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RESUMO 
 

Uma lesão vertebro-medular (LVM) é uma doença devastadora e sem cura, que acarreta 

terríveis consequências físicas, psicológicas e socioeconómicas para o paciente. Trata-se de 

uma patologia complexa e tem vindo a tornar-se evidente que serão necessárias novas e 

combinadas estratégias terapêuticas para promover a recuperação motora e sensorial depois de 

uma lesão. Embora o conhecimento sobre os processos biológicos envolvidos numa LVM em 

mamíferos e espécies com capacidade regenerativa tenha aumentado consideravelmente nos 

últimos anos, pouco progresso tem havido quanto a opções terapêuticas. Isto sugere que outros 

tipos celulares ainda desconhecidos possam estar envolvidos numa lesão na medula espinhal. 

A senescência foi classicamente concebida como um bloqueio do ciclo celular associado ao 

envelhecimento. No entanto, sabe-se agora que células senescentes (CSs) são metabolicamente 

activas e detêm um secretoma complexo através do qual conseguem modular o microambiente 

à sua volta. Consequentemente, as CSs surgiram como participantes activas em eventos de 

remodulação tecidual. Curiosamente, CSs transientes foram recentemente demonstradas como 

benéficas na reparação de tecidos, em contraste com CSs persistentes que estão subjacentes a 

doenças crónicas ligadas ao envelhecimento. 

Neste estudo, identificámos as CSs como um novo e inesperado alvo no contexto de LVMs. 

Demonstrámos que perfis de senescência distintos são induzidos após uma LVM num modelo 

que regenera a sua medula espinhal, o peixe-zebra, e um modelo sem capacidade de 

regeneração, o ratinho. Surpreendentemente, enquanto no peixe-zebra existe uma acumulação 

transiente de CSs, no ratinho estas células acumulam-se e persistem ao longo do tempo. Deste 

modo, questionámos se a persistência de CSs poderá contribuir para o microambiente inibitório 

de reparação da medula espinhal em mamíferos. Testámos esta hipótese através do tratamento 

de ratinhos lesionados com ABT-263, um composto senolítico que induz apoptose em CSs in 
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vivo. Mostrámos que a eliminação de CSs induzidas após uma LVM por contusão em ratinho 

resulta em efeitos notáveis a nível celular, nomeadamente um aumento da preservação de 

mielina e fibras axonais, uma redução da cicatriz fibrótica e uma atenuação da inflamação. 

Estes resultados traduzem-se numa melhoria significativa da função locomotora, sensorial e da 

bexiga. 

Tem vindo a tornar-se claro que a senescência é despoletada em resposta a dano tecidual, mas 

o nosso estudo indica que a capacidade de um organismo reparar ou regenerar um orgão 

lesionado está diretamente associada com a sua competência em controlar os níveis de CSs ao 

longo do tempo. Assim, este trabalho poderá não só ser relevante para LVMs mas também para 

estabelecer a senescência como um alvo noutros orgão sem capacidade de regeneração. Dado 

que diversos compostos senolíticos, como o ABT-263, estão neste momento em ensaios 

clínicos para o tratamento de cancro e doenças associadas so envelhecimento, este estudo 

poderá vir a contribuir para o redirecionamento do uso de senolíticos em reparação ou 

regeneração tecidual. 

 

Palavras-chave: senescência, lesão vertebro-medular, células senescentes, compostos 

senolíticos, recuperação funcional 
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ABSTRACT 
 

Spinal cord injury (SCI) is a devastating and non-resolving condition with dreadful physical, 

phycological and socioeconomical consequences for the affected individual. This is a complex 

pathology and it is becoming clear that novel and combined therapeutic strategies will be 

needed to overcome the limited motor and sensory function recovery after SCI. While 

considerable knowledge was achieved on the biological processes that occur after a SCI in 

mammals and regenerative species, small progress was obtained on medical options, 

suggesting that other cellular players might be relevant following an injury. 

Cellular senescence was classically understood as a cell-cycle arrest response related to aging. 

However, it is now known that senescent cells (SCs) are metabolically active with a complex 

secretory phenotype through which they modulate the microenvironment around them. 

Consequently, SCs have now been put at the center of tissue remodeling events. Interestingly, 

transient SCs were recently shown to benefit tissue repair contrasting with persistent SCs 

known to underlie aging-related chronic disorders.  

Here, we identify SCs as a new and unexpected player in the context of SCI. We show that 

distinct senescent profiles are induced upon SCI in a regenerating model, the zebrafish, and a 

non-regenerating mammalian model, the mouse. Strikingly, while in the zebrafish there is a 

transient burst of SCs which are then cleared out, in the mouse these cells persist and 

accumulate over time. We hypothesized that this persistence of SCs could contribute to the 

inhibitory microenvironment in mammalian spinal cord repair. We tested this hypothesis by 

treating injured mice with ABT-263, a senolytic drug that causes apoptosis of SCs in vivo. We 

show that elimination of induced-SCs after a murine contusion SCI leads to remarkable cellular 

outcomes, namely an increase in spared myelin and axonal fibers, a reduced fibrotic scar and 

attenuated inflammation. These effects are translated into locomotor (assessed with Open Field 
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and Horizontal Ladder), sensory (evaluated with Incremental Thermal Plate) and bladder 

function improvements. 

It is becoming clear that senescence is triggered upon tissue damage, but our study indicates 

that the ability of an organism to repair or regenerate an injured organ is directly associated 

with its competence to control the levels of induced senescent cells over time. Therefore, we 

think our work is not only relevant for SCI but may also pave the way to establish senescence 

as a target in other mammalian non-regenerating damaged organs. Given that several senolytic 

drugs, namely ABT-263, are currently under clinical trials for the treatment of cancer and age-

related diseases, our research can contribute to repurpose the use of senolytics to promote 

mammalian tissue repair or regeneration. 

 

Keywords: senescence, spinal cord injury, senescent cells, senolytic drugs, functional recover 
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SENESCENCE: A CHAOS WAITING TO BE DECIPHERED 

A great Portuguese writer once said “Chaos is an order yet undeciphered”. Cellular senescence 

is a highly complex, dynamic and programmed cellular state with diverse physiological and 

pathological roles across the lifespan of an organism. However, the more we know about this 

cellular phenomenon, the more there is to understand. Initially considered a culture artifact by 

some, senescence has evolved from an age-related circumstance to an intricate cellular defense 

mechanism in response to stress that is implicated in a wide spectrum of biological processes 

such as tissue remodeling, injury and cancer. This section reviews the currently known cellular 

and molecular features of senescence, describing its functional impact on different organismal 

contexts as well as the existing tools and clinical research landscape to target senescent cells 

(SCs). 

 

Cellular Senescence: a Story between Life and Death 

Cellular senescence was formerly described by Hayflick and colleagues, after witnessing that 

normal diploid cells in culture had a limit number of cell divisions and entered a permanent 

cell cycle arrest (Hayflick & Moorhead, 1961). He observed that the nondividing cells 

remained viable for many weeks and suggested that this proliferative halt and finite lifetime in 

vitro represented aging at the cellular level (Hayflick, 1965). For that, he was called an idiot 

and his observations stood ignored for decades. Later, Hayflick’s proposal was finally 

corroborated by attributing this proliferation limit to a progressive telomere shortening after 

propagation of cells in culture, which has become known as replicative senescence (Harley et 

al., 1990). The link between senescence and aging was further reinforced when it was shown 

that there was an age-dependent accumulation of cells exhibiting senescence markers in vivo 

(Dimri et al., 1995).  
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Two years later, a landmark study demonstrated that the expression of active mitogenic 

oncogenes (such as Ras) induced senescence in primary cells regardless of age (Serrano et al., 

1997). This process became known as oncogene-induced senescence (OIS) and introduced the 

concept of senescence working as a tumor-suppressive mechanism to prevent aberrant 

proliferation after an oncogenic stimulus. Since then, it has been established that cellular 

senescence can be induced by a wide range of different stress signals, such as oxidative stress 

(Chen et al., 1995), chemotherapy (Schmitt et al., 2002), induced-pluripotent stem cell 

reprogramming (Krizhanovsky & Lowe, 2009), irradiation (Le et al., 2010) or cytokine 

treatment (Braumüller et al., 2013) (Figure 1). 

It became then clear that senescence and aging are not synonymous and that SCs can be 

triggered by several stressful insults independently of organismal age (Rodier & Campisi, 

2011). Importantly, SCs stopped being regarded as just undead or zombie cells that refuse to 

die. Though one might say they walk a fine line between life and death, it is now known that 

SCs are much more than what was initially thought. In fact, they suffer numerous phenotypic 

changes and remain highly metabolically active cells with a complex secretory phenotype, 

through which they can modify the surrounding microenvironment (Muñoz-Espín & Serrano, 

2014) (Figure 1). Strikingly, SCs have recently emerged as beneficial players in various 

physiological processes, from embryonic development to cellular reprogramming and tissue 

injury responses such as wound healing and tissue repair (Rhinn et al., 2019). 

 

The Hallmarks of Senescence 

The most important rule about the hallmarks of senescence is that there is no specific hallmark 

of senescence, yet. Considerable knowledge about the causes and phenotypic consequences of 

SCs has been achieved over the last decade through the development of reporter ablation 
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models and the improvement of experimental tools. However, the lack of an exclusively 

specific marker still constitutes a major obstacle in the field of senescence, as will be discussed 

in this section. The real question is: what truly defines a SC? 

 

Cell cycle arrest 

The permanent exit from the cell cycle is arguably the central feature of a SC. Though this 

proliferative withdrawal was long thought to be strictly irreversible, recent studies have proved 

that, under particular circumstances, escape scenarios do exist and cell cycle re-entry may 

occur, especially in tumor cells (Milanovic et al., 2018; Patel et al., 2016; Saleh et al., 2019). 

The senescence-associated cell cycle arrest typically stalls cells in G1 or G2 phase and is 

primarily mediated by the upregulation of key tumor-suppressor proteins, namely p53, p21CIP1 

(encoded by the cdkn1a locus), p16INK4a and p14ARF (p19ARF in mouse) (both encoded by the 

cdkn2a locus) (Martínez-Zamudio et al., 2017; Narita et al., 2003) (Figure 1). While p14ARF is 

an important p53 stabilizer, p21CIP1 and p16INK4a are inhibitors of cyclin-dependent kinases 

(CDKs) 2 and 4/6, respectively, which normally phosphorylate Retinoblastoma (RB) family 

proteins. Therefore, in SCs, inhibition of CDK2/4/6 leads to a persistent activation of RB 

proteins, which repress E2F transcription factor activity, required for cell cycle progression 

(Sharpless & Sherr, 2015). The ensuing cell cycle arrest differs from that of quiescent cells, 

which can be reversed, and of terminally differentiated cells, in which a stable replicative arrest 

is mediated by different pathways from those of senescence (He & Sharpless, 2017).  

 

Resistance to apoptosis 

SCs activate pro-survival pathways in order to endure, such as the upregulation of the anti-

apoptotic phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) pathway, overexpression of 
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anti-apoptotic B-cell lymphoma (BCL)-2 family proteins (including BCL-2, BCL-W and BCL-

XL) and downregulation of apoptotic effectors like caspase-3 (Marcotte et al., 2004; Wang, 

1995; Zhu et al., 2015). Consequently, SCs manifest a marked resistance to apoptosis, a factor 

that likely contributes to their accumulation in vivo if their clearance by the immune system 

becomes somehow compromised. In fact, studies have pinpointed DCR2, a decoy death 

receptor regulated by p53, as a common marker of SCs that protects them from immunity-

mediated apoptosis (Collado et al., 2005; Sagiv et al., 2013). Both apoptosis and senescence 

are responses to a damage trigger, but their outcome is nothing alike. Senescence constitutes 

an alternative cell fate to programmed cellular death which has an active role to play in the 

context of tissue environment. So, the main question remains of what factors determine whether 

a cell undergoes senescence or apoptosis. Does it depend on the cell/tissue setting? Or the 

type/extent of damage? Whatever the cues, these anti-apoptotic regulators are crucial for the 

survival of SCs and their inhibition/downregulation leads to death by apoptosis, which has 

revealed to be a vital notion for the development of molecular tools targeting the elimination 

of SCs (Chang et al., 2016; Yosef et al., 2016).  

 

Macromolecular damage 

Telomeric DNA loop destabilization and uncapping after proliferative erosion activates the 

DNA damage response (DDR) and leads to replicative senescence (d’Adda di Fagagna, 2008). 

However, oncogenic stimuli and several genotoxic agents, such as ionizing radiation, oxidative 

stress and chemotherapy drugs, can also induce a DDR-mediated cell-cycle arrest (Gorgoulis 

et al., 2018; Halazonetis et al., 2008; Richter & Zglinicki, 2007; Robles & Adami, 1998). When 

activated, the DDR pathway triggers ataxia-telangiectasia mutated (ATM) or ATM- and Rad3-

related (ATR)-mediated blocking of cell cycle progression through stabilization of p53 and 
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transcriptional activation of p21CIP1 (Cazzalini et al., 2010; d’Adda di Fagagna et al., 2003; 

Fujita et al., 2009). In result, SCs often show a positive immunostaining for DNA damage 

markers, such as γH2AX, 53BP1, NBS1 and MDC1 (Calcinotto et al., 2019). SCs also generate 

nuclear DNA segments with chromatin alterations reinforcing senescence (DNA-SCARSs) 

(Figure 1), dynamic structures that sustain the activity of p53 and the secretory phenotype 

(Rodier et al., 2011).  

Protein damage is another hallmark of cellular senescence that derives mainly from the 

increased levels of reactive oxygen species (ROS) due to metabolic dysfunction (see Metabolic 

and morphological changes) (Kaushik & Cuervo, 2015). ROS can oxidize and carbonylate a 

number of amino acid residues, leading to protein unfolding and aggregation (Höhn et al., 2017; 

Nyström, 2005). Crosslinking of protein aggregates with sugars and lipids forms insoluble 

lipofuscin aggresomes, which has emerged as another indicator of senescence (Evangelou et 

al., 2017; Gorgoulis et al., 2018). Interestingly, lipofuscin has been reported to stimulate the 

expression of the anti-apoptotic factor BCL-2 (McHugh & Gil, 2018). 

 

Metabolic and morphological changes 

SCs exhibit major mitochondrial dysfunction, showing increased mitochondrial abundance and 

mass but decreased membrane potential, fusion and fission rates (Kaplon et al., 2013; Passos 

et al., 2010). While mitochondria produce less ATP, they generate more ROS, which leads to 

telomere shortening and DDR activation as well as to protein damage (Korolchuk et al., 2017; 

Passos et al., 2007). Altered mitochondrial energetic outputs activates AMP-activated protein 

kinase sensor, contributing to cell cycle exit (Birch & Passos, 2017). In turn, ROS creates a 

feedback loop with PKCδ to stabilize p53 and p16INK4a-RB, maintaining the proliferative arrest 

(Takahashi et al., 2006). Notably, mitochondrial dysfunction seems to play a key role in the 
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regulation and maintenance of the senescence secretome (see Secretion), which is suppressed 

after mitochondrial clearance (Korolchuk et al., 2017). Accordingly, progeroid mouse models 

accumulate SCs with increased levels of mitochondrial dysfunction and oxidative stress (Wiley 

et al., 2016).  

Lysosomes also increase in number and size in SCs and their role is closely intertwined to that 

of mitochondria (Park et al., 2018). Though their number is elevated, they become 

dysfunctional leading to a decline in mitochondrial turnover. Consequently, ROS levels 

increase inducing damage in cellular structures, including lysosomes, forming a nefarious 

feedback loop (Park et al., 2018). It is possible that lysosomes continue to rise as a form of 

compensation for the dysfunctionality of existing lysosomes, but, in the end, lysosomal activity 

remains compromised. Remarkably, the increased lysosomal mass has been associated with 

arguably the most commonly-used biomarker of senescence – senescence-associated β-

galactosidase (SA-β-gal) activity (Dimri et al., 1995) (Figure 1). Lysosomal activity of β-D-

galactosidase, which is encoded by the GLB1 gene, is detectable at pH 6.0 in SCs, contrarily 

to the optimal pH 4.0 in normal cells (hence, SA-β-gal) (Lee et al., 2006). 

Interestingly, SCs rely on autophagy to cope with the all the genetic remodeling and protein 

turnover that is required to make the efficient transition from a proliferative to a senescent state 

(Young et al., 2009). Therefore, autophagy seems to play a key metabolic role in the early 

establishment of senescence, from the cell cycle arrest to the production of secretory factors. 

However, after the establishment of the senescence program, autophagy slows down, which 

seems to be fundamental to maintain the levels of protein damage and mitochondrial 

dysfunction that characterize the senescence state (Kwon et al., 2017). Thus, autophagy plays 

a time-gated dual role in cellular senescence. 
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In addition, SCs are often marked by alterations in lipid metabolism and ROS-driven lipid 

damage and deposits in tissues (Correia-Melo et al., 2016; Ogrodnik et al., 2017). However, it 

still unclear how this contributes to the senescent phenotype.  

Strikingly, SCs frequently increase in size and sometimes enlarge more than twofold 

comparing to the size of their non-senescent counterparts (Hayflick, 1965). Depending on the 

stress trigger, SCs may display a flattened morphology, multiple nuclei and extensive 

vacuolization (Denoyelle et al., 2006).  

 

 

Figure 1. Hallmarks of cellular senescence. Senescence can be induced by different stimuli including telomere 

erosion, oncogene activation, DNA damage, metabolic stress, exposure to extracellular signals such as cytokines 

and mitogens, irradiation, chemotherapy, tissue damage or developmental cues. These stimuli result in the 

activation of key cell cycle regulators such as p53, p21, p16 and p14ARF/p19ARF, leading to a permanent cell cycle 

arrest and the acquisition of phenotypic changes such as resistance to apoptosis, expansion of mitochondrial and 

lysosomal networks, increased lysosomal senescence-associated β-galactosidase (SA-β-gal) activity, production 

of reactive oxygen species (ROS) and enlarged cell size. Senescent cells (SCs) suffer heterochromatin changes 

resulting in the presence of DNA damage foci, appearance of senescence-associated heterochromatin foci (SAHF) 

and a decrease in nuclear Lamin B1. Through a senescence-associated secretory phenotype (SASP), which 

comprises different growth factors, chemokines, cytokines and proteases, SCs can modulate the surrounding 

microenvironment, impacting on several biological processes (adapted from Yun, 2018). 
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Chromatin alterations 

SCs also suffer morphological and epigenetic modifications in their chromatin landscape in 

order to reinforce the senescent state (Cheng et al., 2017). Yet, they are mostly context-

dependent. First, their chromatin is reorganized into senescence-associated heterochromatin 

foci (SAHF) (Figure 1), which is translated in profound changes in gene expression, 

specifically in detriment of proliferation-associated genes and in favor of cell cycle arrest- and 

secretory-related genes (Chandra & Narita, 2013; Rai & Adams, 2012). Crucial for the 

maintenance of this chromatin structure is DNA methylation at specific CpG sites as well as 

histone modifications and variants, such as H3K9me3, H3K27ac, H4K16ac and H4K20me3 

(Cheng et al., 2017; Di Micco et al., 2011; Hernandez-Segura et al., 2018; Salama et al., 2014). 

Accompanying the formation of SAHF is the downregulation of Lamin B1, a major component 

of the nuclear lamina that is spatially relocated within the nucleus to release H3K9me3 and 

alter chromatin structure (Salama et al., 2014). Therefore, loss of nuclear Lamin B1 is 

considered another feature of senescence (Shah et al., 2013; Shimi et al., 2011) (Figure 1). 

 

Secretion 

Among the hallmarks of senescence, perhaps the most relevant one is the development of a 

complex secretory program denominated by senescence-associated secretory phenotype 

(SASP), which comprises a plethora of different growth factors, chemokines, cytokines and 

proteases (Coppé et al., 2010) (Figure 1; Table 1). Primary transcriptional activators of the 

SASP include nuclear factor kappa B (NF-κB), CCAAT/enhancer binding protein β (c/EBPβ), 

GATA4, p53, mammalian target of rapamycin (mTOR), p38 mitogen-activated protein kinase 

(p38MAPK - regulates a DNA damage-independent SASP) and Notch1 (Acosta et al., 2008; 

Freund et al., 2011; Ito et al., 2017; Kang et al., 2015; Kuilman & Peeper, 2009). Some SASP 
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factors, like interleukin (IL)-1α (an activator of NF-κB and c/EBPβ pathways), are important 

for SASP initiation while others, like IL-6, are required for SASP maintenance (Acosta et al., 

2013; Kuilman et al., 2008). In fact, IL-6, IL-8, growth-regulated oncogene (Gro)-α, insulin-

like growth factor-binding protein (IGFBP)-7 and plasminogen activator inhibitor (PAI)-1 

reinforce both the SASP and growth arrest in an autocrine manner (Acosta et al., 2008; Kuilman 

et al., 2008), whereas ROS, interferon-gamma (IFN-γ) and transforming growth factor beta 

(TGF-β) family ligands vascular endothelial growth factor (VEGF), chemokine (C-C motif) 

ligand 2 (CCL2) and CCL20 induce senescence in a paracrine fashion (Acosta et al., 2013; 

Calcinotto et al., 2019; Hubackova et al., 2012). Curiously, some SASP factors, such as colony 

stimulating factor 1 (CSF1), CCL2 and IL-8 recruit the immune system to promote self-

clearance of SCs (Muñoz-Espín & Serrano, 2014). Through the SASP, SCs communicate with 

neighboring cells and modulate the microenvironment around them, exercising most of their 

pathophysiological effects. Thus, cellular senescence has been implicated in quite a few distinct 

biological activities, from aging and tumor progression or suppression to development, wound 

healing and even regeneration (Rhinn et al., 2019; Rodier & Campisi, 2011). 

 

Type Factors 

Growth factors and regulators Amphiregulin; epiregulin; heregulin; EGF; bFGF; HGF; KGF (FGF7); VEGF; 

angiogenin; CSF1; SDF-1; PIGF; NGF; IGFBP-2, -3, -4, -6, -7 

Chemokines IL-8; GRO-α, -β, -γ; CCL2, 3, 5, 8, 13, 20; HCC-4; eotaxin; eotaxin-3; TECK; 

ENA-78; I-309; I-TAC 

Interleukins IL-6; IL-7; IL-1α; IL-1β; IL-13; IL-15 

Other inflammatory factors TGF-β; TNF-α, GM-CSE; G-CSE; IFN-γ; BLC; MIF 

Proteases and regulators MMP-1, -3, -10, -12, -13, -14; TIMP-1; TIMP-2; PAI-1, -2; tPA; uPA; cathepsin B 

Receptors and ligands ICAM-1, -3; OPG; sTNFRI; sTNFRII; TRAIL-R3; Fas; uPAR; SGP130; EGF-R 

Non-protein molecules PGE2; nitric oxide; ROS 

Insoluble factors Fibronectin; collagens; laminin 

Table 1. Senescence-associated secretory phenotype (SASP) factors (based on Coppé et al., 2010). 
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Identifying senescent cells 

As we can see, cellular senescence has several biomarkers. However, none has absolute 

specificity. The cell cycle arrest is not exclusive of senescence and RB and p53 are also 

involved in other forms of proliferative withdrawal (Rodier & Campisi, 2011). Even p16INK4a 

might not be expressed in all SCs and is expressed in certain non-SCs (Hernandez-Segura et 

al., 2017; Sharpless & Sherr, 2015). The p53/p21CIP1 pathway does not always drive senescence 

and, in some tissues, cells that stain positively for SA-β-gal lack the expression of p21CIP1 

(Huang & Rivera-Pérez, 2014; Xu et al., 2019). In fact, despite its prominence, SA-β-gal is not 

a requirement of the senescent phenotype and it is possible to have SA-β-gal- SCs (e.g. those 

lacking GLB1) (Lee et al., 2006). Besides, it is important to take in account that false-positive 

SA-β-gal staining has been previously detected in macrophages (Hall et al., 2017). DNA-

SCARSs and SAHF are stimulus-dependent and therefore cannot be regarded as a global 

feature of SCs (Di Micco et al., 2011; Kennedy et al., 2010; Rodier et al., 2011). The 

senescence-associated lipid profile seems to be variable depending on the trigger and 

mitochondrial dysfunction also portrays other cellular processes, so none of these are consistent 

biomarkers of senescence (Eisner et al., 2018; Quijano et al., 2012). Finally, the SASP, though 

a common feature of SCs, is highly heterogeneous and SASP factors are not exclusive of SCs 

(Rhinn et al., 2019). 

It is clear that the manifestation of each senescence hallmark is context-dependent and varies 

according to factors such as the stress trigger, the cell or tissue type and, last but not least, time 

from induction of the senescent program (Calcinotto et al., 2019). In order to define a 

senescence signature, a multi-parametric approach is required. Data from transcriptome 

analysis and single-cell studies is proving to be an invaluable tool to provide senescence-gene-

expression signatures in several different conditions, but a lot of information is still lacking, 
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especially in vivo. Meanwhile, a three-step multi-marker system has been proposed to identify 

SCs with more accuracy (Gorgoulis et al., 2019) (Figure 2). 

Figure 2. A multi-marker, three-step workflow for detecting senescent cells. The first step of the suggested 

workflow includes assessing senescence-associated beta-galactosidase (SA-β-gal) activity and/or lipofuscin 

accumulation (SBB or GL13 staining). Second, co-staining with other markers frequently observed in (p16INK4A, 

p21CIP1) or absent from (proliferation markers, lamin B1) senescent cells. Third, identification of factors 

anticipated to be altered in specific senescence contexts should be identified. This multi-marker workflow can 

lead to the recognition of senescent cells with the highest accuracy (from Gorgoulis et al., 2019). 

 

In vivo Models to study Senescence 

Much of what we know about the roles of senescence in vivo comes from progeroid and 

transgenic mouse models that allow the mimicking of human age-associated syndromes and 

genetic manipulation of SCs in different frameworks (Gorgoulis et al., 2019). These models 

have proven fundamental to not only assessing the in vivo function of SCs in different contexts 

but also testing senotherapeutics (see Targeting Strategies for Cellular Senescence).  

Most transgenic models available make use of the p16INK4a promoter to drive the expression of 

specific fusion proteins that allow the measurement of p16INK4a expression, sorting of p16+ 

cells and their targeted elimination (Gorgoulis et al., 2019). One of those models is the p16-

INK-ATTAC, which expresses an enhanced green fluorescent protein (eGFP) and a FK506-

binding-protein–caspase 8 that, upon administration of a drug (AP20187), induces apoptosis in 

p16+ cells (Baker et al., 2011). The p16-3MR is another well-known transgenic model 
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(Demaria et al., 2014). This one uses a trimodal fusion protein (3MR) integrated in the mouse 

genome, which contains functional domains of a Renilla luciferase (rLUC), monomeric red 

fluorescent protein (mRFP) and herpes simplex virus thymidine kinase (HSV-TK). HSV-TK 

converts an administrable drug (Ganciclovir) into a toxic DNA chain terminator, causing death 

by apoptosis (R-M Laberge et al., 2013). Transgenic mice expressing LUC and eGFP under 

the control of the p21CIP1 promoter also exist but are less used (Ohtani et al., 2007).  

Crossbreeding of p16 INK4a reporter transgenes with models of accelerated aging, such as 

BubR1H/H and Ercc1-/Δ, allows the monitoring of SCs through aging of live animals (Baker et 

al., 2011; Robinson et al., 2018; Yousefzadeh et al., 2018). BubR1 is an important mitotic 

spindle checkpoint gene, whereas Ercc1 is a vital DNA excision repair protein (Guo et al., 

2012; Folgueras et al., 2018). Both models display numerous age-related features, increased 

expression of senescence markers in several tissues and markedly short lifespan. In BubR1H/H 

mice, elimination of p16 INK4a+ cells delayed the onset of age-related pathologies and attenuated 

the progression of already established age-related disorders (Baker et al., 2011). On the other 

hand, treatment of Ercc1-/Δ mice with fisetin, a flavonoid with senolytic (induces apoptosis in 

SCs) activity, reduced the expression of senescence markers in multiple tissues, restoring 

homeostasis and extending lifespan (Yousefzadeh et al., 2018). 

 

Senescence: The Good, the Bad and the Ugly 

The discovery of additional cellular senescence features and biological roles provided a shifting 

view from a simple cell autonomous stress response to a dynamically active mobilization of 

environmental signaling cues with local or systemic repercussions for tissue function and, 

ultimately, organismal life. Some of these repercussions are beneficial while others are 
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detrimental. In some contexts, these seemingly paradoxical roles are challenging to reconcile. 

But, then, this is probably what makes senescence so interesting. 

 

Aging 

In rodents, primates and humans, SCs are found in many tissues throughout life (Campisi, 

2005; Dimri et al., 1995; Jeyapalan et al., 2007). Though relatively rare in young organisms, 

they accumulate with age in several organs and tissues, such as the skin, heart, lung, spleen, 

kidney and liver (Wang et al., 2009; Yang & Fogo, 2010). As we know, aging entails a 

progressive loss of tissue functions that eventually leads to several chronic and age-related 

diseases (Campisi, 2013), so a causal link between cellular senescence and aging seems quite 

logical. In fact, senescence has been shown to contribute to a wide range of human age-

associated pathologies, including cancer, fibrosis, cardiovascular diseases, type 2 diabetes, 

obesity, sarcopenia, osteoarthritis, osteoporosis and neurological disorders (Calcinotto et al., 

2019; van Deursen, 2014) (Figure 3). Remarkably, the use of progeroid mouse models has 

provided evidence that ablation of p16INK4a+ cells improves many of these disease symptoms, 

reinforcing a detrimental role of SCs in aged tissues (Rhinn et al., 2019).  

Some studies have also suggested that, with aging, senescence plays a role in the decline of 

regenerative capacity, namely by functionally depleting stem cell progenitor pools (Braun et 

al., 2012; Janzen et al., 2006). This was recently proved during muscle regeneration in aged 

mice (Sousa-Victor et al., 2014). Through aging, geriatric muscle stem cells (MuSCs) suffer a 

quiescence-senescence switch triggered by an age-associated increase in p38MAPK activation 

and p16INK4a expression, becoming unable to activate and expand upon injury. Importantly, 

inhibition of p38MAPK or p16INK4a restored quiescence and regenerative functions in MuSCs 

(Cosgrove et al., 2014; Sousa-Victor et al., 2014). 
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Similar to a “chicken or the egg” paradox, one might wonder whether it is the accumulation of 

SCs that leads to aging or the opposite. The truth is that no one knows why SCs accumulate 

with age nor exactly how they influence disease progression. Some hypothesize that SCs 

develop ways to escape from immunosurveillance while others theorize that, with age, the 

immune system becomes progressively compromised and cannot efficiently clear SCs as it 

should or that the generation rate of SCs is just too big to cope with. Can they become 

increasingly resistant to apoptotic cues? In any case, there is a very important notion to take 

from the relationship between senescence and aging: the persistence of SCs is detrimental for 

tissue function.  

 

Figure 3. Senescent cells in age-related disease. In atherosclerosis, senescent foam cell macrophages secrete 

CCL2 and VCAM1 to recruit monocytes and trigger their conversion into senescent foam cells. Senescent 

endothelial and vascular smooth muscle cells secrete matrix metalloproteinase (MMP)-12 and MMP-13 to 

promote plaque instability. In osteoarthritis, senescent chondrocytes contribute to cartilage degradation possibly 

via MMP activity. In osteoporosis, the senescence-associated secretory phenotype (SASP) from senescent bone 

cells promote osteoclast progenitor survival and inhibit osteoblast activity. Together, these activities contribute to 

bone resorption. The SASP secreted from senescent astrocytes triggers dopaminergic neuronal cell death and 
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decreased neurogenesis in Parkinson’s disease. Senescent adipocytes secrete factors including CCL2 and TNF-α, 

which promote insulin resistance in type 2 diabetes (from Calcinotto et al., 2019). 

 

Cancer 

Cellular senescence is a powerful barrier to tumorigenesis (Collado & Serrano, 2010). The first 

experimental evidence of OIS came from the overexpression of oncogenic RAS in human 

fibroblasts, resulting in upregulation of p53, p16INK4a, RB and permanent cell cycle arrest 

(Serrano et al., 1997). This can be bypassed by inactivation of p53 and p16INK4a or co-

expression of other oncogenes like c-MYC, E1A, or DRIL1 (Serrano et al., 1997). BRAF is 

another oncogene that promotes OIS by inducing p16INK4a expression, in a process that requires 

the co-expression of IGFBP7 (Wajapeyee et al., 2008). The loss or inactivation of tumor 

suppressor genes, such as PTEN, also induces a senescence response (Chen et al., 2005). Loss 

of PTEN drives p53 activation through activation of mTOR and ARF-mediated inhibition of 

MDM2, but also p16INK4a through upregulation of the transcription factor Ets2 (Ohtani et al., 

2001). Contrarily to OIS, PTEN loss-induced senescence occurs in the absence of DDR but 

can also be bypassed by p53 inactivation (Ohtani et al., 2001).  

The SASP of senescent tumor cells modulates the tumor microenvironment, which is also 

composed of non-senescent proliferating tumor cells, stromal cells and infiltrating immune 

cells (Calcinotto et al., 2019). Thus, the SASP can act as another blocker of tumor growth by 

reinforcing autocrine senescence or inducing paracrine senescence in neighboring tumor cells. 

For example, release of IL-1α by senescent cells spreads senescence to normal and tumor cells 

(Di Mitri & Alimonti, 2016). On the other hand, inhibition of IL-1α and IL-6 promotes OIS 

evasion (Di Mitri & Alimonti, 2016; Kuilman et al., 2008). Importantly, some SASP factors of 

tumor cells, such as TGF-β, VEGF, CCL2, and CCL20, also induce senescence in normal cells 

(Acosta et al., 2013). Highly relevant for tumor regression is the efficient removal of senescent 
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tumor cells by immune cells that are recruited by the SASP itself (Vicente et al., 2016). 

