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RESUMO 

 
A reativação astrocitária é uma das principais respostas celulares após lesão do 

sistema nervoso central. Astrócitos reativos auxiliam o fechamento e reparo do tecido 

danificado ao adquirirem um programa celular regenerativo, porém limitado, in vivo. 

Entretanto, in vitro, astrócitos reativos podem readquirir características de células 

tronco-neurais, como a multipotência e autorrenovação. Os fatores moleculares que 

acionam o potencial neurogênico latente de astrócitos reativos não são totalmente 

conhecidos. Neste sentido, uma melhor compreensão dos mecanismos envolvidos na 

reativação astrocitária e sua modulação poderia esclarecer o potencial astrocitário em 

fornecer células tronco-neurais no sítio da lesão, ultrapassando os desafios 

enfrentados pela migração de células tronco-neurais provenientes dos nichos 

neurogênicos. Neste contexto, nós estudamos o papel da via de sinalização do Notch 

e Galectina-3 (Gal-3) na reativação e desdiferenciação astrocitária. Nós reportamos 

que astrócitos reativados pelo modelo de scratch apresentam um aumento da proteína 

Gal-3 no meio intracelular e ativação da via do Notch1 in vitro. Além disso, NICD1 

(domínio intracelular de Notch1) e Gal-3 mudam seu padrão de distribuição de difuso 

para vesicular após estímulo de reativação, indicando interação NICD1/Gal-3. Nós 

reforçamos esta hipótese ao verificar que astrócitos reativos Lgals3-/- não ativam a via 

de sinalização Notch1. Astrócitos reativos Lgals3-/- não apresentam a proteína NICD1 

nuclear, nem superexpressam Hes5, Jagged1 e Delta-like1. Ao contrário, astrócitos 

reativos C57Bl/6J apresentam um aumento da proteína NICD1 no núcleo e 

superexpressam o gene-alvo Hes5 e os ligantes de Notch, sugerindo que Gal-3 é 

necessária para a ativação apropriada da via do Notch1. Posteriormente, verificamos 

que, in vitro, os astrócitos adquirem fenótipo reativo após nocaute condicional de Rbpj, 

indicando que Notch atua na manutenção do estado celular astrocitário. Em seguida, 

nós avaliamos o papel de Notch na desdiferenciação astrocitária e reportamos que a 

inibição da enzima -secretase promove o crescimento das neuroesferas, mas a 

deleção condicional específica de Notch2 gera maior número de neuroesferas 

menores. Em conclusão, Gal-3 interage com NICD1 na resposta de reativação 

astrocitária e Notch2 contribui para a autorrenovação de células tronco-neurais 

derivadas de astrócitos reativos (RA-NSC), mas impede a ativação do programa 

neurogênico por astrócitos reativos. 

 



 
 

xv 
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ABSTRACT 

 
Astrocyte reactivation is one of the main cellular responses after central nervous 

system lesion. Reactive astrocytes support the closure and repair of damaged tissue 

by acquiring a limited regenerative cell program in vivo. However, in vitro, reactive 

astrocytes can regain neural-stem cell hallmarks, such as multipotentiality and self-

renewal ability. The molecular factors responsible for triggering the latent neurogenic 

program of reactive astrocytes are not well-known. Yet, a better understanding of 

astrocyte reactivation mechanisms and their modulation would shed light on 

astrocyte’s potential to provide neural-stem cells at the lesion site, bypassing 

challenges involved in neural-stem cell migration from neurogenic niches. In this 

context, we studied the role of Notch signaling pathway and Galectin-3 (Gal-3) as 

underlying molecular factors involved in astrocyte reactivation and dedifferentiation 

response. We report that scratch-induced reactive astrocytes in vitro increase 

intracellular Gal-3 protein and have active Notch1 signaling. Moreover, NICD1 (Notch1 

intracellular domain) and Gal-3 shift from diffuse to vesicular pattern distribution with 

astrocyte reactivation, indicating NICD1/Gal-3 interaction. We further support this 

hypothesis by showing that Lgals3-/- reactive astrocytes do not activate Notch1 

signaling. Nuclear NICD1 protein is not reported in Lgals3-/- reactive astrocytes, neither 

the upregulation of Hes5, Jagged1 or Delta-like1 mRNA expression. On the contrary, 

C57Bl/6J reactive astrocytes have increased NICD1 protein in the nucleus and 

upregulate Notch ligands and the target gene Hes5, suggesting that Gal-3 is necessary 

for proper Notch1 signaling activation. In addition, we show that astrocytes in vitro 

acquire a reactive phenotype upon Rbpj conditional knockout, indicating that Notch 

maintain astrocyte’s mature cell state. Next, we assessed Notch role in astrocyte 

dedifferentiation through the neurosphere assay and noted that -secretase enzyme 

inhibition promotes neurosphere growth, but specific Notch2 conditional deletion leads 

to a higher number of smaller neurospheres. Overall, we conclude that Gal-3 interacts 

with NICD1 at astrocyte reactivation response, and that Notch2 contributes to reactive 

astrocytes-neural stem cells (RA-NSC) self-renewal, but prevents the activation of 

reactive astrocyte’s neurogenic program. 

 

Key words: reactive astrocyte, dedifferentiation, neural-stem cell, NICD, Gal-3, 

traumatic brain injury 
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1. INTRODUCTION 

 

1.1. What is a reactive astrocyte? 

 

 Astrocytes are glial cells with a variety of essential functions, including 

modulation of the blood-brain barrier (BBB), regulation of synaptogenesis, energy 

support for neurons, regulation of synaptic activity, and neural-stem cell niche 

maintenance, to name a few (Barres, 2008). Recent studies support the notion that 

astrocytes have the same degree of heterogeneity as neurons and are also organized 

in layers in the cerebral cortex (Bayraktar et al., 2020). Developmental origin, as well 

as microenvironmental cues, drives astrocyte heterogeneity (Khakh & Deneen, 2019). 

 Astrocyte function can be inferred by the anatomical and molecular profile of 

distinct astrocyte populations. As an example, protoplasmic astrocytes from the gray 

matter display a sponge-like morphology with many fine processes, which allows them 

to interact with synapses, cerebrovasculature and other astrocytes to regulate energy 

balance, synaptic function and BBB modulation (Farmer & Murai, 2017). In contrast, 

fibrous astrocytes from the white matter have enlogated cell bodies and thick, but less 

branched processes, because contact with myelinated axons only occurs at the node 

of Ranvier (Köhler et. al, 2021). Other astrocytes types at the CNS include the Müller 

glia of the retina, which are radially polarized and primed to exert specific functions 

regarding retina function (Reichenbach & Bringmann, 2013) and the Bergmann glia of 

the cerebellar cortex, which are also polarized astrocytes responsible for glutamate 

detection and fine motor coordination (Saab et. al, 2012). 

 However, to make things even more complex, astrocyte subpopulations do not 

have a strictly defined molecular profile but rather show a graded expression of 

markers (Ye Zhang & Barres, 2010). In view of this complex heterogenic background, 

it is not surprising that astrocytes vary in their response to homeostasis dysfunction, 

which happens in injury by trauma, stroke, neuroinflammatory disorders, and 

neurotoxicity (Escartin, et. al, 2019; Matias et. al, 2019). 

 When astrocytes are challenged by these factors, they acquire a reactive cell-

state. The term “reactive astrocyte” was first used in the 1970s, and Rudolf Virchow 

first described it in the 19h century (Liddelow & Barres, 2017a). Virchow reported a 

“necrotic spinal lesion surrounded by a thick, highly fibrillary scarring” that matches the 
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description of a glial scar. Indeed, glial scar formation happens when there is a very 

strong astrocyte reactivation. In that case, lesion stimuli is intense, so astrocytes 

proliferate and acquire a reactive program that creates a non-reversible glial scar to 

restore homeostasis efficiently and hinder inflammation spread to adjacent healthy 

tissue (Anderson et al., 2016). In face of a mild, non-penetrating stressor, astrocyte 

reactivation has a different profile. Astrocyte reactivation program can be reversible in 

moderate lesion stimuli and in this scenario astrocytes do not proliferate (Burda et. al, 

2016). 

 In a broad sense, reactive astrocytes are characterized by upregulation of the 

intermediate filaments GFAP (glial fibrillary acidic protein) and vimentin, and 

hypertrophy of cell body and main processes. Cortical reactive astrocytes located at 

juxtavascular sites proliferate and a subpopulation of astrocytes elongate their 

processes towards the lesion site (Bardehle et al., 2013). Reactive astrocytes are 

responsible for clearance of debris, phagocytosis of synapses, and BBB repair (Figure 

1). 

Figure 1. Reactive astrocyte hallmarks and functions: At homeostasis dysfunction, astrocytes react 

by acquiring a reactive cell state. After a traumatic brain injury (TBI), there is tissue disruption, followed 

by a rapid astrocytic response to close the wound with a glial scar. Reactive astrocytes at juxtavascular 

position proliferate and act to promote blood-brain barrier (BBB) repair. Moreover, reactive astrocytes 

release trophic molecules, which benefit neurons and prevents further cell death. Reactive astrocytes 

can migrate to the lesion core to support glial scar formation. (Artwork from Tais N. Ribeiro, images from 

BioRender App). 
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 Astrocytes are early responders to traumatic brain injury (TBI), which is defined 

as a mechanical disruption of brain tissue and abrupt cell death. Astrocyte reactivation 

upon TBI depends on the degree of injury severity, anatomical location of the injury 

and mechanical properties of the injury (Burda et. al, 2016). The initial molecular 

mediators of astrocyte reactivity are ATP, purines and pyrimidines (Abbracchio & 

Ceruti, 2006). They are released by dying or injured cells. ATP induces a rapid rise in 

cytoplasmic calcium in reactive astrocytes, leading to process polarization to the injury 

site and recruitment of microglia and neutrophils via astrocyte connexin hemi-

channels. Moreover, reactive astrocytes, infiltrating immune cells and microglia release 

pro-inflammatory cytokines, such as tumor necrosis factor- (TNF-), interferon- 

(INF-), interleukin-1β (IL-1β), ciliary neurotrophic factor (CNTF) and interleukin-6 (IL-

6). These are the first mediators of the astrocytic response that give rise to an 

autocrine-paracrine activation loop (Buffo, Rolando, & Ceruti, 2010). Reactive 

astrocytes also overexpress growth factors and their receptors to provide trophic 

support for damaged neurons, oligodendrocytes and progenitor cells. Epidermal 

growth factor receptor (EGFR), for example, which is not expressed in non-reactive 

astrocytes, is detected upon astrocyte reactivation (Planas et. al, 1998). The 

intracellular transduction pathways related to reactive astrocyte morphological 

changes include the mammalian target of rapamycin kinase (mTOR), responsible for 

astrocyte hypertrophy and proliferation (Codeluppi et al., 2009); the signal transducer 

and activator of transcription 3 (STAT3) signaling pathway, which plays a role in 

astrocyte migration and inflammation contingency (Okada et al., 2006) and the small 

RhoGTPase Cdc42, important for reactive astrocyte recruitment to the injury site 

(Robel et. al, 2011). 

 Although reactive astrocytes aim at protecting and restoring tissue homeostasis, 

there are some detrimental consequences associated with reactive astrogliosis. 

Chondroitin (CSPG) and keratan sulfate proteoglycans are produced by reactive 

astrocytes at the lesion border and inhibit axonal growth (Silver & Miller, 2004). In 

addition, CSPG impairs neural stem migration to the injury site (Galindo et al., 2018). 

Noteworthy, it was shown that glial scar ablation is not sufficient to promote axon 

regeneration in spinal cord injury (Anderson et al., 2016), and in GFAP-/- Vim-/- mice 

astrocyte reactivation was deficient and lead to synaptic restoration 14 days after 

entorhinal cortex lesion (Wilhelmsson et al., 2004). Certainly, there is still a vast field 
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of research to understand astrocyte reactivation from the molecular to the physiological 

level, and how it can be beneficial or detrimental to brain recovery after lesion. 

 

1.2. The latent neurogenic potential of reactive astrocytes 

 

From all reactive astrocyte hallmarks, one in particular catches our attention: 

reactive astrocyte ability to dedifferentiate. In contrast to what occurs when mature 

astrocytes are isolated from healthy brains, reactive astrocytes isolated from injured 

brains give rise to neurospheres in vitro (Buffo et al., 2008). Because neurospheres 

are a surrogate reporter of NSC self-renewal, it indicates that reactive astrocytes can 

acquire an undifferentiated profile and resemble adult NSC in their long-term self-

renewal and multipotentiality (Shimada et al, 2012; Götz et al, 2015). 

The fact that reactive astrocytes might regain NSC features is logical, 

considering that NSCs in the adult mammalian brain are astrocytes (Doetsch et. al, 

1999). NSCs express GFAP, immature glial markers, and inhabit specific brain regions 

called neurogenic niches, which have a permissive microenvironment for their 

maintenance, self-renew and differentiation (Faigle & Song, 2013; Kriegstein & 

Alvarez-buylla, 2009; Molofsky et. al, 2004). In other regions of the nervous system, 

astrocytes retain a highly specialized cell state and, under physiological conditions, do 

not proliferate (Alvarez-Buylla and Lim, 2004). In addition, with advances in the 

neurodevelopmental field, we now know that mature astrocytes, oligodendrocytes, 

neurons and NSCs share a common progenitor, the radial glial cell (Anthony et. al, 

2004). Collectively, these findings endorse the idea of a latent neurogenic program 

retained by glial cell and open new questions such as which are the molecular 

mediators of astrocyte dedifferentiation. 

