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RESUMO 

Após uma lesão cerebral traumática, astrócitos passam por um processo chamado 

astrogliose, pelo qual iniciam a formação da cicatriz glial. Para remodelar o tecido 

lesionado e construir esta cicatriz, proteases entram em atividade e proteínas de 

matriz são produzidas pelos astrócitos, o que modifica a rigidez do tecido local, 

tornando-o mais macio. Estudos na literatura mostram que substratos macios 

aumentam a expressão de GFAP em astrócitos, mas pouco se sabe sobre outras 

características da astrogliose desencadeada pelas características mecânicas do 

substrato. Este trabalho teve como objetivo desenvolver uma plataforma para cultura 

de astrócitos corticais usando gel de poliacrilamida em diferentes rigidezes, 

mimetizando características mecânicas da cicatriz glial (300 Pa e 800 Pa) e do tecido 

cerebral não lesionado (1 kPa). Astrócitos foram cultivados por 3 e 7 dias em cada 

substrato e o ensaio de viabilidade mostrou aproximadamente 80% de células vivas 

em todos os grupos. O gel mais macio teve alta relevância para a manutenção das 

características da astrogliose, como manutenção de células GFAP+ por 7 dias, 

aumento da taxa de proliferação celular, e morfologias mais complexas com 

ramificações, sugestivo para um fenótipo de astrócito reativo. O gel de 800 Pa foi 

importante para a expressão dos proteglicanos agrecam e neurocam, proteínas 

frequentemente observadas na área periférica da lesão, onde o substrato tem rigidez 

intermediária. Neste gel, astrócitos exibiram reatividade semelhante a observada nos 

géis macios após 3 dias, porém retornaram a um estado próximo do fisiológico após 

7 dias, indicando plasticidade astrocitária. O gel de 1 kPa, por sua vez, possibilitou 

astrócitos com morfologias sem grandes complexidades estruturais ou alterações 

funcionais, garantindo um fenótipo semelhante ao fisiológico. Esses resultados 

fornecem uma relação direta entre o fenótipo celular e a mecanotransdução, e 

sugerem como os astrócitos respondem comportamental e morfologicamente às 

diferentes rigidezes na cicatriz em comparação com a rigidez da matriz extracelular 

normal.  

 

Palavras-chave: cicatriz glial, astrogliose, rigidez da matriz, morfologia de astrócitos, 

gel de poliacrilamida 
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ABSTRACT 

Upon a traumatic brain injury, astrocytes undergo a process called astrogliosis, 

by which they begin to form a glial scar. Proteases are activated to remodel the injured 

tissue and build this scar, and astrocytes produce matrix proteins, which modify the 

local tissue stiffness, making it softer. The literature shows that soft substrates 

upregulate GFAP in astrocytes, but other aspects of astrogliosis triggered by the 

softening of the tissue remain unclear. This work aimed to develop a platform for the 

culture of cortical astrocytes using polyacrylamide gel in different rigidities, mimicking 

mechanical characteristics of the glial scar (300 Pa and 800 Pa) and uninjured brain 

tissue (1 kPa). Astrocytes were cultured for 3 and 7 days on each substrate, and the 

viability assay showed approximately 80% live cells in all groups. The softer gel had 

high relevance for the maintenance of astrogliosis characteristics, such as 

maintenance of GFAP+ cells for seven days, increased cell proliferation rate, and more 

complex morphologies with branching, suggestive of a reactive astrocyte phenotype. 

The 800 Pa gel was essential for astrocytes expressing the proteoglycans aggrecan 

and neurocan, proteins that are frequently observed in the peripheral area of the 

lesion, where the substrate has intermediary rigidity. In this gel, astrocytes exhibited 

reactivity similar to that observed in soft gels after three days but returned to a near-

physiological state after seven days, indicating astrocytic plasticity. The 1 kPa gel, in 

turn, enabled astrocytes with morphologies without significant structural complexities 

or functional changes, ensuring a more natural phenotype similar to the physiological 

one. These results provide a direct relationship between cell phenotype and 

mechanotransduction and suggest how astrocytes respond behavior and 

morphologically to different scar stiffnesses compared to normal extracellular matrix 

stiffness. 

 

 

 

Key words: glial scar, astrogliosis, matrix stiffness, astrocyte morphology, 

polyacrylamide gels 
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1. INTRODUCTION 
1.1. Traumatic brain injury and the changes in the neural tissue stiffness 

Traumatic brain injury (TBI) is one of the world’s major causes of death and 

disability. In 2020, according to the Centers for Disease Control and Prevention (CDC), 

more than 60,000 deaths were related to TBI in the United States. The records also show 

that the young population (1 - 50 years old) is the most affected, mainly by traffic crashes 

and domestic accidents. Approximately 60% survive; however, conditions can vary from 

temporary to permanent sequelae, such as psychosocial functions, motor and cognitive 

deficits, and neurological disorders (CDC, 2022).  

Following TBI, an orchestrated cascade of events starts, which can be divided into 

three distinct phases that overlap in time: inflammatory, resolution with tissue 

replacement, and restorative through tissue remodeling (Figure 1). The rupture of the 

meninges, blood-brain barrier (BBB), and perineural nets allow neutrophils, monocytes, 

and other leukocytes infiltration into the central nervous system (CNS) tissue (Burda & 

Sofroniew, 2014). While in physiological conditions, blood-borne cells are excluded from 

the CNS parenchyma, their presence within the first 24 h post TBI marks the onset of the 

inflammatory phase. Together, these cells remove debris, search for pathogens, and 

release several molecules that signal to wound repair (Burda & Sofroniew, 2014; 

Popovich & Longbrake, 2008).  

Cell migration and proliferation around the lesion core characterize the beginning 

of the second phase, starting two days post-TBI and persisting for approximately a week. 

The extravasation of blood into the CNS parenchyma brings a wide variety of non-resident 

cells. Bone marrow-derived endothelial progenitor cells give rise to mature endothelial 

cells that reconstruct the blood vessels and repair the BBB (X. Guo et al., 2009). In 

contrast, matrix metalloproteases (MMP) degrade the damaged tissue and promote 

neural plasticity  (Gurtner et al., 2008; Wanner et al., 2013).  
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Figure 1. Schematic representation of damaged tissue after TBI with a timeline of the 

overlapping phases. A) In the first 24h, during the acute phase, the inflammatory phase 

starts and is characterized by the rupture of the BBB and infiltration of leukocytes in the 

CNS parenchyma, causing the death of neuronal and non-neuronal cells; B) Tissue 

replacement phase begins two days post-injury, during sub-acute phase, when 

proliferating and migrating cells arrive at the site of injury and start restructuring the 

damaged tissue and blood vessels. C) Tissue remodeling phase starts with the activity of 

metalloproteases together with the incorporation of extracellular matrix (ECM) proteins 

and CSPG to produce the scar (highlighted in B) by the reactive astrocytes; D) 

Dimensions of the lesion core (up to 150 µm around the injury) and peripheral area (from 

150 to 400 µm) in the cortex after TBI. 

The incorporation of several proteins, such as fibronectin, laminin, and tenascin, 

into the extracellular matrix (ECM) characterizes the beginning of the third stage, the 

tissue remodeling phase. Additionally, astrocytes that undergo reactivation contribute to 

the structural matrix modification by creating a scar constituted of chondroitin sulfate 

proteoglycan (CSPG) and other components. The scar restrains the leukocytes and CNS 

parenchyma non-resident cells at the core lesion area (that ranges up to 150 µm), 
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extinguishing the pro-inflammatory activity (Anderson et al., 2016; Burda & Sofroniew, 

2014; Hussein et al., 2020; Sofroniew, 2014b, 2015). 

1.2. The morpho-functional diversity of astrocytes and reactive response 
More than 160 years ago, Rudolph Virchow named ‘neuroglia’ the interstitial tissue 

responsible for supporting the brain structure (Virchow, 1856). A few years later, Camillo 

Golgi identified and described the stellate neuroglial cells and found that some of them 

were sending processes with end-feet structures interacting with blood vessels. This 

raised the question of whether these cells could establish metabolic regulation and 

nutrient transportation to the CNS parenchyma (Golgi, 1873). There is now clear evidence 

that astrocytes are not just supportive neural tissue, but key elements that play important 

roles in maintaining ion homeostasis, neurotransmitters recycling, in neuronal nutrition, 

BBB regulation, and scar border formation (Dienel, 2013; Eraso-Pichot et al., 2018; 

Macvicar & Newman, 2015; Mulligan & MacVicar, 2004; Parpura & Verkhratsky, n.d.; 

Peppiatt & Attwell, 2004; Wanner et al., 2013).  

Santiago Ramόn y Cajal developed the first staining technique to label GFAP, 

enabling the visualization of the astroglia structure (Ramón y Cajal S., 1897). The name 

‘astrocyte’ was coined by Michael von Lenhossek in 1891, meaning star-shaped cell (from 

Greek, ‘astrón’ or ‘aster’ meaning a star, and ‘kytos,’ meaning cell) (Lenhossék, 1891).  

Anatomists from the early 20th century associated astrocytes phenotype with the 

roles these cells played in the brain and neuropathologies (del Río Hortega, 1927). While 

in physiological conditions, the astrocytes processes formed delimitated bushy territories, 

under neurological diseases, branches and branchlets displayed a complex process of 

arborization that transcended the astrocyte domain to the neighbor cell area, giving the 

cell a very complex morphology (Wilhelmsson et al., 2006; Zhou et al., 2019). The 

hypertrophy of the cell soma and elongation of the processes seen after an injury were 

described as reactivity for the first time in the 1970’s, after the discovery of the 

cytoplasmatic intermediate filament glial fibrillary acidic protein (GFAP) (Eng et al., 1971). 

The concept of reactivity was accepted, and ‘gliosis’ was designed to refer to glial 

disorders (glia + osis in Greek means ‘glial condition or process’; while in Latin, the suffix 

-osis is frequently associated with ‘disease’) (revised in Escartin et al., 2021; Liddelow & 

Barres, 2017).  
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Astrogliosis can be defined as mild, moderate, or severe, depending on the 

morphological and functional changes that astrocytes undergo and the severity of the 

injury (Figure 2) (Sofroniew & Vinters, 2010). Minor insults result in mild reactivity, where 

astrocytes upregulate GFAP but do not proliferate and maintain the domain area at a 

certain distance from the neighbor cells (like cells in the healthy brain). Interestingly, many 

of these changes are reversible, demonstrating astrocyte plasticity (Hara et al., 2017; 

Sofroniew, 2009). In contrast, severe insults such as traumas, ischemia, major 

inflammations, infections, and neurodegenerative diseases not only trigger upregulation 

of GFAP, causing hypertrophy but also change the cell behavior, including expansion of 

the branches towards neighbor cell domain and increased proliferation rate (Sofroniew & 

Vinters, 2010). 

  

Figure 2. Schematic representation of different astrogliosis severities. Part of the 

astrocytes in the healthy CNS parenchyma are GFAP+, do not proliferate and maintain 

their branches in a well-delimited space called domain area. Mild injuries lead astrocytes 

to upregulate GFAP, but they do not proliferate and remain restrained in their domain 

(astrocytes with red nuclei). When astrocytes undergo severe astrogliosis, they become 

hypertrophic, with branches and branchlets overcoming the domain. There is an increase 

in the proliferation rate (astrocytes with green nuclei), producing the astrocytes scar 

border, or glia limitans, responsible for producing the glial scar. (Illustration based on the 

scheme in Sofroniew & Vinters, 2010). 

