

individual astroglial progenitors become lineage-restricted and which is the contribution 

or physiological implications of different astroglial lineages in the function of the 

nervous system during health and disease. 

 In this case, lineage tracing technologies that include genetic labeling 

approaches facilitate the study of ontogeny, fate, and cell behavior in specific tissues 

(reviewed in detail in Bribián et al., 2015 and Figueres-Oñate et al., 2021). 

GFAP StarTrack system is based on the combinatorial expression of 12 

fluorescent reporters under the regulation of the human glial fibrillary acidic protein 

promoter (hGFAP) that produces progenitor-specific labels inherited by their 

progenies, resulting in adult-labeled astrocytes clones (García-Marqués et López-

Mascaraque, 2013, 2017) (Figure 2).  

Results obtained determined that position and morphological identity are 

carefully specified during brain development, concluding that distinct progenitors within 

one spatial domain might give rise to diverse astrocyte subtypes. In addition, it was 
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compared the different responses of astrocyte clones to cortical injury. StarTrack 

system is suitable for the identification of progenitors and astrocyte clones either during 

prenatal and/or postnatal ages (Figueres-Oñate et al., 2015, Figueres-Oñate et 

al.,2016, Figueres-Oñate et al., 2019, Sanchez-González et al., 2020, Ojalvo-Sanz et 

al., 2021). Studies have shown the precise distribution of astrocyte clones in the cortex 

and identified differences in astroglial lineages García-Marqués et López-Mascaraque, 

2013, 2017). 

 

Figure 2. Schematic representation of GFAP StarTrack system. Schematic 

representation of GFAP StarTrack system from García-Marqués et López-

Mascaraque, (2013). Image reproduced with permission of Oxford 

University Press (Order No. 5251440511766). 

 

GFAP StarTrack mice submitted to induced experimental autoimmune 

encephalomyelitis (EAE) as a model of multiple sclerosis showed the variety of 

morphological changes among different reactive astrocytes clones and their 

relationship with their location (Bribián et al., 2018). In the same line, GFAP StarTrack 

mice were submitted to traumatic brain injury a was evaluated the morphological 

response and proliferation of different astroglial lineages (Martín-López et al., 2013). 
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The study showed that morphological astrocytes response and proliferation depended 

on intrinsic and extrinsic factors. Results showed that protoplasmic astrocytes clones 

exhibited either a strong morphological alteration or a high proliferative response. 

However other cells located at similar distances to the lesion were unresponsive. A 

similar study using GFAP StarTrack system in mice submitted to a model of brain injury 

showed that sibling reactive astrocytes shared either positive or negative ion channel 

(Kv4.3) composition between astroglial lineages. Clonal analysis showed that most of 

the reactive astrocytes positive to Kv4.3 were exclusive of the juxtavascular astroglial 

lineage (Götz et al., 2021).  

Given these scenarios, we studied astroglial clonal response and progeny 

identity using GFAP StarTrack in animal models submitted to TBI, bringing new 

evidence and efforts to modulate astrocytes neuroprotective response. Finally, 

elucidating the relationship between astroglial response and damage will increase our 

basic knowledge of glial cell biology and the study of the brain at the single-cell level. 

1.4 Notch, Wnt, and Shh neurogenic signaling pathways in repairing and 

tissue remodeling 

Recent studies indicated that the adult CNS has the potential to replace lost 

neurons through neurogenesis. Under physiological conditions, neurogenesis is an 

endogenous process of generation of new neurons that implies the coordinated control 

of proliferation, migration, and differentiation of neural stem cells and progenitors. In 

the adult brain, neurogenesis persists in restricted areas called neurogenic niches, 

where it is modulated by a wide variety of extrinsic mechanisms, such as cell cycle 

regulators and neurogenic signaling molecules (reviewed in Choe et al., 2015 and 

Bonfanti, 2016).  

Increasing evidence indicates that this endogenous process may have a 

regenerative role after brain injury. It has been suggested that just the activation of 

signaling mechanisms regulating adult neural stem cells and progenitors is enough to 

drive neurogenesis and neuroprotection.  

Brain injury creates a temporal microenvironment for cell proliferation and tissue 

remodeling, resembling the neurogenic niches in the adult brain. Several soluble and 

membrane factors have been reported, including neurogenic signaling molecules, 
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growth factors, and neurotrophins (Roll et Faissner., 2014). Moreover, the 

combinatorial effect of Notch, Wnt, and Shh neurogenic signaling pathways modulate 

crucial processes such as progenitor expansion, proliferation, migration, and neural 

differentiation in a concentration-dependent manner (Urbán et Guillemont., 2014, Choe 

et al., 2015).  

 

Figure 3. Schematic representation of Notch, Shh and Wnt signaling 

Notch is a transmembrane protein that signals through cell-cell interactions. 

When the Notch receptor binds to any of their ligands, Jagged or Delta, the γ-secretase 

enzyme cleaves the cytoplasmic portion of Notch and releases the Notch intracellular 

domain NICD. NICD is translocated to the nucleus, binds the transcription factor 

RBPJK and recruits the coactivator Mastermind-like MAML creating the complex 

NICD/RBPJK/MAML that promotes the expression of BHLH transcriptional repressors 

HES (HES 1, HES 3, HES 5) and HEY. HES factors repress the expression of target 

proneural genes as MASH1 (ASCL1) and NEUROGENIN2 (Imayoshi et al., 2010, 

2013, Urbán et Guillemont., 2014, Choe et al., 2015, Kageyama et al., 2015).  

Wnt and Shh neurogenic signaling pathways are soluble factors, that form 

extracellular gradients in the neurogenic niches.  

Wnt signaling comprises a wide variety of receptors, ligands, inhibitors, and 

target genes. In mice, there are at least ten types of frizzled receptors, several 

coreceptors, of them LRP5 and LRP6 are the most common, and other transmembrane 

proteins that also act as receptors. Wnt signaling also has a canonical - dependent of 

ß-catenin activation and an ß-catenin independent activation pathway. In the canonical 

pathway, the Wnt ligand binds their receptor, frizzled, that favors the stabilization and 

accumulation of ß-catenin in the cytoplasmic compartment. In the absence of Wnt 

signaling, ß-catenin integrates into the proteasomal degradation complex axin-APC-

GSK3β. Activated ß-catenin is translocated to the nucleus and binds the transcription 
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factor complex T-cell factor/lymphoid enhancer-binding factor TCF/LEF to regulate a 

wide variety of target genes, including BHLH and homeobox proneural genes 

NEUROGENIN2, NEUROD1 and PROX1 (Gordon et Nusse, 2006, Angers et Moon 

2009, Kuwabara et al., 2009, Karalay et al., 2011, Varela-Nallar et Inestrosa, 2013, 

Choe et al., 2015).   

In the case of Shh signaling, binding of Shh ligands to the receptor patched 

(Ptch1), abolish the effect of Ptch1 on the G-protein receptor Smoothened (Smo). Smo 

activation stabilizes cytoplasmic GLI (GLI1, GLI2, GLI3) and activates GLI activation 

domain carboxy-terminal, blocking their degradation in the proteasomal complex 

PKA/GSK3β/CKI and ubiquitin-ligase E3, and promoting their translocation to the 

nucleus. GLI proteins act as transcription factor regulating homeobox and BHLH genes 

as OLIG2 (Palma et al., 2004, 2005, Pan et al., 2006, Wang et Li 2006, Urbán et 

Guillemont., 2014, Choe et al., 2015). Additionally, Wnt and Shh signaling are well-

known regulators of cell cycle genes such as CCND1, CCND2 and CCNDE (Coyle-

Rink et al., 2002, Ruiz I Altaba et al., 2002, Oliver et al., 2003, Komada et al., 2013, 

Araújo et al., 2014, Liu et al., 2018). 

 

Justification – Research Question 

 

One of the main topics in this research was to explore local neurogenic signaling 

and reactive response after a brain injury. At the cellular level, the extracellular 

signaling molecule activates a receptor in the membrane of the cell which activates a 

cascade of intracellular protein complexes, producing spatiotemporal changes in gene 

expression and amplification of the signal. How could signaling pathway modulation 

influence astrocyte response? Which are the functional implications for regeneration 

and brain repair?  
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2. AIMS 

To study cellular and molecular aspects of reactive astrocytes and Notch, Wnt and 

Shh neurogenic signaling modulation response. 

 

The specific aims are (Figure 4): 

1. To explore in vivo local Notch, Wnt and Shh neurogenic signaling activation, 

reactive astrocyte response, and proliferation during brain damage by traumatic 

brain injury (TBI). 

2. To explore functional heterogeneity and plasticity among well-defined GFAP 

StarTrack astroglial cell lineages in vivo after TBI. 

3. To assess the response of reactive astrocytes after Notch, Wnt and Shh 

neurogenic signaling inhibition and activation in an in vitro model of wound 

healing and reactivation by scratch. 

 
 

Figure 4. Aims and methodological design 

 



12 
 

3. MATERIAL AND METHODS 

3.1. Animals  

 

Animals were handled in compliance with the current Brazilian legislation 

regarding the care and use of experimental animals, the European Union guidelines 

on the use and welfare of experimental animals (2010/63/EU), and the Spanish 

legislation (Ministry of Agriculture, RD 1201/2005 and L32/2007). 

Procedures were approved by the correspondent Committee on Ethics in the 

Use of Animals of the Federal University of São Paulo, UNIFESP in Brazil (CEUA No. 

2451111116, supplementary data 8.1) and The CSIC Bioethical Committee and 

the Community of Madrid (Ref. PROEX 44/14 and 223/16) in Spain. 

CEDEME/UNIFESP (Sao Paulo, Brazil) animal facility supplied isogenic 

C57Bl/6J mice, aged 6 and 45 days (P6 and P45). Cajal Institute (Madrid, Spain) 

animal facility supplied isogenic C57Bl/6J pregnant mice (E14). The animals were 

housed in standard cages, maintained under controlled light-dark cycles (12hs-12hs) 

with food and water ad libitum. We made all efforts to minimize suffering and the 

number of animals used. 

3.2. In vivo model 

3.2.1 Model of brain damage by traumatic brain injury (TBI) 

We used a model of brain damage by traumatic brain injury (TBI) previously 

described in Mundim et al., (2019). Briefly, adult (P45), male, C57BL/6j mice were 

deeply anesthetized with intraperitoneal injection 0.2% acepromazine (2.5 mg/kg, 

Vetnil, Louveira, SP, Brazil), 2% xylazine (20 mg/kg, Syntec, Brazil), 10% ketamine 

hydrochloride (80 mg/kg, Syntec, Brazil), and 0.05% fentanyl (0.5 mg/kg, Syntec, 

Brazil). After conscious and pain assessment, mice were placed in a stereotaxic frame, 

shaved on the top of the head, and submitted to a unilateral penetrating lesion 

performed with a 22-gauge needle (0.7 mm) in the left somatosensorial cortex with the 

following stereotaxic coordinates (relative to Bregma), antero-posterior, AP 0 mm, 

medial-lateral, ML 1 mm, dorso-ventral, DV − 0.7 mm. The lesion was performed three 

times, for 2 minutes. Postoperative care included controlled temperature at 37°C and 
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analgesic 0.05% fentanyl (0.5 mg/kg, Syntec, Brazil). Mice were left to recover on a 

heating pad until they were fully awake.  

Three days post-lesion (3dpl), mice were deeply anesthetized with 

intraperitoneal injection of 2% xylazine, 10% ketamine hydrochloride, and 0.05% 

fentanyl and intracardially perfused with 4% paraformaldehyde (PFA). Brains were 

removed from the skull, fixed in 4% PFA overnight at 4°C, submersed in 30% sucrose 

overnight at 4°C, and frozen using dry ice. Cryostat coronal sections of 40-50µm were 

collected and prepared for immunohistochemistry. 

3.2.2 Immunohistochemistry  

For immunohistochemistry analysis, serial brain sections around the lesion core 

were rinsed several times with 1xPBS-0.1% Triton (0.1% PBST) and incubated in a 

blocking solution containing 5% normal goat serum NGS (5% NGS, 0.1% PBST) for 

60 minutes, at room temperature. After the time, sections were incubated with selected 

primary antibodies previously included in blocking solution (5% NGS, 0.1% PBST) 

overnight, at 2–8°C. The next day, sections were rinsed (0.1% PBST) and incubated 

with the corresponding secondary antibody in DAPI solution (1:10000, Sigma Aldrich 

Corporation, Saint Louis, EUA) for 60-90 minutes, at room temperature. Finally, the 

sections were rinsed and mounted onto slides with aqueous solution (Fluoromount G, 

Electron Microscopy Sciences, EUA). 

Table 1. Primary and secondary antibodies for immunohistochemistry 

Ab   

(Ag & Host)  Description Dilution Cat. No. Company 

GFAP chicken, 

polyclonal 

Glial fibrillary acidic protein GFAP. 

