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ABSTRACT

A spinal cord injury (SCI) is a highly disruptive condition that causes non-resolving neurologic
damage to the spinal cord. Senescent cells are known to be upregulated after SCI, with devastating
consequences for the tissue. p16 is a known marker of senescence, however its expression did not follow
the same tendency as other senescent cell populations. We aimed to perform a phenotypic characteri-
zation of these p16-positive cells using a new p16-FDR mouse line, with an mCherry reporter gene. We
optimized a single-cell spinal cord dissociation protocol for flow cytometry and fluorescence-activated
cell sorting (FACS), enabling a comprehensive cellular characterization. We showed the induction of an
injury-specific p16-mCherry population at 7 days post-injury (dpi), which is enriched in neurons. Ad-
ditionally, by flow cytometry, we also identified a new injury-specific mCherry macrophage popula-
tion. All these results together with the selective elimination of p16-mCherry-positive cells that revealed
a transient locomotor impairment at 15 dpi, suggested an important functional role of these cells. Mean-
while, pharmacological treatment with a senolytic, ABT-263, did not eliminate p16-positive cells, ques-
tioning their canonical senescence nature. However, transcriptomic profiling of sorted mCherry-posi-
tive cells revealed an upregulation of immune and senescence-associated genes. Taken together, our
comprehensive approach has uncovered new insights into the intricate profile of mCherry-positive cells

and the interaction between senescence and tissue repair.

Keywords: Spinal cord; Spinal cord injury; Cellular senescence; p16; Regeneration
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RESUMO

Uma lesdo vertebro-medular é uma condicdo altamente devastadora que promove danos neuro-
l6gicos permanentes inferiormente ao local da lesdo. Sabe-se que as células senescentes sdo induzidas
apo6s lesdes deste tipo, e que a sua persisténcia acarreta consequéncias devastadoras para o tecido. p16
é um marcador cldssico de senescéncia, no entanto, a sua expressdo ndo segue a mesma tendéncia ob-
servada noutras populagdes de células senescentes. A identidade desta populagdo pl6-mCherry ainda
ndo é conhecida. Deste modo, o0 nosso objetivo incidiu em realizar uma caraterizagao fenotipica das
células pl6-positivas utilizando um novo modelo p16-FDR, com um gene reporter mCherry. Para tal,
otimizdmos um protocolo de single-cell apto para citometria de fluxo e fluorescence-activated cell sorting
(FACS), permitindo uma caraterizagdo celular abrangente. Demonstrdmos a indu¢do de uma populagdo
mCherry especifica aos 7 dias apés a lesdo, que é enriquecida em neurénios. Além disso, por citometria
de fluxo, identificimos uma nova populacdo de macréfagos pl6-mCherry positiva. Estes resultados,
juntamente com uma eliminagdo seletiva de células mCherry-positivas que revelaram uma deficiéncia
locomotora transitéria aos 15 dias apds lesdo, sugeriram um papel funcional importante destas células.
O tratamento farmacolégico com um potente senolitico, ABT-263, ndo eliminou as células p16-positivas,
questionando a sua natureza senescente. No entanto, o perfil transcricional das células mCherry-posi-
tivas sorteadas por FACS revelou um aumento de expressao de genes implicados em processos de imu-
nidade e senescéncia. A nossa abordagem abrangente revelou novos conhecimentos sobre o perfil com-

plexo das células mCherry-positivas e a interagdo entre a senescéncia e a reparagdo de tecidos.

Palavas chave: Medula espinhal; Lesdes na medula espinhal; Senescéncia; p16; Regeneracéo
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1

INTRODUCTION

1.1 Spinal cord - the master cable of communication

1.1.1 Structure and Function of the Spinal cord in mammals

The spinal cord (SC) is positioned within the vertebral column and stands as a crucial part of the central
nervous system (CNS). It runs from the brainstem, through the foramen magnum, to the L1 and L2
vertebrae before phasing out at the conus medullaris. Finally, it stretches into the “cauda equina”, a
bundle of nerve roots (Fig 1.1. A) [1][2]. The central canal runs longitudinally through the center of the
spinal cord and connects to the brain's ventricles which are filled with cerebrospinal fluid (CSF). CSF
conveys hydromechanical protection to the CNS, while also being an important player during brain
development and in maintaining the homeostasis of the brain interstitial fluid[3]. The spinal cord can
be divided into three regions through the laminar designation: dorsal, intermediate, and ventral (Fig
1.1. B). The dorsal horns process external sensory information, while the ventral horns control motor
execution and generate rhythmic motor behaviors. The intermediate spinal cord integrates sensory and
descending information to fine-tune motor output[4]. The spinal cord is composed of gray matter sur-
rounded by white matter, resulting in a butterfly-like or H-shaped structure when viewed in a cross-
section (Fig 1.B)[1] [4] [5]. The gray matter's "H" supports the right and left dorsal and ventral horns[4].
It is composed of cell bodies of motor and sensory neurons, interneurons, neuroglia cells, and mostly
unmyelinated axons. In contrast, the white matter is composed mainly of interconnecting fiber tracts,
which are primarily myelinated sensory and motor axons. While ascending tracts transmit information
from sensory receptors to higher levels of the CNS, descending tracts convey information from the CNS
to the periphery [4]. This complex structure of the spinal cord is responsible for conducting information
from the brain to the periphery and vice versa. As a segmented structure, its neural segments corre-
spond to the nerve roots that extend between each vertebra. In total, there are 31 spinal nerve roots:
eight cervical, twelve thoracic, five lumbar, five sacral, and one coccygeal, all of which play a role in

regulating important physiological processes such as respiration, heart rate, and temperature[2].
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Figure 1.1 Structure of the spinal cord. (A) Longitudinal organization of the spinal cord (with cervical, thoracic, lumbar,
and sacral segments shaded), spinal vertebrae, and spinal nerves and a rough representation of its major functions.
Adapted from Lukersmith et al. (2013)[2]. (B) Lamination pattern of the spinal regions — dorsal, intermediate, and ventral.
From Peter ] Osseward II et al. (2019) [4].

1.2 Spinal cord Injury (SCI) - the bridge waiting to be crossed

A spinal cord injury (SCI) is a condition that causes non-resolving neurologic damage to the SC. SCI
entails highly disruptive and complex events from both the medical and patient perspectives, being a
life-altering condition. SCI patients experience physical dependence due to the loss of physiological
functions such as partial or total loss of motor and sensory functions below the injury level as well as
high psychological and financial burden, and increased morbidity [2] [6] [7]. The World Health Organ-
ization (WHO) 2013 statistics reveal an estimated global incidence of SCI of 40 to 80 new cases per mil-
lion inhabitants annually, reflecting that each year, 250,000 to 500,000 people suffer an SCI[2]. The vast
majority of these cases are traumatic SCI due to road accidents, however, they can also result from falls,
sports injuries, or violence [2] [6]. SCIs can be categorized as traumatic or non-traumatic, depending on
the cause of the injury. Traumatic SCI is the result of high-intensity injuries caused by external physical
impact, such as those sustained in traffic accidents. Non-traumatic SCIs, on the other hand, can be
caused by acute or chronic illnesses such as infections, tumors, degenerative disorders of the vertebral
column, or vascular issues[6]. Regarding severity, SCIs can be classified into complete or incomplete. In
the case of a complete injury, there is no nerve communication below the site of injury, while in an
incomplete injury, some communication in the spinal cord remains intact, allowing for some sensory-
motor control below the injury site[8]. However, SCI does not exclusively entail motor and sensory
deficits. SCI patients can also experience various injury-related secondary complications. These compli-
cations may encompass orthostatic hypotension, which refers to a sudden drop in blood pressure upon
assuming an upright position, urinary tract infections (UTIs), and sublesional osteoporosis resulting

from bone mass loss after injury [2].

According to the pathophysiology, acute SCI can be divided into primary and secondary injuries, the
former is the stage immediately after the injury and is due to the mechanical injury to the spinal cord.

The primary injury triggers the secondary injury through the activation of a cascade of cellular,



molecular, and biochemical events that further damage spinal tissues causing tissue dysfunction and

preventing neurological recovery (Fig 1.2)[6][7].

Primary Injury Secondary Injury

o ..

Figure 1.2. Primary and secondary phases of a SCI. The primary injury occurs due to sudden trauma to the
spinal cord triggering a complex cascade of events leading to a secondary injury promoting further tissue
dysfunction. From Anam Anjum et al.(2020)[7]

1.2.1 Primary Mechanisms of Spinal Cord Injury

As mentioned above, the primary injury results from mechanical damage at initial impact, where bone
fragments, disc compartments, and spinal ligament tearing damage the spinal cord tissue [6] [7]. This
primary impact can cause compression, contusion, or transection injuries to the spinal cord, the latter
being an anatomically complete lesion[9]. The most frequent type of injury is contusion, followed by
compression as a result of vertebral fracture and dislocation. The severity of the injury is determined by
its location, the extent of initial damage, and the duration of compression [7].
After the initial impact, there is a breakdown of the blood-spinal cord barrier (BSCB), hemorrhage, and
destruction of neural parenchyma, axonal network, and glial membranes [7]. The rupture of cellular
membranes, and local blood vessels, promotes the release of cytotoxic factors and compromises oxygen
supply leading to ischemia and hemorrhage events that increase local pressure on the spinal cord and
result in edema [7]. These events trigger a secondary injury, causing further damage to spinal tissues
and neurological dysfunction that can, in some cases, excess the damage caused by the primary in-
jury[10].

1.2.2 Secondary Mechanisms of Spinal Cord Injury

The activation of the secondary injury phase promotes further chemical and mechanical damage to spi-
nal tissues. It is initiated minutes after primary injury and can last for several weeks [7][11].

The secondary injury mechanism can be divided into acute (0-48 hours post-injury (hpi)), sub-acute (48
hpi to 14 days post-injury (dpi)), and chronic injury (from days to years), following a distinct but some-
what overlapping temporal sequence (Fig 1.3) [7], [10], [11].
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Figure 1.3. Temporal classification of the secondary phase of a SCI. The secondary phase can be
divided into acute (0-48 hours post-injury (hpi)), sub-acute (48 hpi to 14 days post-injury (dpi)), and
chronic injury (from days to years). From Anam Anjum et al.(2020) [7]

The acute phase is characterized by vascular damage, hemorrhage, ischemia, edema, inflammatory cell
infiltration, ionic imbalance, excitotoxicity, free radical production, increased calcium influx, lipid pe-
roxidation, and inflammation, among others. It is also characterized by necrosis, in the first instance
due to mechanical trauma and followed by apoptosis of neuronal and glial cells, such as oligodendro-
cytes, within hours after injury (Fig 1.4.A). These events also trigger demyelination and the loss of neu-
ral circuits [7], [10], [11]. In a more detailed view of the acute phase, the destruction of the main micro-
vasculature upon injury leads to hypovolemia due to excessive bleeding. This promotes cell permea-
bilization allowing leukocytes and red blood cells (RBCs) to extravasate to the injury site, resulting in
edema and exerting pressure on the injured spinal tissues, thereby compromising blood flow to the rest
of the spinal cord[7]. Severe hemorrhage also exposes the spinal cord to an incredible influx of inflam-
matory cells, namely macrophages, neutrophils, and lymphocytes. Additionally, it is exposed to inflam-
matory cytokines such as interleukin (IL)-1B, interleukin-6 (IL)-6, tumor necrosis factor-a (TNF-at), and
vasoactive peptides[7], [11]. Furthermore, vascular disruption promotes pro-apoptotic signaling, and
ischemic injury, leading to cell dysfunction and death. Altogether, this highly inflammatory tissue en-
vironment combined with a disrupted BSCB contributes to further spinal cord swelling. This swelling

can increase mechanical compression on the spinal cord, worsening the injury [7], [10].

In the subacute phase, events from the acute phase continue, with ongoing edema exacerbating ische-
mia and the recruitment of inflammatory cells promoting further cell death[10], [11]. This phase is also
characterized by axon demyelination, Wallerian degeneration, axon and matrix remodeling, and im-
mune-mediated neurotoxicity [7]. Given the structural alterations to the spinal cord architecture and
cell death, cystic microcavities are formed. Moreover, in the perilesion area, there is the deposition of
extracellular matrix (ECM) molecules as a result of astrocytic proliferation and glial scar formation (Fig
1.4.B)[10]. In a finer-grained view, there is a loss of intra and extracellular ionic homeostasis, due to an

increase in intracellular concentration of Ca*" in neurons and glia[10]. Initially, this increase derives



from the mechanical injury itself causing breaches in the cells” plasma membranes resulting in an ionic
imbalance[11]. Later on, a phenomenon known as glutamate excitotoxicity also contributes to this im-
balance. Glutamate, a major excitatory neurotransmitter, is released in excessive amounts after an injury
by dying astrocytes and neurons, and surviving astrocytes are not able to uptake glutamate to its normal
levels. The excess of glutamate promotes the overactivation of NMDA (N-methyl-d-aspartate), AMPA
(a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid), and kainate receptors, thus promoting the
influx of Ca*" and Na* ions [7], [10], [11]. Excess of glutamate coupled with dysfunctions in the ATP-
dependent ion pump results in an increase in intracellular concentrations of Ca** and Na* and a decrease
in K*[7]. Neurons and oligodendrocytes are especially susceptible to glutamate excitotoxicity as they
have a complete set of glutamate receptors[11]. Higher levels of Ca®* inside the cell activate fundamental
enzymes, caspases, and calpains that induce apoptosis by cleaving cytoskeleton and membrane pro-
teins[7], [11]. The excess of Ca*" also leads to mitochondrial dysfunction, resulting in the formation of
reactive oxygen species (ROS) and reactive nitrogen species (RNS). This oxidative stress environment
causes lipid peroxidation and damage to proteins and nucleic acids, thus contributing to necrotic and
apoptotic cell death [7], [10], [11]. Moreover, ATP and DNA released by necrotic cells activate microglia.
Activated microglia infiltrate the injury site, further aggravating the inflammatory response and pro-
moting additional cell death[10]. Loss of glial cells, mainly oligodendrocytes, results in the demye-
lination of axons. Without myelin, neurons are directly exposed to the effects of inflammatory cytokines,
ROS, and RNS which result in more necrosis and apoptosis. The consequence is a partial or complete
loss of axonal transmission, which contributes to motor and sensory impairments[11]. As the inflam-
matory response from previous phases decreases, there is an attempt at remyelination, reconstruction
of the vascular architecture, and remodeling of neural circuits. However, these attempts often fail due

to the overall detrimental microenvironment that has been established[10].

Then the chronic phase, the final phase, is initiated and it is marked by the formation of cysts and the
maturation of the glial scar (Fig 1.4.C)[7]. Cystic microcavities are composed of extracellular fluid (ECF),
connective tissue, and macrophages that fuse together forming a physical barrier to axonal regrowth
and a poor substrate for cells to migrate. Around the cystic cavity, reactive astrocytes proliferate and
interconnect their processes to form the glial scar[7], [10], [12]. In addition to astrocytes, the glial scar
also contains pericytes and connective tissue[7]. Interestingly the population of pericytes is twice that
of astrocytes. These pericytes produce various molecules that can stimulate fibroblasts to produce fi-

bronectin, an ECM component, that contributes to the formation of scar connective tissue.

The glial scar is a double-edged sword, it constitutes a physical barrier to axon regeneration, however,
it also isolates the injury site by preventing the spreading of the injury to adjacent healthy parenchyma.

Also, astrocytes provide trophic support and promote neovascularization[10].

As a result of these events, the SCI lesion is composed of a nonneural lesion core due to its toxic envi-
ronment, a glial scar at the peri lesion site, and a spare but reactive neural tissue that contains neurons,

astrocytes, oligodendrocytes, oligodendrocyte precursor cells (OPCs), and microglia[6], [13].
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Figure 1.4.Pathophysiological events after a SCI. A) In the acute phase, edema, hemorrhage,
and ischemia occur, leading to a consequent infiltration of inflammatory cells. Necrosis and apop-
tosis of neurons and glial cells are also observed leading to the loss of neural circuits. B) In the
subacute phase, events from the acute phase continue, and inflammation continues, leading to
further cell death. Cystic microcavities are formed during this phase. C) In the chronic phase, the
glial scar matures, inhibiting regeneration. Cystic cavities coalesce to further restrict axonal re-
growth and cell migration. From Ahuja et al. (2017) [10]



1.2.3 Cell types that coordinate the injury response

Cells involved in a SCI process can originate from the nervous, immune, or vascular systems and are
categorized into either intrinsic or blood-borne cells [7]. The cellular response is fundamental in an in-
jury context, and it is important to understand its temporal and spatial dynamics to be able to find
effective therapeutic strategies (Fig 1.5) [6]. This section aims to provide a deeper insight into both SC
resident cell types and those recruited from the circulatory system in the context of SCI, bearing in mind

the pathophysiology described in the section above.
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Figure 1.5 Cellular changes upon a SCI. Several cells are involved in a SCI context that can be from the
nervous, immune, or vascular systems and are categorized into either intrinsic or blood-borne cells. These
cells present different temporal profiles being recruited at different timepoints. Oligodendrocyte precursor
cells (OPCs). From Xiao Hu et al. (2023) [6]

Immune cells

There are four major cell types that are recruited upon an SCI: neutrophils, monocytes/macrophages,

tissue-resident microglia, and lymphocytes[11].
In situ immune cells

Microglia are the innate immune cells of the CNS. Upon injury, these cells go through a series of mor-
phological and molecular changes to be able to phagocytize and remove debris. They also adopt a pro-
inflammatory phenotype that contributes further to the secondary injury. Regarding inflammation, mi-
croglia are known to exert namely a M1 or M2 phenotype. M1 is mainly pro-inflammatory, aggravating
the inflammatory response and promoting neuroinflammation. In contrast, M2 has anti-inflammatory
properties and promotes tissue repair. However, this classification is not objective as there can be more
subtypes of microglia[6]. After SCI, it has been suggested that there are two peaks of microglial activa-
tion. Nguyen et.al reported that upon a contusion SCI in rats, microglia peak at 7 dpi and 60 dpi [14].

Similar temporal distributions have been observed in mice studies[6]. While microglia rapidly



disappear from the lesion core, they are maintained at the lesion periphery exhibiting a pro-inflamma-

tory phenotype[6].
Blood-derived immune cells

Neutrophils are the first immune cells to be recruited to the injury site, typically detected 2 hours after
the injury and peaking at 3 dpi in mice[6]. They act as a triggering factor of the secondary injury. Neu-
trophil recruitment occurs through signals produced by resident cells, that secrete adhesion molecules
and cytokines (IL-18, TNF), which guide neutrophils to the damaged site. In this setting, neutrophils
have mainly a detrimental role by releasing a wide variety of pro-inflammatory molecules, ROS, lyso-
somal enzymes, and proteolytic enzymes (such as matrix metalloproteinase-9, MMP-9), which in turn
activate other inflammatory and glial cells contributing to neuronal death [6], [11]. Neutrophils also
release neutrophil extracellular traps (NETs) that further contribute to neuroinflammation and BSCB
destruction[11]. Nevertheless, these cells can also have a beneficial role by removing microbial species

and tissue debris and favoring macrophage phagocytosis [6].

Myeloid-derived monocytes infiltrate the spinal cord and differentiate into macrophages after the in-
jury[6], [11]. Macrophages, as microglia, also have M1 (pro-inflammatory) and M2 phenotypes (anti-
inflammatory). M1 is detected at high levels in the early phases of the injury and the levels are main-
tained, whereas M2 macrophages have a brief peak and return to the basal levels after 1-week post-
injury. It has been suggested that this biased macrophage polarization may be due to the elevated levels
of iron and myelin debris from the injury. Macrophages have a higher phagocytic ability than activated
microglia. However, like microglia, macrophages also produce several cytokines and growth factors
and clear myelin sheath fragments and necrotic tissue that need to be removed. The excessive phagocy-
tosis of lipid-rich myelin sheaths has a downside: it leads to the formation of foam macrophages. This

in turn leads to an impaired phagocytic ability and results in further damage to the neural tissue. [6]

Lymphocytes play a rather controversial role in a SCI context. The primary cell types involved in adap-
tive immunity are T and B lymphocytes [6]. After an injury, T cells peak at 7 dpi but can be detected as
early as 1 dpi and remain sustained for as late as 180 dpi. These cells seem to have a detrimental role.
CD8 T cells, for example, secrete perforin, which has been shown to damage the BSCB. This damage
increases the barrier’s permeability to inflammatory cells and its cytokines, thereby worsening the dam-
age to the CNS. Moreover, T-cell infiltration in the dorsal spinal cord is a well-recognized factor con-
tributing to neuropathic pain in adults. Furthermore, it has been shown that v T cells produce inter-
feron-y (IFN-y), further contributing to the inflammatory response. In contrast to its unfavorable role,
it has been shown that an increase in Th2 cells stimulates the phenotypic polarization of Th1 and M1
cells (proinflammatory role) into Th2 and M2 cells (anti-inflammatory role). This shift ameliorates the

local microenvironment making it more permissive to repair[6].