Proliferation is not intrinsically related to the expression of GFAP and just a modest 

amount of GFAP+ cells can reacquire a proliferative phenotype, as shown in studies with 
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stab injuries (10%) (Buffo et al., 2008; Simon et al., 2011), rodent models of Alzheimer’s 

disease (0 - 3%) (Sirko et al., 2013), and amyotrophic lateral sclerosis (ALS) model 

(Lepore et al., 2008). It should be noticed, however, that traumas lead to a considerable 

response in cell proliferation, seeking to produce a protective glial scar around the injury 

(Anderson et al., 2016; Wanner et al., 2013). 

The proliferative population of reactive astrocytes gives rise to newborn cells that 

have a significant role in producing the scar. They are called astrocyte scar borders (ASB) 

or glia limitans borders (Figure 2). The main morphological feature of these cells is the 

long branches with specialized end-feet, comparable to the structures of perivascular 

astrocytes in the blood vessels, that overlap with each other via STAT3-dependent 

mechanisms. These intertwined end-feet create a barrier (the glial scar), sealing the 

lesion core, which restricts and regulates the entry of inflammatory cells into healthy CNS 

tissue (Sofroniew, 2015; Wanner et al., 2013; Wilhelmsson et al., 2006). 

1.3. The dual role of the glial scars 

The astrogliosis response, together with the changes in the matrix stiffness, 

configure a temporal environment with three defined compartments: a central lesion core 

populated with fibroblasts inflammatory cells, blood vessels, and ECM; the glial scar 

formed by the newly proliferated ASB; and the peri-lesion perimeter containing the 

reactive microglia, proliferative reactive astrocytes which gradually fades to only viable 

and healthy neural tissue with neurons, non-reactive astrocytes and other glial cells 

(Burda & Sofroniew, 2014; Sofroniew, 2015; Wanner et al., 2013).  

In spinal cord injury (SCI) models, it was shown that the removal of the scar in 

early or later stages, or even the prevention of the scar from being formed, caused an 

overwhelming inflammation, with a significant extension of the damaged area and 

neuronal and non-neuronal cell death (Anderson et al., 2016). The scar controls the 

spread of inflammatory cytokines and restricts the traffic of leukocytes through the CNS 

tissue, maintaining a proper and unique environment for debris clearance (Sofroniew, 

2015).  
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Over time, as the scar matures, there is an accumulation of molecules known to 

inhibit the axonal outgrowth, such as Nogo and myelin-associated molecules (growth-

IMs) (Fawcett & Asher, 1999; Silver & Miller, 2004). As reactive astrocytes continuously 

produce CSPG, which is also inhibitory, a dense structure forms, and the barrier becomes 

not only chemical but also physical to the neuroplasticity and regeneration (Adams & 

Gallo, 2018; Anderson et al., 2016; Fawcett & Asher, 1999; Hussein et al., 2020; Wahane 

& Sofroniew, 2022). Previous work from our lab showed that neuroblasts migrate from 

the neurogenic niche (lateral ventricle) towards the cortical injury was impaired due to the 

CSPG-rich injured area and possible activation of Nogo receptor and RhoA/ROCK 

signaling (Galindo et al., 2018).  

The dual role of glial scars makes therapeutic interventions more challenging, 

demanding more attention to the understanding of the characteristics and triggers that 

activate the scar-forming astrocytes. 

1.4. The role of CSPG in the TBI-affected brain 

Brain ECM is essential in providing structural support and cell signaling (George & 

Geller, 2018). The CSPG is a component of the ECM, consisting of a protein core and 

diverse glycosaminoglycans (GAG) side chains, and two domains (a tenascin-R-binding 

and hyaluronan-binding domains) that can interact with growth factors, cell adhesion 

molecules, and other ECM proteins to regulate their biological activity (Margolis & 

Margolis, 1993; Morgenstern et al., 2002). Lectican is one of the three families of CSPG, 

and includes brevican (Bcan), aggrecan (Acan), neurocan (Ncan), and versican (Vcan). 

In the brain, CSPG are mainly produced by astrocytes (except for Vcan), neurons, and 

oligodendrocytes (Asher et al., 2002). Lecticans are found in the ECM, on cell surfaces 

in a transmembrane form, or in intracellular granules that can be secreted (Morgenstern 

et al., 2002). 

 CSPG expression is spatiotemporally regulated during neural development stages 

or after an insult (Harris et al., 2009). High levels of lecticans were found in the immature 

brains of embryos, demonstrating their important role in axon guidance until the post-

natal neural development (Bandtlow & Zimmermann, 2000; Margolis & Margolis, 1993; 
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Porcionatto, 2006). In mature brains, levels of CSPG also fluctuate over time and are 

crucial producing a scaffold called perineural net, which maintains the dendritic processes 

of neurons and astrocytes, regulates cell migration, increases, and stabilizes synaptic 

plasticity (Figure 3) (Bandtlow & Zimmermann, 2000; Harris et al., 2009). The disarrange 

or absence of CSPG in the brain is intrinsically related to neurological disorders, including 

schizophrenia (Schultz et al., 2014). 

CSPG is upregulated in astrocytes to form the glial scar. However, levels of CSPG 

at the injury site decrease due to the rupture of the perineural nets within the first hours 

post-TBI (George & Geller, 2018; Harris et al., 2009). The accumulation of CSPG over 

time at both peripheral and injury site is often associated with a barrier to axon sprout 

after TBI (Galindo et al., 2018; Harris et al., 2009), ischemia (Carmichael et al., 2005), 

and SCI (Bradbury et al., 2002; Cua et al., 2013; Huang et al., 2006; Janzadeh et al., 

2017; Takiguchi et al., 2022).  

Understanding the spatiotemporal changes of each CSPG expression and the 

triggers for their upregulation can be determinant to the development of new therapies 

and drugs. Acan and Ncan levels, for example, were found to be decreased in the core 

of the injury but increased at the periphery in the acute and sub-acute phases (George & 

Geller, n.d.; Harris et al., 2009; Yi et al., 2012). On later stages, Ncan level increases and 

becomes abundant in both the periphery and injury core (Figure 3) (Yi et al., 2012). In 

SCI model, Ncan was found to populate a range of 100 – 500 µm from the lesion core 

(Mckeon et al., 1999).  

Bcan, in contrast, is largely expressed in many areas of the healthy brain in two 

isoforms: secreted to the extracellular space; or as cell surface, anchored in the 

membrane by a glycosylfosfatidylinostiol (GPI) produced through alternative splicing 

(Jaworski et al., 1999; Seidenbecher et al., 1995). Bcan was upregulated after 4 and 7 

days after needle stab injury in mature rat brains, however, this increase was only due to 

the expression of the secreted isoform, reaching a peak after seven days (Figure 3) 

(Jaworski et al., 1999; Seidenbecher et al., 1995, 1998). Jaworski (1999) suggested that 
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the upregulation of the secreted isoform could increase the hydration of the glial scar 

tissue, facilitating the astroglial response to the injury site.  

 

Figure 3. Spatiotemporal CSPG expression in an uninjured and a TBI-affected brain. 

Under physiological conditions, Aggrecan (Acan), Brevican (Bcan), and Neurocan (Ncan) 

produce the perineural nets, supporting neural synapsis. In the acute phase, Acan and 

Ncan decrease in the core of the lesion (C), and the secreted isoform of Bcan increases. 

In later stages, Acan level elevates at the peripheral area, Ncan is expressed in both the 

core and periphery, and Bcan secretion reaches a peak. 

1.5. Mechanical properties of brain ECM after TBI 

The changes in the physical environment after TBI begin with four events, as 

previously described: a) the rupture of the perineural nets and blood vessels, right after 

the insult to the brain; b) the proteolytic enzymes that reorganize and rebuild the damaged 

ECM; c) the deposition of laminin, fibronectin, and tenascin in the ECM; and d) the 

upregulation of CSPG, that are highly hydrated, by the reactive astrocytes.  Altogether, 

these events modify the stiffness of the tissue, providing a particular feature to the 

scarring in the CNS: differently from any other scars in the body, glial scars are soft 

(Moeendarbary et al., 2017). 

In physiological conditions, brain tissue is very soft, ranging from 100 Pa – 1 kPa, 

but studies have shown that after cortical stab injury, there is a dramatic drop of 80% in 

the elastic modulus at the site of the lesion, reaching 50 Pa during the acute phase. The 

deposition of collagen I by fibroblasts and the efforts to reconstruct the mesh ECM 

structure increase the stiffness at later stages, but the area remains soft, with a drop in 
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tissue elasticity of approximately 55%. The site around the scar (150 – 400 µm) is also 

affected, but by a smaller proportion with a drop in elasticity of 12% in the first three weeks 

(Moeendarbary et al., 2017). 

1.6. Changes in matrix stiffness affect astrocytes 

Cells in the tissue interact not only with other cells but with the physical 

environment that surrounds them. That means that all these modifications in tissue 

elasticity described above can be detected by mechanoreceptors and produce a 

biological response through a process called mechanotransduction (Discher et al., 2005). 

For example, soft substrates induced the fate of human mesenchymal stem cells into 

neuron-like cells, while on stiff and rigid matrices, they differentiated into muscle and 

osteoblasts lineages, respectively (Engler et al., 2006a). Stiffness is also responsible for 

selecting the growth of one cell over another in co-culture conditions: while on softer 

substrates, cortical neurons have an increased growth over astrocytes, stiffer substrates 

made astrocytes prosper over neurons (Georges et al., 2006a). 

In vitro microenvironment models are required to study the mechanical effects of 

matrix stiffness on cell behavior and phenotype changes. Biopolymers, including 

collagen I, collagen IV, fibronectin, laminin, and Matrigel® have been largely used to 

culture neural cells due to their biocompatible features (Karahuseyinoglu et al., 2021; 

Levy et al., 2014; Placone et al., 2015; Plant et al., 2009). Hu et al., (2021) developed an 

attractive in vitro alginate-collagen model with tunable properties to investigate the effects 

of matrix stiffening and softening on astrocyte phenotypic switching. They showed that 

astrocytes plated on a soft substrate (50 Pa) increased GFAP and interleukin 1b 

expression. However, astrocytes had the reactive phenotype reversed to the 

physiological level when the matrix was stiffened. These data demonstrated the necessity 

of carefully engineering a model that provides a proper environment, resembling different 

moments of glial scar formation. 

The challenges of studying cell behavior using these natural materials rely on the 

low mechanical properties, often controlled by the polymer concentration, which could 

change the gel surface (Reddy et al., 2021). Also, the possibility of the cells binding to 
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specific ligands present in the biopolymer could trigger an additional response (Willits & 

Skornia, 2012). 

In contrast, the crosslinking of different concentrations of acrylamide polymers with 

bis-acrylamide provides a great variety of hydrogel stiffness with no changes in biological 

stimulus to the cells. They are considered a well-controlled system to study neurons and 

astrocytes behavior due to their homogeneous surface topography and constant elasticity 

in all directions (isotropy) (Georges et al., 2006a; Moshayedi et al., 2010). 