Present in reactive astrocytes and 

neural progenitors preferentially. 

1:500 AB5541 Millipore, 

Masschtts., 

United States 

S100β rabbit, 

polyclonal 

S100 calcium-binding protein β or 

S100β. Present in mature and 

reactive astrocytes. 

1:100 AB868 Abcam, 

Cambridge, 

United States 

Gal3 rat,  

polyclonal 

Galectin 3 protein Gal3. Present 

ubiquitously in the extracellular 

matrix, membrane, and intracellular 

compartments of the cells. 

Neuroinflammation biomarker in 

1:150 SC23938 Santa Cruz, 

Texas, United 

States 



14 
 

humans. In reactive astrocytes is 

increased in the cytoplasm and the 

nucleus (Ribeiro et al., 2021).  

Notch1 

mouse, 

monoclonal 

Neurogenic locus notch homolog 

protein 1, Notch1 intracellular 

domain NICD. Active portion of 

Notch1 receptor that translocates to 

the nucleus and binds Rbpj 

transcription factor. Rbpj targets 

mainly BHLH genes. 

https://www.uniprot.org/uniprot/P46

531 

1:200 AB128076 Abcam, 

Cambridge, 

United States 

Gli1 rabbit, 

polyclonal 

Glioma-associated oncogene or Zinc 

finger protein GLI1 Gli1. Gli proteins 

are the effectors and transcription 

factors of Shh target genes. 

https://www.uniprot.org/uniprot/P08

151 

1:500 AB49314  Abcam, 

Cambridge, 

United States 

(Active) β-

Catenin clone 

8E7, ABC 

Catenin beta-1 or β-catenin Subunit 

of the cadherin protein complex. Wnt 

signaling promotes the active form of 

β-catenin (out of the destruction 

complex) which accumulates in the 

cytoplasm and translocate into the 

nucleus. β-catenin binds the 

transcription factors LEF1/TCF 

(1,2,3) acting as a transcriptional 

activator of target genes. 

https://www.uniprot.org/uniprot/P35

222 

1:500 05-665 Millipore, 

Masschtts., 

United States 

KI67 rabbit, 

monoclonal 

Antigen KI-67 or MKI67. Protein that 

is associated with cellular 

proliferation. KI-67 is present during 

all active phases of the cells cycle, 

mainly S phase.  

1:300 AB166667 Abcam, 

Cambridge, 

United States 

IgG goat anti 

chicken Alexa 

488 

Secondary antibody 1:500 A11039 Invitrogen, 

Masschtts., 

United States 
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IgG goat anti 

mouse Alexa 

488 

Secondary antibody 1:500 A11029 Invitrogen, 

Masschtts., 

United States 

IgG goat anti 

rabbit Alexa 

488 

Secondary antibody 1:500  Invitrogen, 

Masschtts., 

United States 

IgG goat anti 

rat Alexa 594 

Secondary antibody 1:500  Invitrogen, 

Masschtts., 

United States 

IgG goat anti 

mouse Alexa 

594 

Secondary antibody 1:500  Invitrogen, 

Masschtts., 

United States 

IgG goat anti 

rabbit Alexa 

647 

Secondary antibody 1:200 A21245 Invitrogen, 

Masschtts., 

United States 

IgG goat anti 

chicken Alexa 

647 

Secondary antibody 1:500  Invitrogen, 

Masschtts., 

United States 

 

3.2.3 Image acquisition  

Image acquisition was performed at the confocal microscopy unit (INFAR, 

UNIFESP), using Leica TCS SP8 confocal microscope (Houston, United States) and 

Zeiss Observer Z.1. (Jena, Germany). Images were processed at maximum projection 

of the z-planes using ImageJ software (1.49v2, http://rsbweb.nih.gov/ij).  

3.2.4. Image analysis 

3.2.4.1. Relative fluorescence intensity  

We analyzed maximum projection images of at least three consecutive brain 

tissue sections around the lesion in 20x. Channel images were transformed into 8 bits. 

Depending on the analysis we measured the correspondent mean gray value in the 

selected region of interest ROIs (3-5 fields/region, ipsilateral and contralateral). Values 

were normalized (maximum-minimum method) prior to statistical analysis. 

http://rsbweb.nih.gov/ij
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3.2.4.2. Overlapping pixels 

We analyzed maximum projection images of at least three consecutive tissue 

sections around the lesion in 20x. Channel images were transformed into 8 bits. After 

selecting ROIs around the lesion (3-5 fields/region, ipsilateral and contralateral), we 

established a minimum intensity value and threshold and used the histogram “count” 

tool to obtain the number of pixels by each channel. Next, we used the image calculator 

“and” tool to create a new image (mask) with the pixels shared in the two channels 

(GFAP/Gal3). Finally, we used the histogram “count” tool to obtain the number of pixels 

in the new image.  Values were analyzed as a percentage of GFAP/Gal3 shared pixels 

of the total GFAP pixels by ROI. 

3.2.4.3.  Signaling activation 

We analyzed maximum projection images of at least three consecutive tissue 

sections around the lesion in 20x. Channel images were transformed into 8 bits and 

inverted (black/white background). We used pseudocolor Look-Up table (LUT) images 

to differentiate intensity-labeling areas and a radial grid starting at the lesion site to 

determine the presence, distribution, and pattern of activation. A LUT is a predefined 

table of gray values with matching red, green, and blue values so that shadows of gray 

were displayed as colorized pixels.  We applied a LUT scale (red-blue) macro to 

differentiate areas of high (red) and low (blue) immunolabeling. Additionally, we made 

a grade consisting of sequential concentric circles around the lesion using the tool 

“enlarge” and “Roi manager”. We set up 100µm between each new circle. Grades were 

used to determine the distribution (distance) of both high (red-core) and low (blue-

periphery) signaling in LUT images.      

3.2.4.4. Nearest neighbor distance  

Nearest neighbor distance (NND) is a method of description of the pattern of 

distribution of a population, adapted from Clark and Evans., (1954) work in ecology. 

The NND Ratio considers the mean distance between particles (objects, cells) and 

relative density. We analyzed maximum projection images of at least three consecutive 

tissue sections around the lesion in 20x. GFAP channel images were transformed into 
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8 bits and were selected ROIs in the core and periphery around the lesion. For each 

ROI, we used “remove outliers” and “dilate” tools to create a new mask (Figure 5). Next 

were selected “centroid” and “area” in set measurements option and used the “analyze 

particles” tool (>20µm, mask outlines) to display the X and Y coordinates (centroid) of 

the particle. Finally, we used the NND plugin to get the nearest neighbor distances 

(https://icme.hpc.msstate.edu/mediawiki/index.php/Nearest_Neighbor_Distances_Cal

culation_with_ImageJ.html). Values were used to calculate the number of particles 

analyzed, density p (
𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝑡𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑅𝑂𝐼
⁄ ), mean area of the particles, mean 

distance, or mean expected distance RA and relative density RE (1
2√𝑝⁄ ). NND Ratio 

corresponded to 𝑅𝐴
𝑅𝐸⁄ . Ratios close to zero describe a distribution of total 

aggregation, while ratios close to 2.15 describe a random distribution (Figure 5). 

 

Figure 5. Nearest neighbor distance NND Ratio. Left, schematic 

representation. Right, Representative ROIs of the core and periphery after 

processing “mask”. 

3.2.4.5. Cell counting  

We analyzed maximum projection images of at least three consecutive tissue 

sections around the lesion in 20x and 40x. In the case of 20x were selected ROIs (3-5 

fields/region, ipsilateral, contralateral). For both 20x ROIs and 40x images, we used 

the “count cells” tool to quantify the total number of cells (Mature and & newly 

proliferating cells, DAPI), the number of newly proliferated cells Ki67, the number of 

GFAP reactive astrocytes, and the number of GFAP/Ki67 newly proliferated 

https://icme.hpc.msstate.edu/mediawiki/index.php/Nearest_Neighbor_Distances_Calculation_with_ImageJ.html
https://icme.hpc.msstate.edu/mediawiki/index.php/Nearest_Neighbor_Distances_Calculation_with_ImageJ.html
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astrocytes. Ki67/DAPI cells corresponded to +𝐾𝑖67 𝑐𝑒𝑙𝑙𝑠
𝐷𝐴𝑃𝐼 𝑐𝑒𝑙𝑙𝑠⁄ . Similarly, 

GFAP/Ki67 cells corresponded to  +𝐺𝐹𝐴𝑃 + 𝐾𝑖67 𝑐𝑒𝑙𝑙𝑠
+𝐺𝐹𝐴𝑃 𝑐𝑒𝑙𝑙𝑠⁄ .  Results were 

presented as relative and absolute values.  

3.2.4.6. Connected component  

Connected component analysis is a method to find and create “subgraphs” or 

connected components (groups of particles) based on the separation distance among 

particles (cells) in each assembling configuration (Figure 6). We analyzed maximum 

projection images of at least three consecutive tissue sections around the lesion in 

40x. Ki67 channel images were transformed into 8 bits. For each image, we used 

“make binary” tool to create a new mask. Next were selected “area” and “centroid” in 

set measurements options and used the analyze particles tool (>10µm, record starts, 

mask outlines) to display the X and Y coordinates (centroid) and the XS and YS 

(edges) of the particles. Finally, we used the Graph plugin with 10µm between edges 

as assembling configuration (https://imagej.nih.gov/ij/plugins/graph/index.html). We 

obtained an adjacency list showing the number of connected components and 

descriptors. Values were used to quantify the number of connected components and 

the number of particles by components. We divided the list into two groups, I) single 

group of up to 2 Ki67 newly proliferated cells connected and, II) cluster group or more 

than 3 Ki67 newly proliferated cells connected. Results were presented as relative 

values. 

 

Figure 6. Connected component analysis. Representative images of ROIs. 

Left, original image and “subgraph” after processing showing connected 
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components. Right, maximum projection image showing the relationship of 

the clusters of Ki67 cells (red) with GFAP (green) cells. 

3.2.5. GFAP StarTrack in utero electroporation of neural progenitors to study 

clonal reactive astrocyte response after TBI 

GFAP StarTrack plasmid mixture is described in García-Marqués et López-

Mascaraque (2013). StarTrack system is a multicolor-based bar code method that 

allows the long-term identification (cytoplasm and nuclear labeling) of single GFAP 

progenitors and their progeny (astroglial cells). GFAP StarTrack uses the PiggyBac 

system. This system is composed of two elements, one, the DNA transposon vector 

that carries a gene encoding the human glial fibrillary acidic protein GFAP promoter 

and/or H2B gene, and a fluorescent reported protein (YFP, monomeric Kurabira 

Orange Mko, mCerulean, mCherry, Mt-Sapphire, and enhanced green fluorescent 

protein) and the second, the transposase enzyme (CMC-hyPBase) which dimerizes 

the transposon at the ITR (Inverted Terminal Repeat) sequences, and guide and 

insert the fragment into active hGFAP areas of transcription (TTAA-AATT) in the 

genome. Thus, PiggyBac generates gene integration with high rates of transcription. 

GFAP StarTrack leads to consistent and higher levels of expression of the gene and 

produces the labeling of the cytoplasm and/or the nucleus of the cells.  

All embryo in utero electroporation were performed by Dr. Eduardo Martín-

López (detailed information could be found in Martín-López et al., 2013). First, active 

GFAP neural progenitors of the subventricular zone were labeled with GFAP 

StarTrack plasmid mixture, and mice were let to develop normally. For this purpose, 

pregnant, C57BL/6j mice (P30-45) in gestational period E14 were deeply 

anesthetized with an isoflurane vaporizer system, Isova Vet, 2 ml/L, (4% induction, 

2-3% maintenance, Centauro, Barcelona, Spain) and after conscious and pain 

assessment, were dissected the skin and abdominal tissues and exposed the 

uterine horns and embryos. Each embryo was carefully manipulated to receive an 

intraventricular injection of 2ul of GFAP Startrack plasmid mixture (2-5mg DNA/mL 

and 0,1% fast green solution to confirm the site of the injection and diffusion). Next, 

embryos were electroporated using an Electroporator ECM 830 system (BTX, 

Massachusetts, US) connected to 5mm tweezer type electrodes (program: 1-2 
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trains, 5 square pulses, 35V, 50 ms, followed by 950 ms intervals). Finally, uterine 

horns were placed back, and the abdominal tissues and skin were closed with 

absorbable suture 4/0 (Surgicryl, Hünningen, Berlin) and silk 4/0 (Lorca-Marin, 

Murcia, Spain). Postoperative care included antibiotic and analgesic administration 

(2.27% enrofloxacin, 5 mg/kg, Baytril, Bayer, Kiel, Germany and 0.5mg/mL 

meloxicam, 300 μg/kg, Metacam, Boehringer Ingelheim Vetmedica GmbH, Rhein, 

Germany, subcutaneous) in controlled temperature environment (37°C).  