Neurons and Neural stem cells (NSCs)/ Neural progenitor cells (NPCs)

SCI is marked by a profound loss of mature neurons, which is the principal cause of functional impair-
ments in this context. Neuronal apoptosis is an early-stage event, being detected as early as 4 hours after
an injury and peaking at 8 hours. This results in a significant reduction in the number of axons at the
injury site. Some axonal sprouting may be observed at 6 hours post-injury, possibly due to Calpain
activation or axonal protein synthesis. In addition, the spinal cord has endogenous neural stem cells
(NSC) and neural progenitor cells (NPCs) that give rise to newly formed astrocytes and oligodendro-

cytes [6].
Astrocytes

Astrocytes are the most numerous supporting cells in the CNS. They are responsible for maintaining
the homeostasis of the CNS, providing metabolites for neurons, and modulating local blood flow. Upon
injury, astrocytes become reactive, presenting reversible alterations in gene expression and morphol-
ogy. When activated, they protect the healthy spinal cord from inflammatory cell infiltration, minimiz-
ing the initial damage. However, over time, they take part of the permanent glial scar, that acts as a
barrier to regeneration[6]. In the first 7 to 10 dpi astrocytes proliferate and organize alongside the mar-
gin of the injury completely covering the scar in the first 2 to 3 weeks following the injury[7]. Interest-
ingly, microglia is the primary cell type that initiates reactive astrogliosis. Similarly, to other cell types,
astrocytes can be classified into Al or A2. A1 cells, induced by inflammation, are neurotoxic, while A2

cells, triggered by ischemia, possess neuroprotective properties[6].
Oligodendrocytes and OPCs

Oligodendrocytes undergo apoptosis within the first 24 hours after the injury, and the loss of these cells
peaks at 8 dpi. However, OPCs serve as a source for generating new oligodendrocytes following a SCI,
constituting approximately 5-8% of cells in the CNS. When damage is present, OPCs are activated and
proliferate into new oligodendrocytes and Schwann cells, to regenerate damaged axons, repair dam-
aged myelin sheaths, and participate in the astrocyte scar formation. The ability to remyelinate damaged

axons is often restricted given the toxic environment established upon injury.

It is important to note that there is a complex interplay between different cell types upon an injury. For
example, the inflammatory microenvironment induced by immune cells contributes to neuronal death.
Reactive astrocytes can further enhance this inflammation by interacting with microglia through fibron-

ectin within the glial scar [6].

1.2.4 Therapeutic Strategies

The adult mammalian CNS has minimal ability to repair itself following an injury[8]. These barriers to
regeneration can be due to an inherent lower plasticity of the CNS when compared with the Peripheral

Nervous System (PNS), which exhibits a higher capacity for axonal regeneration. The inhibitory nature



of the CNS myelin also constitutes another barrier. Myelin-associated proteins, for example, neurite
outgrowth inhibitor A (Nogo-A), bind to specific receptors activating pathways that ultimately result
in apoptosis and collapse of regenerating axons and neurite retraction. Moreover, hypertrophic astro-
cytes create a physical barrier for regeneration by forming the glial scar and a chemical barrier by se-

creting inhibitory molecules, such as growth-inhibitory chondroitin sulfate proteoglycans (CSPGs) [15].

The primary injury is irreversible and cannot be prevented. Therefore, it is not the main intervention
target. However, in some cases, continuous pressure on the spinal cord due to repetitive or persistent
mechanical insults can exacerbate the primary injury. In such cases, decompressive surgery and verte-
brae stabilization are advised. This surgery aims to realign the spinal column, increase spinal stability,

and reduce compression to the spinal cord[6].

In contrast, secondary injury is the hotspot for finding therapeutic interventions that aim to reduce the
extent of the injury and improve the possibility of recovery[11]. Pharmacological approaches include
the use of steroids, such as Methylprednisolone (MPSS), which exerts an anti-inflammatory effect and
reduces oxidative stress, thereby promoting the survival of neural cells[6], [15]. In addition to the use of
steroids, some neuroprotective and neuroregenerative strategies have been making their way into clin-
ical research. Regarding neuroprotection, Riluzole, a sodium channel blocker, prevents the excessive
influx of sodium in injured neurons and limits the release of glutamate at the presynaptic level. This in
turn counteracts the effects of the ionic imbalance observed upon SCI, preventing cellular swelling and
excitotoxicity. Magnesium is another strategy, as an NMDA receptor antagonist, magnesium reduces
excitotoxic damage to neurons and decreases inflammation[15]. Finally, Minocycline is a structural an-
alog of the antibiotic tetracycline and seems to exert an anti-inflammatory effect by inhibiting microglial
activation, IL-1p, TNF-a, cyclooxygenase-2, and matrix metalloproteinases [6], [11], [15]. The anti-
NOGO antibody is an example of a neuroregenerative therapy. This is a monoclonal antibody against
Nogo-A, an inhibitory component of myelin, this can be a promising tool to promote axonal regenera-
tion[15]. Cell-based therapies also hold an exciting promise, as transplantation of different cell types
into the injured spinal cord, such as neural stem/precursor cells, mesenchymal stem cells, or even
Schwann cells can provide trophic support, modulate the inflammatory response, regenerate lost neural
circuits and remyelinate axons[11], [15]. The formation of a cystic cavity upon injury impairs cell migra-
tion and axon growth due to the lack of support to guide these processes. Biomaterials offer a promising
solution by mimicking the intricate structure of the ECM, thereby filling the cavity. Additionally, these
materials can be engineered to incorporate growth factors and stem cells, which further promote tissue
regeneration. Furthermore, biodegradable biomaterials serve as temporary scaffolds that guide the re-
generative process before gradually degrading as healing progresses[10]. Incredible technological re-
search has also made its way into this field. Lorach et al. made a groundbreaking development in ena-
bling an individual with chronic tetraplegia to stand and walk naturally again using a brain-spine in-
terface. This cutting-edge approach involves a wireless implantable communication system that con-
nects the brain and spinal cord, bypassing the injured area. Although this breakthrough was validated
in only one individual and its efficacy in other SCI conditions remains uncertain, it represents a major

and promising step forward [16] Finally, it is important to note that a combinatorial approach may be
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more beneficial, as it targets several mechanisms simultaneously, thereby addressing the complexity of

spinal cord injuries more effectively [6], [11].

1.3 Cellular Senescence- the identity on the making

The concept of cellular senescence was born in the 1960s when Hayflick and his colleagues discovered
that human fibroblasts could not divide indefinitely in culture and enter a state of irreversible cell cycle
arrest that was termed senescent[17], [18].

Various stressors, such as oxidative stress, chemotherapy, irradiation, and nutrient deprivation can trig-
ger senescence (Fig. 1.6)[17], [19], [20]. Notably, mechanical stress can also lead to senescence. For in-
stance, our laboratory has demonstrated that after an SCI, senescence is induced at the lesion's periph-
ery [13]
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Figure 1.6. Different stimuli that induce cellular senescence. Cellular senescence can be
triggered by a wide variety of stimuli. From Kamal et al. (2020) [21]

Senescence is far away from being a straightforward topic, nevertheless, it is generally defined by the
onset of irreversible cell cycle arrest. This occurs due to the upregulation of cell cycle inhibitors, cyclin-
dependent kinase inhibitors (CDKIs), such as p16™%* (p16), p21<** (p21), and p53 with the retention of
metabolic activity and viability[19], [21]. Regarding the induction mechanism of cell cycle arrest, DNA
damage response signals initially stabilize p53 and activate p21. When the DNA damage persists, p16
is activated by the ETS family of transcription factors. Both CDKIs, p16 and p21, maintain the RB protein
(a crucial cell cycle stopper) in its dephosphorylated form, thereby contributing to a stable cell cycle
arrest [20], [21].

1.3.1 Hallmarks of Senescence

Senescent cells (SeCs) undergo a series of phenotypic changes that distinguish them from normal cells

(Fig 1.7). It is important to note that senescence is a highly heterogeneous process, and there is no one-
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size-fits-all senescence marker. Not all SeCs express the same markers, and none of the markers are

absolutely specific to label all SeCs[17], [21].
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Permanent cell cycle arrest (G1 or G2)

Enlarged cell size (up to 2.5x)

Figure 1.7. Hallmark features of cellular senescence. SeCs are enlarged in size, about 2.5 times its normal size. The cell
undergoes permanent cell cycle arrest due to increased levels of inhibitors like p16INK4a and p21CIP1. It becomes re-
sistant to apoptosis through enhanced BCL-2 and PI3K/AKT pathways. Metabolic shifts occur, with expanded mito-
chondria and lysosomes leading to increased reactive oxygen species (ROS) production. Senescence-associated p-galac-
tosidase (SA-p-gal) activity rises, detectable at pH 6.0. ROS accumulation causes protein aggregation, forming lipofuscin
aggresomes. Autophagy rates initially increase but become compromised in later stages. The cell develops a complex
senescence-associated secretory phenotype (SASP), releasing various factors. Nuclear changes include lamin B1 down-
regulation, leading to chromatin extravasation. Chromatin undergoes remodeling, affecting DNA organization and gene
expression. Bold text in the figure highlights the most common hallmarks of cellular senescence. From Paramos-de-

Carvalho et al. (2021) [17]
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As mentioned above, cell cycle arrest is one of the hallmarks of senescence (Fig.8). SeCs undergo

growth arrest at the G1 or G2 phase of the cell cycle[17]. Contrary to a quiescent state, this arrest is

permanent and cannot be induced by physiological stimuli[21] SeCs also differ from terminally differ-

entiated cells, which are also in a state of stable cell cycle arrest. In fact, senescence is induced by stress

whereas terminal differentiation results from the activation of a specific genetic program. However, it

has been shown that certain cell types known to be terminally differentiated can also develop a senes-

cent phenotype[17]. For example, it has been shown that in a spinal cord injury context, a population of

senescent neurons is induced upon injury [13]. Both p16 and p21 are amongst the most common mark-

ers used to identify SeCs. It has been proposed that p21 is important for the onset of cell cycle arrest and

p16 for the perpetuation of growth arrest over time [21]. However, the presence of these CDKIs does

not necessarily indicate senescence [18]. Cell cycle arrest is not exclusive to senescence, as p53 and RB
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can participate in other contexts in which proliferation arrest occurs. Even p16, despite being one of the
more robust senescent markers, is not present in all SCs and can also be expressed in non-senescent
cells. Similarly, p21 activation does not always lead to senescence, as some tissues that exhibit other
hallmarks of senescence may not be p21 positive [17], [18]. This highlights that there is a fine line be-
tween what is considered senescence and what is not; multiple hallmarks must be taken into account to

accurately identify SeCs.
Apoptosis resistance

SeCs become resistant to apoptotic mechanisms. This is not only due to the up-regulation of anti-apop-
totic pathways, such as anti-apoptotic phosphoinositide 3-kinase / protein kinase B (PI3K-AKT) but also
due to the expression of anti-apoptotic proteins, such as anti-apoptotic B-cell lymphoma (BCL)-2 family
proteins (BCL-2, BCL-xL). Additionally, epigenetic repression of pro-apoptotic proteins, such as BAX
can also result in apoptosis resistance (Fig.1.7) [22], [23]. This resistance possibly explains why senescent
cells remain stable in culture and why their number increases with age [21]. However, other non-senes-
cent cells can also develop resistance to apoptosis, for example, blood cells, further reinforcing the idea

that there are no exclusive hallmarks of senescence.

Morphological alterations

Some morphological features accompany the process of senescence. SeCs become enlarged in size and
present multiple nuclei. When in culture, adherent SeCs adopt a flattened morphology and a non-spe-
cific orientation. There are also some changes at the organelle level. Overall, there is an increase in total
organelle mass, the Golgi apparatus becomes more prominent and the cytoplasm vacuolated [19], [21].
Alterations in the cell morphology are not surprising, given the increase in RNA and protein content

due to reduced RNA turnover, decreased protein degradation, and cell proliferative arrest [21].
Organelle dysfunction
Nuclear alterations

Senescence is accompanied by several nuclear changes. There is the formation of senescence-associated
heterochromatin foci (SAHF), which are hotspots of DNA /chromatin condensation. In contrast to pro-
liferating cells, that show a homogeneous 4',6'-diamidino-2-phenyl-indole (DAPI) staining, SAHF can
be detected by several fluorescent punctate [19], [21]. These specific heterochromatin structures are tran-
scriptionally silent due to the association of chromatin-reorganizing proteins, including heterochroma-
tin protein 1 (HP1) to the DNA, and histone modifications such as methylated lysine 9 on histone H3
(H3K9me). This allows the silencing of important proliferation genes, such as E2F-responsive genes
cyclin A and E which are involved in cell cycle progression [19]. Additionally, during senescence, there
is the loss of Lamin B1 (LMNB1), which is a structural protein of the nuclear lamina important for the
maintenance of the nuclear architecture and stability [19], [21], [24]. The downregulation of LMNBL1 also
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promotes the formation of SAHF by allowing the reorganization of H3K9me-positive heterochromatin
[21]. Nuclear instability, due to the loss of LMNBI, results in the formation of cytoplasmic chromatin
fragments (CCFs). These fragments contain epigenetic traces of DNA damage and can be secreted via
exosomes, thus inducing DNA damage responses in neighboring cells [19], [24]. LMNB1 reduction de-
pends on the activation of p53 and p16, reflecting the complex interaction between different hallmarks
of senescence [24]. Telomere shortening constitutes another nuclear alteration observed during this pro-
cess. Short telomeres present DNA damage response factors such as y -H2AX, these regions are referred

to as dysfunction-induced-focus (TIF) [19].
Mitochondria

The accumulation of dysfunctional mitochondria is a reality when it comes to senescence, there is a
higher mitochondrial mass, and mitochondria are enlarged in size. Senescent mitochondria present de-
fects in the oxidative phosphorylation pathway. The electron transfer chain is the main site for ROS
production, dysfunctions in this pathway result in ROS formation, which damages DNA, lipids, and
proteins initiating a damage response that leads to oxidative stress underlying the senescent phenotype
[25], [26]. Oxidative stress results in further DNA damage through oxidization of nucleotide bases and
induction of single and double-strand breaks. This, in turn, promotes the activation of p53 and p16,
creating a negative feedback loop that perpetuates cell cycle arrest. In addition, it has been suggested
that dysfunctional mitochondria are also involved in the formation of CCFs possibly through ROS for-
mation. Accumulation of defective mitochondria may be due to the cell's inability to control mitochon-
drial turnover through fission, fusion, and autophagic processes [27]. Normal mitochondria have dy-
namic fusion and fission mechanisms that allow the maintenance of mitochondrial homeostasis [19],
[28]. In the context of senescence, fission cycles are downregulated, increasing the total mitochondrial
mass. This may be a compensatory mechanism to counteract the decline of functional organelles ob-
served in senescent cells. Additionally, this accumulation of damaged mitochondria may also be at-
tributed to an impairment in the autophagic processes that compromise the formation of autolysosomes

and reduce digestion [26].
Lysosome and Senescence-associated- B-galactosidase (SA-B-gal)

Lysosomes are the main catabolic organelles and suffer significant alterations during the senescence
process. There is an increase in lysosomal mass and biogenesis, which increases the activity of the lyso-
somal enzyme [-galactosidase, encoded by the glb1 gene. In SeCs, this activity can be detected at pH 6
in addition to optimal pH 4 in normal cells (Fig 1.8) [21], [24], [29]. Bearing this in mind, the most ex-
tensively used senescence biomarker is born, senescence-associated B-galactosidase (SA-p-gal), which
reflects the increase in lysosomal content associated with senescence. The increase in size and volume
of lysosomes can also be seen by the presence of lipofuscin in lysosomes, which is a fluorescent pigment
that is indigestible, remaining retained in the lysosomes [19], [21], [24], [30]. In contrast to senescent
cells, proliferating cells do not accumulate lipofuscin because it is diluted within each cell division [21].

It has been shown that lipofuscin accumulation induces the expression of BCL-2, promoting apoptosis
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resistance [26]. Once again reflecting the complex interplay between the hallmarks of senescence. Nev-
ertheless, high lysosomal activity is not a specific requirement to senescence, as some SeCs may not be
positive for SA-B-gal. In addition, some non-senescent cells, such as macrophages, can exhibit high ly-

sosomal activity and thus be SA-B-gal positive [17], [24].
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Figure 1.8.Lysosomal alterations upon senescence. B-galactosidase is active in the majority of
cells at pH 4, indicating their normal state. Senescent cells accumulate pH 6 active 3-galactosi-
dase, undergo cell cycle arrest, and obtain senescence-associated secretory phenotype (SASP)
overexpressing the GLB1 gene. From Valieva Y et al. (2022) [29]

Endoplasmic reticulum (ER)

During senescence, there is an increased demand for protein synthesis and correct folding, which places
significant stress on the ER [26]. In response to this stress, the cell activates the Unfolded Protein Re-
sponse (UPR) to prevent the accumulation of unfolded or misfolded proteins. When cells cannot cope
with this stress, autophagy mechanisms are activated by the UPR. In SeCs, the activation of this re-
sponse results in the decrease of protein synthesis, expansion of the ER, and export of misfolded pro-
teins. However, in an established senescence state autophagy mechanisms are impaired, contributing
to protein damage, the presence of aggregates, and abnormal protein synthesis [24], [26]. Autophagy
has a dual role in senescence. In the early stages, the autophagy rate is increased, due to the cell cycle
arrest, as CDKIs have been shown to promote autophagy. However, once senescence is established,
autophagy is impaired, due to the cell’s detrimental environment, such as oxidative stress. This, in turn,

contributes to further loss of proteome homeostasis, and mitochondrial dysfunction (Fig.1.7) [17], [31].
Senescence-associated secretory phenotype (SASP)

Senescent cells have the potential to develop a secretory phenotype, known as senescence-associated
secretory phenotype (SASP), which is likely one of the most important hallmarks of senescence [17].

Due to its complex nature and significance, it will be described further in the subsequent subsection.
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1.3.2 SASP

Despite being in a state of proliferative arrest, SeCs remain metabolically active and modify their secre-
tome by producing cytokines, interleukins, chemokines, proteases, growth factors, degradative en-
zymes such as matrix metalloproteases (MMPs), insoluble proteins and extracellular matrix (ECM) com-
ponents (Table 1.1) [17], [21]. These SASP molecules impact the tissue microenvironment mediating
senescence-associated pathophysiological events [20], [26]. SASP factors can act in two distinct manners:
autocrine and paracrine. In an autocrine context, SASP molecules such as IL-6, IL-8, growth-regulated
oncogene alpha (Gro)-a, insulin-like growth factor-binding protein (IGFB)-7, and plasminogen activa-
tor inhibitor (PAI)-1 reinforce the cells' own senescence. In parallel, in paracrine senescence, senescent
cells induce senescence in nearby cells through the release of ROS, IFN-vy, transforming growth factor
beta (TGF-B), IL-1a, vascular endothelial growth factor (VEGF), chemokine (C-C motif) ligand 2 (CCL2),
and 20 (CCL20) [17], [20].

Table 1.1- Senescence-Associated Secretory Phenotype (SASP) factors. From Gorgoulis et al. (2019 )[27]

Class Component

Interleukins IL-6; IL-7; IL-1; IL-1b; IL-13; IL-15

Chemokines IL-8; GRO-a, -b, -g; MCP-2; MCP-4; MIP-1a; MIP-3a; HCC-4; eotaxin; eotaxin-3; TECK; ENA-78;
1-309; I-TAC

Other inflammatory molecules TGFB; GM-CSE; G-CSE; IFN-y; BLC; MIF

Growth factors; regulators Amphiregulin; epiregulin; heregulin; EGF; bFGF; HGF; KGF (FGF7); VEGF; angiogenin; SCF; SDF-1;
PIGF; NGF; IGFBP-2, -3, -4, -6, -7

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

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

Non-protein molecules PGEZ2; nitric oxide; ROS

Insoluble factors Fibronectin; collagens; laminin

Data are based on Coppé et al. (2010).