 A comparison between signals from the neurogenic niches and injured 

parenchyma may be a key strategy to understand the neurogenic microenvironment 

that promotes astrocyte dedifferentiation. In that sense, fibroblast growth factor (FGF), 

epidermal growth factor (EGF) and vascular endothelial growth factor (VEGF) signaling 

pathways are active in both cases. (Liu & Neufeld, 2007; Feng et al., 2014; Robel et. 

al, 2011). The expression of these receptors enable reactive astrocytes to grow in 

neurosphere culture conditions with FGF2 and EGF supplementation. The mitogen 

Sonic hedgehog (Shh), which is present at neurogenic niches, was also shown to be 
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upregulated after neurotrauma, promote reactive astrocyte proliferation in vivo, and 

increase neurosphere formation by reactive astrocytes in vitro (Sirko et al., 2013; H. 

Yang et al., 2012). Wnt is another example of an important mediator of 

neurodevelopment and NSCs maintenance in the adult brain that is upregulated by 

GFAP+ astrocytes after traumatic brain injury (White et al., 2010). Additionally, in our 

research group, MSc Agnes A. S. Pinto studied the Wnt/β-catenin signaling pathway 

role in astrocyte dedifferentiation. She showed that Wnt/β-catenin pathway inhibition 

reduced neurosphere formation from reactive astrocytes in vitro, concluding that it is 

necessary but not sufficient to elicit a full neurogenic potential of reactive astrocytes 

(Pinto, 2017). In view of our incomplete understanding of how astrocytes 

dedifferentiate, we saw an opportunity to study the role of the Notch signaling pathway 

in this phenomenon. 

 

1.3. Notch signaling pathway and astrocyte dedifferentiation 

 

One outstanding hallmark of Notch signaling activation is that it relies on cell-to-

cell interactions. That is because Notch receptors and its ligands are transmembrane 

proteins. Signal sending cells express the ligands (Delta-like and Jagged in mammals) 

which bind to Notch receptors (There are four paralogs in mammals) expressed in the 

apposing cell. Ligand binding to Notch exerts a pulling force, which exposes Notch 

cleavage site for ADAM10 or ADAM17. Then, Notch is sequentially cleaved by -

secretase, yielding the Notch intracellular domain (NICD). NICD translocates to the 

nucleus and binds with the DNA-binding protein Rbpj and its co-activator Mastermind-

like (MAML) to promote gene transcription (Bray, 2006; Hori et. al, 2013; Mumm & 

Kopan, 2000). In NSC, Notch signaling promotes transcription of Hes and Hey, 

transcriptional regulators that inhibit proneural genes including Mash1 and 

Neurogenin1/2 (Figure 2). 

The Notch field has been dominated by studies on neural development and 

adult neurogenesis, since the outcome of Notch signaling is entirely dependent on cell 

context and may result in proliferation, differentiation, cell migration or apoptosis (Ables 

et al, 2011). One of the first loss of function studies on Notch signaling showed that 

Notch1 and Rbpjk deletion correlates with a major expression of Mash1, Math1 and 

NeuroD, leading to premature neuronal differentiation (de la Pompa et al., 1997; Lütolf 



6 
 

 

et. al, 2002). In gliogenesis, Notch specifies glial cell fate by inhibiting neuronal and 

oligodendrocyte differentiation and commitment of the progenitor to astroglial fate 

(Gaiano et. al, 2000; Grandbarbe et al., 2003; Lütolf et al., 2002). 

 

Different roles are played by Notch1 and Notch2 receptors in NSC from the ventral 

subventricular zone (V-SVZ) neurogenic niche. Conditional deletion of Notch1 resulted 

in a selective loss of active NSC, whereas Notch2 was found indispensable for the 

maintenance of NSC quiescence in the adult V-SVZ. The authors saw that Notch2 

deficiency resulted in accelerated V-SVZ NSC exhaustion and an aging-like phenotype 

(Basak et al, 2012; Engler et al., 2017) 

Beyond its influence in the neurogenic niches, recent studies suggest a possible 

role for Notch in astrocyte dedifferentiation. LeComte and collaborators (2015) 

evaluated Jagged1/Notch1 signaling in astrocytes from the lesion core and concluded 

that Notch1 is involved in the control of reactive astrocyte proliferation. Shimada and 

collaborators (2011) described that proliferating and nestin-positive reactive astrocytes 

in peri-infarct area are regulated by Notch1 signal transduction three days after distal 

Figure 2. Overview of the Notch signaling pathway. Figure from Ables et. al, 2011. 
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middle cerebral artery occlusion. Further studies by the same group showed that NSC 

derived from reactive astrocytes rely on Notch1 signaling for their maintenance and 

proliferation in vitro (Shimada et al., 2012). In opposition, other study showed that 

reduced Notch1 signaling is necessary for activation of the latent neurogenic program 

of astrocytes in the striatum after stroke (Magnusson, 2014). Finally, a recent study 

has shown by single-cell RNA sequencing that Rbpjk conditional knockout induces a 

neurogenic program from cortical astrocytes (Zamboni et. al, 2020). 

Collectively, all these findings led us to further investigate Notch signaling in 

astrocyte dedifferentiation. Concomitantly, in our literature search, we were interested 

in the role of another protein in astrocyte reactivation and dedifferentiation: galectin-3. 

 

1.4. Galectin-3 and astrocyte dedifferentiation 

 

Galectins belong to a subfamily of glycan binding proteins, or lectins. They were 

initially isolated as β-galactose residues binding proteins and later characterized as a 

family of 15 genes in mammals (Cooper, 2002). Galectins are classified in three groups 

regarding their structure, (1) galectins with one carbohydrate recognition domain 

(CRD) (Gal-1, Gal-2, Gal-5, Gal-7, Gal-10, Gal-11, Gal-13, Gal-14 and Gal-15); (2) 

galectins tandem-repeat, with two CRD (Gal-4, Gal-6, Gal-8, Gal-9 and Gal-12); (3) 

and galectin-3 chimera-type, composed of a single CRD C-terminal and a N-terminal 

repetitive sequence that allows Gal-3 oligomerization in pentamers.(Cooper, 2002; 

Dumic e cols, 2006; Yang e cols, 2008). 

 Gal-3 complexes interact with glycosylated proteins with a proportional affinity 

to the number of N-glycans ramifications, creating a complex and dynamic structure 

that regulates diffusion, compartmentalization and endocytosis of membrane 

glycoproteins and glycolipids. Depending on its location, Gal-3 can exert different 

functions. At the extracellular matrix, Gal-3 contributes with cell-cell and cell-matrix 

interactions. Intracellularly, Gal-3 is involved in many cellular functions, such as 

apoptosis, proliferation, migration, angiogenesis, RNA splicing and surface to nuclear 

signal transport (Nabi, et al., 2015; Nieminen, et al., 2007). 

 Gal-3 is expressed at low levels throughout the CNS, including the cerebral 

cortex (John & Mishra, 2016). However, galectins are highly expressed in the 

neurogenic niches (SVZ and subgranular zone, SGZ) where they are essential for 

neural progenitors proliferation, SVZ cytoarchitecture, rostral migratory stream (RMS) 
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maintenance, neuroblast migration and gliogenesis (Al-Dalahmah et al., 2019; Comte 

et al., 2011; Kajitani et al., 2009). Even though several studies have focused on Gal-3 

physiological roles, much attention has been drawn to its role in pathological 

conditions, because Gal-3 is strongly upregulated in inflammatory diseases, 

carcinogenesis and brain lesion (Newlaczyl e Yu, 2011; Chip e cols, 2017). Actually, 

the fact that Gal-3 is released in many inflammatory conditions and can be detected in 

the plasma has pointed out its role as an early diagnostic and prognostic biomarker for 

several diseases (Hara et al., 2020). 

 Focusing on neuroinflammatory conditions, it was shown that Gal-3 expression 

in microglia and macrophages was increased from 3 to 7 days post intracerebral 

hemorrhage injury in adult mice (Bonsack & Sukumari-Ramesh, 2019). In agreement, 

Gal3 was mostly expressed by cortical microglia cells at 24 hours post TBI and was 

correlated with increased neuroinflammation and neuronal loss (Yip et al., 2017). 

Reactive astrocytes also express Gal-3, although at a later stage. Employing a cell-

type-specific immunoprecipitation technique, it was demonstrated that Gal-3 is 

upregulated by reactive astrocytes 3 days post stroke (Rakers et al., 2019). 

 In that sense, Sirko and collaborators (2015) purified astrocytes from healthy 

and lesioned somatosensorial cortex of adult mice and performed a genomewide 

expression analysis of these cells. The analysis revealed that the Lgals3 gene (coding 

Gal-3 protein) was the second highest upregulated in both reactive astrocytes and 

adult NSCs in comparison to non-reactive astrocytes. Moreover, the authors reported 

less proliferative reactive astrocytes from Lgals1-/- Lgals3-/- mice, when cells were 

immunomarked for ki67/GFAP in vivo. When these cells were grown in NSC medium 

conditions in vitro, they generated less than half of the number of neurospheres 

obtained in the control group. Nonetheless, reactive astrocytes-neural stem cells 

proliferation was rescued to normal levels upon Gal-3 reposition. These results indicate 

that the number of astrocytes with neurogenic potential is reduced in the cerebral 

cortex lacking Gal-1 and Gal-3 and that the high expression of Gal-3 in reactive 

astrocytes is not only a predictor of their reactive state in vivo, but also correlates with 

their potential to activate the NSC program in vitro (Sirko e cols., 2015). 
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1.5. Notch and Galectin-3 interaction 

 

 A series of studies from cancer and immunology research areas already seek 

to understand Notch and Gal-3 interaction and its biological consequence. One of 

those studies, from Nakajima and collaborators, described Gal-3 dependent-Notch 

activation in a model of tumor cell interaction with osteoblasts. The authors found that 

extracellular Gal-3, secreted by tumor cells, interacts with Notch1 in a CRD-dependent 

way, accelerating Notch1 activation by proteolytic cleavage, which led to inhibition of 

osteoblast differentiation (Nakajima et. al, 2014). 

 Likewise, it was shown by immunoprecipitation analysis that Gal-3 interacts 

directly with NICD through CRD in ovarian cancer stem-cells (Kang et. al, 2016). 

NICD/Gal-3 interaction was correlated with cancer stemness maintenance in that 

model. Gal-3 interference on Notch signaling was also studied by Nascimento and 

collaborators in an angiogenesis tumor model in vitro. It was observed that tumor-

secreted Gal-3 affects cellular distribution and turnover rate of membrane 

glycoproteins, increasing Jagged1 half-life at endothelial cell-surface and 

consequently facilitating Jagged1/Notch1 signaling in these cells. The authors 

proposed that the Gal-3 mechanism of action is enhanced when Gal-3 aggregate in 

oligomers, which could promote crosslink between Notch1, from one cell, and 

Jagged1, from the neighboring cell (Nascimento et. al, 2017). 

 In opposition to the model of Gal-3/NICD interaction for Notch signaling pathway 

activation, one work with dendritic cells demonstrated that Lgals3-/- mice had higher 

levels of Notch receptor and ligands. The authors suggested that Gal-3 oligomers form 

rigid structures between Notch and Jagged glycoproteins, hindering receptor-ligand 

interaction, and therefore, pathway activation (Fermino e cols, 2016). At last, the same 

group recently reported that Gal-3 controls Delta-like1 and Delta-like4 levels at the 

mesentery tissue in an experimental lupus-like syndrome (Lemos et al., 2019). 

Collectively, the results from the studies cited above lead us to conclude that 

Gal-3/Notch1 interaction is of physiopathological relevance, but never reported on 

neural tissue. Considering the literature emphasis on the Notch receptor and Gal-3 

protein in astrocyte reactivity and dedifferentiation, it would be of interest to determine 

if these proteins act jointly at the neurogenic response of reactive astrocytes. 
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1.6. Relevance of the study 

 

Astrocytes go through changes in gene expression profile in response to injury. 

Reactive astrocytes acquire a regenerative phenotype in vivo and regain NSC 

hallmarks in vitro. Considering that reactive astrocytes-derived NSC-like cells 

resemble NSC from adult neurogenic niches, such as the SVZ, it would be interesting 

to understand how the neurogenic potential can be modulated, in order to use reactive 

astrocytes as a source of multipotent cells at the lesion core. RA-NSC would bypass 

the challenges of NSC transplant rejection and NSC migration inhibition by CSPG 

molecules. 
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2. AIMS OF THE PROJECT 

 

The aims of this research, summarized in Figure 3, were: 

2.1. To investigate Notch1 and Gal-3 role and interaction in astrocyte reactivation in 

vitro. 

2.2. To investigate Notch1 and Gal-3 role and interaction in astrocyte dedifferentiation 

in vitro. 

 

 

 

  

Figure 3. Graphical illustration of the aim of the project.  
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3. MATERIAL AND METHODS 

 

3.1. Material 

 

3.1.1 Chemical compounds and drugs 

 

 Chemical compounds and drugs were dissolved and stored at the indicated 

stock concentration. The final working concentration was reached by diluting in the cell 

culture media. All reagents were prepared under sterile conditions. 

 Lactose (Merck, Darmstadt, Germany) was dissolved in Phosphate Buffered 

Saline (PBS1x) at a stock concentration of 220mM and was used at a working 

concentration of 2.5mM, 5mM, 10mM and 20mM. 

 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma 

Aldrich Corporation, Saint Louis, USA)  was prepared at a stock concentration of 

5mg/ml by dissolving in PBS1x. MTT was used at a working concentration of 0,5mg/ml 

and was stored protected from light. 

 Recombinant murine galectin-3 protein, rmGal-3 (Abcam, California, USA) was 

resuspended into sterile H2O at a stock concentration of 200 µg/ml and stored at -

20°C. rmGal3 was used at a working concentration of 5 µg/ml. 