Next, mice were submitted to a model of brain injury in the somatosensorial 

cortex where GFAP StarTrack progenitors and astrocytes clones may develop a 

reactive response. For this purpose, adult (P50) GFAP StarTrack mice were deeply 

anesthetized with an intraperitoneal injection of Equithesin (dose 0.33mL/100g,  

NIDA Pharmacy, Baltimore, MD, USA) and after conscious and pain assessment, 

were submitted to unilateral or bilateral penetrating lesion with a 22-gauge (0,7mm) 

needle in the somatosensorial cortex at the following stereotaxic coordinates 

(relative to Bregma) AP 0 and/or -2mm, ML 3.5 mm, DV - 2mm. Postoperative care 

included antibiotic and analgesic administration (2.27% enrofloxacin, 5 mg/kg, 

Bayer, Kiel, Germany and 0.3 mg/mL buprenorphine, 8 µg/kg, Buprex, Merck & Co., 

Inc., NJ, USA) in a controlled temperature environment (37°C).    

Finally, three to five days post-lesion (3-5dpl), mice were deeply anesthetized 

with intraperitoneal injection of sodium pentobarbital (40–50 mg/Kg, Dolethal, 

Vétoquinol Ltd, Buckingham, UK), transcardially perfused with 4% 

paraformaldehyde and post-fixed (overnight). We used adults (P30) GFAP 

StarTrack (mCherry and YFP) mice under physiological conditions as controls. 

Coronal sections of 40-50µm were collected and mounted onto slides with 50% 

glycerol. 

3.2.6. Image acquisition  

 Image acquisition was performed at the confocal microscopy unit (Cajal Institute) 

using Leica TCS-SP5 confocal microscope (Houston, United States) as described in 

Martin-Lopez et al., (2013) and Figueres-Oñate et al., (2016). Fluorescent proteins 

(XFP) were captured in separate channels. The wavelength of excitation (Ex) and 

emission (Em) for each XFP was mT-Sapphire, Ex 405nm, Em 520-535nm, 

mCerulean, Ex 458nm, Em 468-480nm, EGFP, Ex 488nm, Em 498-510nm, YFP, Ex 
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514nm, Em 525-535nm, mKO, Ex 514nm, Em 560-580nm, mCherry, Ex 561nm, Em 

601-620nm. Confocal laser lines were between 25-40% and the maximum projection 

images were created using LASAF Leica (v.3.02.16120, Leica Application Suite X, 

Leica Microsystems, Houston, United States) and ImageJ software (1.49v, 

http://rsbweb.nih.gov/ij). 

3.2.7. image analysis 

3.2.7.1. Clonal analysis 

 Clones of astrocytes were defined as those cells sharing fluorescent marks in the 

nucleus and the cytoplasm. For the TBI model, clones evaluated were located in the 

ipsilateral cortex, around the lesion. We analyzed 281 cells corresponding to 35 clones 

of one GFAP StarTrack mice. Analysis was conducted using ImageJ software (1.49v, 

http://rsbweb.nih.gov/ij). The confocal microscopy unit of the Cajal institute created a 

“macro” to facilitate the screening and identification of the XFPs in the cells to develop 

the clonal analysis. We analyzed the percentage of clones per astroglial lineage and 

the quantity (mean) of sibling cells per astroglial lineage.  

3.2.7.2. Morphometric analysis 

 We analyzed 117 cells of five GFAP StarTrack electroporated mice submitted to 

brain injury (TBI group) and 45 cells of two GFAP StarTrack (mCherry and YFP) mice 

in physiological conditions (Control group). We used the set measurement options 

“area” (µm2), “convex hull area” (µm2), “perimeter” (µm), “circularity” ( 𝑎𝑟𝑒𝑎
𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟⁄ , 

ratio), “solidity” (𝑎𝑟𝑒𝑎
𝑐𝑜𝑛𝑣𝑒𝑥 ℎ𝑢𝑙𝑙 𝑎𝑟𝑒𝑎⁄ , ratio).  The simple neurite tracer (SNT) tool 

was used to reconstruct and create a 3D mask of the cell and quantify the following 

parameters: “number of branches” (un), “length” (µm) and “thickness” (relative to 0.05 

threshold, µm) and “intersections” (un), and “radius or distance” (un) of the Sholl 

analysis. Sholl analysis is a methodological approach adapted from the work of Sholl 

(1953) to characterize the morphology of a cell. Morphometric parameters were first 

considered as separated features and next, as being part of a complex response in the 

cluster analysis (Figure 7).   

http://rsbweb.nih.gov/ij
http://rsbweb.nih.gov/ij
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Figure 7. Two (2D) and three (3D) dimensional parameters of control and 

reactive astrocytes. Schematic representation of the 2D/3D morphometric 

parameters evaluated in control and reactive astrocytes. 

3.3. In vitro studies 

3.3.1. Cortical astrocyte´s primary culture and model of wound healing and 

astrocyte reactivation  

Primary culture of astrocyte was adapted from Yang et al., 2009. Briefly, 

neonatal (P6-9), C57BL/6j mice were deeply anesthetized (10% ketamine 

hydrochloride 100 mg/kg, Syntec, SP, Brazil, and 2% xylazine, 10 mg/kg, Syntec, SP, 

Brazil) and euthanized by decapitation. Brain cortices were carefully dissected and 

placed in HBSS solution (5.36mM KCl, 0.44mM KH2PO4, 4.16 mM NaHCO3, 136.9 mM 

NaCl, 0.336 mM Na2HPO4, 5.55mM Glucose in distillated H2O, Ca2+ and Mg2+ free). 

Meninges were carefully removed, and tissue was mechanically dissociated and 

incubated with 0.25% trypsin (Sigma Aldrich Corporation, Saint Louis, EUA) in Versene 

solution (2.7 mM KCl, 1.8 mM KH2PO4, 137 mM NaCl, 10 mM Na2PO4, 0.68 mM EDTA 

in distillated H2O) for 20 min, 37oC. Sequentially, trypsin activity was blocked with the 
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addition of fetal bovine serum (FBS) (1:2, Cultilab, Campinas, SP, Brazil), and cells 

were resuspended in Versene solution. Cells were dissociated and homogenized using 

different pipette tips size and filtered through a 40 μm cell strainer. Finally, dissociated 

cells were resuspended in Astrocyte medium DMEM/F12 containing 10% FBS, 1% L-

glutamine (200mM, Sigma Aldrich Corporation, Saint Louis, EUA) and 1% 

penicillin/streptomycin (100 IU, Gibco, Grand Island, EUA). Finally, the cells were 

plated in T25 flasks coated with poly-l-lysine (Sigma Aldrich Corporation, Saint Louis, 

EUA) and incubated at 37°C in CO2 incubator. Half-medium changes were performed 

every 2-3 days.   

In the wound healing model (Yang et al., 2009), we used astrocytes cultures in 

first or second passage, reaching 80-90% of confluency. Astrocytes were seeded (6-

8x105 cell/area) in either 13mm glass coverslips for immunocytochemistry or 34mm 

plate for gene expression analysis (quantitative PCR, qPCR), coated with poly-l-lysine. 

Carefully a 10ul pipette tip was used to scratch the surface of the culture in a graded 

pattern. The scratch pattern for coverslips was a “cross” composed of one horizontal 

and one vertical scratch, and for 60 mm dishes, the pattern was a “grid” composed of 

several scratches 0.5 cm distant from each other. Scratch creates areas of cell 

discontinuity (loss of cell-cell contact) and detachment, resembling the borders in the 

model of brain injury. Cells were incubated at 37°C in a CO2 incubator. No medium 

change was performed after the assay. Three days post-assay (3dpa), cultures were 

highly enriched with reactive astrocytes and were processed for immunocytochemistry 

or received neurogenic signaling treatments.  

3.3.2. Neurogenic signaling treatments 

As mentioned, three days post-assay (3dpa), reactive astrocytes in 43 mm 

plates (6-8x105 cell/area) received the neurogenic signaling treatments. We followed 

the manufacturers' instructions in the preparation and storage of the solutions. 

LY450139 Semagacestat (Santa Cruz Biotechnology, California, USA), the Notch 

signaling inhibitor was diluted in DMSO (Sigma Aldrich, São Paulo, Brazil) to a stock 

concentration of 25mg/mL. The working concentration used was 1µM. Recombinant 

mouse Sonic Hedgehog/Shh -C25II, N-Terminus (rmShh) (R&D system, CA, US, cat. 

464-SH-025) was diluted in PBS and 0,1% BSA to a stock concentration of 125 µg/mL. 
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The working concentration used was 0,25 µg/mL, Recombinant mouse Wnt-3a 

(rmWnt) (R&D system, CA, US, cat. 1324-WN-010) was diluted in in PBS and 0,1% 

BSA to a stock concentration of 40 µg/mL. The working concentration used was 

4µg/mL. In all cases aliquots were stored at -20°C. 

We considered the following experimental groups:  

I) Control (naïve astrocytes) 

II) Reactive astrocytes  

III) Reactive astrocytes treated with LY450139 Semagacestat, Notch signaling 

inhibitor 

IV) Reactive astrocytes treated with LY450139 Semagacestat, rmShh, and 

rmWnt-3a  

I) Reactive astrocytes with 0,001% DMSO, LY450139 Semagacestat vehicle 

Cells were incubated at 37°C in CO2 incubator and no medium change was 

performed after the assay. After the treatments, the cells were processed for total RNA 

extraction and gene expression analysis (qPCR). 

3.3.3. Immunocytochemistry 

For immunocytochemistry assays, cells were previously seeded on coverslips 

and submitted to in vitro astrocyte reactivation. Alternatively, cells were maintained 

under the same medium conditions as control. After 3dpl, both control and reactive 

astrocytes were fixed in 4% PFA, rinsed several times with 1xPBS and permeabilized 

with 1xPBS-0.1% Triton (0.1% PBST) for 5 minutes and incubated in blocking solution 

containing 5% normal goat serum, NGS (5% NGS, 0.1% PBST) for 60 minutes, at 

room temperature. After the time, sections were incubated with selected primary 

antibodies previously included in blocking solution (5% NGS, 0.1% PBST) overnight, 

at 2-8°C. The next day, sections were rinsed (0.1% PBST) and incubated with the 

corresponding secondary antibody in DAPI solution (1:10.000) for 60-90 minutes at 

room temperature.  Finally, the coverslips were rinsed and mounted onto slides with 

aqueous solution (Fluoromount G solution). 

Table 2. Primary and secondary antibodies for immunocytochemistry 
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Ab  

(Ag & Host) 

Description  Dilution Cat. No.  Company 

GFAP chicken, 

polyclonal 

Glial fibrillary acidic protein 

GFAP. Present in reactive 

astrocytes and neural 

progenitors preferentially. 

1:1000 AB5541 Millipore, 

Masschtts., 

United States 

KI67 rabbit, 

monoclonal 

Antigen KI-67 or MKI67. 

Protein that is associated with 

cellular proliferation. KI-67 is 

present during all active 

phases of the cells cycle, 

mainly S phase.  

1:300 AB166667 Abcam, 

Cambridge, 

United States 

IgG goat anti 

chicken Alexa 

488 

Secondary antibody 1:500 A11039 Invitrogen, 

Masschtts., 

United States 

IgG goat anti 

rabbit Alexa 

647 

Secondary antibody 1:200 A21245 Invitrogen, 

Masschtts., 

United States 

 

3.3.4. Image acquisition 

Image acquisition was performed at the confocal microscopy unit (INFAR, 

UNIFESP), using Leica TCS SP8 confocal microscope (Houston, United States) and 

Zeiss Observer Z.1. (Jena, Germany). Images were processed at maximum projection 

of the z-planes using ImageJ software 1.49v, http://rsbweb.nih.gov/ij). 

http://rsbweb.nih.gov/ij
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3.3.5. Image analysis 

3.3.5.1. Cell counting  

We analyzed maximum projection images of ROIs in 40x of control and reactive 

astrocytes. The analysis was performed as previously described in the in vivo study.  

3.3.5.2. Relative fluorescence intensity  

We analyzed maximum projection images of ROIs in 20x of control and reactive 

astrocytes. The analysis was performed as previously described in the in vivo study.  

3.3.5.3. Nearest neighbor distance  

We analyzed maximum projection images of ROIs in 40x of control and reactive 

astrocytes. The analysis was performed as previously described in the in vivo study.  

3.3.5.4. Connected component  

We analyzed maximum projection images of ROIs in 40x of control and reactive 

astrocytes. The analysis was performed as previously described in the in vivo study.  

In the case of in vitro studies, we analyzed particles >20μm. Graph plugin was set at 

40µm between edges. 