Research question 

In this study, we sought to explore how astrocytes respond to changes in matrix 

stiffness to understand astrogliosis’ progression during scar formation. There is a critical 

need to engineer in vitro models that mimic disease stages, especially glial scar 

formation. Thus, we developed polyacrylamide (PA) gels with different stiffness 

resembling the mechanical environment of the brain affected by a TBI, seeking to answer 

the following question: what are the effects of the stiffness on morphology and reactivity 

of astrocytes? 
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2. AIMS 
Explore the effects of the stiffness on the morphology and reactivity of astrocytes 

to better understand how these cells respond to the changes in the ECM after a traumatic 

insult in the brain. 

Specific aims (Figure 4): 

1. Engineer functional PA gels mimicking the mechanical environment of healthy and 

glial scar tissue to study astrocytes reactive response. 

2. Analyze changes in astrocytes morphology and reactivity when cultured in different 

surface stiffness. 

 

Figure 4. Specific aims and methodological design. 
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3. MATERIAL AND METHODS 
3.1. Animals 

All mouse protocols were approved by the Committees on Ethics in the Use of 

Animals of Universidade Federal de São Paulo, UNIFESP in Brazil (CEUA No. 

3805170817, supplementary data 7.1), and University of California San Diego's Animal 

Welfare Assurance (D16-00020, protocol #S17165). In Brazil, CEDEME/UNIFESP (São 

Paulo, Brazil) animal facility supplied isogenic 1-day old (P1) male C57Bl/6J mice. In 

USA, Jackson Labs (JAX) animal facility supplied isogenic C57Bl/6J pregnant mice (E14). 

The animals were housed in standard cages, maintained under controlled light-dark 

cycles (12h-12h) with food and water ad libitum. All efforts to minimize suffering and the 

number of animals used were done.  

3.2. Primary astrocyte culture 

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

(P1) C57BL/6j mice were euthanized by decapitation (performed by Marianne Madias – 

UCSD) and brain cortices were carefully dissected and placed in HBSS solution (5.36mM 

KCl, 0.44mM KH2PO4, 4.16 mM NaHCO3, 136.9 mM NaCl, 0.336 mM Na2HPO4, 5.55mM 

Glucose in distillated H2O, Ca2+ and Mg2+ free; ThermoFisher, USA). Meninges were 

carefully removed, and tissue was mechanically dissociated and incubated with 0.25% 

trypsin with 0.1% EDTA in HBSS (Corning™, USA) for 20 min, 37ºC. Sequentially, trypsin 

activity was blocked with the addition of fetal bovine serum (FBS, Gibco, USA), and cells 

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

different pipette tips size. Finally, dissociated cells were resuspended in astrocyte 

medium DMEM/F12 (Gibco, USA) containing 10% FBS, 1% GlutaMAX™ Supplement 

(200mM glutamine; Gibco, USA) and 1% penicillin/streptomycin (100 IU; ThermoFisher, 

USA). Finally, the cells were plated in T25 flasks (ThermoFisher, USA) and incubated at 

37°C in CO2 incubator. Half-medium changes were performed every 2-3 days. After 3 

days, the flask was gently shaken to avoid microglia contamination and media was 

changed. Cells were used between first and fourth passages.  
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3.3. Fabrication of polyacrylamide gels 

Three pre-polymer solutions of different concentrations of acrylamide and the 

cross-linker bis-acrylamide (Sigma, USA) were prepared following the protocol of (Tse & 

Enger, 2010):  

a) 3% (w/v) acrylamide and 0.06% (w/v) bis-acrylamide;  

b) 2% (w/v) acrylamide and 0.06% (w/v) bis-acrylamide; and  

c) 2% (w/v) acrylamide and 0.05% (w/v) bis-acrylamide.  

Ammonium persulfate (1/100 of total volume; APS; ThermoFisher, USA) 

and N,N,N′,N′-tetramethylethylenediamine (1/1000 of total volume); TEMED; 

ThermoFisher, USA) were added to the pre-polymer solutions and gels were allowed to 

polymerize for 30 minutes between a glass slide, chemically modified with 

dichlorodimethylsilane (DCDMS; Sigma, USA), and a pre-cleaned 12 mm diameters 

coverslips silanated with 3-(trimethoxysilylpropyl methacrylate) (TMSPMA; Sigma, USA). 

Polyacrylamide gels were incubated in a 24-well plate overnight at 4°C with 1x PBS to 

allow full swelling (Figure 5). The Young’s moduli of each gel were validated using atomic 

force microscopy (AFM; n=3; performed by Marianne Madias – UCSD).  

Because PA gels do not readily adsorb proteins, it is necessary to previously 

functionalize them before plating cells. Sulfosuccinimidyl 6-(4’-azido-2′-nitrophenylamino) 

hexanoate (Sulfo-SANPAH) is a protein cross-linker, used to covalently bind proteins to 

the gel to ensure efficient cell attachment (Pelham & Wang, 1997). The hydrogels were 

then immersed in a solution of Sulfo-SANPAH (0.2 mg/ml; Sigma, USA) dissolved in 

autoclaved water, and activated with a UV light source (350 nm wavelength) for 10 

minutes. During this step, sulfo-SANPAH covalently links to the PA gel and produce an 

attachment site to the amines of the coating proteins. Gels are then washed several times 

with PBS and final functionalization procedure occurs with the addition of the proteins, 25 

µg/ml laminin (Gibco, USA) and 25 µg/ml Poly-D-Lysine (PDL; Sigma, USA) in 1x PBS, 

to the Sulfo-SANPAH. Hydrogels are incubated overnight at 37º C before plating cells.  
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Figure 5. Schematic of the PA gel fabrication, from the setup to functionalization. A) The 

setup phase includes the 12 mm pre-silanated coverslip, polymerizing solution, and 

chloro-silanated glass slide. B) Gel is allowed to polymerize for 30 min after being placed 

between the coverslip and glass slide. C) Bottom glass is removed and PA gel, which 

retracted after polymerization, remains on top of the coverslip, being placed in a 24-well 

plate with PBS to hydrate (with gel side facing up). Completed this phase, gels are ready 

either to be measured in atomic force microscopy or to move forward to functionalization 

step. D) PBS is removed and sulfo-SANPAH is added to start the functionalization 

procedure. After 10 minutes under UV light, sulfo-SANPAH attaches to the gel surface 

(red structures). Coating proteins solution (green and blue structures for laminin and PDL, 

respectively) is added to the well and binds to the sulfo-SANPAH surface. Functionalized 

hydrogels are then washed and incubated overnight. 

3.4. Cell viability  

Viability assay was performed using Live and Dead kit (ThermoFisher), where 

living cells were stained with calcein-AM (green fluorescence) and dead cells, with 

ethidium homodimer-1 (red fluorescence). The protocol was performed accordingly to the 

manufacturer’s instructions. Briefly, after seeding cells at a density of ~50,000 cells/cm2 

and ~25,000 cells/cm2 on the gels and 12 mm round cover glasses for analysis on day 3 
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and 7, respectively (n=3). Cells were incubated with the kit reagents for 30 min at room 

temperature, washed with PBS and taken to the microscope. Viability was assessed by 

calculating the number of living and dead cells from at least 5 different images in 20x 

magnification using the Fiji software. 

3.5. Immunofluorescence staining 

For immunocytochemistry, astrocytes were seeded at a density of ~50,000 

cells/cm2 and ~25,000 cells/cm2 on the gels and 12 mm round cover glasses for analysis 

on day 3 and 7, respectively (n=3). For immunohistochemistry, serial brain sections 

around the lesion core, after 3 and 7 days post-controlled cortical impact (CCI; performed 

by Rebecca Kandell and Lauren Waggoner, UCSD) were kindly provided by Dr. Kwon. 

Briefly, all samples were fixed after 3 and 7 days with 4% paraformaldehyde (PFA), 

washed 3x with 1x PBS, permeabilized with 0.1% Triton X (0.1% PBST), and incubated 

in a blocking solution containing 5% donkey serum (5% DS) for 60 minutes, at room 

temperature. In sequence, samples were incubated with selected primary antibodies 

(table 1) previously included in blocking solution (5% DS, 0.1% PBST) plus 2 µg/ml 

fragment donkey anti-mouse (FAB; Jackson) overnight, at 2–8°C. The next day, samples 

were rinsed with 1x PBS and incubated with the corresponding secondary antibody (table 

2) in Hoechst 33342 solution (1:1000; Invitrogen, USA) for 45-60 minutes, at room 

temperature. Finally, samples were washed with 1x PBS and mounted onto slides with 

aqueous solution (Fluoromount-G; Southern Biotech, USA) and images were captured 

under the microscope. 
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Table 1. Primary antibodies for immunofluorescence staining. 

Ab 
(Ab/Host) 

Description Dilution Cat.Nº Company 

Aggrecan 
Rabbit - polyclonal 

Chondroitin sulfate proteoglycan 1 
Present in astrocytes 

1:500 13880-1-AP ThermoFisher 

Brevican 
Rabbit - polyclonal 

Most abundant chondroitin sulfate 

proteoglycan in the ECM of the 
adult brain (cell-surface/secreted) 

1:500 PA5-118986 Invitrogen 

GFAP 
Chicken - 
polyclonal 

Glial fibrillary acidic protein 

Present in reactive astrocytes 
1:500 ab4674 Abcam 

Neurocan 
Mouse - 

monoclonal 

Chondroitin sulfate proteoglycan. 
Present in astrocytes 

1:500 MA1-5843 Invitrogen 

S100b 
Rabbit - polyclonal 

Localized in the cytoplasm 

and/or nucleus of astrocytes 
1:500 PA5-87474 Invitrogen 

 

Table 2. Secondary antibodies for immunofluorescence staining. 

Ab 

(Ab/Host) 
Dilution Cat.Nº Company 

Donkey anti-mouse 594 1:500 715-005-150 Jackson/Fisher 

Donkey anti-chicken 594 1:500 703-005-155 Jackson/Fisher 

Donkey anti-rabbit 488 1:500 711-545-152 Jackson/Fisher 

3.6. Proliferation assay 

Approximately 10,000 cells/cm2 were plated on gels and 12 mm round cover 

glasses for 3 and 7 days (n=3). Cells were then incubated with 20 μM EdU diluted in a 
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prewarmed media, as recommended by manufacturer’s protocol (Click-iT EdU Cell 

Proliferation kit for Imaging, #C10337; ThermoFisher, USA). Cells were fixed with 4% 

PFA for 15 min, washed with warm HBSS and permeabilized with 0.5% Triton X and 3% 

bovine serum albumin (BSA; Sigma USA). Cells were then incubated with the detection 

cocktail from the kit, which is composed of an azide-conjugated fluorochrome (Alexa Fluor 

488), copper (CuSO4) as the catalyzer of the click reaction, and 1x Click-iT EdU reaction 

buffer and buffer additive. Samples were washed with 1x PBS and nuclei were 

counterstained with Hoechst 33342. Finally, the cover glasses were rinsed with 1x PBS 

and mounted onto slides with Fluoromount-G and proliferation was detected under the 

microscope. Proliferation rate was assessed by calculating the number of Hoechst and 

DAPI stained cells from at least 5 different images in 20x magnification using the Fiji 

software. 

3.7. Image acquisition 

Images were captured with a Nikon Eclipse Ti2 microscope with a 10, 20 and 40x 

oil-immersion objective, fitted with a Hamamatsu Orca-Flash 4.0 digital camera and 

processed using ImageJ software (1.53q, http://imagej.nih.gov/ij, USA).  