Due to the complex nature of SASP, a fundamental question is raised, how is SASP induced? Persistent
DNA damage is highly observed in the senescence process, and it has been suggested that this leads to
the reduction of histone-demethylating enzyme G9a expression. The lack of expression of this enzyme
promotes a more accessible chromatin structure, which facilitates the expression of SASP genes. Fur-
thermore, among the wide spectrum of nuclear changes observed in SeCs, the presence of CCFs de-
scribed in the section above has an important role in SASP induction. CCFs can translocate to the cytosol
where they accumulate and activate the DNA sensor cyclic GMP-AMP synthase-stimulator of interferon
genes (cCGAS-STING). The cGAS induces the production of the second messenger cyclic di-nucleotide,
cyclic GMP-AMP (cGAMP). The cGAMP is recognized by the adaptor protein STING that triggers the
type 1 interferon-producing pathway through the activation of IRF3 or nuclear factor kappa B (NF-«B)
(Fig.1.9) [20]. This activation triggers innate immune responses and the release of SASP factors mainly
pro-inflammatory cytokine production through NF-«B [17], [32]. The described process occurs not only
because CCFs can travel to the cytosol but also due to their accumulation. In normal conditions, DNases,
such as DNase2, would be responsible for degrading these cytoplasmic fragments, however, SeCs have
a downregulated expression of such DNases allowing the buildup of CCFs and consequent cGAS-
STING pathway activation[20].
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Figura 1.9. cGAS-STING - Intrinsic pathway of SASP induction. SeCs accumulated cytoplas-
mic DNA fragments. The DNA sensor cGAS binds these fragments, producing cGAMP, which
activates STING. This triggers a cascade resulting in increased production of type I interferons
and other SASP factors. From Naoko Ohtani (2022) [20]

SASP factors can have both beneficial physiological effects and pathological effects, making them a
double-edged sword. The impact of these effects depends heavily on the specific context, as we will
further explore in the following section. Additionally, there is an emerging concept that the role of SASP
is a time-dependent process. SASP can have a transient or persistent profile (Fig.1.10) [17]. Beneficial
effects are typically associated with transient SASP responses. In this context, SASP factors can promote
the recruitment of immune cells to eliminate damaged cells from the lesion site and clear SeCs thereby
preventing their accumulation. For instance, SASP factors released by senescent fibroblasts in injured
skin facilitate the recruitment of immune cells to remove damaged tissues. Additionally, the growth
factors released as SASP factors can stimulate the proliferation of skin progenitor cells, giving rise to
new tissue. Afterwards, immune cells clear the senescent fibroblasts, thus creating a transient profile
that positively influences tissue repair and regeneration[17], [33]. Similar events happen following he-
patic injury, where SASP factors are produced by senescent hepatic stellate cells (HSCs), immune cells
are recruited, and senescent HSCs are then eliminated preventing fibrosis caused by excess collagen
production [20]. Adding to the beneficial effects, SASP factors can have a role in cell-fate reprogram-
ming. For instance, during organ development in mammals, SeCs emerge transiently. This short-term
appearance facilitates the differentiation of surrounding cells and the removal of unnecessary ones. The
involvement of SASP in the development and repair of damaged tissues exemplifies some of the phys-
iological roles of SASP [17], [20], [26], [32]. In contrast, long-term SASP can have deleterious effects by
promoting proliferation, angiogenic, pro-inflammatory, and pro-fibrotic responses. For example, it has
been shown that proteases, such as MMPs (1/2/3/7/8/9/13), secreted by SeCs may contribute to an
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impairment in immune surveillance and immune clearance, thus resulting in deleterious and pro-tu-
morigenic effects. Interestingly, there is a link between proteases and inflammation creating a positive
SASP feedback loop. As mentioned, SASP can recruit inflammatory cells such as neutrophils and mast
cells. These cells secrete extracellular proteases, that in turn activate precursors of the IL-1 family, and
the loop is established [32]. Also, in cases of persistent damage or aging, there is an increase in the
number of SeCs, leading to chronic inflammation and fibrosis via persistent SASP [34]. The dichotomy
between beneficial and detrimental SASP is challenging to define, but "time" seems to play an important

role in regulating senescence and SASP effects.
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Figure 1.10. Time-dependent effects of SASP. Transient SASP responses can lead to beneficial outcomes
such as tissue repair, immune clearance of senescent cells, and developmental patterning. In contrast, per-
sistent SASP responses are linked to detrimental effects, including chronic inflammation, tissue dysfunction,
and depletion of stem cell pools. From Paramos-de-Carvalho et al. (2021) [17]

1.3.3 A multiparametric approach is needed to identify SeCs

Senescence is a highly dynamic and heterogeneous process. The manifestation of the different hallmarks
depends on the context, cell type, tissue, time at which senescence was initiated, and the stressor that
triggered the pathway. Due to the lack of a specific marker to exclusively identify senescence, it is es-
sential to move from a single-parameter approach to a multiparametric methodology. This approach
should include the assessment of SA-B-gal activity and/or the accumulation of lipofuscin. However, as
previously indicated, SA-f3-gal activity is not unique to SeCs, making it necessary to include cell cycle
regulators such as p16 and p21 in the analysis. To identify senescent cells more accurately, it is important

to investigate additional factors that may be altered as a result of senescence [17], [26], [27].
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The heterogeneity of senescence and the absence of specific markers present a significant knowledge
gap. Advanced technologies, for example, RNA sequencing (RNA-seq)-based approaches, such as bulk
RNA-seq using next-generation sequencing, can simultaneously detect thousands of RNA transcripts.
This technological advancement enables a more accurate identification and characterization of SeCs,
also holding the potential to uncover novel senescence marker candidates. Bulk RNA-seq data from
human and mouse fibroblasts already uncovered differences in the transcriptomic profiles and SASP
molecules which were dependent on the trigger of senescence, cell type, and the stage of senescence
[18]. High-throughput technologies may be a powerful ally in this multiparametric workflow, enhanc-

ing our understanding of senescence and helping us define its identity.

1.3.4 Role of senescence

Given its heterogeneous nature, it is not surprising that the roles of senescence are not always
consistent and greatly context-dependent. This section will focus on uncovering the roles of senescence

in development, wound healing, and regeneration.
Embryogenesis and Development

SeCs are found in mice, humans, naked mole rats, amphibians, birds, fish embryos, and larvae. In the
mammalian embryo, senescence is observed in several structures such as limbs, the nervous system,
and the gut endoderm. In the developing kidney, SeCs accumulate and recruit immune cells, such as
macrophages, that then phagocytize SeCs in the site, allowing mesonephros regression. Incredibly, se-
nescent decidual cells in the endometrium of female mammals can secrete factors that facilitate embry-
onic implantation by creating a favorable environment [35]. SeCs in embryonic structures are SA-{3-gal
positive and exhibit increased activity of p21 without p53 or p16 expression, indicating differences be-
tween developmental senescence and mature tissue senescence [17], [33]. It is worth noting that devel-
opmental senescence does not seem to involve DNA damage response pathways, as no DNA damage
or DNA damage pathway markers were observed in SeCs. p21 appears to be extra relevant in develop-
mental senescence, as disruption of p21 leads to the loss of the senescence phenotype allied with pat-
terning and morphological abnormalities [17], [36]. However, senescence plays a short-term role in de-
velopment. For instance, when patterning defects are noticed during development, they are compen-
sated by other pathways, such as apoptosis [17].

In conclusion, SeCs are involved in the remodeling of developing tissues and structures through several

mechanisms, but they do not seem to play a long-term role.

Wound healing and regeneration

Wound healing is a multifaceted process involving inflammation, new tissue formation, and fibrosis.
Research has indicated that senescence responses are triggered upon injury [33], [35]. The impact of
these responses can vary; they may have a dual effect, beneficial or harmful, depending on the specific
context and duration. For example, the skin is able to regenerate upon an injury. When a cutaneous

wound is performed, there is the release of a matricellular protein CCN1, which activates p16 and p53,
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thus inducing senescence in fibroblasts and myofibroblasts. These senescent cells activate DNA damage
responses and p16-ROS signaling, which in turn controls fibroblast proliferation and ECM deposition
limiting fibrosis [17], [34], [37]. Also in the skin, using the P16-3MR model, Demaria et all showed that
upon injury there is a transient accumulation of senescent fibroblasts and endothelial cells that produce
platelet growth factor AA (PDGF-AA) inducing myofibroblasts proliferation. Selective elimination of
p16- positive (p16*) cells impaired the wound healing processes and led to increased fibrosis. However,
it was also reported that PDGF-AA may not be the main player since topical administration of PDGF-
AA was able to revert the delay in wound closure but did not reduce fibrosis [17], [34], [37]. In a con-
trasting view, it has been shown that upon cardiac ischemia-reperfusion injury, senescence is also in-
duced. However, in this case, it contributes to a prolonged oxidative stress response on cardiomyocytes
and endothelial cells, subsequently leading to fibrosis and the production of pro-inflammatory SASP,
ultimately impairing cardiac function. Current literature has suggested that damage-induced senes-
cence represents a positive effect on wound healing by promoting cell proliferation, differentiation, and
immune cell recruitment. Moreover, the elimination of SeCs using pharmacological or genetic ap-
proaches seems to hinder the regenerative processes. However, to avoid a detrimental effect, senescence
induction needs to be limited in time and duration. When senescence is induced above physiological
levels or when SeCs are not effectively eliminated, it appears to exacerbate fibrosis in the wounded
tissue (Fig.1.11) [17], [33].
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Figure 1.11- Dual-role of senescence in tissue remodeling. Following tissue damage, the induction of cellular
senescence can support regeneration and repair. When senescent cells are effectively cleared by the immune
system, the tissue can return to its normal state. However, if clearance is ineffective, the senescence-associated
secretory phenotype (SASP) can contribute to fibrosis, leading to impaired tissue repair. Administering
senolytic drugs may reverse this phenotype by eliminating senescent cells from the tissue. From Antelo-Iglesias
et al. (2021) [33]

SeCs have also been recently linked with regeneration. In the salamander, upon limb amputation, se-
nescence is transiently induced near the amputation site during regeneration and then SeCs are cleared
by macrophages. Moreover, in injured hearts of zebrafish and neonatal mice, senescent SA-f3-gal posi-
tive fibroblasts were also shown to be transiently induced upon injury. In contrast, in the mouse model
of biliary injury, persistent senescence induction showed detrimental outcomes. Secretion of TGF-f3 by
cholangiocytes and hepatocytes was shown to induce paracrine senescence on surrounding cells having
a negative impact on the local microenvironment, hindering liver regeneration. When TGF-{ signaling
was inhibited, senescence was not propagated, collagen deposition was reduced, and liver function was
restored. In conclusion, as in wound healing, in regeneration one must also consider the dual role of
persistent versus transient senescence [17], [34].
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1.3.5 Targeting senescence

Literature has shown that SeCs are induced following injury/ tissue damage, and that persistent senes-
cence has detrimental consequences. Therefore, interventions aimed at targeting cellular senescence
seem to be an appealing strategy, the so-called senotherapeutics. These interventions encompass a va-
riety of approaches, including senolytics, which selectively eliminates senescent cells, and senomor-
phics, which inhibits its SASP. Additionally, there are exogenous cell-based products and non-pharma-
cological methods (Table 1.2).

Table 1.2- Senotherapeutic strategies from Gorgoulis et al. (2019) [27]

Senotherapeutic Type Examples Refs.
approach

Senolytic Apoptosis inducers Quercetin, AP20187, navitoclax, A-1331852, CARE T2 R0 5L 1Y
interventions A-1155463, EF24 and venetoclax, antibody-

engineered toxic drugs, ginsenoside

Immunotherapies Chimeric antigen receptor T cells, activator of Z26e22
invariant natural killer T cells, vaccines targeting
GPNMB (which is overexpressed in senescent cells)

Senomorphicdrugs ~ SASP regulators Metformin, ruxolitinib, rapamycin, resveratrol, AR

melatonin, androgen, oestrogen, oestradiol,
glucocorticoids

Stemcellsandtheir ~ Stemcells Bone marrow MSCs, pluripotent stem cells, LI
products umbilical cord-derived MSCs
Stem cell-derived MSC-derived extracellular vesicles, dental pulp 262.264,282

extracellularvesicles  stem cell-derived extracellular vesicles, antler
stem cell-derived extracellular vesicles

Non-pharmacological Lifestyle interventions Habitual moderate exercise, healthy diet, AR
therapies calorie restriction
Others Fractional micro-needling radiofrequency PEAEIE
treatment, radio-electric asymmetric conveyer
technology

MSC, mesenchymal stem cell; SASP, senescence-associated secretory phenotype.

For the scope of this dissertation, the primary focus will be on senolytics. The mechanism of action of
senolytics is to induce pre-programmed cell death, circumventing apoptosis resistance pathways that
are typically exhibited by SeCs. These compounds target pathways and mechanisms that are upregu-
lated in senescent cells, which otherwise allow them to evade apoptosis and accumulate, thereby con-
tributing to aging and various age-related diseases [17], [35]. Senolytics are the primary type of inter-
vention used for the elimination of SeCs. Examples of senolytics include Dasatinib, Quercetin, and Navi-
toclax (also known as ABT-263) [17]. Dasatinib and Quercetin were among the first set of senolytics
used. A combinatorial approach of these two senolytics led to a decrease in p16 expression, tissue func-
tion was improved and healthspan was extended in aged and progeroid mice [17], [20], [23]. In our lab,
we observed that, upon SCI, senescence is induced; however, zebrafish and mice, representing regen-
erative and non-regenerative models respectively, display distinct senescence profiles [13]. In zebrafish,
there is a transient accumulation of SCs at the lesion periphery, which subsequently return to basal
levels. Conversely, in mice, SeCs are not only induced upon injury but also accumulate over time. In
both models, the SeCs at the lesion periphery were predominantly SA-B-gal positive cells, with the ma-
jority being neurons. Injured mice were treated with Navitoclax (ABT-263) within the first 14 dpi, dur-
ing which the BSCB remains leaky, allowing free access to the CNS [13]. ABT-263 is a potent senolytic
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that inhibits BCL-2/BCL-xL, thereby inducing apoptosis in SeCs and allowing their effective elimina-
tion in injured mice [13], [17], [23], [35]. By targeting SeCs in the mouse SC and preventing their accu-
mulation upon injury we were able to promote the recovery of locomotor, sensory, and bladder func-
tions. Additionally, improvements in myelin preservation and axonal growth were observed. Further-
more, ABT-263 treatment reduced pro-fibrotic and pro-inflammatory components in the injured SC,

leading to less fibrosis and inflammation [13].
1.3.6 pl6 in senescence, aging and beyond

While p16 is recognized as a key hallmark of senescence, its function extends beyond this role. The p16
gene also referred to CDKN?2 gene is located on the short arm of the chromosome (9p21.3), in humans.
This gene encodes for two proteins, p16Ink4A and p14ARF (p19ARF in mice). As previously high-
lighted, p16 is intrinsically related to senescence, acting as a cell cycle regulator that mediates cell cycle
arrest, which is a pivotal component of the senescence process. p16 is also recognized as a hallmark of
aging and age-related diseases, notably due to its elevated expression in the tissue of aged rodents,
including the lungs, lymph nodes, adrenal glands, and uterus. Additionally, the targeted removal of
plé-positive cells has been shown to not only slow the progression of age-related diseases in vivo in
mice but also to extend their lifespan [34]. Beyond its canonical functions, p16 suppression has been
shown to promote tumor development, unveiling the p16 role as a tumor suppressor. Mutation or pro-
motor methylation of the p16 gene is linked to a vast variety of cancers, such as familial or sporadic
melanoma. Furthermore, p16 can be a melanoma predictive and prognostic marker, with lower levels
being associated with higher proliferation, as indicated by Ki67, a proliferative marker. Metastatic mel-
anoma is associated with even lower p16 levels, correlating with a poor prognosis [34]. Moreover, in
the bone of osteosarcoma patients, lower expression of p16 was correlated with a reduced response to
primary chemotherapy. An increase in p16 expression has also been observed in an injury context. For
example, upon Acute muscle injury (AMI), fibro-adipogenic progenitors (FAPs) exhibit a transient up-
regulation of p16. Moreover, p16 loss was linked with poor survival upon lung injury. In fact, p16 ex-
pression was found to protect the lung epithelium against lung injury. Injured p16-positive mesenchy-
mal cells promoted epithelial progenitor proliferation, whereas p16 deletion in the lungs attenuated
normal epithelial repair. In the case of the injured heart, after myocardial infarction, p16 overexpression
has been detected in the injured zone. This upregulation was associated with the protection of cardiac
function and the promotion of cardiac remodeling. [34] p16 has also been implicated in stem cell re-
newal and differentiation processes, however, this expression needs to be tightly regulated for these
processes to occur correctly. For example, p16 repression by epigenetic mechanisms allows stem cell
proliferation. In keratinocytes, the primary cell type found in the outer layer of the skin, p16 needs to
be expressed in a highly regulated and orchestrated manner, alongside other differentiation genes, for
proper differentiation to occur. In fact, Id-1, Id-2, and Id-3 are negative regulators of p16 that are up-
regulated in dividing keratinocytes, still in the growth phase, and become downregulated in differenti-
ated cells [38]. This shows that the role of p16 in stem cell renewal and differentiation is highly context-

dependent, it needs to be repressed to allow stem cell renewal but needs to be expressed in a regulated
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manner for the differentiation of cells like keratinocytes [34] [38] Altogether, data shows that p16 is much
more than a senescence marker. It has several roles in aging, tumor suppression, stress, stem cell re-
newal, and cell differentiation, among others. Additionally, its functions are context and tissue-depend-

ent.

1.3.7 p16-FDR mouse model

The p16-FDR mouse line was developed by Haston et al. and kindly provided by our collaborator Juan
Pedro Martinez-Barbera (University College London, Developmental Biology and Cancer, Birth Defects
Research Centre, United Kingdom) [39]. This model was generated by inserting a bicistronic FDR cas-
sette in the 3’ end of the Cdkn2a (p16) locus using CRISPR / Cas9 (Fig. 1.12) [40]. For this, a multicistronic
vector was generated, which contains a mammalian optimized FLP recombinase, and a diphtheria toxin
receptor (DTR) fused with mCherry fluorescent reporter - hence the name FDR (Flipase, Diphtheria
toxin receptor, and Reporter). This vector also contains P2A sequences upstream and downstream of
the FLP-recombinase, facilitating ribosomal skipping during mRNA translation and the generation of
multiple protein products (p16, FLP, and DTR-mCherry). This cassette is flanked by two sequences ho-
mologous to regions 2.5 kb upstream and 1.9 kb downstream of the p16™*** protospacer adjacent motif
(PAM) site. Therefore, this construct allows the expression of a FLP-recombinase and a diphtheria toxin

receptor-mCherry fusion construct under the control of the p16 promotor [39].
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Figure 1.12. Schematic representation of the FDR cassette inserted into the Cdkn2a locus via CRISPR-Cas9. The
FDR cassette includes a Flipase (FLP) region flanked by two P2A sites, enabling ribosomal skipping. It also con-
tains the diphtheria toxin receptor followed by an mCherry reporter protein. At the end of the cassette, a Proto-
spacer Adjacent Motif (PAM) allows Cas proteins to recognize and bind to the genomic DNA. The cassette was
inserted after exon 3 of the Cdkn2a locus, ensuring proper transcription of Cdkn2a transcripts along with the FDR
cassette. From Haston et al. (2019) [40]

The way this transgenic line was built not only allows the direct visualization of pl6-expressing cell
populations, through the expression of mCherry reporter but also its effective pharmacogenetic elimi-

nation through diphtheria toxin (DT) administration. Lastly, this line also allows for lineage tracing of
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pl6-expressing cell populations, though not explored in this dissertation. For this work, we used heter-
ozygous (pl6FDR/+) and wild-type p16-FDR (wt p16+/+) mice for experimental settings, while main-
taining homozygous (p16FDR/FDR) mice as breeding pairs to ensure the continuity of the transgenic
line. This approach was chosen due to an early lethality rate and a higher incidence of spontaneous

tumorigenesis, particularly in the liver and spleen, registered in homozygous animals (Fig.1.13) [39].
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Figure 1.13. Homozygous p16FDR/FDR animals exhibit early lethality and increased tumor incidence. On
the left, the survival curve compares p16+/+, pl6FDR/+, and p16FDR/FDR animals, showing early lethality in
p16FDR/FDR mice, reaching to 0% survival by 600 days. On the right, spontaneous tumors are observed in the
lungs, liver, and spleen of p16FDR/FDR animals, which are absent in their littermates. From Haston et al. (2019)
(40]

1.4 Models of SCI

1.4.1 Mammalian animal models

In vivo models in SCI research have significantly advanced our comprehension of pathophysiological
and recovery mechanisms and allowed the development of potential therapeutic interventions [41].
However, it is important to note that animal models of SCI do not perfectly replicate the complex nature
of human SCI. When selecting an animal model, it is crucial to consider the scientific objectives, the
ability to replicate the complex nature of SCI pathophysiology, and the model’s availability and repro-
ducibility. Equally important are animal welfare considerations, including minimizing and avoiding
suffering, and accordance with the 3R principles: replacement, reduction, and refinement [42], [43]. For
the past 30 years, rodent models have been extensively utilized and remain the most commonly used
species in SCI scientific research, due to their availability and easy maintenance [43]. Rat models are
favored due to their ease of care, cost-effectiveness, and well-studied anatomy. Additionally, surgical
infections are relatively rare in these models and functional analysis techniques are well established.