 Semagacestat (LY450139, Santa Cruz Biotechnology, California, USA) was 

diluted in dimethyl sulfoxide (DMSO) (Sigma Aldrich, São Paulo, Brazil). to a stock 

concentration of 25mg/ml, and used at the working concentrations: 10 nM, 30 nM, 

100 nM, 300 nM and 1 µM. Aliquots were stored in -20°C. 

 Poly(2-hydroxyethyl methacrylate) (Sigma Aldrich Corporation, Saint Louis, 

USA) was used at 12mg/ml. Poly-hema was diluted with 95% ethanol and added to 24 

well plates in the hood (150µl/well). The plates were left partially open and overnight 

in the hood for ethanol evaporation. Once poly-hema dried, the plates were stored at 

room temperature for up to two weeks. 

 

3.1.2 Adeno-Cre virus 

 

 Adeno-Cre viruses were kindly provided by Prof. Verdon Taylor (University of 

Basel, Switzerland). 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl
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3.1.3 Antibodies 

 

Table 1: Primary antibodies used in this work 

Primary 
Antibody 

Reactivity Dilution Supplier 
Catalog 
number 

Anti-Gal-3 Rat mAb 1:250 

Santa Cruz 

Biotechnology, 

Texas, USA 

sc23938 

Anti-GFAP Chicken pAb 1:1000 

Millipore, 

Massachusetts, 

USA 

AB5541 

Anti-GFAP Goat pAb 1:400 

Santa Cruz 

Biotechnology, 

Texas, USA 

sc-6170 

Anti-GFP Chicken pAb 1:1000 
Aves Labs, 

Oregon, USA 
GFP-1020 

Anti-ki67 Rabbit mAb 1:500 
Abcam, 

Cambridge, EUA 
ab15580 

Anti-Notch1* Mouse mAb 1:500 
Abcam, 

Cambridge, USA 
ab128076 

Anti-Rbpjk Rabbit mAb 1:1000 

Cell Signaling 

Technology, 

Massachusetts, 

USA 

5313 

 

*Note: anti-Notch1 antibody ab128076 strongly recognizes the activated form of the intracellular 

domain of Notch1 protein (NICD1). The unprocessed Notch1 protein is recognized with lower affinity. 

 

Table 2: Secondary antibodies used in this work 

Secondary 
Antibody 

Reactivity Dilution Supplier 
Catalog 
number 

Alexa488 - IgG 

goat 
Chicken pAb 1:500 

Invitrogen, 
Oregon, USA 

#A-11039 

Alexa488 - IgG 

goat 
Rat pAb 1:500 

Invitrogen, 
Oregon, USA 

#A-11006 

Alexa488 – IgG 

goat 
Rabbit pAb 1:500 

Invitrogen, 
Oregon, USA 

#A27034 

Alexa594 – IgG 

goat 
Rat pAb 1:500 

Invitrogen, 
Oregon, USA 

#A-11007 

Alexa647 – IgG 

goat 
Mouse pAb 1:500 

Invitrogen, 
Oregon, USA 

#A28181 

Alexa488 - IgG 

donkey 
Chicken pAb 1:500 

Jackson 
Immuno 

Research 
Laboratory, 

Pennsylvania, 
USA 

703-545-155 
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Cy3 - IgG 

donkey 

Rabbit pAb 

 
1:500 

Jackson 
Immuno 

Research 
Laboratory, 

Pennsylvania, 
USA 

711-165-152 

Alexa647 - IgG 

donkey 
Goat pAb 1:500 

Jackson 
Immuno 

Research 
Laboratory, 

Pennsylvania, 
USA 

705-605-147 

 

3.1.4 Oligonucleotides 

 

 Primers used for real time polymerase chain reactions were selected from 

PrimerBank Harvard (https://pga.mgh.harvard.edu/primerbank/) or drawn with 

PrimerQuest Tool (https://www.idtdna.com/Primerquest/Home/Index) based on 

sequences from the CCDS Database 

(https://www.ncbi.nlm.nih.gov/CCDS/CcdsBrowse.cgi) and GenBank 

(http://www.ncbi.nlm.nih.gov/Genbank/index.html). Primer sequence homology was 

analyzed with BLAST Tool (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and OligoAnalyzer 

(https://www.idtdna.com/calc/analyzer) and purchased from Exxtend (Jag1) and 

Thermofisher (Gapdh, Gal-3, Hes1, Mash1, Hes5, Notch1, Dll1). 

 Lyophilized oligos were resuspended in sterile nuclease free H2O to yield a 

stock of 100 µM and mixed by vortexing for complete resuspension. qPCR primers 

were further diluted in sterile nuclease free water in a working concentration of 5 µM. 

Primers used for genotyping were kindly provided by Prof. Verdon Taylor (University 

of Basel, Switzerland). Genotyping primers were designed and optimized previously, 

and were used routinely at Prof. Verdon Taylor group. 

 

Table 3: qPCR primers 

Gene 

Target Access Number Primer Sequence (5’-3’) 
Ta 

(°C) 

Amplicon 

(pb) 

Gal-3 NM_001145953.1 
FW ACACGAAGCAGGACAATAACT 62 

99 
RV CAGCTTCAACCAGGACTTGTA 62 

Notch1 NM_008714.3 
FW CCCGCTGTGAGATTGATGTTA 62 

114 
RV CACCTTCATAACCTGGCATACA 64 

Hes1 NM_008235.2 
FW CTATCATGGAGAAGAGGCGAAG 62 

95 
RV CCGGGAGCTATCTTTCTTAAGTG 62 

Hes5 NM_010419.4 
FW AGTCCCAAGGAGAAAAACCGA 62 

183 
RV GCTGTGTTTCAGGTAGCTGAC 62 

Mash1 NM_008553.5 
FW CTTGAACTCTATGGCGGGTT 60 

98 
RV TAAAGTCCAGCAGCTCTTGTT 60 

https://www.ncbi.nlm.nih.gov/nuccore/NM_001145953.1
https://www.ncbi.nlm.nih.gov/nuccore/NM_008714.3
https://www.ncbi.nlm.nih.gov/nuccore/NM_008235.2
https://www.ncbi.nlm.nih.gov/nuccore/NM_008553.5
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Gapdh NM_001289726.1 
FW AGGTCGGTGTGAACGGATTTG 62 

123 
RV TGTAGACCATGTAGTTGAGGTCA 61 

Dll1 NM_007865.3 
FW CCCATCCGATTCCCCTTCG 62 

100 
RV GGTTTTCTGTTGCGAGGTCATC 62 

Jag1 NM_013822.5 
FW GATTGCCCACTTCGAGTATCA 60 

122 
RV CGTTCTGGTCACAGGCATAA 60 

 

Table 4: Genotyping primers and annealing conditions 

Gene Target Primer Sequence (5’-3’) 
Annealing 

Temperature 

Annealing 

Time 

cagGFP 
CTTCAGCCGCTACCCCGACCACA 

61°C 1min 
ATCGCGCTTCTCGTTGGGGTCTTT 

Rosa WT 
GACCAATGCAGACTTTAATGTC 

61°C 1min 
GGGCTCAAACTCAGAGATCTG 

Rbpj WT 
GTTCTTAACCTGTTGGTCGGAACC 

58°C 1min 
GCTTGAGGCTTGATGTTCTGTATTGC 

Rbpjfx/fx 
GAAGGTCGGTTGACACCAGATAGC 

58°C 1min 
GCAATCCATCTTGTTCAATGGCC 

Notch2fx/fx 
GTGAGATGTGACACTTCTGAGC 

58°C 1min 
GAGAAGCAGAGATGAGCAGATG 

 

Table 5: PCR program for genotyping 

Stages Temperature Time Cycles 

Initialization 94°C 4min 1x 

Denaturation 94°C 30s 

35x Annealing Annealing conditions (table 4) 

Extension 72°C 30s 

Final elongation 72°C 4min 1x 

 

3.1.5 Buffer and Solution Recipes 

 

Hank’s Balanced Salt Solution (HBSS): 5.36mM KCl; 0.44mM KH2PO4; 4.16 mM 

NaHCO3; 136.9 mM NaCl; 0.336 mM Na2HPO4; 5.55mM Glucose in destilated H2O. 

Versene Solution: 2.7 mM KCl, 1.8 mM KH2PO4, 137 mM NaCl, 10 mM Na2PO4, 

0.68 mM EDTA in destilated H2O. 

Dissection Buffer: HBSS, 10mM HEPES, 100 U/ml Penicillin-streptomycin. 

Digestion Buffer: 50 mM KCl, 10 mM Tris-HCl, 0.1% Triton X-100% and 0.4 mg/ml 

Proteinase K 

Astrocyte Culture Medium: 10% Heat-Inactivated Fetal Bovine Serum, 2mM L-

Glutamine, 100 U/ml Penicillin-streptomycin in DMEM/F12 

Neurosphere Medium: 2% supplement B27, 2mM L-Glutamine, 100 U/ml Penicillin-

streptomycin, 20ng/ml bFGF, 20ng/ml Heparin, 10ng/ml EGF in DMEM/F12 

https://www.ncbi.nlm.nih.gov/nuccore/NM_007865.3
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Protease Inhibitor Solution: 1 mg/mL Ovomucoid trypsin inhibitor, 0.5 mg/mL 

bovine serum albumin and 1% DNase I in L-15 medium. 

Phosphate-Buffered Saline (PBS 10x): 80g NaCl, 2.48g KH2PO4, 14.4g Na2HPO4, 

2g KCl in 1L destilated H2O. 

Blocking solution (ICC): 10% normal donkey serum and 1% bovine serum albumin 

in PBS containing 0.3% TritonX-100. 

Blocking buffer for antibody dilution: 2% normal donkey serum and 1% bovine 

serum albumin in PBS containing 0.3% TritonX-100. 

 

3.2. Methods 

 

3.2.1 Cell Culture 

 

3.2.1.1 Animals 

 

Mice were handled according to National Institute of Health (NIH) norms on 

laboratory animals welfare. UNIFESP Ethical Committee approved all experimental 

procedures under license number CEUA 7740290318. The experiments conducted at 

the University of Basel were in accordance with the Swiss Federal and Swiss 

Veterinary office regulations under license numbers 2537 and 2538 (Ethics 

commission Basel-Stadt). Isogenic C57Bl/6J and transgenic Lgals3-/- mice were 

provided by INFAR/UNIFESP Animal Facility, and transgenic Notch2lox/lox 

Hes5::CreERT2 CAG-STOP::GFP, Rbpjlox/lox Hes5::CreERT2 CAG-STOP::GFP and 

Control Hes5::CreERT2 CAG-STOP::GFP mice from DBM-Unibasel Animal Facility. 

Mice were housed in standard cages, maintained under to 12 h controlled light-dark 

cycles with food and water available ad libitum. Experiments were done with mice at 

post-natal day six (PND6) and all efforts were made to minimize suffering and number 

of animals used. 

 

3.2.1.2 Cortical Astrocyte Cell Culture 

 

 Neonatal mice (PND6), without sex distinction, were decapitated. The brains 

were released from the skull cavity into a 60mm petri dish containing cold Dissection 
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Buffer (HBSS, 10mM HEPES, 100U/ml P/S). Cortices were dissected under a 

dissection microscope with two n°3 forceps and meninges were carefully peeled off to 

avoid fibroblast contamination. Under the laminar flow hood, the cortices were cut in 

small pieces with sterile forceps and decanted at 15ml tubes (one animal per tube). 

After that, the supernatant was aspirated and the tissue incubated for 20 minutes at 

37°C with 2ml of trypsin 3x (Gibco) in Versene with 1%P/S. Every 5 minutes the tubes 

were tapped to promote efficient mixture of the trypsin solution. After incubation period, 

trypsin activity was blocked with 500µl FBS (Cultilab, Campinas, SP, Brazil) and cells 

were pelleted down by centrifugation at 200g for 4 minutes. Supernatant was discarded 

and then cells were mechanically dissociated in 2ml Versene with 1%P/S. Next, cells 

were centrifuged 200g for 4 minutes and the pellet resuspended in Astrocyte Culture 

Medium: 10% heat-inactivated FBS, 2mM L-Glutamine (Sigma Aldrich Corporation, 

Saint Louis, USA), 100 U/ml Penicillin-streptomycin (Gibco, Grand Island, USA ) in 

DMEM/F12 (Gibco, Grand Island, USA ). Cell resuspension was filtered through a 

70µm cell strainer (Gibco, Grand Island, USA) for myelin and debri removal and plated 

in dishes previously coated with poly-l-lysine (Sigma Aldrich Corporation, Saint Louis, 

USA). Cells obtained from one animal were plated in one T25 flask (25cm2) or one 

60mm dish (21.5cm2) and kept at 37°C in a humidified atmosphere of 5% CO2. Half-

medium changes were performed every 2 days. Before cells reached confluency (7-

10div), they were washed 10 times with PBS1x to remove microglial cells. At 90% 

confluency stage (approximately 12div), astrocytes were passaged to new culture 

dishes. First, cells were washed once with PBS1x to remove FBS traces and then 

incubated with 0.5ml of trypsin 1x per 10cm2 at 37°C for 5 minutes. The dishes were 

tapped to optimize astrocyte de-attachment, and checked at the microscope for full cell 

dissociation. Next, trypsin activity was blocked with the same volume of astrocyte 

medium (containing 10% FBS) and the cells were pelleted down by centrifugation at 

200g for 7 minutes. Supernatant was discarded, cells resuspended in fresh astrocyte 

medium, and counted at a neubauer chamber. Each T25 flask yields between 4x106 

to 5x106 cells, and astrocytes were passaged at a 1:2 ratio to coverslips or new dishes 

treated with poli-l-lysine, depending on the experiment. First passaged astrocytes 

normally reached confluency after 7-14 div. 
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3.2.1.3 Scratch Assay 

 

 The scratch assay consists of removing horizontal and vertical cell layers at a 

0.5cm distance (adapted from Yang et. al, 2009). Prior to the assay, total medium was 

changed. The scratch was done with a 10µl pipette tip and a grid model, which is 

positioned under the dish for guidance. Astrocytes were submitted to mechanical 

lesion only after the culture reached 90% confluency. Three days post lesion, the 

reactive astrocytes were incubated with trypsin/EDTA for RNA extraction/flow 

cytometry/neurosphere assay, or fixed with paraformaldehyde 4% for immunostaining. 