Likewise, the immune response can then limit tumorigenesis by releasing factors, such as IFN-

γ, TNF-α (tumor necrosis factor alpha) and TGF-β, in the tumor microenvironment and 

inducing senescence in tumor cells, generating a positive feedback loop (Figure 4) (Braumüller 

et al., 2013; Calcinotto et al., 2019; Reimann et al., 2010). Yet, the SASP can also have 

immunosuppressive properties, attracting a high number of infiltrating myeloid-derived 

suppressor cells (MDSCs) that block the effect of other immune effector populations and 

inhibit the senescence response by releasing IL-1 receptor antagonist in the tumor 

microenvironment (Di Mitri et al., 2014). 

Strikingly, the SASP of senescent tumor cells can also promote tumor progression, driving 

tumor vascularization and invasiveness through secretion of VEGF and a number of different 

matrix metalloproteinases (MMPs) (Coppé et al., 2010, 2006). Several other SASP factors, 

such as Gro-α, basic fibroblast growth factor (bFGF) and PAI-1, have been shown to stimulate 

malignant cell growth and cancer invasion. Secretion of IL-6 and IL-8 has been shown to 

promote both tumorigenesis and tumor suppression in different contexts (Rodier & Campisi, 

2011). SASP effects on cancer progression/suppression seem to rely not only on the context 

but also the persistence of SCs through time. The SASP stands, therefore, as a double-edged 

sword, eliciting both antitumorigenic and tumor-promoting effects. 
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Figure 4. Paracrine modulation of senescence in cancer. Within the tumor microenvironment, the SASP of 

senescent tumor cells can recruit and activate several immune populations including M1 macrophages, natural 

killer (NK) cells and Th1 cells. Such tumor-infiltrating immune subsets can restrain tumor progression by 

mediating the clearance of senescent tumor cells and by promoting senescence in the neighboring cells. 

Conversely, myeloid-derived suppressor cells (MDSCs) are able to block the senescence induction and/or the 

antitumor immunity (from Calcinotto et al., 2019). 

 

Senescence can also be induced in cancer cells by chemotherapy drugs or ionizing radiation, 

in what is called therapy-induced senescence (TIS) (Calcinotto et al., 2019). The mechanisms 

underlying TIS are usually connected to the DDR. Currently, several TIS drugs are used for 

human cancer treatment, including palbociclib, doxorubicin, bleomycin, docetaxel, 

cyclophosphamide, etoposide, vincristine and cisplatin (Ewald et al., 2010). Among all of 

them, the CDK4/6 inhibitor palbociclib is currently considered the most relevant prosenescent 

compound in the clinic. Although efficient in blocking tumor cell proliferation, TIS must be 

used and monitored with attentive care. By also affecting normal cells, the senescence response 
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might be so great that the immune system fails to efficiently clear SCs from the tumor 

microenvironment. Indeed, the accumulation of SCs after TIS has been shown to promote 

tumor relapse with increased malignancy and premature aging features in human adults and 

children after chemotherapy (Marcoux et al., 2013; Ness et al., 2015). Furthermore, a recent 

study has demonstrated that, after TIS, some senescent tumor cells are able to escape from cell 

cycle blockade and acquire stemness properties with highly aggressive growth potential, which 

has profound implications for the treatment outcome (Milanovic et al., 2018). This has been 

suggested as a form of tumor cell evasion from therapy, allowing their survival in a transient 

dormant state with potential to recover self-renewal capacity and lead to disease recurrence, 

normally with increased malignancy (Saleh et al., 2019). This led to a reassessment of treatment 

strategies, in view of taking advantage of the beneficial effects of senescence in blocking cancer 

cell proliferation but controlling subsequent detrimental outcomes due to its accumulation. As 

a result, current therapeutic strategies generally encompass a double approach, involving an 

initial pro-senescent step followed by an anti-senescent phase (Figure 5) (Calcinotto et al., 

2019). In summary, chemo/radiotherapy or senescence-inducing drugs can be combined with 

senolytic drugs that eliminate excess senescent tumor cells that are not efficiently cleared by 

the immune system. Additionally, modulation of the SASP or MDSC function (e.g. with 

antagonists of CXCR2, a receptor for several SASP cytokines) may be used to enhance the 

efficacy of pro-senescence therapies and promote senescence immune surveillance (Calcinotto 

et al., 2019; Toso et al., 2014). 

The role of senescence in cancer rightfully epitomizes the good, the bad and the ugly sides of 

this cellular phenomenon, by suppressing tumor growth in early stages, contributing to tumor 

development in later stage and eliciting tumor relapse and increased malignancy after arrest 

escape or chemotherapy. 
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Figure 5. The double approach strategy. After treatment with pro-senescence therapies, pharmacological 

reprogramming of the SASP may increase the antitumor immune response. Senolytic therapies may remove 

senescent tumor cells in tumors where senescence surveillance is impaired to avoid negative effects induced by 

the SASP. Anti-CXCR2 strategies limit MDSC recruitment to the tumor and may favor senescence induction 

and/or the antitumor immunity (from Calcinotto et al., 2019). 

 

Development 

The discovery of SCs throughout embryonic development was very exciting and brought 

relevant insights to better understand the physiological roles of senescence. So far, SCs have 

been found during development of mouse and human embryos (Chuprin et al., 2013; Muñoz-

Espín et al., 2013; Storer et al., 2013), but also in naked mole rat (Zhao et al., 2018), bird 

(Gibaja et al., 2019; Nacher et al., 2006; Storer et al., 2013), amphibian (Davaapil et al., 2017; 
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Villiard et al., 2017) and fish (Villiard et al., 2017) embryos (Table 2). SCs in developing 

structures exhibit SA-β-gal activity and up-regulation of p21CIP1 while expression of other 

senescence markers, like p53, p16INK4a and DDR, is absent (Muñoz-Espín et al., 2013). This 

suggests a different senescence phenotype from that observed later in life and pinpoints the 

relevance of p21CIP1 in developmental senescence. Indeed, genetic disruption of p21CIP1 or 

senolytic treatment results in loss of senescence and patterning abnormalities in various 

structures (Davaapil et al., 2017; Gibaja et al., 2019; Muñoz-Espín et al., 2013; Storer et al., 

2013). Interestingly, patterning defects are only observed transiently and are eventually 

compensated by other mechanisms, namely apoptosis (Muñoz-Espín et al., 2013; Storer et al., 

2013). This suggests that SCs are intrinsic to development but not essential. 

Overall, existing studies suggest that developmental senescence is not a damage-triggered 

event but rather a highly organized and programmed process with precise patterns in time and 

space. During development, SCs seem to contribute to tissue remodeling by controlling the 

balance of cell populations, fine-tuning of cell fate specification, morphogenetic signaling and 

structural degeneration (the latter mediated by macrophage-dependent elimination).  

Species Tissues where senescent cells were found Reference(s) 

Mammals 

Human 
Mesonephros, endolymphatic sac, placental 

syncytiotrophoblast 

(Chuprin et al., 2013; 

Muñoz-Espín et al., 2013) 

Mouse 

Apical ectodermal ridge (AER), hindbrain 

roofplate, mesonephros, endolymphatic sac, 

pharyngeal arches, gut endoderm, neural tube, tip 

of tail, vibrissae, interdigital webs, placental 

syncytiotrophoblasts 

(Chuprin et al., 2013; 

Muñoz-Espín et al., 2013; 

Storer et al., 2013) 

Naked mole rat Nail bed, skin (dermis, hair follicle), bone marrow (Zhao et al., 2018) 

Birds 

Quail Mesonephros (Nacher et al., 2006) 

Chicken 
Pharyngeal arches, neural tube, AER, eye, 

endolymphatic duct 

(Gibaja et al., 2019; 

Storer et al., 2013) 

Amphibians 

Axolotl 
Pronephros, olfactory epithelium nerve fascicles, 

lateral organs, gums 

(Davaapil et al., 2017; 

Villiard et al., 2017) 

Xenopus 
Cement gland, midbrain, hindbrain, pronephros, 

anterior cartilage 
(Davaapil et al., 2017) 

Fishes Zebrafish Yolk sac, gut (Villiard et al., 2017) 

Table 2. List of tissues where senescent cells have been detected during embryonic development of different 

species. 
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Wound healing and tissue repair 

A role of senescence in wound healing and tissue repair has been described in several organs, 

such as the liver (Krizhanovsky et al., 2008), the skin (Demaria et al., 2014; Jun & Lau, 2010), 

the heart (Meyer et al., 2016; Zhu et al., 2013) and the lung (Schafer et al., 2017). In all cases, 

SCs seem to be closely associated with the levels of fibrotic tissue generated upon wound 

resolution, which in turn affect the outcome of the repair process (Yun, 2018). The deposition 

of extracellular matrix (ECM) is critical for the maintenance of tissue integrity during would 

healing but, if left unchecked, may lead to fibrosis and scarring. In the skin, CCN1, a 

matricellular protein expressed upon wound healing, elicits a senescence response in 

fibroblasts by triggering p53 and p16INK4a via ERK and p38MAPK pathways (Jun & Lau, 

2010). This response controls the proliferation of fibroblasts and ECM deposition, limiting the 

fibrotic scar and contributing to the healing process. Importantly, defects in CCN1 lead to 

fibrosis exacerbation (Jun & Lau, 2010). Also in the skin, in a more recent study using the p16-

3MR transgenic model, Demaria and colleagues demonstrated that a transient accumulation of 

senescent fibroblasts and endothelial cells at the wound site induces myofibroblast 

differentiation through secretion of platelet-growth factor AA (PDGF-AA) (Figure 6) 

(Demaria et al., 2014). Elimination of p16+ cells resulted in delayed wound healing and 

increased fibrosis. Notably, topical administration of PDGF-AA reverted the delay in wound 

closure while maintaining the levels of fibrotic tissue, suggesting more SASP factors (likely 

MMPs) are involved in the healing process. In a mouse model of chronic liver damage, the 

administration of CCl4 induces fibrotic scarring and senescence in hepatic stellate cells (HSCs) 

also via a CCN1/p53/p16INK4a pathway (Krizhanovsky et al., 2008). Senescent HSCs facilitate 

fibrotic resolution through secretion of MMPs (Figure 6). Finally, the cycle is completed by 

recruitment of natural killer (NK) cells to promote their own elimination. Moreover, CCl4 

treatment in p53;INK4A/ARF null mice caused decreased numbers of senescent HSCs and 
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extensive cirrhosis (Krizhanovsky et al., 2008). Similarly, in another mouse model of heart 

infarction, cardiac myofibroblasts enter senescence through a CCN1-dependent manner, 

reducing fibrosis and improving heart function (Meyer et al., 2016; Zhu et al., 2013).  

However, in idiopathic pulmonary fibrosis (IPF), a chronic lung disease characterized by 

decreased lung function due to persistent scarring, SCs play an opposite role to that of other 

fibrotic lesions. In a mouse model of IPF induced by bleomycin treatment, senescent epithelial 

cells and fibroblasts accumulate persistently, inducing myofibroblast differentiation and 

exacerbating the fibrotic response (Schafer et al., 2017). In this case, the elimination of SCs 

improves the disease condition. Together, these results suggest that timely and coordinated 

activation of SCs controls the early fibrotic response and is beneficial for wound repair. Yet, 

in the absence of proper clearance, persistent SCs accumulate and have a negative impact in 

tissue repair. 
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Figure 6. Role of senescence in tissue remodeling. Senescent cells secrete PDGF-AA in cutaneous wounds to 

induce myofibroblast differentiation and wound closure. They facilitate fibrotic resolution through matrix 

metalloproteinase (MMP) secretion and induce reprogramming in neighboring cells via an IL-6/PIM1 axis. 

Senescent cells also ensure limb patterning is correct during embryogenesis (Calcinotto et al., 2019). 

 

Reprogramming 

Recent studies have uncovered another unexpected facet of senescence: a role on cellular 

reprogramming. This facet became even more interesting when it was discovered that 

senescence has opposite effects on in vitro or in vivo reprogramming. In vitro, the expression 

of the four Yamanaka factors (OCT3/4, SOX2, KLF4 and c-MYC, OSKM) activates 

senescence markers in targeting cells, such as SA-β-gal, p16INK4a, p21CIP1 and SAHF (Banito 

et al., 2009). This seemingly intrinsic barrier to reprogramming probably explains why the 
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induced pluripotent stem (iPS) cell generation efficiency is so low (≈0.02 %) (Takahashi et al., 

2007; Takahashi & Yamanaka, 2006). In fact, silencing of senescence-associated genes like 

p53, CIP1 and INK4a has been shown to increase iPS cell generation rate from mouse and 

human fibroblasts (Banito et al., 2009; Hong et al., 2009; Li et al., 2009). Strikingly, cellular 

senescence exerts a contrary effect on in vivo reprogramming. Such has been demonstrated in 

mice engineered to transiently express the four OSKM factors in an inducible fashion (i4F). 

i4F wild-type mice exhibited co-expression of SA-β-gal and NANOG, a pluripotency marker 

(Mosteiro et al., 2016). Without INK4a/ARF, this co-expression was lost. Remarkably, in 

mouse models of lung and muscle damage in which senescence is induced at the lesion sites, 

the efficiency of reprogramming of i4F mice was increased (Chiche et al., 2017; Mosteiro et 

al., 2016). This efficiency was also enhanced in conditions that elicit senescence activation, 

including palbociclib treatment, irradiation and even aging. On the other hand, reprogramming 

was decreased after p16INK4a deletion or treatment with the senolytic drug ABT-263 (Chiche et 

al., 2017; Mosteiro et al., 2016). This senescence-induced favorable environment for 

reprogramming was found to be mediated by secretion of the SASP factor IL-6 that activates 

the JAK/STAT target PIM1 to promote cellular plasticity (Figure 6), which can be reverted by 

treatment with anti-IL-6 antibodies (Chiche et al., 2017; Mosteiro et al., 2016). In another 

study, Ras-mediated OIS in the skin and liver was shown to induce the expression of stemness 

markers, such as CD34, Lgr6 and Nestin, in senescent keratinocytes (Ritschka et al., 2017). 

This was also demonstrated to be SASP-dependent, as it was abolished with NF-κB inhibition. 

However, the expression of stemness markers was overcome by senescence features upon a 

longer (six days) exposure to the OIS-driven SASP, which was proposed as a cell-intrinsic anti-

tumorigenic response to counteract stemness. It is interesting to speculate that there is a risk 

that a short exposure to an oncogenic trigger can initiate a premature senescent response 

entailing a stemness profile with aberrant plasticity and high tumor-initiating capability. In any 
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case, the relationship between senescence and reprogramming seems to be defined by the time 

of exposure to the SASP (Figure 7). 

 

Figure 7. Senescence and reprogramming. Recent findings suggest that transient exposure to the SASP 

promotes plasticity and increases iPSC reprogramming capacity, ultimately favoring tissue repair and 

regeneration. However, chronic exposure to the SASP, although also sufficient to induce markers of plasticity and 

reprogramming, activates a cell-intrinsic senescence block to aberrant stemness and, ultimately, can contribute to 

tumor suppression and/or aging (from Rhinn et al., 2019). 

 

Regeneration 

If cellular senescence participates in wound healing and tissue repair, then why not also 

regeneration? Though still a very understudied topic, recent findings suggest that SCs have 

indeed a part to play in regenerative processes. In 2015, the team of Jeremy Brockes (UCL, 

London) reported a recurrent turnover of senescence during limb regeneration in the 

salamander (Yun et al., 2015). SCs were transiently induced near the amputation plane 

throughout regeneration and subsequently cleared by a macrophage-dependent 

immunosurveillance mechanism (Figure 8). This finding led to the obvious question of 

whether these transient SCs could be contributing to the regenerative response. Considering 

that salamanders regenerate through dedifferentiation (Tanaka et al., 2016), this model 

constitutes a good system to study the impact of senescence on this particular process of cellular 

plasticity. However, due to the scarcity of tools to manipulate SCs in this model system and 
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assess their function, it is still unclear how senescence contributes to limb regeneration. One 

hypothesis is that SCs might stimulate dedifferentiation and/or create a more pro-regenerative 

microenvironment through the SASP (e.g. ECM remodeling, vascularization). Recruited 

immune cells, namely macrophages and (NK) cells, can also execute pro-regenerative 

functions (Godwin et al., 2013; Lucas et al., 2010; Rajagopalan & Long, 2012). Another 

possibility is that SCs work as a population balancing mechanism, controlling the proliferation 

of certain cell types during tissue re-growth and patterning, much like during development. 

Yet, it is possible that SCs are just a consequence of the local tissue damage cues from the 

injury and need to be removed, which then still raises the question of why not follow the 

apoptosis route instead. Whatever the case, current understanding of the functions of cell 

senescence tells us that these cells are likely activating some kind of signaling to the 

surrounding microenvironment. 

 

Figure 8. Cellular senescence in regeneration of a complex structure. After limb amputation in the salamander, 

senescent cells are induced and accumulate within the blastema. They produce a range of secreted molecules 

(SASP) which affect their microenvironment and could contribute, directly or indirectly, to different aspects of 

the regeneration process including matrix remodeling, vascularization, cell plasticity, growth and patterning. 

Senescent cells are subsequently cleared by an efficient mechanism of macrophage-dependent 

immunosurveillance (from M. Yun, 2018). 
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Since 2015, only two more studies have associated cellular senescence to regeneration. The 

first one reported a transient burst of SA-β-gal+ cardiac fibroblasts in zebrafish and neonatal 

mouse hearts after an injury (Sarig et al., 2019). However, how senescence affects cardiac 

regeneration is yet to be determined. The second one also showed evidence of a transient 

accumulation of SCs after zebrafish caudal fin amputation (Da Silva-Álvarez et al., 2019). In 

this case, removal of SCs with a senolytic drug impaired tissue regeneration.  

Transversal to all these reports is the timely elimination of SCs, which suggests that their 

persistence could eventually turn detrimental for the regenerative response. Current knowledge 

seems to support this hypothesis, given the outcome of transient vs persistent SASP exposure 

in pathological conditions or aging. 

 

Targeting Strategies for Cellular Senescence 

The role of senescence in diverse pathological settings has elevated SCs to a hot target in a 

wide range of therapeutic approaches for injured or aged tissues (Paez-Ribes et al., 2019). In 

age-related scenarios, targeting senescence has become considered targeting aging itself. Thus, 

the last few years have witnessed a boom in the development of senescence-targeted strategic 

tools with translational impact. Given the lack of a specific biomarker that could be used for 

specific targeting, current senescence-directed therapeutic approaches rely on three main 

strategies: a) interference with important senescence pathways (e.g. pro-survival); b) 

manipulation of the SASP; and c) immune system activation (Paez-Ribes et al., 2019).  
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Targeting pro-survival pathways (senolytics) 

In 2015, a RNA sequencing analysis revealed the upregulation of pro-survival genes in SCs, 

namely those involving the anti-apoptotic PI3K/AKT pathway and BCL-2 family proteins, as 

compared to normal cells (Zhu et al., 2015). This resulted in the identification of a new drug 

class: senolytics – drugs that induce apoptosis in SCs by interfering with pathways that are 

crucial for the maintenance of the senescence phenotype. In fact, senolytic approaches are 

currently the leading strategy to promote SC elimination in vivo (Figure 9) (Paez-Ribes et al., 

2019).  

Dasatinib, a tyrosine kinase inhibitor, and the flavonoid Quercetin, an inhibitor of the 

PI3K/AKT pathway, efficiently induce apoptosis of certain types of SCs in vitro and in vivo 

(Figure 9) (Roos et al., 2016; Zhu et al., 2015). Importantly, combinatorial administration of 

Dasatinib and Quercetin (D + Q) reduced the expression of p16INK4a and improved tissue 

function and healthspan of naturally aged and progeroid mice (Zhu et al., 2015). In another 

study, D + Q eliminated SCs and improved vasomotor function in aged and 

hypercholesterolemic mice (Roos et al., 2016). In a mouse model of IPF, D + Q reduced 

senescence and fibrosis markers in treated animals (Schafer et al., 2017). The promising effects 

of D + Q in preclinical studies led to a number of clinical trials that are currently undergoing 

to treat some senescence/age-associated disorders (Table 3). Recently, a screening study was 

performed to search for more flavonoid compounds with senolytic activity (Yousefzadeh et al., 

2018). Consequently, a new potent senolytic arose – Fisetin. Fisetin administration 

significantly decreased the expression of senescence markers in multiple organs, restoring 

tissue homeostasis, reducing age-related pathology, and extending lifespan. 

Navitoclax (ABT-263), a specific inhibitor of BCL-2, BCL-W and BCL-XL, is another 

powerful senolytic (Figure 9) (Zhu et al., 2016). In vitro, ABT-263 promoted apoptosis in 

several senescent cell types induced by different stress triggers. In vivo, ABT-263 treatment 
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was demonstrated to rejuvenate the hematopoietic system of normally aged mice, reducing the 

expression of p16INK4a and SASP factors TNF-α and CCL5 (Chang et al., 2016). In a mouse 

model of articular joint injury, ABT-263 decreased expression of senescent and inflammatory 

markers while also increasing expression of cartilage tissue extracellular matrix proteins, 

therefore attenuating the development of post-traumatic osteoarthritis (Jeon et al., 2017). The 

use of ABT-263 in combination with senescence-induced chemotherapies is currently 

undergoing several phase 1 and 1/2 clinical trials for cancer treatment (Table 3). 

ABT-737, an analogue of ABT-263, is also an inhibitor of the BCL-2 family proteins with 

confirmed senolytic activity (Figure 9) (Yosef et al., 2016). In skin irradiated mice, elimination 

of SCs in the epidermis led to an increase in hair-follicle stem cell proliferation. However, both 

ABT-737 and ABT-263 are known to cause unwanted side effects, namely neutropenia and 

thrombocytopenia, which may prove limiting factors for clinical development (Cang et al., 

2015; Rudin et al., 2012). For this reason, ABT-263 and ABT-737 are unsuitable for long-term 

use and, thus, are not currently trialed for anti-aging therapies. In view of overcoming these 

side effects, new BCL-2 inhibitor senolytics have been developed, such as A1331852 and 

A1155463 (Figure 9) (Zhu et al., 2017). A1331852 and A1155463 are BCL-XL specific 

inhibitors that were shown to avoid treatment-derived neutropenia and were suggested as better 

candidates for eventual translation into clinical interventions (Leverson et al., 2015; Zhu et al., 

2017). However, they are still greatly underused as compared with ABT-263.  

Piperlongumine is a natural senolytic isolated from Piper trees with anti-tumor activity that 

was proved to kill SCs induced by OIS, ionizing radiation or telomere shortening (Figure 9) 

(Wang et al., 2016). Interestingly, Piperlongumine exhibited a strong synergistic senolytic 

effect with ABT-263, even though its mechanism of action remains unclear. Another FDA-

approved drug, Panobinostat, has been validated as a post-chemotherapy senolytic in non-small 

cell lung cancer and head and neck squamous cell carcinoma (Samaraweera et al., 2017). 
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Cardiac glycosides (CGs), such as Ouabain, Proscillaridin A and Digoxin, have also been 

recently identified as potent senolytics (Figure 9) (Guerrero et al., 2019; Triana-Martínez et 

al., 2019). Though they preferentially kill SCs, CGs target membrane Na+/K+-ATPase pumps 

disrupting cell electrochemical balance and, therefore, should be considered with caution in 

clinical applications and screened for possible non-senescent side effects. 

Screening studies have pinpointed other promising targets for senolytic strategies. Compounds 

like FOXO4-DRI (a D-retro inverso isoform of FOXO4 which causes p53 nuclear exclusion), 

Alvespimycin/17-DMAG (a HSP90 inhibitor that downregulates the anti-apoptotic PI3K/AKT 

pathway), and KU60019 (an ATM inhibitor), have been classified as anti-senescence drugs 

and proposed as candidates for treatment of age-related diseases (Figure 9) (Baar et al., 2017; 

Fuhrmann-Stroissnigg et al., 2017; Kang et al., 2017). 

SCs have also been determined to be sensitive to metabolism-interfering drugs, like 2-DG (a 

decoy substrate for glycolytic metabolism) and lysosomal V-ATPases inhibitors, revealing that 

the high energy demands of the senescence program and the hypercatabolic nature of SCs can 

be therapeutically exploitable (Dörr et al., 2013). 

When designing senolytics, it is decisive to take into account that their efficiency will be 

correlated with the expression levels of their targets. Given the heterogeneity of SCs, targeting 

one survival pathway is insufficient to eliminate all different senescent populations. Also 

important is the fact that some SCs with beneficial physiological roles may also be targeted by 

senolytics systemically administered. In this regard, developing tools to specifically deliver 

senolytics in a designed and controlled manner (see Emerging Tools: a New Hope) might be 

fundamental to guarantee a proper treatment strategy. 
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Figure 9. Senolysis through induction of apoptosis. The inhibition of pro-survival pathways by the use of 

apoptosis-inducing drugs is a leading approach. First and second generation of inhibitors of the BCL-2 cell death 

regulator family of proteins can induce selective apoptosis of senescent cells. Targeting senescence metabolism 

through glycolysis blockade and attenuation of ATM, HDAC, FOXO4 activities, as well as the PI3K cascade, 

have also been reported as effective approaches. BCL-2, B-cell lymphoma 2; HDAC, histone deacetylase; HSP90, 

heat shock protein 90 (from Paez-Ribes et al., 2019).  

 

Manipulation of the SASP 

A specific modulation of the detrimental effects of the SASP without compromising the cell 

cycle arrest can be therapeutically advantageous. Of course, this requires a deep 

characterization of the SASP nature in each particular setting. In view of this, a number of 

molecules and antibodies aiming at interfering with the transcriptional activation of the SASP 

or neutralizing specific factors have already been developed (Figure 10) (Paez-Ribes et al., 

2019). Such compounds are called senostatics. 

In SCs, mTOR controls NF-κB activation and IL-1α expression, making it a master SASP 

regulator (Herranz et al., 2015; Remi-Martin Laberge et al., 2015). mTOR inhibition with 

Rapamycin was shown to downregulate transcription of several SASP factors, including IL-6, 
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IL-8, IL-1α, and IL-1β, suppressing their pro-inflammatory effects (Herranz et al., 2015; Remi-

Martin Laberge et al., 2015; Wang et al., 2017). Currently, two clinical trials (phase 1 and 

phase 2) are undergoing to evaluate the effects of Rapamycin on immune health, physical 

performance and senescence levels of patients over 70 years old (Table 3). Analogs of 

Rapamycin (Rapalogs) have also been developed to provide pharmacologically safer mTOR 

inhibitors for anti-aging therapies (Figure 10) (Lamming et al., 2013; Leontieva et al., 2015).  

Most ways of modulating the SASP, directly or indirectly target NF-κB transcription (Figure 

10). For example, NF-κB transcriptional activity is regulated by p38MAPK (Saha et al., 2007). 

Thus, various p38MAPK inhibitors, such as SB203580, UR-13756, BIRB 796, PF-3644022 

and MK2.III, have been revealed as SASP attenuators decreasing the paracrine effects of SCs 

(Alimbetov et al., 2016; Freund et al., 2011). Mouse double minute 2 homolog (MDM2) 

inhibitors Nutlin-3a and MI-63 suppress NF-κB activity while stabilizing p53 and have been 

therefore considered attractive anti-cancer strategies (Dey et al., 2008; Wiley et al., 2018). 

Importantly, these inhibitors were found to reduce the expression of SASP factors IL-6 and IL-

1α, attenuating the pro-inflammatory environment created by SCs and suppressing breast 

cancer cell aggressiveness. Metformin inhibits mTOR signaling and directly prevents the 

activation of NF-κB pathway by suppressing its nuclear translocation and was proved to repress 

the secretion of multiple SASP factors, including IL-6, IL-8, IL-1β and ENA-78 (Moiseeva et 

al., 2013; Sinnett-Smith et al., 2013). Consequently, pre-clinical studies have shown reduced 

levels of oxidative stress and inflammation in Metformin-treated mice (Barzilai et al., 2016). 

At present, five clinical trials are testing the effect of Metformin as an anti-aging drug and one 

of them is already in phase 4 (Table 3). Glucocorticoids, such as cortisol and corticosterone, 

and natural phenol compounds, such as Resveratrol, Kaempferol, Wogonin, and Apigenin, 

have also been demonstrated to interfere with NF-κB signaling and weaken the SASP, 

mitigating the inflammatory phenotype of SCs (Remi-Martin Laberge et al., 2012; Lim et al., 
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2015; Perrott et al., 2017; Pitozzi et al., 2012). However, these results lack an in vivo proof of 

concept. 

Activity of c/EBPβ, another primary SASP activator, is linked to the JAK/STAT signaling 

pathway, which mediates the pro-inflammatory effects of the SASP (Faget et al., 2019). 

Ruxolitinib and Tofacitinib are two FDA-approved drugs that inhibit JAK/STAT signaling and 

were shown to attenuate the SASP and symptoms of frailty in aged mice (Figure 10) (Xu et 

al., 2015, 2016).  

A recent genome-wide transcriptome profiling identified a novel SASP modulating target – the 

polypyrimidine tract binding protein 1 (PTBP1), a regulator of alternative splicing (Georgilis 

et al., 2018). In a mouse model of hepatocellular carcinoma, knock-down of PTBP1 inhibited 

the secretion of pro-inflammatory SASP factors IL-6, IL-8,  and IL-1α (Georgilis et al., 2018). 

Interestingly, the use of antibodies to neutralize specific SASP factors has been speculated as 

another therapeutic option (Paez-Ribes et al., 2019). Though this proposition still lacks 

validation, Canakinumab, an IL-1β monoclonal antibody, is presently being tested in treatment 

of senescence-associated inflammatory disorders. Moreover, results from an ongoing clinical 

trial (NCT01327846) show that Canakinumab reduces the risk of lung cancer incidence (Ridker 

et al., 2017), which has been previously associated with the accumulation of SCs (Collado et 

al., 2005). 

Similarly to senolytics, there are essential aspects to consider when designing senostatics. First, 

all SASP transcriptional regulators also have non-senescence-associated functions and, thus, 

their targeting might generate undesirable side effects (Kang, 2019). Secondly, the SASP is 

highly heterogeneous and the beneficial vs detrimental role of certain SASP factors is context-

dependent. Therefore, a generalized inhibition of the SASP may prove disadvantageous.  
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Figure 10. Manipulation of the SASP. A large number of molecules can interfere with NF-κB and C/EBPβ 

transcriptional activities or their upstream regulators, dampening the expression of SASP factors, such as IL-1, 

IL-6 and IL-8, and thus reducing the senescence-derived inflammatory milieu (from Paez-Ribes et al., 2019).  

 

Immune system activation 

The third strategy to target SCs consists on sensitizing immune cells to promote their clearance 

(Figure 11), a concept that may acquire particular relevance considering that the accumulation 

of SCs in aged tissues is thought to partially result from a declining immune system. In a mouse 

model of liver fibrosis, treatment with polyinosinic–polycytidylic acid (polyI:C), a NK cell 

Toll-like receptor 3 ligand, and IFN-γ, boosted the cytotoxic activity of NK cells against 

senescent hepatic stellate cells (Radaeva et al., 2006). In vitro studies also reported evidence 

for NK and CD4+ T cell sensitization towards certain types of SCs upon administration of anti-

DPP4 (a surface peptidase) and anti-vimentin (membrane-bound protein) antibodies, 

respectively (Frescas et al., 2017; Kim et al., 2017). 
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Figure 11. Activation of the immune system against senescent cells to stimulate their clearance. Enhancing 

the cytotoxic activity of NK cells against senescent cells and manipulating the humoral innate immunity with the 

use of antibodies against receptors, such as DPP4 and vimentin, are proposed attractive strategies. CAR, chimeric 

antigen receptor; GzmB, granzyme B; MICA, MHC class I polypeptide-related sequence A; NK, natural killer 

(from Paez-Ribes et al., 2019). 

 

Senolytic agent Disease Trial phase Trial ID 

D + Q 

Chronic kidney disease Phase 2 NCT02848131 

IPF Phase 1 NCT02874989 

Hematopoietic stem cell transplant N/A NCT02652052 

ABT-263 + 

cancer therapies 

Solid tumors 

Phase 1 

NCT00891605 

NCT02143401 

NCT00887757 

NCT00888108 

Phase 1/2 

NCT00878449 

NCT01009073 

NCT02079740 

NCT01989585 

NCT02520778 

NCT02143401 

Advanced non-small-cell lung cancer 
NCT00887757 

Phase 1b NCT00888108 

Metformin Old adults with increased frailty 

Phase 2 NCT02325245 

Phase 3 

NCT02570672 

NCT03309007 

NCT03451006 

Phase 4 NCT02432287 

Rapamycin Old patients (>70 years old) 
Phase 1 NCT01649960 

Phase 2 NCT02874924 

Table 3. Senolytic drugs undergoing anti-senescent clinical trials (from Paez-Ribes et al., 2019). 
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Emerging Tools: a New Hope 

From a therapeutic point of view, there is an urgent need of reliable tools for detection and 

targeting of SCs in vivo. Nowadays, the development of novel fluorescent probes and the recent 

advances in nanotechnology are providing promising tools with serious translational potential 

for diagnosis and targeted treatment of senescence-associated disorders.  

 

Fluorescent probes 

In recent years, a few fluorescent probes, such as AHGa and NIR-BG, have been developed in 

order to detect SCs in vivo (Lozano-Torres et al., 2017; Wang et al., 2019). Both activated by 

lysosomal SA-β-gal activity, these probes have been validated in in vivo mouse models bearing 

xenografted tumors undergoing TIS. Though this type of probes represents an innovative 

method to monitor SCs in vivo, their use is still limited by a poor tissue penetration depth (≈1 

cm) and, therefore, they are currently only suitable for superficial tissues, like the skin (Figure 

12) (Paez-Ribes et al., 2019). 