Rat models also exhibit notable similarities to human spinal cord injuries regarding alterations in
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function, electrophysiology, and morphology [41], [43], [44]. Specifically, both rats and humans, de-
velop large cystic cavities at the injury site, whereas in mice, this cavity is filled with dense fibrotic tissue
[41]. On the other hand, mouse models are particularly advantageous for genetic studies, as establishing
genetic rat models is considerably more challenging [41]. Mice have a similar genome to humans, they
are easy to handle, cost-effective for use and maintenance, and possess high reproductive rates. There-
fore, mice are also extremely useful for SCI studies.

The spiny mouse (Acomys) has become an intriguing model for studying tissue regeneration, particu-
larly due to its remarkable ability to heal skin injuries without scarring. In the context of SCI, Acomys
exhibits unique responses when compared to standard laboratory mouse models (Mus musculus,
namely the C57BL/6 strain). This includes the upregulation of genes associated with neurogenesis, ac-
celerated bladder function recovery, and a significant reduction in fibrotic tissue formation. These ex-
ceptional regenerative capabilities position Acomys as a promising mammalian model for investigating
adaptive responses following SCI [45]. Large animal models including canine, porcine and non-human
primate models can also be used in SCI scientific research. Non-human primates are particularly rele-
vant due to their close genetic resemblance to humans, and similarities in spinal cord length and caliber,
as well as their physiological and biological responses to injury. Utilizing large mammals enhances the
potential for successful translation from laboratory findings to clinical applications, owing to their
greater similarity to human spinal cord injuries. However, the use of these animals is limited by high
maintenance and operational costs, the need for specialized infrastructures, and significant ethical con-
siderations [41], [43], [44].

1.4.2 Experimental injury models

Spinal cord injury models are typically categorized into contusion, compression, and transection [46].
Among these, transection and contusion models are the most frequently utilized [9]. The transection
model involves either a full transection or a hemisection of the spinal cord using a sharp instrument.
Hemisection is often preferred because it preserves the integrity and function of one side of the spinal
cord. In these models, the severed spinal cord can either be left in situ or a small section can be removed
to allow for the implantation of a specific device [46]. While this model is not commonly observed in
clinical human cases, and thus may not perfectly replicate the pathophysiology of SCI, it is relevant for
studying axonal regeneration and functional recovery [43], [44], [46]. In a contusion model, a transient
blunt force is applied to the exposed spinal cord, causing damage and displacement [44], [46]. Various
methods, such as weight drop, electromagnetic, and air pressure devices, can be utilized to induce this
type of injury [44], [47]. This model is often achieved by using an impactor, such as the Infinite Horizon
(IH) impactor, which is a computer-controlled instrument that employs a force-controlled impact. The
IH impactor allows the measurement of injury severity by measuring and monitoring biomechanical
parameters like impulse, velocity, power, and energy. Notably, it is the first device capable of producing
reproducible injuries without prior contact with the spinal cord, thus mitigating pre-impact trauma [43],
[44], [46]. The contusion model is particularly valuable because it closely mimics the complex patho-
physiological events following SCI. These events encompass hemorrhagic necrosis, ischemia, inflam-

mation, and eventually the formation of a chronic lesion encapsulated by a glial scar [47]. However, this
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model also has limitations. Distinguishing between spared and regenerated tissue is challenging, and
variability in the use of clamps to firmly secure the spinal cord during the IH procedure can affect the
consistency of the results [43], [46]. In the compression model, the spinal cord undergoes compression
over a predetermined period. This model can be established using various techniques, including a mod-
ified aneurysm clip, forceps, a compression balloon, or clip compression methods [43], [44], [46]. By
adjusting the compression strength, duration, or both, researchers can recreate different severity levels
of SCI. This model effectively mirrors key stages observed in SCI, such as early hemorrhagic necrosis
and edema, followed by partial repair and reorganization. Culminating in the chronic phase character-
ized by axonal atrophy and glial scar formation [46]. Commonly, hybrid models—such as contusion-
compression models—are employed, where an acute impact is succeeded by sustained spinal cord com-
pression [44]. Each of these models present unique advantages and limitations, and none perfectly rep-
licates the intricate pathophysiological events of human SCI [46]. Therefore, the selection of an appro-
priate model should be dictated by the specific objectives of the study, alongside the particular consid-

erations and available resources for the research [44].

1.5 The aim of this study

As previously mentioned, published data from the lab revealed that upon a spinal cord injury (SCI),
senescent cells are induced and persist over time, having devastating consequences to the tissue. p16 is
a known marker of senescence, however, its expression did not follow the same tendency as other se-
nescent cell populations and not much was known regarding this population. We aimed to perform a
phenotypic characterization of these p16-mCherry-positive cells using a new p16-FDR mouse line. For
a more comprehensive cellular characterization, we began by optimizing a robust single-cell spinal cord
dissociation protocol for flow cytometry and fluorescence-activated cell sorting (FACS). With an estab-
lished protocol we aimed to characterize this population through flow cytometry using a wide variety
of cell surface markers that would represent both recruited cells and resident cells in the spinal cord. To
confirm and expand previous results we aimed to characterize this population with standard techniques
such as immunohistochemistry. To assess a possible functional role of the p16-mCherry population we
performed their selective elimination and evaluated locomotor outcomes. Additionally, the transient
profile of the p16-mCherry population, made us question the canonical senescence nature of these cells.
Therefore, we aimed to investigate the effects of the senolytic drug ABT-263 on the p16-positive popu-
lation. Finally, with the optimization of a FACS protocol we wanted to know the transcriptomic profile
of FACS-sorted mCherry-positive cells after spinal cord injury using bulk RNA sequencing to identify
gene expression profiles and potential functional roles of this population, possibly adding to previous
findings. Ultimately, through an integrated approach, we aimed to characterize the p16-mCherry pop-

ulation.
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1.6 Contributions to this project

Our Project had 4 main tasks; (1) Optimize a spinal cord single-cell dissociation protocol suitable for
Flow cytometry; (2) Unravel the identity of p16-mCherry-positive cells through Immunohistochem-
istry and Flow cytometry; (3) Perform an ABT-263 study in the p16-FDR mouse model to find out if
the p16-mCherry-positive cells are being eliminated by this senolytic drug and how they compare
with the SA-B-gal population; In the latter task, all of our main results are mentioned in this thesis.
Regarding this task, I had an active role in all of the surgeries, and animal care, provided assistance in
the drug administration, and performed behavioral analysis. Immunohistochemistry staining and data
analysis were performed by Ana Isidro (PhD student) as also part of her PhD project. Materials and
methods regarding these techniques are thus not included in this thesis. (4) Sort p16-mCherry positive
cells and access their transcriptomic profile to identify gene expression profiles and potential func-
tional roles of this population, through bulk RNA sequencing. Data analysis of our bulk-RNA se-
quencing data was performed by our lab bioinformatician Daniel Ribeiro (PhD). Details on this analysis
are not depicted in this dissertation. Adding to these main 4 tasks I also participated in the p16-mCherry
cell ablation protocol, during this project, I aided in all of the surgeries, animal care, assisted in drug
administration, and performed behavioral analysis. Inmunohistochemistry staining and data analysis
were performed by Ana Isidro (PhD student) as also part of her project and thus the respective meth-

odology is not depicted in this dissertation.
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2 MATERIALS & METHODS

2.1 Ethics Statement

All procedures for handling, surgery, and post-operative care were approved by the Instituto de Me-
dicina Molecular Internal Committee (Orgdo de Bem-Estar e Etica Animal - ORBEA) and the Portu-
guese Animal Ethics Committee (Dire¢do-Geral de Alimentagdo e Veterindria - DGAV) and were per-
formed by a user licensed by DGAV. These procedures are in accordance with the European Commu-
nity guidelines (Directive 2010/63/EU) as well as the Portuguese national legislation on animal care
(DL 113/2013). Every effort was made to reduce the number of animals used as well as their suffering
during the study complying with the 3Rs— Replacement, Reduction, and Refinement. We have estab-
lished humane endpoints that include any signs of bladder rupture, 30% loss of weight within 2-3 days
after injury, and signs of infection (prostration, the animal is not moving/apathetic/lethargic, cold to
touch, lack of grooming and poor hygiene). The information provided is in the addendum approved by
DGAYV and ORBEA (AWB_2021_12_LS_SCRepair_Addendum3).

2.2 Mouse (Mus Musculus)

2.2.1 Transgenic line — p16-FDR

Our collaborator Juan Pedro Martinez-Barbera (University College London, Developmental Biology
and Cancer, Birth Defects Research Centre, United Kingdom) kindly provided the p16-FDR transgenic
line. P16-FDR experimental mice were initially bred using p16-FDR mice crossed with wt C57BL/6]
mice to maintain the line on a consistent genetic background. After that, inbred crosses were made to
generate p16-FDR-expressing offspring and wt littermates. For all experimental procedures, only heter-
ozygous (p16™*/*) and wt p16-FDR (p16*/*) mice were used, while homozygous (p16™*/*°R) mice were
maintained as breeding pairs to ensure the continuity of the transgenic line. This approach was chosen
due to an early lethality rate and a higher incidence of spontaneous tumorigenesis observed in the ho-
mozygous animals, as mentioned in section 1.3.7. For the purpose of this dissertation, male mice were

used predominantly over the course of the experiments, unless stated otherwise.

2.2.2 Husbandry

Animals were housed in the Rodent Facility of Instituto de Medicina Molecular Jodo Lobo Antunes,
under the standard conditions of 12-hour-light-dark cycles with access to food and water ad libitum,

monitored temperature between 20 to 24 °C and relative humidity of 55+10%.

29



2.2.3 Genotyping

Genomic DNA (gDNA) was extracted from ear tissue samples collected through ear punching at the
time of weaning. Each ear sample was transferred to a 1.5 mL Eppendorf tube and either processed
immediately or stored at -20°C for later use. To extract gDNA, a 25 mM NaOH / 0.2 mM EDTA solution
was added to each tube. The tubes were then incubated at 98°C for 1 hour. After the incubation, the
samples were vortexed until the tissue material became colorless, indicating complete lysis. To neutral-
ize the solution, 100 mM Tris-HCl pH 8.0 was added to each tube. The samples were centrifuged at full
speed for 10 minutes at room temperature (RT). Following centrifugation, the resulting gDNA was
stored at 4°C. For DNA fragment amplification, a standard polymerase chain reaction (PCR) protocol
was performed using NZYTaq II 2x Green Master Mix (250 U, NZYtech, Batch YO091) and primers
specifically designed to hybridize to the p16-FDR target sequence (consult Table 2.1). The PCR was
carried out with an initial denaturation step at 95°C for 3 minutes, followed by 15 cycles of a three-step
temperature cycle comprising denaturation at 95°C for 30 seconds, primer annealing at 62°C for 30 sec-
onds, and polymerase extension at 72°C for 45 seconds, at each cycle the temperature decreased 0.4°C.
This was followed by an additional 15 cycles with the same denaturation and extension steps but with
a reduced annealing temperature of 56°C. The PCR concluded with a final extension step at 72°C for 5
minutes. DNase/RNase-free water was used as a negative control, while gDNA from p16-FDR hetero-
zygous progenitors or wt served as the positive control. The PCR products were analyzed by electro-
phoresis on a 2% agarose gel prepared in TAE buffer (1x). For visualization of the DNA, 1:20,000 Red-
Safe™ Nucleic Acid Staining Solution (iNtRON, 21141) was incorporated into the gel. A 1 kb Plus DNA

ladder was used as a molecular weight marker to determine the sizes of the amplified fragments.

Table2.1- Primer sequencing and details for p16-FDR genotyping.

Mouse P16 WT For- P16 WT Reverse | FLP RT Reverse | Annealing Expected
Line ward primer (5 primer (5’ -3") primer (5’ -3’) | temperature product
-3') Q) length (BP)
ple-FDR | CCAAGCA- TAAAGCCACA | CGTTGTAAGG | 62 WT:
CAA TGCTAGACA- GATGATGGTG 342
GCGGCTATC CGC MUT:
621

2.2.4 Spinal Cord contusion injury and post-operative care

Before being subjected to SCI, mice underwent a one-week period of handling and acclimatization. Dur-
ing this time, the animals became familiar with the experimenters, and their body weight was monitored
to ensure they were within the optimal range for surgery (18-25g). At 8-10 weeks of age, mice were
anesthetized via intraperitoneal (IP) injection of a ketamine (120 mg/kg) and xylazine (16 mg/kg) cock-
tail. For the spinal contusion injuries, a laminectomy was performed at the ninth thoracic vertebra (T9),

identified through anatomical landmarks. This was followed by a moderate-to-severe contusion (force:

30



74-79 Kdyne; displacement: 550-750 pum) using the Infinite Horizon Impactor (Precision Systems and
Instrumentation, LLC.). The laminectomy involved making a midline incision from just above the infe-
rior angle of the scapulae in a rostral-caudal direction, cutting through the fat and muscle layers to
reveal the spinous processes. The dorsal surface of the lamina was then exposed. Using spring scissors
(Fine Science Tools, 15024-10) and Extra Fine Graefe Forceps (Fine Science Tools, 11153-10), the muscles
overlying the T8-T10 laminae were cleared, exposing the foramen where the modified clamps of the
Impactor stabilization platform were positioned. While the T8 vertebral body was held in place, the T9
lamina was carefully removed with spring scissors, exposing the spinal cord. The dura was then gently
removed with fine-tipped forceps (Fine Science Tools, 11255-20), and the animal was positioned on the
stabilization platform for the contusion injury. Following SCI, the muscle and skin layers were closed
using 4.0 polyglycolic absorbable sutures (Safil, G1048213). In sham control mice, the wound was closed
and sutured after the T9 laminectomy without manipulation of the spinal cord or removal of the dura.
After surgery, animals received a subcutaneous (sq) injection of 0.5 ml of 0.9% NaCl and were placed
in warmed cages (35°C), remaining there for the following three days. To prevent dehydration, mice
were supplemented daily with 0.5 ml of 0.9% NaCl for the first five days post-injury (dpi). Bladders
were manually voided twice daily over the course of the experiment, and body weight was monitored
weekly. All surgical instruments were sterilized using the Germinator 500 (World Precision Instru-
ments) and disinfected with Virkon S (Bony Farma - Pigeon Products) and 70% ethanol before the sur-
gery and between procedures. The mean force applied and tissue displacement for each experimental

group are shown in Annex (refer to figure 6.1).

2.2.5 Drug Treatment
Pharmacological ablation of senescent cells using the senolytic ABT-263/Navitoclax

To selectively eliminate SeCs, the senolytic drug ABT-263 (Navitoclax), a targeted inhibitor of the anti-
apoptotic proteins BCL-2 and BCL-xL, was employed. ABT-263 (Selleckchem, 51001, 50 mg/kg/day),
diluted in corn oil (Sigma, C8267) or vehicle (Corn oil + 5% DMSO ), was administered via oral gavage
for 10 consecutive days, starting at 5 days post-injury (dpi) and continuing until 14 dpi, following es-
tablished protocols [13]. After SCI, mice were randomly assigned to treatment groups for the 15-dpi
experimental endpoint (n = 3 per group). To control for environmental influences, different treatments
were administered to animals within the same cage. The experimenters remained blinded to the treat-

ment groups throughout the study by using coded identifiers.

Genetic ablation of p16+ cells using Diphtheria toxin

To target p16-positive cells in the p16-FDR mouse line, a protocol for the delivery of diphtheria toxin
(DT) was optimized, following the methodology outlined in earlier studies [39]. DT (Sigma, D0564-
1MG) was diluted in TE buffer (pH 7.5) to create a stock concentration of 2 mg/mL, then further di-
luted in PBS to achieve a working concentration of 1 ng/uL. Mice were administered 0.5 ng/g BW of

DT or PBS via sq injection twice a week for 10 days, resulting in a total of four administrations. After
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SCI, animals were randomly assigned to three treatment groups: DT-treated p16™*/*) mice, PBS-
treated p16™*/*) mice, and DT-treated wt p16-FDR (p16*/*) mice. To reduce environmental variables,
different treatments were given to mice housed in the same cage. Throughout the study, experiment-

ers were blinded to the treatment groups using coded labels to ensure unbiased results.

2.2.6 Behavior analysis — Basso Mouse Scale

To minimize anxiety and distress, mice were acclimated to the open-field arena for one week before the
commencement of the study. The evaluation of locomotor behavior was conducted using the Basso
Mouse Scale (BMS) to score and assess hind limb function and locomotion[48]. For ABT-263-treated
mice, assessments were performed at baseline (day 0) and then at 1, 3, 5, 7, 10, 12, and 15 dpi. In the case
of DT-treated mice, evaluations occurred at 1, 3, 7, 14, 21, and 30 dpi, to minimize over habituation and
exhaustion. On the day of each behavioral assessment, two investigators, blinded to the treatment
groups, independently evaluated the mice using the BMS scoring system[48] (Bas. The BMS test in-
volves a four-minute observation period during which the investigators identify visually apparent at-
tributes of locomotor recovery, including plantar stepping, weight support, limb coordination, paw po-
sitioning, and trunk stability. These observations are then translated into a ranked scale based on the
frequency and quality of these attributes.

Detailed definitions for scoring, subscoring parameters, and the specific criteria used for evaluation are

provided in Tables 2.2, 2.3, and 2.4, respectively.

Table 2.2-Basso Mouse Scale scoring definitions adapted from Basso et al., (2006) [48]

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 con-
sistent 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 con-
tact, 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.
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Table 2.3-Basso Mouse Scale subscoring parameters adapted from Basso et al., (2006) [48]

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 2.4-Basso Mouse Scale scoring criteria adapted from Basso et al., (2006) [48]

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 touch-
ing 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 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 reestablishment 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 coordina-
tion

Of all assessable passes (a minimum of 3), most of them are not coordinated.

Most coordina-
tion

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 in-
stability

Severe trunk instability occurs in two ways: (1) The hindquarters show severe
postural deficits such as extreme lean, pronounced waddle and /or near col-

lapse 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 in-
stability

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 un-
wavering during locomotion. No severe postural deficits or events and less
than 5 instances of mild instability
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2.2.7 Bladder Function

Bladder function was evaluated twice daily by assigning a gross score based on the volume of urine
retained. Bladders were manually voided twice per day, with the timing of each collection kept con-
sistent throughout the experiment to minimize any potential influence from environmental factors. The
scoring system used to assess bladder function is detailed in Table 2.5.

Table 2.5-Criteria to assess bladder function

Score Designation Amount of urine collected
0 empty 0
1 small <4
2 medium 4-8
3 Large >8

2.2.8 Spinal cord extraction for cryosectioning

Mice were anesthetized with an overdose of anaesthesia and transcardially perfused first with 0.9%
NaCl, followed by 4% paraformaldehyde (PFA). After confirming the laminectomy level post-mortem,
a 1 cm segment of the spinal cord, centered at the injury epicenter or the equivalent region in uninjured
controls, was carefully measured and dissected. The spinal cord tissue was then post-fixed in 4% PFA
for 2 hours at 4°C, washed overnight in 0.2M phosphate buffer (PB), and cryoprotected in a 30% sucrose
solution at 4°C for at least 72 hours, or until the tissue reached equilibrium and sunk to the bottom of

the tube. Following this, the samples were prepared for embedding described in section 2.2.9.

2.2.9 Gelatin embedding

The spinal cord samples were transferred from a 30% sucrose solution to a 7.5% gelatin (Sigma, G6144)/
15% sucrose/0.12 M PB solution and incubated at 37°C for 1 hour and 30 minutes. Cryomolds were pre-
filled with a thin layer of gelatin and allowed to solidify at 4°C for 30 minutes. The samples were then
placed onto the gelatin layer and carefully oriented for longitudinal or transversal cryosectioning. The
cryomolds were then filled with 7.5% gelatin and incubated at 4°C for 30 minutes. To freeze the sample
blocks, a plastic beaker containing isopentane was cooled in liquid nitrogen until it reached a tempera-
ture of -70/-80°C. The gelatin-embedded blocks were then submerged in the chilled isopentane and

removed once frozen. Finally, the blocks were stored at -80°C until they were ready for cryosectioning.