 

3.2.1.4 Lactose Treatment 

 

Immediately after the scratch assay, astrocytes were exposed to 20mM lactose. 

Cells were treated once daily for three days. At the last day of treatment, the cells were 

exposed to lactose for 30 minutes before proceeding to PBS1x wash and 

immunostaining. Lactose is a monosaccharide that competitively inhibits the 

carbohydrate recognition domain (CRD) in Gal-3 and is used experimentally to block 

Gal-3 interactions mediated by the CRD. 

 

3.2.1.5 Recombinant Mouse Galectin-3 Treatment 

 

Lgals3-/- astrocytes were cultured in vitro and submitted to mechanical lesion. 

Immediately after the scratch assay, cells were treated with recombinant mouse 

galectin-3 protein (rmGal-3) at a final concentration of 5 µg/ml once daily. Three days 

post lesion, rmGal-3 was added to cell culture medium 30 minutes before cell fixing for 

immunostaining assays. 

 

3.2.1.6 -secretase inhibitor Treatment 

 

 Neurospheres were treated daily with Semagacestat (Santa Cruz 

Biotechnology, California, USA) at a final concentration of 10 nM, 30 nM, 100 nM, 

300 nM and 1 µM. Neurospheres reached 100-150 µm diameter at 8 days in vitro. 
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3.2.1.7 Adeno-Cre virus infection 

 

 Confluent astrocytes were passaged, counted and treated with Adeno-Cre virus 

at multiplicity of infection of 10 particles per cell. Adeno-Cre virus colony forming unit 

(cfu) is 107 iu/µl, and virus dilution was prepared following the equation N° of cells x 

MOI/ cfu = ul. At least 1ul was pipetted in each dish, then; the dishes were tilted to 

promote homogenization of virus particles. GFP positive cells could be seen under a 

fluorescent microscope 20 hours later. The astrocytes were checked daily and scratch 

assay was performed when the cultures reached 80 to 90% confluent state. 

 

3.2.1.8 Neurosphere Assay 

 

 Reactive astrocytes at three days post lesion (3dpl) were washed 2 times 

carefully with PBS1x and incubated at 37°C for 5 minutes with trypsin 1x/EDTA (0.5ml 

per 10cm2). Cell dissociation was checked under the microscope and dishes were 

tapped when necessary to optimize astrocyte de-attachment. Trypsin activity was 

blocked with the same volume of astrocyte culture medium (with 10% FBS) and the 

dish surface was washed 5 times for a maximum cell yield. The astrocytes were 

transferred to 15ml tubes and centrifuged at 200g for 7 minutes. Then, the pellet was 

resuspended in 1ml of neurosphere medium and cells were counted at a neubauer 

chamber. Astrocytes were plated at a cell density of 8x103 cells per well, at 24 well 

plates previously treated with poly-hema. The final volume at each well was 500l to 

avoid meniscus effect and consequent cell aggregation. Two days after plating, 

100l/well of NSC medium was added with the concentration of growth factors 

corresponding to the total volume of the well. Medium was added every second day 

until neurospheres reached 100-150m size. Neurospheres from C57Bl/6J mice were 

treated with -secretase inhibitor and Notch2 cKO neurospheres were passaged. The 

medium containing the neurospheres was collected and cells were spinned down at 

100g for 5 minutes. Supernatant was removed and cells were incubated with 500µl of 

1x trypsin for 5 minutes at 37°C. After that, neurospheres were dissociated carefully 

by pipetting up and down only once. Trypsin was blocked with 1:1 volume of protease 

inhibitor solution and neurospheres were dissociated by pipetting gently with 1000µl 
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and 200µl pipette tips. Cells were spinned down at 100g for 5 minutes and 

resuspended in fresh neurosphere medium for counting. Cells were plated at a density 

of 103 cells per well at a final volume of 500µl. Second-passaged neurospheres were 

generated for 5 days and fixed for 30 minutes with PFA 4% before image acquisition 

with Zeiss Apotome.2 microscope. 

 

3.2.2 Functional Assay 

 

3.2.2.1 Survival Assay 

 

 Cell viability was determined by tetrazolium dye MTT to formazan reduction 

assay. MTT at 0.5 mg/ml was added to cells previously plated at 96 well plates. After 

2 hours of incubation at 37°C, dimethyl sulfoxide 100% (DMSO, Sigma Aldrich, São 

Paulo, Brazil) was added to dissolve formazan crystals into a colored solution. The 

absorbance was quantified at 570 nm wavelength at the spectrophotometer DNM-

9602 Microplate reader, Perlong Medical.  

 

3.2.3 Microscopy 

 

3.2.3.1 Immunocytochemistry (ICC) 

 

The cells were blocked at room temperature for 1 hour in blocking solution (10% 

normal donkey serum and 1% bovine serum albumin in PBS containing 0.3% TritonX-

100). Primary antibodies (Table 1) were diluted in 2% normal donkey serum and 1% 

bovine serum albumin in PBS containing 0.3% TritonX-100 (blocking buffer for 

antibody dilution) and incubated overnight at 4ºC. The cells were washed with PBS + 

1% BSA and incubated at room temperature for 1 hour with the corresponding 

secondary antibodies (Table 2) in the blocking buffer for antibody dilution. The cells 

were incubated for 15 minutes at room temperature with fluorescence nuclear 

counterstain (1:500 of 0.2mg/µl DAPI diluted in PBS1x). The immunofluorescence was 

analyzed by confocal microscopy with Leica TCS SP8 (Leica Microsystems, 

Philadelphia, USA) at UNIFESP and epifluorescence with Zeiss Apotome.2 
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microscope at University of Basel. Images in each experiment were acquired at same 

settings and exposure times. 

3.2.4 Flow Cytometry 

 

 Astrocytes were de-attached from the plates as previously described (see cell 

culture methods) and resuspended in astrocyte complete medium at 15 ml tubes. The 

cell membranes were stabilized on an orbital shaker for 1 hour at 4°C. All incubation 

periods mentioned were performed under constant shaking on ice (4°C). For 

immunolabelling of cell membrane proteins, cells were centrifuged (4 minutes, 240 rcf, 

4°C) and resuspended in blocking buffer (PBSx1 + FBS 2%) for 20 minutes. Next, cells 

were homogenized and incubated with the primary antibody anti-Gal3 monoclonal rat 

[1:100] for 1 hour, then washed 3 times with blocking buffer, followed by secondary 

antibody incubation. The cells were incubated with the secondary antibody IgG goat-

anti-rat – Alexa488 [1:500] for 1 hour, washed twice with PBS1x and fixed with PFA 

4% for 20 minutes. At last, cells were washed twice with PBS1x and proceeded for 

analysis at the flow cytometer FACS Canto II (BD Biosciences, Mountain View, CA, 

USA). In order to immunolabel intracellular proteins, cells were fixed with PFA 4% for 

20 minutes after membrane stabilization and centrifugation. Then, cells were washed 

twice with PBS1x and blocked for 20 minutes with blocking buffer. After that, cells were 

incubated for 1 hour with the primary antibody anti-Gal-3 monoclonal rat [1:100] in 

permeabilization buffer (Perm/Wash Buffer, BD Biosciences, San José, USA). The 

cells were washed twice with blocking buffer before secondary antibody incubation 

(IgG goat-anti-rat – Alexa488 [1:500]) for 1 hour, then washed twice with PBS1x, and 

resuspended for flow cytometry analysis. Fluorescent-activated cell sorting (FACS) 

analysis of GFP+ /GFP- cells assessed the efficiency of virus transduction. Scratched-

reactive astrocytes from Notch2lox/lox Hes5::CreERT2 CAG-STOP::GFP, Rbpjlox/lox 

Hes5::CreERT2 CAG-STOP::GFP and control Hes5::CreERT2 CAG-STOP::GFP mice 

were trypsinized, centrifuged (7minutes, 200g, 4°C) and washed once with PBS1x to 

remove phenol red. The pellet was resuspended in 300µl PBS1x + 2mM EDTA and 

proceeded to FACS analysis. 
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3.2.5 Molecular Biology 

 

3.2.5.1 Genotyping 

 

Mouse tail genomic DNA was incubated with biopsy digestion buffer (50 mM KCl, 

10 mM Tris-HCl, 0.1% Triton X-100% and 0.4 mg/ml Proteinase K) at 60°C with 

constant mixing at 850 rpm for 3 hours. Proteinase K was denatured by incubation at 

94°C for 15 minutes. DNA was amplified with gene-specific PCR primers (Table 4 and 

5) with FIREPol Master Mix (Solis Biodyne) and the amplicons separated on a 1.5% 

agarose gel with 0.01% containing ethidium bromide (1:2000). 

 

3.2.5.2 RNA Extraction 

 

 RNA from reactive astrocytes were extracted according to manufacturer’s 

recommendations using PureLink RNA Micro Kit (cat n° 12183-016, Invitrogen, 

Massachusetts, USA). In short, ≤5x105 cells were lysed with lysis buffer containing 1% 

2-mercaptoethanol, and washed with 70% ethanol. The samples were transferred to 

columns and centrifuged for 1min, 12000 g (Centrifuge 5804R Eppendorf, Hamburg, 

Germany) for RNA binding to the column. Next, RNA was serially washed with Buffers 

I and II, treated with DNAse and eluted in RNAse free H2O. RNA was quantified, its 

quality was assessed with the spectrophotometer NanoVue Plus (GE Healthcare, 

Buckinghamshire, UK), and stored at -80°C freezer. 

 

3.2.5.3 Reverse Transcription 

 

 Total RNA was reverse-transcribed using High Capacity cDNA Reverse 

Transcription Kit (cat n°. 4368814, Applied Biosystems, Massachusetts, USA) 

according to manufacturer’s recommendations. All reagents were manipulated on ice, 

to avoid RNA degradation. 2 µl 10x RT Buffer, 2 µl 10x RT Random Primers, 0.8 µl 

25x dNTP Mix (100mM), 1 µl Reverse Transcriptase 50 U/µL and 1 µl RNase Inhibitor 

were mixed gently with up to 2µg of RNA. Amplification conditions used in Eppendorf 
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Mastercycler Personal thermocycler (Applied Biosystems, Foster City, EUA) were 

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

were stored at -20°C freezer. 

 

3.2.5.4 Quantitative Real Time Polymerase Chain Reaction 

 

 qRT-PCR was performed using Fast SYBR Green Master Mix (cat n° 4385610, 

Applied Biosystems) in an Applied Biosystems 7500 Real-Time PCR System. The 

reactions were standardized by serially diluting a representative pool sample and 

performing a dilution curve. Reactions were considered efficient with a 90-110% 

efficiency coefficient and the ideal cDNA concentration for each primer was determined 

by choosing the midpoint of the linear dynamic range. For relative quantification 

assays, 5µl of Fast SYBR Green Master Mix was mixed with 250nM of forward and 

reverse primers, and nuclease free water to reach a final volume of 10µl. Thermal 

cycling conditions were 95°C for 20 seconds, 40x [95° 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 seconds. The primers used are described in Table 3. Three 

biological replicates for each group and three technical replicates for each gene were 

analyzed. Gene expression was normalized to Gapdh expression and the 2ΔΔCT 

method (Livak & Schmittgen, 2001) was used for relative quantification analysis. 

 

3.2.6 Statistical Analysis 

 

 Statistical analysis of the data and graphical representations was performed 

using GraphPad Prism (version 5.0, https://www.graphpad.com/scientific-

software/prism/) and Microsoft Excel (version 2016, https://www.microsoft.com/pt-

br/microsoft-365/excel). The graphs presented show the mean ± standard error. The 

difference between groups was assessed using unpaired student’s t-test unless stated 

otherwise. The results were reported in absolute and relative values and the level of 

statistical significance adopted was 5% (p<0.05).  Differences between the groups are 

indicated in the graphs with asterisks: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. 

 

  

https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
https://www.microsoft.com/pt-br/microsoft-365/excel
https://www.microsoft.com/pt-br/microsoft-365/excel


24 
 

 

4. RESULTS 

 

4.1 NICD1 and Gal-3 in reactive astrocytes 

 

4.1.1 Astrocyte reactivation increases intracellular Gal-3 

 

 Gal-3 is known to be overexpressed by reactive astrocytes and related to RA-

NSC generation in vitro (Sirko et al., 2015). In order to characterize Gal-3 distribution 

and gene expression profile in naïve and reactive astrocytes in vitro, we performed 

immunocytochemical, qPCR and flow cytometry analysis. Relative gene expression 

analysis showed that Gal-3 expression was increased by 1.3 times in reactive 

astrocytes (Figure 4A), as well as strong Gal-3 labelling was observed in reactive 

astrocytes (Figure 4B) when compared to control astrocytes. We complemented our 

data with flow cytometry analysis of Gal-3 using two different approaches: i) cells were 

incubated with antibodies and fixed without membrane permeabilization, which lead to 

Gal-3 extracellular surface labeling, and ii) the assay was repeated after membrane 

permeabilization, that allowed intracellular Gal-3 labelling. 