3.3.6. RNA extraction and cDNA synthesis  

For each group, were used 5x105 cells/sample approximately. Total RNA was 

extracted according to the manufacturer´s recommendation using PureLink RNA Micro 

Kit (cat n. 12183-016, Invitrogen, Life Technologies, Massachusetts, United States). 

Samples were incubated in 1% 2-mercaptoethanol lysis solution and washed with 70% 

ethanol.  Next, samples were transferred into columns, centrifuged (12.000 rpm, 2 

minutes) and were sequentially washed in buffer solutions I and II. Finally, samples 

were incubated in DNAse solution and resuspended in free-RNAse water. For each 

sample, total RNA was quantified by spectrophotometric assay using a NanoVue Plus 
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spectrophotometer (GE Healthcare, Buckinghamshire, United Kingdom). RNA was 

reverse transcribed using High-Capacity cDNA Reverse Transcription Kit (cat n. 

4368814, Applied Biosystems, Life Technologies, Massachusetts, United States). 

Briefly, 1-2μg of total RNA was incubated in 2μl 10x RT Buffer, 2 μl 10x RT Random 

Primers, 0,8μl 25x dNTP Mix (100mM), 1 μl Reverse Transcriptase 50 U/μL and 1 μl 

RNase Inhibitor using an Eppendorf Mastercycler Personal thermocycler system 

(Applied Biosystems, Foster City, United States). Thermal cycling conditions were 

25°C, 10 minutes, 37°C, 120 minutes, and 85°C, 5 minutes. 

3.3.7. Quantitative RT-PCR and gene expression analysis 

For Quantitative Real-Time PCR (qPCR), we used a mix of 4uL of cDNA (12,5 

ng) and 5μL of Fast SYBR Green Master Mix (cat n. 4385610, Applied Biosystems, 

Massachusetts, EUA), 0,25 μL (250nM) of forward and reverse primers and 0,5uL free-

RNAse water in an Applied Biosystems 7500 Real-Time PCR System (Applied 

Biosystems, California, United States). Thermal cycling conditions were 95°C for 20 

seconds, 40 × 95°C for 3 seconds, and 58°C for 30 seconds. The dissociation curve 

was performed at 95°C for 1 minute, 60°C for 30 seconds, and 95°C for 30 minutes. 

We considered three to five biological replicates for each group and three technical 

replicates for each gene. Additionally, was used the GAPDH gene in each plate. Gene 

expression was normalized to GAPDH expression, and the ΔCT method (Livak et 

Schmittgen, 2001) was used for relative quantification analysis. 

Table 3. Genes and primers used for gene expression analysis (qPCR) 

Identification  Description Sequence Pb 

GAPDH Endogenous gene FW AGGTCGGTGTGAACGGATTTG 

RV TGTAGACCATGTAGTTGAGGTCA 

123 

GFAP Reactive astrocytes FW GTTAAGCTAGCCCTGGACATC 

RV GATCTGGAGGTTGGAGAAAGTC 

105 

S100β Mature and  

reactive astrocytes 

FW AGAGGGTGACAAGCACAAG 

RV CCACTTCCTGCTCCTTGATT 

98 

NESTIN Neural progenitors  FW CTCAACCCTCACCACTCTATTT 124 

https://www.frontiersin.org/articles/10.3389/fcell.2021.649854/full#B26
https://www.frontiersin.org/articles/10.3389/fcell.2021.649854/full#B26


28 
 

and reactive astrocytes   RV CTGTGGCTGCTTCTTTCTTTAC 

SOX2 Neural progenitors  FW ATGCACAACTCGGAGATCAG 

RV TTTATAATCCGGGTGCTCCTTC 

132 

KI67 Proliferation marker FW ATCATTGACCGCTCCTTTAGGT 

RV GCTCGCCTTGATGGTTCCT 

104 

NEUROG2 BHLH transcription factor 

Neuronal differentiation  

FW AACTCCACGTCCCCATACAG 

RV GAGGCGCATAACGATGCTTCT 

103 

STAT3 Transcription factor. 

JAK/STAT3 signaling.  

FW CAATACCATTGACCTGCCGAT 

RV GAGCGACTCAAACTGCCCT 

109 

OLIG2 BHLH transcription factor FW TCCCCAGAACCCGATGATCTT 

RV CGTGGACGAGGACACAGTC 

90 

MASH1 BHLH transcription factor 

Neuronal differentiation 

FW CTTGAACTCTATGGCGGGTT 

RV TAAAG TCCAGCAGCTCTTGTT 

98 

HES1 BHLH transcription factor FW CTATCATGGAGAAGAGGCGAAG 

RV CCGGGAGCTATCTTTCTTAAGTG 

95 

HEY1 BHLH transcription factor FW CCGACGAGACCGAATCAATAAC 

 RV TCAGGTGATCCACAGTCATCTG 

125 

CCND1 Shh and Wnt neurogenic 

signaling target gene 

FW GATGAAGGAGACCATTCCCTTG 

RV TCACCAGAAGCAGTTCCATTT 

101 

3.4. Statistical Analysis 

For in vivo and in vitro studies, were considered both absolute (mean gray value, 

distance of signaling pathways, NND Ratio, density, expected distance, and number 

of Ki67 cells and GFAP cells) and relative values (overlapping pixels, proliferative 

response, proportion of Ki67 cells, distribution, and arrangement of connected 

components).  

For clonal and morphological analysis were considered absolute (number 

sibling cells per astroglial lineage, and 2D and 3D parameters) and relative values 

(clones per astroglial lineage, and coefficient of variation). Additionally, 2D/3D 

parameters were first considered as separated features and next, as being part of a 

complex response for PCA and hierarchical cluster analyses. For clustering analysis, 
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the values were normalized using the mean and standard deviation (𝑋𝑛 =

𝑥 − 𝑚𝑒𝑎𝑛
𝑆𝐷⁄ ). Principal component analysis (PCA) and hierarchical map were created 

using Perseus (v 1.6.15.00, MaxQuant, Munich, Germany) software.  

For in vitro gene expression analysis, the values were transformed using the 

ΔCT method (Livak et Schmittgen, 2001). Additionally, values in the fold change 

analysis corresponded to 𝐿𝑜𝑔2 (𝑥 + 1) transformation of gene expression (ΔCT) 

values.  

Depending on the case, the graphs show mean, standard deviation (SD) and 

standard error (SEM). Statistical significance was evaluated using one-tailed unpaired 

Student’s t test for 2-group comparison of the means and Analysis of Variance 

(ANOVA) and Bonferroni pos-hoc test for multiple comparison. Values with a 

confidence interval of 95% (p < 0.05) were considered statistically significant. 

Statistical analysis of the data and the graphical representations were performed using 

GraphPad Prism (v 5.0, San Diego, United States) software and Excel (v. 2018, 

https://www.microsoft.com/pt-br/microsoft-365/excel) software.  

 

  

https://www.microsoft.com/pt-br/microsoft-365/excel
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4. RESULTS AND DISCUSSION 

4.1. Traumatic brain injury (TBI) triggered specific signaling-intensity 

activation of neurogenic pathways    

Adult C57bl/6j mice were submitted to a model of TBI in the somatosensorial cortex 

and three days post-injury (3dpi), we performed immunohistochemical analysis to 

analyze reactive astrocyte response and neurogenic signaling activation.  

Immunohistochemical markers of neuroinflammation and reactive astrocytes 

response included glial fibrillary acid protein (GFAP), S100 calcium-binding protein β 

(S100β) and, Galectin-3 (Gal3). GFAP and S100β are the most frequent markers and 

hallmark proteins in astrocyte reactivation (Verkhratsky et al., 2019, Escartin et al., 

2021). Gal3 is a protein widely present in the central nervous system that increases 

during neuroinflammation and diverse pathological conditions (Nio-Kobayashi., 2017, 

Yoo et al., 2017, Rahimian et al., 2018).  

Neurogenic signaling markers used were neurogenic locus Notch homolog protein 

1 also known as Notch1 intracellular domain (NICD, the active domain of Notch 

receptor), active β-catenin (β-catenin) to identify Wnt signaling activation, and Glioma-

associated oncogene or Zinc finger protein (Gli1) for Shh signaling activation.  

As mentioned, Notch signaling activation causes the release of the cytoplasmic 

portion of Notch1 receptor (NICD) which binds the transcription factors RBPJk/MAML 

to activate Notch target genes.  Wnt signaling activation causes the translocation of 

cytoplasmic β-catenin into the nucleus to bind the transcription factor complex 

TCF/LEF to activate Wnt target genes. Shh signaling activation causes Gli1 

translocation to the nucleus acting a transcription factor to activate Shh target genes 

(Urbán et Guillemont., 2014, Choe et al., 2015). 

We identified increased reactive astrocyte response in the ipsilateral 

somatosensorial cortex. Reactive astrocytes showed enlarged cell bodies, 

hypertrophic primary and secondary branches, and immunolabeling of GFAP and 

S100β proteins. Quantitative analysis showed GFAP upregulation (mean gray value).  

Also, we found that Gal3 immunolabeling was preferentially distributed in the ipsilateral 

cortex, where half of the total population of reactive astrocytes exhibited GFAP/Gal3 

overlapping (Figure 8).  



31 
 

   
Figure 8. Astrocyte reactivation response and neurogenic signaling 

activation. A. Experimental design and analysis. Adult (P45) C57Bl/6j mice 

were submitted to a model of brain damage by traumatic brain injury (TBI) 

in the somatosensorial cortex to explore astrocyte reactivation and 

neurogenic signaling activation. B. Representative images of reactive 
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astrocytes and GFAP, S100β and Gal3 immunolabeling. C. Quantitative 

analysis of the intensity of GFAP and S100β immunolabeling, and Gal3 

protein distribution in reactive astrocytes (GFAP/Gal3 overlapping pixels). 

C´. *Representative image of GFAP/Gal3 reactive astrocyte in the ipsilateral 

cortex. D. Neurogenic signaling activation analysis. Left. Representative 

images of GFAP (8 bits) and NICD (Notch/LUT), Gli1 (Shh/LUT), B-catenin 

(Wnt/LUT) immunolabeling and radial grid patterns. Right. Quantitative 

analysis of the intensity of NICD (Notch), Gli1 (Shh) and B-catenin (Wnt) 

immunolabeling and the distribution of signaling regions (core and 

periphery). Values with p < 0.05 were considered statistically significant. 

Scale bar 100 μm in B, 200 μm in D, and 20 μm in C´. 

 

We next analyzed the activation of Notch, Shh and Wnt signaling pathways. We 

used an immunolabeling visualization strategy based on pseudocolor image Look-Up 

table (LUT) combined with radial grid patterns to differentiate high intensity-labeling 

areas and determine the presence and distribution (distance) of the markers of 

neurogenic signaling activation. As mentioned LUT transformation creates a colorized 

image where gray values intensities match red, green and blue (RGB) values. The 

radial grid pattern started in the lesion´s borders, and each line of the grid was 100µm 

apart.  

Quantitative analysis surprisingly showed distinct signaling activation-intensities. 

Notch and Wnt signaling proteins NICD and (active) β-catenin showed large areas of 

high-intensity immunolabeling, reaching equal distances in the ipsilateral cortex. 

Nevertheless, Shh signaling protein Gli1 not show or showed poor immunolabeling and 

distribution. Moreover, we established two regions of signaling activation based on the 

intensity values for each neurogenic pathway. A high intensity-labeling signaling region 

in red, named core, and a low intensity-labeling signaling region in blue, named 

periphery. Of note, Notch and Wnt signaling proteins had a pronounced, high intensity-

labeling core, and a shorter low intensity-labeling periphery (Figure 8). 

In the current understanding of morphogens and signaling molecules, a signal 

produced by a defined source forms a concentration gradient while it spreads through 

the tissue. These signaling molecules act in a concentration-dependent manner in the 

cells allowing gene expression changes. Moreover, moderate changes in signaling are 
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sufficient to significantly change the response of the cells to the same signaling (Ashe 

et Briscoe, 2006).  

A previous work in our laboratory study Wnt signaling in the cortex of mice 

submitted to TBI and their effect in reactive astrocyte response in vivo and in vitro. The 

study found increased Wnt3a protein levels in the ipsilateral region three days post-

injury (3dpi). In vitro, reactive astrocytes treated with the antagonist of Wnt/ β-catenin 

signaling Dickkopf-1 (Dkk-1) reduced the capacity of reactive astrocytes to form 

neurospheres, however in vivo Dkk-1 treatment did not change proliferation and 

reactive astrocyte response. The study suggested that Wnt signaling activation is 

insufficient in promoting changes in reactive astrocyte response in vivo (Master thesis 

dissertation Agnes Sardinha, 2017). In fact, a previous, independent study, using 

models of brain ischemia and MCAO showed that Wnt antagonist Dkk-1 is rapidly 

induced in neurons, which reduced β-catenin expression in the lesion and contributed 

to neuronal death (Mastroiacovo et al., 2009).  