2.2.10Cryosectioning

Tissue sections were prepared using a Cryostat LEICA CM 3050S for immunofluorescence. The cry-
ochamber was maintained at an optimal temperature of -24°C during sectioning. After cutting, the sec-
tions were allowed to dry for 15 minutes at RT before being stored at -20°C or proceeded to the immu-

nofluorescence protocol. For transverse sections, tissues were sectioned at 10 um thick, with 10 slides
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obtained per series. Samples were evenly distributed across sections taken along both the coronal (ros-

tral-caudal).

2.3 Immunohistochemistry

To perform immunostaining in sections, the frozen gelatin-coated slides were thawed for 30 minutes.
The gelatin was removed from the cryosections using PBS heated to 37°C (4 washes, 5 minutes). Subse-
quently, the slides were washed in 1x PBS/0.2% Triton X-100 (Sigma, T8787) for approximately 5
minutes. The slides were then incubated with a blocking solution consisting of 2% BSA and 0.2% Triton
X-100 in 1x PBS for 2 hours at RT. Following blocking, the slides were incubated overnight at 4°C in a
dark, humidified chamber with the appropriate combination of primary antibodies diluted in blocking
solution. The next day, the slides were washed three times with PBS/Triton X-100 solution for 10
minutes each. After washing, the slides were incubated with the appropriate secondary antibodies and
1 mg/mL DAPI (Sigma, D9564) for 2 hours at RT in the dark. This was followed by three washes in
PBS/Triton X-100 for 30 minutes each and two additional washes in 1x PBS for 15 minutes each. Finally,
the slides were mounted using Mowiol mounting medium (CALBIOCHEM #475904, glycerol, Tris
buffer, and MilliQ water) and stored in the dark at 4°C until imaging. All steps were performed at RT
unless described otherwise. Details on blocking solutions and primary antibodies are reported in Table
2.5 and secondary antibodies in Table 2.6.

Table 2.6-List of antigen retrieval protocol, blocking solutions and primary antibodies.

Antigen Host Dilution | Retrieval Blocking solution Reference
NeuN Rabbit 1:100 B 2% bovine albumin ProteIntech /26975-1-AP
serum/0.2% Tx in PBS
Iba-1 Goat 1:100 _ 2% bovine albumin Novus Biologicals/NB100-
serum/0.2% Tx in PBS 1028
CD31 Goat 1:100 _ 2% bovine albumin R&D Systems / AF3628
serum/0.2% Tx in PBS
CD13 Rat 1:100 B 2% bovine albumin BioRad/ MCA2183T
serum/0.2% Tx in PBS
GFAP Rat 1:400 _ 2% bovine albumin ThermoFisher
serum/0.2% Tx in PBS Scientific/13-0300
Olig2 Goat 1:100 _ 2% bovine albumin R&D Systems/AF2418
serum/0.2% Tx in PBS
Atf3 Rabbit 1:200 _ 2% bovine albumin Cell Signalling/ 186655
serum/0.2% Tx in PBS
mCherry Rat 1:200 _ 2% bovine albumin ThermoFisher Scientific/
serum/0.2% Tx in PBS M11217
DsRed Rabbit 1:200 _ 2% bovine albumin Takara/ 632496
serum/0.2% Tx in PBS
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Table 2.7-List of secondary antibodies.

Antibody Host Dilution Reference
Alexa Fluor anti-rab- Donkey 1:1000 Invitrogen/A-31573
bit 647
Alexa Fluor anti- Donkey 1:1000 or 1:500 Invitrogen/A-11055
goat 488
Alexa Fluor anti-rat Donkey 1:1000 or 1:500 Invitrogen/A-48272
647
Alexa Fluor anti-rab- Donkey 1:1000 Invitrogen/A21206
bit 488
Alexa Fluor anti-rat Donkey 1:1000 Invitrogen/ A-21209
594
Alexa Fluor anti-rab- Donkey 1:1000 Invitrogen/ A-21207
bit 594

2.4 Image acquisition

Transversal sections

For high-resolution imaging of transversal sections, SC close-up images were captured using a Zeiss
LSM 880 laser scanning confocal microscope equipped with a Plan-Apochromat 20x / 0.80 Ph dry ob-
jective. Fluorescence detection was performed as follows: DAPI fluorescence was detected using 405
nm for excitation, and a 415-480 nm detection window. Alexa Fluor 488 fluorescence was detected using
a 488 nm laser line of an argon laser for excitation, with detection in a 497-541 nm window. Alexa Fluor
594 was detected using 561 nm for excitation, with detection between 571-610 nm. Alexa Fluor 647 was
excited at 633 nm, with a detection window of 643-750 nm. The pinhole size was adjusted to 1 Airy Unit
(AU) to maintain consistent optical slice thickness across all four channels. Z-stacks were acquired with
the zoom set to 1, covering a 212.55 x 212.55 pum area at a 1024 x 1024 frame size, resulting in a pixel
size of 0.21 pm. Each image presented is a maximum intensity projection of a z-stack obtained from 10
pm cryosections, processed using Zeiss ZEN 2.3 Black Edition software. Maximum intensity projections
were conducted using Fiji software (Schindelin et al., 2012). Six sections were acquired per biological

replicate, 3 on the rostral side and 3 on the caudal side.
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2.5 Image Data analysis

2.5.1 Quantification of Double-positive mCherry-positive cells after
immunohistochemistry for each of the cell markers NeuN, Iba-1,
CD31, CD13, GFAP and Olig2

Immunohistochemistry data was analyzed in Qupath (v.0.5.1). To characterize the p16-mCherry-posi-
tive cells, transversal sections selected from the lesion periphery, spaced 200 ym apart (ranging from
0.5 to 2 mm rostrally or caudally to the lesion), were analyzed. A total of 3 sections rostral and 3 sections
caudal to the lesion were processed. For each section, pixel classification was performed to identify p16-
mCherry-positive areas. Nuclei were detected using QuPath’s nuclei detection tool applied to the DAPI
channel, allowing for the enumeration of mCherry-positive nuclei. Object classifiers for each marker
(CD31, CD13, NeuN, Iba-1, GFAP and Olig2) were applied on top of mCherry-positive nuclei allowing
the classification of these cells. This established workflow was applied to both rostral and caudal regions
as well as for the entire dataset within each timepoint and group of markers. Quantifications were per-
formed at 7, 15, and 30 dpi.

2.6 Flow cytometry — single cell dissociation protocol for flow
cytometry

2.6.1 Spinal cord isolation

For flow cytometry, it is essential to use fresh tissue to ensure accurate results. In these studies, P16-
FDR mice were predominantly used, along with C57BL6] mice. Mice were anesthetized with isoflurane
until an anesthetic overdose occurred. Following anesthesia, the spinal cord was exposed, and the injury
site was located at the T9/T10 vertebrae. A 2 mm segment of the spinal cord was transected both ros-
trally and caudally around the lesion site. In the case of sham injuries, the laminectomy site at T9/T10
served as the anatomical landmark for tissue dissection. For uninjured mice, the T9 vertebra was used
as the reference point. After dissection, the tissue was immediately placed in a petri dish containing 1
mL of ice-cold, freshly carbox (95% O,, 5% CO,) bubbled 1x aCSF (Ecocyteshop, LRE-S-LSG-1000-2),
prepared according to the manufacturer’s instructions. The surgical instruments were sterilized in ad-
vance using the Germinator 500 (World Precision Instruments). Between each mouse, the instruments
were disinfected with Virkon S (Bony Farma - Pigeon Products) and cleaned with RNaseZAP (Sigma-

Aldrich, R2020) to prevent cross-contamination between samples.
2.6.2 Single-cell spinal cord tissue dissociation

After isolating the spinal cord, the tissue was minced and mechanically dispersed using a sterile blade

to increase the total surface area. The tissue was then subjected to enzymatic dissociation using a buffer

37



containing the following components: 20U/ ml of 200 U/ml papain (15 U/mg; STEMCELL Technolo-
gies, 07466), 1x aCSF (Ecocyteshop, LRE-S-LSG-1000-2), 453 CDU/mL collagenase from Clostridium his-
tolyticum (125 CDU/mg; Sigma-Aldrich, C2674), 1561 uM of 1M CaCl2, 1.25 U/mL DNase I recombi-
nant, RNase-free (Roche, 04716728001), and ImM L-cysteine (Sigma-Aldrich, W326305). This enzyme
solution was specifically designed to break down the extracellular matrix (ECM) and disrupt cell-cell
junctions, thereby preventing cell aggregation through the degradation of free DNA and prevent cell
death via inclusion of antioxidant components. The enzymatic dissociation step was performed at 37°C
for 10 + 10 minutes. During this time, mechanical dissociation was concurrently carried out to further
facilitate cell separation. This was achieved using a P1000 micropipette and a fire-polished Pasteur glass
pipette with a diameter of approximately 0.5-0.8 mm and rounded edges. Care was taken to perform
this step gently to avoid the formation of air bubbles. Following enzymatic and mechanical dissociation,
an equal volume of ice-cold aCSF was added to the cell suspension (1:1 ratio). To remove any undigested
tissue, the suspension was filtered through a 70 pum cell strainer (Falcon, 352350) into tubes coated with
30% BSA. Following this step, a gradient centrifugation was conducted to further purify the cell sus-
pension from myelin, small ECM components, and dead cells that might have escaped the cell strainer.
This was accomplished using a discontinuous gradient of 5% and 15% Optiprep™ solution (STEMCELL
Technologies, 07820). Briefly, the lightest 5% layer is pipetted into the bottom of a 50mL falcon that
contains the cell suspension, followed by pipetting of the dense 15% layer. The centrifugation was per-
formed at 200 g for 5 minutes at RT, with slow acceleration and deceleration to maintain the integrity
of the gradient and achieve effective separation. Cells were collected from the interface between the
Optiprep™ solutions and transferred to a new Falcon tube. Next, cells were washed by adding ice cold
aCSF until a final volume of 20 mL is reached and centrifuging at 290 g for 7 minutes at 4°C. After
discarding the supernatant, the cells were kept on ice, aCSF was added to achieve the recommended
staining volume of 100uL with a maximum of 1e10° cells per staining. In the early stages of protocol
optimization, a Trypan Blue exclusion test was performed (1:10) to assess cell viability (ThermoFisher,

15250061). In flow experiments for each biological replicate, two technical replicates were accounted
2.6.3 Staining — labeling for specific cell types

Cells were incubated with a panel of flow cytometry antibodies for different cell types, Zombie Violet
fluorescent dye and Fc block for 20 minutes at 4°C. Zombie Violet is an amine-reactive fluorescent dye
that is impermeable to live cells but permeable to cells with compromised membranes; thus, zombie-
positive cells are apoptotic/necrotic cells. Fc Block was also used to reduce nonspecific Fc receptor an-
tibody binding. After incubation, cells were washed with aCSF by centrifugation at 290 g for 5 minutes
at 4°C. The cells were then incubated with DRAQS5 (1:2500) for 10 minutes at RT. DRAQ5 is a compound
that labels nucleated cells. After incubation, additional aCSF was added, and the samples were kept at
4°C until analysis. The data was acquired using the LSRFortessa™ X-20 flow cytometer. The antibodies,
dyes, and their staining conditions, as well as the compounds used to establish a live/dead cell exclu-

sion analysis are detailed in Table 2.7 and Table 2.8, respectively.
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Table 2.8-List of antigen antibodies used in flow cytometry and respective host, clone, fluorophore,

dilution reference, and cell marker. * Represent the original antibodies used that were replaced dur-

ing protocol optimization.

Antigen Host Clone Fluorophore | Dilu- Reference Cell marker
tion
ACSA-211 Rat IH3-18A3 PE 1:100 Miltenyi Bio- Astrocytes
tec/130-123-284
CD13 P Rat R3-242 BV650 1:100 BD OptiBuild/ Pericytes
(RUO) 740488
CD45 P! Rat 30-F11 FITC 1:100 Bio- Common leuko-
Legend /103108 cyte marker
CD31* Rat 390 APC 1:200 Invitrogen /17- | Endothelial cells
(PECAM-1) ¥ 0311-82
CD31 Rat 390 PerCP-eFluor 1:200 eBioscience/46- | Endothelial cells
(PECAM-1) ¥ 710 0311-80
CD11b ™ Rat M1/70 BV750 1:100 BioLegend / Macrophages
101267 and microglia
04 1 Mouse 04 APC 1:400 Miltenyi Bio- Oligodendro-
tec/ 130-119- cytes
155
Thy1.2/CD90 Rat 30-H12 Alexa Fluor 1:100 Bio- Neuron/T cell
2% 700 Legend /105320 marker
Thy1.2™ Rat 30-H12 BV605 1:100 Bio- Neurons/T cell
Legend /105343 marker
Tmem119 ™ Rat | V3RT1GOsz | PE-Cyanine7 1:100 | Invitrogen /25- | Microglia-biased
6119-82
Fc Rat 93 - 1:100 Bio- -
Block/CD16/ Legend /101301
32 1]

[1]: astrocyte cell surface antigen-2; [2]: cluster of differentiation 13;[3]: cluster of differentiation 45; [4]: cluster of differentiation
31; [5]: Cluster of differentiation molecule 11b; [6]: Oligodendrocyte Marker O4; [7]: Cluster of Differentiation 90; [8]: Transmem-

brane protein 119;

Tabela 2.9-List of compounds that were used to perform a live/dead cell exclusion analysis and re-

spective detector, dilution, reference, and target.

Compound Detector Dilution Reference Target
Zombie Violet | Violet laser (405) 1:250 BioLegend /423113 | Cells with com-
promised mem-
branes
DRAQ5 Alexa Fluor® 1:2500 BioLegend /424101 Nuclei in live
647, APC and cells
Alexa Fluor®
700
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2.6.4 Gating strategy and data analysis

Data analysis was performed using Flow]Jo software (v10.10). The gating strategy remained conserved
throughout all of the analysis. From the total events acquired from the flow cytometer, a Forward Scatter
(FSC) vs Side Scatter (SSC) gate was applied to exclude debris and select the main cell population. Next,
a Forward Scatter-Height (FSC-H) vs Forward Scatter-Width (FSC-W) is then used to identify and gate
on single cells, excluding doublets and cell aggregates. A viability dye gate is applied to select only live
cells by using FSC-H vs Zombie-Violet-AF405. The following gates were established inside the live cell

population.

FSC-H

Cells
49.0

SSC-A

FSC-H

Single Cells |  ggc.w
943

live
98.5

FSC-H
X
Comp-Alexa Fluor 405-A :: Zombie

Figure 2.1-Representative image of the gating strategy that allows the selection of live cells. Forward Scatter-
Height (FSC-H); Side Scatter-A (SSC -Area); Forward Scatter-Width (FSC-W); Zombie-Violet-AF405
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2.7 Single-cell preparation for fluorescence-activated cell sort-
ing (FACS) and RNA extraction of sorted pl6-mCherry

cells

To isolate mCherry-positive and mCherry-negative population cells via FACS sorting, cells were iso-
lated into a single-cell suspension as described previously, followed by staining with Zombie Violet to
discriminate live cells from dead cells/debris. Live cell gate was performed on the Zombie Violet neg-
ative population. A gating strategy was used to differentiate and establish gates for mCherry-positive
and mCherry-negative populations. To be able to investigate cell type enrichment and perform differ-
ential gene expression, both plé-expressing/ mCherry-positive and mCherry-negative cells (control)
were sorted from the same sample. Sorting was performed using a BD FACSAria III equipped with a
100 pm nozzle. Given the rarity of mCherry-positive cells, sorting was performed for yield. Cells were
sorted into collection tubes containing 1x aCSF supplemented with 2% BSA. After sorting, cells were
centrifuged at 200 g for 5 minutes at 4°C. The supernatant was discarded, and 500 uL of TRIzol (Invi-
trogen/15596018) was added to each sample. The pellet was destroyed by vigorous pipetting and left
to rest for 5 min at RT to ensure complete nucleic acid dissociation from protein complexes. Samples
were stored at -80°C until RNA extraction. Total RNA was extracted using the miRNeasy Mini Kit (Qi-
agen/217004) using a phenol: chloroform starting protocol, following the manufacturer's instructions.
RNA quality was assessed with a Fragment Analyzer and bulk sequenced at the Genomics Unit of the
Instituto Gulbenkian de Ciéncia (IGC). For more information regarding RNA quality refer to Annex 2
(Table A.1). The bioinformatic analysis was conducted by the lab's bioinformatician, Daniel Ribeiro
(PhD).

Gene Expression Quantification

Using the STAR v2.7.10a pipeline (DOI: 10.1093 /bioinformatics /bts635), gene expression quantification
is performed by aligning RNA-seq reads against the mouse GRCm39 reference transcriptome and
counting those mapping to each given gene. Raw read counts for 17,072 genes were obtained. To pre-
pare count data for differential gene expression analysis, normalization factors to scale raw library sizes
were obtained using the function calcNormfactors from package edgeR (DOI: 10.1093 /bioinformat-
ics/btp616) after converting the filtered count matrix into a DGEList object. The voom method with
quantile normalization (DOI: 10.1093 /nar/gkv007) was then applied to count data to obtain gene ex-

pression estimates in log2-counts per million (logCPM).

Differential Gene Expression Analysis
Differential gene expression analysis was performed with linear models using the limma R package

(DOI: 10.1093 /nar/ gkv007). Global empirical Bayes statistics were calculated for each gene, allowing

for the identification of genes significantly differentially expressed those with an associated adjusted p-

values < 0.05 and the magnitude of difference in expression measured in log2 fold-change between the
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two conditions. Using this approach, 6040 genes were identified as significantly differentially ex-

pressed.

Derivation of Gene Expression Signatures for the Major Spinal Cord Cell Types

We employed CIBERSORTXx (doi.org/10.1038/s41587-019-0114-2) to infer gene signatures of major cell
types present in the mouse spinal cord. The tutorials provided at the CIBERSORTx portal
(https:/ / cibersortx.stanford.edu/) were used as a basis for our analysis. The Zeisel dataset (DOI:

10.1016/j.cell.2018.06.021) was used to extract single-cell gene expression data from spinal cord mouse

tissue (15_all.loom file from mousebrain.org). Cells in the dataset are hierarchically classified according
to TaxonomyRank?2. Signatures were generated with the default parameter except for the following:

Min. Expression: 1; Replicates: 20; Sampling: 0.

Estimation of Cellular Composition on FACS-Sorted Samples

We used CIBERSORTx deconvolution to estimate the cellular composition of FACS-sorted samples
from bulk RNA sequencing. To build the mixture file containing bulk RNA-seq expression profile, we
built a count matrix derived from the RNA-seq normalized counts. We ran the CIBERSORTx deconvo-
lution algorithm with default parameters except for the following: Batch correction mode: S-mode; Per-

mutations: 500.

2.8 Statistical analysis

Statistical analysis was conducted using GraphPad Prism v9.0.0. Flow cytometry data was either ana-
lyzed using an unpaired t-test or one-way ANOVA followed by Bonferroni correction, depending on
the data. Immunohistochemistry data was analyzed using one-way ANOVA followed by Bonferroni
correction. All data are presented as mean + SEM, with statistical significance set at p-values < 0.05.
Details on statistical parameters, including sample sizes and precision measures (e.g., p-values), are
provided in the figure legends. For BMS, Two-way ANOVA, followed by a Bonferroni’s post-hoc test
was performed.on GraphPad Prism v9.0.0.
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3 RESULTS

3.1 Optimization of a single-cell spinal cord tissue dissocia-

tion protocol for flow cytometry

Flow cytometry can be a great complementary technique to immunohistochemistry (IHC) as it allows
for faster and less laborious identification of different cell populations. It also allows for the identifica-
tion of weakly expressed surface antigens. Our end goal was to identify and isolate mCherry / p16-pos-
itive cells from the spinal cord (SC) through flow cytometry and determine the cell types that are
mCherry-positive. Currently, there are no suitable optimized single-cell SC tissue dissociation proto-
cols. Therefore, to achieve our end goal, we needed to optimize a good single-cell SC tissue dissociation
protocol in the lab suitable for flow cytometry. With this protocol, we aimed to successfully dissociate
spinal cord tissue while retaining the cells viability and retrieve different cell populations representative
of those in the CNS, particularly in the SC.