 A representative histogram from each flow cytometry analysis depicts the FITC 

fluorescence intensity distribution in naïve and reactive astrocytes (Figure 4C). Our 

first result showed that naïve astrocytes have more Gal-3 protein at the cell membrane 

than reactive astrocytes (Figure 4D). Interestingly, the immunollabeling of intracellular 

Gal3 revealed that reactive astrocytes have stronger labeling for Gal-3 than control 

astrocytes (Figure 4D). Gal-3 cell distribution, therefore, is altered by lesion stimuli, 

which leads to Gal-3 overexpression. Possible explanations for Gal-3 intracellular 

localization in reactive astrocytes could be its internalization from the cell membrane 

and overexpression triggered by astrocyte reactivation. 
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Figure 4. Astrocyte reactivation increases intracellular Gal-3. (A) Analysis of Gal-3 mRNA expression 

fold change in scratch-reactivated astrocytes relative to control (p=0.0199, t=3.751, df=4). (B) Representative Z-stack 

confocal microscopy images of Gal-3 immunostaining in control and reactive astrocytes. Dashed line indicates 

scratch border. Scale bar: 20µm. Representative histogram (C) and quantification analysis (D) of Gal-3 distribution 

between the extracellular and intracellular compartment. Control astrocytes had more extracellular Gal-3 compared 

to reactive astrocytes (p=0,0040, t=15.81 df=2). On the contrary, reactive astrocytes showed high intracellular Gal-3 

quantity relative to control astrocytes (p=0,0015, t=6.475, df=4). 
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4.1.2 Gal-3 CRD blockaged by lactose inhibits Notch signaling in 

astrocytes in vitro 

 

 Gal-3 carbohydrate recognition domain (CRD) mediates its interactions with cell 

surface binding sites. We took advantage of lactose blocking of the CRD of Gal-3 to 

evaluate if Gal-3 was internalized by reactive astrocytes. Firstly, we conducted a 

viability test to discard potential toxic doses of lactose and determine the best dose for 

the assay. Confluent astrocytes were treated daily for three days, mimicking the 

timeframe of days post lesion. We tested the following lactose doses: 2.5 mM, 5 mM, 

10 mM e 20 mM. At the third day, the cells were incubated with lactose for 1 hour 

before MTT assay. Simultaneously, we tested astrocytes treated with a single lactose 

dose. We found that none of the doses in both experimental conditions were cytotoxic 

(Figure 5A). 

 Based on this result, we proceeded to investigate our hypothesis with daily 

lactose treatment at a final concentration of 20 mM. Reactive astrocytes were 

examined using confocal microscopy for Gal-3 and NICD1 localization. Interestingly, 

we observed that lactose treated astrocytes had a weaker intensity of Gal-3 staining in 

comparison to non-treated astrocytes (Figure 5B). In some cells, Gal-3 staining was 

not homogeneous (Figure 5B, arrowheads) and lactose treated reactive astrocytes 

were stained weakly for NICD1 in contrast to non-treated cells. It was possible to note 

that reactive astrocytes exhibited NICD1 protein in the cytoplasm and nucleus, and 

upon Gal-3 CRD blockage, its level is diminished. 

 
 



27 
 

 

 

 
 

Figure 5. Gal-3 CRD blockaged by lactose inhibits Notch1 signaling in astrocytes in vitro. (A) Astrocyte 

viability assay with a single lactose treatment and daily treatment revealed no difference in absorbance value 

between control and lactose groups. DMSO 50% treatment led to cell death in both experiments (**=p≤0.01; 

***=p≤0.001). (B) Representative Z-stack confocal images of NICD1 and Gal-3 in reactive astrocytes without 

treatment and treated with lactose 20mM daily during 3dpl. Gal-3 distribution is irregular upon CRD blockage 

(arrowheads) and overall NICD1 and Gal-3 immunostaining is weaker in the lactose treated reactive astrocytes. 

Scale bar: 20µm. 
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4.1.3 Notch1 signaling is impaired in Gal-3 knockout astrocytes in vitro 

 

 Based on our above-mentioned findings, we further investigated whether total 

absence of Gal-3 protein would affect Notch signaling in reactive astrocytes in vitro. To 

this end, we took advantage of the Gal-3 knockout mouse model for establishing 

Lgals3-/- astrocytes in vitro (Supplementary Figure 1). Astrocytes were scratched, 

immunolabelled and subjected to analysis by confocal microscopy. The images show 

that NICD1 protein level was drastically reduced in Lgals3-/- astrocytes (Figure 6A). 

Both naïve and scratch-reactive Lgals3-/- astrocytes did not express detectable levels 

of NICD1 protein. Using analysis of nuclear NICD1 normalized fluorescence (Figure 

6B) performed during my undergrad internship (iniciação científica) I showed that 

Notch1 signaling is activated in reactive astrocytes in vitro. Considering both 

observations, the results supports the notion that Gal-3 protein is necessary for NICD1 

nuclear translocation and, consequently, essential for Notch signaling in reactive 

astrocytes. 

Figure 6. Notch1 signaling is impaired in Gal-3 knockout astrocytes in vitro. (A) Representative Z-stack confocal 

images show that NICD1 was found in the nucleus and cytoplasm of C57Bl/6J astrocytes, but not in Lgals3-/- astrocytes. 

Dashed lines indicate scratch border. Scale bar: 20µm. (B) Stronger NICD1 fluorescence in the nucleus of C57Bl/6J 

scratch-reactivated astrocytes indicates Notch1 signaling activation and NICD1 translocation to the nucleus at 3dpl 

(p<0.0001, t=12.46 df=369). 
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 We next asked if addition of Gal-3 to the culture medium would be sufficient to 

rescue Notch signaling in Lgals3-/- astrocytes. To address this question, we employed 

a recombinant mouse Gal-3 protein (rmGal-3) and treated the cells daily during the 

three days post lesion. Immunocytochemistry followed by confocal analysis revealed 

low levels of rmGal-3 protein in treated samples. Gal-3 immunollabeled in sparse 

granules, which visually colocalized with GFAP+ astrocytes (Figure 7). Congruent with 

low Gal-3 levels, we could not detected NICD1 protein in treated and non-treated 

astrocytes. Despite our attempt, we could not comprehensively replenish Gal-3 in 

astrocytes in vitro to a biologically relevant level treating cells with 5 µg/ml of Gal-3. 

 

4.1.4 NICD1 and Gal-3 shift from diffuse to vesicular pattern distribution in 

reactive astrocytes in vitro 

 

 During the analysis of NICD1 and Gal-3 cellular localization in C57Bl/6J 

astrocytes two distinct distribution patterns caught our attention: i) Gal-3 staining could 

be found in a diffuse pattern, homogenously covering the cell surface, or ii) in a 

vesicular pattern, in which it was possible to distinguish granules with stronger staining 

Figure 7. rmGal-3 treatment at 5µg/ml is not sufficient to replenish Gal-3 levels in vitro. Representative Z-

stack confocal images of Lgals3-/- control and reactive astrocytes treated with recombinant mouse Gal-3 daily 

during 3dpl. Gal-3 was distributed in sparse granules and NICD1 protein was absent. Scale bar: 50µm. 
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from the weaker, diffuse staining. Moreover, these distribution patterns could also be 

attributed to NICD1. Of note, a weak diffuse NICD1 staining can be associated with an 

even distribution of the Notch1 receptor at the cell membrane, and strong vesicular 

staining indicates NICD1 translocation to the nucleus due to activation of the Notch1 

signaling pathway. 

 In that sense, we further investigated whether NICD1 and Gal-3 distribution 

patterns were correlated to each other and whether it could be associated with a 

reactive or basal astrocytic cell-state. 

 Initially, we used the high magnification objective (100x) to acquire z-stack 

images from naïve and reactive astrocytes and saved each staining as single channel 

(Figure 8A). All images were coded and randomized and a second investigator (Lina 

M. Delgado-García, PhD student) classified the staining pattern as i) diffuse or ii) 

vesicular. Both NICD1 and Gal-3 staining were classified for naïve and reactive 

astrocytes, and the frequency distribution of the data was analyzed. 

 Our analysis showed that Gal-3 was predominantly distributed in a diffuse 

pattern in non-reactive astrocytes (76.5% of cases, Figure 8B), and found in a vesicular 

state in 23.5% of the cells. In contrast, 72.7% of reactive astrocytes had vesicular Gal-

3, being only 27.3% classified as diffuse staining. Interestingly, NICD1 distribution 

pattern shift was more pronounced: in naïve astrocytes, NICD1 could be seen in 

vesicular (41.2%) and diffuse (58.8%) states. However, in all reactive astrocytes 

analyzed, NICD1 was found in a vesicular pattern (Figure 8B). In line with previous 

results on Notch signaling activation in reactive astrocytes, here we contribute with 

findings on NICD1 and Gal-3 distribution pattern shift to a vesicular state upon 

astrocyte reactivation.  

 A second approach to the data was to classify astrocytes according to the 

combination of NICD1 and Gal-3 distribution states. To this end, cells were classified 

as i) Gal-3 diffuse / NICD1 diffuse; ii) Gal-3 diffuse / NICD1 vesicular; iii) Gal-3 vesicular 

/ NICD1 diffuse and iv) Gal-3 vesicular / NICD1 vesicular (Figure 8C). We observed 

that 52.9% of naïve astrocytes had diffuse Gal-3 and NICD1, while none of the reactive 

astrocytes presented the same pattern. Non-reactive astrocytes also displayed Gal-3 

diffuse / NICD1 vesicular and Gal-3 vesicular / NICD1 vesicular in 23.5% and 17.6% 

of cases, respectively. Gal-3 vesicular / NICD1 diffuse was the less prevalent pattern 

distribution observed in naïve astrocytes (5.9%). Since reactive astrocytes did not 

displayed diffuse NICD1, cells had either Gal-3 diffuse / NICD1 vesicular pattern, which 
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accounted for 27.3% of cases, or Gal-3 vesicular / NICD1 vesicular pattern, found in 

72.7% of the cells. It is important to note that both Gal-3 and NICD1 could be mostly 

found in a diffuse pattern in naïve astrocytes. Upon lesion and astrocyte reactivation, 

the vesicular pattern became prevalent for both NICD1 and Gal-3 proteins. This 

observation supports the hypothesis that NICD1 and Gal-3 act together and crosstalk 

in reactivated astrocytes. 

Figure 8. NICD1 and Gal-3 shift from diffuse to vesicular pattern distribution in reactive astrocytes in vitro. (A, left) 

Representative confocal Z-stack gray scale images of NICD1 and Gal-3 in control and reactive astrocytes. (A, right) Merged 

images of NICD1 and Gal-3 and detailed images with the orthogonal view of the immunostaining, depicting NICD1/Gal-3 

colocalization. Scale bar: 20 µm. (B-C) Frequency analysis of NICD1 and Gal-3 immunolabeling patterns (diffuse and vesicular) 

in control and reactive astrocytes. Values are plotted as percentage of total number of cells analyzed. (control n = 17 cells, 

scratch n = 22 cells). 
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4.1.5 Jagged1, Delta-like1 and Notch1 are upregulated upon scratch-

induced reactivation of C57Bl/6J astrocytes, but not in Lgals3-/- reactive 

astrocytes 

 

 Acknowledging that Gal-3 ablation affects Notch1 signaling in reactive 

astrocytes, we sought to understand its impact at the gene expression level. First, we 

focused on Notch1 signaling initiation at C57Bl/6J astrocytes, which is promoted by 

Jagged or Delta-like ligands interaction with the Notch1 receptor. In this work, we 

narrowed down to Jagged1 and Delta-like1 ligands. Notch1 mRNA expression 

revealed that in C57Bl/6J astrocytes there was a 14.1 ±2.4 fold increase in Notch1 

expression after astrocyte reactivation (Figure 9A), which goes in line with the higher 

amount of nuclear NICD1 observed in reactivated astrocytes (Figure 6). Next, we 

performed qPCR analysis of the ligands. In reactive C57Bl/6J astrocytes, Jagged1 

expression increased by 10 fold, whereas the expression level of Delta-like1 increased 

by 2.7 fold (Figure 9A). These results show that although Delta-like1 expression almost 

tripled in reactive astrocytes, Notch1 and Jagged1 were upregulated to even higher 

levels upon scratch-induced astrocyte activation. Because previous results have 

shown that Jagged1/NICD1 co-localizes more in astrocytes at the scratch border than 

in astrocytes located at the periphery of the lesion (Supplementary Figure 2), we have 

strong indicators that Jagged1/Notch1 signaling is active in reactive astrocytes and 

might be preferred over Delta-like1/Notch1 signaling, due to Jagged1 stronger 

upregulation. 

 With a better overview of Notch1, Jagged1 and Delta-like1 expression in 

C57Bl/6J astrocytes, we proceeded to analyze gene expression in Lgals3-/- astrocytes. 

Interestingly, there were no significant changes of expression of Notch1 and both 

ligands in Lgals3-/- reactive astrocytes compared to non-reactivated astrocytes (Figure 

9B). This result is congruent with the absence of nuclear and vesicular NICD1 

immunostaining in Lgals3-/- astrocytes (Figure 6) and reinforces the importance of Gal-

3 protein for proper Notch1 signaling in activated astrocytes. 
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4.1.6 Expression of Notch1 target genes is modified in Lgals3-/- reactive 

astrocytes in vitro 

 

 Aiming to determine the impact of Gal-3 on Notch1 signaling cascade, we 

further analyzed gene expression of Hes1, Mash1 and Hes5 on reactivated astrocytes 

relative to non-reactivated astrocytes in vitro. In C57Bl/6J astrocytes, we saw that 

Mash1 was downregulated upon astrocyte reactivation (Figure 10A). In contrast, 

Mash1 expression did not vary in Lgals3-/- reactive astrocytes (Figure 10B). As for 

Hes1, qPCR relative gene expression analysis revealed no differences between 

reactive and naïve astrocytes from C57Bl/6J and Lgals3-/- mice (Figure 10A-B). Finally, 

Hes5 expression was upregulated by 1.9 fold in C57Bl/6J reactive astrocytes and, in 

contrast, downregulated by 0.57 fold in Lgals3-/- reactive astrocytes (Figure 10A-B). 