3.8. Image analysis 

Images in 10, 20 and 40x of cells on PA gels and cover glasses were analyzed. In 

the case of 10x, at least 3-5 images/n were analyzed, while for images in 20x, at least 5-

8 images/n, and in 40x, at least 8-10 images/n to have a complete information of the 

sample (n=3). 

3.8.1. Cell counting 

The “count cells” tool was used to quantify a) the different morphologies in each 

image; b) total number of cells (Hoechst or EdU for newly proliferating cells); c) the 

number of GFAP+ for reactive astrocytes; and d) the number of Acan, Bcan and Ncan+ 

cells. Results of the ratios were presented as percentage values. 
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3.8.2. Relative fluorescence intensity 

Images in 20x of cells on PA gels and cover glasses were analyzed (5-8 fields/n; 

n=3). Channel images (GFAP/ S100b/ Acan/ Bcan/ Ncan) were transformed into 8 bits 

and the correspondent mean gray value were measured. Values were normalized 

(maximum-minimum method) prior to statistical analysis. 

3.8.3. Nearest neighbor distance 

Images in 20x of PA gels and cover glasses were analyzed (n=3). Nearest 

neighbor distance (NND) is a method used in Ecology that analyzes the pattern of 

distribution of a population, adapted from Clark and Evans (1954). The NND Ratio 

considers the mean distance between particles (objects, cells) and relative density. 

Hoechst channel images were transformed into 8 bits, threshold was used to remove 

outliers and “dilate” tool was used to create a new mask. Next were selected “centroid” 

and “area” in set measurements option and used the “analyze particles” tool (mask 

outlines) to display the X and Y coordinates (centroid) of the particle (Figure 6). Finally, 

we used the NND plugin to get the nearest neighbor distances 

(https://icme.hpc.msstate.edu/mediawiki/index.phpNearest_Neighbor_Distances_Calcul

ation_with_ImageJ.html). Values were used to calculate the number of particles analyzed, 

density p (particles/ total are), mean area of the particles, mean distance (RA) and relative 

density 1
(2$𝑝)'  (RE). NND ratio corresponded to 𝑅𝐴⁄𝑅𝐸. Ratios close to zero describe a 

distribution of total aggregation, while ratios close to 2.15 describe a random distribution.  

 

Figure 6. Nearest neighbor distance NND Ratio. A) Schematic representation; B) Hoechst 

channels are transformed into B) 8 bits image, and a C) mask is created. Mean distances 

D 
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and densities are processed by the NND plug-in and results ranging from 0 to 1 mean 

that cells are clustered, while values greater than 1 mean that cells are randomized. 

3.8.4. Morphometric analysis 

Images in 20x and 40x on each group were analyzed (30 images/n, n=3). The 

plug-in simple neurite tracer (SNT) tool was used to reconstruct and create a mask of the 

cell and measurements options were set to quantify the following parameters: “area” 

(μm2), “convex hull” (μm2), “perimeter” (μm), “circularity” (area/perimeter ratio), “solidity” 

(area/ convex hull area ratio; Figure 7).  

The same plug-in was also used to skeletonize the cells (10 images/n; n=3) and 

calculate “number of branches” (un), “length” (μm), “intersections” (un), and “radius or 

distance” (un) of the Sholl analysis. Sholl analysis is a methodological approach adapted 

from the work of Sholl (1953) to characterize and quantify the morphology of a cell. 

Morphometric parameters were first considered as separated features and next, as being 

part of a complex response in the cluster analysis (Figure 7). 
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Figure 7. Morphometric analysis of reactive astrocytes. A) GFAP channels were 

transformed into 8 bits images and, with the aid of the SNT tool, 2D reconstructions and 

skeletons of the cells cultured on different stiffness were made. B) Morphometric analyses 

were performed using the following 2D parameters: perimeter, which is measured based 

on the single outline cell shape; area, quantified by the software as the total number of 

pixels that fills the shape of the cell; and the domain or the convex hull area, which is the 

smallest polygon that contains the entire cell, including the holes between the branches. 

The software uses perimeter and area to estimate circularity and area and convex hull, 

to solidity C) Skeletons reconstructions were submitted to Sholl analysis to calculate 

intersections, primary and secondary branches, and the distance (radius) from the cell 

body to describe cell complexity. 

3.9. Statistical Analysis 

All experiments were realized using n=3. In culture, n was represented by the 

astrocytes isolated from cortices of 2 mice pups. Absolute (mean gray value, NND Ratio, 



 21 

density, mean distance) and relative values (proliferative response, proportion of S100b+, 

GFAP+, Acan+, Bcan+ and Ncan+ cells) were considered. For morphological analysis were 

considered absolute values. Data was analyzed using one-way ANOVA followed by 

Tukey’s multiple comparison tests or two-way ANOVA for group analysis followed by 

Tukey’s multiple comparison tests. For all analyses, *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001 were considered statistically significant. Depending on the case, the graphs 

show mean, standard deviation (SD) and standard error (SEM). Statistical analyses were 

performed using GraphPad Prism 9.0 software (San Diego, California, USA). 
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4. RESULTS AND DISCUSSION 
4.1. Fabrication of polyacrylamide hydrogels 

The modulus of elasticity (E, or stiffness) of the microenvironment in physiological 

conditions varies among tissues. Bones, for example, are rigid structures with E ranging 

from 25 to 40 kPa, while the brain has an extremely soft elasticity that can vary from 

0.1 to 1 k Pa (Engler et al., 2006b). Changes in the matrix stiffness produce a variety of 

cellular processes of anchorage-dependent cells, such as proliferation, migration, 

spreading, morphology, and stem-cell fate determination (Beri et al., 2020; Discher et al., 

2005; Engler et al., 2006b, 2006a; Rehfeldt et al., 2007). In astrocytes, dynamic changes 

in the elasticity of the substrate trigger astrogliosis and change gene expression to an 

inflammatory profile (Hu et al., 2021). 

Engineering scaffolds and substrates with proper stiffness that mimic the natural 

microenvironment may be an essential tool to understand how cells interact with the ECM 

in physiological conditions and how they respond to the changes when exposed to an 

injury. Polyacrylamide (PA) hydrogels can be easily adjusted through a combination of 

different concentrations of its monomer acrylamide and the crosslinker bis-acrylamide 

producing a safe substrate that can mimic either a bone stiffness or a very soft brain 

tissue (Tse & Enger, 2010).  

Hydrogels were engineered with different elasticity profiles that match Young’s 

moduli of ECM for each type of region of the brain after a TBI measured by AFM, i.e., ~50 

to 300 Pa at the lesion core (up to 150 µm from the injury in vivo), ~300 to 800 Pa at the 

lateral site (150 to 400 µm from the injury in vivo) (Hu et al., 2021; Moeendarbary et al., 

2017), and also the natural environment, with ~1 kPa (Moeendarbary et al., 2017). 

AFM measurements revealed that gels with a combination of 2% (w/v) of 

acrylamide with 0.05% (w/v) of bis-acrylamide produced a very soft gel of 300 Pa ± 113.9; 

2% (w/v) of acrylamide combined with 0.06% (w/v) of bis-acrylamide, produced an 

intermediary stiffness of 800 Pa ± 249.5; and last, 3% (w/v) of acrylamide with 0.06% 

(w/v) of bis-acrylamide produced the stiffer gel of 1 kPa ± 375.1 (Figure 8).  
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Figure 8. Elastic modulus evaluation of the different PA gels. A) Schematic representation 

of gels submitted to Atomic Force Microscopy. Different concentrations of acrylamide and 

bis-acrylamide were combined to produce the PA hydrogels. Once polymerized, they 

were positioned in the AFM cantilever indentation to measure the elasticity. As a sharp 

probe touches the gel surface, the cantilever bends. This applied force is readable and 

translated through changes in the laser light path, which a photodiode can detect. B) 

Graph of elastic modulus of the three hydrogels (± SD error bars, n=3). The mechanical 

properties of the hydrogels were 300 Pa (soft), 800 (intermediary), and 1000 Pa (stiff). 

4.2. PA gels maintain astrocyte viability 

Cells cultured on rigid substrates, such as glass, spread quickly through the 

surface. However, on soft matrices, the adhesion can weaken, compromising viability, 

and changing morphology (Charrier et al., 2020; W. H. Guo et al., 2006; Rehfeldt et al., 

2007). To overcome this issue, since all substrates were very soft compared to the 

stiffness of 8 GPa of glass, PA gels were coated with PDL and laminin to enforce cell 

attachment. PDL is a chemically synthesized ECM, positively charged, that promotes 

interaction and attachment of anionic sites on the cells (Sanchez-Mendoza et al., 2016). 

On the other hand, laminin is a glycoprotein, very abundant in the brain ECM, that 

interacts with cell integrins and aquaporins, and contributes to astrocytic process 

formation and migration (Sato et al., 2018). 
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To assess viability on each stiffness, live and dead assay was performed 3 and 7 

days after cells were plated on PA gels (Figure 9). A 2D-conventional model (12 mm PDL 

and laminin-coated coverslips) was used as a reference to compare the results. No 

significant differences were seen between the groups for both days. More than 80% of 

live cells were observed in all groups after a week. The data show that PA gels ranging 

from 300 Pa to 1 kPa and under these conditions could provide a satisfactory environment 

to culture astrocytes. 

 

Figure 9. Cell viability on PA gels and glass. A) Representative images of live (green) and 

dead (red) cells on each condition after three days of culture. B) Graph shows quantitative 

analysis of the number of live cells after 3 days (mean, ± SD error bars, n=3). Statistical 

analysis was by one-way ANOVA with multiple comparisons of Tukey’s posthoc, which 

revealed no significant difference between groups or glass control (p < 0.079). C) 

Representative images of live (green) and dead (red) cells on each condition after seven 

days of culture. D) Graph shows quantitative analysis of the number of live cells after 7 

days (mean, ± SD error bars, n=3). Statistical analysis was by one-way ANOVA with 

multiple comparisons Tukey’s posthoc, which revealed no significant difference between 

groups or glass control (p < 0.065). Values with p < 0.05 were considered statistically 

significant. Scale bar 50 μm. 
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4.3. Soft substrate triggers GFAP expression on astrocytes 

To date, there is no specific biomarker to characterize astrocytes. Many 

researchers have been using the aldehyde dehydrogenase family 1 member L1 to label 

cortical astrocytes in vivo (Aldh1L1) (Cahoy et al., 2008; Yang et al., 2011), aldolase C 

(AldoC) for astrocytes from grey and white matter (Tsai et al., 2012), glutamate 

transporter-1 (Glt1), in both cortex and spinal cord (Yang et al., 2011), and the most 

predominant water channel in astrocytes, Aquaporin 4 (AQP4), present in the end-feet 

structures that communicate with blood vessels (Abbott et al., 2006; Szu & Binder, 2016). 

The gold standard marker for cortical astrocytes remains S100b and GFAP (Anderson et 

al., 2014).  

GFAP is a type-III intermediate filament generally used to characterize astrocyte 

reactivity, especially when it is upregulated, although it can also be found in non-reactive 

astrocytes in healthy tissues or peripheral areas from lesions (Burda & Sofroniew, 2014; 

Sofroniew, 2009, 2014a; Sofroniew & Vinters, 2010). S100b, on the other hand, is 

accumulated in astrocytes and other glial cells under any circumstance, explaining why it 

is usually used together with GFAP for immunocharacterization in vitro (Michetti et al., 

2019; Raponi et al., 2007). In addition, the half-life of S100b in the blood of patients with 

severe TBI was reported to be shorter than GFAP, and therefore, both biomarkers are 

considered together as part of the evaluation of the brain damage (Abdelhak et al., 2022; 

Papa et al., 2016; Undén et al., 2007).  