On the other hand, another study with a model of brain injury by controlled cortical 

impact showed that β-catenin is upregulated in the vessels and the perilesional area 

at days one and seven post-injury (1-7dpi). The study suggested that β-catenin 

promoted angiogenesis and vascular repair (Salehi et al., 2018). 

 In the case of Notch signaling, our laboratory also studied their presence and 

distribution in reactive astrocytes close and far from the lesion core. We found that 

reactive astrocytes close to the lesion core activated Notch1/Jagged1 signaling 

pathway and upregulated Hes5 expression, a Notch target gene (Ribeiro et al., 2021). 

Similar results were also found in a model of cryo-injury (Tatsumi et al., 2010) and 

stroke (LeComte et al., 2015). In particular, one study explored the expression of Notch 

and Wnt signaling in the acute phase of a model of brain injury in rats. The study 

showed that Wnt3a and β-catenin expression increased significantly seven days post-

injury (7dpi), while Notch1 and Hes1 expression increased gradually over time. The 

authors suggested a synergistic effect of both pathways on repairing mechanisms (Wei 

et al., 2020).  

Here we found Notch (NICD) and Wnt (active β-catenin) regional upregulation and 

signaling concentration gradient in the cortex of mice submitted to TBI. In contrast, Shh 

(Gli1) signaling was poorly detected. Of note, we cannot discard the possibility of Shh 

signaling activation, since we just analyzed their protein effector (Gli1), but not the level 
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of Shh ligand. In fact, exist contradictory literature about Shh signaling in brain injury. 

Using a Gli-luciferase reporter mice submitted to a model of cryo-injury, one study 

showed Shh upregulation, Gli activation in GFAP reactive astrocytes and increased 

proliferation of neural progenitors (Amankulor et al., 2009). Similar results were also 

found in a model of stab wound injury and cerebral ischemia, where Shh signaling 

acted directly on astrocytes and was sufficient to activate a stem cell response in vivo 

and in vitro (Sirko et al., 2013). In the other hand, reactive astrocytes in a model of stab 

wound injury exhibited a pronounced reduction in Shh signaling (Allahyari et al., 2019) 

and rats submitted to a model of brain injury by cortical impact showed decreased Shh 

and Gli1 levels at days one and three post-injury (1-3 dpi) (Wu et al., 2020). Our results 

offer new evidence that local signaling activation may be context- and time-dependent.  

4.2. Reactive astrocytes had an aggregation response pattern in the core 

of Notch signaling  

Given these results, we questioned whether neurogenic signaling distribution may 

support complex interactions that affect the network´s response to brain injury. 

Specifically, we asked whether GFAP reactive astrocytes present different response 

patterns according to their position either in the core or the periphery of Notch 

signaling. We analyzed GFAP protein immunolabeling and nearest neighbor distance 

ratio (NND ratio). 

Reactive astrocytes in the core and the periphery of Notch signaling showed a high 

variability (standard deviation) in GFAP immunolabeling (mean gray value). There 

were no differences between both groups. NND ratio of GFAP reactive astrocytes in 

the core was lower when compared to the periphery. As mentioned, NND is a 

descriptor of the pattern of distribution of a population, GFAP reactive astrocytes with 

a lower NND ratio indicates an aggregation distribution. Additional measures such as 

density and expected distance did not show any difference (Figure 9).  

Previous studies have shown that multiple glial cells proliferate around the margins 

of lost neural tissue and interact to form an astrocyte limitans border that delineates 

viable neural tissue from stromal cell scar tissue (Sofroniew, 2015, Wahane et 

Sofroniew., 2021). Here we found a heterogeneous population of GFAP reactive 

astrocyte in a preferential aggregated distribution in the core of Notch signaling. We 

propose that some of these cells may create the astrocyte limitans borders. Notch 
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signaling may support and also be reinforced in this network. These results provide 

new evidence of the relationship between signaling activation and reactive astrocyte 

response (Figure 10). 

 

 
 

Figure 9. Evaluation of the response pattern of reactive astrocytes in the 

core and the periphery of Notch signaling.  A. Left. We selected regions of 

interest (ROIs) in the core and periphery of Notch (NICD) signaling. Right. 

In selected ROIs we used the Nearest Neighbor Distance Ratio (NND Ratio) 

to determine the response pattern (distribution). A lower ratio describes a 

response of aggregation, whereas a higher ratio, describe a random 

distribution. B. Representative images of GFAP/NICD immunolabeling at 

the core and the periphery. *Site of the lesion. C. Quantitative analysis of 
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GFAP, NND Ratio, density, and distance between cells. Values with p < 

0.05 were considered statistically significant. Scale bar 50 μm. 

 

 
 

Figure 10. Schematic representation of Notch, Wnt and Shh neurogenic 

signaling and reactive astrocytes response. Schematic representation of 

Notch, Wnt and Shh neurogenic signaling and reactive astrocytes response. 

We found that reactive astrocytes had an aggregated response pattern in 

the core of Notch signaling. 

  4.3. Contribution and arrangement of newly proliferated cells in brain 

injury reparative response 

Additionally, we evaluated the response, distribution, and arrangement of newly 

proliferated cells in brain injury. We used the proliferation marker KI67 to identify newly 

proliferated cells. KI67 is a nuclear protein present during all cell cycle stages 

(Scholzen et al., 2000). A general analysis showed that cells expressing KI67 were 

present almost exclusively in the ipsilateral region and represented the tenth part of 

the total population. Additionally, half of the total population of newly proliferated cells 

corresponded to GFAP reactive astrocytes (%KI67/GFAP), which in turn, represented 
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a third part of the total of reactive astrocytes population (Figure 11).  

 
 

Figure 11. Proliferative response, distribution, and arrangement of newly 

proliferated cells. A. Experimental design and analysis. We used adult (P45) 

C57Bl/6j mice submitted to a model of TBI in the somatosensorial cortex. 

Three days post-injury (3dpi) we analyzed GFAP and KI67 immunolabeling. 

B. Representative images of the proliferative response in the ipsilateral and 
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contralateral somatosensorial cortex. Newly proliferated cells were 

abundant in the ipsilateral cortex. We found an increased proportion of both, 

the total number of cells (Dapi) and newly proliferated cells (KI67). When 

analyzed the astroglial lineage, newly proliferated astrocytes (GFAP/KI67) 

were about a third part of the total number of cells. C. Representative 

images of the distribution and arrangement of newly proliferated cells in the 

ipsilateral and the contralateral cortex. We noted the appearance of many 

KI67 newly proliferated cells in cluster arrangements that resemble the 

configuration found in the neurogenic niches as the subventricular zone. 

Connected component analysis of the KI67 cells in the ipsilateral cortex 

showed that at least a fifth part of the cells had cluster configuration. *Cells 

joining a cluster had a distance less than 10µm between each other.  Values 

with p < 0.05 were considered statistically significant.  Scale bar 100 μm in 

B, 50 μm in C, up and 20 μm in C, down. 

 

We noted the appearance of small areas enriched with KI67 newly proliferated 

cells and at least two types of proliferative spatial arrangements, mainly in the 

ipsilateral region. One type consisted of up to two newly proliferated cells named 

single, and a second type with multiple cells (more than three cells) named cluster.  

We used connected components analysis as a method to quantify and identify 

connections between cells as well as to classify connected components arrangements. 

Previously, we used ROIs in the subventricular zone (SVZ) of the lateral ventricles to 

estimate the distance between proliferating cells. Quantitative analysis in the ipsilateral 

region showed that most newly proliferated cells presented a single arrangement (up 

to two cells), and just a fifth part presented a clustered arrangement (Figure 11).  

Our observations suggest the activation of mechanisms for the repair and 

renewal of the neural populations following injury. However, the analysis was 

insufficient to dissect the direct contribution of reactive astrocytes in these 

mechanisms. For this purpose, we decided to study astroglial heterogeneity using 

GFAP StarTrack system.   

4.4 Astroglial lineage functional heterogeneity and plasticity  

In the second part of this thesis, we questioned whether astroglial lineage 



39 
 

populations are preserved following injury and how cell-lineage shapes unique cellular 

responses.  

In utero electroporation was performed by Dr. Eduardo Martin-López. We 

analyzed the contribution of different astroglial lineages in the reactive response. We 

used StarTrack as a genetic tool to trace GFAP reactive astrocytes subpopulations 

and analyze their reactive response. GFAP StarTrack system is a color-based bar code 

method that uses the PiggyBac system to allow the long-term labeling and identification 

of GFAP progenitors and their progeny. C57BL6 mice at embryonic age 14 (E14) were 

in utero electroporated with GFAP StarTrack system in the lateral ventricles (LV) and 

were let to develop normally. At post-natal age 50 (P50), mice were submitted to TBI 

and was analyzed the clonal and morphological response of diverse astroglial lineages 

(Figure 12).    

We effectively identified E14 -GFAP StarTrack in utero electroporated- neural 

progenitors of the subventricular zone (SVZ) of the LV and their derived-progeny along 

the pia matter (PM), somatosensorial cortex (Cx) and corpus callosum (Cc) of adult 

mice submitted to TBI. GFAP StarTrack reactive astrocytes clones were identified as 

those cells sharing the same combination of fluorescent reporter proteins in both 

nucleus and cytoplasm (Figure 12 and 13). 

Astroglial lineages were classified according to their localization and functional 

heterogeneity as pial astrocytes or marginal glia, in close contact with the meninges 

(PM), protoplasmic and perivascular astrocytes occupying the whole extension of the 

Cx, from layer I to VI, in contact with neurons and the vasculature, juxtavascular 

astrocytes, attached to the blood vessels in the Cx forming the neurovascular unit, and 

fibrous astrocytes, located in the white matter (Cc) (Figure 12 and 13). Of note, we 

considered perivascular and juxtavascular astrocytes as different astroglial 

populations. Perivascular astrocytes are protoplasmic astrocytes which eventually 

contact the vasculature and present one or more specialized distal end-feet in their 

branches. Juxtavascular astrocytes present a cell body tightly associated with the 

blood vessels but are not located in the perivascular space (Bardehle et al., 2013, 

Khakh et Sofroniew., 2015, Gotz et al., 2020). 
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Figure 12. GFAP StarTrack system and clonal analysis. A. Methodological 

design. GFAP StarTrack is based in the PiggyBac system. DNA transposon 

vector carries a human GFAP promotor and a reporter that will be integrated 

in the genome through the transposase enzyme. E14 mice were in utero 

electroporated with the GFAP StarTrack mix and were let to develop 

normally. At post-natal age 50 (P50) mice were submitted to a model of TBI. 

Three- to five- days post-injury (3-5dpi) clonal and morphological analysis 

of the labelled cells was performed in the ipsilateral cortex. B. Left. 

Representative image the GFAP StarTrack progenitors in the subventricular 
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zone (SVZ) of the lateral ventricles (LV) of an adult mouse submitted to TBI. 

Middle. Representative image and ROIs of GFAP StarTrack progeny 

(sibling cells) in the corpus callosum (Cc), cortex (Cx) and Pia Matter (PM). 

*Area of the lesion. Right. Representative image and ROIs of the clonal 

analysis in the TBI model.  Astrocytes with the same color code composition 

were assigned as sibling cells (clones). C. Main results of the clonal analysis 

and quantitative analysis. Astroglial subpopulations were distributed 

according with their localization and functional relationship as pial, 

protoplasmic, juxtavascular, and Fibrous. Results showed the variation in 

the percentage and the number (mean) of sibling cells (clones) per astroglial 

cell lineage. Values with p < 0.05 were considered statistically significant. 

Scale bar 100 μm. 

 

Clonal analysis around the lesion core showed most of E14 -GFAP StarTrack 

in utero electroporated- neural progenitors of the SVZ gave rise to astrocytes of unique 

astroglial lineage. We identified 281 cells corresponding to 35 clones along the PM, Cx 

and Cc. Protoplasmic astrocytes were the most frequent astroglial lineage, 

representing half of the cells identified. Additionally, fibrous astrocytes were the second 

most frequent cell lineage population and, juxtavascular and pial astrocytes 

represented almost a tenth part of the cells analyzed. Quantitative analysis of the 

number of sibling cells (clones) showed the high variability between protoplasmic and 

juxtavascular astroglial clones (Figure 12).  

Previous works used StarTrack system to identify and study the dynamics of 

neuronal and non-neuronal populations during health (García-Marqués et López-

Mascaraque, 2013, 2017, Bribián et al., 2015, 2018, Figueres-Oñate et al., 2016, 

Sánchez-González et al., 2020, García- Marqués et al., 2017; Cerrato et al., 2018) and 

disease (EAE, Bribián et al., 2018, Barriola et al., 2020, and TBI, Martín-López et al., 

2013). Here we used GFAP StarTrack to create a structure-based methodology to 

study in detail the morphological features of reactive astrocytes and to explore how 

cell-lineages shape unique cellular responses. We used a dataset of a previous study 

(Martín-López et al., 2013) to make an in-depth analysis of the major features in the 

transition of diverse astroglial lineages to a reactive phenotype.  