This result is of great importance for our study, because it shows the impact of Gal-3 

Figure 9. Jagged1, Delta-like1 and Notch1 are upregulated upon scratch-induced 

reactivation of C57Bl/6J astrocytes, but not in Lgals3-/- reactive astrocytes. qPCR 

analysis of Notch1 receptor and ligands mRNA expression in (A) C57Bl/6J and (B) Lgals3-/- 

naïve and reactive astrocytes. Values are relative to control group and are expressed in fold 

change. mRNA expression level was normalized to Gapdh. (*** p ≤ 0.001; ** p ≤ 0.01; ns = not 

significant; n = 3 biological and technical replicates). 
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absence on downstream signaling cascade of Notch, which had already been shown 

to have important roles in astrocyte reactivation response. 

 

 

4.1.7 Rbpj deletion leads to morphological changes and decreased 

proliferation in astrocytes in vitro 

 

I had the opportunity to further investigate the role of Notch signaling in reactive 

astrocytes at the University of Basel, where I was supervised during an internship 

period by Prof. Dr. Verdon Taylor.  

Initially, we expected to conditionally delete Rbpj alleles from cultured astrocytes 

before scratch-assay. Rbpj is an intracellular signal mediator of all Notch receptors, 

which binds to NICD to promote gene transcription. Once astrocytes were reactivated, 

we would perform the neurosphere assay to evaluate the dedifferentiation potential of 

reactive astrocytes in neural stem cells without Rbpj protein. 

Figure 10. Notch1 target-genes expression is modified in Lgals3-/- reactive astrocytes 

in vitro. (A) In C57Bl/6J astrocytes, Hes5 was upregulated and Mash1 downregulated 3dpl. 

(B) On the contrary, Hes5 was downregulated and Mash1 expression did not change in Lgals3-

/- reactive astrocytes. Hes1 mRNA expression did not vary in both conditions. Values are 

relative to control group and are expressed in fold change. mRNA expression level was 

normalized to Gapdh. (** p ≤ 0.01; * p ≤ 0.05; ns = not significant; n = 3 biological and 

technical replicates). 
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Cortical astrocytes were isolated from mice carrying wild type Rbpj alleles 

(Rbpjwt/wt) or LoxP-flanked Rbpj alleles (Rbpjfx/fx) (Supplementary Figure 3 and 4 – 

Genotyping) and were cultured in vitro to confluency. Two days after passaging, the 

astrocytes were infected with Adeno-Cre viruses to induce Rbpj cKO and expression 

of the GFP from the Rosa-CAG::GFP Cre-recombinase reporter. The GFP reporter 

was followed in the astrocyte cultures and immunofluorescence assays to track the 

cells with successful Rbpj gene knockout. This approach is necessary because the 

efficiency of Adeno-Cre viruses infection, although high, is not 100%. Therefore, a 

small percentage of cells remains expressing the gene of interest and is GFP negative. 

After Adeno-Cre mediated recombinase, the astrocytes were cultured for one to 

two weeks until confluency and complete loss of the Rbpj protein before the scratch 

wound assay. However, in contrast to control Rbpjwt/wt astrocytes, Rbpj cKO astrocytes 

did not proliferate efficiently and did not reach confluency. Consequently, we were 

unable to proceed with the assay (Figure 11). 

 

Figure 11. Representative brightfield images of Rbpj cKO astrocytes 25 days after 

virus transduction. Although some astrocytes reached a high level of confluency in 

some areas of the plate, in most areas astrocytes released from the dish (n=5 

independent cultures). Scale bar: 100µm. 
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Since the Rbpjwt/wt astrocytes recovered after passaging and reached confluency 

normally, we investigated if Rbpj cKO was responsible for the observed phenotype by 

repeating the assay with Rbpjfx/fx astrocytes, with and without infection with Adeno-Cre 

viruses. At four days post Adeno-Cre virus transduction (4dpv), control Rbpjwt/wt 

astrocytes reached confluency whereas Rbpj cKO astrocytes started to de-attach from 

the plate creating gaps between the cells (Figure 12). These spaces between the 

astrocytes in the Rbpjwt/wt astrocytes became wider by nine days post virus transduction 

(9dpv). At this time point, all Rbpj cKO astrocytes cultures were characterized by the 

formation of cell islands connected to each other by cells in a cord-like shape. The 

Rbpjfx/fx astrocytes without Adeno-Cre virus (control) remained confluent. This 

indicated that the Rbpj cKO astrocytes are incapable of forming a confluent monolayer. 

This effect was due to the loss of Rbpj as none Adeno-Cre transduced Rbpjfx/fx 

astrocytes and transduced Rbpjwt/wt astrocytes could generate confluent monolayers. 

To further characterize the Rbpj cKO astrocytes at 9dpv and gain insights into 

their proliferative ability, we performed immunostainings for the Rbpj, ki67 and glial 

fibrillary acid (GFAP) proteins. Firstly, the total absence of Rbpj protein in the nucleus 

of Rbpj cKO astrocytes confirmed the cKO model and the approach. In contrast, Rbpj 

protein was present, in the nucleus of most control astrocytes (Figure 13). The 

morphology of Rbpj cKO astrocytes differed drastically from that of control astrocytes, 

which could be seen by the differences in GFAP immunostaining of control and Rbpj 

cKO astrocytes (Figure 13). The astrocytes close to the border of the cell islands in 

Rbpj cKO cultures displayed a bipolar shape and had upregulated GFAP expression, 

all hallmarks of astrocyte reactivity. Interestingly, we noted that Rbpj cKO astrocytes 

reorganize in sphere-like structures that can be found connected to the cord-like 

structures or in isolation. 

Next, we addressed the proliferative capability of Rbpj cKO astrocytes by 

investigated cycle entry and ki67 immunostaining (Figure 14A). Representative images 

(n=5) were taken from each group (n=3 per condition) and the number of ki67+ cells 

was quantified and expressed as a percentage of the total number of cells (nuclear 

stain, DAPI+) compared to the control group (Rbpjwt/wt astrocytes) (Figure 14B-C). 
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Figure 12. Representative brightfield images of astrocytes at 4 days (4dpv) and 9 

days (9dpv) post Adeno-Cre virus transduction. Control astrocytes remain as a 

monolayer. Rbpj cKO astrocytes detach from the culture plate, retract to clusters and 

exhibit a reactive phenotype (n=5 independent cultures). Scale bar: 100µm. 
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Figure 13. Rbpj/GFAP double immunostaining. Rbpj protein staining is absent in 

the Rbpj cKO astrocytes at nine days post Adeno-Cre virus transduction. Rbpj cKO 

astrocytes upregulate GFAP protein, acquire a bipolar morphology and retract to 

spheres-like aggregates (n=3 independent cultures). Scale bar: 50µm. 
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In order to focus on the Rbpj deleted cells in the Rbpj cKO group, the number of 

ki67+ GFP+ cells were expressed in percentage of total number of GFP+ cells. We 

observed a trend that few Rbpj cKO astrocytes were proliferating 9 days post virus 

transduction and Rbpj deletion, although the percentage of ki67+ cells varied from 

0.48% to 3.43% of cells in the control group compared to 0.52% to 1.27% in the Rbpj 

cKO group (Figure 14C). As the data analyzed have a distribution near 0, which results 

in high variance, we performed arcsine square root transformation to normalize 

proportional data (Sokal and Rolf, 1981). Unpaired t-test of normalized data revealed 

a slight decrease of Rbpj cKO astrocytes proliferation in comparison to control 

astrocytes (Figure 14B-C). These results strongly suggest that Notch signaling is 

crucial for resting astrocyte morphology and astrocyte proliferation in vitro. 

 

 

 

Figure 14. Rbpj ablation decreases astrocyte proliferation in vitro (A) Representative images of ki67/GFAP double 

immunostaining. Scale bar: 50µm. (B and C) The number of ki67+ astrocytes are expressed in percentage of total cell number 

quantified by DAPI staining of the control group, whereas in the Rbpj cKO group, it was quantified as the number of ki67+GFP+ 

cells over total GFP+ cells to focus on Rbpj cKO cells. The data was arcsine square root transformed and the final values used 

for statistical analysis: Unpaired t-test revealed a slight difference between the number of ki67+ cells of the experimental 

groups, suggesting that the proliferative capability of Rbpj cKO astrocytes is decreased (p=0.0451; t=2.877; df=4). 



40 
 

 

4.2 Notch signaling in Reactive Astrocyte derived Neurospheres 

 

4.2.1 Notch signaling inhibition by low semagacestat dose increases 

reactive astrocyte-derived neurosphere’s size. 

 

 Reactive astrocytes carry a latent neurogenic program, which can be triggered 

in vitro and drive astrocyte dedifferentiation. To address the role of Notch signaling in 

the reactive astrocyte’s ability to dedifferentiate in vitro, we performed the well-

estabilished neurosphere assay: Reactive astrocytes were passaged into poly-hema 

treated dishes and fed with neural stem cell medium in order to generate self-renewing 

and multipotent neurospheres. We focused our efforts in analyzing the Notch signaling 

pathway role in the generation of neurospheres derived from reactive astrocytes. To 

this end, we used semagacestat, a -secretase inhibitor, to block Notch signaling. 

Shortly, the S3 cleavage of Notch is mediated by the -secretase, promoting NICD 

release in the cytoplasm. By treating neurospheres daily with semagacestat, we 

intended to block Notch signaling throughout the neurosphere assay. In order to 

assess the most effective semagacestat concentration for our assay, we tested five 

different concentrations: 10nM, 30nM, 100nM, 300nM and 1µM. We included the 

DMSO group (DMSO only) to eliminate vehicle interference on neurosphere growth. 

 After 8 days in vitro, neurospheres were imaged (at least 10 images per group) 

and neurosphere area size was calculated with ImageJ software and compared 

between groups. Kruskal-Wallis test showed that there was an effect of y-secretase 

inhibitor dose over neurosphere area. Pairwise comparision revealed differences 

between groups 10nM semagacestat and control, 30nM, 100nM and 1uM 

semagacestat. Neurosphere area from the 10nM semagacestat group was significantly 

larger (Figure 15A). As a second approach to the data, we classified the neurospheres 

by size. Considering the area of the smallest to the largest neurosphere, we 

determined three groups: small (62.79µm2 to 169.45 µm2), medium (169.46 µm2 to 

276.10 µm2) and large neurospheres (276.11 µm2 to 382.75 µm2). The relative number 

of neurospheres in each group is expressed as a percentage of the total number of 

neurospheres in Figure 15B. It becomes clear that the vast majority of neurospheres 

in all groups were classified as small, but in the 10nM semagacestat group the 

proportion of medium sized neurospheres was higher (45.94%) than in other groups. 
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5.4% of neurospheres from the 10nM semagacestat group were considered large, in 

contrast to 2.32% of neurospheres from the control group. Overall, the differences 

observed in neurosphere size could only be attributed to a low dose of semagacestat. 

Even though the difference in neurosphere area is modest, it indicates that a treatment 

with 10nM of semagacestat, which is a Notch signaling inhibitor, can induce 

neurosphere growth from dedifferentiated reactive astrocytes. 

 

4.2.2 Notch2 is implicated in reactive astrocyte’s NSC self-renewal in vitro. 

 
Our preliminary results indicated that neurosphere formation could depend on 

Notch signaling. Therefore, we addressed the role of Notch2, one of the primary Notch 

proteins in the regulation of astrocyte dedifferentiation.  

Figure 15. Notch signaling inhibition by low semagacestat dose increases reactive astrocyte-derived neurosphere’s 

size. (A) Neurosphere area quantification: Kruskal-Wallis test with Pairwise comparison revealed that RA-NSCs treated with 

10nM semagacestat are larger than non-treated neurospheres [X2(6) = 20,122; p<0.05]. (B) The neurospheres were classified 

according to size, and the values represented as percentage of total number of neurospheres. 72.09% of control neurospheres 

were classified as small, 25.58% medium size and 2.32% large size. In contrast, 48.65% of 10nM semagacestat treated 

neurospheres had small size, 45.95% were medium size and 5.4% were classified as large neurospheres. 
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Cortical astrocytes were isolated from mice carrying wild type Notch2 alleles 

(Notch2wt/wt) or LoxP-flanked Notch2 alleles (Notch2fx/fx) (Supplementary Figure 3 and 

4) and were cultured in vitro to confluency (Hua Han et al., 2002) (Figure 16). Two 

days after passaging, the astrocytes were infected with Adeno-Cre viruses to induce 

Notch2 cKO and expression of the GFP from the Rosa-CAG::GFP Cre-recombinase 

reporter. The GFP reporter was followed in the astrocyte cultures and 

immunofluorescence assays to track the cells with successful Notch2 gene knockout. 

This approach is necessary because the efficiency of Adeno-Cre viruses infection, 

although high, is not 100%. Therefore, a small percentage of cells remains expressing 

the gene of interest and is GFP negative. 