After culturing astrocytes on the gels for three days, the characterization was 

performed using GFAP and S100b as biomarkers (Figure 10). Using 

immunofluorescence, it was observed that approximately 100% of the cortical astrocytes 

expressed S100b in all groups, including the control (glass). For GFAP, it was found that 

88.2% of the cells on the soft substrate were positive, being ~1.2 times higher than the 

number of GFAP+ cells on the intermediary gel (p < 0.014), stiff gel (p < 0.0001), and 

glass (p < 0.016). Although the control group, stiff, and intermediary gels exhibited more 

than 70% of cells expressing GFAP, most likely due to the manipulation three days before 

the experiment, GFAP immunolabeling was preferentially present in the softer gel 
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(300 Pa). Quantitative analysis of both GFAP or S100b intensity (mean gray value) on 

day 3 showed no statistical differences. 

On day 7, no differences were seen regarding the quantitative intensity analysis or 

the percentage of S100b positive cells, which remained close to 100%. For GFAP, as 

expected, the number of cells expressing this protein decreased in the control group, 

reaching 18.3% and corroborating with Xu (2018), who found less than 20% of GFAP+ 

cells in the culture after 1 week. In contrast, the only group that remained with a higher 

percentage of GFAP+ cells was the soft gel (approx. 78%), proving that matrix stiffness 

strongly influences on astrocyte reactivity, even after 7 days in culture.  

We observed that the most conventional 2D model might not be a proper 

environment if aiming to study the effects of astrogliosis since there were ~75% less 

GFAP+ cells in the control group compared to the soft gels after a week. The intensity of 

GFAP expression in the cells on the 300 Pa gel was also higher (~3.5 times) in 

comparison to other hydrogel groups (p < 0.0005 and p < 0.0015 compared to 

intermediary and stiff gel group, respectively) and glass (p < 0.0006).  

Another interesting data to observe is that the cells expressing GFAP on both 

intermediary and stiff gels represented an average of 57% after seven days, which is 

closely related to the percentage usually seen in vivo (~60%), as described in the 

literature (Mishima & Hirase, 2010). This result shows that stiff gel was satisfactory in 

mimicking the healthy CNS environment, providing mechanical stimulus that could 

guarantee a basal number of GFAP+ cells. As for the 800 Pa gel, which represents the 

area between the core lesion and healthy tissue, the results were similar to the 1 kPa gel 

group, indicating that after seven days, this stiffness can also induce normal levels of cells 

expressing GFAP. 

These data are also in line with the results obtained with other models developed 

to study astrogliosis (Hu et al., 2021). The growing number of models recently developed 

indicates that classic cultures are no longer the best option to provide proper stimulus to 
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study brain injury. Here, we show that PA gels engineered to mimic lesion core maintained 

the reactivity state for a week.  

 

Figure 10. Immunocharacterization and reactive response. A) Representative images of 

GFAP and S100β immunolabeling after three days in culture. B) Graph shows quantitative 

analysis of GFAP+ and S100β+ cells after three days expressed in percentage (mean, ± 



 28 

SD error bars, n=3). C) Quantitative analysis of GFAP and S100β immunolabeling 

intensity on day 3 (mean, ± SEM error bars, n=3). D) Representative images of GFAP 

and S100β immunolabeling after seven days in culture. E) Graph shows quantitative 

analysis of GFAP+ and S100β+ cells after seven days expressed in percentage (mean, ± 

SD error bars, n=3). F) Quantitative analysis of GFAP and S100β immunolabeling 

intensity on day 7 (mean, ± SEM error bars, n=3). Statistical analysis was by one-way 

ANOVA with multiple comparisons of Tukey’s posthoc, and values with p < 0.05 were 

considered statistically significant. Scale bar 50 μm. 

4.4. Proliferation rate and astrocyte scar borders behavior 

Reactive astrocytes respond differently to an insult to the brain, depending on how 

distant they are to the injury site core. At the peripheral area of the lesion, for example, 

glial cells acquire a proliferative phenotype (Burda & Sofroniew, 2014). SCI rodent models 

demonstrated the role of two broad populations of astrocytes around the injury: 1) 

hypertrophic stellate and proliferative reactive astrocytes and 2) newly proliferated and 

very elongated cells with intertwined branches surrounding the injury to form the scar 

tissue (Sofroniew, 2020; Wanner et al., 2013). The rise of these two categories of cells 

leaded to the hypothesis that they are a result of a gradient of diffusible proteins, such as 

thrombin, fibrinogen, growth factors, pro-inflammatory molecules, cytokines, and blood-

borne cells that arrive with the disruption of the BBB and affects astroglial intracellular 

signaling and cell behavior (Wanner et al., 2013). 

Given that, we questioned whether mechanical stimulus, without any additional 

biochemical factor, could affect astrocyte proliferation and promote distinct behaviors as 

part of the astrogliosis response. Previous studies have shown that after CNS traumas, 

most of the cell proliferation occurs during the 2 to 7 days-time frame in mice (Bush et al., 

1999; Faulkner et al., 2004), starting with more than 60% of the reactive astrocyte around 

the first 500 µm in a SCI model and gradually decreasing to no more than 20% up to 

1200 µm from the lesion core (Wanner et al., 2013). We hypothesized that cells plated on 

a gel mimicking the core of the glial scar (soft) could become more proliferative than cells 

on a stiff gel. 
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Cells were seeded on the PA hydrogels of different stiffnesses, allowed to grow for 

3 or 7 days, then incubated with EdU and counterstained with Hoechst (Figure 11). EdU+ 

cells were counted, and the ratio EdU:Hoechst was calculated to analyze proliferation. 

Our results show that, after three days, 13% of the cells were proliferative on soft gels, 

which was ~2.6 (p < 0.021) and ~1.8 times (p < 0. 031) higher compared to intermediary 

and stiff gels, respectively. Even though there was a dramatic drop to 7% after seven 

days, the result observed in the soft gel group remained significantly higher than the other 

hydrogels (~2.3 times higher than the intermediary, p>0.002, and ~1.7 times higher than 

stiff surfaces, p>0.03).  

We chose not to compare the results with the data from the glass group since it is 

already well-established in the literature that astrocytes cultured on glass have a 

proliferation rate of 5% (Guizzetti et al., 2011). This value was assumed as a basal 

proliferation rate to compare our results with. With these data, we could conclude that 

only soft gel affected astrocytes proliferation, while for the intermediary and stiff gels, for 

seven days, the effect was comparable to results observed for astrocytes grown on the 

control (glass). 

Although we did not demonstrate here which mechanisms could be involved in the 

reactivity response of astrocytes on these different stiffnesses, several studies show the 

role of mechanoreceptors as key factors in mechanotransduction. For example, Piezo1, 

a mechanosensitive ion channel, and connexin 43, abundantly present in gap junctions 

and hemichannels in astrocytes, have been correlated with astrocyte reactivity. In 

response to injuries and mechanical stimulation, these channels open, transporting 

cytotoxic molecules, Ca2+, and excessive ATP to the neighbor cells, which subsequently 

affect migration and proliferation  (Chi et al., 2022; Homkajorn et al., 2010; Liang et al., 

2020; Liu et al., 2021b, 2021a; Turovsky et al., 2020).  

Substrate stiffness can also affect integrins, receptors for ECM components 

present in focal adhesion sites. Once stimulated, these integrins activate focal adhesion 

kinases, which, in turn, trigger different signaling pathways to activate the extracellular 
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signal-regulated kinases (ERKs), ultimately regulating proliferation (Hoon et al., 2016; 

Provenzano & Keely, 2011). 

 

Figure 11. Proliferative response of astrocytes on different stiffnesses. A) Experimental 

design and analysis. Astrocytes were plated on the soft, intermediary, and stiff PA gels, 

cultured for 3 or 7 days. After this period, cells were incubated with EdU (proliferative 

cells), immunolabeled and counterstained with DAPI (total cells), and finally counted to 

obtain the proportion of proliferative cells in each group. B) Representative images of 

proliferation response after three days. C) Graph shows quantitative analysis of EdU+ 

after three days expressed in percentage (mean, ± SD error bars, n=3). Results show 

that cells in soft gels were significantly more proliferative than other groups. D) 

Representative images of proliferation response after seven days. E) Graph shows 

quantitative analysis of EdU+ after seven days expressed in percentage (mean, ± SD 
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error bars, n=3). Although the proliferation rate after seven days decreased compared to 

day 3, cells on the soft gels remained higher in the proliferative stage than in other groups. 

Statistical analysis was by one-way ANOVA with multiple comparisons of Tukey’s 

posthoc, and values with p < 0.05 were considered statistically significant. Scale bar 50 

μm. 

The result of this increased proliferation rate around the margins of lost neural 

tissue, as described before, is the emergence of ASB population. This subtype of reactive 

astrocytes is less proliferative and forms clusters around the injury site with their 

overlapping branches, which is a crucial behavior that creates a barrier that delineates 

and separates the viable neural tissue from the stromal cell scar tissue (Sofroniew, 2015; 

Wahane & Sofroniew, 2022; Wanner et al., 2013). An in vivo study from our lab using a 

TBI mouse model investigated GFAP+ reactive astrocytes in the lesion core, where Notch 

signaling increased up to 400 µm from the lesion core. They found that these cells were 

forming aggregates, ultimately suggesting that they were the ASB cells (Doctoral thesis 

of Delgado-Garcia, 2022).  

We questioned whether mechanical stimuli could affect astrocytes to display the 

same ASB forming-cluster behavior. The nuclei immunolabeling (Hoechst) and nearest 

neighbor distance ratio (NND ratio) were analyzed. 

As previously described, NND expresses the pattern of distribution of a population, 

in which a lower NND ratio indicates aggregation (Figure 12). Our results showed that 

astrocytes of all groups tended to form clusters (NND ratio < 1) after three days in culture, 

while on the seventh day, only cells cultured on the stiff substrate exhibited a random 

distribution. The measured cell density showed no difference between the groups for both 

days. On the other hand, the mean distance calculated between cells after a week 

became considerable in the group of stiff hydrogels compared to 800 Pa gel (p < 0.004) 

and 300 Pa gel (p < 0.001), explaining the observed distribution.  

Because there was no difference in the NND ratio between the groups, it was 

impossible to distinguish which stiffness was more inclined to contribute to the arising of 
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the ASB-like cells. Nonetheless, the data showed that the substrate with elasticity ranging 

from 300 to 800 Pa induced ASB behavior in the cells. 

 

Figure 12. Cluster analysis considering density, mean neighbor distances, and 

distribution of newly proliferated cells. A) Experimental design and analysis. Images were 

transformed into masks on the ImageJ software, and Near Neighbor Distance Ratio (NND 

ratio) plug-in was used. The mean distance between cells and the density to determine 

the response distribution were quantified (aggregate, when NND ratio < 1; randomized, 

when NND > 1). B) Representative images of the masks created by the software for each 

group on day 3. C) Graphs of density (mean, ± SEM error bars, n = 3), the mean distance 

between the cells (mean, ± SEM error bars, n=3), and NND ratio (mean, ± SD error bars, 

n=3) after three days. Results show no difference between groups for density or mean 

distance, but the NND ratio demonstrated a tendency in all groups to form clusters. C) 

Representative images of the masks created by the software for each group on day 7. D) 

Graphs of density (mean, ± SEM error bars, n=3), mean distance between the cells 

(mean, ± SEM error bars, n=3), and NND ratio (mean, ± SD error bars, n=3) after seven 
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days. Results show no difference between groups for density, but the mean distance 

increased between cells on the stiff gel, which resulted in a higher NND ratio and, thus, a 

randomized distribution. Statistical analysis was by one-way ANOVA with multiple 

comparisons Tukey’s posthoc, and values with p < 0.05 were considered statistically 

significant. 