3.1.1 Key features of the optimized protocol

The new protocol for SC single-cell isolation was designed based on the protocol performed by Huettner
et al [49]. We introduced some key features and made optimization steps along the way. A notable as-
pect of our protocol was using cold freshly bubbled aCSF to maintain oxygenation and a balanced pH
to increase the likelihood of cell survival. Initially, we tested a “homemade” aCSF solution prepared in
the lab, however, we switched to a commercially available aCSF. To perform the dissociation of the SC
tissue, we opted to perform both mechanical and enzymatic dissociation, given the intrinsic tissue-re-
lated barriers to a successful SC single-cell dissociation. The process was challenging as nervous tissue,
in particular SC tissue, has a complex and dense network of neurons and glial cells (astrocytes, oli-
godendrocytes, and microglia). Neurons, for example, present highly ramified processes that intercon-
nect with each other, making them very delicate and prone to breakage. This, in turn, poses a challenge
in dissociating cells without compromising their viability. Moreover, given the high cell heterogeneity,
optimizing a “one-size-fits-all” protocol suitable for each SC cell type remains difficult. Finally, SC cells
are embedded in a very robust ECM forming strong connections between cells, making it difficult to
break down ECM components without damaging cells in the process. Establishing the enzyme cocktail
and the concentrations used was vital to the success of the dissociation step. We ought to find a perfect
balance between promoting both disruption of cell-to-cell junctions and extracellular matrix compo-
nents while retrieving an increased yield of cells. In addition, the retrieved cells must remain viable
without cleavage of essential membrane proteins and cell surface receptors that could halt flow cytom-
etry detection. In the enzyme mix, we included components such as papain. Papain has been described
as a cysteine peptidase C1 protease. It has been shown that papain is less destructive and more efficient

when compared to other proteases used such as trypsin [50], [51]. L-cysteine was included as an
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activator of Papain and to help scavenge some of the ROS generated during aCSF bubbling [52]. How-
ever, L-cysteine was used in small amounts as this amino acid can be excitotoxic to neurons. The use of
papain promotes the release of free DNA that could promote cell aggregation, for that reason DNase I
was used [50]. The temperature of incubation was maintained at 37°C [50]. A gradient of Optiprep was
used to isolate the cells of interest, as the high density of Optiprep facilitates the fractioning of the cells
into layers. Initially, a continuous gradient was used (15%) as this gradient would retrieve a single-cell
suspension, but we soon realized that we could be losing less dense cells. To allow for better fractioning
and purification, a 5% gradient was added. Some optimizations were also made in the centrifugation
parameters, speed, duration, temperature, acceleration, and deacceleration steps to increase cell sepa-
ration and decrease cell death, ensuring that the dissociated cells could endure several centrifugation
steps important for flow cytometry protocols. We started our optimization with uninjured
p16FDR/+mice. We isolated 8 mm of SC tissue (4 mm rostrally and 4 mm caudally from the T9 verte-
brae level) and further refined the protocol to achieve 4 mm (2mm rostrally and 2 mm caudally). This
is relevant as it allowed a narrow window view into the perilesion site for each animal. After this opti-
mization, we proceeded to the analysis of injured p16FDR /+ mice. Cells were always maintained at 4°C

to slow down biological processes and improve cell viability.

3.1.2 Viability analysis

To access the outcome of the single-cell dissociation protocol optimizations, we performed a Trypan
blue exclusion test (Figure 3.1). Before optimization, there were more dead /blue cells labeled with Try-
pan Blue, small cell aggregates, and there seemed to be some crystal formation (Figure 3.1.A). After
optimization, the cell suspension seemed to have more live (fewer cells with Trypan Blue labeling) and
individual cells, with different morphologies, fewer aggregates, and no crystals (Figure 3.1.B). This sug-
gests that the protocol with the modifications implemented allows for better tissue dissociation and cell
viability. The observation of different morphologies suggests the possibility that the protocol is retriev-

ing different SC cell types.

(A) (B)

Figure 3.1-Trypan blue exclusion test in uninjured p16-FDR mice after protocol optimization shows improve-
ment in single-cell recovery. Trypan blue test after recovering cells, with the protocol adapted from Huettner et al
[49], before (A) and after (B) protocol optimization. In (A) there are more dead cells (labeled with trypan blue),
more clumps and aggregates as well as crystal formation. In (B) more individual live cells (with different morphol-
ogies) were recovered. Fewer aggregates, better separation, and no crystal formation after optimization can also be
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observed. Each image represents n=1 p16FDR/+uninjured mice. Images were captured at 40x 20x magnification,
respectively.

We also assessed cell viability through flow cytometry by staining the cells with a combination of dyes
at 3 and 7 days post-injury (dpi) (Figure 3.2). Zombie Violet, an amine-reactive fluorescent dye, identi-
fies cells with compromised membranes, while DRAQ5 stains nucleated cells. Our protocol retrieved
around 91.9% and 94.5% of live cells (Zombie-/ DRAQ5+), with minimal debris and dead cells observed
at both timepoints, respectively (Figure 3.2 A). There seemed to be more debris at 3 dpi than those
observed at 7 dpi (Figure 3.2 A). Additionally, it is important to note that these results remained con-
sistent as the percentage of live cells recovered in the p16-FDR mice is the same in laminectomized
(sham) and injured conditions at both timepoints with no significant differences (Figure 3.2 B). Alto-
gether, the protocol we developed is able to retrieve live cells independently of the animal condition
(injured vs sham) and timepoint, with low percentages of debris and dead cells. Additionally, a suc-
cessful double gaiting strategy of Zombie-Violet and DRAQ5 staining showed that the dissociated cells

seem to be suitable for flow cytometry.

(A) 3 dpi (B) 7 dpi

Debris Dead 5 | Debris Dead
10 2.86 0.48 L 1.30 0.74
2
5
N 10* =
< E
wn
g
§
E 10° =2
3 3
<
&
£
3 3 3
2 0
> 2
¥
20
e}
E < 0 103 ‘04 105
o
N
DRAQS5- AF-700
© e
100
.
80
l) -
© i
g 60
[J] -
2
4 404
X J
20
0 T
Sham Injury

Figure 3.2- Single-cell dissociation protocol recovers a high percentage of live cells in both sham, 3 and 7 dpi conditions. A
single-cell dissociation protocol for flow cytometry described above was performed in spinal cord sections of laminectomized
(sham) and injured p16-FDR mice, followed by Zombie Violet and DRAQ5 staining. A) and B) Percentage of live cells (Zombie-
/DRAQS5+), dead cells (Zombie+/DRAQ+), and debris (Zombie+/DRAQ-) in injured p16FDR/+mice at 3 and 7dpi, respec-
tively. This data revealed that around 90-95% of the cells retrieved at both timepoints are live cells. C) The percentage of live
cells remained consistent in sham and injured p16FDR/+mice at 3 and 7 dpi. Each bar represents means + SEM, and data from
both timepoints was pooled together, n=2-4 independent samples per group. Statistical analysis was performed using an un-

paired t-test (95% confidence interval). No significant statistical differences were observed, non-significant (ns).
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3.1.3 Analyzing spinal cord cellular diversity after SCI through flow cy-
tometry

After having succeeded in isolating a population of live SC cells, we wanted to see if they were repre-
sentative of the cell type heterogeneity present in the SC. Having this objective in mind, we optimized
and established a multi-color panel that would allow to discriminate between cell types known to be
present in the SC in both physiological and injury conditions. We aimed to complete the challenging
task of using all the different markers simultaneously; therefore, the panel was optimized accordingly.
Not only did we try to include the highest number of cell membrane markers for better cell type dis-
crimination, but also the fluorophores selected for each marker had to be carefully selected to avoid
spectrum overlaps. Ultimately, we were able to achieve a final panel of 7 markers (Table 3.1).

Unfortunately, due to the high spectral overlap between fluorophores and the fact that DRAQ5 has
multiple emission peaks, thus being detected in several channels (Alexa Fluor 647, APC, and Alexa
Fluor 700), we decided to perform live cell gates with Zombie Violet exclusively. Nevertheless, the gat-

ing strategy remained conservative to the live population already discriminated above (Figure 2.1).

Table 3.1-The final color panel achieved post-optimization containing the cell surface marker, the respective
fluorophore, and the cell type labeled.

Detected cell surface marker Fluorophore Labelled cell type
ACSA-2 PE Astrocytes
CD13 BV650 Pericytes
CD45 FITC Common leukocyte marker
CD31 (PECAM-1) PerCP-eFluor 710 Endothelial cells
CD11b BV750 Macrophages and microglia
Thyl.2 BV605 Neurons/T cell marker
Tmem119 PE-Cyanine?7 Microglia-biased
mCherry mCherry pl6 positive cells
Fc Block/CD16/32 - -
Zombie Violet Violet laser (405) Apoptotic/necrotic cells

After the dissociation protocol, cells from sham and injured p16™*/*7 dpi mice were stained with the
antibodies against the cell surface markers listed in Table 3.1 and analyzed by flow cytometry. Based
on our results, regardless of the condition (sham and injury), we were able to successfully isolate various
types of cells from the SC, such as immune cells (CD45+), astrocytes (ACSA-2+), macrophages/micro-
glia (CD11b+), neurons (Thy1.2+), pericytes (CD13+), and endothelial cells (CD31+) (Figure 3.3). It is
important to note that both parenchymal cells (neurons and astrocytes) and vascular-associated cells
(pericytes and endothelial cells) were retrieved. Additionally, approximately 75% of the total cell pop-
ulation were Thy1.2+ cells, which is a good indicator for the preservation of neuronal populations with
our protocol (Figure 3.3.A). This neuronal enrichment is very difficult to achieve, as most neurons do

not survive flow cytometry conditions. Thus, this outcome was expected and is consistent with our
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protocol's aim to enrich for neurons. The distribution of the remaining cell types seemed relatively even
(Figure 3.3.A). When comparing the sham and injury conditions, there was a tendency to have more
cells present of a specific type in the injured condition compared to the sham condition (Figure 3.3.C).
This could indicate an increased representation of specific cell populations upon injury. In fact, in the
dot plots presented on panel 3.3 B, we can observe the prevalence of injury-specific populations in in-
jured mice compared to sham controls (Figure 3.3.B). For example, in the injured condition, there was
a noticeable difference in the presence of immune cells (CD45+), macrophages/microglia (CD11b+)
(Figure 3.3.B), C). These cell types were increased in the injury condition, and subpopulations of mac-
rophages/microglia with high and low CD11b expression were observed. The CD11b high population
is not observed in the Tmem119+ population; this possibly indicates the presence of an injury-specific
macrophage population (CD11b+/Tmem119-) (Figure 3.3.B). This outcome was expected because, in a
SCI context, various cells are recruited to the injury site, including tissue-resident microglia and astro-
cytes, as well as blood-derived macrophages [6]. We did not observe a similar trend in the neuronal
population, which is not surprising given that, in injury conditions, there is neuronal death [6]. We also
lack data on oligodendrocytes due to our inability to optimize the O4 antibody.

Furthermore, we acknowledge that Thyl+ cells can also be immune cells (CD45+), 75% of Thy1+ cells
may include a portion of cells that are also CD45+ (Figure 3.2 A)). However, when compared to the
2.67% of CD45+ cells, we can safely assume that the majority of Thy1+ cells seem to be neurons. Never-
theless, it is important to interpret all these results cautiously given the low sample size (1) that prevents
us from drawing significant conclusions when comparing conditions. The optimized protocol presented
in this thesis successfully isolates a diverse subset of neural and non-neural populations from the SC
that can be identified with canonical markers used in flow cytometry. The relatively high proportion of
neurons is a good indicator of neuronal preservation which was one of the main objectives behind this
protocol design and optimization. However, even though this protocol overrepresents the neuronal
population, it still reflects the cellular diversity found in the SC. In addition, this protocol appears to
replicate the changes in cell proportion seen in injury conditions, but further testing is required to obtain

significant results.

(A)

Proportion of SC cell types
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Figure 3.3- Optimized single-cell protocol reveals diverse cell populations in spinal cord tissue at 7dpi.
Cells from sham and injured p16™% “mice retrieved with the optimized protocol and labelled with canonical
markers for different cell types known to be present in the spinal cord and / or recruited upon injury: Microglia
(Tmem119+), immune cells (CD45+), astrocytes (ACSA-2+), Macrophages and Microglia (CD11b+), Neurons
(Thy1.2+), Pericytes (CD13+), Endothelial cells (CD31+). A) Proportion of cell types retrieved independently
on the condition (pool of n =3 samples sham and injured). Cells from different cell types were retrieved with
the optimized protocol; the majority of isolated cells were Thy1.2+. B) Representative flow cytometry plots
showing gating strategy for different cell populations in spinal cord tissue in sham and injury conditions.
These results indicate that injury-specific populations seem to be present. In this representation, there is n=1
sham n=1 injured p16™*/*mice at 7 dpi. C) Quantification of each cell type proportion isolated between con-
ditions, sham and injury. Each bar represents means + SEM (n =1-2 independent samples per group). Scale
bar: Not applicable for flow cytometry plots. No statistical testing was performed. FSC-A: Forward Scatter
Area; SSC-A: Side Scatter Area.
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3.2 A plé-positive cell population is induced upon spinal cord
injury

Previous immunohistochemistry data from our lab indicated that p16/mCherry-positive cells were in-
duced upon injury, being detected as early as 7 dpi and presented a transient profile (see Annex, figure
6.2). The quantifications behind these results are quite labor-intensive and are typically estimates, as the
quantification is not carried out on the entire dissected tissue but rather at intervals of 200 pum between
sections. Following the optimization of a robust flow cytometry protocol, we wanted to validate and
possibly expand previous observations indicating the induction of mCherry-positive cells in response
to injury. This flow cytometry approach would allow us to analyze the entire dissected sample instead
of relying on individual sections and, thus, process and analyze more cells. Moreover, flow cytometry
goes beyond the binary classification of IHC (positive and negative), with this technique, we can meas-
ure the mCherry expression intensity (high and low). Furthermore, a multiparametric analysis is also
possible, allowing us to simultaneously identify distinct mCherry-positive cell populations using dif-
ferent markers. Fluorescence-activated cell sorting (FACS) can also be employed to isolate mCherry-
positive cells for further molecular and functional analysis. SC tissue from sham and injured 7 dpi
p16™*/* mice comprising the perilesion site (2 mm rostral and 2 mm caudal) was processed according
to our optimized protocol. The same protocol was employed to SC tissue from uninjured mice as nega-
tive controls to establish baseline mCherry expression levels and account for autofluorescence.
Previously in our lab, in an independent experiment, we also attempted to quantify mCherry-positive
cells in injured p16™*/* at 3 dpi through THC, however, we were unsuccessful (refer to Annex, Figure
6.3 for more details). For that reason, we wanted to test if we could see mCherry-positive cell induction
at an earlier timepoint, therefore, SC tissue from 3 dpi mice was also processed. Our results indicated
that mCherry-positive cells were significantly increased in injured p16™*/* compared to sham controls
at 7 dpi, indicating that this increase is injury-specific (Figure 3.4 A) and B)).

Therefore, the induction of mCherry-positive cells in injured 7 dpi mice through flow cytometry vali-
dated the results previously obtained by the lab through IHC. In addition, some mCherry-positive cells
seemed to express more mCherry than others, indicating the presence of mCherry high and low cells.
This was expected since the different levels of reporter expression had already been described [39].
(Figure 3.4 A). Moreover, mCherry-positive cells showed a wide range of SSC-A values, indicating het-
erogeneity in their internal complexity or granularity (Figure 3.4 A). Compared to uninjured p16™%/%,
sham-injured mice presented significantly more mCherry-positive cells, suggesting that this difference
stems from the laminectomy injury performed in sham-injured mice. Due to the lack of animals availa-
ble, 3 dpi sham injury mice were not included in this data. However, when we compared 3 dpi injured
mice to uninjured controls, we found no significant differences between these two groups. This indi-
cated that mCherry protein, and thus the expression of the cdkn2a locus, is either not expressed or is
below detection levels in injured p16™*/* mice at 3 dpi. Furthermore, upon injury, the percentage of
mCherry-positive cells at 7 dpi was significantly higher when compared to 3 dpi. This suggested a time-
dependent increase in mCherry-positive cells upon injury, as the number of mCherry-positive cells

peaked at 7 dpi but not at 3 dpi, complementing previous results from the transient profile of mCherry-

50



positive cells (see Annex, Figure 6.2). However, sham 3 dpi samples should be included in the future to
discard any technical bias that would influence the prevalence of mCherry-positive cells.
Nevertheless, the mCherry-positive population seems to be heterogeneous in complexity and granular-
ity, suggesting the presence of different mCherry-positive cell types or even injury-specific cellular
modifications.

Finally, it should be noted that the observed trends are reproducible, as this data is representa-
tive of multiple independent experiments (4), with a high statistical significance (****p <0.0001) at 7 dpi,

and that these data underscore the robustness of the injury-induced cellular response.
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Figure 3.4- Spinal cord injury induces a significant increase in mCherry-positive cells at 7 but not 3 days post-injury
(A) Representative flow cytometry dot plots showing mCherry expression versus side scatter area (SSC-A) in cell popu-
lations under different conditions: uninjured, sham 7 dpi, injured 3 and 7 dpi. These plots demonstrate an increase in
mCherry-positive cells following injury, with the most pronounced effect at 7 dpi. Data shown is from one representative
experiment (n=1 for each condition) out of multiple experiments conducted (1=2-4). (B) Quantification of mCherry-pos-
itive cells across different conditions. The graph shows a significant increase in the percentage of mCherry-positive cells
at 7 dpi compared to uninjured, sham, and 3 dpi conditions. No significant difference is observed at 3 dpi compared to
controls. Data are presented as means + SEM, based on 1 =2-4 independent experiments per group, each dot in the graph
represents data from a single animal. Statistical analysis was performed using one-way ANOVA with Bonferroni's mul-
tiple comparisons test (95% confidence interval). Statistical significance is indicated as follows: *p < 0.05, **p < 0.01, ***p

<0.001, ****p < 0.0001.
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3.3 Characterization of the injury-induced pl6-positive cell

population after a spinal cord injury

We have seen that an injury-specific population of mCherry-positive cells appears upon a SCL. A couple
of important questions almost immediately arise. Why do these cells appear? What role do they play?
While all questions are equally significant, we believe that understanding the identity of these cells is
the first crucial step in learning more about them. To unravel their identity, we designed an immuno-
histochemistry panel with canonical markers to identify different cell types in injured SC of
p16™% *mice. Immunofluorescence co-localization of mCherry with other markers for mature neurons
(NeuN), activated macrophages/microglia (Iba-1), astrocytes (GFAP), oligodendrocytes (Olig2), peri-
cytes (CD13), and endothelial cells (CD31) was conducted at 7, 15 and 30 dpi (Figure 3.5 A). At 7 dpi,
mature neurons (NeuN+) represented the largest proportion of mCherry-positive cells, approximately
30%, followed by oligodendrocytes (13%). Notably, no mCherry-positive endothelial cells or pericytes
were observed at this timepoint. While neurons seemed to be the predominant cell type, no statistically
significant differences were noted when compared to astrocytes (GFAP+), oligodendrocytes (Olig2+),
and microglia (CD11b+) (Figure 3.5 B). These results suggested a trend towards neuronal predominance
within the mCherry-positive cell population at 7 dpi.

At 15 dpi, approximately 45% of the mCherry-positive population was neuronal. This proportion was
significantly higher compared to the other cell markers examined within the same timepoint, indicating
that neurons were the predominant mCherry-positive cell type at 15 dpi. No statistical significance was
observed between different cell types at 30 dpi, which suggests that neuronal predominance observed
at 15 dpi was lost at this timepoint (Figure 3.5 B). Although not statistically significant, neurons and
microglia seem to be the cell types in higher proportions at 30 dpi compared to the other cell types.
These results suggested a shift in the cellular composition of mCherry-positive cells at 30 dpi with the
loss of neuronal predominance. However, the lack of statistical significance at this timepoint indicates
that further investigation may be needed to confirm these trends. We also examined the percentage of
cells expressing mCherry for each cell type marker at 7, 15, and 30 dpi. However, most of the differences
were not significant (see Figure 3.5 C). There appeared to be an increase in the proportion of mCherry-
positive neurons from 7 to 15 dpi, followed by a slight decrease at 30 dpi. The microglial/ mCherry
population seemed to increase from 15 to 30 dpi. Both mCherry-positive astrocytes and oligodendro-
cytes showed a tendency to decrease over time. This decrease was significant from 7 to 15 dpi in the
oligodendrocyte/ mCherry population and maintained at 30 dpi as no statistical differences were found.
Both endothelial cells and pericytes remained the same throughout all three timepoints. From this anal-
ysis, we can deduce that there are dynamic changes in some populations of mCherry-positive cells ac-
cross different timepoints.