Figure 16. Experimental design. (A) Mice used for the experiment carry Notch2 gene flanked by LoxP sites (fx). If Cre 

recombinase is present, the flanked sequences are excised, resulting in deletion of the gene of interest. The ROSA-CAG::GFP 

encodes a Cre reporter allele. The deletion of a STOP sequence by Cre results in the Rosa26 promoter-driven, continuous 

expression of GFP, thus reporting successful Cre-mediated recombination and lineage tracing of the Cre-expressing cells. (B) 

Experimental design: Cortical astrocytes were isolated from post-natal day (PND) six mice and cultured in vitro. Microglia and 

oligodendrocytes are removed and the astrocytes passaged. Notch2 knockout was induced by infection of the cells with Adeno-

Cre viruses. The efficiency of virus transduction was assessed by GFP expression. The Adeno-Cre infected astrocytes were 

activated by a scratch wound, modelling an in vivo lesion stimulus. Three days post-lesion, the reactive astrocytes were 

replated in NSC medium in suspension culture conditions to generate primary neurospheres. To assess the reactive 

astrocytes-derived neurospheres ability to self-renew, secondary neurospheres were generated and imaged after 5 days in 

vitro. 
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After Adeno-Cre mediated recombinase, the astrocytes were cultured for one to 

two weeks until confluency and complete loss of the Notch2 protein before the scratch 

wound assay. Three days post lesion, the astrocytes were trypsinized and replated in 

suspension cultures in NSC medium at a density of 16x103 cells/ml (8x103 cells per 

well of a 24 well plate). At this time point we performed fluorescent assisted cell sorting 

analysis (FACS analysis) of GFP positive cells to attest the efficiency of Cre mediated 

recombination on reactive astrocytes (Supplementary Figure 5). After nine days in 

vitro, the neurospheres were dissociated, passaged with trypsin and seeded at clonal 

density (103 cells per well, 2x103 cells/ml) in fresh 24 well plates. These secondary 

neurospheres were imaged 5 days later (Figure 17A). The GFP reporter was used to 

follow the real Notch2 cKO neurospheres. The number of secondary neurospheres in 

each well was quantified, and the mean value of the number of neurospheres obtained 

per well determined for each genotype (Figure 17B). The control groups generated a 

mean 4.92 neurospheres per well whereas the Notch2 cKO group generated 10.04 

neurospheres per well. Unpaired t-test revealed a significant increase in the number of 

neurosphere generated by Notch2 cKO astrocytes. These data indicate that deletion 

of Notch2 increases the number of astrocyte-derived spherogenic cells. 

In order to address the proliferative capacity of the astrocyte-derived NSCs, we 

measured neurosphere diameter. We observed that control neurospheres were 

considerably larger than Notch2 cKO neurospheres (Figure 17C). To understand this 

difference in neurosphere size better, we classified the spheres into small (3 to 5 cells 

in diameter), medium (5 to 10 cells in diameter) and large (>10 cells in diameter). The 

values for each sub-group of neurosphere were quantified as percentage of total 

number of neurospheres in each well (Figure 17D). While 26.4% of the control spheres 

were large in diameter, only 3.7% of Notch2 cKO spheres were had a diameter >10 

cells. The vast majority of Notch2 cKO neurospheres had medium (60.3%) or small 

(35.9%) diameters. This suggested that, Notch2 cKO astrocyte derived NSCs have a 

reduced proliferative capacity compared to control astrocyte-derived NSCs. 
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Figure 17. Notch2 is implicated in reactive astrocyte’s NSC self-renewal in vitro. (A) Representative images of 

control and Notch2 cKO reactive astrocytes-neurospheres at 5 days in vitro (brightfield and GFP, scale bar: 100µm). (B) 

The mean number of neurospheres generated per 103 cells plated was calculated for each group. Notch2 cKO leads to 

the generation of a higher number of neurospheres compared to control (unpaired t-test, p=0.0222, t=2.828, df=8). (C) 

The neurosphere areas were quantified and the absolute values plotted. Unpaired t-test revealed that Notch2 cKO 

neurospheres are significantly smaller than control astrocyte derived neurospheres (p<0.0001, t=9.565, df=1264). (D) The 

neurospheres were classified according to size, and the values represented as percentage of total number of 

neurospheres. Only 3.7% of the neurospheres in the Notch2 cKO group are large (>10 cell diameters), compared to 26.4% 

of the neurospheres of the control group. 
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5. DISCUSSION 

 

Astrocyte reactivity is a heterogeneous response to injury stimuli. It is 

characterized by changes at the molecular and biochemical to morphological and 

functional levels (Escartin et. al, 2019). Distance to the injury core, type and intensity 

of pathological stimuli are some of the environmental factors that influence the different 

reactive profiles. Intrinsic astrocyte heterogeneity also plays a role in how astrocytes 

react to the same injury conditions (Martín-López et. al, 2013). The literature supports 

the notion of two reactive astrocytes states, named A1 and A2 (Liddelow & Barres, 

2017b). A1 astrocytes have a neurotoxic profile, which is induced by activated 

microglia both in vitro and in vivo (Liddelow et al., 2017). It is predominant in TBI and 

neuroinflammatory models. In contrast, A2 astrocytes are neurotrophic and abundant 

in ischemic injury models. Considering that, we highlight that our results most probably 

reflect the response of A1 astrocytes, since we focused on determining isolated cortical 

protoplasmic astrocytes response to a mechanical lesion by performing the scratch 

assay. 

We employed an in vitro approach in this study because we wanted a simplified 

microenvironment to study signaling pathways in astrocytes, with minimal interference 

from other cell types. However, the downside of astrocyte culture is that it limits their 

morphological complexity and promotes an undesired baseline reactivity (Pekny & 

Pekna, 2014). Astrocyte baseline reactivity in vitro can be easily determined by 

accessing astrocyte basal expression of GFAP in two dimensional culture systems. In 

that sense, it is important to note that protoplasmic astrocytes from the healthy cortex 

have low expression of GFAP (Middeldorp & Hol, 2011). Even though we face this 

scenario, numerous studies have shown that a strong in vitro stimuli, such as LPS 

treatment, mechanical disruption or stretch, have the ability of highly upregulating 

astrocyte reactivity (Cragnolini et. al, 2018; Omelchenko et. al, 2020; Tarassishin et. 

al, 2014; Wanner et al., 2008). Considering that, we took advantage of the in vitro 

system to understand the role of a conserved intercellular signaling pathway, Notch1, 

and a multifunctional lectin binding protein, Gal-3, in modulating astrocyte reactivation 

to trauma injury and promoting dedifferentiation. 

The first step was to analyze Gal-3 mRNA and protein expression in control and 

reactive astrocytes in vitro. We observed that Gal-3 was upregulated by 1.3 fold in 
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reactive astrocytes (Figure 4A) and that Gal-3 was ubiquitously distributed in all cellular 

compartments (Figure 4B-D). Because Gal-3 was strongly immunolabelled in reactive 

astrocytes at 3 days post lesion, we postulate that Gal-3 had already reached 

overexpression peak at this time point, and mRNA expression was declining. At the 

protein level, however, Gal-3 is visually abundant in reactive astrocytes (Figure 4B). 

Gal-3 overexpression has been systematically reported in inflammation and injury 

contexts. Astrocyte transcriptome analysis revealed that Lgals3 was one of the top-

genes upregulated 3 days after focal ischemia (Rakers et al., 2019) and it was strongly 

expressed by cortical reactive astrocytes 5 days after stab wound injury (Sirko et al., 

2015). Gal-3 was also reported to be upregulated by cells of the human striatum and 

SVZ in response to perinatal hypoxia/ischemia (Al-Dalahmah et al., 2019). Based on 

our results, we concluded that the scratch-wound assay reproduces astrocyte 

reactivation with Gal-3 overexpression in vitro. 

Gal-3 carbohydrate recognition domain (CRD) forms a globular C-terminal 

structure responsible for Gal-3 lectin activity (Dumic et al., 2006). Lactose is a CRD 

competitive ligand used experimentally to block Gal-3 CRD-mediated interactions. 

Lactose was reported to block macrophage phagocytosis mediated by Gal-3 (Caberoy 

et. al, 2012) and Gal-3 endocytosis in non-macrophage cells lines (Lepur et al., 2012). 

We showed by z-stack confocal microscopy that daily administration of lactose at the 

period of astrocyte reactivation affected Gal-3 cellular distribution (Figure 5B). 

Whereas in the control group, Gal-3 immunostained in small punctate structures 

throughout the cell, we noted fewer punctate structures and an overall weaker staining 

of Gal-3 upon lactose administration. The same distribution pattern was observed for 

NICD1 immunostainings. Noteworthy, we did not quantitatively addressed Gal-3 and 

NICD1 fluorescence intensity or cellular distribution at this point. It is known that Gal-3 

vesicular pattern is correlated to its role in phagocytosis, endocytosis and lysosome 

repair (Jia et al., 2020; Lakshminarayan et al., 2014; Rotshenker, 2009). Although 

there are no studies showing Gal-3 mediated-phagocytosis by cortical reactive 

astrocytes, it is a phenomenon described in activated microglia (Nomura et. al, 2017; 

Puigdellívol et. al, 2020) and optic nerve astrocytes (Nguyen et al., 2011). Moreover, 

Gal-3 can mediate clathrin-independent endocytosis, by interacting with cell surface 

glycoproteins and inducing membrane deformation (Lakshminarayan et al., 2014).  

Because we could observe by a descriptive approach that Gal-3 CRD blocking 

affected NICD1 distribution in reactive astrocytes, we used the Lgals3 knockout mouse 
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to confirm our findings. Intriguingly, we saw that NICD1 was absent at the nucleus of 

naïve and reactive astrocytes (Figure 6A), strongly indicating that Notch1 signaling is 

abolished in Lgals3-/- reactive astrocytes. We attempted to restore Notch1 signaling 

pathway by adding rmGal-3 (5 µg/ml) to the culture medium but failed to see any 

nuclear NICD1 staining (Figure 7). In fact, Sirko and collaborators used a higher dose 

of rmGal-3 (50 µg/ml) to treat Lgals3-/- reactive astrocyte-derived neurospheres in vitro 

(Sirko et. al, 2015). We hypothesize that cell treatment with a higher dose of rmGal-3 

would resemble Gal-3 physiological levels in reactive astrocytes, resulting in Notch1 

signaling activation, although we did not perform this experiment. 

Indeed, Notch1 signaling activation in astrocytes has been described by several 

studies. It was correlated with reactive astrocyte proliferative response to stroke. In 

that work, mice that were treated with a specific -secretase inhibitor, which blocks 

NICD1 release, had a decreased number of proliferating astrocytes adjacent to the 

infarct core at 3 days post stroke (Shimada et al., 2011). Likewise, other study reported 

that the Notch1-STAT3-ETBR axis is responsible for reactive astrocyte proliferation 

after ischemic stroke. The authors showed that Jagged1 is upregulated on the 

ischemic ipsilateral side of mice brain and Notch1/Jagged1 signaling promoted 

reactive astrocyte proliferation (LeComte et al., 2015). Moreover, Notch1 signaling 

blockage by DAPT suppressed astrocyte proliferation and GFAP expression 14 days 

post intracerebral hemorrhage in a rat model (Zhong et al., 2018). Finally, in vitro 

reactive astrocytes exposed to hypoxia showed increased numbers of NICD1+/BrdU+ 

cells (Zhang et. al, 2015). In agreement with these studies, we showed that Rbpj 

ablation disrupts cortical astrocytes proliferation in vitro (Figure 14). 

In opposition to those studies, LPS administration to astrocytes in vitro induced a 

reactive morphology through Notch inhibition. Interestingly, Jagged1 upregulation 

mediated NICD downregulation in those cells (Acaz-Fonseca et. al, 2019). Based on 

Notch1 and Jag1 mRNA expression, other study showed that astrocyte reactivation by 

entorhinal cortex lesion model in mice led to a higher number of Notch signal sending 

and receiving incompetent astrocytes (Lebkuechner et. al, 2015). In addition, striatal 

astrocytes displayed reduced nuclear NICD protein two weeks after stroke. Next, the 

authors showed that upon deletion of Rbpj in astrocytes of adult Cx30-CreER mice, 

these striatal astrocytes generated DCX+ neuroblasts. This result indicates that Rbpj 

deletion alone recapitulated the stroke stimuli and was sufficient to activate the reactive 

astrocyte neurogenic program (Magnusson, 2014; Santopolo et. al, 2020). Even 
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though we report that Rbpj cKO astrocytes in vitro form clusters and sphere-like 

structures (Figure 13), more studies should be carried out to establish the changes 

induced in these astrocytes. 

One explanation for the apparently contradictory roles of Notch in astrocyte 

reactivation is that depending on the injury stimulus, severity and astrocyte 

subpopulation, the reactivation response will be different (Burda & Sofroniew, 2014). 

In our scratch-induced reactivation model, we could show that NICD1 is detected in 

the nucleus and cytoplasm of reactive astrocytes, indicating that Notch1 signaling is 

active at astrocytes 3dpl (Figure 6). 

NICD1 absence in the nuclei of Lgals3-/- astrocytes was a compelling evidence 

that Gal-3 modulates Notch1 signaling in reactive astrocytes. Considering that, we 

looked carefully at NICD1+/Gal-3+ immunostaining patterns and found that the 

vesicular pattern for both proteins were predominant in reactive astrocytes in 

comparison to control astrocytes (Figure 8). A series of recent studies on cancer and 

immunology aims at understanding Notch/Gal-3 interaction and its biological 

relevance. One of those studies described Gal-3 dependent Notch signaling activation 

in an interaction model of tumor cells with osteoblasts. The authors showed that tumor 

secreted Gal-3 interacts with Notch1 in a CRD dependent manner, accelerates Notch 

activation through proteolytic cleavage and leads to osteoblast differentiation inhibition 

(Nakajima et. al, 2014). Comparably, it was reported that Gal-3 CRD interacts directly 

with NICD in ovarian tumor stem cells. Gal-3/NICD interaction was found to promote 

the maintenance of undifferentiated state (Kang et. al, 2016). The biological role of 

Notch regulation by Gal-3 was also described in an angiogenic tumor model, in which 

tumor secreted Gal-3 affected cellular distribution and turnover rate of membrane 

glycoproteins, specifically increasing the half-life of Jagged1 at endothelial cell surface. 