Combining proliferation and cluster analysis results, we observed that both 300 

and 800 Pa gels enabled the presence of ASB-like astrocytes. However, the soft gel was 

favorable for highly proliferative reactive astrocytes, while the intermediary gel was for 

cells with low proliferation rates (Figure 13). None of these behaviors were seen in the 

astrocytes cultured on the gel mimicking the healthy environment.  

Wanner et al. (2013) showed that the ASB behavior of directing long branches 

toward the scar border depended on the STAT3 signaling pathway. One of the 

possibilities is that stiffness could affect astrocyte proliferation and the forming-

aggregates phenotype via STAT3 in the injured environment.   

 

Figure 13. Schematic representation of astrocytes with different behaviors in intermediary 

and soft gel. We suggested that the in vitro models with soft and intermediary stiffness 

used in this work enabled at least two distinct phenotypes of astrocytes in each one: high 

proliferative and ASB-like astrocytes (forming cluster) in the soft gel; reactive astrocytes 

with low proliferation rate and ASB-like astrocytes in the intermediary group.  
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An important aspect to consider is that the forming cluster behavior observed in 

the astrocytes from the soft gel group could also be associated with the high proliferation 

rate. That is, it is possible that the aggregation was caused by the high concentration of 

the newly produced cells, not precisely because they were gathering to form a cluster. 

Nonetheless, the suggestion of having ASB-like cells in this group should be considered, 

as the softest region of the injury (the core) is where this astrocyte population is often 

visualized in the many studies referenced here. 

4.5. CSPG is spatiotemporally regulated in astrocytes cultured on different PA 
gels stiffnesses 

During CNS development, astrocyte maturation is followed by the expression of 

CSPG, especially the lectican family (Acan, Bcan, Ncan). As their levels increase, CSPG 

bind the FGF2 receptor, which activates the FGF signaling pathway and modulates neural 

development (Sirko et al., 2010; reviewed in Wiese et al., 2012). In the adult brain, CSPG 

generally participates in constructing the perineural nets, supporting the resident cells and 

synaptic homeostasis (Bosiacki et al., 2019; Siebert et al., 2014).  

Upon a brain injury, CSPG expression changes and becomes regulated to produce 

the glial scar (Harris et al., 2009; Morgenstern et al., 2002). CSPG is spatial-temporally 

modulated, mainly by inflammatory cytokines released at the injury site, such as TNF, 

IFN-γ, IL-6, and IL-1β (Liddelow & Barres, 2017). However, the mechanical influence on 

the CSPG expression in the glial scar has not yet been explored. The more the 

mechanisms underlying the construction of the glial scar are understood, the better the 

chances of discovering new targets for drug therapies and developing new potential 

regeneration approaches.  

We questioned whether the PA gels of different stiffnesses could affect the cells to 

express CSPG, more specifically, Acan, Ncan, and Bcan. The response was evaluated 

by immunofluorescence and mean gray value intensity quantification. The results 

obtained from the PA gels were compared to the data from astrocytes cultured on the 

glass (coated with laminin and PDL) as a control group.  
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RNA extraction using specific kits and Trizol were performed several times with no 

success, as the samples had often presented a low number of cells or RNA samples were 

contaminated with material from the gel. It is, indeed, very tough to find in the literature 

molecular analysis of astrocytes cultured on hydrogels, and generally, researchers 

choose other tools to investigate molecular and cellular responses.  

4.5.1. Effects of stiffness on aggrecan expression 

Acan is usually found in the other parts of the body, especially in joints, but also in 

the perineural nets constitution in the brain. Studies revealed that Acan levels decreased 

after seven days in the injured area after CCI compared to the uninjured hemisphere  

(Harris et al., 2009; Yi et al., 2012). At the injury border, however, Acan was highly 

expressed by astrocytes and oligodendrocytes (Harris et al., 2009). Through this 

information, we hypothesized that Acan would be expressed by cells plated on 800 Pa 

gels preferably than on 300 Pa gels. 

Evaluation of astrocyte response to the different stiffnesses demonstrated that 

more than 85% of the cells expressed Acan in all groups after three days, except for the 

soft gel group, which was significantly lower (Figure 14). Quantitative analysis (mean gray 

value) showed that intermediary and stiff gel groups shared similar Acan immunolabeling 

intensity, which was ~2.6 times higher (p < 0.007 and p < 0.002, respectively) than the 

observed in the soft gel.  

An interesting observation is that although the percentage of cells expressing Acan 

in the control group was approximately 90%, similar to intermediary and stiff groups, the 

mean gray value showed low intensity compared to these same groups. That could 

suggest that astrocytes might have expressed less Acan along its structure.  

The intermediary gel was the most determinant affecting astrocytes. The number 

of Acan+ cells reached 91% after a week, representing ~1.5x and ~1.8x more than the 

soft gel (p>0.01) and the control groups (p<0.08), respectively. The stiff gel also 

contributed to Acan expression, although less expressively compared to day 3. 
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The results of intensity quantification demonstrated similar results to the Acan+ 

cells, with intermediary gel ~5.7x more intense than soft gel (p>0.007) and glass group 

(p>0.008), and stiff gel, ~3.8x more intense than soft gel and glass group (p>0.03 for 

both). 

 

Figure 14. Evaluation of the response of reactive astrocytes to express aggrecan. A) 

Representative images of Acan+ astrocytes after three days cultured on gels of 300 Pa, 

800 Pa, and 1 kPa, and glass, used as control. B) Graph on the left shows a quantitative 

analysis of Acan+ after three days expressed in percentage (mean, ± SD error bars, n=3).  

Results demonstrate significantly fewer cells expressing Acan on the soft gel than in the 

other groups. The graph on the right shows a quantitative analysis of the of Acan 

immunolabeling intensity on day 3 (mean, ± SEM error bars, n=3). Although the control 
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group (glass) had 90% of cells expressing Acan, intensity values were similar to those 

obtained in the soft gel group. Together, these groups were significantly lower than 

intermediary and stiff gel groups. C) Representative images of Acan+ astrocytes after 

seven days cultured on gels of 300 Pa, 800 Pa, and 1 kPa, and glass, used as control. 

D) Graph on the left shows quantitative analysis of Acan+ after seven days expressed in 

percentage (mean, ± SD error bars, n=3). The graph on the left shows that the number of 

cells expressing this protein increased only in the intermediary gel group, remaining 

similar to the stiff gel group, but significantly higher than the soft gel and glass groups. 

The graph on the right shows a quantitative analysis of the Acan immunolabeling intensity 

on day 7 (mean, ± SEM error bars, n=3). Results were similar to the third day, where 

intermediary and stiff gels generated a more intense Acan labeling on astrocytes 

compared to the other groups. Statistical analysis was by one-way ANOVA with multiple 

comparisons of Tukey’s posthoc, and values with p < 0.05 were considered statistically 

significant. Scale bar 50 μm. 

As mentioned, in vivo data shows that Acan level decreases in the core (soft tissue) 

due to the perineural net rupture. Our results show that this reduction might also be 

associated with the softening of the area after the inflammatory phase onset, leading to 

a lower number of cells expressing this proteoglycan. In contrast, the stiffness of the 

intermediary area might trigger astrocytes to start producing more Acan as part of the 

reconstruction of the injured tissue. 

4.5.2. Effects of stiffness on neurocan expression 

Localized only in the brain tissue, Ncan, the most potent inhibitor to axon regrowth, 

is upregulated in pericontusional areas, ranging from 100 to 500 µm during the acute 

phase in a SCI model (Jones et al., 2003), and in later stages in a TBI model (Harris et 

al., 2009; Mckeon et al., 1999).  

Our results showed that, after three days, only 60% of cells were positive for this 

proteoglycan on the soft gel, which was ~1.5 times lower than intermediary (p < 0.02) and 

stiff gels (p < 0.01) and ~1.6 times lower than the control group (p < 0.009, Figure 15). 
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Quantitative analysis of Ncan labeling demonstrated that intensity was more robust in the 

stiff gel group and glass, suggesting that rigid substrates stimulate astrocytes to produce 

this proteoglycan.  

After seven days, intermediary and stiff gel groups resulted in 1.1x more Ncan+ 

cells than soft (p<0.02) and glass groups (p<0.01). The intensity analysis revealed that 

the intermediary gel had the most expressive influence after a week, increasing to 3.5 

times Ncan immunolabeling in the astrocytes compared to day 3. The result represented 

an intensity 3x higher than the soft gel and glass group (p>0.03).  

 

Figure 15. Evaluation of the response of reactive astrocytes to express neurocan. A) 

Representative images of Ncan+ astrocytes after three days cultured on gels of 300 Pa, 
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800 Pa, and 1 kPa, and glass, used as control. B) Graph on the left shows quantitative 

analysis of Ncan+ after three days expressed in percentage (mean, ± SD error bars, n=3).  

The graph on the left demonstrates that the control group was the most expressive in the 

number of cells positive for Ncan compared to other groups, followed by the stiff gel group, 

which had more Ncan+ astrocytes than intermediary and soft gel groups. The graph on 

the right shows a quantitative analysis of the Ncan immunolabeling intensity on day 3 

(mean, ± SEM error bars, n=3). The mean gray value graph results follow the percentage 

graph, where the intensity values were higher than the control compared to the other 

groups, followed by the stiff gel group. C) Representative images of Ncan+ astrocytes 

after seven days cultured on gels of 300 Pa, 800 Pa, and 1 kPa, and glass, used as 

control. D) Graph on the left shows quantitative analysis of Ncan+ after seven days 

expressed in percentage (mean, ± SD error bars, n=3). While the number of cells positive 

for Ncan increased in the soft gel and remained approximately the same for intermediary 

and stiff gels, the percentage decreased in the control group. The graph on the right 

shows a quantitative analysis of the intensity of Ncan immunolabeling on day 7 (mean, ± 

SEM error bars, n=3). Results demonstrate that the intensity of Ncan was significantly 

higher in the intermediary gel group compared to the soft gel and control group and 

showed no differences compared to stiff gel. Statistical analysis was by one-way ANOVA 

with multiple comparisons of Tukey’s posthoc, and values with p < 0.05 were considered 

statistically significant. Scale bar 50 μm. 

As mentioned, in vivo data shows that Ncan level is upregulated in the peripherical 

area (intermediary tissue) of TBI injury during chronic phases. In agreement with these 

observations, our results show that preferably 800 Pa and 1 kPa are proper elasticities 

that can trigger astrocytes to express Ncan over time. 

4.5.3. Effects of stiffness on brevican expression 

Bcan, the most abundant lectican and exclusive to the brain, has been investigated 

in various studies of CNS injuries, demonstrating a different response to each one. For 

example, immunolabeling and quantification of mRNA in a stroke model (Haddock et al., 

2007), and the analysis of the protein levels through enzyme-linked immunosorbent assay 
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(ELISA) of ALS and epilepsy patients (Hußler et al., 2022) revealed no differences in the 

cerebrospinal fluid with the control group. In contrast, mechanical injuries such as SCI 

model and TBI, Bcan increased in regions surrounding the lesion, peaking after two 

weeks and one week, respectively (Jaworski et al., 1999; Jones et al., 2003).   