Two- (2D) and three-dimensional (3D) morphometric analysis of control and 
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reactive astrocytes included, cell body area (µm2), convex hull (µm2), perimeter (µm), 

solidity (ratio), circularity (ratio), thickness (µm3), primary and secondary branches 

(units), intersections (units), radius or maximum distance of a branch from the cell body 

(units, µm), total length (µm), and complexity (units/µm). Of note, parameters such as 

area, convex hull, circularity, length, and thickness in almost all the cell lineages had a 

coefficient of variation higher than 30%, indicating that the sample have a greater 

dispersion around the mean (Figure 13).  

 

 
 

Figure 13. General view of the spatial astroglial heterogeneity and reactive 

response. A. Representative images of the different astroglial lineage during 

physiological conditions and reactive response after brain injury. Scale bar 

50 μm. B. Coefficient of variation (%) of 2D/3D parameters in control and 

reactive astrocytes. 
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4.5. Lower layer protoplasmic astrocytes showed increased reactive 

response   

We analyzed 117 cells of five GFAP StarTrack mice submitted to a model of 

TBI and 45 cells from two GFAP StarTrack (mCherry and YFP) mice in physiological 

conditions as controls. In utero electroporation was of control mice was performed by 

Ana Cristina Ojalvo-Sanz. The 2D/3D morphometric analysis of astroglial lineages 

showed the main changes in the reactive response of astrocytes after TBI (Figure 14 

and 15).  

Parameters as circularity and solidity were the most efficient detecting those 

changes. Additionally, we highlight length, primary and secondary branches, and 

radius. Circularity and solidity are 2D parameters that could be used has global 

descriptors or ratios of the relation area, convex hull, and perimeter in the reactive 

response. In the case of circularity, the ratio describes the relation 𝑎𝑟𝑒𝑎
𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟⁄ . 

Circularity gives an indication of the shape. Ratios closer to zero describe a polygonal 

shape and a lower relation 𝑎𝑟𝑒𝑎
𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟⁄  in the cell, while a ratio of one describes a 

circular shape. Reactive response in pial, deep layers protoplasmic and juxtavascular 

astrocytes showed lower ratios, describing a polygonal shape, that may be interpreted 

as the polarization of the cell body to the site of the lesion.  

In the case of solidity, the ratio describes the relation 𝑎𝑟𝑒𝑎
𝑐𝑜𝑛𝑣𝑒𝑥 ℎ𝑢𝑙𝑙⁄ .  Solidity 

gives an indication of mesh structure and effective area. Ratios close to zero describe 

an enrichment mesh-like structure and low relation 𝑎𝑟𝑒𝑎
𝑐𝑜𝑛𝑣𝑒𝑥 ℎ𝑢𝑙𝑙⁄  while a ratio close 

to one is indicative of a higher relation. Because the convex hull value of a cell includes 

the area of the cell body and branches, and the holes between the branches, this 

descriptor may also be interpreted as the astrocyte´s effective area (domain). Pial, 

deep layers protoplasmic and fibrous reactive astrocytes showed lower ratios, 

describing an enrichment of mesh-like structure. In line with those results, deep layer 

protoplasmic reactive astrocytes also showed increased length, primary and 

secondary branches, intersections, and radius. 

Intersections and radius are 3D parameters obtained from Sholl analysis (Sholl., 

1953). Sholl analysis considers the cell body as the starting point of a radial grid that 

extends to the edge of the last branch. Intersections correspond to the points where 
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any branch cut the grid, and radius, correspond to the number of radius or the 

maximum distance between the cell body and the edge of the last branch. Thus, it is 

also possible to evaluate the complexity of the cells or the number or intersection in 

any given distance. There were also some notable differences among astrocytes 

subpopulations. Pial reactive astrocytes showed a dramatic increase in thickness and 

radius, and fibrous reactive astrocytes were the only group that showed a decrease in 

2D/3D parameters (area, convex hull, length, and primary and secondary branches) 

(Figure 14 and 15).  

 

Figure 14. Regional Heterogeneity and 2D Parameters in control and 

reactive astrocytes (TBI). Quantitative analysis of A. Pial astrocytes, B. 
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Protoplasmic astrocytes of upper layers, C. Protoplasmic astrocytes of 

lower layers, D. Juxtavascular astrocytes of upper and lower layers, E. 

Fibrous astrocytes of corpus callosum in control and reactive astrocytes. A´, 

B´, C´, D´, E´. Representative image and clonal analysis of selected cells. 

Values with p < 0.05 were considered statistically significant. Scale bar 50 

μm. 

 

Figure 15. Regional Heterogeneity and, 3D Parameters in control and 

reactive astrocytes (TBI). Quantitative analysis of A. Pial astrocytes, B. 
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Protoplasmic astrocytes of upper layers, C. Protoplasmic astrocytes of 

lower layers, D. Juxtavascular astrocytes of upper and lower layers, E. 

Fibrous astrocytes of corpus callosum in control and reactive astrocytes. A´, 

B´, C´, D´, E´. Representative image and clonal analysis of selected cells. 

Values with p < 0.05 were considered statistically significant. Scale bar 50 

μm. 

 

Additionally, we found that deep layer protoplasmic astrocytes showed a strong 

reactive response. Seven of the ten 2D/3D parameters evaluated, perimeter, 

circularity, solidity, length, 1&2 branches, intersections, and radius showed differences 

when compared with astrocytes in physiological conditions (control). In the other hand, 

upper layer protoplasmic astrocytes did not show changes in any of the parameters 

evaluated.  

4.6. Upper and lower layer protoplasmic reactive astrocytes showed local 

differences  

The complex morphology of astrocytes is crucial to their role in brain function. 

Given the results above mentioned, we analyzed whether protoplasmic reactive 

astrocytes may have a cellular response that is dependent of its distribution (close-far) 

around the lesion.  

Since the maximum distance (radius) between the cell body and the edge of the 

last branch, of upper layers protoplasmic reactive astrocytes were about 28-52µm 

(mean, SD 40μm, +/-12 μm) and lower layers were 36-76µm (mean, SD 56μm, +/-

20μm),  we considered cells in direct contact or close to the lesion border as those that 

their soma and branches were located up to 200 μm from the lesion borders, otherwise 

there were considered far.  

Quantitative analysis showed that upper and lower layers protoplasmic reactive 

astrocytes in direct contact or close to the lesion borders showed a differential 

response in both ratios, circularity, and solidity, when compared with reactive 

astrocytes far from the lesion. As mentioned, lower circularity and solidity ratios 

suggest increased polarization and enrichment of mesh-like structures (Figure 16). 
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Figure 16. Distribution (close, far) and lesion-related heterogeneity in 

protoplasmic reactive astrocytes of upper and lower layers. A, A´, B, B´, D, 

D´, E, E´. Representative images, 2D reconstructions and clonal analysis of 

selected reactive astrocytes close and far from the lesion borders. C. 

Quantitative analysis. Values with p < 0.05 were considered statistically 

significant. Scale bar 50 μm. 

 

Finally, when analyzing the number of intersections in any given distance. We 

found a similar pattern of reactive response between close and far astrocytes either in 
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upper or lower layers. In any case, we identified a point of higher complexity around 

16-20 μm of distance from the cell body. Analysis of the intersections at the point of 

higher complexity showed that upper layer protoplasmic reactive astrocytes close and 

far from the lesion had a differential response. Additionally, upper layer protoplasmic 

reactive astrocytes close and far from the lesion border were shorter and had a 

reduced number of intersections when compared with lower layer protoplasmic (Figure 

17). 

 

 
 

Figure 17. Differences between upper- and lower-layers astrocytes close 

and far to the lesion. A. Quantitative analysis of circularity and solidity ratios 

between groups. B. Complexity graph and quantitative analysis between 

groups. Values with p < 0.05 were considered statistically significant. 

4.7. Main types of reactive response in astroglial lineages 

Finally, 2D/3D parameters were integrated, as being part of a complex 

response. PCA and hierarchical cluster analysis showed at least five main types of 
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reactive response and the differences between astroglial lineages. Type A of response, 

by lower-layer protoplasmic in direct contact or close to the lesion border, Type B, by 

fibrous, Type C, by juxtavascular astrocytes, Type D composed by a mixed 

subpopulation of upper layer protoplasmic astrocytes in direct contact (close) and far 

from the lesion, and lower layer protoplasmic far from the lesion border and Type E, 

by pial. Cluster analysis showed that Type A response, by lower-layer protoplasmic 

astrocytes was strong in parameters as length, branches, thickness, and intersections, 

while type B, by fibrous and type C, by juxtavascular astrocytes, tended to present mild 

to moderate response in the parameters evaluated (Figure 18).  

 

Figure 18. PCA and hierarchical cluster analysis of the types of reactive 

response. Morphological parameters were normalized by the mean and 

standard deviation. PCA and hierarchical cluster analysis showed at least 

five main types of reactive response (Type A-E) and the differences 

between astroglial lineages. Type A of response, by lower-layer 

protoplasmic in direct contact or close to the lesion border, Type B, by 

fibrous, Type C, by juxtavascular astrocytes, Type D composed by a mixed 

subpopulation of upper layer protoplasmic astrocytes in direct contact 
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(close) and far from the lesion, and lower layer protoplasmic far from the 

lesion border and Type E, by pial. 

  Several studies had shown that differences between astroglial lineages could 

define a differential reactive astrocyte response to injury. Previous works in models of 

brain injury described a high proportion of GFAP StarTrack reactive astrocytes clones 

with hypertrophic morphology in the EAE model of multiple sclerosis (Bibrian et al., 

2018) and TBI (Martín-López et al., 2013). Results showed that some protoplasmic 

and fibrous astrocytes clones exhibited either a strong morphological alteration or a 

high proliferative response, however, other clones, located at similar distances to the 

lesion, were apparently unresponsive (Martín-López et al., 2013). Additionally, clonal 

analysis of the somatosensorial cortex of Aldh1L1-GFP mice submitted to brain injury 

showed different ion channel composition (Kv4.3 channel) between juxtavascular and 

non juxtavascular astroglial subpopulations (Götz et al., 2020) and in vivo two-photon 

laser-scanning microscopy studies in the adult mouse cerebral cortex showed a 

marked heterogeneity in the response of GFP-labeled juxtavascular reactive 

astrocytes (Bardelhe et al., 2013).   

Even more, we agree that may exist functional differences between upper- and 

lower (deep) layer astrocytes subpopulations. In fact, two recent studies described 

unique features of the development and cell progeny of upper layer interlaminar 

astrocytes (Falcone et al., 2021) and lower layer astrocytes (Ojalvo-Sanz et al., 2021) 

and a previous study found that morphological and molecular properties of astrocytes 

of the mouse somatosensory cortex were layer-specific. More important, using two 

genetic models of failed neuronal migration and layer configuration loss (Reeler and 

Dab1 conditional knockout mice) they showed that astrocytes layer-specific properties 

were abolished and suggested that interactions with layer specific neuronal 

subpopulations are essentials for astrocyte morphology and functional heterogeneity 

(Lanjakornsiripan et al., 2018). 

Also, another group characterized Interlaminar astrocytes (ILAs) of primates 

(rhesus macaque, chimpanzee, and human). ILAs are a subpopulation of cortical 

astrocytes that reside in layer I, have a soma contacting the pia, and contain long 

interlaminar processes that extend through several cortical layers. Density and 

morphological complexity of ILAs differ between primate species and mice (Falcone et 

al.,2021). 
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These morphological differences could influence the general astrocyte function 

in the network. Protoplasmic astrocytes are arranged in nonoverlapping domains 

(Bushong et al., 2002; Ogata et Kosaka, 2002). A domain is the area where an 

astrocyte regulates the neural network, interacting with blood vessels and neurons 

(Pekny et Pekna 2014). The domain of an astrocyte may present size differences 

depending on the region (Wilhelmsson et al., 2006). Additionally, one recent study 

showed that clonally related protoplasmic astrocytes were preferentially gap junction-

coupled. Using the gap junction-permeable fluorescent dye Sulforhodamine B, the 

study showed that sibling astrocytes exhibited preferential coupling and distributed the 

fluorescent dye at larger distances in the tissue and produced higher diffusion rates 

(Gutiérrez et al., 2019). Therefore, astrocyte clones seem to occupy functional 

domains and establish preferential coupling within those domains.  

Altogether, results described the functional heterogeneity and plasticity between 

reactive astroglial lineages after a brain injury. Remarkable, we found a strong reactive 

response of lower layer protoplasmic astroglial lineage. We also found a differential 

response of upper and lower layer protoplasmic reactive astrocytes close and far for 

the lesion. Reactive astrocytes close to the lesion had lower circularity and solidity 

ratios suggesting increased polarization and enrichment of mesh-like structures. 