This in turn facilitated Jagged1/Notch1 signaling in these cells. The authors proposed 

that Gal-3 oligomerization and lattice formation at the cell surface would permit Notch1 

and Jagged1 crosslink (Nascimento dos Santos et al., 2017). 

On the contrary, Gal-3/Notch interaction not always leads to Notch signaling 

activation. One study revealed that Lgals3-/- dendritic cells have higher Notch receptor 

and ligands protein expression. The authors suggest that Gal-3 lattice formation, 

instead of crosslinking, hinders receptor-ligand interaction (Fermino et al., 2016). Our 

observations on Gal-3 and NICD proteins in astrocytes led us to postulate a positive 

correlation of its interaction on Notch signaling activation. 
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Moreover, by using gene expression analysis, we observed that Notch1 and Jagged1 

mRNA were highly upregulated in C57Bl/6J reactive astrocytes (Figure 9A). 

Notch1/Jagged1 signaling occurs by a lateral induction mechanism, in which NICD1 

induces Jagged1 expression at the signal-receiving cell. This creates a positive 

biochemical feedback loop that results in both signal sending and receiving cells 

having high-Notch1 and high-Jagged1 levels, leading them to acquire the same 

differentiation program (Manderfield et al., 2012). The lateral induction mechanism was 

already described in the inner ear development (Petrovic et al., 2014) and smooth 

muscle differentiation (Manderfield et al., 2012). 

Important to note that Delta-like1 had a 2.7 fold upregulation in reactive 

astrocytes, which was not as high as Jagged1 (10.5 fold), but significant enough to 

suggest that Delta-like1/Notch1 signaling is also upregulated in reactive astrocytes. 

Different from Jagged1, Delta-like1 signals through lateral inhibition. In this case, NICD 

inhibits transcription of Delta-like, creating cells with high-Notch low-Delta and low-

Notch high-Delta (Formosa-Jordan et. al, 2013). Probably Jagged1 versus Delta-like1 

signaling in reactive astrocytes leads to different functional outcomes, but this question 

remains open for future researches. Additionally, we showed that Notch receptor and 

its ligands do not suffer gene expression upregulation upon injury in Lgals3-/- astrocytes 

(Figure 9B), which indicates that their transcription rate was not altered when 

astrocytes were scratch-reactivated. 

Hes1 and Hes5 are transcriptional repressors of genes from the family of 

transcriptional factors bHLH (basic helix-loop-helix) and they are target genes of the 

canonical Notch signaling pathway. Hes1 and Hes5 are involved in NSC maintenance 

and proliferation and also in astrocyte differentiation (Ohtsuka et. al, 2001). It is known 

that Hes1 displays oscillatory gene expression in specific cellular contexts (Hirata et. 

al, 2002), such as NSCs pluripotency maintenance (Shimojo et. al, 2008) of diverse 

cellular types (fibroblasts, neuroblasts and myoblasts). In these cases, mRNA and 

proteins are unstable, with a half-life of 20 minutes (Kobayashi & Kageyama, 2014).  

Hes1 relative expression did not vary upon scratch-induced reactivation in 

C57Bl/6J and Lgals3-/- astrocytes (Figure 10). In fact, Hes1 might not be the signaling 

effector of Notch in reactive astrocytes in vitro, however we could have missed 

important gene expression regulations due to its oscillatory pattern. Our data is not 

sufficient to discard this hypothesis, because gene expression analysis was only 

assessed at 3 days post lesion. Moreover, Hes1 transcription is not always induced by 
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Notch activation (de la Pompa et al., 1997; Kobayashi & Kageyama, 2014), making it 

difficult to establish a correlation of Notch activation with Hes1 expression considering 

our current data. 

In contrast to Hes1, Hes5 is a prime Notch effector in the CNS and it is a reliable 

reporter for Notch1 signaling activation (Basak & Taylor, 2007). Considering that, gene 

expression analysis of Hes5 revealed Notch1 activation and Hes5 expression in 

C57Bl/6J scratch-reactivated astrocytes (Figure 10A), which corroborates with nuclear 

NICD1 immunostaining pattern in reactive astrocytes (Figure 6A). Interestingly, Lgals3-

/- astrocytes downregulate Hes5 expression upon reactivation, further indicating that 

Notch1 activation is disrupted in the absence of Gal-3 (Figure 10B). Mash1 pro-neural 

gene induces neuronal differentiation and is inhibited by Hes1 and Hes5 upregulation 

(Chen et al., 1997). In C57Bl/6J astrocytes, Mash1 expression was downregulated 

after scratch-reactivation, according to Notch1 signaling activation (Figure 10). 

Because our results pointed out, at the protein and gene expression level, 

Notch1 activation in C57Bl/6J reactive astrocytes, we proceeded our analysis to 

understand Notch influence in reactive astrocyte’s ability to form neurospheres in vitro. 

Reactive astrocytes were seeded at clonal density for the neurosphere assay, and 

treated daily with semagacestat, a -secretase inhibitor. Semagacestat was shown to 

block Notch signaling at a IC50 (half maximal inhibitory concentration) of 14.1 nM in 

human neuroglioma cell line (Mitani et al., 2012) and 450 nM in SUP-T1 cells (McKee 

et. al, 2013). Based on these reports, we treated neurospheres with varying 

concentrations of the -secretase inhibitor, starting with 10 nM. After 8 days in vitro, we 

saw a slight increase in neurosphere size and area at the 10 nM semagacestat treated 

group (Figure 15). Because none of the other higher inhibitor doses affected 

neurosphere growth, we hypothesize that partial Notch inhibition by low semagacestat 

dose might increase RA-NSC proliferation. 

These observations prompted us to investigate if Notch signaling ablation would 

affect astrocyte dedifferentiation. At Dr. Verdon Taylor’s laboratory, we used a 

conditional knockout approach to achieve this aim, by generating secondary 

neurospheres from Notch2 cKO reactive astrocytes. 

Secondary neurospheres have been widely used as an indicator of self-renewal 

in the neural stem cell field: their number correlates to the number of bona fide stem 

cells, and the size of these spheres is a metric for its proliferative activity (Singec and 

Quiñones-Hinojosa, 2008). Previous studies showed that overexpression of Notch2 
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intracellular domain (N2ICD) in cells from E14.5 ganglionic eminence generates larger 

neurospheres in vitro, indicating that N2ICD expression increases NSC proliferation 

(Tchorz et al., 2012). Furthermore, in a human glioblastoma multiforme (GBM) cell line, 

the same group showed that the size of N2ICD expressing spheres are increased, 

whereas blocking Notch canonical signaling decreases sphere size. Fan and 

collaborators (2010) reported similar results when analyzing Notch signaling in human 

GBM neurospheres. Upon -secretase inhibitor treatment, all three GBM cell lines 

analyzed had reduced cell growth, while transfection of N2ICD was associated with a 

twofold increase in growth of GBM neurospheres in vitro. 

Although these data report the importance of Notch2 signaling for glial cancer 

stem cells and embryonic neural stem cell proliferation, it is congruent with our results 

on RA-NSC neurospheres. We report that secondary neurospheres generated from 

reactive astrocytes Notch2 cKO have compromised growth (Figure 17), which can be 

associated with a depletion of the NSCs proliferative activity. In line with this result, 

N2ICD overexpression in previous studies led to an increase in NSCs proliferative 

activity. 

Moreover, studies conducted in Dr. Verdon Taylor’s laboratory have shown that 

Notch2 cKO induces quiescent V-SVZ NSCs to enter cell cycle, resulting in accelerated 

NSC exhaustion (Engler et al., 2018; Zhang et al., 2019). An overactivation of 

quiescent NSC could be one possible explanation to the increased number of 

neurospheres generated by Notch2 cKO reactive astrocytes-NSC. In this case, even 

though Notch2 loss drives an NSC activation program from reactive astrocytes, it also 

impairs reactive astrocyte-NSC self-renewal, which explains why a higher number of 

smaller neurospheres were obtained on the Notch2 cKO group compared to 

neurospheres with undisturbed Notch signaling. 
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6. CONCLUSIONS 

6.1. Astrocytes overexpress Gal-3 upon scratch-induced reactivation. Moreover, in 

reactive astrocytes, Gal-3 cell distribution shifts from the cell membrane to the 

intracellular compartment. 

6.2. In reactive astrocytes, NICD1 protein levels are diminished upon Gal-3 CRD 

blockage and ablated in Lgals3-/- astrocytes. Notch1 ligands (Delta-like1 and Jagged1) 

and Hes5 target-gene are upregulated in C57Bl/6J reactive astrocytes, but not in 

Lgals3-/- reactive astrocytes. We conclude that Gal-3 is necessary for Notch1 signaling 

in reactive astrocytes in vitro. 

6.3. NICD1 and Gal-3 distribution pattern shifts from diffuse to vesicular after astrocyte 

reactivation, indicating that NICD1 could interact with Gal3 in vesicles. 

6.4. Rbpj deletion decreases astrocyte proliferation in vitro and elicits morphological 

changes that are in agreement with a reactive phenotype. Therefore, astrocytes rely 

on canonical Notch signaling to maintain their mature cell state in vitro. 

6.5. Notch2 deletion initially drives an activation of NSC potential in reactive astrocytes, 

leading to a higher number of neurospheres. However, these neurospheres have 

impaired growth, suggesting that Notch2 is essential for RA-NSC proliferation. 

 

The main conclusions are summarized in Figure 18: 
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Figure 18. Graphical representation of the main results. (A) After astrocyte reactivation, Notch1/Jagged1 

signaling is activated and NICD1 nuclear translocation and Hes5 transcription activation are Gal-3-

dependent. (B) In Lgals3-/- reactive astrocytes, NICD1 translocation to the nucleus is impaired and Hes5 

transcription is downregulated. We hypothesize that Gal-3 modulates NICD1 signaling necessary for 

astrocyte reactivation in response to TBI. (C) The generation of higher number of smaller neurospheres from 

Notch2 cKO reactive astrocytes led us to conclude that Notch2 negatively controls NSC potential of reactive 

astrocytes, but, at the same time, promotes RA-NSC proliferation. 
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Supplementary Figures 

 

 

 

Supplementary Figure 1. Lgals3-/- mice genotyping. Adult male mice (45 days) isogenic, Lgals3-/- 

(galectin-3 knockout) and wild type (C57BL/6J, Lgals3+/+). The “quick-dirty HotSHOT” (Truett et al. 

2000) method was used as the genotyping protocol. Tail samples from Lgals3-/- (n=3) and wild-type 

(n=1) animals were incubated with lysant agent (25mM NaOH and 0.2 Mm EDTA) (95°C, 60 minutes; 

hold 4-15°C) and neutralized with 75µl 40mM TrisHCl. The samples were centrifuged (4000rpm, 3 

minutes, -20°C) and analyzed by conventional PCR. Lgals3-/- C57Bl/6J (n=3) and Lgals3+/+ C57Bl/6J 

(n=1). 1.5% Electrophoresis agarose gel of PCR products for Gal-3. 300bp band corresponds to Gal-3 

in Lgals3-/- mice and 490bp to Lgals3+/+ in C57BL/6J mice. Experiment performed by MSc. Lina M. 

Delgado-García and Dr. Gabrielly M.D. Chiarantin. 
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Supplementary Figure 2. NICD1 and Jagged1 colocalize in reactive astrocytes at the border of the in 

vitro lesion. (A) Colocalization images for NICD1/Jagged1 reveal strong colocalization at the lesion core 

compared to the periphery. White dots indicate NICD1/Jagged1 colocalization. (B) Representative 

confocal image of GFAP/NICD1/Jagged1 stained reactive astrocytes. The dashed line represents the 

two comparative regions, lesion core and periphery. The core region extends 100 µm from the border 

of the scratch. Scale bar: 50 µm. (C) Colocalization coefficient was used for statistical analysis, (*** p ≤ 

0.001; unpaired student t-test, n = 19 cells at lesion core / 21 cells in periphery; 9 images were analyzed 

from three culture replicates). Data are mean ± SEM. 
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Supplementary Figure 3. cagGFP and RosaWT genotyping. DNA was extracted from tail samples of 

Control, Rbpjfx/fx and Notch2fx/fx mice and amplified with cagGFP and RosaWT gene-specific PCR 

primers (Table 4 and 5). The amplicons were separated on a 1.5% agarose gel with 0.01% containing 

ethidium bromide (1:2000). Even though mice 4 and 7 Notch2fx/fx were heterozygous, their cells 

expressed GFP after Adeno-Cre virus recombination. Therefore, the cells were included in the 

experiment. 
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Supplementary Figure 4. Rbpj WT, Rbpjfx/fx and Notch2fx/fx genotyping. DNA was extracted from tail 

samples of Rbpjfx/fx and Notch2fx/fx mice and amplified with Rbpj WT, Rbpjfx/fx and Notch2fx/fx gene-

specific PCR primers (Table 4 and 5). The amplicons were separated on a 1.5% agarose gel with 0.01% 

containing ethidium bromide (1:2000). 
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Supplementary Figure 5. FACS analysis of GFP reporter of reactive astrocytes. (A) 89.7% of control 

astrocytes were positive for GFP (mean value, n=7). The representative graph shows GFP positive 

gated cells of control #6 group. (B) 88.5% of notch2 cKO astrocytes were positive for GFP (mean value, 

n=2). Representative graphs represent GFP positive gated cells of notch2 #1 group. 
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