Our observations showed approximately 90% of Bcan+ cells in all groups, including 

the control, after 3 and 7 days (Figure 16). The intensity of the protein on each gel, in 

turn, was different between the groups, with intermediary and stiff gel groups higher than 

the soft gel (p < 0.04) and glass (p < 0.002) after three days. Over time, the effects of the 

800 Pa hydrogel on astrocytes were maintained but became significantly higher than the 

stiff group (p < 0.02).  

Although these results show that different stiffnesses do not induce remarkable 

changes in the number of cells producing Bcan, the increased intensity observed in the 

astrocytes cultured on 800 Pa gels (on both days) suggest that this CSPG was 

upregulated by this stiffness. 

According to previous studies, the changes in Bcan levels in the mechanically 

injured brain are not related to the membrane-bound isoform, which is anchored to the 

cell surface through a glycosylphosphatidylinositol (GPI) (Jaworski et al., 1999; 

Seidenbecher et al., 1995), but soluble peptides instead, which is a byproduct of 

proteolytic cleavages by MMPs (Seidenbecher et al., 1995).  

The GPI-linked variant, as it binds to the hyaluronic acid present in the extracellular 

space, was suggested to be a conductor of the mechanical signaling, serving as a 

physical link to the ECM (Frischknecht & Seidenbecher, 2008; Hemphill et al., 2015; 

Wang et al., 1995). The proteolytic fragments have been associated with being a potential 

blood biomarker of neurodegenerative diseases and inflammatory phases post-trauma, 

where the MMP activity is intense (Jonesco et al., 2020; Minta et al., 2021). 

When closely analyzing the images immunolabeled for Bcan, an interesting finding 

was the presence of tiny dots resembling vesicles (Figure 16, red arrows). It first appeared 

in the astrocytes cultured on the 800 Pa gel after three days and became more noticeable 
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in both soft and intermediary gel after seven days. Although more analysis is needed, 300 

– 800 Pa possibly affected astrocytes on the expression of Bcan variants driving the cells 

to produce these vesicle-like structures.  

 

Figure 16. Evaluation of the response of reactive astrocytes to express brevican. A) 

Representative images of Bcan+ astrocytes after three days cultured on gels of 300 Pa, 
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800 Pa, and 1 kPa, and glass, used as control. i, ii, iii, and iv show details of the Bcan 

expressed on the cells after three days. A smooth distribution results from the cell surface 

isoform, while the small dots (red arrows) are suggested to be the secreted isoform. B) 

The top graph shows quantitative analysis of Bcan+ after three days expressed in 

percentage (mean, ± SD error bars, n=3). Results show no differences between groups. 

The bottom graph shows a quantitative analysis of the intensity of Bcan immunolabeling 

on day 3 (mean, ± SEM error bars, n=3). The intensity measured in both intermediary and 

stiff groups was similar and statistically higher than in glass groups. Bcan intensity in cells 

on the soft gel was significantly higher than in glass. C) Representative images of Bcan+ 

astrocytes after seven days cultured on gels of 300 Pa, 800 Pa, and 1 kPa, and glass, 

used as control. i, ii, iii, and iv show details of the Bcan expressed on the cells after seven 

days. D) The top graph shows quantitative analysis of Bcan+ after 7 days expressed in 

percentage (mean, ± SD error bars, n=3), where no differences were observed between 

the groups. The bottom graph shows a quantitative analysis of the intensity of Bcan 

immunolabeling on day 7 (mean, ± SEM error bars, n=3). Bcan intensity was higher on 

astrocytes cultured on intermediary gel than other gels. Statistical analysis was by one-

way ANOVA with multiple comparisons of Tukey’s posthoc, and values with p < 0.05 were 

considered statistically significant. Scale bar 50 μm. 

We investigated whether these structures could be visualized in an in vivo tissue. 

Murine brain tissues collected after 3 and 7 days of CCI injury were submitted to 

immunofluorescence assay to analyze Bcan expression (Figure 17). Bcan was observed 

in the ipsilateral and contralateral hemispheres. Interestingly, compared to our in vitro 

results, the same pattern of vesicle structures was visualized in ipsilateral hemispheres 

close to the injury site, but not in the control.  
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Figure 17. Bcan immunolabeling of controlled cortical impact injury. Representative 

images of brain tissues showing contralateral (i and iii) and ipsilateral hemispheres (ii and 

iv) after 3 and 7 days of being submitted to a TBI model (n=3). Vesicle-like structures (red 

arrows) were visualized in areas close to the injury site, as highlighted in ii’ and iv’. Scale 

bar 50 μm. 

In conclusion, although stiffness does not seem to be related to astrocytes 

expressing or not Bcan, we suggest that 300 – 800 Pa hydrogels could trigger astrocytes 

to produce a variant of this proteoglycan as one of the responses of astrogliosis observed 

in vivo.  

4.6. PA gels enable astrocytes with in vivo morphology 

Astrocyte heterogeneities are intrinsically related to the role they play in the brain. 

Cortical astrocytes display different shapes in vivo: stellate, with several branches 

emerging from the cell body; perivascular, comparable to the stellate shape, but with end-

feet in the extremities; and bipolar, with two opposed processes, resembling the radial 

glia (Balasubramanian et al., 2016; Pixley & de Vellis, 1984). In the cultures dishes, 

glasses especially, cells may present flat, spread processes and soma or display a round 

shape, with no branches coming out of the cell body (Figure 18) (Zuidema et al., 2018).  
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Figure 18. Schematic representation of different astrocytes morphology in vivo (stellate, 

perivascular, and bipolar) and in vitro (round and flat/spread).  

Studies report a lack of natural astrocyte morphologies in 2D models 

(Balasubramanian et al., 2016; Puschmann et al., 2013), limiting the complete 

comprehension of the different behaviors between physiological and pathological 

environments. Aiming to verify whether physical cues could enable the presence of one 

or more specific morphologies, astrocytes were plated on the gels and cultured for 3 and 

7 days. We considered the findings in the literature using astrocyte cultures on glasses 

as our control. Images of cells immunolabeled for GFAP were used to observe the 

structures. As this protein is a structural intermediate filament, it can be used to analyze 

and characterize astrocyte morphology (Kimelberg, 2004). GFAP channel images were 

transformed into 8 bits mask, and an SNT plug-in was used to reconstruct the astrocyte 

structure (Figure 19).  

Results collected after three days show that bipolar cells, one of the natural 

morphologies, represented 68% of astrocytes on the stiff gel, which was 2x higher than 

both the soft (p < 0.04) and intermediary gels groups (p < 0.03). 

In contrast, stellate cells, the morphology most frequently observed in vivo, 

represented 32% of astrocytes on soft gels, 5.4x more than the stiff group (p < 0.009) on 

day 3. Although this percentage decreased to 21% after a week, it was still the group with 

the most considerable number of stellate cells, with approximately 10x more than the stiff 

gel group (p < 0.01) and 3x more than the intermediary gel group on day 7. 
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Figure 19. Distribution of astrocyte morphologies on different stiffnesses. A) 

Representative images of the 2D reconstructions of astrocytes that were found in all gels. 

B) The graph shows quantitative analysis of all the morphologies found in all groups after 

three days expressed in percentage (mean, ± SEM error bars, n=3). C) The graph shows 

quantitative analysis of all the morphologies found in all groups after seven days 

expressed in percentage (mean, ± SEM error bars, n=3). Statistical analysis was by two-

way ANOVA, using ‘‘stiffness’’ as factor 1 and ‘‘morphologies’’ as factor 2, followed by 

Tukey’s multiple comparison tests. Values with p < 0.05 were considered statistically 

significant. Scale bar 50 μm. 

Perivascular cells, which have end-feet structures and are morphologically similar 

to ASB, are the most challenging morphology to be observed in 2D cultures, being 

reported only in 3D models (Balasubramanian et al., 2016; Zuidema et al., 2018). 

Surprisingly, this morphology represented 18% of the culture in soft, 15% in intermediary, 

and 4% in stiff gels after three days. Although these percentages decreased after a week, 

these results show that PA hydrogels, considered 2D models, carry substantial potential 
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when adequately adjusted to maintain in vivo morphologies in culture, even the rarest 

ones, for at least a week, enabling the acquisition of more reliable data.  

For the in vitro shapes described in the literature, we found that round 

morphologies were mainly observed in the stiff gel group, corresponding to 30% of all the 

cells, 2x more compared to the soft gel group (p < 0.01) after three days. On day 7, there 

was no statistical difference between them. McKay (2014) related the round shape to the 

cells that exhibited disorganization in the stress fibers and consequent difficulties in cell 

attachment when cultured on very soft gels (200 Pa). However, Georges (2006b) reported 

that round cells cultured on 1 kPa hydrogels showed no increase in the GFAP levels and 

no sign of reactivity. As the live and dead assay showed more than 90% of live cells, all 

attached to the substrate for a week, it is possible to confirm that our 1 kPa hydrogels did 

not induce cell stress, and therefore this morphology is not a result of fibers 

disorganization.  

Many types of cells exhibit a maximal spreading on rigid substrates, with a 

reorganization of the cytoskeleton and focal adhesion sites (Engler et al., 2004). Flatness 

is also a typical characteristic of cells cultured on glass with an elastic modulus of 8 GPa 

(Zamanian et al., 2012). No more than 3% of the astrocytes displayed this morphology in 

the PA gels after three days. After seven days, spread cells increased 23% in the 1 kPa 

group, reaching ~6x more than the soft group (p>0.04). An explanation for this could be 

related to the rigidity of this hydrogel, which makes it favorable for spreading the astrocyte 

branches.   

4.7. Astrocytes display a greater morphological complexity when plated on soft 
gels 

Understanding astrocytes’ heterogeneity is crucial to fully comprehending their role 

in the CNS. In TBI, their structural complexity can be influenced by the severity of the 

CNS damage, distance from the lesion core, and time after insult. They can be defined 

as mildly activated, which includes many reversible molecular, structural, and functional 

changes or they can undergo permanent rearrangement, involving cell proliferation and 
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structural reorganization to form the scar (Anderson et al., 2014; Burda & Sofroniew, 

2014; Sofroniew, 2014a; Sofroniew & Vinters, 2010). 

The injured microenvironment is also defined as a finely graded continuum of 

rigidity that changes with the distance from the lesion core and over time. To date, how 

these modifications influence the morphological complexity of astrocytes remains elusive. 

Therefore, we aimed to investigate quantitatively whether the previously observed 

morphologies could be associated with astrogliosis.  

SNT plug-in was used to reconstruct each cell, while Image J quantified the 2D 

parameters such as perimeter, the area of the cell body, and domain area (convex hull 

area). With these values, the software could estimate the shape descriptors: circularity 

and solidity. Circularity indicates the shape, considering the ratio between perimeter and 

area, where values close to 1 describe a perfect circle. Solidity, in turn, considers the ratio 

between area and domain, where values close to 0 reveal a tendency to become complex 

and forming mesh-like structures (Fernández-Arjona et al., 2017; Martín-López et al., 

2013).  