Findings provide new clues into the understanding of the mechanisms involved in the 

response of cortical astrocytes after a brain injury.  

4.8. In vitro regulation of Notch neurogenic signaling in reactive astrocytes 

activate neural precursors mechanisms 

In the last part of this work, we assessed whether the modulation of neurogenic 

signaling pathways may change the gene expression profile of reactive astrocytes in 

vitro. We used an in vitro model of injury by scratch and three days post-assay (3dpa) 

we performed immunocytochemical analysis in control (naïve astrocytes) and scratch 

cultures to verify reactive astrocyte response. Reactive astrocytes in the scratch culture 

underwent cytoskeletal reorganization showing enlarged cell bodies, and hypertrophic 

primary and secondary branches that extended toward the injury site. Quantitative 

analysis showed increased GFAP immunolabeling (mean gray value). There were no 

differences in the number of GFAP cells, aggregation pattern (NND Ratio, expected 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6670598/#B11
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6670598/#B46
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6670598/#B67
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distance and density) and the proliferative response (%KI67+ cells and No. connected 

components) when compared with the control group (naïve astrocytes) (Figure 19).  

 

 
 

Figure 19. In vitro model of injury and astrocyte reactivation A. 

Methodological design. Primary culture of astrocytes at second of third 

passage were submitted to scratch assay and 3 days post-assay (3dpa) 

was analyzed astrocyte reactivation and proliferative response. B. 

Representative images of control and scratch reactive astrocytes and 

GFAP/KI67 immunolabeling. In the scratch group, the branches of reactive 

astrocytes frequently overlapped in a projection to the lesion core. Note the 
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presence of GFAP/Ki67 proliferative cells in response to the lesion. C. Top. 

Quantitative analysis of astrocyte reactivation, number of GFAP cells, GFAP 

immunolabeling, NND Ratio, expected distance and density. Bottom. 

Proliferative response, %KI67 astrocytes and arrangement. Values with p < 

0.05 were considered statistically significant.   Scale bar 100 μm in B and 

50 μm in B´. 

 

Given these results, we considered the scratch assay a suitable in vitro model 

of injury and astrocyte reactivation and proceeded to study the modulation of Notch 

neurogenic signaling and the effect of Shh-Wnt signaling by gene expression analysis 

(Figure 20). We performed gene expression profile in the following groups: Control 

(naïve astrocytes), reactive astrocytes, reactive astrocytes treated with LY450139 

Semagacestat, Notch signaling inhibitor, reactive astrocytes treated with LY450139 

Semagacestat, rmShh, and rmWnt-3a and reactive astrocytes with 0,001% DMSO, 

LY450139 Semagacestat vehicle.  
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Figure 20. Methodological design and fold change-heatmap of the genes of 

interest (GOIs).  A. Notch inhibition and Wnt-Shh activation treatment. We 

considered the following groups: control (naïve astrocytes), reactive 

astrocytes (Scratch), reactive astrocytes treated with LY450139 

Semagacestat (Semagacestat), reactive astrocytes treated with LY450139 

Semagacestat, rmShh and rmWnt-3a (Semagacestat & Wnt-Shh), reactive 

astrocytes with 0,001% DMSO (vehicle) B. Fold change-heatmap of GOIs. 

Fold change (FC) corresponded to 𝐿𝑜𝑔2 (𝑥 + 1). We considered three 

technical replicates for each GOI. 

 

. Fold change, and gene expression analysis of genes of interest (GOIs) showed 

the differences between control and reactive astrocytes and the effect of Notch, Wnt 

and Shh treatments.  We noted a marked variability between the samples.  

In accordance with the immunocytochemical analysis, reactive astrocytes group 

showed increased expression of the genes of reactivation GFAP and S100β when 

compared with control (naïve astrocytes). On the other hand, there were not changes 

in the expression of genes of proliferative response KI67 and CCND1, neural 

precursors self-renewal and maintenance NESTIN, SOX2 and STAT3, neural 

differentiation Basic-Helix-Loop-Helix BHLH NEUROG2, MASH1 and OLIG2, and 

Notch signaling HES1 and HEY (Figure 21 and 22). 

In the Notch inhibition group (LY450139 Semagacestat 1μM) we found a markedly 

reduced expression of the genes of reactivation GFAP and S100β when compared 

with reactive astrocytes groups. In the other hand, inhibition increased the expression 

of the genes of proliferative response and neural precursors self-renewal and 

maintenance, CCND1, NESTIN and STAT3 and neural differentiation OLIG2, but 

decreased MASH1 gene. Notch signaling target genes had a paradox response. HEY 

expression was abolished while we found an increased expression of HES1 gene 

(Figure 21 and 22).  

Given these results, we found that the treatment with LY450139 Semagacestat 

effectively inhibited Notch-HEY signaling. Of note, the treatment would only be 

effective on reactive astrocytes that were actively signaling through Notch pathway. 

 LY450139 Semagacestat is a chemical inhibitor of the γ-Secretase enzyme. The 

γ-Secretase enzyme participates in a wide variety of biological functions, such as the 
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formation of amyloid-β peptides and Notch signaling activation (Struhl et Greenwald, 

1999, Kopan et Ilagan., 2004, Choe et al., 2015). In the case of Notch signaling, after 

ligand binding, the γ-Secretase enzyme cleaves the cytoplasmic portion of the Notch1 

receptor releasing the Notch active domain (NICD) who translocates into the nucleus 

(Choe et al., 2015). A previous work demonstrated that LY450139 Semagacestat 

inhibited the active form of Notch in H4 human glioma in a dose dependent-manner 

(Mitani et al., 2012).  The study showed that after 10nM dose the activity of the active 

Notch (NICD) reporter dramatically decreased and showed a total inhibition at 1µM 

and 10µM dose.  

 

Figure 21. GFAP, S100β, NESTIN, SOX2, KI67 and CCND1 gene 

expression analysis in control and reactive astrocytes. We considered the 

following groups: control (naïve astrocytes), reactive astrocytes (Scratch), 

reactive astrocytes treated with LY450139 Semagacestat (Semagacestat), 
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reactive astrocytes treated with LY450139 Semagacestat, and rmShh-

rmWnt-3a (Semagacestat & Wnt-Shh). Values with p < 0.05 were 

considered statistically significant. We considered three technical replicates 

for each GOI. 

 

Figure 22. NEUROG2, OLIG2, STAT3, HES1, HEY and MASH1 control, 

reactive astrocytes, and treatments. We considered the following groups: 

control (naïve astrocytes), reactive astrocytes (Scratch), reactive astrocytes 

treated with LY450139 Semagacestat (Semagacestat), reactive astrocytes 

treated with LY450139 Semagacestat, and rmShh-rmWnt-3a 

(Semagacestat & Wnt-Shh). Values with p < 0.05 were considered 

statistically significant. We considered three technical replicates for each 

GOI. 
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Acknowledging that interactions between transcription factors are countless, 

difficult to consider through solely gene expression analysis, and may be context-

dependent, we hypothesize the occurrence of at least three mechanisms by which 

Notch inhibition with LY450139 Semagacestat may attenuate reactive astrocytes 

response (GFAP and S100β) and activate neural precursor mechanisms (proliferation 

and self-renewal). The first mechanism is directly related to Notch-HEY inhibition. The 

second mechanism involves Notch-independent HES1 upregulation and repression of 

neural differentiation gene MASH1, and the third mechanism involves a HES1/STAT3 

interaction in the activation of STAT3 signaling (Figure 23). 

In any case, the function of the recombination signal binding protein for 

immunoglobulin kappa J region transcription factor RBPJk (also known as CBF1) might 

also be an issue to be considered. We are not going to discuss this topic, as is not the 

aim of this project, however, is important to note that in the absence of NICD, RBPJk 

activates a default mode, where it binds with MINT and negatively regulates BHLH 

genes such as HES1 and OLIG2 (extensively reviewed in Tanigaki et Honjo., 2010). 

Additionally, a series of studies showed that RBPJk genetic deletion in striatal and 

medial cortex astrocytes promoted a latent neuronic program (Magnusson et al., 2014, 

2020) and RBPJk-deficient parenchymal astrocytes increased their neurogenic 

response after a model of brain damage by stroke (Santopolo et al., 2020). 

Of our knowledge, the effects of Notch-HEY signaling in astrocyte reactivation and 

brain injury has not been reported. However, in the developing mouse lateral ganglionic 

eminence, it was demonstrated that Notch1 and HEY1 are necessary to maintain 

slowly dividing neural progenitor cells. Interestingly, HEY1 shRNA-knockdown mice 

(E14.5-E16.5) showed a reduction in the fraction of SOX2 progenitor cells and an 

increase in ASCL1 (MASH1) differentiated cells. Moreover, the study suggested that 

persistent and high levels of Hey1 expression in neural progenitor cells are responsible 

for the maintenance of their undifferentiated state in the adult brain and may distinguish 

slow- from rapid-cycling neural progenitor cells (Harada et al., 2021). 

Moreover, previous studies showed that Notch signaling inhibition is required for 

Müller glia progenitors (MGs) response to retinal damage (Conner et al., 2014, Wan et 

Goldman, 2017, Sahu et al., 2021). MGs are the main glial cell of the retina and reside 

in intimate contact with neurons and blood vessels. Specifically, one study revealed 

that Notch signaling suppression generated new progenitor cells that migrate to the 

https://onlinelibrary.wiley.com/doi/full/10.1002/glia.23958?casa_token=g4XhnFvdAfMAAAAA%3AW7W7jIpBU986U4ylhoVgGQiioIYf8U2906FNs8qgiAtkEbmY_R9FQZq34OHnCTgn8Pi_Fkmdzboi0co#glia23958-bib-0033
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injury site (Sahu et al., 2021). RNAseq and ATAQseq analysis of transgenic zebrafish 

MGs models (tuba1a GFP fish) submitted to retinal injury by needle poke showed 

repression of HEY and ID2B genes, and 60% of the response-genes presented 

changes in chromatin accessibility. In addition, GFAP GFP MGs cells of control 

(uninjured) fish treated with the γ-Secretase inhibitor DAPT (Notch signaling inhibitor) 

showed similar changes, in HEY1 and ID2B gene expression and the HEY1 

knockdown (HEY1-morpholino) fish model showed that MGs created an expanded 

response zone after needle poke injury model (Sahu et al., 2021). Together, the data 

suggested that Notch inhibition contributed to MG response profile and editing HEY1 

gene resulted in an expanded zone of injury response, upregulating the number of MG 

proliferative cells. We hypothesize that Notch-HEY inhibitory mechanisms functioning 

in retinal MGs may also be present in reactive astrocytes treated with the inhibitor 

LY450139 Semagacestat. Therefore, it is essential to conduct experiments evaluating 

the number of astrocytes committed in a proliferative response before and after Notch-

HEY signaling modulation (Figure 23).  

The second mechanism involves Notch-independent HES1 upregulation and 

repression of neural differentiation genes such as MASH1 (Figure 23). As mentioned, 

Notch signaling repress MASH1 by activating BHLH target genes and repressors such 

as HES1, HES5 and HEY. Previous works had shown Notch-independent HES1 

regulation. Hes1 protein could bind their own promoter and regulate HES1 expression 

in a negative feedback loop, displaying an oscillatory effect in fibroblasts (Hirata et al., 

2002) and neural progenitors (Baek et al., 2006, Shimojo et al., 2008). HES1 

expression could also be regulated by diverse pathways as Shh in progenitor cells of 

the retina (Wall et al., 2009), and kinases in endothelial cells (Curry et al., 2006). 

 Specifically, one study showed that hypoxia induced HES1 expression through 

Notch-dependent and -independent mechanisms and could be cell type-specific. P19 

mouse embryonic carcinoma cell line submitted to hypoxia and treated with the γ-

Secretase inhibitor DAPT not show changes in the expression of Notch target genes 

HES1, HEY1 and HEY2. In contrast, DAPT treatment in primary mouse brain 

endothelial cells submitted to hypoxia downregulated HES1 expression (Zheng et al., 

2017). The study also showed that in the P19 cell line, siRNAs targeting HIF-1α or 

ARNT significantly reduced hypoxia-dependent induction of HES1, HEY1 and HEY2 

gene expression.  
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Interestingly, another study showed that persistent and high levels of HES1 

expression are required for the formation of organizing centers that regulate neuronal 

differentiation. Neural progenitor primary cultures derived from E11.5 mouse embryos 

infected with CLIG-HES1 to promote persisting HES1 expression showed less 

proliferation efficiency, growth rate, and increased Cyclin D1 (CCND1 gene) 

immunolabeling. The study suggested that persistent HES1 expression promoted a 

radial glial profile in the cell culture, with reduced cell proliferation and inhibition of 

neurogenesis (Baek et al., 2006). Altogether, these studies indicate that multiple 

signals and pathways can converge to regulate HES1 expression. Our results are 

consistent with this interpretation, showing that reactive astrocyte treated with the 

inhibitor of the γ-Secretase enzyme LY450139 Semagacestat, upregulated HES1 

expression in Notch-independent manner, that may promote a precursor profile, 

maintaining the repression on neural differentiation genes (Figure 23). 