 

Theranostic Nanoparticles 

Nanoparticles (NPs) are a groundbreaking strategy for drug encapsulation and targeted delivery 

to specific cell/tissue types. Thus, they seem ideally suited for targeted administration of 

senolytics and senostatics. Over the last few years, several senescence-directed NPs have been 

designed (Figure 12) (Paez-Ribes et al., 2019). Amazingly, some of them are able to 

simultaneously detect and eliminate SCs (theranostic NPs).  

The first SC-targeted NPs were capped mesoporous silica NPs coated with galacto-

oligosaccharides (GosNPs) that were shown to be uptaken via endocytosis and successfully 
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release rhodamine (rho) inside lysosomes of SA-β-gal+ senescent human fibroblasts (Agostini 

et al., 2012). More recently, other silica matrix-based NPs efficiently delivered gal-

encapsulated rho [GalNP(rho)] in tumor xenografts after TIS and fibrotic lungs in a mouse 

model of IPF (Muñoz-Espín et al., 2018). These GalNPs were then tested with encapsulated 

senescence-killing drugs, such as doxorubicin and ABT-263. While GalNP(dox) treatment 

selectively induced apoptosis in SCs, reduced the fibrotic scar and restored lung function in 

IPF mice, GalNP(ABT-263) was demonstrated to decrease tumor xenograft growth (Muñoz-

Espín et al., 2018). Remarkably, encapsulated delivery of ABT-263 diminished its toxic side 

effects, namely thrombocytopenia, reinforcing the therapeutic potential of targeted drug 

delivery into SCs for clinical applications.  

Another study has reported the targeted Rapamycin delivery into SCs using CD9 monoclonal 

antibody-conjugated lactose/polyethylene glycol-wrapped calcium carbonate NPs [CD9/Lac-

PEG/CaCO3 (Rapa) NPs] (Thapa et al., 2017). This formulation allows an enhanced drug 

release in the presence of SA-β-gal activity and uses CD9 receptors (overexpressed in 

proliferative-arrested cells) to promote specific targeting of SCs.  

Pre-treatment with molybdenum disulphide nanoparticles (MoS2 NPs) were also shown to 

inhibit H2O2-induced senescence by suppressing autophagy, which is essential for the early 

establishment of the senescence state (Ke et al., 2018).  

Lastly, a new study reported innovative molecularly imprinted NPs (nanoMIPs) with 

theranostic potential (Ekpenyong-Akiba et al., 2019). NanoMIPs were designed to target 

extracellular epitopes of novel markers of SCs. This study identified β2 microglobulin (B2M) 

as one of those markers. Consequently, Dasatinib-loaded NanoMIPs were internalized by 

senescent bladder carcinoma cells after B2M binding, inducing significant cytotoxicity in 

culture. While internalization of fluorescein-tagged NanoMIPs in SCs was also validated in 
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vivo, no cytotoxic effects were found after a single dose and the clinical application of this 

technology needs further exploration. 

Figure 12. Emerging tools for detection and targeting of senescent cells. (A) Diagnostic probes are either 

fluorescent or chromogenic and can be detected upon β-galactosidase catalytic reaction. Nanocarriers are loaded 

or tagged with either fluorescent particles (such as rhodamine) or drugs/senolytics (doxorubicin, navitoclax, 

rapamycin) for different clinical interventions. Most of the senescence-directed nanoparticles (NPs) are coated or 

conjugated to galactose-derived residues or have been designed to bind to specific receptors. (B) Tracking the β-

galactosidase activity of senescent cells is one of the commonest strategies for the development of probes and 

NPs. The enzymatic activity cleaves galactose residues conjugated to endocytosed probes or NPs and allows the 

release of carriers or the emission of color/fluorescence within the lysosomal compartment. Other developed tools 

can bind to receptors present on the membrane to either allow the detection of senescent cells (Nano-MIPs) or 
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subsequently become endocytosed and processed by β-galactosidase activity (CD9-mAb-coated nanoparticles) 

(from Paez-Ribes et al., 2019). 

 

Wrapping Up: Final Considerations 

The road ahead for senescence research is long. The more answers we seek, the more questions 

we find. While much progress has been achieved in understanding the biological roles of 

senescence, the apparently chaotic nature of this cellular phenomenon may yet reveal deeper 

complexities.  

How can we reconcile such a heterogeneous and puzzling personality? Are there common 

denominators? In this regard, single-cell transcriptional analysis will yield invaluable 

information on context-specific senescent signatures and, in time, the development of 

sophisticated high-throughput methods and machine learning tools that can handle multi-omics 

data will hopefully provide answers to these questions.  

Cellular senescence seems, fundamentally, a response to stress. It is becoming increasingly 

evident that SCs can be found in virtually every tissue. And, even though considerable 

knowledge was acquired on the possible different triggers of the senescence program, it is still 

unclear how SCs are induced in vivo. What cues drive cells into senescence instead of, for 

example, apoptosis? And why? How deep does this program modify the cellular phenotype in 

time? Is a senescent fibroblast still a fibroblast? The same question applies to every other kind 

of cell. 

From an evolutionary perspective, studies indicate that senescence has a role to play in 

organismal life since very early on and may have originally arisen as a developmental 

mechanism. So, what happens to senescence later in life that makes it so different from its 

developmental counterpart and why, in some cases, can it not be tight-regulated like during 
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embryogenesis? Is it just an incredible old tool that can hardly cope with the increasing 

complexity of a developed organism? In some ways, senescence reminds of that amazing 20-

year old computer we have in the basement that still works but barely processes, generates a 

short circuit every time we turn it on and, no matter what, we just won’t get rid of it. 

The recent findings on the role of SCs in tissue injury and regenerative responses are very 

exciting. Though, mechanistically, their functions remain mostly undeciphered, SCs have been 

shown to facilitate fibrotic resolution and also suggested to modulate cell plasticity during 

injury responses. These beneficial roles are primarily attributed to the SASP and are considered 

therapeutically relevant for pro-regenerative interventions. However, it is particularly pertinent 

to consider that many SASP factors are also known tissue damage signals secreted by non-SCs. 

Without a transcriptional analysis at the single-cell level, it will be hard to distinguish between 

them. 

After all, are SCs good Samaritans or camouflaged villains? In this perspective, the reconciling 

factor seems to be “time”. The notion that the functions of SCs are orchestrated by temporally 

regulated mechanisms is probably the most coherent senescence concept so far. While the 

beneficial roles of senescence all share a transient profile, the deleterious functions of SCs are 

associated to their lingering persistence (namely the chronic exposure to their SASP) (Figure 

13) (Rhinn et al., 2019).  

Targeting SCs is, for all the aforementioned reasons, currently a hot topic, so much so that 

several different biotechnology companies are investing in the development of SC-targeted 

therapies with translational relevance. Yet, the lack of a specific senescence biomarker remains 

a limiting factor for efficient translation. Moreover, there are a few important concerns 

regarding the clinical application of existing approaches. First, SCs play important 

physiological roles in some specific contexts (e.g. wound healing) and, therefore, their general 

targeting may compromise organismal health and must be carefully evaluated. The selectivity 
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of existing senolytics/senostatics must be improved and their delivery must be planned 

according to space and time. NPs represent a promising tool to specifically target pathological 

SCs in certain tissues, while diminishing drug-associated toxicity side effects, but this 

technology still needs further characterization and development. Ideally, targeting the SASP 

should aim at suppressing its deleterious effects while keeping or harnessing its beneficial 

roles. However, this will only be possible after an in-depth functional characterization of each 

SASP component in each different context. Another concern is that, given the multifaceted 

nature of SCs and the differences between humans and mice, existing pre-clinical studies might 

not reflect the complex microenvironment of diseased tissues from human age-related 

disorders. Therefore, when possible, SC characterization and senotherapy validation should be 

performed in human samples ex vivo obtained from different contexts. In the future, this will 

likely be fundamental to generate personalized anti-senescent strategies. 

 

 

Figure 13. The time-gated senescence paradigm. Comparison of transient (A) with chronic (B) senescence. In 

response to an inducer, a cell initiates the senescence program (blue). This cell activates the secretion of SASP 

factors such as cytokines (green circles) and ECM factors (green lines). One effect of the SASP is to favor 

plasticity in neighboring cells, while also recruiting immune cells, such as macrophages (brown cells), to clear 
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senescent cells. This restores the pre-damaged state, or favors tissue development. In situations of chronic or 

disease states, the increased incidence of senescence and impaired clearance result in exaggerated features of the 

program, including prolonged SASP, enhanced plasticity and accumulation of senescent cells, thus further 

enhancing tissue dysfunction and damage, and resulting in aging/ disease (from Rhinn et al., 2019). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



45 

SPINAL CORD INJURY: RESTORING THE TREE OF LIFE 

Spinal cord injury (SCI) is a dreadful non-resolving neurological condition with devastating 

consequences for the affected individual. Beyond the loss of essential motor and physiological 

functions, a traumatic SCI entails terrible socioeconomical burdens with estimated life-time 

costs ranging from one to five million dollars per person (Courtine & Sofroniew, 2019). Each 

year, 250000 to 500000 people suffer a traumatic spinal lesion (Quadri et al., 2018). Most of 

them result from traffic accidents, but some result from falls, sports injuries or even incidences 

of violence. Advancements in medical management have increased patient survival and life 

expectancy, but the pathophysiological mechanisms underlying SCI are so complex that, so 

far, small progress has been achieved in improving the recovery of injured patients (Alizadeh 

et al., 2019; Middleton et al., 2012). However, several studies using preclinical animal and 

injury models to recapitulate human SCI have provided important insights on the cellular and 

molecular mechanisms involved in the pathophysiology of this life-changing condition 

(Alizadeh et al., 2019). Remarkably, other vertebrate models, like zebrafish and newts, are able 

to regenerate their spinal cords, showing robust axonal regrowth and functional recovery 

(Becker & Becker, 2007). The use of such models has contributed to identify contrasting 

cellular responses and environmental differences between non-regenerating mammals and 

regenerating vertebrates. Understanding the mechanisms of endogenous regeneration may 

reveal important targets for future therapeutic approaches to promote mammalian spinal cord 

repair. Hope is also being deposited in the advances in engineering sciences that will eventually 

improve neurologic functions and increase recovery through neurotechnology and 

rehabilitation (Courtine & Sofroniew, 2019). Importantly, though most experimental research 

is focused on motor function recovery, tackling the restoration of autonomic (e.g. bladder) and 

sexual functions is often as essential, if not even more meaningful, to SCI patients (Anderson, 

2004).  
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This section provides an overview on the currently known cellular and molecular features of 

SCI, existing animal models and translational regenerative therapies with clinical impact. 

 

Primary Mechanisms of Spinal Cord Injury 

A SCI is characterized by multiple symptoms and the clinical outcomes will depend on the 

severity and the location of the lesion. Typically, SCI patients have a partial or complete loss 

of motor and/or sensory function below the injury level (Wilson et al., 2012). Cervical lesions 

are the most common injuries, often leading to tetraplegia, followed by thoracic lesions that 

can cause paraplegia.  

 

Primary injury 

Primary injury is defined by mechanical damage that occurs at initial impact, when bone 

fragments, disc components and/or ligaments wound the spinal cord tissue (Dumont et al., 

2001). The most common type of primary injury is a contusion, followed by a persistent 

compression due to vertebral fracture or dislocation (Choo et al., 2009; Suwanwela et al., 

1962). Though less common, compression can also be transient. Other types of primary injury 

include vertebral stretching and spinal laceration/transection (Choo et al., 2009; Dumont et al., 

2001). Transections can translate into anatomically complete lesions, which eliminate all 

neuronal communication across the injury, whereas contusions or stretching are smaller or 

discontinuous, allowing spared neuronal tissue to communicate across the lesion (Figure 14) 

(Courtine & Sofroniew, 2019). Upon impact, local blood vessels and cellular membranes are 

disrupted, increasing hemorrhage-driven local pressure, releasing cytotoxic factors and 

compromising oxygen supply, ultimately causing ischemia and edema (Popa et al., 2010; Tator 
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& Fehlings, 1991; Wolman, 1965). These initial features will progress and initiate the 

secondary injury response (Wilson et al., 2011). Therefore, the extent of the primary injury is 

considered the strongest prognostic indicator of the neurological outcome of SCI. 

 

Neurological outcomes of SCI  

Determining if a SCI is complete or incomplete is one of the most important predictors of the 

neurological outcome (Kehr & Kaech, 2014). SCI patients may spontaneously recover motor 

and sensory functions, but complete paraplegic or tetraplegic patients have a much poorer 

recovery prognosis than patients with incomplete paraplegia or tetraplegia. Patients with an 

incomplete injury exhibit functional recovery during the first three months post-injury (mpi) 

and generally reach a plateau after nine to twelve mpi (Kehr & Kaech, 2014). Strikingly, the 

spinal cord displays enough axonal plasticity to allow spontaneous circuit re-organization after 

an incomplete injury (Ballermann & Fouad, 2006; Bareyre et al., 2004; Courtine et al., 2008; 

Rosenzweig et al., 2010). In fact, intraspinal projection neurons are able to form detour circuits 

below or around the lesion, establish new connections and relay supraspinal information across 

the injury, promoting meaningful recovery (Figure 14).  

Other important players in spontaneous recovery after SCI are the so called Central Pattern 

Generator networks (CPGs) (Grillner, 2006). Throughout life, CPG circuits dynamically 

control proprioceptive motor behaviors by translating sensory information and supraspinal 

inputs into adaptive muscle activation patterns. Amazingly, lumbar CPGs are still responsive 

to proprioceptive sensory information and able to generate motor behavior after complete loss 

of supraspinal inputs (Courtine et al., 2009; Edgerton et al., 2004). Below the injury, the spinal 

cord keeps receiving and interpreting sensory inputs and stimulation of CPGs even with the 

smallest amount of supraspinal information from spared circuits may significantly improve 
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motor function after SCI (Courtine & Sofroniew, 2019). Thus, incomplete SCI can often 

benefit from therapeutic strategies that aim at stimulating circuit re-organization and/or 

function of spared networks. 

 

SCI Biology  

Independently from the severity, a SCI can be divided into three distinct compartments: 1) a 

non-neural lesion core comprised of proliferating fibrotic cells (namely fibroblasts and 

pericytes), infiltrating immune cells and cystic cavities; 2) a glial scar border made of reactive 

astrocytes that surrounds the non-neural lesion core; and 3) a zone surrounding the astrocytic 

scar that contains reactive spared neural tissue (Figure 14) (Burda & Sofroniew, 2014; Göritz 

et al., 2011; O’Shea, Burda, et al., 2017; Sofroniew, 2015). The concept of this 

compartmentalized division is particularly relevant to understand the mechanisms of secondary 

injury and assessing the biological response is fundamental to define a proper treatment 

strategy. 
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Figure 14. SCI biology and spontaneous recovery mechanisms. Spinal cord damage can be broadly divided 

into two categories: complete and incomplete SCI. Anatomically complete SCI is less common in humans. A 

clinically complete SCI is essentially defined functionally, when no motor and sensory functions can be detected 

below the injury. After such lesions, detrimental changes continue taking place for decades below the SCI. An 

incomplete SCI spares tissue bridges containing a variety of ascending and descending pathways, depending on 

the location of the injury. The anatomical and functional reorganization of these pathways and circuits below the 

injury support various degrees of functional recovery. Both complete and incomplete SCIs exhibit three distinct 

lesion compartments: (1) a central non-neural lesion core often referred to as a fibrotic, mesenchymal or 

connective tissue scar that often contains cystic cavities; (2) a narrow border of reactive astroglia and other cells 

that intimately surrounds the lesion core; and (3) a surrounding zone of viable neural tissue that is spared and 

functional but is also reactive and reorganizing. Some of the mechanisms highlighted in this figure have been 
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uncovered in animal models, and it is not yet certain whether human SCI involves similar mechanisms (from 

Courtine & Sofroniew, 2019). 

 

Secondary Mechanisms of Spinal Cord Injury 

The secondary injury encompasses a cascade of cellular, molecular and biochemical events 

that cause progressive tissue dysfunction and thwart neurological recovery, contributing to 

overall morbidity and mortality (Kehr & Kaech, 2014). It is triggered within minutes after the 

primary injury and often lasts for months, continuously propagating damage, not only around 

the lesion but also throughout the body. Temporally, it is divided in three distinct phases: acute, 

sub-acute and chronic (Quadri et al., 2018). The acute phase (0-72 hours post-injury, hpi) 

comprises the physical and biochemical alterations resulting from the initial trauma, including 

neurogenic shock, vascular damage, ischemia, edema, ionic imbalance, excitotoxicity, 

oxidative damage and necrotic cell death (Oyinbo, 2011). The sub-acute phase (3-14 days post-

injury, dpi) involves lipid peroxidation, apoptosis, demyelination of surviving axons, Wallerian 

degeneration, matrix remodeling, the formation of a glial scar and immune-mediated 

neurotoxicity. Finally, the chronic phase includes progressive axonal death, maturation of the 

glial scar, formation of a cystic cavity and chronic inflammation (Figure 15) (Bradbury & 

Burnside, 2019; Oyinbo, 2011). 

 

Vascular damage, Ischemia, Edema and Neurogenic Shock, 

Following the initial injury, vascular disruption causes excessive bleeding and hypovolemia 

(Couillard-Despres et al., 2017). Leukocytes and blood extravasate to the injury site, promoting 

edema, and the blood flow to the rest of the spinal cord becomes compromised, leading to 

hypoxia and ischemia. In turn, this leads to ionic imbalance and release of highly reactive 
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oxygen species that exacerbate endothelial damage, vascular permeability and edema, causing 

cellular metabolic dysfunction and hemorrhagic necrosis (Figure 15). Consequently, SCI 

patients suffer neurogenic shock, which is characterized by severe arterial hypotension, 

bradycardia, hypothermia and autonomic dysfunction (Guha et al., 1989; Lee et al., 2016). 

 

Ionic Imbalance and Excitotoxicity 

Upon disruption of cellular membranes, cells become highly permeable to ions, especially 

calcium (Ca2+) influx (Quadri et al., 2018). The excessive intracellular Ca2+ accumulation leads 

to mitochondrial dysfunction, oxidative stress and glutamate-driven excitotoxicity (Figure 15). 

Intracellular Ca2+ promotes glutamate release (Couillard-Despres et al., 2017). In turn, 

glutamate receptor activation results in more Ca2+ influx, generating a negative loop of 

intracellular Ca2+ and extracellular glutamate accumulation. In neurons, astrocytes and 

oligodendrocytes, glutamate receptor overactivity has been shown to induce mitochondrial 

Ca2+ overload, triggering apoptosis and/or necrosis (Li & Stys, 2000; Pivovarova & Andrews, 

2010; Xu et al., 2008). Accordingly, administration of a NMDA glutamate receptor antagonist 

was demonstrated to improve functional recovery after SCI (Wada et al., 1999). 

 

Mitochondrial dysfunction and Lipid Peroxidation 

Mitochondrial Ca2+ overload further exacerbates ionic imbalance by suppressing respiration 

and depleting ATP, which disables NA+/K+ ATPase pump and increases intracellular Na+ (Li 

& Stys, 2001; Starkov et al., 2004). In turn, intracellular Na+ induces the release of more 

glutamate and reverses the activity of Na+/Ca2+ exchanger, supporting more Ca2+ influx (Li & 

Stys, 2001; Stys et al., 1992). Accumulation of Na+ also over-activates Na+/H+ exchanger, 

increasing acidosis through intracellular H+ and, consequently, reinforcing Ca2+ permeability 
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in the membrane (Agrawal & Fehlings, 1996). Given that nodes of Ranvier are enriched in 

voltage-gated Na+ channels that are crucial for neuronal signal conduction, axons are 

particularly vulnerable to damage caused by ionic imbalance (Oyinbo, 2011). 

Mitochondrial Ca2+ overload also induces the massive production of noxious free radicals, 

namely ROS and RNS (reactive nitrogen species) (Quadri et al., 2018). Subsequently, oxidative 

stress potentiates mitochondrial dysfunction and generates a wide range of macromolecular 

damage, especially in membrane lipids. Lipid peroxidation is a major mechanism of secondary 

injury that occurs when ROS interacts with membrane polyunsaturated fatty acids, generating 

reactive lipid peroxyl radicals (Couillard-Despres et al., 2017; Oyinbo, 2011). Lipid peroxyl 

radicals react with fatty acids of neighboring cells, inducing more lipid peroxidation, 

destabilizing cell membranes and further deteriorating ionic imbalance. In addition, RNS also 

cause oxidative protein damage by nitrating tyrosine residues of amino acids (Alizadeh et al., 

2019).  

Altogether, mitochondrial dysfunction and lipid peroxidation establish an unending feedback 

loop with ionic imbalance that causes severe damage after SCI and triggers cellular death 

(Figure 15). 

 

Cellular death 

During the acute and sub-acute phases of injury, neurons and glial cells undergo major cell 

death (Beattie et al., 2002). Most of the aforementioned factors of secondary injury (ionic 

imbalance, excitotoxicity, ATP depletion, oxidative stress) induce instantaneous energy-

independent non-programmed cell death, also known as necrosis. A recent study has reported 

evidence for the existence of lysosomal damage-mediated necroptosis (caspase-independent 

programmed necrosis) via accumulation of receptor-interacting protein kinases 1 and 3 (RIPK1 



53 

and RIPK3), after SCI (Liu et al., 2018). On the other hand, programmed energy-dependent 

apoptosis occurs in cells that survive the primary injury but ultimately activate apoptotic 

pathways due to the progress of secondary injury (Beattie et al., 2002). Apoptosis also occurs 

in areas distant to the injury site and affects mostly oligodendrocytes, microglia and astrocytes 

(Beattie et al., 2000). It can be triggered by activation of death receptors, such as Fas (activates 

caspase 8), or mitochondrial dysfunction-mediated release of cytochrome C (activates caspase 

9) (Zhang et al., 2012).  

After SCI, cellular death induces a widespread deposition of cellular debris that trigger gliosis 

and neuroinflammation (Bradbury & Burnside, 2019). Importantly, axons undergoing 

Wallerian degeneration continuously deposit myelin debris, such as myelin-associated 

glycoprotein (MAG), Nogo A and oligodendrocyte myelin glycoprotein (OMgp), that inhibit 

axonal regrowth and are not efficiently cleared by the immune system (Figure 15) (Bradbury 

& Burnside, 2019). 
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Figure 15. Time course of progressive secondary damage. Following traumatic spinal cord injury, acute cell 

death and damage triggers release of cell-derived and blood-derived damage-associated molecular patterns 

(DAMPs), ATP release, dysregulated ionic homeostasis, oxidative stress and excitotoxicity, which represent 

potent stimuli for triggering glial cell activation, stromal cell proliferation, deposition of ECM, and recruitment 

of circulating innate immune cells. Within a few days following injury, monocyte-derived macrophage/microglia 

adopt a predominantly M1 phenotype which does not favor resolution promotes fibrosis. Proinflammatory innate 

responders also present DAMP-derived antigens to T and B-cells. B cells, in turn, may present antigens to T-cells, 

triggering their expansion. During this time, reactive astrocytes proliferate, hypertrophy and overlap in order to 

isolate this zone of non-resolving pathology from spared tissue. They also secrete matrix chondroitin sulfate 

proteoglycans (CSPGs), which are known to downregulate neuronal plasticity. Wallerian degeneration of 

degenerating axonal tracts contributes to continued deposition of axonal and myelin debris, which is ineffectively 

processed by immune cells and leads to the deposition of myelin-associated molecules (MAG, Nogo, OMgp) 

which are known inhibitors of neuronal regrowth. Ongoing Wallerian degeneration at later post-injury stages 

further triggers gliosis and neuroinflammation. Dashed grey arrows show cross talk between different components 
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of the spinal injury scar, which is usually bidirectional. For example, CSPGs released by reactive astrocytes are 

thought to activate receptors on macrophages/microglia to induce a proinflammatory phenotype and in turn 

increasing inflammation induces further astrocytic reactivity and CSPG deposition. Cross talk between the innate 

and adaptive immune response also propagates inflammatory pathology and further influences glial activation and 

CSPG production. The dynamic interactions between inflammation, damaged tissue and ECM remodeling, 

reactive cells and extracellular cues drive the progressive, propagating pathology that culminates in the spinal 

injury scar (adapted from Bradbury & Burnside, 2019). 

 

Inflammatory response 

The neuroinflammatory response plays a key role in secondary injury contributing to local and 

systemic pathology (Brennan & Popovich, 2018). Beyond initial extravasation of immune cells 

due to vascular disruption, cellular debris represent damage-associated molecular patterns 

(DAMPs) that activate prototypical pathogen recognition receptors and act as potent 

inflammatory stimuli to surrounding cells (including neurons and glia) (Figure 15) (Bradbury 

& Burnside, 2019). In result, these cells will be stimulated to secrete proinflammatory 

cytokines and chemokines to recruit the immune system. 

The inflammatory response begins almost immediately after the initial mechanical damage 

with blood-derived neutrophils being the first to arrive at the lesion site (Neirinckx et al., 2014). 

Neutrophils are thought to perform a dual role during the acute phase of the injury. While 

contributing to phagocytosis and debris clearance, they also release inflammatory cytokines, 

free radicals and proteases that propagate damage to the adjacent tissue (Taoka et al., 1997). 

Interestingly, ablation of neutrophils in injured mice at 24 and 48 hpi was shown to worsen the 

neurological and structural outcomes of SCI, confirming that neutrophils are fundamental 

players in the early acute stage of the injury (Stirling et al., 2009).  

Succeeding neutrophil infiltration, microglia and macrophages (resident and blood-borne 

monocyte-derived) migrate to the injury site dominating the immune population (Perry & 

Teeling, 2013). Once there, they promote the expression of chemoattractant and adhesion 
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molecules in endothelial cells, increasing the extravasation of circulating myeloid cells and 

lymphocytes to the lesion. Depending on the microenvironmental cues, macrophages may 

polarized into two different subsets: a pro-inflammatory M1 phenotype and an anti-

inflammatory/pro-regenerative M2 phenotype (Kigerl et al., 2009). Although both subtypes co-

reside at the lesion epicenter during the first week after SCI, M1 macrophages seem to be 

preferentially polarized by the injury microenvironment and end up predominating the immune 

cell population (Figure 15) (Kroner et al., 2014). Some studies suggest that this polarization is 

induced by the Th1 cytokine IFN-γ, while others indicate that it is driven by TNF-α and 

intracellular accumulation of iron (David & Kroner, 2011; Kroner et al., 2014). M1 

macrophages express high levels of major histocompatibility complex class 2 (MHCII) and 

continuously activate T cells, contributing to autoimmunity (David et al., 2015). Moreover, 

they secrete pro-inflammatory cytokines, such as IL-12, IL-23, IL-1β and TNF-α, as well as 

ROS and RNS (David & Kroner, 2011). M1 macrophages are also associated with higher 

expression of chondroitin sulfate proteoglycans (CSPGs), which are major inhibitors of 

neuronal plasticity and axonal regeneration (see Scarring and Extracellular matrix) (Bradbury 

& Burnside, 2019; Martinez et al., 2006). Importantly, though most of this information was 

obtained from SCI in rodents, there is also evidence for a sustained M1-like polarization after 

human SCI (Huang et al., 2014). Furthermore, M1 macrophages produce repulsive guidance 

molecule (RGM) which elicits axonal retraction and inhibits neurite outgrowth (Schwab et al., 

2005). In contrast, M2 pro-repair macrophages are polarized by Th2 cytokines IL-4 and IL-13 

and express high levels of immunoregulatory IL-10, TGF-β and arginase-1, while exhibiting 

reduced expression of NF-κB and pro-inflammatory cytokines (David & Kroner, 2011). Recent 

studies have shown that IL-10 polarized microglia display enhanced phagocytosis activity, 

which is important for repair (Dyck et al., 2018). Accordingly, IL-10 knock-out mice displayed 
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worse recovery of limb function after SCI, as compared with wild-type controls (Genovese et 

al., 2009). 

In response to environmental cues after SCI, reactive astrocytes promote the recruitment of 

immune cells through secretion of numerous cytokines and chemokines (Pineau et al., 2010). 

By producing factors such as IL-1β, monocyte chemoattractant protein (MCP)-1, CCL2, C-X-

C motif ligand 1 (CXCL1, also known as Gro-α), CXCL2 (Gro-β), TNF-α, IL-12 and IFN-γ, 

astrocytes recruit neutrophils and endorse the polarization of pro-inflammatory M1 

macrophages in a NF-κB-dependent fashion (Cekanaviciute & Buckwalter, 2016; Pineau et al., 

2010; Sun et al., 1995). Astrocytes can also induce polarization of pro-regenerative M2 

macrophages through secretion of anti-inflammatory IL-10 and TGF-β (Brambilla et al., 2005; 

Cekanaviciute & Buckwalter, 2016). However, in SCI, stimulation of the M1 phenotype seems 

to be privileged. Importantly, continued Wallerian degeneration of axonal projections sustains 

the deposition of DAMPs near but also away from the lesion, activating reactive astrocytes and 

pro-inflammatory cells throughout the whole spinal cord (Bradbury & Burnside, 2019). 

Adaptive T and B lymphocytes are known to infiltrate the injured spinal cord during the first 

week after mouse and rat SCI (Figure 15) (Ankeny et al., 2006; Jones, 2014). Highly 

stimulated by DAMPs, who work as self-antigens, they remain chronically active eliciting a 

detrimental autoimmune response that is toxic for neuronal and glial cells. T cells secrete 

several pro-inflammatory cytokines and chemokines, such as IL-1β, TNF-α, IL-12, CCL2, 

CCL5, and CXCL10 that promote M1-like macrophage polarization and induce Fas-mediated 

apoptosis in neurons and oligodendrocytes (Jones, 2014; Yu & Fehlings, 2011). Autoreactive 

CD4+ effector T (Teff) cells stimulate the activation of antibody-producing B cells that 

contribute to tissue damage and progressive neuronal loss/demyelination (Ankeny et al., 2009). 

B lymphocytes further contribute to injury by sustaining the activation of Teff cells through 

production of pro-inflammatory cytokines (Jones, 2014). In agreement, B-cell knockout mice 
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(BCKO) showed improved locomotor recovery after contusion SCI, associated with a 

decreased lesion volume and lower levels of antibodies (IgM and IgG) in the cerebrospinal 

fluid (Ankeny et al., 2009). In human chronic SCI patients, serological assessment of reactive 

IgM and IgG levels also confirmed autoimmune activity of T and B cells (Hayes et al., 2002). 

Importantly, due to eventual leakage of DAMPs into circulation, a chronic activation of T and 

B lymphocytes can be systemically induced, which significantly deteriorates the pathological 

outcome of SCI (Ankeny et al., 2006). 

Another critical consequence of SCI is the disruption of the neuroimmune communication 

between the spinal cord and peripheral organs (Brennan & Popovich, 2018). Neurons that 

control autonomic functions are severely damaged, compromising homeostasis in all organ 

systems and causing systemic disease (Figure 16). This is specially aggravated by the fact that 

SCI patients show a disruption in the gut microbiome homeostasis, which has a tremendous 

systemic impact in immune function (Gungor et al., 2016; Kigerl et al., 2016). While some 

organs, like the liver, display over-inflammation after SCI, others like the lungs or the spleen 

suffer from immune suppression, leaving SCI patients more prone to infection (Brennan & 

Popovich, 2018). Therefore, the behavior of the immune system towards a nervous system 

injury is one of the main causes of morbidity and mortality in SCI patients.  

In conclusion, understanding the mechanisms underlying the neuroimmune crosstalk within 

and outside the spinal cord is paramount to design effective therapeutic strategies to reduce 

immune-associated tissue damage and stimulate the pro-repair properties of the immune system 

in order to promote recovery after SCI and restore peripheral organ functions. 
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Figure 16. Spinal cord injury disrupts systemic neural–immune communication. Disrupted neuroimmune 

control in liver, cardiovascular/circulatory system, gut, lungs and spleen can exacerbate intraspinal pathology, 

impair neurological outcomes and contribute to increased morbidity and mortality after spinal cord injury (from 

Brennan & Popovich, 2018). 

 

Scarring and Extracellular matrix 

Reactive gliosis is one of the main pathological features of SCI and gives rise to a mature 

astrocytic scar, within which resides a fibrotic scar (Burda & Sofroniew, 2014). Astrocytic 

reactivity is triggered and enhanced by DAMPs, as well as pro-inflammatory cytokines, such 

as IFN-γ, IL-6, IL-1β and TNF-α (Sofroniew, 2014). SCI induces the proliferation and 

migration of parenchymal and ependymal stem/progenitor cells that give rise to scar forming 

astrocytes and NG2+ oligodendrocyte precursor cells (OPCs) (Barnabé-Heider et al., 2010; 

Meletis et al., 2008). During astrogliosis, astrocytes become hypertrophic and over-
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proliferative (Sofroniew, 2014). They also go through a spatial rearrangement and migrate to 

the lesion border where they surround the lesion core and form elongated processes between 

each other (Figure 17) (Bradbury & Burnside, 2019; Wanner et al., 2013). The formation of 

this barrier was shown to be mediated by signal transducer and activator of transcription 3 

(STAT-3) signaling (Herrmann et al., 2008; Wanner et al., 2013). Importantly, the glial scar 

has been proved to constitute a vital neuroprotective barrier that avoids the spread of infiltrating 

immune cells to the adjacent spared tissue (Cregg et al., 2014). In fact, preventing astrocytic 

scar formation is detrimental for the functional outcome of SCI (Anderson et al., 2016; Okada 

et al., 2006). Despite this protective role, the chronic persistence of the glial scar is viewed as 

a potent inhibitor of spinal cord repair/regeneration (Cregg et al., 2014). Notably, in humans, 

the glial scar has been found to persist up to forty two years after SCI (Cregg et al., 2014; 

Huang et al., 2014). 