Altogether, our results indicate that neurons comprise the majority of mCherry-positive cells at 7 and
15 dpi, with this predominance being statistically significant when compared to all other cell types at
the latter timepoint. By 30 dpi, the clear neuronal predominance is no longer observed, indicating that

mCherry-positive cell types exhibit time-dependent changes.
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Figure 3.5- Neuronal predominance of mCherry-positive cells is observed at 15 dpi. A) Representative images of
the immunohistochemistry performed at 7, 15 and 30 dpi for each pair of cell markers (IHC were performed by
groups of markers.) Images show the co-localization of mCherry with various cell markers: CD31 (endothelial
cells)/CD13 (pericytes), GFAP (astrocytes)/Olig2 (oligodendrocytes), NeuN (mature neurons)/Iba-1 (microglia), at
15 dpi. Scale bar: 100 # m, 20x magnification. Yellow arrows point to Co-localization, and white arrows no Co-lo-
calization. B) Quantification of mCherry-positive cells expressing different markers. Bar graph showing the per-
centage of mCherry-positive cells co-expressing cell markers at 7, 15, and 30 dpi. A significant neuronal predomi-
nance (NeuN+) is observed at 15 dpi, followed by a shift towards increased microglial (Iba-1+) presence at 30 dpi.
C) Temporal profile of mCherry-positive cells for each cell marker. Bar graphs depicting the percentage of mCherry-
positive cells for each cell marker at 7, 15, and 30 dpi. There is an increase in the proportion of mCherry-positive
neurons from 7 to 15 dpi, followed by a slight decrease at 30 dpi. The microglial/mCherry population seems to
increase from 15 to 30 dpi. Both mCherry-positive astrocytes and oligodendrocytes show a tendency to decrease
over time. Data are presented as means + SEM, based on n =3-4, each dot in the graph represents data from a single
animal. Statistical analysis was performed using one-way ANOVA with Bonferroni's correction (95% confidence
interval). Statistical significance is indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001.
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To validate and possibly expand on previous IHC findings, we aimed to characterize the
mCherry-positive cell population using our optimized flow cytometry protocol. This experiment was
conducted on sham and injured p16™*/*mice at 7 dpi. This timepoint was chosen to maximize the rep-
resentation of the mCherry-population, as noted in Figure 3.4 B). The cell types we aimed to identify
were immune cells (CD45+), astrocytes (ACSA-2+), microglia (Tmem119+), macrophages/microglia
(CD11b+), neurons (Thy1.2+), pericytes (CD13+) and endothelial cells (CD31+). Most of these cell types
correlate with the ones analyzed through IHC. New broad markers, such as immune cells and macro-
phages/microglia, were added to complement the previous analysis and improve population discrim-
ination. Flow cytometry data is shown with quadrant plots for sham and injury conditions at 7 dpi; the
upper right quadrant of each plot represents a double-positive population (cell marker+/mCherry+)
(Figure 3.6 A-G). Analysis of the upper right quadrants revealed subtle differences between sham and
injury conditions for most cell markers. mCherry-positive astrocytes (ACSA-2+), neurons (Thy1.2+),
pericytes (CD13+), and endothelial cells (CD31+) were already present in sham conditions, but some
variations in size can be seen in injured conditions (Figure 3.6. B, E, F, G). There appeared to be an
increase in these populations upon injury. The most noticeable differences were seen in immune cells
(CD45+), macrophages/microglia (CD11b+), and microglia (Tmem119+) mCherry-positive cells (Fig-
ure 3.6. A, C, D). The injury condition revealed a distinct CD45+/mCherry+ cell population absent in
the sham condition, indicating an injury-specific population of immune cells expressing mCherry (Fig-
ure 3.6. A). Microglia (Tmem119+) showed similar results with injury-specific populations of microglia
cells that express mCherry (Figure 3.6 C). In the macrophages/microglia (CD11b+) mCherry-positive
population, we observed a small population in the sham condition that increased in the injury condition
(Figure 3.6 D). Interestingly, in the injury condition, two distinct populations of CD11b+/mCherry+
cells can be seen: CD11b-low (left in the CD11b axis) and CD11b-high (far right in the CD11b axis)
Figure 3.6 D). Tmem119 is a microglia-biased marker. However, CD11b labels both macrophages and
microglia; these two markers were chosen to be able to differentiate between microglia (Tmem119+ and
CD11b+) and macrophages (Tmem119- and CD11b+) [53]. The CD11b-high population did not appear
in the microglia (Tmem119+)/mCherry+ right upper quadrant (Figure 3.6 C), only in the micro-
glia/macrophages (CD11b+)/ mCherry+ quadrant (Figure 3.6 D), indicating that the CD11b-high pop-
ulation was Tmem119-/CD11b+ cells. These results suggested that the CD11b-low population likely
represents resident microglia (Tmem119+/CD11b+) that upregulate mCherry expression upon injury
and that the CD11b-high population being Tmem119-/CD11b+ likely represented infiltrating macro-
phages that strongly express mCherry upon injury. This suggests the appearance of an injury-specific
population p16-mCherry macrophages. It is important to note that both macrophages and microglia can
be labeled with CD45+ as these cells also belong to the immune compartment (Figure 3.6 A). Moreover,
itis important to recognize that this injury-specific population can also contain other immune cells such
as T cells (CD45+). A bar graph was generated to quantify the percentage of mCherry cells positive for
the different cell markers in the injured condition. The highest percentage of mCherry-positive cells
were found to be neurons (Thy1.2+), followed by mCherry-positive astrocytes (ACSA-2+), which was

consistent with THC results from the same timepoint (Figure 3.6 H and 3.5 B).
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However, we acknowledge the limitation that a proportion of Thy1.2+ cells may also include
CD45+ cells, as T cells are also positive for Thy1.2. Nevertheless, our results suggested that, although
not statistically significant, within the population of mCherry-positive cells the majority are neurons
(Thyl+/CD45-) when compared to immune cells (Thyl-/CD45+) and other mCherry-positive cells
(Thy1-/CD45-) (Figure 3.7 C and D.). These results also confirm the presence of an injury-specific
mCherry immune population, as no immune compartment is observed in sham injury mice within the

mCherry-population (Figure 3.7 C and D.)

In contrast with THC results (Figure 3.5, B), where no endothelial cells and pericytes were observed at
this timepoint, a small percentage of these cells were mCherry-positive through flow cytometry analysis
(Figure 3.6, H). Nonetheless they showed the lowest percentages. These differences can be due to the
higher sensitivity of flow cytometry techniques in detecting rare populations that might be missed in
limited tissue detections examined in IHC. Additionally, flow cytometry has a wider dynamic range,
allowing it to detect very low or very high marker expression levels. Finally, in IHC the two-dimen-
sional analysis of 10 um tissue sections can lead to the loss of cell integrity that can be present in a
different plane of the section, a problem circumvented by flow cytometry as it analyses whole cells of
the dissected tissue. Also complementing previous IHC results, a proportion of mCherry-positive im-
mune cells, possibly macrophages, was observed. These results indicate that there is indeed an immune
compartment in the mCherry-positive cell population, but the majority of these population appears to

be represented by neurons at 7 dpi.
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Figure 3.6- Flow cytometry reveals injury-specific mCherry-positive immune cell population, complementing
previous immunohistochemistry findings. Flow cytometry dot plots showing the distribution of mCherry-posi-
tive cells against various cell markers A) immune cells (CD45+); B) astrocytes (ACSA-2); C) microglia (Tmem119+);
D) macrophages/microglia (CD11b+); E) neurons (Thyl.2+); F) pericytes (CD13+) and G) endothelial cells
(CD31+) in sham and injury conditions at 7 dpi. The upper right quadrant represents the double-positive popula-
tion for each marker and mCherry. Each dot represents a single cell, and the axes show fluorescence intensity for
the respective markers. Dot plots show shifts in mCherry-positive cell populations following injury, with a notable
increase in immune cells (CD45+), macrophages/microglia (CD11b+), and microglia (Tmem119+) mCherry-posi-
tive cells. H) Percentage of mCherry-positive cells for different cell markers in the injury condition at 7 dpi. Quan-
tification of mCherry-positive cells in the injury condition reveals neurons (Thy1.2+) as the highest percentage,
followed by astrocytes (ACSA-2+), immune cells (CD45+), and other cell types. Bars represent the mean percentage
of mCherry-positive cells for each marker. Error bars indicate the standard error of the mean (SEM). No statistical

testing was performed.
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Figure 3.7- The Majority of p16-mCherry positive cells are neurons (Thy1.2+/CD45-)
A) Sham vs injury dot plots with % neurons (Thy1.2+/CD45-), immune cells (Thy1.2+/CD45+) and other
mCherry-positive cells (Thy1.2-/CD45-) within mCherry-positive cells. Comparison of sham vs. injury con-

ditions highlights the emergence of a distinct injury-specific mCherry-positive immune cell population spe-

cifically. B) Quantification of mCherry-positive neurons (Thy1.2+/CD45-), immune cells (Thy1.2+/CD45+),

and other cell types (Thy1.2-/CD45-) in sham and injury conditions at 7 dpi. Data shows that most of the

mCherry population appears to be Thy1.2-positive and CD45-negative (neurons). Bars represent the mean

percentage of mCherry-positive cells for each population. Error bars indicate SEM. No statistically significant

differences were observed between injury populations (ns, p > 0.05, one-way ANOVA with Bonferroni cor-

rection). n =1-2
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3.4 Injury-induced pl6-positive cells do not seem to respond
to the ABT senolytic treatment

After establishing the nature of mCherry-positive cells, it is important to remember that p16 is a well-
known marker of senescent cells (SeCs). One of the hallmarks of SeCs is their apoptosis resistance
through the expression of anti-apoptotic proteins such as BCL-2. Our lab's previous research revealed
that SeCs, especially those positive for SA-B-gal, were induced upon injury and accumulated at the
injury periphery over time and were not removed unless mice were treated with senolytic drugs, such
as ABT-263/Navitoclax. ABT-263 is an BCL-2 inhibitor that induces apoptosis of SeCs. Interestingly,
independent results from our lab using the p16-FDR model indicated that mCherry / p16-positive cells
displayed a transient profile (see Annex, Figure 6.2), in contrast with the SA-f-gal cumulative profile
previously described. This raised three fundamental questions that we wanted to tackle. How come
SeCs, traditionally apoptosis-resistant, are present transiently? Are mCherry/pl6-and SA-B-gal-posi-
tive cells different populations? Or are mCherry / p16 cells transit to a SA-B-gal-positive state? Co-stain-
ings of SA-p-gal with immuno detection of mCherry are quite challenging due to the different signal-
detection methods. SA-B-gal is detected by colored blue contrast in brightfield microscopy and mCherry
with fluorescence microscopy, making it difficult to capture both signals simultaneously with different
optical setups being required. Additionally, observing both signals in a traditional brightfield micro-
scope, with monocolour cameras, makes it hard to distinguish the real SA-f3-gal signal, as it appears
indifferent shades of grey. To address the possibility of mCherry-positive cells also being the same pop-
ulation as SA-B-gal-positive cells with the resources available at the time, we decided to treat p16-FDR
mice with ABT-263 from 5 to 14 dpi and collect the tissue at 15 dpi (Figure 3.8 A). Stainings for SA-f3-
gal and mCherry were then performed on different sets of sections in the ABT- and vehicle-treated
groups (Figure 3.8.C). Firstly, we wanted to confirm that injured p16-FDR mice treated with ABT-263
showed the expected reduction in SA-B-gal-positive cells, which was based on published results [13].
Secondly and most importantly, we also aimed to see if p16 cells suffered a reduction after ABT treat-
ment, following the same pattern as SA-B-gal. This would suggest they comprise the same population
of cells. There were no statistically significant differences in the BMS score between treated and vehicle
groups, however, ABT-treated mice seemed to present a better locomotor recovery as expected. (Figure
3.8 B). In the treated group, there was a significant decrease in SA-f3-gal-positive cells compared to the
control group (see Figure 3.8 D). The reduction in SA-B-gal-positive cells in the treated group is visually
evident in the staining images, observable by the naked eye (Figure 3.8 C). These results indicate that
the ABT treatment was effective as expected. However, when comparing the percentage of mCherry-
positive area, there were no noticeable differences between the two groups, suggesting that the treat-
ment did not affect the number of these cells (Figure 3.8 D). Although images showed a slight increase
in the percentage of mCherry-positive area in the treated group, this only reflected a tendency in the
respective quantifications (Figure 3.8 .C) and D)). We can conclude that the ABT treatment results in a
significant decrease of SA-3-gal positive cells but not in the percentage of mCherry-positive area. More-
over, this data suggests that mCherry-positive cells and SA-p-gal cells are not the same population of

cells. However, we cannot discard the possibility of co-localization of both markers in a small
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population of cells that may respond to the treatment, but whose elimination is not statistically signifi-
cant in relation to the total mCherry-positive population. The major limiting factor is the small sample
size which can make it challenging to detect subtle changes in area percentage, especially if the overall

number of mCherry-positive cells is low.
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Figure 3.8- ABT-263 promotes the depletion of SA-B-gal-positive cells but not mCherry-positive cells in the injured
spinal cord at 15 dpi. (A) Schematic representation of the experimental protocol. (B) Basso Mouse Scale (BMS) scores of
vehicle-treated and ABT-263-treated mice over time after spinal cord injury. No significant differences were observed
between the two groups n =3 female p16™°%/* mice per group. (C) Representative images of SA-B-gal and mCherry stain-
ing in the spinal cord (SC) of vehicle-treated and ABT-263-treated mice at 15 days post-injury (dpi) (n =1 female per
group). Scale bar = 500pum (D) Quantification of SA-B-gal-positive cells and percentage of mCherry-positive area in the
SC after vehicle or ABT-263 treatment at 15 dpi. ABT-263 treatment significantly reduced the number of SA-B-gal-posi-
tive cells compared to vehicle treatment. No significant difference was observed in the number of mCherry-positive cells
between the two groups. Data are presented as mean + SEM, n =3 female p16"™°*/* mice per group. Statistical analysis
was performed using a two-way ANOVA with Bonferroni correction for (B) (*p<0.05) and unpaired t-tests for D)
(*p<0.05, p=0.012 for SA-B-gal; ns = not significant for mCherry-positive area).
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3.5 What is the role of the injury-induced pl6-positive cell
population?

So far, in this exciting and surprising plot, we have seen that most of the mCherry-positive cell popula-
tion is constituted by neurons. We also saw, in independent data, that these cells present a temporary
profile being eventually eliminated, and not much is known regarding their senescence nature. The
lingering question is why? Why do these p16-positive cells appear upon injury? Why are neurons acti-
vating p16? What is their role? Why do they eventually disappear? We performed a couple of experi-

ments to begin answering these questions.

3.5.1 What happens when we eliminate p16-mCherry-positive cells?

To better understand the role of these p16-mCherry cells in the SC after SCI, we decided to conduct a
genetic ablation study. The lab optimized a Diphtheria toxin (DT) administration protocol that allowed
for the targeted elimination of mCherry-positive cells. After SCI, p16-FDR mice were treated twice a
week for 10 days starting at 1 dpi with DT according to the experimental design depicted in Figure 3.9
(A). Their locomotor behavior was also assessed at specific timepoints (Figure 3.9 C)). We first con-
firmed the successful elimination of mCherry-positive cells. DT administration resulted in a significant
decrease in percentage of mCherry-positive area in injured p16™*/*mice treated with DT compared to
PBS-treated p16™%/* controls at 10 dpi, confirming the efficient targeted elimination of mCherry-posi-
tive cells (Figure 3.9, B)). BMS scores showed a significant decline in locomotor function in DT-treated
p16™*/* mice compared to PBS-treated p16™*/* and wt p16-FDR (p16*/*) mice at 15 dpi (Figure 3.9, O)).
This decline was specific to DT-treated injured mice carrying the cassette. Two important controls were
included to allow this statement. Wt p16-FDR (p16*/%) mice do not have the cassette and, therefore, do
not respond to DT treatment. As expected, DT treatment did not impact their post-injury locomotor
behavior. PBS-treated p16™*/* mice contain the cassette but were treated with PBS instead of DT, and
no alteration was observed in their locomotor behavior. This locomotor impairment is transient as there
were no differences in BMS scores after 15 dpi. As a conclusion, we were able to demonstrate that DT
administration promotes the effective and targeted elimination of mCherry-positive cells in injured
p16™*/* mice. Moreover, the selective elimination of these cells results in a transient locomotor impair-

ment at 15 dpi.
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Figure 3.9- Selective elimination of mCherry positive cells in p16-FDR mice after spinal cord injury results
in transient locomotor impairment at 15 dpi. (A) Schematic representation of the experimental design. Mice
were administered 0.5 ng/g BW of DT or PBS via subcutaneous injection twice a week for 10 days, resulting in
a total of four administrations. After SCI, animals were randomly assigned to three treatment groups: DT-
treated p16F™*/* mice, PBS-treated p16™**) mice, and DT-treated wt p16-FDR (p16*/*) mice. (B) Quantification
of mCherry-positive cells in the spinal cord of injured p16™** mice treated with DT or PBS at 10 dpi. DT
treatment significantly reduced the number of mCherry-positive cells compared to PBS treatment. (C) BMS
scores over time for DT-treated p16®*/*) mice, PBS-treated p16®*/*) mice, and DT-treated wt p16-FDR (p16*/*)
mice. DT-treated p16®P**) mice showed a significant reduction in BMS scores at 15 dpi compared to both con-
trol groups. No differences were observed at later time points. Data are presented as mean + SEM (n = 8-13
female mice per group). Statistical analysis was performed using unpaired t-tests for (B) (**p<0.01) and two-
way ANOVA with Bonferroni correction for (C) (*p<0.05).
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3.5.2 What are p16-mCherry cells expressing: sorting and bulk RNA se-
quencing of p16-mCherry positive cells

We have discovered that upon injury a transient population of p16-mCherry positive cells is induced
and that is enriched for neurons. Moreover, when we selectively eliminate these cells before 15 dpi, after
which they naturally disappear, injured mice experience temporary locomotor impairment, returning
to normal levels after 15 dpi. The fundamental question remains, and possibly becomes more intricate:
what are the factors that underlie the function of these transient cells?

Using our optimized protocol, we were able to conduct FACS and sort p16-mCherry-positive cells and
send them for bulk RNA-sequencing for a more in-depth molecular analysis.SC tissue from four injured
7 dpi p16/™P**) was processed according to our optimized protocol. We sorted mCherry-positive and
mCherry-negative cells from the same animal (control) using the optimized FACS protocol. The
timepoint chosen was 7 dpi, as mCherry-positive cells are known to be present at high levels, as demon-
strated previously in an independent IHC (see Annex, Figure 6.2) and Flow cytometry results (Figure
3.4). The sorting was performed for yield rather than purity, as mCherry-positive cells make up a small
percentage of the total cells (See Annex-Figure 6.2 and Figure 3.4).

Our results confirmed the successful sorting (Table.3.2). Despite sorting for yield, we were able to iso-
late a pure population of p16-mCherry with purity percentages ranging from 90-100% (Table.3.2). The
percentage of pl6-mCherry-positive cells varied between animals (0.6-5%). This variability was ex-
pected, as previous results from IHC and flow cytometry also showed high variability in the percentage
of pl6-mCherry-positive cells between animals (as seen in Figure 3.4). After successful sorting and
RNA extraction, we proceeded with bulk sequencing of the p16-mCherry-positive and p16-mCherry-
negative populations. We only sequenced three out of the four sorted samples, due to the low number
of p16-mCherry-positive cells in the first biological replicate. Additional data on extracted RNA quality
and sequencing results can be found in the Annexes section in table A.1. Principal component analysis
(PCA) showed a clear distinction between pl16-mCherry-positive and negative populations in all three
biological replicates, with a PC1 higher than 40% (Figure 3.10). This means that over 40% of the variance
can be is explained by the existence of a p16-mCherry-positive vs negative population. This difference
between mCherry populations was also corroborated with a different method, hierarchical clustering
analysis. This analysis placed positive and negative p16-mCherry cell populations in different clusters,
as expected. Moreover, these results confirmed that the samples were clustered based on p16-mCherry
expression and respective transcriptional programs rather than by individual mice. This suggested that
pl6-mCherry expression is associated with transcriptional differences that are stronger than individual
mouse-to-mouse variations.

With these results we can confirm that we can successfully sort and isolate pure and distinct popula-
tions. If sorting had not been successful, the samples would have appeared mixed or randomly clus-
tered. Our sorting protocol is also consistent, the group separation is consistent across all biological
replicates. Our results also suggest that the expression of mCherry (p16 locus activation) and its tran-
scriptional program is consistent and significant enough to change the overall gene expression profile

of the cells, regardless of which mouse they came from. These results are confirmed by two different
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and consistent methods, hierarchical clustering produced and the PCA which strengthens the reliability

of these findings.

Table 3.2- Cell sorting report for mCherry-positive and mCherry-negative populations from injured
spinal cord tissue. This table summarizes the FACS data of sorted samples obtained from four mice
(alfa-1 to alfa-4) at 7 dpi. The columns represent the individual mouse identifiers (alfa-1, alfa-2, alfa-3,
alfa-4), the number of sorted mCherry-negative cells on the left, the number of sorted mCherry-positive
cells on the right, and the percentage of mCherry-positive cells in the total sorted population for each
animal on the far right.