The third mechanism involves a HES1/STAT3 interaction in the activation of 

STAT3 signaling (Figure 23). Signal transducer and activator of transcription 3 

(STAT3) is a transcription factor activated in response to cytokines and growth factors. 

During development and in the adult niches, STAT3 signaling has a dual role, 

promoting the maintenance of neural progenitors and in cooperation with Notch 

signaling, enhancing astrogliogenesis, instead of neurogenesis (Nakashima et al., 

1999, He et al., 2005, Urayama et al., 2013, Hong et Song, 2015, Su et al., 2020). In 

fact, HES1 association with JAK2 and STAT3 facilitated the formation of JAK2/STAT3 

signaling complexes in neuroepithelial cells. In accordance, inhibition of Notch 

signaling affected the activation of JAK2/STAT3 signaling (Kamakura et al., 2004). 

Furthermore, selective deletion of STAT3 in reactive astrocytes of mice submitted to 

spinal cord injury resulted in limited cell migration and worsening of the injury condition 

with severe motor deficits (Okada et al., 2006). Similarly, STAT3 conditional-knockout 

mice astrocytes showed an attenuated reactive response, disruption of the glial scar, 

and less motor recovery (Hermann et al., 2008). Finally, one study proposed the 

Notch1-STAT3-ETBR axis regulating the proliferation of reactive astrocyte-derived 

neural stem cells. GFAP-CreER-Notch1 conditional knockout mice exhibited limited 

reactive astrocyte proliferation after cerebral ischemia (LeComte et al., 2015).   

It is important also note the detrimental effects of Notch signaling inhibition after 

injury and the effect on reactive astrocyte response. In vivo and in vitro studies have 
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shown that reactive astrocytes in models of hypoxia and stroke (MCAO) treated with 

the γ-Secretase inhibitor DAPT showed downregulation of GFAP expression and 

decreased proliferation (Shimada et al., 2011, Zhang et al., 2015).  

Interestingly, using a Notch/RBPJk signaling reporter mouse line one study 

showed that Notch/RBPJk signaling was activated in different populations of glial cells. 

The study also showed that the treatment with the γ-Secretase inhibitor DAPT 

decreased the number of BrdU reactive astrocytes but not NG2 glial progenitors. DAPT 

treatment inhibited nuclear-translocation of OLIG2, which is indispensable for 

proliferation and differentiation of reactive astrocytes. The study suggested that Notch 

signaling might promote proliferation and differentiation of reactive astrocytes (Marumo 

et al., 2013). In fact, another study showed that in a model of stab wound injury, the 

appearance of glial progenitors expressing OLIG2 and NG2 preceded the appearance 

of reactive astrocytes. In vitro, glial progenitors treated with serum components to 

upregulate Notch1 signaling showed Olig2 cytoplasmic translocation, NG2 down-

regulation, and increased GFAP expression. The study suggested that the 

differentiation of Olig2 glial progenitors to astrocytes underlies a reparative response 

after a traumatic injury (Magnus et al., 2007).   
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Figure 23. Reactive astrocytes activate neural precursor mechanisms after 

Notch signaling inhibition. Top, Left. Schematic representation of Notch 

signaling inhibition with LY450139 Semagacestat. Top, right. Notch-HEY 

signaling inhibition. Bottom, left. HES1/STAT3 interaction and activation of 

STAT3 signaling. Bottom, right Notch-independent HES1 upregulation. 
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4.9.  Crosstalk between Notch inhibition and Wnt-Shh signaling in reactive 

astrocytes profile 

Since the activation of various signaling pathway may be essential for reactive 

astrocyte neuroprotective response to brain injury, we assessed the effect of Wnt-Shh 

signaling (0,25 ug/mL rmShh, and 4ug/mL rmWnt-3a) in reactive astrocytes treated 

with Notch signaling inhibitor (1µM, γ-Secretase inhibitor LY450139 Semagacestat).  

We found a strong inhibitory response when compared with reactive astrocytes 

and reactive astrocytes treated with the Notch signaling inhibitor LY450139 

Semagacestat. We found the reduction in the expression of the genes of reactivation 

GFAP and S100β, and the increased expression of the gene of proliferation and Wnt-

Shh effector CCND1, and the gene of neural differentiation OLIG2 when compared 

with the reactive astrocyte group. However, the expression of the genes of neural 

precursor cells STAT3, Notch signaling HES1 and HEY, and neural differentiation 

MASH1 showed a differential response. STAT3 and HES1 were markedly reduced, 

while HEY and MASH1 did not show differential expression when compared with the 

inhibition group (Figure 21 and 22).  

In system biology, a crosstalk between signaling pathways describe the 

integration of signaling from multiple pathways within a network and their biological 

response. To be considered as a crosstalk must be filled the following criteria I). The 

signal of the network may produce a response different to the one expected by the 

pathways, and II) the signaling pathways may be connected direct or indirectly. A direct 

crosstalk is established when exist specific shared components, or when a component 

of one pathway is modified by enzymes that are proper of another pathway. An indirect 

crosstalk is established by the sequential action of different pathways, specially, when 

the action of a pathway is necessary for the activation of a second pathway (Vert et 

Chory., 2011).  

Here we found a positive interaction of Wnt-Shh signaling in Notch inhibitory 

profile. In fact, one group comprehensively studied the interaction Notch-inhibition and 

Wnt-signaling activation in the regenerative response of mice hair cell progenitors of 

the inner ear (Li et al., 2015, Wu et al., 2016, Ni et al., 2016, Wu et al., 2021). In their 

most recent publication demonstrated the crosstalk between Notch, Wnt and Shh 

signaling pathways in the reparative response of the cochlea after cytotoxic neomycin 
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treatment. The study showed that, Notch inhibition and SHH-Wnt treatment promoted 

progenitor proliferation and activation of regenerative response (Wu et al., 2021). The 

study evaluated the combinatorial effects of the inhibitor DAPT, the Wnt agonist QS11 

and recombinant Sonic Hedgehog (rmShh) in mice cochlea and their potential 

regenerative response after neomycin treatment. The study found that the 

simultaneous treatment with the inhibitor of the y-secretase enzyme DAPT and Wnt 

agonist QS11 produced more Edu+ proliferative cells than DAPT-only group. After 

cytotoxic treatment the number of EdU + cells in the DAPT-QS11 group were greater 

than in the DAPT-only group. Even more, DAPT-QS11-rmShh group generated many 

more EdU+cells in both the intact and damaged cochlea. A later RNAseq analysis 

showed that the proliferative response in the DAPT-QS11-rmShh group was mainly 

induced via SHH and Wnt signaling activation.   

We suggest an indirect crosstalk of Wnt-Shh signaling pathways in the 

regulation of BHLH and Notch target genes HES1 and HEY after Notch inhibition. In 

addition, Notch inhibition may also have a supportive effect in Wnt-Shh target gene 

CCND1 and OLIG2 (Figure 24).  

CCND1 is the gene that encodes the protein cyclin D1, is a well-known G1 cell-

cycle regulator that also might have a dual role in progenitor cells in a cell-cycle 

independent manner (Fu et al., 2004, Lukaszewicz et Anderson, 2011, Mao et al., 

2019). One study showed that Cyclin D1 promoted neurogenesis in the chick spinal 

cord. Image analysis showed that Cyclin D1 was persistently expressed in motoneuron 

progenitors of the developing spinal cord during the initial phase of differentiation. 

Experiments using siRNA targeting Cyclin D1 and Cyclin D2 expression showed that 

just Cyclin D1 promoted in vivo neurogenesis.  Moreover, the study found a possible 

co-interaction with HES6, a Notch signaling repressor (Lukaszewicz et Anderson, 

2011). Another study also found that overexpression of CCND1 in retinal organoids 

promoted neurogenesis. The study showed that in progenitor cells, CCND1 was 

expressed in a cell-cycle-independent manner. Using an inducible system to create an 

ectopic overexpression they found that CCND1 increased the number of neuronal cells 

in retinal organoids. The results indicated that CCND1 overexpression induced more 

cells to leave the cell cycle and commit to neuronal fate via increased ASCL1 (also 

known as MASH1) expression (Mao et al., 2019).  
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OLIG2 is a BHLH transcription factor and Shh target gene that promotes glial 

differentiation. OLIG2 is highly expressed during central nervous system development 

(Lu et al., 2000, Zhou et al., 2002). One study used an in vitro model of mice embryonic 

stem cells exposed to a neural progenitor induction medium and evaluated the 

transcriptional changes in the transition of neural progenitors to motor neuron 

progenitors. The study showed that treatment with Smoothened/Shh signaling agonist 

(SAG) resulted in the generation of neural progenitors that expressed markers of 

ventral spinal cord development such as OLIG2 and NKX2.2. Single-cell RNAseq 

analysis showed two functions of OLIG2 as developmental regulator. OLIG2 

established motor neuron progenitor identity downstream of Shh signaling, and later, 

promoted neuronal differentiation in motor neuron progenitors by suppressing the 

expression of Notch target genes HES1 and HES5 (Sagner et al., 2018).  

We cannot directly assume the role of CCND1 in our model of astrocyte 

reactivation. However, since we found that reactive astrocytes activated neural 

precursors mechanisms after Notch inhibition, we suggest that combined Wnt-Shh 

treatment may promote proliferation and neural differentiation. Specifically, this effect 

could be explained via CCND1 and OLIG2 upregulation, and HES1 and HEY 

downregulation (Figure 24). Additional mechanisms could also play important roles in 

the reparative response, for instance, we identified STAT3 signaling repression and 

RBPJk default mode.  
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Figure 24. Crosstalk between Notch inhibition and Wnt-Shh signaling in reactive 

astrocytes profile. Top, Left. Schematic representation of Wnt-Shh signaling 

activation with rmWnt3a and rmShh after Notch inhibition with LY450139 

Semagacestat. Bottom, Left. STAT3 signaling repression. Right indirect crosstalk 

of Wnt-Shh signaling pathways in the regulation of BHLH and Notch target genes 

HES1 and HEY and Notch inhibition supportive effect in Wnt-Shh target gene 

CCND1 and OLIG2. 
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5. CONCLUSION 

• We found Notch (NICD) and Wnt (active β-catenin) upregulation and signaling 

concentration patterns in the ipsilateral cortex of mice submitted to TBI. 

Reactive astrocytes presented an aggregated distribution in the core of Notch 

signaling. Notch signaling may support and be reinforced in this network. 

Overall, these results offer new evidence of the relationship between signaling 

activation and reactive astrocyte response after brain injury. 

• We identified and analyzed the derived cell progeny of GFAP StarTrack in utero 

electroporated- E14 neural progenitors. Deep layer protoplasmic astrocytes 

showed a strong reactive response. Upper and lower layers protoplasmic 

reactive astrocytes in direct contact or close to the lesion borders showed lower 

circularity and solidity ratios suggesting increased polarization and enrichment 

of mesh-like structures. In accordance PCA and hierarchical cluster analysis 

showed five types of reactive response (Type A-E).  Altogether, findings provide 

new clues into the understanding of the functional heterogenicity of reactive 

astroglial lineages after a brain injury.  

• In vitro treatment with LY450139 Semagacestat effectively inhibited Notch - 

HEY signaling. Of our knowledge, the effects of Notch-HEY signaling in 

astrocyte reactivation has not been reported. We hypothesize that Notch-HEY 

inhibitory mechanisms functioning in retinal progenitors may be also present in 

reactive astrocyte treated with the inhibitor LY450139 Semagacestat. It is 

essential to conduct experiments evaluating the number of astrocytes 

committed in a proliferative response before and after Notch-HEY signaling 

modulation.   

• We hypothesize the occurrence of three mechanisms that may explain the 

effects of Notch inhibition in the expression profile of reactive astrocytes. Notch 

inhibition may attenuate reactive astrocytes response and activate neural 

precursor mechanisms (proliferation and self-renewal) (Figure 23).  

• We suggest an indirect crosstalk of Wnt-Shh signaling in the regulation of 

BHLH-Notch target genes HES and HEY after Notch inhibition. In addition, 

Notch inhibition may also have a supportive effect in Wnt-Shh signaling 

activation (Figure 24).  
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This thesis contributes to increasing our knowledge of glia cell biology and the 

regenerative role of neurogenic signaling molecules in the response of reactive 

astrocytes after brain injury. Reactive astrocyte´s neurogenic signaling modulation 

opens new questions and supports novel strategies for repairing the central nervous 

system.    
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