The negative role of the glial scar is mainly mediated by secretion of factors and matrix 

components, such as proteoglycans, that are extremely inhibitory for axonal regrowth (Wiese 

et al., 2012). ECM composition is extremely important in the central nervous system (CNS), 

facilitating cellular migration, guidance and synaptogenesis and overall conferring neural 

stability (Bradbury & Burnside, 2019). However, after SCI, many ECM molecules become 

deregulated.  

Inside the scar, a fibrotic core composed of proliferating PDGFRβ (platelet-derived growth 

factor receptor beta)+ perivascular pericytes and fibroblasts becomes mature within two weeks 

following SCI (Soderblom et al., 2013). Fibroblasts produce matrix components such as 

fibronectin, collagen, nidogen and laminin, which are normally permissive to neuronal growth 

(Gaudet & Popovich, 2014). Yet, these components are highly upregulated in the injured spinal 

cord and contribute to pathological tissue remodeling, generating a non-permissive 

environment (Figure 17). Furthermore, ECM fragments act as DAMPs and promote 
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inflammation. Fibroblasts are also a source of chemorepellent semaphoring III, that inhibits 

axonal regeneration (Pasterkamp et al., 1999). A recent study reported that fibrotic scarring is 

equally sustained by PDGFRβ+ pericyte-derived deposition of fibronectin and type-I collagen 

(Okada et al., 2007; Soderblom et al., 2013; Yokota et al., 2017). The latter was shown to be 

mediated by upregulation of another ECM molecule, periostin, that promotes the 

overexpression of TNF-α in infiltrating monocytes/macrophages, which in turn boosts the 

proliferation of PDGFRβ+ pericytes (Yokota et al., 2017). 

In turn, the glial scar, as well as reactive astrocytes distal from the lesion site, are responsible 

for upregulating and producing a number of ECM molecules repress axonal growth and prevent 

repair (Quadri et al., 2018). These include tenascin, semaphoring III, MAGs, OMgps, Nogo A 

and CSPGs. Myelin-associated debris (MAGs, OMgps, Nogo A) play the role of DAMPs 

during SCI, but are, by themselves, neuronal inhibitors (Bradbury & Burnside, 2019). Nogo A 

binds to membrane Nogo receptors 1 and 3 (NgR1 and NgR3) and activates RhoA/Rho kinase 

signaling pathway, destabilizing actin cytoskeleton, collapsing growth cones and repressing 

neurite elongation (Schwab & Strittmatter, 2014). Similarly, CSPGs (such as neurocan, 

brevican, versican, aggrecan, phosphacan and NG2) are strong inhibitors of neuronal plasticity 

and axonal regeneration (Ohtake & Li, 2015). They reach a peak of upregulation at two weeks 

post-injury but remain chronically upregulated (Asher et al., 2002; Buss et al., 2009). CSPGs 

can bind to other ECM molecules, like hyaluronic acid and tenascin, forming non-permissive 

perineuronal networks, which hamper growth-promoting adhesion molecules (such as laminin 

and integrins) and suppress neurite growth (Ohtake & Li, 2015). Interestingly, in astrocytes, 

CSPG production has been shown to be induced by TGF-β in a Smad-2- or PI3K/AKT- and 

mTOR-dependent manner (Jahan & Hannila, 2015; Schachtrup et al., 2010). Curiously, CSPGs 

can also bind to NgR1 and NgR3 (Dickendesher et al., 2012). However, CSPG inhibitory 

effects seem to be mainly mediated by signaling via receptor protein tyrosine phosphatase 
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sigma (PTPσ) and leukocyte common antigen-related phosphatase receptor (LAR) (Lang et al., 

2015). Accordingly, blockade of PTPσ and LAR receptors has resulted in improved axonal 

regeneration after SCI. In another study, PTPσ and LAR inhibition promoted a shift from pro-

inflammatory M1 to pro-regenerative M2 macrophage environment, accompanied by an 

upregulation of anti-inflammatory IL-10 and arginase-1 (Dyck et al., 2018). Given their potent 

inhibitory nature, CSPGs have been demarcated as an important therapeutic target to improve 

axonal regeneration after SCI. Indeed, enzymatic degradation of CSPGs using chondroitinase 

ABC (ChABC) in rodent models of SCI has been shown to promote axonal growth, reduce 

scarring, prevent axonal degeneration and improve locomotor function (Bradbury et al., 2002; 

Karimi-Abdolrezaee et al., 2010). Strikingly, this effect has been verified in multiple other 

species, including cats, dogs and even primates (Bradbury & Carter, 2011; Hu et al., 2018; 

Rosenzweig et al., 2019). However, translation of ChABC treatment to human patients is still 

lacking. 
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Figure 17. Cellular and extracellular composition of the spinal injury scar. Traumatic spinal cord injury 

triggers a complex cascade of events that culminate in the spinal injury scar which consists of multiple cell types 

as well as extracellular and non-neural components. (a) In the acute post-injury phase (0–72 h), cell death and 

damage lead to release of a number of cellular and blood-derived DAMPs (damage associated molecular patterns). 

These are powerful activating and inflammatory stimuli for stromal cells, astrocytes, NG2+ OPCs and microglia. 

Fibroblast-like cells proliferate from perivascular origin. Activated cells increase deposition of extracellular 

matrix molecules such as chondroitin sulfate proteoglycans (CSPGs) and stromal-derived matrix. Circulating 

immune-responders (neutrophils, monocytes) are recruited, their relative expression of cytokines, chemokines and 

matrix metalloproteinases becomes shaped by the early injury environment, and a mixed immune cell phenotype 

(M1, pro-inflammatory; M2, pro-resolving) is initially adopted. This becomes increasingly pro-inflammatory. (b) 

In the chronic spinal injury scar, monocyte-derived macrophages/microglia adopt a predominant M1 phenotype. 

Rather than entering a phase of resolution, responding innate immune cells present DAMPs to circulating adaptive 

immune cells and pathology spreads. Reactive astrocytes hypertrophy, upregulate expression of intermediate-

filament associated proteins and secrete matrix CSPGs. Fibroblast-like cells contribute to fibrotic tissue 

remodeling and deposition of stromal-derived matrix. Innate immune cells become unable to process cellular and 

matrix debris effectively and become synonymous with lipid-rich foam cells. Scar-forming reactive astrocytes 

organize into a barrier-like structure which separates spared tissue from a central region of inflammation and 

fibrosis where wound-healing fails to undergo resolution. In most mammalian species a chronic cystic cavity 

develops. Wallerian degeneration of injured axonal projections contributes to continued extracellular deposition 



64 

of axonal and myelin debris, which is ineffectively processed by immune cells, and along with CSPGs, acts to 

inhibit neuronal regeneration and neuroplasticity long-term (from Bradbury & Burnside, 2019). 

 

Non-regenerating models of SCI 

Currently, there are several available non-regenerating mammalian models to study SCI, 

ranging from rodents to large animals (cats, dogs, pigs) and non-human primates (Nardone et 

al., 2017). Though all of them have been extremely useful in providing valuable insights on 

primary and secondary mechanisms of SCI, it is important to take into account potential 

anatomical, molecular and functional differences towards humans. This is especially true for 

rodents (Nardone et al., 2017). Ideally, an animal model should recapitulate several 

pathophysiological features of human SCI in a reproduceable manner.  

 

Animal models 

Rodents are the most frequently used models of SCI, given their availability, convenience and 

cost-effectiveness (Nardone et al., 2017). Strikingly, rodent models exhibit high levels of 

spontaneous recovery from SCI. Compared to mice, rats are more similar to humans in terms 

of pathophysiological and neuroanatomical of SCI (Kjell & Olson, 2016; Metz et al., 2000). 

However, mice have the undeniable advantage of the amount of different available transgenic 

and mutant models that have been fundamental to study the molecular and cellular mechanisms 

of SCI. In rats, just like in humans, a fluid-filled cystic cavity is formed at the injury site, while 

in mice the lesion core is filled with dense fibrotic tissue (Sroga et al., 2003). Rats and mice 

also exhibit different temporal windows of inflammatory reactions. For example, rats have their 

neutrophil infiltration peak at 24-48 hpi whereas in mice neutrophil infiltration continues to 
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rise up until 14 dpi (Kigerl et al., 2006; Taoka et al., 1997). Such evidences reinforce the 

existence of distinct environmental cues between different models. 

Large animals, like dogs and pigs, are considered an intermediate model between rodents and 

humans and have been used in a wide range of pre-clinical studies (Nardone et al., 2017). 

Curiously, the first model study of experimental SCI was performed on dogs in 1911 (Allen, 

1911). Nowadays, though, the use of these models raises strong ethical issues. Yet, though 

rodents have been the standard SCI model over the past decades, large animals are becoming 

increasingly utilized for translational pre-clinical purposes (Kwon et al., 2015). 

Primates resemble human-like features like no other model and have emerged as a unique 

model to expand our knowledge on SCI features and test candidate therapies before they are 

applied to human patients (Nout et al., 2012). Importantly, their size constitutes a great platform 

for electrophysiological and rehabilitation studies. Still, the need for specialized facilities, their 

maintenance-associated costs and ethical constraints, have so far limited their use in SCI 

research (Kwon et al., 2015). 

 

Experimental injury models 

In order to mimic various aspects of human SCI mechanics, three different experimental injury 

models are available: transection, contusion and compression models (Cheriyan et al., 2014). 

Transection injuries very rarely happen in humans and, when they do, are usually the result of 

severe sharp bone fragment dislocations or missile injuries in the military (Dumont et al., 

2001). Therefore, transection animal models do not authenticate normal human SCI and are 

less suitable for the development of new therapies. Nonetheless, they are useful to test the 

application of biomaterial scaffolds, study the role of propriospinal and sensory circuits (CPGs) 
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in locomotor recovery or even neuronal plasticity after a partial transection (Barbeau et al., 

1999; Cheriyan et al., 2014).  

Contusion models better resemble the transient mechanical impact that is characteristic of 

human SCI (Cheriyan et al., 2014). A contusion injury can be generated using a weight drop, 

an electromagnetic impactor or an air gun device. The first method is the most commonly used 

and involves a metal impactor of specific weight dropping in the exposed dorsal side of the 

spinal cord (Cheriyan et al., 2014). This type of devices has been improved through the years 

and impactors are now much more reliable and automated in view of better controlling injury 

parameters, such as the force, time and velocity of impact, as well as recording the tissue 

biomechanical response. Another advantage of the contusion impactors is the possibility of 

setting the impact force to produce different severities of SCI (Cheriyan et al., 2014). However, 

it is important to consider that the positioning of the impactor clamps in the spinal column is 

subject to some variability, which may cause some inconsistency in injury parameters. 

Nevertheless, impactor devices are extensively used in small and large animal models of SCI 

and have provided invaluable knowledge to understand secondary injury mechanisms 

(Cheriyan et al., 2014; Petteys et al., 2017). 

Compression models are typically contusive-compressive models, as they consist of an initial 

contusion impact followed by a prolonged compression through force application (Cheriyan et 

al., 2014). Compression is achieved both dorsally and ventrally by applying a modified 

aneurysm clip to the injured spinal cord. In larger animals (cats, dogs and primates), 

compression is usually applied inserting a catheter with an inflatable balloon filled with air or 

saline in the epidural or subdural space (Fukuda et al., 2005; Nesathurai et al., 2006). These 

models has the advantage of better correlate to human SCI, though in humans compression 

may last indefinitely (Poon et al., 2007). However, they have the limitation of not being able 
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to measure the velocity and force of compression, which may create variabilities (Cheriyan et 

al., 2014). 

 

Regenerating models of SCI 

Regenerating models, such as the zebrafish and the salamander, are powerful tools to identify 

key differences in cellular and environmental responses to injury comparatively to non-

regenerating mammals (Ghosh & Hui, 2018; Tazaki et al., 2017). Zebrafish offers a promising 

model to study SCI due to the availability of genome-editing and high-throughput DNA/RNA 

sequencing tools that allow human disease modeling. On the other hand, salamanders have 

benefited from recently developed CRISPR editing tools to study cellular responses to SCI. 

Strikingly, an intriguing mammalian model with regenerating properties, the spiny mouse 

(Acomys cahirinus), was recently discovered to have improved functional outcomes to SCI 

comparing to C57BL/6 (Mus) mice (Streeter et al., 2019). Thus, Acomys is currently suggested 

to be a useful model to study differences in the adaptive response to SCI towards other 

mammalian models. 

 

The Zebrafish 

Adult zebrafish (Danio rerio) have an outstanding ability to regenerate their spinal cord and 

achieve complete functional recovery after SCI (Becker & Becker, 2006; Ghosh & Hui, 2018). 

In contrast to mammals, zebrafish are capable of regrowing damaged axons and replace 

damaged cells, including neurons (Ghosh & Hui, 2018). Zebrafish axonal regeneration has 

been extensively evaluated in models of transection and crush injury, which have provided 
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evidence for key differences in cellular and molecular pathways involved in injury response 

relatively to mammals. However, some of these mechanisms are not yet fully understood. 

After zebrafish SCI, ependymo-radial glial progenitors proliferate and migrate to the injury 

site, giving rise to new neurons (Reimer et al., 2008). Reported data suggest that neurogenesis 

occurs at the lesion epicenter and the adjacent area, which are both occupied by proliferating 

neuronal precursors (Hu+/BrdU+) and neuronally determined cells (Hu+/NeuroD+) (Hui et al., 

2010). Interestingly, foxj1a was recently described as a pan-ependymal progenitor marker in 

zebrafish development, homeostasis and regeneration (Ribeiro et al., 2017). Previous evidence 

also suggests the existence of a quiescent population of neural progenitors in the adult 

mammalian CNS (Alvarez-Buylla et al., 2002; Gage, 2000; Morshead et al., 1994). In 

mammalian SCI, ependymal progenitors give rise to scar-forming astrocytes and OPCs, but 

not neurons (Barnabé-Heider et al., 2010; Meletis et al., 2008). Curiously, these cells were 

shown to differentiate into neurons in vitro, suggesting that their inability to do so in vivo results 

from inhibitory environmental signals (Meletis et al., 2008). This perspective has been recently 

contested by a transcriptomic study stating that ependymal progenitors lack neurogenic 

potential (Shah et al., 2018) and remains, therefore, controversial. In zebrafish, radial glial 

neurogenesis has been demonstrated to be dependent on Wnt/β-catenin signaling, stimulated 

by high mobility group box 1 (HMGB1) and inhibited by Notch signaling (Briona et al., 2015; 

Dias et al., 2012; Fang et al., 2014). Moreover, motor neuron polarization was shown to be 

mediated by sonic hedgehog signaling (Reimer et al., 2009). Importantly, proliferation and 

differentiation of motor neurons was observed until 6 weeks post-injury (wpi) (Reimer et al., 

2008). 

Following SCI, fishes become paralyzed caudal to the lesion site but, remarkably, they display 

a gradual functional recovery and regain their normal swimming behavior within 4−6 weeks 

(Becker et al., 2004; Becker & Becker, 2014; Becker et al., 1997; Hui et al., 2010). Severed 
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axons are able to regrow and, by 14 dpi, they have crossed to the distal part of the lesion (Becker 

et al., 1997; Goldshmit et al., 2012). By 42 dpi, regrowing axons project at least 3.5 mm beyond 

the injury site. Strikingly, during the first six dpi, axotomized upper motor neurons of the 

brainstem upregulate anti-apoptotic factors, such as BCL-2 (Ogai et al., 2012). These motor 

neurons do not only survive also regrow their severed axons, which descend and cross the 

injury site. Intriguingly, most regenerating axons preferentially re-route through the gray matter 

and not the white matter, which is thought to be mediated by macrophages and microglia 

(Becker & Becker, 2001). This indicates that, though zebrafish accomplish a full functional 

recovery, their spinal cord may present structural differences after recovery from SCI. Previous 

studies have shown that axonal regrowth in zebrafish is correlated with upregulation of L1-

related recognition proteins, namely L1.1 and L1.2, contactins and major vault protein (Becker 

et al., 2004; Pan et al., 2013; Schweitzer et al., 2007). Additionally, syntenin-a, a protein 

involved in synapse formation, is upregulated caudal to the lesion site at 6 and 11 dpi (Yu & 

Schachner, 2013). 

In zebrafish, there is no evidence of astrogliosis or a CSPG-expressing glial scar (Becker & 

Becker, 2014). Instead, there is the formation of a growth-permissive glial bridge that guides 

migrating axons across the lesion site (Goldshmit et al., 2012; Hui et al., 2010). The formation 

of this glial bridge has proven to be necessary for proper axonal regeneration and is dependent 

on fibroblast growth factor (FGF) and Wnt/β-catenin signaling (Goldshmit et al., 2012; Strand 

et al., 2016). Myelin-associated inhibitory molecules, such as Nogo A, also exist in the 

zebrafish CNS and there is even evidence for NgRs in regenerating axons (Abdesselem et al., 

2009). However, Nogo A-specific N-terminal inhibitory domain is missing and Nogo A fails 

to induce growth cone collapse. Importantly, in zebrafish SCI, myelin debris are efficiently 

removed by macrophages (Hui et al., 2010). In addition, Schwann cells are broadly present at 

the lesion site and play a key role in remyelination of regrowing axons. 
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There is also a transient apoptosis-mediated mechanism of debris clearance that peaks at 1 dpi 

and is practically absent at 7 dpi (Hui et al., 2010). This seems to be fundamental to avoid the 

progression of secondary injury. Similarly to mammals, neutrophils and macrophages infiltrate 

the lesion site immediately after zebrafish SCI. Yet, in contrast, their inflammatory response is 

transient during the first 10 dpi and their role seems to be primarily associated with phagocyting 

debris and promoting remyelination, contributing to an efficient repair process (Hui et al., 

2010).  

Due to the availability of a wide range of genetic tools, zebrafish reporter and transgenic lines 

have been extensively used to study the cellular and molecular dynamics after SCI. Though a 

powerful tool, zebrafish SCI models have the limitation of being totally manually performed 

by experimenters, which generates variability between injuries. Still, it represents a very 

convenient model given the low cost of maintenance, as well as the ease and swiftness of 

generating significant numbers for experimentation. In fact, zebrafish larvae can regenerate 

their spinal cords and recover their locomotor function in a matter of 5 days (Briona & Dorsky, 

2014). Thus, zebrafish larvae have been proposed as a drug screening platform to test new 

therapeutic strategies for SCI (Chapela et al., 2019).  

 

Therapeutic strategies for SCI 

Several therapies have provided promising pre-clinical data but, so far, translation into human 

clinical trials has failed to demonstrate the efficacy of a repair strategy in meaningful improved 

recovery after SCI (Courtine & Sofroniew, 2019). Current therapeutic approaches for chronic 

SCI are based on cell therapies (repopulation of lost cells), molecular therapies (specific 

targeting), biomaterials (modulation of ECM) and bioengineering strategies (enable motor 
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control, bypass lesion or promote neurorehabilitation) (Courtine & Sofroniew, 2019; 

Dalamagkas et al., 2018).  

Stem cell transplantation takes advantage of cellular plasticity to repopulate lost cells and can 

be applied alone or in combination with growth factors and/or biocompatible scaffolds to 

restore neuronal circuitry (Dalamagkas et al., 2018). Several types of stem cells have reached 

up to clinical trials phase I/II, including adult neural stem cells (“Pathway Study” by Stemcell 

Inc.), human spinal cord stem cells (“NSI-566” by NeuralStem Inc.), olfactory ensheathing 

cells (“Walk Again Project”), autologous Schwann cells (“Miami Project”), umbilical cord 

blood-derived mononuclear cells (“ChinaSCINet”), adult mesenchymal cells (“Puerta de 

Hierro”), and autologous bone-marrow-derived stem cells (“Neurocell” by Neuroplast) 

(Dalamagkas et al., 2018). While some of these clinical trials have provided some evidence of 

functional recovery and are still ongoing, others have been stalled, halted or even shut down 

due to cost-efficiency issues, patient recruitment setbacks or inconclusive results. “Neurocell” 

is estimated to start phase I in February 2020 (NCT04205019). 

An interesting molecular therapy (“Nogo Trap” by ReNetX Bio) using a decoy receptor for 

myelin-associated axonal growth inhibitors, such as Nogo A, has demonstrated functional 

improvements in multiple animal models and is now recruiting chronic SCI patients for phase 

I/II clinical trial (NCT03989440). The CHASE initiative was born in 2014 when Bradbury’s 

team reported that administration of the bacterial enzyme ChABC degrades inhibitory CSPGs, 

reducing the glial scar, modulating macrophages to a M2 phenotype, promoting axonal growth 

and improving motor function (Bartus et al., 2014; Bradbury et al., 2002). Since then, ChABC 

has been molecularly engineered to be delivered via gene therapy and can now be expressed in 

human cells in a controlled inducible manner, using doxycycline (Muir et al., 2017). Currently, 

the gene therapy approach is being optimized to make it clinically acceptable for clinical trials. 

Though ChABC treatment showed unprecedented improvements in locomotor function in 
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rodents, it is yet unclear if the same effects will be translated into humans. Another pre-clinical 

study is using ChABC in combination with intracellular sigma peptide, a modulator of PTPσ 

activity (Tran et al., 2018). This combined treatment was shown to enhance axonal outgrowth 

and is being prepared to enter clinical trialing. 

The use of biomaterials primarily aims at providing the environmental properties (mechanical 

and chemical) of the native ECM in order to stimulate tissue regeneration (Dalamagkas et al., 

2018). Notwithstanding, they also play a fundamental role in controlled delivery of 

transplanted cells, as well as growth and chemoattractant factors (Anderson et al., 2018; 

Dalamagkas et al., 2018). Furthermore, they can be engineered with specifically aligned 

guidance channels to direct axonal growth and prevent unfavorable trajectories. Promising 

biomaterials with solid pre-clinical data include scaffolds based on graphene oxide (GO), 

fibrin, collagen/heparin and chitosan/laminin (Dalamagkas et al., 2018). GO bioscaffolds are 

showing considerable potential in several pre-clinical studies and is currently regarded as an 

emerging technology for future treatment of SCI (Dalamagkas et al., 2018; Domínguez-Bajo 

et al., 2017; López-Dolado et al., 2016). FDA-approved fibrin glue has been used in 

combination with FGF to improve motor and sensory functions is SCI patients (Wu et al., 

2011). Pre-clinical studies have also shown motor and sensory improvements by using 

peripheral nerve grafts combined with a chitosan/laminin scaffold co-transplanted with bone 

marrow-derived mesenchymal stem cells (Amr et al., 2014). Though slowly advancing, 

biomaterial and tissue engineering technologies hold great promise in SCI repair (O’Shea et 

al., 2017). 

The main purpose of engineering strategies is harnessing the intrinsic capacity of spared 

circuits to generate movement (Courtine & Sofroniew, 2019). Chemical/electrical 

neuromodulation/stimulation, delivered directly to spared sensorimotor circuits below the 

lesion, has enabled unexpected levels of motor control both in animal models and human SCI 
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patients.  Strikingly, patients with chronic complete paralysis regained relatively fine voluntary 

control of paralyzed muscles after epidural electrical stimulation (Angeli et al., 2014; Grahn et 

al., 2017). Interestingly, electrical stimulation was also demonstrated to improve autonomic 

respiratory and cardiovascular functions (Hachmann et al., 2017; Phillips et al., 2018). Another 

strategy is targeting proprioceptive fibers associated to specific lumbar-sacral posterior roots 

in order to stimulate motor neurons located in the spinal segment that is enervated by these 

roots (Courtine & Sofroniew, 2019). This method has also triggered control over movements 

of paralyzed legs in animal models and human SCI. In these studies, a controlled 

spatiotemporal electrical stimulation improved the amplitude and robustness of leg 

movements, as compared to continuous stimulation. 

Neurorehabilitation remains a common medical practice in treating SCI. It is well accepted that 

the repeated activation of the sensorimotor system promotes plasticity of spared circuits and 

brings meaningful recovery benefits (Côté et al., 2017; Courtine & Sofroniew, 2019). Thus, 

activity-based neurorehabilitation is frequently used in combination with neuromodulation and 

cortex stimulation strategies to improve neural plasticity. Though the mechanisms underlying 

activity-mediated neuroplasticity are still unclear, accumulating evidence suggests an 

important role of the interplay between supraspinal signals and proprioceptive information 

(Courtine & Sofroniew, 2019). 

The use of brain-computer interfaces is an innovative therapeutic strategy that aims at re-

establishing bidirectional communication between the brain and denervated body parts 

(Courtine & Sofroniew, 2019). In recent years, intracortical stimulation of the human 

somatosensory cortex has achieved astonishing results, such as restoration of reaching and 

grasping movements in paraplegic and tetraplegic patients (Ajiboye et al., 2017; Bouton et al., 

2016; Capogrosso et al., 2016; Ethier et al., 2012; Flesher et al., 2016). However, this 

technology currently faces a number of practical and financial roadblocks that overshadow 
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their modest functional benefits, a challenge that likely only time will resolve (Borton et al., 

2013). 

 

Wrapping Up: The Road Ahead 

It is clear that SCI is a very complex and multifaceted pathology. For reasons that are not yet 

understood, our CNS is uncapable of regenerating and, even though much has been learned 

about cellular and molecular responses to CNS injury, we are still far away from a 

groundbreaking therapy. SCI involves an intricate interplay between numerous different cell 

types (neurons, glial cells, perivascular cells, immune cells), their intracellular changes and 

signaling pathways, as well as the extracellular microenvironment. Perhaps even more 

relevantly, these players modulate and feedback on each other in variable ways during different 

temporal windows. Therefore, it is believed that only a combined therapeutic approach can 

achieve significant recovery improvements. Ideally, a therapy should be able to simultaneously 

tackle multiple SCI features, such as replacing lost neuronal cell populations, promoting neural 

plasticity, activating intrinsic neuronal growth programs, preventing axonal degeneration, 

controlling/resolving inflammation, establishing a growth-permissive microenvironment and 

stimulating/guiding axonal regeneration through and beyond that environment. However, 

combinatorial therapies should take in consideration the way these mechanisms interact with 

one another over the course of recovery from SCI and, thus, should be tailored accordingly. 

Importantly, while most therapies envisage restoring motor functions, we should not forget 

that, for many SCI patients, recovering some of their autonomic functions, such as control of 

bladder movement and sexual function, is among their top priorities. Therefore, such functions 

should be equally tackled during pre-clinical studies. 
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The small progress that is being obtained on therapeutic options raises relevant questions: do 

we know all cellular players involved in SCI? With so many different environmental cues 

happening in space and time, are there any cell intrinsic mechanisms we are missing?  

The use of pre-clinical animal models has been fundamental to increase our understanding of 

SCI mechanisms. However, the majority of these models cannot fully reproduce the hallmarks 

of human SCI. In result, several therapies that obtain promising pre-clinical results fail to 

generate functional improvements with meaningful clinical impact in humans. This could be 

particularly countered by the use of non-human primates but translational research using this 

model still faces technical, logistic and cost-related difficulties, as well as daunting ethical 

constraints.  

The field of neuroprosthetics is steadily advancing but current technologies still lack further 

refinement. The truth is that SCI patients still prefer a wheelchair over an exoskeleton (Gorgey, 

2018). 

The appearance of regenerating models of SCI, like the zebrafish, has provided a fantastic tool 

to investigate what differences lie in the injury response that allow these animals to fully 

recover their locomotor functions. In fact, accumulating evidence points at clear environmental 

differences in the zebrafish spinal cord towards the mammalian counterpart. In the zebrafish, 

cellular death and inflammation are temporally controlled and, instead of an inhibitory glial 

scar, a glial bridge is formed at the injury site to help axons regrow and reconnect beyond the 

lesion. So, why are mammals unable to effectively resolve their reactive cellular responses to 

SCI like the zebrafish? Why are these responses maintained chronically? Though much of the 

cellular and molecular mechanisms underlying zebrafish SCI are yet to be clarified, the answer 

to these questions seems to indeed lie in distinct in vivo microenvironments. Thus, 

understanding these differences may shed a light on novel therapeutic avenues for SCI. 
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While many challenges still await us ahead, efforts are being joined in the field of biology and 

engineering to decipher the complex nature of traumatic SCI and provide a better quality of 

life to patients. Will we ever be able to regenerate the spinal cord? 
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The main objective of this thesis project was to study the role of Senescent Cells (SCs) in Spinal 

Cord Injury (SCI) using two animal models with distinct regeneration outcomes – the Zebrafish 

and the Mouse.  

The first part of the project (Chapter I) comprised the following aims: 

• Investigate if SCs exist in the spinal cord. To do that, we performed the widely used 

senescence-associated β-galactosidase (SA-β-gal) assay. Then, we looked for co-

expression of SA-β-gal with other senescence biomarkers, namely p16INK4a, p21CIP21 and 

γ-H2AX. 

• Characterize the senescence profile induced after SCI, quantifying the number of SA-

β-gal+ cells at several time-points following injury. 

• Identify which cell types compose the SC population, searching for co-expression of SA-

β-gal with different cellular markers. 

• Compare differences between a regenerating model (the zebrafish) and a non-

regenerating model (the mouse). 

The second part of the project (Chapter II) consisted on investigating the functional 

contribution of SCs to the injury process, encompassing the following aims: 

• Optimize a pharmacological protocol to successfully eliminate SCs inside the 

zebrafish spinal cord. Considering the lack of a senescence-targeted zebrafish transgenic 

line or of a described protocol to pharmacologically target SCs in the zebrafish, we tried to 

optimize the administration of drugs with known senolytic activity. 

• Deplete SCs in the injured mouse spinal cord adapting a previously described 

senolytic protocol. We depleted SCs in vivo by oral administration of a senolytic drug, 

ABT-263. The impact of eliminating SCs was assessed on locomotor and sensory recovery. 

We also evaluated the effect of ABT-263 on myelin preservation, scarring, inflammation 

and axonal growth. 
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• Characterize the transcriptome and secretome of induced-SCs through time, taking 

advantage of an existing p16INK4a-tagged transgenic mouse model to sort these cells. 

Additionally, we used this model to genetically ablate SCs and see the effect on functional 

recovery in a completely independent manner. 

 



81 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

METHODS 
 

 





83 

1. Ethics statement 

All handling, surgical and post-operative care procedures were approved by Instituto de 

Medicina Molecular Internal Committee (ORBEA) and the Portuguese Animal Ethics 

Committee (DGAV), in accordance with the European Community guidelines (Directive 

2010/63/EU) and the Portuguese national legislation on animal care (DL 113/2013). All efforts 

were made to minimize the number of animals used and to decrease suffering of the animals 

used in the study. 

 

2. Senescence-associated β-galactosidase (SA-β-gal) staining 

The SA-β-gal assay is the gold standard method to identify senescent cells in vitro or in vivo 

(Dimri et al., 1995) and it was performed in all samples during this project. SA-β-gal activity 

was determined in isolated spinal cords using the SA-β-gal kit (Cell Signalling, #9860) 

according to manufacturer’s instructions, with minor adaptations. Spinal cords were fixed 

overnight (ON) in 4% paraformaldehyde (PFA, pH 7.4), washed three times during the day in 

phosphate buffered saline 1x (PBS, 17 mM KH2PO4, 5 mM Na2HPO4, 150 mM NaCl, pH 7.4) 

and stained overnight (ON) at 37°C (in a dry incubator with no CO2) with fresh SA-β-gal 

staining solution: 1 mg of 5-bromo-4-chloro-3-indolyl β-D-galactoside (X-Gal) per ml (stock 

= 20 mg/mL in dimethylformamide)/40 mM citric acid/sodium phosphate, pH 6.0/5 mM 

potassium ferrocyanide/5 mM potassium ferricyanide/150 mM NaCl/2 mM MgCl2. Final pH 

was set to 5.9-6.1 with 1N HCl. All components of the formulation were provided in the kit. 

The following morning, samples were washed three times (3 x 5 min) in PBS, fixed in 4% PFA 

for 4 hours at room temperature (RT), washed three more times (3 x 5 min) in PBS and 

processed as described in the methodological sections below.  
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3. Zebrafish (Danio rerio) 

 

3.1. Maintenance, handling and transgenic lines 

All adult wild-type (wt) AB strain and transgenic zebrafish lines were maintained in a re-

circulating system with a 14-hour light and 10-hour dark cycle periods at 28°C, following the 

standard guidelines for fish care and maintenance protocols. Male and female fish were used 

in the experiments. Zebrafish transgenic reporter lines used in this project were kindly provided 

by other laboratories and established at our fish facility. Their source and purpose within this 

study are described in Table 1. 

 

Transgenic Reporter Line Source Description 

Tg(gfap:GFP) Bernardos & Raymond, 2006 GFP expression in all glial cells 

Tg(foxj1a:GFP) Caron et al., 2012 
GFP expression in ependymal 

progenitors 

Table 1. List of transgenic lines used in this project. 

 

3.2. Spinal cord injury (SCI) model 

Adult zebrafish spinal cord injury procedures were performed according to a previously 

described method (Fang et al., 2012). Zebrafish (6 months old) were anaesthetized in 0.016% 

tricaine (Sigma, MS222). Upon cessation of opercular respiratory movements, the fish were 

transferred into a fixed thin filter paper (3 cm x 2 cm) placed on crushed ice and positioned on 

their side with their head pointing left, under a stereoscope. With a dissecting knife (Fine 

Science Tools, 10055-12), 4-5 squamae were removed and an incision was made at a distance 

4 mm caudal to the brainstem/spinal cord junction. The skin and muscle were cut with a spring 

scissor (Fine Science Tools, 15024-10) until the spinal cord was exposed. The spinal cord was 
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then crushed using Dumont #55 forceps (Fine Science Tools, 11255-20). Special attention was 

given not to damage the ventral vertebrae under the spinal cord, which may compromise the 

recovery process. Finally, the wound was sealed with tissue adhesive surgical glue (3M 

VetbondTM, 1469SB). Animals were allowed to recover at 28°C in individual tanks until 

different experimental time-points (3, 7, 15, 30 and 60 days post-injury, dpi), upon which they 

were sacrificed and the spinal cords (5-6 mm width) dissected. In control fish, a sham injury 

was performed by making an incision at the side of the animal, exposing the spinal cord but 

leaving it intact before sealing the wound. All surgical instruments were autoclaved and 

disinfected with 70% ethanol before the surgery. 