No statistical differences were verified between the groups regarding the area or 

perimeter after three days; however, results of circularity and solidity suggested that 

astrocytes on 1 kPa gel were significantly more circular and less complex than cells on 

300 Pa (p>0.003, for circularity; p>0.0002, for solidity) and 800 Pa gels (p>0.0004, for 

circularity; p>0.0002, for solidity) (Figure 20).  

Soft and intermediary gel groups, on day 7, presented similar results to those in 

the stiff gel group regarding circularity and solidity; however, on the soft hydrogel, cells 

displayed significantly greater area and perimeter than the stiff gel group (p>0.04 and 

p>0.006, respectively). These shifts in the parameters from day 3 to 7 could be related to 

the increased number of branches, granting a greater area and a more rounded shape.  
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Figure 20. Morphometric analysis using circularity and solidity ratios. A) Representative 

images of 2D reconstructions of astrocytes on each substrate after three days. B) The 

graphs show quantitative analysis of 2D parameters (area, perimeter, circularity, and 

solidity) to assess morphometric evaluations of astrocytes on each stiffness after three 

days (mean, ± SEM error bars, n=3). The indicators show that cells on soft and 

intermediary gels seem more complex and tend to form mesh-like structures, whereas 



 49 

cells on stiff gels were more circular and robust. C) Representative images of the 2D 

reconstructions of astrocytes on each substrate after seven days. D) The graphs show a 

quantitative analysis of 2D parameters (area, perimeter, circularity, and solidity) to assess 

morphometric evaluations of astrocyte on each stiffness after seven days (mean, ± SEM 

error bars, n=3). Cells on soft and intermediary gels presented a more circular and robust 

shape than on day 3, becoming more similar to cells on stiff gel. In contrast, area and 

perimeter were significantly higher in these groups. Statistical analysis was by one-way 

ANOVA followed by Tukey’s multiple comparison tests. Values with p < 0.05 were 

considered statistically significant. Scale bar 50 μm. 

Next, we performed the Sholl analysis to verify whether these morphologies were 

related to astrocyte reactivity. Arbor complexity was analyzed by quantifying the length, 

the number of branches (primary and secondary), and the number of intersections. 

Results from day 3 and 7 showed that all groups exhibited a similar length, with no 

statistical differences (Figure 21). However, astrocytes on the soft gel presented 1.5x 

more branches and 1.7x more intersection than those from the stiff gel group (p < 0.009 

and p < 0.02, respectively). This data demonstrates enrichment of complex structures 

triggered by the softness of the substrate. 

On day 7, astrocytes on soft gel displayed ~1.5x more branches and ~1.4x more 

intersections than the intermediary (p>0.0002 and p>0.006, respectively) and stiff gel 

groups (p>0.001, and p>0.003, respectively).  

The intersection x distance (radius) graph shows the location of the arbor 

complexity, that is, where the enrichment of branches occurs along the cell structure 

(close or far from the cell soma). In all groups, it is possible to see a peak of intersections 

(represented by the red bar in the graph) around 20-28 μm (mean 24 μm, SD ± 4 μm) of 

distance from the cell body. At this point, cells from the soft and intermediary gels groups 

had a similar response, but astrocytes on 300 Pa produced significantly more branches 

closer to the cell body than the stiff gel group (p < 0.03 at 20 μm; and p < 0.02 at 24 and 

28 μm). The overlapping lines representing the intermediary gel (blue line) and the stiff 

gel groups (purple) in the graph show that astrocytes on the intermediary shifted from a 



 50 

cell response similar to the astrocytes from the soft gel to the astrocytes from the stiff gel 

group after a week.  

 

Figure 21. Sholl analysis of astrocytes morphological complexity on different stiffnesses. 

A) Schematic representation of Sholl analysis used to calculate intersections, primary and 
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secondary branches, and the distance (radius*) from the cell body to describe cell 

complexity. B) Morphometric quantification of process length and the number of branch 

points after three days (mean, ± SD error bars, n=3). C) Morphometric quantification of 

process length and the number of branch points after three days (mean, ± SD error bars, 

n=3) after seven days. Parameters show no differences between groups regarding length 

on both days; however, soft gels stimulated the increase of the number of branches and 

processes intersections and intersections along the cells. D) Graphs of the number of 

intersections and intersections x distance (graph of complexity) show the number of 

branches distributed along the astrocytes after three days (mean, ± SEM error bars, n=3). 

E) Graphs of the number of intersections and intersections x distance (graph of 

complexity) show the number of branches distributed along the astrocytes after three 

days after seven days mean, ± SEM error bars, n=3). Cells from soft gels had more 

intersections than other groups on both days and showed one and two peaks of 

complexity (red bars) along the astrocyte structure after 3 and 7 days, respectively. 

*Radius from soma refers to the 4 µm concentric grids centered on the cell. Statistical 

analysis was by one-way ANOVA followed by Tukey’s multiple comparison tests for 

parameters evaluations and two-way ANOVA followed by Tukey’s multiple comparison 

tests for complexity graphs, using ‘‘intersections’’ as factor 1 and ‘‘distance’’ as factor 2. 

Values with p < 0.05 were considered statistically significant. 

A week later, we verified another peak of complexity (branches enrichment 

represented by the red bars in the graph) close to the cell soma, around 16-32 μm (mean 

24 μm, SD ± 8 μm) in all groups. Interestingly, only astrocytes on soft gel presented two 

peaks of complexity, which occurred around 116-128 μm (mean 122 μm, SD ± 6 μm). 

The second peak reveals astrocytes with more branches far from the cell soma 

(secondary branches) than the intermediary and stiff gel groups (p<0.03 and 0.02 at 116 

μm; p<0.02 and 0.003 at 120 μm; p<0.004 and 0.04 at 124 μm; and p<0.004 and 0.01 at 

128 μm respectively). 

The structurization of secondary branches is a typical astrocytic response during 

astrogliosis in vivo (Sheikhbahaei et al., 2018). Therefore, we can infer that the 

morphological complexity found in the soft gel group was related to reactivity. 
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5. CONCLUSIONS 

We engineered 2D in vitro models using PA gels with three stiffnesses (300 Pa, 

800 Pa, and 1 kPa) that mimicked different areas surrounding the glial scar. We evaluated 

the astrocytic responses to the matrix stiffness and conclude that: 

a) The softest gel (300 Pa) maintained astrocytes in a reactivity state, keeping them 

proliferative, producing GFAP, aggregating, and displaying a complex morphology 

with branch ramification for seven days.  

b) In the rigid substrate (1 kPa), the percentage of GFAP+ astrocytes was similar to 

what is found in healthy CNS and the morphology of astrocytes resembled that of 

healthy nervous tissue.  

c) Astrocytes cultured on the intermediary gel (800 Pa) were induced to a mild 

reactivity state, sharing similarities with reactive astrocytes observed on soft 

substrates after three days and shifting to a physiological phenotype comparable 

to non-reactive astrocytes from the stiff gel on day 7.  

d) The analysis of the CSPG expression showed that the intermediary gel had a 

significant influence on astrocytes expressing the proteoglycans aggrecan and 

neurocan. As for brevican, we suggest that both soft and intermediary gels affected 

the isoform after 7 days, inducing astrocytes to produce the soluble variant. 

e)  PA gels allowed the occurrence of natural astrocyte morphologies, such as 

stellate and perivascular, usually rare in 2D cultures.  

While the literature frequently shows how biochemical cues are essential in trigging 

astrogliosis, this work aimed to show the relevance and participation of the physical 

stimuli. Our data provided information of the effects of matrix stiffness on cortical 

astrocytes reactivity, showing the importance of engineering substrates that supply the 

hallmarks of the natural microenvironment to understand the role of mechanobiology in 

astrogliosis.  
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7. SUPPLEMENTARY DATA 
7.1. Co-orientation agreement 

 

 
DEPARTMENT OF BIOENGINEERING 9500 GILMAN DRIVE 
ROOM 125 POWELL-FOCHT BIOENGINEERING HALL LA JOLLA, CALIFORNIA 92093-0412 
 TELEPHONE: (858) 534-4272 
 FAX:  (858) 534-5722 

 
July 7, 2021 
 
Dear Selection Committee, 
 
I am writing in support of Julia Benincasa to complete an internship in my lab in the Department of 
Bioengineering at the University of California San Diego from November 1, 2021 to April 30, 2022. I 
agree to write a detailed opinion on the Final Scientific Report that Julia will prepare based on the work 
she will complete during internship. During her time here, Julia will be studying scaffold stiffness in the 
recruitment and migration of cell types within the brain, such as endothelial cells and neural progenitor 
cells. Her work would contribute to the understanding of the wound bed and extracellular matrix after 
injuries to the brain. My lab studies traumatic brain injury and engineers new therapeutic platforms, and 
so Julia’s interest is a natural fit with my lab. Together with the expertise of Dr. Adam Engler, Julia will 
be well supported during her internship period. 
 
Contingent on non-essential travel between Brazil and the United States be permitted at the time of the 
appointment, UC San Diego is allowing in-person laboratory activities during the COVID-19 pandemic 
with appropriate safeguards in place, such as wearing face coverings, social distancing, and routine 
testing.  
 
Please do not hesitate to contact me with any questions or concerns.  
 
Sincerely, 
 

 
Ester J. Kwon  
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ADAM J ENGLER, Ph.D.  
PROFESSOR and VICE CHAIR TELEPHONE: (858) 246-0678 
DEPARTMENT OF BIOENGINEERING FAX:  (858) 534-5722 
SANFORD CONSORTIUM FOR REGENERATIVE MEDICINE (SCRM) ROOM 2005 EMAIL: aengler@ucsd.edu 
2880 TORREY PINES SCENIC DRIVE, LA JOLLA, CA  92037 WEB: http://ecm.ucsd.edu 
 

July 7, 2021 
 
To Whom It May Concern: 
 
I am writing to confirm my invitation to have Ph.D. student Julia Benincasa perform part of her thesis 
research my lab at UC San Diego in La Jolla, California from November 1, 2021 - April 30, 2022. I further 
agree to co-write an opinion on her Final Scientific Report, which Julia will prepare based on the work 
she will complete during internship. 
 
During her time at UC San Diego, she will be able to learn how to fabricate and pattern 2D substrates 
and 3D scaffolds in my lab. These materials will enable her to study the recruitment and migration of 
brain cell types, e.g. endothelial cells and neural progenitor cells. Her work will contribute to our 
understanding of extracellular matrix remodeling after injuries to the brain. Given that my lab focuses on 
vascular rather than neural cell types, I propose that Julia be co-mentored by Dr. Ester Kwon who studies 
traumatic brain injury. Given our co-location at the Sanford Consortium for Regenerative Medicine at UC 
San Diego, I strongly believe that co-mentorship is ideal for Julia’s training. 
 
Should non-essential travel between the United States and Brazil be permitted at the time of her 
appointment at UC San Diego, our institution is allowing in-person laboratory activities in a shift schedule 
to accommodate reduced capacity in laboratories due to the COVID-19 pandemic while maintaining 
research productivity. 
 
I would also like to confirm that Julia is fluent in English and suitable for the development of the proposed 
activities.  
 
Should you have questions about my and Dr. Kwon’s offers, please do not hesitate to contact me with 
any questions or concerns. 
 

Best regards, 
 
 

 
Adam J. Engler, Ph.D. 
Professor and Vice-Chair of Bioengineering 
University of California, San Diego 



 73 

7.2. Committee on Ethics in the Use of Animals, CEUA 
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