 

3.3. Tissue Processing 

The vertebral column of adult zebrafish was dissected and fixed in 4% PFA at 4°C ON. After 

fixation, the spinal cord was isolated from the vertebral column. Samples were washed three 

times in PBS during the day and incubated ON with SA-β-gal staining solution (see details in 

2.). Following the SA-β-gal staining protocol, samples were cryoprotected in 30% sucrose/0.12 

M phosphate buffer (PB) for a minimum of 72h at 4°C or until the tissue sinks to the bottom 

of the vial, followed by another embedding in 7.5% gelatin (Sigma, G6144)/15% sucrose/0.12 

M PB and subsequently frozen. The samples were cryosectioned in 12 µm-thick longitudinal 

slices using a Cryostat LEICA CM 3050S and either processed for immunohistochemistry or 

counterstained with eosin for SA-β-gal quantifications. 

 

3.4. Quantification of SA-β-gal+ cells after SCI (Senescence profile characterization) 

To characterize the senescence profile in zebrafish after SCI, SA-β-gal+ cells were quantified 

and averaged across 4 longitudinal sections imaged at the lesion periphery (from 0.5 to 2.5 mm 
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laterally to the injury, rostral and caudal) around the center canal. A 0.5 mm interval was 

established between the lesion border and the beginning of the quantification regions. SA-β-

gal+ cells were quantified in the gray matter but not in the white matter. Quantifications were 

performed at 3, 7, 15, 30 and 60 dpi and, in each section, the number of SA-β-gal+ cells counted 

was normalized to the total area of grey matter analyzed. Rostral and caudal quantifications 

were grouped together and presented as SA-β-gal+ cells/mm2 at the lateral side of the injury. In 

control uninjured (sham) zebrafish, SA-β-gal+ cells were quantified in the same regions. 

 

3.5. Senescence profiling during zebrafish embryonic development 

Following the arrangement of mating pairs, zebrafish wt AB strain embryos were collected and 

kept at 28°C in a Petri dish containing E3 embryo medium (5 mM NaCl, 0.17 mM KCl, 0.33 

mM CaCl2, 0.33 mM MgSO4, 0.01% Methylene Blue, pH 7.4) until the desired developmental 

stage (3, 8, 24, 48 and 72 hours post-fertilization, hpf). Selected embryos or larvae were fixed 

with 4% PFA overnight ON at 4°C, washed in PBS and incubated with SA-β-Gal staining 

solution (see details in 2.) at 37°C ON in a dry incubator. Next day, samples were washed in 

PBS and fixated with 4% PFA for another 4h at RT. 3, 8 and 24 hpf embryos were mounted in 

glycerol for imaging while 48 and 72 hpf larvae were embedded in a 5-30% sucrose (in PBS, 

0.1% sodium azide) gradient, followed by another embedding in 7.5% gelatin/15% sucrose (in 

PBS), prior to cryosectioning. The sections were counterstained with eosine. Images were 

obtained using a Zeiss AxioImager Z2 microscope equipped with an Axiocam 105 color 

camera and a Zeiss Lumar V-12 stereoscope equipped with a Zeiss digital color camera using 

a 0,8X air objective and the Zen 2 PRO software. 
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3.6. Senescence profiling upon larvae SCI 

Zebrafish wt AB strain larvae with 5 days post-fertilization (dpf) were anesthetized in 0.016% 

tricaine (Sigma, MS222), placed in a lateral position under a stereoscope and a transection 

injury was performed at the level of the anal pore using a sharp 28-gauge injection needle. 

Injured larvae were then transferred to a petri dish with E3 embryo medium (5 mM NaCl, 0.17 

mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4, 0.01% Methylene Blue, pH 7.4). Animals were 

sacrificed at 1, 2, 3 and 4 dpi, fixed with 4% PFA at 4°C ON, washed in PBS and incubated 

with SA-β-Gal staining solution (see details in 2.) at 37°C ON in a dry incubator. Following 

another wash, samples were fixated with 4% PFA for another 4h at RT. Whole-mount images 

were obtained with a Zeiss Lumar V-12 stereoscope equipped with a Zeiss digital color camera 

using a 0,8X air objective and the Zen 2 PRO software, before samples were embedded in a 5-

30% sucrose (in PBS, 0.1% sodium azide) gradient, followed by another embedding in 7.5% 

gelatin/15% sucrose (in PBS), prior to cryosectioning. The sections were counterstained with 

eosine and images were assessed using a Zeiss AxioImager Z2 microscope equipped with an 

Axiocam 105 color camera. 

 

3.7. Drug treatment 

In order to eliminate SCs in the zebrafish, optimizations were performed concerning ABT-263 

(Navitoclax), a drug with previously described senolytic activity (Chang et al., 2016).  

First, the effect of ABT-263 was tested after larval spinal cord injury. For that, injuries were 

performed at 5 dpf in several zebrafish larvae (see 3.6.), who were then transferred to six-well 

plates containing either 0.1-100 µM ABT-263 or vehicle (Dimethyl sulfoxide, DMSO). Both 

substances were diluted in E3 embryo medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 

0.33 mM MgSO4, 0.01% Methylene Blue, pH 7.4), which was replaced at 1 dpi. Zebrafish 
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larvae were sacrificed at 2 dpi, fixed whole-mount with 4% PFA at 4°C ON, washed in PBS 

and incubated with SA-β-Gal staining solution (see details in 2.) at 37°C ON in a dry incubator. 

ABT-263 was also tested in different incubation temperatures (28-33°C) and a diluted embryo 

medium composition (E1, 1,67 mM NaCl, 0.06 mM KCl, 0.11 mM CaCl2, 0.11 mM MgSO4, 

0.003% Methylene Blue, pH 7.4, 10 mM HEPES buffer). 

In adult zebrafish, three different administration protocols were tested. In the first, 100-500 µM 

ABT-263 or Vehicle (polyethylene glycol 400:Phosal 50PG:Ethanol, 30:60:10 v/v) were 

administrated by intraperitoneal injection (IPi) every 48h starting at 5 dpi until 9 dpi; spinal 

cords were dissected at 10 dpi. In the second, 100-500 µM ABT-263 or Vehicle were 

administrated via oral gavage following a previously described protocol (Dang et al., 2016). 

Gavages were performed every 48h starting at 5 dpi until 9 dpi and spinal cords were dissected 

at 10 dpi. In the third, 100 µM ABT-263 was applied using an absorbable GELFOAM® Sterile 

Sponge (Pfizer) placed adjacent to the lesion site right after the injury (before wound closure). 

Spinal cords were isolated the following day. 

 

4. Mouse (Mus Musculus) 

 

4.1. Maintenance, handling and transgenic lines 

Adult (8-9 weeks old) female C57BL/6J mice were purchased from Charles River Laboratory. 

The p16-3MR transgenic line (Demaria et al., 2014) was kindly provided by Marco Demaria 

(European Research Institute for the Biology of Aging, Groningen, Netherlands). Both male 

and female p16-3MR mice were used in the experiments. Animals were housed in the Instituto 

de Medicina Molecular animal facility under conventional conditions on a 12-hour light-dark 

cycle with ad libitum access to food and water. 
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4.2. p16-3MR genotyping 

p16-3MR experimental mice were bred from the p16-3MR progenitors provided by Marco 

Demaria. Breeding pairs were set up between p16-3MR-expressing progenitors and wt 

C57BL/6J mice in order to generate p16-3MR-expressing offspring and control wt littermates. 

Tissue for genotyping was obtained by ear punching upon weaning. Each ear sample was 

incubated in 200 µL of 25 mM NaOH/0.2 mM EDTA at 98°C for 1 hour. After vortexing, 30 

µL of 100 mM Tris-HCl pH 8.0 were added and samples were centrifuged at full speed rpm 

for 10 minutes at RT. gDNA was obtained from the resulting supernatant, quantified in 

NanoDrop and stored at 4°C. For DNA fragment amplification, a standard polymerase chain 

reaction (PCR) protocol was performed using DreamTaq DNA polymerase (5 U/µL, Thermo 

Fisher Scientific, EP0701) and primers specifically designed to hybridize the 3MR target 

sequence (see details in Table 2). Thermal cycling conditions were as follows: initial 

denaturation step at 95°C for 3 minutes, followed by 35 cycles of a three step temperature cycle 

(denaturation: 95°C for 30 sec; primer annealing: 58°C for 30 sec; polymerase extension: 72°C) 

and a final extension step at 72°C for 5 min. DNase/RNase free water and gDNA from p16-

3MR progenitors were used as negative and positive controls, respectively. PCR products were 

analyzed in a 2% agarose gel (TAE buffer 1x) adding 1:20000 RedSafeTM Nucleic Acid 

Staining Solution (iNtRON, 21141) for DNA visualization. 

 

Amplified 

sequence 

Forward primer 

(5’>3’) 

Reverse primer 

(5’>3’) 

Annealing temperature 

(°C) 

Product length 

(BP) 

3-MR 
GACGTGCCTC 

CACAGGTAG 

CGAGAACGC 

CGTGATTTT 
58 61 

Table 2. Primer sequence and details for p16-3MR genotyping. 
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4.3. Spinal cord injury (SCI) model and post-operative care 

Before being assigned to SCI, mice went through a two weeks-period of handling and 

acclimatization, during which animals got used to the experimenters and body weight was 

assessed to ensure ideal surgery weight (18-20 g). Animals (10-11 weeks old) were 

anesthetized using a cocktail of ketamine (120 mg/kg) and xylazine (16 mg/kg) administered 

by IPi. For spinal contusion injuries, a laminectomy of the ninth thoracic vertebra (T9), 

identified based on anatomical landmarks (Harrison et al., 2013), was first performed followed 

by a moderate (75 kdyne) contusion using the Infinite Horizon Impactor (Precision Systems 

and Instrumentation, LLC.) (Scheff et al., 2003). Briefly, a midline incision was made in a 

rostral-caudal direction starting above the inferior angle of the scapulae and the fat and muscle 

were cut until the spinous processes were revealed and the dorsal surface of the lamina could 

be felt. With the help of spring scissors (Fine Science Tools, 15024-10) and Extra Fine Graefe 

Forceps (Fine Science Tools, 11153-10), the muscles over the laminae at T8-T10 were cleared 

to expose the foramen, where the modified clamps of the Impactor stabilization platform are to 

be placed. While holding the T8 vertebral body, the T9 lamina was cut and taken off with the 

spring scissors, exposing the spinal cord. Finally, using fine tipped forceps (Fine Science Tools, 

11255-20), the dura was removed and the animal was mounted in the stabilization platform, 

preceding the contusion injury. 

Inclusion criteria considered injury displacements between 550 and 750 µm (moderate to 

severe lesion). The mean applied force and tissue displacement for each experimental group 

are shown in Figure 16 and Figure 28 in Chapter II. There were no differences in injury 

parameters between experimental groups.  

After SCI, the muscle and skin were closed with 4.0 polyglycolic absorbable sutures (Safil, 

G1048213). In control uninjured mice (sham), the wound was closed and sutured after the T9 

laminectomy and the spinal cord was not touched. Animals were injected with saline (0.5 ml) 
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subcutaneously (sq) and then placed into warmed cages (35°C) until they recovered from 

anaesthesia and for the following recovery period (three days). To prevent dehydration mice 

were supplemented daily with saline (0.5 ml, sq) for the first 5 dpi. Bladders were manually 

voided twice daily for the duration of experiments. Body weight was monitored weekly. 

 

4.4. Drug treatment 

The senolytic drug ABT-263 (Navitoclax), a specific inhibitor of anti-apoptotic proteins BCL-

2 and BCL-xL, was used to pharmacologically deplete senescent cells. ABT-263 (Selleckchem, 

S1001, 50 mg/kg/day) or vehicle (Corn oil, Sigma, C8267) were administered by oral gavage, 

as described previously (Chang et al., 2016), for 10 consecutive days starting at 5 dpi until 14 

dpi. After spinal cord injuries, mice were randomly assigned to each group for each 

experimental endpoint, 15 dpi (n = 10), 30 dpi (n = 14) and 60 dpi (n = 13). Within the same 

cage, animals received different treatments to exclude specific environmental cage input. 

Experimenters were blinded for the whole duration of the study by coding the treatment. 

Ganciclovir (GCV) was used to genetically ablate p16INK4a+ senescent cells in the p16-3MR 

model. GCV (Sigma, G2536, 25 mg/kg/day) was administered by IPi for 25 consecutive days 

starting at 5 dpi and finishing at 29 dpi. Control mice received PBS for the same period of time. 

In total, the experiment comprised four different experimental groups: GCV-treated p16-3MR 

mice, PBS-treated p16-3MR mice, GCV-treated wt mice and PBS-treated wt mice. After spinal 

cord injuries, mice were randomly assigned to each group (n = 23) for the experimental 

endpoint (30 dpi). Within the same cage, animals have received different treatments to exclude 

specific environmental cage input. Experimenters were blinded for the whole duration of the 

study by coding the treatment. 
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4.5. Behaviour assessment 

Basso Mouse Scale (BMS). Two weeks before the beginning of the study, mice were habituated 

to the open-field arena to decrease anxiety and distress. Locomotor behaviour (BMS scores 

and subscores) was assessed at 0 (baseline), 1, 3, 5, 7, 10, 12, 15, 21, 30, 45 and 60 dpi. On the 

day of the behavioural test, two investigators, blind to treatment, assessed mouse hind limb 

function and locomotion using the BMS scoring system (Basso et al., 2006). This test relies on 

two independent observers to identify, during four minutes, visually perceptible attributes of 

locomotor recovery, namely plantar stepping, weight support, limb coordination, paw 

positioning and trunk stability. These observations are then translated into a ranked scale based 

on the frequency of such attributes. Definitions of scoring, subscoring parameters and featuring 

criteria are described in Table 3, 4 and 5, respectively. 

 

Score Definition 

0 No ankle movement 

1 Slight ankle movement 

2 Extensive ankle movement 

3 
Plantar placing of the paw with or without weight support -OR- 

Occasional, frequent or consistent dorsal stepping but no plantar stepping 

4 Occasional plantar stepping 

5 
Frequent or consistent plantar stepping, no coordination -OR-  

Frequent or consistent plantar stepping, some coordination, paws rotated at initial contact and lift off (R/R) 

6 
Frequent or consistent plantar stepping, some coordination, paws parallel at initial contact (P/R, P/P) -OR-  

Frequent or consistent plantar stepping, mostly coordinated, paws rotated at initial contact and lift off (R/R) 

7 

Frequent or consistent plantar stepping, mostly coordinated, paws parallel at initial contact and rotated at lift off (P/R) 

-OR-  

Frequent or consistent plantar stepping, mostly coordinated, paws parallel at initial contact and lift off (P/P), and 

severe trunk instability 

8 

Frequent or consistent plantar stepping, mostly coordinated, paws parallel at initial contact and lift off (P/P), and mild 

trunk instability -OR-  

Frequent or consistent plantar stepping, mostly coordinated, paws parallel at initial contact and lift off (P/P), and 

normal trunk stability and tail down or up & down 

9 
Frequent or consistent plantar stepping, mostly coordinated, paws parallel at initial contact and lift off (P/P), and 

normal trunk stability and tail always up 

Table 3. BMS scoring definitions (from Basso et al., 2006). 
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Feature Scoring 

Plantar stepping Frequent = 0; Consistent =1 (scored for each paw) 

Coordination None = 0; Some = 1; Most = 2 

Paw Position Rotated thru out = 0; Parallel and rotated = 1; Parallel thru out = 2 (scored for each paw) 

Trunk stability Severe = 0; Mild = 1; Normal = 2 

Tail position Down = 0; Up & Down = 0; Up = 1 

Table 4. BMS subscoring parameters (adapted from Basso et al., 2006). 

 

Criteria Definition 

Slight Moves less than half of the ankle joint excursion 

Extensive Moves more than half of the ankle joint excursion 

Plantar placing Paw is actively placed with both the thumb and the last toe of the paw touching the ground 

Weight support 
(dorsal or plantar): The hindquarters must be elevated enough that the hind end near the base of the tail 

is raised off of the surface and the knees do not touch the ground during the step cycle 

Stepping 
(dorsal or plantar): Weight support at lift off, forward limb advancement and re-establishment of weight 

support at initial contact 

Occasional Stepping less than or equal to half of the time moving forward 

Frequent Stepping more than half the time moving forward 

Consistent 
Plantar stepping all of the time moving forward with less than 5 missed steps (due to medial placement 

at initial contact, butt down, knee down, skiing, scoliosis, spasms or dragging) or dorsal steps 

Coordination 

For every forelimb step a hindlimb step is taken and the hindlimbs alternate during an assessable pass. 

For a pass to be assessable, a mouse must move at a consistent speed and a distance of at least 3 body 

lengths. Short or halting bouts are not assessable for coordination. At least 3 assessable passes must 

occur in order to evaluate coordination. If less than 3 passes occur then the mouse is scored as having no 

coordination 

Some coordination Of all assessable passes (a minimum of 3), most of them are not coordinated 

Most coordination Of all assessable passes (a minimum of 3), most of them are coordinated 

Paw position 
Digits of the paw are parallel to the body (P), turned out away from the body (external rotation: E) or 

turned inward toward midline (internal rotation; I) 

Severe trunk 

instability 

Severe trunk instability occurs in two ways: 

(1) The hindquarters show severe postural deficits such as extreme lean, pronounced waddle and/or near 

collapse of the hindquarters predominantly during the test. 

-OR- 

(2) Five or more of any of the following events stop stepping of one or both hindlimbs: 

• Haunch hit: the side of hindquarters rapidly contacts the ground 

• Spasms: sustained muscle contraction of the hindlimb which appears to immobilize the limb in a flexed 

or extended position 

• Scoliosis: lateral deviation of the spinal column to appear “C” shaped instead of straight 

Mild trunk instability 

Less than 5 events listed above and some sway in the hindquarters. Mild trunk instability is scored when 

the pelvis and haunches predominantly dip, rock, or tilt from side-to-side (tilt). If the tail is up, the 

swaying of the pelvis and/or haunches produces side-to-side movements of the distal third of the tail 

which also indicates mild trunk instability (side tail) 

Normal trunk stability 
No lean or sway of the trunk, and the distal third of the tail is steady and unwavering during locomotion. 

No severe postural deficits or events and less than 5 instances of mild instability 

Table 5. BMS scoring criteria (from Basso et al., 2006). 

 

Horizontal Ladder (HL). On the previous week before SCI, mice were trained to walk along a 

HL as previously described (Cummings et al., 2007). This task requires mice to walk across a 
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HL that consists of a 60 cm length x 8 cm width transparent corridor with rungs spaced 1 cm 

apart. A mirror was placed underneath the ladder and mice were video-recorded from the side 

view to be able to see paw placement on the rung in the mirror. Each rung was posteriorly 

analysed, frame-by-frame. Home cage bedding and/or treat-pellets were placed at the end to 

stimulate motivation. Ideally, each mouse was able to perform at least three successful trials 

along the ladder. The three best attempts were scored. For a trial to be illegible, the mouse must 

exhibit active step cycling over 50% of total distance. Baseline data were assessed 1 day before 

SCI. Mice were tested on the HL at 15, 30 and 60 dpi. A paw falling below the rungs of the 

ladder during a step in the forward direction was counted as one mistake. The total number of 

mistakes was averaged across the three trials per mouse and quantified as mistakes per 

centimetre. The total number of positive and negative events for each paw in each rung were 

also quantified and are divided as singular positive events (plantar step, toe step and skip) or 

singular negative events (slip, miss and drag). If the mouse stops while crossing, the previous 

and following events (1 event = 1 rung) are not scored. The definitions of each type of event 

are described in Table 5. 

 

Event Definition 

Plantar step 

The plantar surface of the hind paw makes initial contact with the rung. Toes are visible. 

The paw does not need to fully grasp the rung but is kept above the horizontal plane of 

the rung in the direction of forward movement throughout an active step cycle 

Toe step 

Toes make contact with the rung and are not visible. The hind paw is kept above the 

horizontal plane of the rung in the direction of forward movement throughout an active 

step cycle 

Skip The hind paw skips (no contact) over the rung during a normal active step cycle 

Slip 
Initial contact (plantar or toe) with the rung is visualized but the hind paw then drops 

below the horizontal plane of the rung due to loss of balance. 

Miss 

The hind paw falls below the horizontal plane between two rungs without touching them. 

A step cycle was attempted but no contact with the rungs was made. The rung scored as 

a Miss is the first of the two rungs. 

Drag 
The dorsal surface of the hind paw contacts the rung. Usually follows a slip or a miss. 

Also, when the limb is in spasm while moving. 

Table 5. Operational definitions of positive (green) and negative (red) events observed during HL crossing 

(adapted from Cummings et al., 2007).  
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Hot/Cold Incremental Plate. Each mouse was placed into the observation chamber of the 

IITC’s Incremental Hot Cold Plate (IITC Inc. Life Science) with a starting temperature of 37°C, 

as previously described (Yalcin et al., 2009). The plate was then either heated up to 49°C or 

cooled down to 0°C at a rate of 6°C per minute until the animal showed nocifensive behaviour 

involving either hindpaw. The typical response was hindpaw licking, shaking and lifting of the 

paw, jumping and extensor spasm. The plate temperature evoking any of these nocifensive 

reactions confined to any paw was regarded as the noxious heat/cold threshold of the animal. 

Following the recording of the threshold temperature, the animal was immediately removed 

from the plate. The threshold measurement was repeated after 30 min and the mean of the two 

thresholds was considered as the control noxious heat/cold threshold of the animal. Animals 

were tested in the Hot/Cold Incremental Plate at 30 and 60 dpi. 

 

Bladder function. Bladder function was assessed everyday by attributing a gross score to the 

amount of urine retained. Bladders were voided twice a day and the time of day of each 

collection was maintained constant throughout the experiment to avoid interference in the 

results from environmental factors. Bladder function scoring system is described is Table 6. 

 

Score Designation 
Amount of urine 

collected (drops) 

0 empty 0 

1 small < 3 

2 medium 3-6 

3 large >6 

Table 6. Scoring system criteria to assess bladder function. 

 

4.6. Tissue Processing 

Mice were anesthetized with ketamine/xylazine mix (120 mg/kg + 16 mg/kg, ip) and then 

transcardially perfused with 0.9% NaCl followed by 4% PFA. Post-mortem anatomical 
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assessment of the T9 was confirmed to ensure correct thoracic contusion. Spinal cords were 

removed, post-fixed in 4% PFA for 2h and then incubated ON with SA-β-gal staining solution 

(see 2.). Like in zebrafish, mouse spinal cords were cryoprotected in 30% sucrose/0.12 M PB 

for a minimum of 72h at 4°C or until the tissue sinks to the bottom of the vial, followed by 

another embedding in 7.5% gelatin (Sigma, G6144)/15% sucrose/0.12 M PB and subsequently 

frozen. However, mouse spinal cords were divided in two segments: a thoracic segment centred 

on the impact site and a lumbar-sacral segment immediately following the thirteenth thoracic 

vertebra (T13). Both segments measured 1 cm in length. Tissue sections were cut in series 

either transversally (10 μm thick, 10 slides per series) or longitudinally (10 μm thick, 6 slides 

per series) using a Cryostat LEICA CM 3050S. For each time-point, samples were distributed 

as equally as possible in cuts along the coronal (rostral-caudal) axis and horizontal (dorsal-

ventral) axis. Slides were stored at -20°C until needed. One series was counterstained with 

eosin for SA-β-gal quantifications. Every block, as well as every slide, was coded until the end 

of each analysis. 

Liver and spleen were also dissected, weighted and post-fixed in formaldehyde until processed 

for histology (for details see 4.13.).   

 

4.7. Quantification of SA-β-gal+ cells after SCI (Senescence profile characterization) 

To characterize the senescence profile in mouse after SCI, SA-β-gal+ cells were quantified and 

averaged across 8 longitudinal sections imaged at the lesion periphery (from 0.5 to 2.5 mm 

laterally to the injury, rostral and caudal) around the center canal. A 0.5 mm interval was 

established between the lesion border and the beginning of the quantification regions. SA-β-

gal+ cells were quantified in the gray matter but not in the white matter. Quantifications were 

performed at 3, 7, 15, 30 and 60 dpi and, in each section, the number of SA-β-gal+ cells counted 
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was normalized to the total area of grey matter analyzed. Rostral and caudal quantifications 

were grouped together and presented as SA-β-gal+ cells/mm2 at the lateral side of the injury. In 

control laminectomized (sham) mice, SA-β-gal+ cells were quantified in the same regions. 

 

4.8. Quantification of SA-β-gal+ cells after ABT-263 administration 

The ABT-263 senolytic effect after SCI was evaluated by quantifying and averaging the 

number of SA-β-gal+ cells in 5 transversal sections imaged at the lesion periphery (from 0.5 to 

2.5 mm rostrally or caudally to the lesion) at 15, 30 and 60 dpi. A 0.5 mm interval was 

established between the lesion border and the beginning of the quantification regions. In this 

assessment, a distinction was made between rostral and caudal quantifications. Additionally, 

10 transversal sections (spaced 1 mm apart) were quantified and averaged at the lumbar-sacral 

region. SA-β-gal+ cells were quantified in the gray matter but not in the white matter. In these 

quantifications, as in each section we were looking at the whole dorsal-ventral spinal area, SA-

β-gal+ cells were counted per section and not normalized to the total area like in the senescence 

profile characterization (see 3.4. and 4.7.).  

 

4.9. White Matter Sparing 

One set of sections spaced 0.1 mm apart and spanning the entire block was thawed, washed in 

PBS at 37°C and stained with FluoroMyelinTM Green (1:300, ThermoFisher Scientific, 

F34651) in PBS/0.1% Triton X-100 for 1 hour. The slides were washed in PBS and mounted 

in Mowiol medium. The percentage of cross-sectional area (% CSA) with spared myelin was 

calculated by measuring the area of stained myelin in FIJI and normalizing it to the total cross-

sectional area in each section. % CSA was quantified along 4 mm (2 mm rostral and 2 mm 
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caudal) around the lesion epicenter, which was identified as the section with the smallest % 

CSA.  

 

4.10. Fibrotic Scar  

A distinct set of sections was stained with anti-PDGFRβ and anti-GFAP (glial fibrillary acidic 

protein) in order to identify the fibrotic scar area and border (see protocol details in 5.). The 

percentage of fibrotic scar area at lesion epicenter was calculated by outlining the PDGFRβ+ 

area and normalizing it to the total cross-sectional area. Measurements were performed using 

FIJI tools. Using the set of sections stained for PDGFRβ and GFAP, the rostral and caudal 

extents of PDGFRβ+ fibrosis were determined for each lesion, and total lesion length was 

calculated by multiplying the number of sections containing fibrotic tissue by the distance 

between each section (0.1 mm). 

 

4.11. Inflammation  

Spinal sections 0.1 mm apart extending from 1 mm rostral to 1 mm caudal to the lesion 

epicenter were stained for the pan macrophage marker F4/80 and the M2-phenotype specific 

marker CD206. Due to the fact that macrophages are difficult to be individually distinguished 

within the central lesion core, the measurements of F4/80+ and CD206+ cells were expressed 

as a percentage of the total cross-sectional area. The areas of F4/80+ and CD206+ staining were 

measured using a custom-made macro in FIJI that, after manually setting a threshold value, 

calculated the F4/80+ and CD206+ areas and normalized them to the total cross-sectional area. 
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4.12. Axonal Preservation 

GAP43+ axons were counted based on previously described methods (Almutiri et al., 2018; 

Hata et al., 2006). Quantifications of GAP43+ fibers were performed in 3 longitudinal spinal 

sections of the dorsal horn region using a custom-made macro in FIJI that, after manually 

establishing a threshold value and defining the lesion epicenter, determined the number of 

positive fibers from 4 mm rostral to 4 mm caudal to the lesion site and normalized it to the 

tissue length covered in each measurement. Axon number was calculated as a percentage 

towards the ratio (fibers/mm) obtained 4 mm above the lesion, where the spinal tracts were 

intact. 

 

4.13. Peripheral drug effects (Liver and Spleen) 

To check for peripheral drug effects, the liver and the spleen were also collected from every 

mouse. Each organ was weighed upon dissection and post-fixed in formaldehyde until 

processed for histology. Organ weight was normalized to total body weight before sacrifice. 

Livers and spleens were embedded in paraffin and 10 µm-thick sections were obtained using a 

microtome (Leica RM2245). A histopathological analysis was blindly performed by an 

anatomopathologist that searched for markers of cellular damage in the liver (inflammation, 

necrosis and lipidosis) and the spleen (lymphoid hyperplasia, hemosiderosis). A score from 0 

to 5 (0 = no damage; 5 = maximum damage) was attributed to each sample depending on the 

amount of cellular damage markers visualized. 

 

5. Immunohistochemistry 

To perform immunostaining in sections, the gelatin was removed from the cryosections using 

PBS heated to 37°C (4 x 5 min washes). After incubation with blocking solution for 2h at RT, 
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the sections were incubated ON with primary antibody solution at 4°C. Sections were then 

washed in PBS/0.1% Triton X-100 and incubated with the secondary antibody (1:500) and 1 

mg ml-1 DAPI (Sigma, D9564) for 2h at RT. Due to the fact that the immunostainings were all 

performed on top of previously SA-β-gal-stained sections, each protocol had to be fine-tuned 

in order to obtain a proper antibody incorporation. In most cases, this required a stronger 

permeabilization with higher Triton X-100 concentrations. Details on blocking solutions, 

primary and secondary antibodies used are described in Table 7 and 8. After incubation with 

the secondary antibodies, the sections were washed in PBS and mounted in Mowiol mounting 

medium.  

 

Antigen Host Dilution Retrieval Blocking Solution Source/Reference 

HuC/D Mouse 1:500 - 
1% bovine albumin 

serum/0.1% Tx in PBS 
Life Technologies/A21271 

p21 Rabbit 1:100 - 
1% bovine albumin serum/1% 

DMSO/0.3% Tx in PBS 
Santa Cruz/C-397 

γ-H2AX Rabbit 1:500 - 
1% bovine albumin serum/1% 

DMSO/0.3% Tx in PBS 

Novus Biologicals/NB100-

384 

p16 Rabbit 1:50 - 
1% bovine albumin serum/1% 

DMSO/0.3% Tx in PBS 
ProteIntech/10883-1-AP 

NeuN Rabbit 1:100 - 
5% bovine albumin 

serum/0.3% Tx in PBS 
ProteIntech/26975-1-AP 

GFAP Rat 1:400 - 
5% goat serum/0.5% Tx in 

PBS 

ThermoFisher 

Scientific/13-0300 

PDGFRβ Rabbit 1:200 - 
5% goat serum/0.5% Tx in 

PBS 
Abcam/ab32570 

F4/80 Rat 1:100 - 
5% bovine albumin 

serum/0.3% Tx in PBS 
Abcam/ab6640 

CD206 Goat 1:50 - 
5% bovine albumin 

serum/0.3% Tx in PBS 
R&D Systems/AF2535 

GAP43 Rabbit 1:500 
Sodium Citrate 

Buffer pH 6.0 

5% goat serum/0.3% Tx in 

PBS 

Novus Biologicals/NB300-

143 

Table 7. List of primary antibodies. 
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Specificity Host Fluorophore Source/Reference 

Rabbit Goat Alexa Fluor 488 ThermoFisher Scientific/A11008 

Rabbit Goat Alexa Fluor 568 ThermoFisher Scientific/A11011 

Mouse Goat Alexa Fluor 594 ThermoFisher Scientific/A11005 

Rat Goat Alexa Fluor 488 ThermoFisher Scientific/A11006 

Goat Donkey Alexa Fluor 568 ThermoFisher Scientific/A11057 

Table 8. List of secondary antibodies. 

 

6. Imaging 

The colorimetric images of SA-β-gal-stained sections were acquired using a NanoZoomer-SQ 

digital slide scanner (Hamamatsu) or a Leica DM2500 brightfield microscope with HC PL 

FLUOTAR 20x / 0.5 Dry objective. Immunostained sections were imaged using an Axio 

Observer motorized widefield fluorescence microscope or a Cell Observer SD confocal 

microscope with Plan-Apochromat 20x / 0.80 Dry objectives. F4/80- and GAP43-stained 

immunosections were imaged using a ZEISS Axio Scan.Z1. Each image is a maximum 

intensity projection of a z-stack acquired from the 10/12 µm cryosection. The processing of 

acquired images was performed using NDP.view2 or Zeiss ZEN 2 (blue edition) and the image 

analysis software FIJI (Schindelin et al., 2012). Adobe ILLUSTRATOR was used for assembly 

of figures. 

 

7. Data Analysis 

GraphPad Prism was used for data visualization and SigmaPlot 14 for statistical analysis. The 

senescence profile after SCI was analysed using a one-way ANOVA followed by a 

Bonferroni’s post hoc test (zebrafish) or a non-parametric Kruskal-Wallis one-way ANOVA 

test (mouse). BMS and Bladder Score data were analysed using a two-way repeated-measures 

ANOVA, followed by a Bonferroni’s post hoc test. HL, Incremental Plate, Fibrotic Area, White 
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Matter Sparing, Inflammation and Axonal Preservation data were analysed using a normal two-

way ANOVA, followed by a Bonferroni’s post hoc test. All data were expressed as mean ± 

SEM, with statistical significance determined at p-values<0.05. 
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CHAPTER I - DISTINCT SENESCENT PROFILES BETWEEN 

ZEBRAFISH AND MOUSE UPON SPINAL CORD INJURY 
 

 

 

 

 

 

 

 

 

Part of the content of the following section is contained in the manuscript “Depletion of 

senescent cells improves functional recovery after spinal cord injury” (submitted). 
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ABSTRACT 

 

Senescence is a multifaced cellular phenomenon that comprises an irreversible cell cycle arrest 

combined with highly metabolic and pronounced secretory activities. While classically 

associated with aging, senescent cells (SCs) have been recently demonstrated to play a 

functional role in embryonic development, reprogramming and tissue repair. Interestingly, 

whether senescence is beneficial or harmful in a given context, seems to be closely related to 

the time during which senescent cells are active.  

Here, we describe for the first time the presence of SCs in the spinal cord of two models with 

opposite regenerative outcomes – the zebrafish and the mouse. These cells have been identified 

as neurons and exhibit senescence hallmarks such as enlarged morphology and co-expression 

of senescence-associated β-galactosidase (SA-β-gal), cell cycle inhibitors p16INK4a and p21CIP1, 

and the DNA damage marker γH2AX. Strikingly, upon a spinal cord injury (SCI), SCs are 

induced at the lesion periphery where they accumulate over time. However, while in the 

zebrafish there is a transient burst of SCs which are then cleared out, in the mouse these cells 

persist over time and are never eliminated. Curiously, we have detected the presence of SA-β-

gal+ cells in the spinal cord during zebrafish development and a similar transient profile was 

also observed after SCI in zebrafish larvae. 

Our results reveal two clearly distinct senescence profiles in an injured spinal cord, a transient 

profile observed in regenerating zebrafish and a persistent one observed in non-regenerating 

mice. 

 

Keywords: senescence, spinal cord injury, induced-senescent cells, zebrafish, mouse 
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INTRODUCTION 

 

Senescence is a cellular concept traditionally seen as an irreversible cell-cycle arrest response 

related to aging (Gorgoulis et al., 2019; Herranz & Gil, 2018; van Deursen, 2014). Studies in 

recent years changed the way we perceive cellular senescence, placing it at the center of tissue 

remodeling in disease settings by limiting fibrosis, namely in wound healing (Demaria et al., 

2014; Jun & Lau, 2010), damaged livers (Kong et al., 2012; Krizhanovsky et al., 2008) and 

infarcted hearts (Meyer et al., 2016). In regenerative models, such as salamander limbs, 

zebrafish hearts and fins and neonatal mouse hearts, a burst of transient senescent cells (SCs) 

was shown to be induced after an injury (Da Silva-Álvarez et al., 2019; Sarig et al., 2019; Yun 

et al., 2015). These cells were shown to be efficiently cleared from the tissues as regeneration 

progressed possibly by macrophages (Yun et al., 2015). Remarkably, if this initial senescence 

is eliminated, zebrafish fin regeneration is impaired (Da Silva-Álvarez et al., 2019), suggesting 

that a transient accumulation of SCs appears to have beneficial functions. Persistent 

senescence, on the other hand, is detrimental for tissue and organ function in ageing and aged-

related diseases, such as atherosclerosis, osteoporosis, diabetes and neurodegeneration 

(Calcinotto et al., 2019). Key to their various roles is the fact that SCs secrete a plethora of 

factors known as senescence-associated secretory phenotype (SASP), which were shown to 

modulate the tissue microenvironment (Acosta et al., 2013; Calcinotto et al., 2019). 

Spinal cord injury (SCI) is a complex pathological condition that results in permanent 

functional deficits that have devasting consequences for the lives of affected individuals 

(Courtine & Sofroniew, 2019). In mammals, the inability to regenerate spinal tissue and regrow 

axons after a SCI stems from multiple factors that altogether contribute to an inhibitory non-

supporting environment for repair (Kehr & Kaech, 2014; Oyinbo, 2011). On the other hand, 
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regenerating models, such as the zebrafish, can regenerate their spinal cord after injury and 

fully recover their locomotor function (Ghosh & Hui, 2018). Both mammalian and zebrafish 

models have been extensively used to investigate the cellular and molecular mechanisms 

underlying SCI (Vajn et al., 2013). Accumulating evidence advocates for the existence of key 

environmental differences between mammals and zebrafish that, in the case of the latter, are 

extremely more favorable for axonal regeneration. Though our knowledge of SCI features and 

mechanisms has advanced significantly over the past decades, there is still a lack of therapeutic 

options with meaningful clinical impact (Courtine & Sofroniew, 2019). This suggests that there 

might be other intrinsic or extrinsic determinants of SCI which are still unknown to us.  

Here, we investigated the presence of a new cellular player in SCI – SCs, which are known 

microenvironment modulators and have been shown to respond to injury in other systems (Yun, 

2018). Our data has revealed the presence of SCs in both zebrafish and mammalian spinal 

cords. Upon injury, these cells are induced at the lesion periphery and accumulate over time. 

However, while in the zebrafish this accumulation is transient, in the mouse it chronically 

persists. These results implicate a novel and unexpected player in SCI which may have a major 

contribution to the functional outcome of this condition. 
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RESULTS 

 

1. The Zebrafish 

1.1. SA-β-gal+ cells are present in the zebrafish spinal cord 

At the beginning of this project, the presence of senescent cells (SCs) in the spinal cord was 

still unknown. We were prompted to investigate the existence of SCs in the zebrafish spinal 

cord after the publication of a study reporting an unexpected turnover of these cells during the 

regeneration process of an amputated limb in the salamander (Yun et al., 2015). 

First, we tested if we could detect SCs in the zebrafish spinal cord, and for that we used the 

gold standard method to identify SCs – the senescence-associated β-galactosidase (SA-β-gal) 

assay (Itahana et al., 2007). This technique takes advantage of the fact that SCs display a β-gal 

activity that is histochemically detectable at pH 6.0 by using the artificial substrate X-gal, 

which results in the formation of a blue precipitate (Dimri et al., 1995). Although SA-β-gal 

staining protocols are standardized, minor adaptations are usually required depending on 

factors such as tissue isolation, fixation or the type of tissue being stained. For staining in whole 

mount tissues, glutaraldehyde (0.5%) is typically the preferred fixating agent. In our hands, 

glutaraldehyde generated a very clean SA-β-gal staining, but tissue integrity became greatly 

compromised (Figure 1A-A’). In fact, the spinal cord is a soft and fragile tissue and usually 

requires a stronger fixation agent, like 4% paraformaldehyde (PFA), to ensure tissue cohesion 

after isolation (i.e. vertebrae removal). Indeed, with 4% PFA, we were able to maintain spinal 

cord integrity while guaranteeing a clear, albeit less clean (some staining is trapped in the white 

matter), SA-β-gal staining (Figure 1B-B’). Therefore, we decided that 4% PFA would offer 

the best compromise between staining quality and tissue integrity. 
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Figure 1. SA-β-gal staining optimizations. Longitudinal sections of SA-β-gal-stained (blue) zebrafish spinal 

cords that were submitted to two different fixation agents – (A-A’) 0.5% Glutaraldehyde and (B-B’) 4% PFA. An 

eosin (pink) counterstaining was performed after cryosectioning. (C) Schematic representation of the sectional 

plane (in blue). Spinal cords were sectioned longitudinally from dorsal to ventral. Scale bars: 50 µm. 

 

1.2. There is a transient accumulation of SA-β-gal+ cells after a zebrafish spinal cord 

injury 

Besides the salamander limb, a transient senescent profile was recently described in the 

regenerating heart and caudal fin of the zebrafish (Da Silva-Álvarez et al., 2019; Sarig et al., 

2019). In this project, we questioned if a similar profile could be induced after a spinal cord 

injury.  

In the regenerative zebrafish, SA-β-gal+ cells were found mainly in the spinal cord gray matter 

and accumulated laterally to the injury site (Figure 2A). Remarkably, when comparing to 

uninjured (Sham) animals, these cells were induced at the lesion periphery (Figure 2B), 

reaching a peak at 15 days post-injury (dpi) and then returning to basal levels at 60 dpi (Figure 

2C).  
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Figure 2. Turnover of SA-β-gal+ cells after a spinal cord injury in zebrafish. (A) SA-β-gal+ cells (blue) were 

detected around the lesion site (LS). An eosin counterstaining (pink) was performed after cryosectioning. SA-β-

gal+ cells were (B) detected and (C) quantified in mouse laminectomized (sham) and injured spinal cords at 

different time-points (3, 7, 15, 30 and 60 days-post-injury, dpi). n = 5-9. Cells were quantified at the lesion 

periphery along 2.0 mm in longitudinal sections. A 0.5 mm interval (red dashed zone) was established between 

the lesion border and the beginning of the quantification region. SA-β-gal+ cells were quantified along the whole 

ventral horn region only in the gray matter (GM) and not in the white matter (WM). Data are presented as mean 

± SEM. **p<0.01, ***p<0.001, versus Sham. ##p<0.01, versus 30 dpi. Scale bars: 100 µm. 

 

1.3. In the zebrafish spinal cord, SA-β-gal+ cells co-express other senescence biomarkers 

One major bottleneck in the senescence field is the absence of exclusively specific senescent 

hallmarks (Calcinotto et al., 2019). Thus, it is necessary to identify more than one 
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characterizing feature in order to define a SC. SCs are typically characterized by increased size, 

absence of proliferation markers and expression of cell cycle inhibitors like p16INK4a and 

p21CIP1 (Narita et al., 2003). In zebrafish, characterizing SCs stands a particularly difficult task 

as this model lacks a bona fide cdkn2a gene locus, which encodes for p16INK4a, one of the most 

reliable senescent biomarkers currently known (Alcorta et al., 1996; Sharpless, 2005; Shim et 

al., 2017).  

We verified that the majority of SA-β-gal+ cells indeed exhibited an enlarged morphology 

compared to SA-β-gal- cells (Figure 3). We confirmed by immunofluorescence that SA-β-gal+ 

cells were devoid of the proliferation marker BrdU, which is expressed mainly in the 

ependymal progenitors surrounding the center canal (Figure 3A). Finally, SA-β-gal+ cells also 

co-localized with the cell-cycle regulator p21CIP1, thus validating their senescent nature (Figure 

3B). Noteworthy, p21CIP1 was not expressed in every SA-β-gal+ cell, for which there two 

possible explanations: a) unlike p16INK4a, p21CIP1 upregulation during the senescence program 

is usually transient and therefore its expression may not always be detected (Shtutman et al., 

2017; Stein et al., 1999); b) given the nature of the SA-β-gal staining, a stronger precipitate 

formation may sometimes prevent a good antibody incorporation during immunofluorescence 

protocols.  

We also tested for co-localization with the DNA damage marker γ-H2AX, but were unable to 

verify its expression in SA-β-gal+ cells. Whether this was due to SA-β-gal staining preventing 

γ-H2AX incorporation or the fact that this senescence response is not mediated by a DDR, we 

do not know. 
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Figure 3. Co-localization of SA-β-gal with other senescence biomarkers in the zebrafish spinal cord. (A) In 

zebrafish, no co-localization was found between SA-β-gal (black) and the proliferation marker BrdU (red). (B) 

SA-β-gal+ cells co-localized with the senescence biomarker p21CIP1 (red). Images were taken at 15 days post-

injury. White arrows point to representative examples of co-localization. Scale bars: 100 µm. 

 

1.4. SA-β-gal+ cells in the zebrafish spinal cord are mostly neurons 

The next step was to identify which cell types compose the SA-β-gal+ population. To do this, 

we tested for co-localization with some cell type-specific markers, namely the neuronal marker 

HuC/D (Figure 4A), the glial marker GFAP (Figure 4B) and the ependymal progenitor marker 

foxj1a (Figure 4C). Strikingly, in the injured spinal cord, 83.3% to 89.1% of SA-β-gal+ cells 

co-localized with HuC/D at all time-points analyzed during the regenerating period (Figure 

4D). Interestingly, when we quantified the percentage of total HuC/D+ neurons that were also 

SA-β-gal+, we verified a similar turnover profile to that of SA-β-gal+ cells observed previously 

(Figure 4E). Curiously, we found no colocalization of SA-β-gal with GFAP or foxj1a. Though 

our results indicate that the majority of SCs in the zebrafish injured spinal cord are neurons, 

the remaining percentage of SA-β-gal+ cells remains unidentified.  
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Figure 4. Identification of SA-β-gal+ cells in the zebrafish spinal cord. In zebrafish, SA-β-gal+ cells (black) 

co-localized with the (A) neuronal marker HuC/D (red). No co-localization was found with the (B) pan-glial 

marker GFAP or the (C) ependymal cell marker foxj1a. Representative images were taken at 15 days post-injury 

(dpi). The percentages of (D) total SA-β-gal+ cells that are HuC/D+ and of (E) total HuC/D+ neurons that are SA-

β-gal+ were calculated in uninjured (Sham) zebrafish and at 3, 7, 15 and 60 dpi. n = 2. Scale bars: 100 µm. 

 

1.5. A turnover of SA-β-gal activity is also detected after spinal cord injury in zebrafish 

larvae 

Zebrafish larvae can fully regenerate their transected spinal cord and recover their locomotor 

function after 6 dpi (Chapela et al., 2019). To evaluate if senescence is also involved in larval 
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spinal cord regeneration, we performed a complete spinal cord transection at the level of the 

anal pore in 5 days post-fertilization (dpf) larvae. SA-β-gal staining was performed in uninjured 

(Sham), as well as 1, 2, 3 and 4 dpi animals. We found that, much like in the adult zebrafish, a 

transient SA-β-gal+ staining occurs at the lesion site in zebrafish larvae, which peaks at 1 dpi 

and disappears by 4 dpi (Figure 5A-E). This was further confirmed by staining analysis after 

cryosectioning (Figure 5A’-D’). 

 

 

Figure 5. SA-β-gal staining profile after zebrafish larval spinal cord injury. SA-β-gal staining was performed 

and evaluated in (A) uninjured (Sham) and injured zebrafish larvae at (B) 1, (C) 2, (D) 3 and (E) 4 days post-

injury (dpi). Black arrows point to the lesion site. (A’) Sham, (B’) 1 dpi and (D’) 3 dpi larvae were cryosectioned 

and the presence of SA-β-gal+ staining was confirmed at the lesion area. An eosin (pink) counterstaining was 

performed after cryosectioning. Scale bars: 50 µm. 
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1.6. SA-β-gal+ cells are detected in several organs during zebrafish developmental larval 

stages 

Developmental senescence has been described in several model organisms, in which SCs seem 

to play a role in the fine-tuning of cell fate specification and tissue patterning (Rhinn et al., 

2019). In the zebrafish, SCs have been found in the yolk sac and the gut during embryonic 

development (Villiard et al., 2017). Given the interesting proposition that regeneration 

processes might be, to some extent, a recapitulation of conserved developmental mechanisms, 

we wondered if senescence could also be involved in the development of other zebrafish 

organs, namely the spinal cord. So, we performed SA-β-gal stainings at different embryonic 

and larval stages. At 3 (Figure 6A), 8 (Figure 6B), 24 (Figure 6C) and 48 (Figure 6D) hours 

post-fertilization (hpf), we detected no SA-β-gal activity under the stereoscope, except in the 

yolk sack. We do think, however, that this staining found in the yolk sac is non-specific. 

Notably, at the larval stage of 72 hpf, we found signs of SA-β-gal activity in the developing 

heart (Figure 6E). 

 

Figure 6. Senescence during zebrafish embryonic development. SA-β-gal staining was performed and 

evaluated in (A) 3, (B) 8 and (C) 24 hours post-fertilization (hpf) stage embryos, as well as (D) 48 and (E) 72 hpf 
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stage larvae. While the yolk sack trapped the SA-β-gal forming precipitate, no staining was visible until 48 hpf 

under the stereoscope. However, at 72 hpf, SA-β-gal+ staining was detected in the heart (black arrows). 

 

We cryosectioned 72 hpf larvae in order to assess SA-β-gal activity in more detail, confirming 

the the presence of SA-β-gal+ staining in the pericardial region (Figure 7A-A’’). Surprisingly, 

we also detected SA-β-gal activity in other locations, namely the brain (Figure 7B-B’), the 

spinal cord (Figure 7C-C’) and the ventral-posterior trunk region (Figure 7D-D’). In the brain, 

SA-β-gal staining was spotted in the ventricular zone and peripheral meninges (Figure 7E-

E’’), while in the spinal it was mainly found surrounding the center canal and blood vessels in 

the ventral region (Figure 7F-F’’). Data suggests that senescence is present in several organs 

during early larval development. 
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Figure 7. SA-β-gal staining is detected in different zebrafish organs at 72 hours post-fertilization. At 72 

hours post-fertilization, SA-β-gal staining was detected in the zebrafish (A-A’’) heart, (B-B’) brain, (C-C’) spinal 

cord and (D-D’) ventral-posterior region. (E-E’’) In the brain, SA-β-gal staining was spotted along blood vessels 

and tissue periphery. (F-F’’) In the spinal cord, SA-β-gal staining was present mainly in the floor plate. An eosin 

(pink) counterstaining was performed after cryosectioning. Scale bars: 50 µm. 
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2. The Mouse 

 

2.1. SA-β-gal+ cells accumulate and persist over time after a mouse spinal cord contusion 

injury 

After defining a transient senescent profile in the regenerating zebrafish, we asked what 

happens in a mammalian model that is unable to regenerate the spinal cord after a lesion. 

Curiously, the senescence profile in injured non-regenerating organs was never characterized. 

Therefore, we investigated the dynamics of senescence in a mouse spinal cord contusion injury 

model. We found that, in the mouse, SA-β-gal+ cells are also around the lesion site after an 

injury (Figure 8A). Of note, the same staining protocol generates much cleaner SA-β-gal+ 

precipitates in mice than those of the zebrafish (Figure 8B). In the scarring non-regenerative 

mouse, SA-β-gal+ cells were also detected mainly in the spinal cord grey matter of sham 

animals and induced at the lesion periphery upon injury (Figure 8C). However, in clear 

contrast to its regenerating counterpart, these SA-β-gal+ cells did not return to basal levels and 

instead accumulated over time (Figure 8D). 
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Figure 8. Persistent accumulation of SA-β-gal+ cells after a spinal cord injury in mouse. (A) SA-β-gal+ cells 

(blue) were detected around the lesion site (LS). An eosin counterstaining (pink) was performed after 

cryosectioning. (B) Representative section displaying a clean SA-β-gal staining forming a blue precipitate in the 

cytoplasm but not in the nucleus. SA-β-gal+ cells were (C) detected and (D) quantified in mouse laminectomized 

(sham) and injured spinal cords at different time-points (3, 7, 15, 30 and 60 days-post-injury, dpi). n = 4-7. Cells 

were quantified at the lesion periphery along 2.0 mm in longitudinal sections. A 0.5 mm interval (red dashed zone) 

was established between the lesion border and the beginning of the quantification region. SA-β-gal+ cells were 

quantified along the whole ventral horn region only in the gray matter (GM) and not in the white matter (WM). 

Data are presented as mean ± SEM. *p<0.05, **p<0.01, versus Sham. Scale bars: 100 µm. 

 

2.2. In the mouse spinal cord, SA-β-gal+ cells co-express other senescence biomarkers 

We confirmed by immunofluorescence that SA-β-gal+ cells co-localized with other senescence 

biomarkers, namely the cell-cycle regulator p16INK4a (Figure 9A) and the DNA damage marker 

γH2AX (Figure 9B), reinforcing the concept that these cells are indeed senescent. 
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Figure 9. Co-localization of SA-β-gal with other senescence biomarkers in the mouse spinal cord. In mouse, 

SA-β-gal+ cells (black) co-localized with the senescence biomarkers (A) p16 and (B) H2AX (green). Images 

were taken at 15 days post-injury. White arrows point to representative examples of co-localization. Scale bars: 

100 µm. 

 

2.3. SA-β-gal+ cells in the mouse spinal cord are mostly neurons 

To identify which cell types comprise the SA-β-gal+ population, we searched for co-

localization with the pan-neuronal marker NeuN (Figure 10A) and the glial marker GFAP 

(Figure 10B). While GFAP never co-localized with SA-β-gal, we discovered that in 

laminectomized (Sham) animals, 94.6% of SA-β-gal+ cells co-localized with NeuN (Figure 

10C). Accordingly, at all time-points analyzed after injury, the percentage of total SCs that are 

neurons (90.6-96.0%) remained statistically unchanged. When we quantified the percentage of 

total NeuN+ neurons that were also SA-β-gal+, we observed an accumulating profile that 

reached a total of 35.3% senescent neurons by 60 dpi (Figure 10D). 
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Figure 10. Identification of SA-β-gal+ cells in the mouse spinal cord.  In mouse, SA-β-gal+ cells (black) co-

localized with the (A) pan-neuronal marker NeuN (green). No co-localization was found with the (B) pan-glial 

marker GFAP. Representative images were taken at 15 dpi. The percentages of (C) total SA-β-gal+ cells that are 

NeuN+ and of (D) total NeuN+ neurons that are SA-β-gal+ were calculated in laminectomized (Sham) mice and at 

7, 15, 30 and 60 days post-injury (dpi). n = 2-4. Scale bars: 100 µm. 

 

2.4. Mice reach a locomotor recovery plateau after a spinal cord injury 

To correlate the senescent profile after a mouse spinal cord contusion injury with functional 

recovery, we also assessed locomotor behavior in the open field using the Basso Mouse Scale 

(BMS) (Basso et al., 2006) score and subscore at several time-points throughout the 

experiment. In our hands, in a moderate-to-severe (550-750 µm displacement, 75 Kdyne force) 

contusion injury model, C57BL/6J mice exhibited near complete to complete paralysis of the 

hind-limbs at 1 dpi and gradually recovered their locomotor function until reaching a plateau 

at around 21 dpi (Figure 11A-B). At 21 dpi, most injured mice were able to perform occasional 
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(BMS score of 4) or frequent stepping (BMS score of 5) in the open field, but their recovery 

became stagnant from that point onwards. To reach higher scores, mice would need to display 

features like consistent stepping, limb coordination, normal trunk stability, parallel paw 

placement and tail up, which are all subscoring parameters (for details, see Methods 4.5.). 

Laminectomized (Sham) C57BL/6J mice displayed normal BMS scores of 9 throughout the 

experiment.  

 

Figure 11. Locomotor recovery characterization of the C57BL/6J contusion injury model. Locomotor 

behavior of the C57BL/6J contusion injury model was characterized by assessing the (A) Basso Mouse Locomotor 

Scale (BMS) score and (B) subscore in an open field at different time-points (0, 1, 7, 15, 21, 30, 45 and 60 days 

post-injury). While laminectomized (Sham) control animals display a continuous maximum BMS score of 9, 

spinal cord injured (SCI) C57BL/6J mice exhibit expected BMS score values between 0 and 1 at 1 dpi and then 

gradually recover until reaching a plateau at around 21 dpi. n = 9-17. 

 

3. Zebrafish vs Mouse 

 

3.1. Different senescent cell dynamics are induced after spinal cord injury in zebrafish 

and in mouse 

Comparing both models, the two share one common main fact – SCs are induced at the lesion 

periphery upon an injury. However, while in the zebrafish these cells reach a peak at 15 dpi 
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and return to basal (Sham) levels by 60 dpi (Figure 12A), in the mouse SA-β-gal+ cells keep 

accumulating over time and are not cleared out (Figure 12B). These results reveal two clearly 

distinct senescence profiles in an injured spinal cord, a transient profile observed in 

regenerating zebrafish and a persistent one observed in non-regenerating mice. 

 

Figure 12. Distinct senescent profiles between zebrafish and mouse after a spinal cord injury. SA-β-gal+ 

cells (blue) were (A) detected around the lesion site (LS) and (B) quantified in non-injured (sham) and injured 

zebrafish spinal cords at different time-points (3, 7, 15, 30 and 60 days-post-injury, dpi). n = 5-9. Similarly, SA-

β-gal+ cells were (C) detected and (D) quantified in mouse laminectomized (sham) and injured spinal cords at the 

same time-points. n = 4-7. An eosin counterstaining (pink) was performed after cryosectioning. Cells were 

quantified at the lesion periphery along 2.0 mm in longitudinal sections. A 0.5 mm interval (red dashed zone) was 

established between the lesion border and the beginning of the quantification region. SA-β-gal+ cells were 

quantified along the whole ventral horn region only in the gray matter (GM) and not in the white matter (WM). 

Data are presented as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, versus Sham. ##p<0.01, versus 30 dpi. 

Scale bars: 100 µm. 
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3.2. Induced SA-β-gal+ neurons have distinct profiles between zebrafish and mouse 

Surprisingly, neuronal cells seem to equally dominate the SA-β-gal+ population in zebrafish 

and mouse injured spinal cords (Figure 13A-B). At 15 and 60 dpi, 87.8% to 96.0% of total 

SCs are neurons (HuC/D+ or NeuN+) (Figure 13C). Yet, both the percentages and dynamics 

of total neurons that are senescent over time are completely different (Figure 13D). While in 

the zebrafish the percentage of total neurons that are SA-β-gal+ reach a peak of 8.9% at 15 dpi 

and then return to basal levels (2.3%) at 60 dpi, the mouse displays 25.3% of senescent neurons 

at 15 dpi. Strikingly, this number keeps increasing until 60 dpi, reaching 35.3% of total 

neurons.  

 

Figure 13. Different profiles of SA-β-gal+ neuronal populations between zebrafish and mouse. In zebrafish 

and mouse, SA-β-gal+ cells (black) co-localized with the neuronal markers (A) HuC/D (red) and (B) NeuN 

(green), respectively. Representative images were taken at 15 dpi. In (C) and (D), the percentages of total SA-β-

gal+ cells that are HuC/D+ or NeuN+ and of total HuC/D+ or NeuN+ neurons that are SA-β-gal+ are compared 
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between both models. Calculations are presented for uninjured/laminectomized (Sham) zebrafish/mice and at 15 

and 60 days post-injury (dpi). n = 2-4. Data are presented as mean ± SEM. *p<0.05, **p<0.01, versus Sham. 

#p<0.05, versus 15 dpi. Scale bars: 100 µm. 
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DISCUSSION 

 

The concepts of cellular senescence and their SASP have evolved remarkably over the last 

years. Senescence is now recognized as a multifaceted cellular phenomenon that participates 

in a wide range of different biological contexts (Rodier and Campisi 2011). Yet, most of the 

mechanisms underlying the complexity of each senescent program remain unknown. While 

further studies are necessary to understand and reconcile the physiological and pathological 

roles of senescence, current knowledge favors the premise that transient and controlled 

induction of SCs is beneficial whereas accumulation and persistence of SCs is detrimental 

(Rhinn et al., 2019). Interestingly, the role of senescence in wound repair and organ 

regeneration contexts is still quite uncharted ground. 

Here, we describe the induction of SCs as a new cellular response triggered by an injury in the 

spinal cord. In the regenerating zebrafish model, SCs start to accumulate essentially at the 

lesion periphery but are eventually cleared and returned to basal levels. This transient profile 

of SCs induction seems to be a conserved injury-response in organs with regenerative 

capacities, since it was also described in amputated appendages and damaged hearts of 

zebrafish, salamanders and neonatal mice (Da Silva-Álvarez et al., 2019; Sarig et al., 2019; 

Yun et al., 2015). In the non-regenerating mouse however, the induced SCs persist at the lesion 

periphery and do not show any signs of being efficiently reduced over time. How are these 

transient vs. persistent senescent profiles established is not known, but it is possible that these 

are associated with a specific SASP with different capacities to support a cell clearance 

mechanism. This seems to be the case in the salamander regenerative limb paradigm, where 

macrophages were proposed to be an essential part of the mechanism that eliminates SCs (Yun 

et al., 2015). The functional demonstration of the positive role of transient SCs in a regenerative 
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context comes from the observation that reducing SCs leads to a regeneration delay of 

amputated pectoral fins in zebrafish (Da Silva-Álvarez et al., 2019). These findings are in line 

with what was previously reported for skin wound healing, where transient SCs were found to 

be important for tissue remodeling and repair (Demaria et al., 2014). All these scenarios suggest 

that a timely removal of SCs is required for proper tissue repair and regeneration to occur. 

It is interesting to correlate the senescence profile of zebrafish and mice with their cellular 

response and functional recovery dynamics after SCI. In the zebrafish, accumulation of SCs is 

barely noticeable until 7 dpi, peaks at 15 dpi and then starts decreasing. At 10 dpi, apoptosis, 

debris clearance and the initial inflammatory response have already been resolved (Hui et al., 

2010). However, proliferation of ependymo-radial glial progenitors peaks at 14 dpi and is 

maintained up to 6 weeks post-injury (wpi) (Reimer et al., 2008). Curiously, normal swimming 

behavior is restored within 4-6 wpi (Becker et al., 2004; Becker & Becker, 2014; Becker et al., 

1997; Hui et al., 2010). Though we cannot assume that SCs are actively contributing to the 

regenerative process, their peak of accumulation does coincide with that of progenitor 

proliferation. Therefore, it is reasonable to speculate that, following zebrafish SCI, senescence 

may somehow function as a proliferation-control mechanism. Such role has been previously 

described during embryonic development, when senescence contributes to tissue patterning by 

controlling the balance of cell populations and fine-tuning cell fate specification (Rhinn et al., 

2019). In fact, we have detected the presence of SA-β-gal+ staining in the spinal cord of early 

developing zebrafish larvae. Thus, we might be looking at a conserved mechanism of 

morphogenetic signaling that is recapitulated in the adult fish. Indeed, injured larvae exhibited 

a similar turnover of SA-β-gal+ cells, supporting the idea that SCs may play a role in structural 

specification during spinal cord regeneration.  

On the other hand, in mice, SCs start accumulating as soon as 3 dpi, though a significant 

accumulation is only detectable at 15 dpi. Their accumulation then persists over time. The 15 
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dpi time-point coincides with the transition from a sub-acute to a chronic stage of injury 

(Alizadeh et al., 2019). It is also between 15 and 21 dpi that mice hit their plateau of locomotor 

recovery. Inhibitory CSPGs reach their peak of expression exactly at 2 wpi, remaining 

chronically upregulated afterwards (Asher et al., 2002; Buss et al., 2009). Interestingly, 

upregulation of CSPGs has been found to be mediated by PI3K/AKT and mTOR signaling, 

which happen to be two major senescence-associated pathways (Herranz et al., 2015; Jahan & 

Hannila, 2015; Laberge et al., 2015; Zhu et al., 2015). In turn, microglia/macrophage 

population reaches its peak at 10 dpi, but their peak of phagocytic activity is only achieved at 

15 dpi (Greenhalgh & David, 2014). Importantly, macrophages persist indefinitely in the 

injured spinal cord and contribute to chronic inflammation. Considering that a persistent SASP 

is known to be pro-inflammatory, it becomes plausible to conceive a correlation between the 

accumulation of SCs and the chronic propagation of the inflammation. Altogether, evidence 

suggest that persisting SCs might be contributing to an inhibitory microenvironment, which 

represses axonal regeneration and limits functional recovery following SCI.  

In order to detect SCs in the spinal cord, we looked for expression of different senescence 

markers. In the zebrafish, this task proved to be significantly more challenging than in the 

mouse, due not only to the limited availability of antibodies but also to the absence of a bona 

fide p16INK4a (Shim et al., 2017). Nevertheless, we were able to detect co-localization between 

two senescence biomarkers, SA-β-gal and p21CIP1. We noticed that p21CIP1 was also expressed 

in many SA-β-gal- cells. This is likely due to the fact that post-mitotic neurons can also 

upregulate the cell cycle regulator p21CIP1 (Mallick & D’Mello, 2014; Pechnick et al., 2008). 

The absence of p21CIP1 in SA-β-gal+ cells has been previously reported (Shtutman et al., 2017; 

Stein et al., 1999). Indeed, in our samples we found some SA-β-gal+/p21CIP1- cells. However, 

we cannot exclude the possibility that the SA-β-gal staining-derived precipitate can interfere 

with antibody incorporation. SA-β-gal staining was performed in all our fixed samples after 
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isolation and prior to cryosectioning. In truth, when we compared the same immune-protocols 

between SA-β-gal-stained and unstained samples, we could observe that antibody 

incorporation was usually more efficient in unstained samples. Consequently, several 

immunostaining protocols had to be optimized, normally requiring stronger permeabilization 

steps and increased antibody concentrations, if not also antigen retrieval. In the zebrafish, we 

were unable to verify the co-expression of SA-β-gal and the DNA damage marker γ-H2AX, 

another common hallmark of SCs (Gorgoulis et al., 2019). Still, SA-β-gal+ cells exhibited an 

enlarged morphology and lacked expression of the proliferation marker BrdU, two other 

features of SCs (Gorgoulis et al., 2019). Together, the expression of SA-β-gal and p21CIP1, the 

absence of BrdU and the display of increased size, validate the characterization of SCs in the 

zebrafish spinal cord. 

On the other hand, SCs in the mouse spinal cord were shown to co-localize SA-β-gal with 

p16INK4a and γ-H2AX, matching the proposed multi-marker three-step work flow to detect SCs 

(Gorgoulis et al., 2019). Though we cannot be sure if, contrarily to mouse, γ-H2AX is indeed 

absent in zebrafish SCs at 15 dpi, it is interesting to speculate that we might be in the presence 

of two different types of senescence responses to zebrafish and mouse SCI. In some cases, such 

as during development, senescence has been shown to not be mediated by DDR (Muñoz-Espín 

et al., 2013; Ohtani et al., 2001). Curiously, we know that zebrafish is able to resolve the 

cellular damage-associated response to SCI in the first 10 dpi (Hui et al., 2010). In contrast, at 

15 dpi, mice still exhibit an exacerbated damage-associated response that involves axonal 

degeneration, cellular debris and CSPG deposition (Alizadeh et al., 2019). Therefore, we are 

likely observing two clearly distinct senescence programs that are mediated by different 

intrinsic mechanisms. Looking at both profiles, a DDR-absent senescence response goes in 

accordance with the speculation that, in zebrafish SCI, SCs carry out a programmed role of 

controlling cell populations, such as during development. In turn, in mouse SCI, senescence is 
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likely a consequence to all the unresolved tissue damage and is, therefore, an unprogrammed 

response that involves DDR and persists over time. 

We were very surprised to find out that the majority of SA-β-gal+ cells that are induced in the 

spinal cord are neurons. This seems to be the case even in uninjured animals. In the mouse, 

SA-β-gal+ neurons appear to particularly accumulate in the ventral horn. Interestingly, a 

previous study has reported evidence for the accumulation of autophagosomes in ventral horn 

motor neurons following SCI (Liu et al., 2016). Not only is senescence characterized by 

autophagosome accumulation but autophagy dysfunction is also known to contribute to 

neuronal loss (Kwon et al., 2017; Liu & Levine, 2015). Curiously, reactive astrocytes are 

known to activate NF-κB expression and secretion of several chemokines which are well 

acknowledged SASP factors, such as CCL2, CXCL1, CXCL2, TNF-α and IFN-γ 

(Cekanaviciute & Buckwalter, 2016; Pineau et al., 2010). In fact, senescent astrocytes have 

already been put at the central stage of CNS dysfunction, contributing to age-related 

pathologies such as neurodegenerative diseases (Cohen & Torres, 2019). Yet, we failed to see 

any co-localization between SA-β-gal and the glial marker GFAP. Thus, the remnant 

population of non-neuronal SA-β-gal+ cells remains to be identified. 

Our observations might have significant implications for SCI pathology. First, while the 

zebrafish is able to clear senescent neurons and repopulate them through neurogenesis, the 

mouse has a progressive and irreversible loss of neurons after SCI (Beattie et al., 2002; Hui et 

al., 2010). Now, it seems a big percentage of surviving neurons activate a persisting senescence 

response. Moreover, though 35.3% of total neurons exhibit senescent features at 60 dpi, we do 

not know if this number keeps increasing after this time-point. Whether these are neurons that 

have been axotomized after injury and/or that are degenerating, remains to be elucidated. It is 

possible that a senescence program is activated in response to axonal damage, in view of 

recruiting the immune system to promote self-clearance. However, the immune system is 
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incapable to efficiently process the massive amount of damage cues present in and around the 

lesion site (Bradbury & Burnside, 2019). Thus, SCs might not be able to be efficiently cleared 

and instead keep accumulating. We do not know how deep the neuronal phenotype of SA-β-

gal+ cells is affected by a prolonged senescent program but it is likely that they acquire a pro-

inflammatory SASP that potentiates inflammation and contributes to secondary injury. In order 

to investigate this, a transcriptomic characterization at the single cell level will be necessary.  

So, having uncovered distinct senescent profiles in two SCI models with different regeneration 

outcomes, the next big question is: what is the actual functional role of SCs in SCI? 
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CHAPTER II - DEPLETION OF SENESCENT CELLS IMPROVES 

FUNCTIONAL RECOVERY AFTER MAMMALIAN SPINAL CORD 

INJURY 
 

 

 

 

 

 

 

 

 

Part of the content of the following section is contained in the manuscript “Depletion of 

senescent cells improves functional recovery after spinal cord injury” (submitted). 
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ABSTRACT 

 

Transient senescent cells (SCs) were shown to benefit tissue repair contrasting with persistent 

SCs known to underlie ageing-related chronic disorders. Knowing that two distinct senescence 

profiles are induced after spinal cord injury (SCI) in zebrafish and in mouse, we aimed at 

investigating the role of induced-SCs in both models by pharmacologically or genetically 

depleting them.  

In the zebrafish, we tried to optimize a protocol for the administration of senolytics, drugs that 

selectively kill SCs by apoptosis, in order to assess the functional role of transient SCs in spinal 

cord regeneration. In the mouse, we hypothesized that the persistence of SCs could contribute 

to the inhibitory microenvironment in mammalian spinal cord repair. We tested this hypothesis 

by treating injured mice with ABT-263, a powerful senolytic drug. We show that depletion of 

induced-SCs after a murine spinal cord contusion injury improves locomotor (assessed with 

Open Field and Horizontal Ladder), sensory (evaluated with Incremental Thermal Plate) and 

bladder functions. At the cellular level, ABT-263 treatment increased the amount of spared 

myelin and axons, reduced the fibrotic scar and attenuated inflammation. Furthermore, 

preliminary data suggest that ABT-263 may have a beneficial effect on SCI-induced liver 

pathology by limiting lipidosis. Finally, using p16-3MR transgenic mice, we demonstrate in a 

completely independent approach that the selective elimination of p16INK4a-expressing cells 

improves locomotor recovery. 

Our data shows that the accumulation of SCs after SCI in the mouse is detrimental for repair 

and that, by eliminating them, we can improve functional recovery. 

 

Keywords: spinal cord injury, senescent cells, senolytics, ABT-263, functional recovery 



136 

INTRODUCTION 

 

A spinal cord injury (SCI) is a major cause of disability in humans and other mammals, often 

leading to permanent loss of locomotor and sensory functions. This type of traumatic lesion is 

defined by three biological features: a lesion core or fibrotic scar with no viable neural tissue; 

an astrocytic scar around the lesion core; and a surrounding area of spared neural tissue with 

limited function, which may exhibit some functional plasticity (O’Shea et al., 2017). Although 

the lesion scar provides structural support, it also creates an inhibitory microenvironment for 

the regrowth of severed axons, thus preventing re-enervation of the original targets (Cregg et 

al., 2014). A SCI is further defined as an inflammatory condition mediated by activated 

astrocytes and infiltrating macrophages that remain in the spinal cord indefinitely (Donnelly & 

Popovich, 2008). Immediately after the injury, the blood-spinal cord barrier is disrupted and, 

although it gradually recovers, it remains compromised for a long period (Whetstone et al., 

2003). This facilitates the extravasation of immune cells contributing to the establishment of a 

chronic inflammatory state (Beck et al., 2010). 

In contrast to mammals, the zebrafish spinal cord has the remarkable capacity to recover motor 

and sensory functions after injury. This regenerative ability seems to stem from the supportive 

microenvironment where there is no formation of a glial or fibrotic scar and inflammation is 

dynamically controlled by macrophages (Tsarouchas et al., 2018), allowing neurogenesis and 

regrowth of severed axons (Becker et al., 1997; Vajn et al., 2013). 

While considerable knowledge was achieved on the biological processes that occur after a SCI 

in mammals and regenerative species, small progress was obtained on therapeutic options, 

suggesting that other cellular players might be relevant following an injury. Cellular senescence 

rises as a plausible novel player in SCI, considering its secretory features and associated 
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potential to modulate the microenvironment (Acosta et al., 2013; Calcinotto et al., 2019). 

Previous results from our lab show that there are distinct senescence profiles between zebrafish 

and mice after SCI. While the regenerating zebrafish displays a transient burst of SCs that is 

later cleared out, the non-regenerating mouse exhibits a persistent accumulation of SCs through 

time.  

Here we aim at unveiling the role of SCs induced after SCI. To investigate the functional 

contribution of SCs to the repair process in zebrafish and mouse SCI, we have targeted them 

pharmacologically using a senolytic approach. In the mouse, we also depleted SCs through 

genetic ablation using a p16-3MR transgenic line. Our data provide evidence for a detrimental 

role of persistent SCs in the mammalian spinal cord following injury and support the potential 

use of therapeutics targeting SCs to promote spinal cord repair. 
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RESULTS 

 

1. Elimination of SCs in the Zebrafish – Senolytics 

1.1. The senolytic drug ABT-263 fails to eliminate senescent cells in the zebrafish spinal 

cord 

The lack of an exclusive biomarker of SCs makes their specific targeting extremely difficult 

and the scarcity of proper tools to manipulate them has been a major barrier to study the role 

of SCs in vivo. In recent years, a few transgenic mouse models were developed using the 

promoter of p16INK4a to induce the expression of a fluorescent protein by p16+ cells and/or 

allow their elimination upon administration of a drug (Baker et al., 2011; Demaria et al., 2014). 

In the zebrafish, much effort has been done by several labs around the world in order to generate 

a reliable transgenic line but, due to the absence of a properly characterized cdkn2a/b locus, so 

far those efforts remain unsuccessful. Another method to target SCs in vivo is the use of 

senolytic drugs, compounds that kill SCs by interfering with crucial signaling pathways for the 

maintenance of the senescent phenotype (Zhu et al., 2015). Of those currently available, 

Navitoclax (ABT-263), an inhibitor of the anti-apoptotic proteins BCL-2 and BCL-xL, is one 

of the most promising senolytics in terms of efficiency and selectivity (Chang et al., 2016). 

Unfortunately, though, a successful administration protocol for senolytic drugs in the zebrafish 

model had not yet been described.  

After uncovering a transient senescent profile of SCs upon zebrafish spinal cord injury, our 

main questions became: What are these cells doing there? Are they somehow helping 

regeneration? Are they just a consequence of all the damage caused by the lesion and play a 

passive role in the regenerative process until removed? So, to address these questions, we set 
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out to optimize an administration protocol for ABT-263 in the zebrafish in order to investigate 

the outcome of depleting SCs in vivo after spinal cord injury. 

We decided to start testing the administration of ABT-263 in larvae, not only because of the 

swiftness of the regenerating period but also to ensure a greater accessibility of the drug to the 

injury which, in the case of larval spinal cord injury, is completely exposed. According to the 

manufacturer (Selleckchem), ABT-263 is insoluble in water, which is a major adversity to our 

model. Thus, we tried to counter this by testing different solvent compositions and incubation 

temperatures in view of facilitating drug miscibility. ABT-263 stock solution was reconstituted 

in DMSO and diluted in embryo medium (E3 or E1) to a range of different concentrations (0.1-

100 µM) (Figure 14). With E3 medium, at 28°C, ABT-263 completely precipitated inside the 

incubation wells unless the final concentration was lower than 10 µM. We used a lower 

concentration of embryo medium (E1) and added HEPES buffer to better control salt 

concentration and pH effects on drug stability. In these conditions, we saw no precipitation up 

until 10 µM. We also increased the incubation temperature to 33°C to promote drug solubility. 

In the end, in all scenarios tested, we observed no decrease in SA-β-gal staining at the lesion 

site. 
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Figure 14. SA-β-gal staining is not decreased with ABT-263 after larval spinal cord injury. SA-β-gal staining 

was performed at 2 days post-injury in zebrafish larvae that were submitted to different ABT-263 concentrations 

(0.1-100 µM), incubation temperatures (28-33°C) and embryo medium composition (E1-E3). For E1 medium 

(1,67 mM NaCl, 0.06 mM KCl, 0.11 mM CaCl2, 0.11 mM MgSO4, 0.003% Methylene Blue, pH 7.4), 10 mM 

HEPES buffer was added. 

 

Subsequently, we opted to administrate ABT-263 directly in the adult zebrafish. Here, we came 

across another difficulty – ABT-263 does not cross the blood-brain barrier (Vogler et al., 2011; 

Yamaguchi & Perkins, 2012). Counting on vessel leakiness at the injury site to ensure drug 
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accessibility, we started by administrating ABT-263 by intraperitoneal injection (IPi) at 5 dpi, 

to allow a period of recovery after the injury in which the zebrafish are still fragile to endure 

another anesthesia. We performed consecutive administrations every 48 hours of 100-500 µM 

ABT-263 or Vehicle (polyethylene glycol 400:Phosal 50PG:Ethanol, 30:60:10 v/v). While 500 

µM ABT-263 was revealed to be toxic (>90% deaths after first IPi), 100 µM ABT-263 was 

better tolerated (≈30% deaths each IPi) until three consecutive IPi. However, we noticed that 

this great amount of deaths was mainly due to the toxicity of the Vehicle itself. The animals 

that survived were sacrificed and stained for SA-β-gal. After three IPi, ABT-263 (100 µM) 

failed to decrease the number of SA-β-gal+ cells in the injured spinal cord (Figure 15A).  

Given that, according to previous studies, ABT-263 formulation is optimized for oral 

administration (Chang et al., 2016; Demaria et al., 2014), we chose to administrate this drug 

by oral gavage, following a previously described protocol (Dang et al., 2016). 500 µM ABT-

263 continue to result in major deaths, even though animals tolerated more consecutive 

administrations than by IPi. Zebrafish were much more tolerable to the oral administration of 

100 µM ABT-263, but, after three consecutive gavages, we still saw no effect on SA-β-gal+ 

cells (Figure 15B). Finally, we tested another formerly described administration protocol 

(Mokalled et al., 2016) by using an absorbable sponge soaked with ABT-263 that is placed at 

the lesion site right after the injury, before wound closure. While this only allows a single 

administration, it also guarantees that the drug reaches the target region. Still, ABT-263 was 

unable to reduce the number of SA-β-gal+ cells at the lesion periphery (Figure 15C). 

Throughout these optimizations, we also tried different Vehicle compositions (namely DMSO 

and polyethylene glycol 400:DMSO) but, in the end, we were never able to observe a decrease 

in the number of SCs in the zebrafish spinal cord with the senolytic drug ABT-263. 
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Figure 15. Different ABT-263 administration protocols fail to reduce the number of SA-β-gal+ cells in the 

adult zebrafish injured spinal cord. SA-β-gal+ cells (blue) were quantified at the lesion periphery after 

delivering Vehicle (polyethylene glycol 400:Phosal 50PG:Ethanol, 30:60:10 v/v) or ABT-263 (100 µM) by (A) 

intraperitoneal injection (IPi), (B) oral gavage or (C) gel foam application to spinal cord-injured zebrafish. Scale 

bars: 100 µm. 

 

2. Elimination of SCs in the Mouse - Senolytics 

2.1. The senolytic drug ABT-263 successfully eliminates senescent cells in the mouse 

spinal cord after a contusion injury 

The accumulation or persistence of SCs and subsequent chronic exposure to their senescence-

associated secretory phenotype (SASP) have been shown to contribute to loss of tissue function 

and diminish the repair capacity in aged tissues (Acosta et al., 2013; Calcinotto et al., 2019; 
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Campisi, 2013; Childs et al., 2015). Given the contrast of the senescent profile observed 

between two models with opposite regenerative outcomes, we hypothesized that the 

accumulation of SCs in the injured mouse spinal cord is an important detrimental factor 

contributing for the inhibitory microenvironment that undermines its regenerative potential. 

Therefore, we designed an experiment to evaluate the impact of eliminating SCs in a mouse 

contusion model of spinal cord injury. 

Contrarily to the zebrafish, the administration of ABT-263 in mouse models has been 

previously demonstrated (Chang et al., 2016; Demaria et al., 2014). We administered ABT-

263 by oral gavage within the first 14 dpi (sub-acute injury phase), during which the blood-

spinal cord barrier remains leaky (Whetstone et al., 2003), thus ensuring maximum 

accessibility of this drug to the tissue (Figure 16A). We defined three main experimental end-

points (15, 30 and 60 dpi) and, throughout the experiment, we assessed locomotor function 

using the Basso Mouse Scale (BMS) and Horizontal ladder (HL), as well as sensory function 

using the Incremental Thermal Plate (ITP). After the surgical procedures, animals were 

randomly distributed in two treatment groups – Vehicle (corn oil) and ABT-263 (50 

mg/kg/day). No differences were observed in injury displacement (Vehicle: 647.6 ± 12.2 µm; 

ABT-263: 650.4 ± 11.6 µm, Figure 16B) or force (Vehicle: 77.2 ± 2.0 Kdyne; ABT-263: 77.3 

± 2.6 Kdyne, Figure 16C) between the two experimental cohorts. 
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Figure 16. Experimental design and injury biomechanics for the different experimental cohorts of 

C57BL/6J mice. (A) Schematic of the experimental setup. C57BL/6J mice were habituated to the different 

behavioral setups for a 15-day period, before being submitted to a moderate-to-severe (force: 75 Kdyne; 

displacement: 550-750 µm) T9 contusion injury. Injured animals received daily Vehicle (corn oil) or ABT-263 

(50 mg/kg/day) via oral gavage, from 5 to 14 days-post-injury (dpi). (B) Spinal cord tissue displacement (in 

micrometers, µm) and (C) impact force (in kilodynes, Kdyne) at the time of the contusion injury for the 

experimental groups. No differences were observed in displacement (Vehicle: 647.6 ± 12.2 µm; ABT-263: 650.4 

± 11.6 µm) or force (Vehicle: 77.2 ± 2.0 Kdyne; ABT-263: 77.3 ± 2.6 Kdyne). n = 18-19. Data are presented as 

mean ± SEM.  

 

First, we confirmed that ABT-263 administration by oral gavage from 5 to 14 dpi reduced the 

number of SA-β-gal+ cells in the mouse spinal cord at the lesion periphery, when compared to 

Vehicle (Figure 17A-B). At 15 dpi, ABT-263 treatment significantly decreased the number of 

SA-β-gal+ cells/mm2 in the total sectional gray matter by 68,4% (Figure 17C). After the end 

of treatment, by 30 and 60 dpi, SA-β-gal+ cells seem to be re-emerging. When we quantified 

SA-β-gal+ cells only in the ventral horn, we found a similar accumulation dynamic in the 

Vehicle-treated mice to that of the initial senescence profiling (Figure 17D). 
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Figure 17. ABT-263 successfully eliminates senescent cells in the mouse spinal cord. (A) SA-β-gal+ cells were 

quantified in a total of ten different transversal sections (five rostral and five caudal) along 2.0 mm at the lesion 

periphery. A 0.5 mm interval (red dashed zone) was established between the lesion and the beginning of the 

quantification region. (B) An eosin (pink) counterstaining was performed after cryosectioning. SA-β-gal+ cells 

(blue) were quantified in the total sectional gray matter and only at the ventral horn. (C-D) Quantifications were 

performed at all experimental endpoints (15, 30 and 60 days post-injury). At 15 dpi, ABT-263 treatment 
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significantly decreased the number of SA-β-gal+ cells/mm2 in the total gray matter and in the ventral horn by 

68,4% and 58,0%, respectively. At 60 dpi, a significant reduction (41,9%) of SA-β-gal+ cells/mm2 in ABT-263-

treated animals was still observed in the ventral horn. n (15 dpi) = 3-4; n (30 dpi) = 3-4; n (60 dpi) = 2-3. Data are 

presented as mean ± SEM. *p<0.05, ABT-263 versus Vehicle. Scale bars: 200 µm. 

 

We further confirmed that ABT-263 has similar elimination efficiencies in the rostral (73.0%) 

and caudal (69.2%) sides of the injury at 15 dpi (Figure 18A-D). Interestingly, the effects of 

ABT-263 treatment are perceived even in the lumbar-sacral region, further away from the 

lesion site, where 61.9% of SA-β-gal+ cells were still eliminated (Figure 18E). However, in all 

regions analyzed, there is a gradual re-emergence of SA-β-gal+ cells after 15 dpi, which 

suggests that SCs can still be induced after ceasing ABT-263 treatment. 
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Figure 18. ABT-263 kills senescent cells in different spinal cord regions. (A) SA-β-gal+ cells were quantified 

in three different spinal cord regions towards the lesion epicenter (rostral, caudal and lumbar-sacral). A 0.5 mm 

interval (red dashed zone) was established between the lesion and the beginning of the quantification regions. The 

lumbar-sacral quantification region started at the L5 segment. (B) An eosin (pink) counterstaining was performed 

after cryosectioning. SA-β-gal+ cells (blue) were only quantified in the total gray matter (dark pink) and not in the 

white matter (light pink). (C and D) In the thoracic region, SA-β-gal+ cells were manually counted in five different 

rostral or caudal sections along 2.0 mm at the lesion periphery. (E) In the lumbar-sacral region, SA-β-gal+ cells 

were quantified in ten sections spaced 1 mm apart. Quantifications were performed at all experimental endpoints 

(15, 30 and 60 days post-injury). At 15 dpi, ABT-263 treatment significantly decreased the number of SA-β-gal+ 

cells/mm2 in the rostral, caudal and lumbar-sacral regions by 73,0%, 69,2% and 61,9%. n (15 dpi) = 3-4; n (30 

dpi) = 3-4; n (60 dpi) = 2-3. Data are presented as mean ± SEM. *p<0.05, **p<0.01, ABT-263 versus Vehicle. 

Scale bars: 500 µm. 
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2.2. Depletion of senescent cells with ABT-263 improves motor, sensory and bladder 

function recovery following a spinal cord injury in mice 

During the habituation period, we verified that mice presented normal locomotor behavior with 

maximum BMS scores of 9 in the open field test (Basso et al., 2006). After injury, most mice 

exhibited complete hindlimb paralysis at 1 dpi and gradually improved locomotor ability 

reaching a plateau at around 21 dpi (Figure 19A), as expected for a contusion injury model in 

C57BL/6J mice (Basso et al., 2006). In ABT-263-treated animals, BMS scores were 

significantly higher from 7 dpi (2 days after the beginning of administration) until 30 dpi, when 

compared with Vehicle-treated mice (Figure 19A). In turn, BMS subscores were significantly 

higher from 12 to 60 dpi in animals treated with ABT-263 (Figure 19B). Strikingly, at 30 dpi, 

all ABT-263-treated mice achieved frequent plantar stepping with 93% (14 out of 15) of mice 

displaying parallel placement of both hindpaws at initial contact and 40% (6 out of 15) also at 

lift off. Remarkably, 33% (5 out of 15) of mice treated with ABT-263 exhibited consistent 

plantar stepping and mild trunk stability, one animal showed normal trunk stability with mostly 

coordinated fore-hindlimb walking, and a second animal displayed some fore-hindlimb 

coordination, improvements never achieved in Vehicle-treated mice. 

Comparing to the BMS, the HL test allows a finer assessment of locomotion by monitoring the 

precise paw placement in each ladder rung in video-recorded attempts (Cummings et al., 2007). 

Before the injury, all mice completed the HL with no difficulty displaying few to no mistakes 

or negative events (Figure 19C-D). Notably, ABT-263-treated mice made significantly fewer 

stepping mistakes (Figure 19C) and displayed significantly more positive stepping events 

(Figure 19D) at 30 and 60 dpi, when compared with animals treated with Vehicle, thus largely 

corroborating the BMS results obtained in the open-field. 

Thermal allodynia, i.e. hypersensitivity to normally non-noxious stimuli, is a common pain-

related symptom associated with spinal cord injuries (Nakae et al., 2011; Watson et al., 2014). 
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Using an ITP, we were able to compare the temperature threshold necessary to elicit an 

avoidance behavior to a cold or a hot stimulus between the two experimental groups. 

Considering that uninjured C57BL/6J mice only exhibit nocifensive reaction to cold between 

2 to 4°C (Yalcin et al., 2009), ABT-263 treatment significantly decreased cold hypersensitivity 

at 30 dpi, compared to Vehicle-treated animals who showed an average temperature reaction 

to cold of 10.6°C (Figure 19E). We found no effect of ABT-263 administration on the 

threshold temperature required to prompt a nocifensive reaction to a hot stimulus, when 

compared to Vehicle administration (Figure 19F). 

Bladder dysfunction is another common consequence of spinal cord injury that severely 

compromises patients’ daily lives (Yoshimura, 1999). In our model, mice lose the ability to 

contract the bladder muscle, resulting in urine retention and possibly urinary tract infections 

unless the organ is manually emptied by the caretakers. Consequently, we assessed bladder 

function by attributing a score to the amount of urine retained each day. In contrast to injured 

mice treated with Vehicle, ABT-263-treated animals exhibited smaller volumes of retained 

urine from 9 to 15 dpi (Figure 19G). This effect is lost after 15 dpi. 
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Figure 19. Effects of ABT-263 treatment in locomotor, sensory and bladder function after a spinal cord 

injury in mice. (A-B) Basso Mouse Locomotor Scale (BMS) score and subscore were evaluated in an open field 
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at different time-points (0, 1, 3, 5, 7, 10, 12, 15, 21, 30, 45 and 60 days post-injury, dpi). Vehicle (corn oil) or 

ABT-263 were delivered daily from 5 dpi to 14 dpi by oral gavage. n = 18-19. (C-D) The locomotor performance 

in the Horizontal Ladder was assessed at -1 (control), 15, 30 and 60 dpi by quantifying the total number of mistakes 

per centimeter and the percentage of singular positive events (plantar step, toe step and skip) measured and 

averaged across three successful trials. n = 3-6. (E-F) Thermal allodynia was tested at 30 and 60 dpi by 

determining the temperature at which injured mice reacted to a cold or hot stimulus. n = 6-8. (H) Bladder function 

was grossly evaluated by attributing a bladder score to the amount of urine collected each time a bladder was 

manually voided. n = 18-19. Data are presented as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, ABT-263 

versus Vehicle. 

 

2.3. The senolytic ABT-263 promotes myelin preservation after spinal cord injury 

After a spinal cord injury, oligodendrocytes undergo both necrotic and apoptotic cell death, 

which results in demyelination around the lesion and, consequently, impaired function of 

unprotected fibers and spared circuits (Emery et al., 1998; Totoiu & Keirstead, 2005). 

To evaluate the effect of eliminating SCs on the demyelination status after injury, we used the 

FluoroMyelinTM Green fluorescent myelin staining to compare the spared white matter area 

per total cross-sectional area (% CSA) between ABT-263-treated mice and vehicle-treated 

mice along 2 mm around the lesion epicenter. Remarkably, ABT-263 treatment consistently 

resulted in significantly greater white matter sparing levels across all experimental timepoints, 

an effect that is more prominent at the caudal side of the lesion (Figure 20A-C). 
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Figure 20. White matter sparing is increased after eliminating senescent cells with ABT-263. Transversal 

sections at different distances from the lesion epicenter of an injured spinal cord (A) at 15 days-post-injury (dpi), 

(B) at 30 dpi and (C) at 60 dpi, treated with Vehicle and ABT-263 and stained with FluoroMyelin (green) and the 

corresponding quantifications. In (A-C), white matter sparing was assessed by normalizing the area stained with 

FluoroMyelin (green) to the total cross-sectional area (CSA) of spinal cord sections every 100 µm ranging from 

2 mm rostral and 2 mm caudal to the lesion epicenter. n (15 dpi) = 3-4; n (30 dpi) = 3-4; n (60 dpi) = 2-3. Data 

are expressed as % CSA and presented as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, ABT-263 versus 

Vehicle. Scale bars: 500 µm. 
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2.4. ABT-263 supports axonal growth after spinal cord injury 

The normal neural circuit organization is disrupted after a spinal cord injury. However, spared 

neural tissue can, to a certain extent (depending on the severity of the lesion), reorganize itself 

in order to establish new lines of communication across and beyond the injury (Courtine & 

Sofroniew, 2019). This plasticity potential explains why after an incomplete lesion (e.g. our 

contusion injury model) mice can partially restore their locomotor function. Still, the secondary 

injury cascade of events inevitably leads to progressive neuronal cell death and axonal 

degeneration, both rostrally and caudally to the lesion epicentre (Qian et al. 2010). Therefore, 

it is essential to comprehend the different cellular and molecular players that regulate axonal 

growth and formation of new functional synapses. 

We hypothesized that eliminating SCs would provide a more favorable environment for axonal 

preservation and growth after a spinal cord injury. To assess this, we tested the expression of 

neuronal growth-associated protein 43 (GAP43), which is highly expressed in neuronal growth 

cones during development and axonal regeneration (Benowitz & Routtenberg, 1987). We 

performed immunostainings for GAP43 in dorsal-ventral longitudinal sections spanning the 

ventral horn (where the motor neurons are located) and quantified the number of GAP43+ fibers 

at specific distances from the lesion epicenter (Figure 21A), as previously described (Almutiri 

et al., 2018; Hata et al., 2006). At 30 dpi, ABT-263-treated mice had a significant increased 

number of GAP43+ axons across most inspected regions, including at the lesion epicenter, 

compared to Vehicle-treated mice (Figure 21B, C). 
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Figure 21. ABT-263 administration increases the number of GAP43+ fibers. (A) Longitudinal coronal 

sections of the ventral region of the spinal cord (delineated in blue) were obtained. GAP43+ axonal fibers were 

counted at specific distances (every 1 mm) from the lesion epicenter along the rostral (R)-caudal (C) axis of 

injured spinal cords. (B) Longitudinal coronal section of the ventral region of a spinal cord treated with Vehicle 

or ABT-263 and stained with GAP43. GAP43+ axonal fibers were counted at specific distances (every 1 mm) 

from the lesion epicenter along the rostral (R)-caudal (C) axis. Fibers were quantified only in the white matter in 

the ventral region of the spinal cord (delineated in blue). Light grey dashed lines delimitate the white matter from 

the grey matter. Orange dashed lines outline the limit of the spinal cord section. (C) Axon number was calculated 

at 30 days post-injury (dpi) as a ratio of the total GAP43+ fibers at 4 mm rostral (-4) from the lesion epicenter (0). 

n = 3. Data are presented as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, ABT-263 versus Vehicle. Scale bars: 

1000 µm. 
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2.5. Administration of the senolytic ABT-263 reduces the fibrotic scar 

Scar formation following spinal cord injury constitutes a major barrier for axonal regrowth 

(Cregg et al., 2014). Inside the lesion core, a subset of proliferating PDGFRβ+ perivascular 

cells give rise to a fibrotic scar with dense deposition of extracellular matrix components 

(Soderblom et al., 2013). In fact, it has been shown that reducing the pericyte-derived fibrotic 

scar facilitates functional recovery after spinal cord injury in mice (Dias et al., 2018). In this 

study, we examined the size and length of the fibrotic scar using a double immunostaining with 

PDGFRβ (a pericyte marker that labels the fibrotic component of the scar) and GFAP (a glial 

marker that helps delineate the fibrotic scar compartment). At the lesion epicenter, mice treated 

with the senolytic exhibited a significantly reduced PDGFRβ+ area at 15 and 60 dpi when 

compared to mice treated with Vehicle (Figure 22A-D).  
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Figure 22. Eliminating senescent cells leads to a reduction of the fibrotic scar area. Transversal sections at 

the lesion epicenter of an injured spinal cord (A) at 15 days-post-injury (dpi), (B) at 30 dpi and (C) at 60 dpi 

treated with Vehicle and ABT-263 and stained with the fibrotic scar marker PDGFRβ+ area (magenta) and with 

the astrocytic scar marker GFAP (green). The fibrotic scar area was evaluated by normalizing the PDGFRβ+ area 
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(magenta) to the total cross-sectional area at the lesion epicenter. GFAP+ tissue (green) surrounds the fibrotic core. 

n (15 dpi) = 3-4; n (30 dpi) = 3-4; n (60 dpi) = 2-3. (D) The percentage of fibrotic tissue in the injury core was 

quantified at 15, 30 and 60 dpi. Data are presented as mean ± SEM. *p<0.05, **p<0.01, ABT-263 versus Vehicle. 

Scale bars: 200 µm. 

 

Using the same double immunostaining, we were able to define the extension of the scar by 

tracing, rostrally and caudally to the epicenter, signs of fibrotic PDGFRβ+ staining in the dorsal 

side of the spinal cord (Figure 23A). With this analysis, we observed that the total length of 

the fibrotic scar was shorter at 15 dpi in ABT-263-treated mice, an effect sustained until 30 dpi 

only at the caudal side (Figure 23B). 

 

 

Figure 23. Depletion of senescent cells leads to a reduced fibrotic scar extension. (A) The total lenght of the 

fibrotic scar was measured by calculating the distance, rostral and caudal from the lesion epicenter, until which 

scarring PDGFRβ+ (magenta) tissue was visualized, i.e the rostral-caudal distance spanned by sections containing 

fibrotic tissue. GFAP+ tissue (green) surrounds the fibrotic tissue. (B) Total, rostral and caudal fibrotic extensions 

were calculated at 15, 30 and 60 days post-injury. n (15 dpi) = 3-4; n (30 dpi) = 3-4; n (60 dpi) = 2-3. Data are 

presented as mean ± SEM. *p<0.05, ABT-263 versus Vehicle. Scale bars: 200 µm. 
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2.6. Macrophage numbers at the injury site are reduced following ABT-263 treatment 

A spinal cord lesion in mice elicits a strong and long-lasting inflammatory response that 

potentiates secondary injury (Blight, 1985; Popovich et al., 1997). Macrophages are the most 

abundant inflammatory cells in a spinal lesion, infiltrating the injury core and releasing several 

molecules, namely nitrogen/oxygen metabolites, cytokines, proteases and chondroitin sulphate 

proteoglycans that can cause cellular damage and inhibit axonal growth (Fitch & Silver, 1997). 

Importantly, depletion of macrophages was demonstrated to promote repair and partial motor 

recovery after spinal cord injury in rats (Popovich et al., 1999). Additionally, senescence is 

closely linked to inflammation. SCs, through their SASP, can secrete a plethora of immune 

modulators and proinflammatory cytokines like TNF-α and CCL2 (two potent macrophage 

recruiters), IL-6, IL-8 and IL-1α (Coppé et al., 2010). Consequently, the 

accumulation/persistence of SCs in tissues is usually associated with chronic inflammation. To 

investigate the impact of the accumulation of SCs on inflammation in the mouse spinal cord 

after an injury, we performed immunostainings with the pan-macrophage marker F4/80. As 

anticipated, by eliminating SCs with ABT-263, we observed lower levels of inflammatory 

macrophages (% F4/80+ area) in spinal cord sections spanning the lesion area, particularly at 

30 dpi (Figure 24A-C). 
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Figure 24. ABT-263 treatment decreases the number of macrophages at the injury site. Transversal sections 

at the lesion epicenter of an injured spinal cord (A) at 15 days-post-injury (dpi), (B) at 30 dpi and (C) at 60 dpi 

treated with Vehicle and ABT-263 and stained with the pan-macrophage marker F4/80 (green). In (A-C), the area 

of F4/80+ tissue was measured at lesion epicenter and 600 µm rostral and caudal from the epicenter. Measurements 

are expressed as a percentage of the total cross-sectional area. n (15 dpi) = 3-4; n (30 dpi) = 3-4; n (60 dpi) = 2-3. 

Data are presented as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, ABT-263 versus Vehicle. Scale bars: 200 

µm. 
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Like in other lesioned tissues, macrophages have been shown to have a dual role in spinal cord 

injury, promoting secondary damage but also repair (Barrette et al., 2008; Blight, 1994; Giulian 

& Robertson, 1990; Popovich et al., 1999). This duality is mainly attributed to the balance 

between two distinct macrophage subpopulations – a M1 pro-inflammatory subtype and a M2 

pro-regenerative subtype (Kigerl et al., 2009). In a mouse contusion injury model, persistent 

pro-inflammatory signaling mechanisms induce an exacerbated and long-lasting M1 

macrophage response at the lesion site which is neurotoxic for axonal growth. In turn, M2 

macrophages promote long-distance axon growth but their response is smaller and rapidly 

overwhelmed by M1 macrophages (Kigerl et al., 2009). Therefore, it has been suggested that 

polarizing the differentiation of resident microglia and infiltrating monocytes towards a M2 

phenotype can limit secondary injury and promote repair after a spinal cord lesion. 

Here, we aimed at unveiling the proportion of M1 and M2 subtypes present at the lesion site 

after ABT-263 treatment, in order to check if the elimination of SCs promotes a shift to a more 

pro-regenerative microenvironment. To do that, we used two specific markers of M1 and M2 

macrophages – CD16/32 and CD206, respectively (Kigerl et al., 2009). Regrettably, due to 

SA-β-gal staining-mediated restraints, we were unsuccessful in optimizing an immunoprotocol 

for CD16/32. However, we used CD206 to measure the percentage of M2 macrophages 

towards the total F4/80+ macrophage population (Figure 25A). Surprisingly, at 15, 30 and 60 

dpi, the number of M2 macrophages (by itself) at the lesion site, assessed by the percentage of 

CD206+ area, remains unchanged between Vehicle- and ABT-263-treated animals (Figure 

25B-D). Yet, given that the percentage of total macrophages is reduced upon ABT-263 

treatment, the ratio M2/total macrophages (CD206+ / F4/80+) increases at the injury site 

(Figure 25B-D). Even though we cannot affirm that, by eliminating SCs, we are promoting a 

shift to a more pro-regenerative microenvironment, these results suggest that ABT-263 is in 

fact controlling the M1 response after a spinal cord injury.   
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Figure 25. ABT-263 effects on the percentage of M2-type macrophages present at the injury site. (A) 

Representative transversal sections at the lesion epicenter of injured spinal cords at 30 days-post-injury (dpi), 

treated with Vehicle and ABT-263 and stained with both the pan-macrophage marker F4/80 (green) and the M2-
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phenotype specific marker CD206 (red). The areas of CD206+ and F4/80+ tissue were measured at lesion epicenter 

and 600 µm rostral and caudal from the epicenter at (B) 15, (C) 30 and (D) 60 dpi. Measurements are expressed 

as a percentage of the total cross-sectional area. A ratio between CD206+ and F4/80+ areas was calculated to infer 

the % of M2-type macrophages towards the total F4/80+ macrophage population. n (15 dpi) = 3-4; n (30 dpi) = 3-

4; n (60 dpi) = 2-3. Data are presented as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, ABT-263 versus Vehicle. 

Scale bars: 200 µm. 

 

2.7. ABT-263 limits liver damage after spinal cord injury 

Beyond a chronic inflammatory response in loco, a traumatic spinal cord injury also disrupts 

the systemic neuroimmune crosstalk, severely affecting various organs and contributing to 

systemic organ dysfunction and increased morbidity/mortality (Brennan & Popovich, 2018).  

In the spleen, the disruption of tonic supraspinal sympathetic control leads to splenic atrophy 

and dysfunction of several splenocyte populations, such as leukocytes (Noble et al., 2018). In 

the liver, a critical organ for metabolic homeostasis, spinal cord injury elicits a number of 

hepatic changes, namely cellular damage, excess lipid accumulation, metabolic dysfunction 

and uncontrolled inflammation, which altogether contribute to systemic inflammation, 

cardiovascular disease, and metabolic syndrome (Sauerbeck et al., 2015). 

To investigate if ABT-263 has any effect (direct or indirect) on the spleen or the liver after 

spinal cord injury, we weighed these organs upon isolation and looked for signs of cellular 

damage. While ABT-263- and Vehicle-treated animals did not differ in spleen weight, ABT 

treatment significantly reduced liver weight to control levels, as compared to Vehicle (Figure 

26A-B). A global histopathological analysis of liver sections did not reveal statistical 

differences in hepatocellular damage (inflammation, necrosis and lipidosis) scoring (Figure 

26C). However, the size of lipid droplets (lipidosis) was smaller in ABT-263-treated mice 

(Figure 26D), suggesting an impact of drug treatment on metabolic function. To confirm if 

ABT-263 has a positive influence on lipid accumulation in the liver after spinal cord injury, we 

performed Oil Red O staining to quantify lipid deposition after both treatments, but no 
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differences were observed (Figure 26E). This might be explained by the fact that we did not 

account for this specific analysis upon organ collection and samples were not properly 

processed in order to perform this staining. Still, we think these results constitute some 

interesting preliminary data that will be taken in consideration for future studies. 

 

 

Figure 26. Peripheral effects of ABT-263 on spleen and liver. Perfused (A) spleen and (B) liver organs were 

collected and weighted at the experimental time-points (15, 30 and 60 days post-injury). Organ weight was 

normalized to the total animal body weight before sacrifice. The red dashed line indicates the normal liver weight 

of uninjured C57BL/6J mice of equal age. (C) Signs of hepatocellular damage (e.g. immune cell infiltration, 

necrosis, lipidosis) were analyzed by an histopathologist who attributed a damage score depending on the 

diagnosis. (D) Representative microphotographs of liver of Vehicle- and ABT-263-treated injured mice depict the 

hepatocellular vacuolation (lipidosis) characterized by the presence of one or more small to large well-defined 

rounded vacuoles in the cytoplasm of each cell. A hematoxylin and eosin staining was performed prior to 

histopathological analysis. Scale bars: 250 µm (upper panel), 25 µm (lower panel). (E) At 30 days post-injury, an 

Oil Red O staining was performed in order to quantify lipid levels. Scale bars: 100 µm. Data are presented as 

mean ± SEM. *p<0.05, ABT-263 versus Vehicle. 
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3. Elimination of SCs in the Mouse – Transgenics 

3.1. p16+ cells are eliminated in spinal cord of p16-3MR transgenic mice 

The creation of mouse transgenic models that allow the tagging of SCs in vivo constitutes a 

fundamental tool to investigate the role of senescence in several different biological contexts. 

During this thesis project, p16-3MR transgenic mice (Demaria et al., 2014) were kindly 

provided to us by Marco Demaria (European Research Institute for the Biology of Aging, 

Groningen, Netherlands). The particularity of this line relies on a tri-modality fusion protein 

(3MR) (Ray et al., 2004), which contains functional domains of a synthetic Renilla luciferase 

(LUC), monomeric red fluorescent protein (mRFP), and truncated herpes simplex virus 1 

(HSV-1) thymidine kinase (HSV-TK), that is expressed under the control of the p16INK4a 

promoter. Thus, such versatile model allows not only the detection of p16+ cells by 

luminescence and their sorting from tissues, but also their selective killing upon administration 

of a drug, Ganciclovir (GCV) (Demaria et al., 2014). GCV is converted by HSV-TK into a 

toxic DNA chain terminator causing death by apoptosis in the p16INK4a+ cells (R-M Laberge et 

al., 2013). Contrarily to ABT-263, GCV is known to cross the blood-spinal cord barrier 

(Gynther et al., 2015; Natale et al., 2015) and can, therefore, induce the elimination of SCs for 

longer periods. 

First, we performed a small trial experiment to confirm if p16INK4a+ cells were eliminated in the 

spinal cord after GCV administration. Both in Sham (laminectomized) and spinal cord-injured 

p16-3MR mice the number of RFP-expressing cells was reduced upon five consecutive daily 

administrations (from 5 to 9 dpi) of GCV (Figure 27A-B). With this preliminary experiment, 

we confirmed the feasibility of the p16-3MR model and, more importantly, proved that SCs 

can be eliminated in the spinal cord, even in the absence of injury.  
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Figure 27. Ganciclovir eliminates p16INK4a+ cells in the spinal cord of p16-3MR transgenic mice. After five 

daily administrations, Ganciclovir (GCV) reduced the number of RFP-expressing (red) p16INK4a+ cells both in (A) 

laminectomized (Sham) and (B) spinal cord-injured (SCI) p16-3MR transgenic mice. Scale bars: 100 µm. 
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3.2. Elimination of p16+ cells with Ganciclovir improves locomotor recovery following a 

spinal cord injury in p16-3MR transgenic mice 

To evaluate the impact of eliminating SCs in a p16-3MR mouse contusion model of spinal cord 

injury, we designed an experiment in which we administered Vehicle (PBS) or GCV (25 

mg/kg/day) by IPi from 5 dpi until 29 dpi (Figure 28A). Due to breeding number constraints, 

we had only enough animals for one experimental end-point (30 dpi). Similarly to ABT-263, 

we assessed locomotor function using the BMS and HL. After the surgical procedures, animals 

were randomly distributed in four treatment groups (including wild types, wt). No differences 

were observed in injury displacement (Vehicle p16+: 632.7 ± 12.9 µm; GCV p16+: 608.1 ± 

21.0 µm; Vehicle wt: 605.0 ± 31.2 µm; GCV wt: 675.7 ± 15.6 µm, Figure 28B) or force 

(Vehicle p16+: 75.7 ± 0.5 Kdyne; GCV p16+: 76.1 ± 0.5 Kdyne; Vehicle wt: 76.0 ± 1.0 Kdyne; 

GCV wt: 75.7 ± 1.7 Kdyne, Figure 28C) between the four experimental cohorts. 

 

Figure 28. Experimental design and injury biomechanics for the different experimental cohorts of p16-

3MR transgenic mice. (A) Schematic of the experimental setup. p16-3MR (p16+) and wild-type (wt) mice were 

habituated to the different behavioral setups for a 15-day period, before being submitted to a moderate-to-severe 

(force: 75 Kdyne; displacement: 550-750 µm) T9 contusion injury. Injured animals received daily vehicle (PBS) 

or Ganciclovir (GCV) via intraperitoneal injection (IPi), from 5 to 29 days-post-injury (dpi). (B) Spinal cord tissue 

displacement (in micrometers, µm) and (C) impact force (in kilodynes, Kdyne) at the time of the contusion injury 

for the experimental groups of p16-3MR (p16+) mice and wild type (wt) control littermates. No differences were 

observed in displacement (Vehicle p16+: 632.7 ± 12.9 µm; GCV p16+: 608.1 ± 21.0 µm; Vehicle wt: 605.0 ± 31.2 
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µm; GCV wt: 675.7 ± 15.6 µm) or force (Vehicle p16+: 75.7 ± 0.5 Kdyne; GCV p16+: 76.1 ± 0.5 Kdyne; Vehicle 

wt: 76.0 ± 1.0 Kdyne; GCV wt: 75.7 ± 1.7 Kdyne). n = 3-9. Data are presented as mean ± SEM.  

 

In a completely independent and genetic approach, selective killing of p16INK4a-expressing 

cells upon administration of GCV promoted locomotor recovery, which is translated in higher 

BMS scores and improved HL performances compared to Vehicle-treated mice (Figure 29A-

C). These results corroborate with those of ABT-263, reinforcing the positive impact of 

eliminating SCs on locomotor function recovery after a spinal cord injury. 

 

Figure 29. Effects of Ganciclovir treatment in locomotor function after a spinal cord injury in p16-3MR 

mice. (A-B) Basso Mouse Locomotor Scale (BMS) score and subscore were evaluated in an open field at different 

time-points (0, 1, 3, 5, 7, 15, 21 and 30 days post-injury, dpi). Vehicle (PBS) or Ganciclovir (GCV) were delivered 

daily since 5 dpi by intraperitoneal injection (IPi). n = 3-9. (C) The locomotor performance in the horizontal ladder 

was also assessed at -1 (control) and 30 dpi by quantifying the total number of mistakes per centimeter. n = 2-7. 

Data are presented as mean ± SEM. *p< 0.05, **p<0.01, and ***p<0.001, GCV vs Vehicle. #p<0.05, p16+ vs wt. 

 

However, a few aspects and considerations of this experiment should be mentioned. First, 

breeding outcomes were too low to have a decent number of wt control littermates. With only 

three wt animals for each experimental group, it was impossible to guarantee an even 

behavioral scoring prior to drug administration (wt animals that were given GCV had a higher 

BMS score at 5 dpi). Second, several animals weighted 15-18 g before surgery, considerably 

below ideal surgery weight (18-20 g). This may have caused a substantial impact on injury 
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severity and, consequently, result in poorer locomotor performances than usual (BMS curve 

values were generally lower compared with previous studies). Finally, we observed that from 

between 15-20 dpi onwards, animals began exhibiting signs of stress and frustration upon drug 

administration or during behavior assessment. Furthermore, some animals displayed signs of 

inflammation near the IPi site and two animals died mid-experiment. We think that the constant 

daily manipulation and injections might have been detrimental for the well being and 

performances of the experimental animals and, therefore, a different administration strategy 

should be considered in future studies. 

 

3.3. By 30 dpi, Ganciclovir successive daily administration failed to reduce the number of 

SA-β-gal+ cells in the spinal cord of p16-3MR transgenic mice 

Finally, we checked if GCV in fact depleted the number of SA-β-gal+ cells after 30 dpi. 

Surprisingly, at 30 dpi, the number of SA-β-gal+ cells at the lesion periphery in GCV- or 

Vehicle-treated animals was not statistically different in the total sectional gray matter nor in 

the ventral horn (Figure 30A-D). We suspect that the absence of a GCV-driven effect at 30 dpi 

might be related to the aforementioned observations during this experiment. Additionally, we 

performed immunostainings for RFP in order to quantify the number of p16-RFP+ cells. 

However, unexpectedly, we failed to observe any endogenous RFP expression, suggesting that 

the epitope might have been lost to progeny along successive breedings. 
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Figure 30. Ganciclovir failed to decrease the number of SA-β-gal+ cells in the spinal cord of p16-3MR 

transgenic mice at 30 days post-injury. (A) SA-β-gal+ cells were quantified in a total of ten different transversal 

sections (five rostral and five caudal) along 2.0 mm at the lesion periphery. A 0.5 mm interval (red dashed zone) 

was established between the lesion and the beginning of the quantification region. (B) An eosin (pink) 

counterstaining was performed after cryosectioning. SA-β-gal+ cells (blue) were quantified in the total sectional 

gray matter and only at the ventral horn. (C-D) Quantifications were performed at the experimental endpoint (30 

days post-injury). Ganciclovir (GCV) treatment significantly failed to decrease the number of SA-β-gal+ 

cells/mm2 in the total grey matter and in the ventral horn, comparted to vehicle (PBS). n = 4. Data are presented 

as mean ± SEM. Scale bars: 200 µm. 
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DISCUSSION 

 

In this part of the project, we aimed at investigating the functional role of SCs in zebrafish and 

mouse SCI. On one hand, we sought to evaluate if transient SCs effectively play an active role 

after zebrafish SCI and contribute somehow to the regenerative process. On the other hand, we 

wanted to test our hypothesis that the persistent accumulation of SCs is detrimental for the 

outcome of mouse SCI. 

If the availability of tools that allow the in vivo manipulation of SCs in the mouse are scarce, 

then in the zebrafish such tools are non-existent. This argument was recently contested by 

evidence of a role of SCs in zebrafish caudal fin regeneration (Da Silva-Álvarez et al., 2019). 

In this study, fin regeneration was reported to be impaired after eliminating SCs with the 

senolytic drug ABT-263. In our hands, ABT-263 failed to eliminate SCs in the zebrafish spinal 

cord using several different doses, vehicle solvents and administration routes. Though the 

superficiality of the caudal fin may be advantageous for drug accessibility, we cannot discard 

the possibility that senescence in the zebrafish spinal cord may not be mediated by upregulation 

of anti-apoptotic BCL-2 family proteins. However, we did test the administration of two other 

compounds with known senolytic activity. Ouabain (cardiac glycoside that inhibits Na+/K+-

ATPase pumps) and PF-573228 (a focal adhesion kinase inhibitor) have been recently 

identified as senolytic agents (Gil et al., 2018; Guerrero et al., 2019; Triana-Martínez et al., 

2019). Given their mechanism of action, these drugs can have strong off-target effects beyond 

SCs. Preliminary experiments revealed heavy toxicity of Ouabain and PF-573228 towards 

injured zebrafish following IPi at 5 dpi. Reducing drug concentration to tolerable doses allowed 

us to perform up to 5 consecutive (every 48 hours) injections of Ouabain or PF-573228. Still, 
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we found no effect on the number of SA-β-gal+ cells in the injured spinal cord when compared 

to Vehicle-treated animals. 

A zebrafish transgenic line that would allow the elimination of SCs in a similar fashion to the 

p16-3MR mouse will certainly be a revolutionary tool to study senescence in this regenerating 

model. However, zebrafish lacks a bona fide cdkn2a locus that encodes for p16INK4a (Shim et 

al., 2017). In mammals, cdkn2a and cdkn2b genes encode structurally similar proteins, p16INK4a 

and p15INK4b, respectively (Kim & Sharpless, 2006). Instead, in zebrafish there is only one 

cdkn2 gene, named cdkn2a/b (Shim et al., 2017). This gene has not yet been fully characterized 

and is not clear whether it might mediate senescence. Throughout the world, several labs have 

been trying to develop a reliable transgenic line harnessing this locus, but so far without 

success. Our group is currently collaborating with other labs in order to develop a transgenic 

reporter by cloning constructs using the human cdkn2a or the zebrafish cdkn2a/b promoters 

driving the expression of GFP. To date, we were unable to obtain animals displaying a stable 

expression of GFP. Also in collaboration, we are trying to generate a knock in of a reporter into 

the cdkn2a/b locus. 

In the mouse, we used a previously validated pharmacologic approach to selectively eliminate 

SCs in vivo (Chang et al., 2016; Demaria et al., 2014). The senolytic drug ABT-263 was used 

to eliminate SCs after a spinal cord T9 contusion injury and its effects on motor, sensory and 

bladder function recovery were evaluated. We targeted the elimination of SCs in the subacute 

injury phase to guarantee that we were acting when macrophage infiltration, reactive 

astrogliosis and scar formation are taking place (Siddiqui et al., 2015) and also when SCs start 

to accumulate at the lesion periphery. The end limit (14 dpi) of the administration time window 

was restricted by the fact that ABT-263 does not cross the blood-brain barrier, so we could 

only ensure drug accessibility in the period during which this barrier is leaky following SCI 

(Vogler et al., 2011; Whetstone et al., 2003; Yamaguchi & Perkins, 2012). We were able to 
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show that SCs were eliminated in injured mice treated with ABT-263, with elimination 

efficiencies similar to what was previously described (Demaria et al., 2014). Interestingly, 

ABT-263 was able to decrease the numbers of SA-β-gal+ cells even in the spinal segments 

spanning the end of lumbar and sacral regions, where SCs are also induced after SCI. Though 

the functional impact of eliminating SCs further away from the lesion, namely in the remote 

lumbar-sacral segments, lacks clarification, it is possible that such effect may have 

repercussions in the function of distal CPG circuits. Although the number of SCs are 

significantly reduced at 15 dpi, they start to slowly re-emerge after the end of ABT-263 

administration. This might be a consequence of paracrine senescence, a SASP-mediated event 

where the remaining SCs can induce senescence in nearby cells (Herranz & Gil, 2018). 

Noteworthy, ABT-263 does not prevent SCs to be induced but instead kills by apoptosis SCs 

that are already present (Chang et al., 2016; Zhu et al., 2015). This becomes relevant when 

thinking in a translational approach where the administration window should be carefully 

established for high-efficacy with low-toxicity. Importantly, designing a senolytic therapy for 

SCI must take in account the temporal and spatial differences in the cellular response between 

species.  

The treatment of spinal cord injured mice with the senolytic ABT-263 significantly improved 

locomotor performance in BMS and HL tests, an effect maintained until the end of the study 

(i.e. 60 dpi). Interestingly, at 30 dpi, ABT-263-treated animals showed a normal sensitivity to 

a non-noxious cold stimulus but no effects were observed upon a hot stimulus. This may 

indicate that ABT-263 is acting through specific neural substrates, namely through transient 

receptor potential member 8 (Trpm8) cation channels - primary molecular transducers of cold 

somatosensation (Ran et al., 2016). Together, these results suggest that eliminating SCs with 

ABT-263 improves motor and sensory functions following mammalian SCI. 
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Bladder function was also ameliorated during ABT-263 administration, though the effect was 

lost beyond that period. It would be interesting to see if bladder function would continue to 

improve should we be able to continue to deplete SCs after 15 dpi. De-enervation of the spleen 

following SCI leads to a gradual splenic atrophy (Brennan & Popovich, 2018; Noble et al., 

2018). In our study, we found no differences in spleen weight after perfusion between ABT-

263- and Vehicle-treated animals. This is corroborated by a previous study demonstrating that, 

in fact, splenic atrophy (and consequent loss of spleen weight) occurs in T3 SCI mice but not 

in T9 SCI mice (Zhang et al., 2013). On the other hand, after SCI, the liver suffers from excess 

lipid deposition, cellular damage and over-inflammation (Brennan & Popovich, 2018; 

Sauerbeck et al., 2015). Though we did not observe significant differences in hepatocellular 

damage scoring between experimental groups, ABT-263-treated animals had their liver weight 

reverted to control (uninjured) values. Furthermore, we found preliminary evidence that ABT-

263 treatment reduces the levels of liver lipidosis following SCI. In future studies, an 

appropriate sample processing (i.e. fixation/preservation protocol) will be taken into account 

in view of properly elucidating these effects. 

If the effects on bladder or liver functions are indirectly mediated by the effects of ABT-263 

on the spinal cord or just a result of the systemic effect of the drug, remains to be elucidated. 

A spinal cord injury causes severe systemic consequences in autonomic functions, which result 

from the disruption of neural-immune communication between the spinal cord and peripheral 

organs (Brennan & Popovich, 2018; Noble et al., 2018). With severe consequences for the daily 

life, the recovery of autonomic functions has become a top priority of spinal cord injury patients 

(Anderson, 2004). In future studies, the emergence of SCs after a spinal cord lesion in organs 

such as the bladder, the spleen, the liver, the gut and the lungs, should also be evaluated. 

Independently of a possible direct or indirect effect of ABT-263 on these organs, we predict 

that the elimination of persistent SCs may result in improved outcomes for their autonomic 
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functions and, ultimately, contribute to decreased morbidity and mortality after spinal cord 

injury. 

Persistent senescent fibroblasts and myogenic cells were shown to promote a pro-fibrotic 

response and to limit tissue repair in fibrotic lung disease (Schafer et al., 2017) and injured 

muscles (Le Roux et al., 2015), respectively. Accordingly, we showed that the effect of ABT-

263 on SCs depletion was translated into a consistently reduced fibrotic scar area and length. 

In addition, SCs depletion with ABT-263 results in a higher myelin preservation over time. 

While decreasing demyelination helps preserve the function of spared axons, a smaller scar 

provides a better microenvironment for the reorganization of spared axons around the lesion 

(Courtine & Sofroniew, 2019). Consistent with this scenario, ABT-263 treatment promoted an 

increased expression of the growth-associated GAP43 protein at 30 dpi. Altogether, these 

effects are likely underlying the locomotor improvements observed. Noteworthy, the effects of 

ABT-263 seem to be more pronounced at the caudal side of the lesion. However, we failed to 

observe a difference in ABT-263 elimination efficiency between rostral and caudal effects. 

These differences in lesion responses to treatment suggest the existence of different SASP 

programs between the rostral and caudal sides, something that requires further investigation in 

the future. 

The neuroinflammatory response after SCI worsens throughout the secondary damage phase, 

becomes chronic and is associated with neurotoxicity (Fleming et al., 2006). Preventing the 

accumulation of SCs during the subacute injury phase with the administration of ABT-263, led 

to a reduction in the number of inflammatory macrophages. Interestingly, persistent SCs are 

known to create a chronic inflammatory tissue microenvironment by secreting 

proinflammatory cytokines like IL-1α, IL-1β, IL-6, IL-8 or TNF-α, which are all well-

established components of the SASP (Coppé et al., 2010, 2008). Therefore, this evidence 
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supports a close association between the accumulation of SCs and the non-resolving 

inflammatory response in a lesioned spinal cord. 

In this study, we tried to go further and investigate if ABT-263 treatment could interfere with 

the balance between pro-inflammatory M1 and pro-regenerative M2 macrophage 

subpopulations. To do that, we performed immunostainings for the M1 and M2 markers 

CD16/32 and CD206, respectively (Guerrero et al., 2012). During this project, we realized that 

a few antibodies that worked perfectly in unstained samples were never successfully optimized 

after SA-β-gal staining. Such was the case with CD16/32. Thus, we were only able to 

successfully trace the expression of the M2 marker CD206. Our data indicates that ABT-263 

did not modify, in any of the time-points analyzed, the levels of CD206 expression towards 

Vehicle treatment, suggesting the numbers of pro-regenerative M2 macrophages stay the same 

after SCs removal. Given that ABT-263 significantly reduces the number of total macrophages 

(assessed by F4/80 expression) at the lesion site, we predict that eliminating SCs has a direct 

impact on the number of pro-inflammatory M1 macrophages. Though we have been unable to 

confirm the expression levels of CD16/32, this hypothesis goes in accordance with the pro-

inflammatory properties of a persistent SASP (Coppé et al., 2010, 2008). In fact, SASP factors 

IL-1β and TNF-α are known to promote polarizers of M1 macrophages and their neutralization 

has already been shown to improve functional recovery after SCI (Genovese et al., 2008; 

Kroner et al., 2014; Nesic et al., 2001). Curiously, though the SASP comprises several ILs, IL-

4 and IL-10, polarizers of M2 macrophages, are not among them (Coppé et al., 2010, 2008; 

David & Kroner, 2011). Importantly, there is evidence that defends an ambiguity of M1 and 

M2 phenotypes in SCI, in which a macrophage can express markers of both subtypes (David 

& Kroner, 2011; Gensel & Zhang, 2015; Ren & Young, 2013). One possible explanation is 

that a macrophage cell is transitioning from one phenotype to the other. Nonetheless, data 

suggests that targeting SCs is a promising way to tackle the exacerbated inflammatory response 
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after a SCI that likely favors a less inhibitory in vivo microenvironment which is more prone 

for axonal preservation and injury repair. 

Additionally, we used a completely independent genetic approach with the p16-3MR 

transgenic line (Demaria et al., 2014) to validate our results on locomotor recovery. With the 

p16-3MR model, we mainly aimed at: a) investigating the impact of eliminating SCs for longer 

periods of time on locomotor recovery; and b) sorting p16INK4a+ cells at different time-points 

after injury for an in-depth cellular and transcriptomic characterization. Due to the time-

window of this thesis project, we were only able to tackle the first point. Unfortunately, we ran 

into several unexpected problems with this model. In addition to low breeding rates, the daily 

injections and manipulation were revealed to be detrimental for animal welfare and 

experimental output. We had not enough numbers of wt control littermates to assuredly 

compare the effect of GCV between p16-3MR and wt mice. This is especially relevant given 

that GCV was previously suggested to have a neuroprotective role in the CNS (Ding et al., 

2014). In the end, we were unable to prove that GCV administration successfully eliminates 

p16Ink4a+ cells after 30 dpi. Considering that animals stopped recovering from 21 dpi onwards 

and actually started exhibiting signs of deterioration, we are unsure how the course of our 

experimental conditions affected the spinal cord itself and the senescence response. 

Furthermore, RFP expression seems to have been lost after successive breedings. In fact, we 

had been advised by Demaria beforehand that RFP expression could be unreliable in this 

model, though LUC and HSV-TK expression should work without concerns. Despite these 

setbacks, in our experimental conditions, GCV treatment significantly improved locomotor 

performances assessed in the open field and the HL. Although this model needs to be refined 

in future experiments, behavioral data suggest that the elimination of SCs, using an independent 

genetic method, promotes locomotor recovery after SCI, supporting the previous findings with 

the senolytic approach. 
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Our data provides evidence for the remarkable beneficial outcomes of eliminating SCs in the 

context of a SCI, namely by reducing inflammation, limiting scaring, preserving myelin and 

allowing axonal growth. Concomitantly, depletion of SCs promoted significant locomotor and 

sensory recovery, as well as improved bladder function. With this study, we identified SCs as 

a novel therapeutic target in spinal cord injury. 
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In this project, a multifaceted unmet medical condition meets a multifaceted undeciphered 

cellular phenomenon. As a result, a new and unexpected player in SCI has been identified – 

SCs.  

Our data shows evidence that SCs play a key role in SCI and their elimination can bring 

remarkably beneficial outcomes during recovery. By targeting SCs, we have tackled several 

different aspects that comprise the outcome of a spinal lesion: locomotion, sensory and 

autonomic functions, as well as demyelination, fibrosis, inflammation and axonal preservation. 

The fact that we managed to affect each of these aspects is determinant to expose the vital part 

that SCs play in the functional impairment after SCI. By establishing SCs as druggable targets 

in the spinal cord, we propose that the use of senolytics should be considered as a therapeutic 

strategy for SCI. Consequently, we are currently seeking protection for such approach through 

the provisional patent GB1913338.8 – “Treatment of spinal cord injury” (see Annexing 

Information). 

One of our main goals was to uncover the mechanism behind the detrimental role of SCs in 

mouse SCI. To do this, we intended to use the p16-3MR model to sort p16INK4a+ cells and 

characterize their transcriptome. However, due to time restrictions and experimental setbacks 

concerning the p16-3MR model, we were unable to do this within the time frame of this thesis 

project. A precise characterization of the SASP components will be fundamental to a detailed 

understanding of the role of persistent SCs in the injured tissue microenvironment and might 

unveil new and more targeted therapeutic strategies to control senescence effector pathways 

after SCI. In the future, a single-cell RNA-seq will be essential to obtain an in-depth 

characterization of SCs in SCI, which is now the main priority of this project. This analysis 

should be done at different time-points in order to determine the temporal impact of the 

senescence program in each cellular phenotype. 
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Importantly, no matter how fascinating these results might be, they will mean nothing if they 

cannot be translated into human SCI patients. Most therapies that show promising pre-clinical 

results end up failing in humans due to the inherent differences between species. In view of 

this, it will be of paramount concern to, first of all, test if cellular senescence is also involved 

in human SCI. This will likely require access to post-mortem human spinal cord samples that 

can be scanned for senescence features. Then, if these cells do exist in the human spinal cord, 

it will be important to define an appropriate therapeutic window, considering the primary and 

secondary mechanisms of human SCI. 

It is expected that, before an eventual translation into humans, a senescence-targeted therapy 

for SCI shall require more pre-clinical testing, namely in other larger animal models. Larger 

animals are being increasingly used for pre-clinical studies. However, their molecular and 

cellular characterization of SCI is massively understudied compared to rodents. Therefore, it 

might be difficult to outline a proper therapeutic window. In fact, if SCs carry out, as we 

anticipate, an immunomodulatory role in SCI, it will be important to take in account the 

differences in immune infiltration time windows among species. In line with this, it would be 

valuable to perform ABT-263 treatment at the time of injury to determine if acute accumulation 

of SCs is acting in a beneficial manner, before their persistence becomes detrimental.  

It will be of particular interest to investigate if depleting SCs for longer periods of time will 

result in additional functional improvements. In order to do this, we need either efficient 

senolytic drugs which are capable of crossing the blood-spinal cord barrier or tools which allow 

the delivery of senolytics on site in a time-controlled manner. The transgenic p16-3MR model 

allows an extended elimination of p16INK4a+ cells after a spinal cord injury. However, we have 

seen that this is not an easy nor reliable model to work with. The advantageous versatility of 

the p16-3MR model relies on the expression of RFP, which provides an easy means to sort 

these cells and characterize their transcriptome. If RFP expression is not trustworthy, this 
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model loses its main utility. Furthermore, in our experimental model, the amount of animal 

manipulation considering daily intraperitoneal injections of GCV for long periods may come 

to partially compromise behavioral assessments in later stages. Therefore, the experimental 

setup needs to be reassessed in future experiments and other more reliable transgenic lines 

should be considered. 

Investigating the role of transient SCs in the regenerating zebrafish was another aim of this 

project. Thus far, we were unable to optimize a senolytic protocol to successfully deplete SCs 

in the zebrafish spinal cord. Additionally, there is currently no senescence-tagged zebrafish 

transgenic line available in the world. Therefore, the role of transiently induced SCs in 

zebrafish SCI remains to be elucidated. The development and optimization of senolytic or 

genetic methods to deplete SCs in zebrafish will provide an essential set of tools to reveal what 

distinguishes these cells in regenerating and non-regenerating scenarios.  

Why do SCs accumulate and in certain circumstances cannot be properly eliminated? Exactly 

how and when does senescence become harmful in injury contexts? These are outstanding 

questions to which there is yet no answer. What we know so far is that there seems to be a tight 

association between the emergence of persistent SCs and unresolved tissue injuries. 

Considering this, we think that peripheral organs which are affected by SCI should also be 

scanned for senescence responses. 

It is indeed an exciting time to work on senescence. As time goes by, this puzzling cellular 

phenomenon is getting slowly deciphered. Or so it seems. With each new answer often comes 

two novel questions. Perhaps we should wonder… are we making the right questions? 

Targeted elimination of SCs emerges as a promising therapeutic approach to promote 

functional repair of an injured spinal cord, repurposing the use of senolytic therapies already 

under clinical trials for cancer and age-related disorders (Paez-Ribes et al., 2019). Given the 
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extreme complexity and multifaceted mechanisms underlying spinal cord repair, it is doubtful 

that, by itself, a senolytic drug can generate clinically meaningful functional improvements. 

We do believe though that this strategy shows great potential to be combined with other 

existing biological and engineering approaches in a combinatorial therapeutic logic. 
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