Far Left Left Right Far Right
Alfa 1 mCherry- mCherry+
# cells 369'741 16,112 0.6% mCherry+
Purity 100% 90.2%
Alfa 2 mCherry- mCherry+
# cells 300'178 31,248 1.5% mCherry+
Purity na na
Alfa 3 mCherry- mCherry+
# cells 196,049 65,970 5% mCherry+
Purity 98% 92.3%
Alfa 4 mCherry- mCherry+
# cells 335,448 44,675 | 21%mcherry+
Purity 95.5% 90.7%
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Figure 3.10- Transcriptional profiling reveals distinct gene expression patterns in mCherry-positive cells after spinal
cord injury/ PCA and Hierarchical Clustering Reveal Distinct Transcriptional Profiles of mCherry-Positive and Neg-
ative Cells (A) Principal Component Analysis (PCA) of RNA-seq data from mCherry-positive and mCherry-negative
cells isolated from injured spinal cord at 7 dpi. Each point represents an individual sample (n=3 per group). The first two
principal components (PC1 and PC2) account for over 40% of the total variance, demonstrating a clear separation between
mCherry-positive and mCherry-negative populations. (B) Hierarchical clustering of gene expression profiles from the
same RNA-seq data. Samples are grouped based on their transcriptional similarities, showing clear clustering of
mCherry-positive and mCherry-negative samples. This analysis confirms the distinct transcriptional profiles of the two

populations across biological replicates.
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Differential gene expression analysis revealed genes that were significantly upregulated and downreg-
ulated in p16-mCherry-positive cells when compared to their negative counterparts. Figure 3.11 A) rep-
resents a volcano plot with the top 10 upregulated and downregulated genes with the strongest statis-
tical support. Secreted phosphoprotein 1 (spp1) was one of the up-regulated genes. Osteopontin (OPN) or
Sppl can be a matricellular protein (bound to the matrix) or secreted [54]. Spp1 is a multifunctional
protein involved in cell adhesion, migration, and survival [54], [55]. Additionally, it is expressed in im-
mune cells, mostly macrophages and T cells, promoting cell recruitment to inflammatory sites and its
increase promotes the expression of pro-inflammatory cytokines, acting as an immune modulator [55].
Sppl is also involved in wound-healing and fibrosis processes and can also be related to senescence
processes [54], [56]. ctss, ctsd, ctsb, ctsz and ctsa (Cathepsin-s, d, b, z, a) are also upregulated, these genes
encode for cathepsins, a family of lysosomal proteinases. They are found in the lysosomal compart-
ments and are involved in several functions such as protein degradation, energy metabolism, immune
responses, and autophagy [57], [58]. Cathepsins have been implicated in senescence processes [59]. In
particular, cathepsin b is a known SASP factor [27]. c1gc, complement C1q C chain gene, is also upreg-
ulated and encodes the C-chain polypeptide of serum complement subcomponent C1q, part of the clas-
sical complement activation pathway. This protein is involved in cellular differentiation, intercellular
adhesion, chemotaxis, and clearance of apoptotic debris [60] . High levels of C1q have also been associ-
ated with senescence of hepatitic livers [61] .

The gene hexb, hexosaminidase subunit beta is also upregulated. Hexosaminidase B is the beta subunit
of the lysosomal enzyme beta-hexosaminidase that has been shown to be enriched in senescent cells
[62], [63]. Lastly, apoe is also upregulated, providing instructions to produce apolipoprotein E (APOE).
APOE is a multifunctional protein that plays a crucial role in regulating lipid metabolism and choles-
terol transport [64]. In the context of spinal cord injury (SCI), APOE has been shown to have neuropro-
tective functions by promoting neuronal repair and nerve regeneration. Deficiency of APOE leads to
increased inflammation and oxidative stress, neuronal apoptosis, and delays in the recovery of locomo-
tor function and tissue repair. APOE expression has also been associated with senescence. Upon senes-
cence, APOE expression increases, driving the loss of proteins from the nuclear envelope [65].

Regarding downregulated genes, several genes found are associated with myelin components.
mbp encodes for myelin basic protein which is a major component of myelin sheaths, and it is expressed
in oligodendrocytes and Schwann cells [66]. Bcas1 encodes for a breast carcinoma amplified sequence
1 (BCAS1) protein which is a myelin-associated protein expressed mostly in oligodendrocytes and
Schwan cells [67]. Mobp encodes for a myelin-associated oligodendrocyte basic protein which plays a
role in stabilizing myelin sheaths in the CNS [68] .

Altogether, our findings show distinct gene expression differences between mCherry-positive
and mCherry-negative cells. Upregulated genes appear to be involved in diverse roles such as immune
activity, injury and tissue repair, lysosomal function, and senescence. On the other hand, most of the
downregulated genes seem to be related to oligodendrocytes and myelin, possibly suggesting an un-
derrepresentation of oligodendrocytes in mCherry-positive cells. We then performed CIBERSORT anal-
ysis to estimate the relative proportion of specific cell types in mCherry-positive and negative popula-
tions based on their bulk gene expression profiles. Our results suggested that mCherry-positive cells
are enriched in immune cells with an enrichment of approximately 60% (Figure 3.11 B)). There seemed
to be some enrichment for neurons in mCherry-positive cells, corroborating previous IHC and Flow
cytometry results (Figure 3.5 and 3.6). Glial cells and vascular cells were more enriched in the mCherry-
negative population. Almost no glial cell enrichment was seen in the mCherry-positive population. This
was expected as glial cells and vascular cells were not the major cell types in mCherry-positive cells as
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observed in previous IHC and Flow cytometry results. These results suggest that the majority of
mCherry-positive cells in the sorted population are immune cells, adding to previous IHC findings.
Moreover, differential gene expression analysis shows immune-related genes upregulated in mCherry-
positive cells, which complements these findings. Through three different techniques, flow cytometry,
IHC, and FACS we can confirm that indeed mCherry-positive cells are enriched for neurons and that
vascular and glial cells seem to have minor contributions. Additionally, our FACS results suggest the
presence of a very high immune component in the mCherry-positive cell population. There results also
highlight the consistency of our optimized protocol as the three biological replicates are also very con-

sistent.
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Figure 3.11- mCherry-positive cells are enriched for immune cells and neurons following spinal cord injury A) Volcano
plot illustrating differential gene expression between mCherry-positive and mCherry-negative cells. The x-axis represents
log? fold change (log2FC), while the y-axis indicates -log10 (adjusted p-value). Significant genes are marked, with vertical
dotted lines denoting biological significance cutoffs (110g2FC| > 1) and a horizontal line indicating statistical significance
(adjusted p-value < 0.05). Upregulated genes in mCherry-positive cells include sppl, ctss, ctsd, ctsb, ctsz, ctsa, clqc hexb,
and apoe, while downregulated genes include oligodendrocyte-related genes such as mbp,bcas1 and mobp. B) CIBERSORTx
results showing the estimated cell type proportion in mCherry-positive and mCherry-negative populations. The analysis
reveals a 60% enrichment for immune cells in the mCherry-positive population, with additional contributions from neu-
rons. n =3 biological replicates
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4 DISCUSSION

4.1 Discussion

Contrary to what was once thought, senescence is a highly heterogeneous concept. Previous laboratory
findings have demonstrated that senescent cells (SeCs) are induced following a spinal cord injury (SCI),
and their persistence in the tissue impairs locomotor recovery. p16 is one of the hallmarks of senescence,
mediating cell cycle arrest [21]. However, the p16 role is far more nuanced and complex, with other
roles in numerous processes, such as tumor development, aging, injury, stem cell renewal, and cell dif-
ferentiation [6]. Unpublished data from our lab using a p16-mCherry transgenic mouse revealed that
an injury-specific population of p16-mCherry cells is induced upon an SCI (Annex, Figure 6.2). How-
ever, its expression does not follow the same tendency as other SeC populations. Here, by employing a
multi-faceted approach with standard and newly optimized techniques, we aimed to perform a pheno-

typic characterization of this population of cells.

We first optimized a single-cell spinal cord (SC) dissociation protocol for flow cytometry, addressing a
critical need in SCI research. We show that the optimized protocol consistently yields a high proportion
of live and individual cells (Figure 3.2). The strength of our protocol lies in its ability to identify isolated
cells using canonical flow cytometry markers (Figure 3.3). The identified cells are known to reside in
the SC or to be recruited upon injury, thus re-enforcing the complete representation of each major SC
cell type in the optimized protocol [6]. A key feature and innovation of this protocol is that it was de-
signed to preserve and detect neuronal populations. The highest proportion of isolated cells was
Thy1.2+ (see Figure 3.3 A). This was one of our aims as, in previous independent experiments, p16-
mCherry cells were shown to exhibit neuron-like morphologies. Moreover, it has been shown that ma-
ture neurons can co-localize with p16 in an SCI context and in human aged and Alzheimer’s disease
brains [13],[69]. Other known differences in the cellular changes observed upon an SCI were also re-
flected in our results. Injury-specific populations emerge in the injury condition at 7 dpi; this was ob-
served for all cell types, with a particular focus on immune cells (CD45+), especially macrophages and
microglia (CD11b+) and (Tmem119+) (Figure 3.3 B, C). These results are not surprising, as both macro-
phages and microglia peak at 7 dpi after a moderate-severe contusion injury, and both M1 and M2
macrophages are present at the injury site at this timepoint [6]. An expected decrease in the neuronal
population was also observed (Figure 3.3 B, C), reflecting the prominent loss of mature neurons upon
an SCI [6]. While not statistically significant, possibly due to a small sample size, this trend aligned
with expected patterns. An increase in the number of animals used should allow us to draw significant
conclusions. Our optimized single-cell isolation protocol provides a robust foundation for future SCI
studies. Further optimizations can be implemented to improve the yield or viability of specific cell types,
in case a specific enrichment is required. Adjustments to the concentrations of the dissociation enzymes
and respective activators can also be made. For example, an increase in the concentration of L-cysteine

(papain activator) or the usage of a different activator as a means to prevent neuronal excitotoxicity
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(caused by L-cysteine) may improve the dissociation yield. Moreover, we acknowledge that some cell
types, such as oligodendrocytes, may have been disregarded in our dissociation protocol. Oligodendro-
cytes are lipid-rich myelinating cells and, therefore, are less dense [70]. We hypothesize that this cell
type may have been substantially lost in the upper layer of the gradient fractioning along with other
myelin and less dense debris. Alterations in the concentration and number of Optiprep density gradi-
ents can improve cell fractioning and help isolate the different populations with high purity. Protocols
have implemented this gradient-specific separation which allowed for the selective enrichment of dif-
ferent cell types in isolated brain tissue [71]. Our protocol was designed to use a large number of mark-
ers simultaneously in order to better characterize our cell population (Table 3.1). However, compensat-
ing all channels to minimize spectral overlaps was challenging. Nevertheless, were able to overcome
this issue and design a robust and reproducible SC color panel that suited our single-cell dissociation
protocol. This protocol provides a strong base that can be adapted to answer other scientific questions.
In case one wants to characterize further specific types of immune cells or neurons retrieved, it would
be advised to separate the cell markers into different panels, thus avoiding reaching the detection limit
of the equipment. Equipment alterations can also be made to adapt to specific needs, for example, a
switch from conventional flow cytometry to spectral flow cytometry, as the latter allows high overlap-

ping spectra to be resolved [72].

In parallel, we showed a highly significant induction in the p16-mCherry population at 7 dpi, corrobo-
rating previous independent IHC results (Figure 3.4 and Annex, Figure 6.2). Furthermore, p16-mCherry
high and low populations can be seen through flow cytometry, indicating different reporter expression
levels as already described (Figure 3.4 A) [40]. We complemented these results by introducing an earlier
3 dpi timepoint (Figure 3.4). No significant differences were observed, possibly indicating that p16 is
not expressed or is below detection levels (Figure 3.4 B). Establishing a more rigorous profile assessment
of other timepoints, such as 5 dpi, could be valuable in the future. Surprisingly, sham injury mice pre-
sent significantly more pl16-mCherry cells than uninjured controls (Figure 3.4. B). This may be due to
an unexpected sham effect. Although we attempt to keep the SC untouched, there might be some re-
maining bone fragments near the SC that could possibly cause a minor injury. However, the latter
should reflect a lower BMS score in these animals, which was not the case in all our four biological
replicates (from two independent experiments) refer to annex, Figure 6.4. The former can be justified
by mechanical stress to the tissue, triggering cell responses that in turn lead to p16 expression. In fact,
sham-related alterations different from naive animals have been previously reported. [73]. These find-
ings highlight the importance of including both sham and uninjured controls when accessing the tem-
poral profile of these cells. By including all the appropriate controls, our results gain strength and ro-
bustness. During this project, an additional control was made with injured wt p16-FDR littermate con-
trols (p16*/*), which are injured mice without the FDR cassette. One was included at 3 dpi and another
at 7 dpi. However, the small sample size due to the rarity of this genotype led us to exclude this data
from our main results. Nevertheless, the percentage of p16-mCherry cells resembled those in uninjured

controls. For more information, refer to annex, Figure 6.5.
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After establishing the temporal profile of p16-mCherry cells, we were determined to characterize this
population. IHC results show a predominance of pl6-mCherry neurons at 7 dpi (Figure 3.5), which
aligns with flow cytometry results (Figure 3.6), strengthening the reliability of these findings. However,
this predominance was not significant at 7 dpi. Although NeuN can identify most types of neurons, rare
exceptions can be made [74]. For instance, y-motor neurons are not immunohistochemically identified
with NeuN, highlighting the need to conduct additional stainings to identify which types of neurons
express p16 and confirm the higher proportion at this timepoint [74]. Flow cytometry data detected an
injury-specific immune cell p16-mCherry population, which we would have missed by IHC (Figures
3.6 and 3.7). The combination of Tmem119 and CD11b surface markers allows the discovery of an in-
jury-specific p16-mCherry CD11b high population of macrophages, expanding previous results (Figure
3.6) [53]. Macrophages have been implicated in SCI contexts [75]. Following an SCI, M2 anti-inflamma-
tory macrophages have a brief peak at 7dpi, but most of the injury site comprises M1, pro-inflammatory
macrophages [76]. M1 macrophages are known to hinder regenerative responses upon an SCI, possibly
by establishing a chronic inflammatory state. However, in models of skeletal muscle injury, M1 macro-
phages contribute to injury recovery, suggesting a context-dependent role [75]. Macrophages are also
related to senescence processes and have been shown to express p16 and Sa-p-Gal [75]. Thus, it is un-
surprising to see a pl6-expressing macrophage population in our context, but why would these cells
express p16? It has been proposed that p16 has a role in macrophage polarization [75] [77]. Could these
pl6-macrophages promote M1 to M2 polarization as a beneficial mechanism, or is it the other way
around, contributing to a further pro-inflammatory environment? In future research, a suitable immune
cell panel should also be included in the following IHC and flow cytometry experiments to confirm
flow cytometry findings and better characterize this immune cell compartment, possibly uncovering

the role of this population.

We also optimized a robust fluorescence-activated cell sorting (FACS) protocol to sort pl6-mCherry
cells, as indicated by the consistent PCA and hierarchical clustering results (Figure 3.10). Our popula-
tion had high levels of purity (table 3.2). Nevertheless, optimizations could be made to perform sorting
for purity, considering that there is a trade-off between cell number and population purity, which is
especially relevant for rare populations such as mCherry. Sorting samples from pooled SC tissue from
multiple mice would allow for a better mCherry representation and purity sorting. In FACS, while neu-
rons are enriched in the sorted population of mCherry-positive cells, immune cells are predominant
(Figure 3.11 B). At first glance, these results may seem contradictory to our IHC, but they are rather
complementary, as the differences may stem from technical limitations (Figure 3.5). One limitation was
the absence of a comprehensive panel of immune cell markers, which was not included in our IHC
experiments. We also do not discard the hypothesis that the optimized FACS protocol may be more
sensitive in sorting smaller cell types, such as immune cells, and less sensitive in sorting cells larger in
size, such as neurons, which might have resulted in an underrepresentation of this population in sorted
samples and the difference between flow cytometry results, which also point to a neuronal predomi-
nance. However, as FACS analysis was based on RNA expression, taking into consideration several
markers and levels of marker expression within our dataset, we may not discard the reliability of this

data. To confirm this, further optimizations, such as changing the nozzle size, can be made to ensure a
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representative neuronal population. All things considered, these findings indicate that both immune

cells, with a specific population of macrophages and neurons, both express mCherry (p16).

At 15 dpi, most of the p16-mCherry cells are mature neurons (Figure 3.5). Moreover, when we selec-
tively eliminate this population, a significant locomotor impairment is seen in injured p16™*/* mice at
this timepoint (Figure 3.9 C). One can conjecture that at 15 dpi, most of the p16-mCherry cells are sur-
viving neurons with spared functional connections contributing to locomotion, such as motor neurons
that started to express p16 triggered by the injury and stress pathways. And thus, the elimination of
these cells at 15 dpi would be reflected in motor impairments. This hypothesis can be substantiated by
the fact that it has been reported that neurons can express p16 in response to mild traumatic brain injury
due to genotoxic stress [78]. Additional studies must be done to determine which neurons are being
targeted by using Choline Acetyltransferase (Chat) together with other motor neuron markers[79].
However, surprisingly, this impairment is transient, which indicates that the p16-mCherry cells elimi-
nated at 15 dpi are not essential for the overall locomotor recovery, and other compensatory mecha-
nisms may be present. Although our results are not able to thoroughly answer this intriguing behavior,

they provide a starting point for future research.

At 30 dpi, the clear neuronal predominance seen at 15 dpi is not present, indicating that neurons may
not be the primary cell type expressing pl6-mCherry (Figure 3.5 B and C). No locomotor impairment
is observed at this timepoint. This could be due to the fact that diphtheria toxin (DT) is only adminis-
tered until 10 dpi, having no effect at 30 dpi. However, in independent experiments, we attempted to
administer DT at later timepoints and observed no locomotor effect. Interestingly, p16-mCherry neu-
rons share the spotlight with p16-mCherry microglia at 30 dpi (Figure 3.5 B and C). This shift in the
pl6-mCherry cellular diversity at 30 dpi may reflect relevant molecular alterations. It has been shown
that microglia depletion after an SCI impaired glial scar formation, promoted the infiltration of immune
cells, hindered neuronal survival, and impaired recovery after an SCI [80]. Elimination of p16-mCherry
cells at a later timepoint may have other unforeseen molecular and not motor consequences. Further
research should be made to assess if molecular alterations are present. The p16-mCherry cell character-
ization at 15 and 30 dpi was done only by IHC. Characterization of these cell populations at 15 or 30 dpi
could also be attempted through flow cytometry. However, this could be challenging as p16-mCherry
cells tend to decrease with time (Annex, Figure 6.2). Pooling samples from multiple animals could be a
way to overcome this challenge. Magnetic-based cell enrichment approaches have also been made to
enrich central nervous tissue cell suspensions; enriching the samples with p16-mCherry cells prior to

staining is also a viable approach [81].

Of all the subjects explored and developed in this dissertation, senescence is the one that presents the
most unanswered questions. From previous independent results, mCherry-positive cells do not accu-
mulate over time contrary to the standard SA-f-gal + cells in an injury context, indicating that p16 might
not fit the canonical senescence profile (Annex, Figure 6.2), [13]. From the results of the ABT-263 study,
plé-positive cells might not be the same as SA-B-gal positive cells since no significant differences were

noted in the pl6-population upon ABT-263 treatment, contrary to what was seen in the SA-B-gal
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population (Figure 3.8 D). As of recently, co-staining of both p16-mCherry and SA-f-gal was unfeasible.
However, we may now use a different acquisition equipment, the Zeiss Axioscan 7, to obtain clearer
results. This microscope allows both color and fluorescent image acquisition with the same frame size.
We hope these results will help us determine whether mCherry-positive cells may also be SA-B-gal
positive.

Surprisingly, there seems to be a tendency for a pl6-positive cell increase upon ABT-263 treatment (Fig-
ure 3.8 D). This was already observed in traumatic brain injury, where ABT-263 increased the expres-
sion of p16 in injured and sham female mice but not their male counterparts, indicating that ABT-263
may not be beneficial in the long run to female mice after injury, perhaps even having off-target effects
[78]. In fact, in our study, only female mice were included. However, as these observations were not
statistically significant, we must carefully interpret them accordingly. In the meantime, we have already
conducted a new experiment using ABT-263. If the tendency stands, the same experimental design
should be applied to both female and male groups in the future to assess the differences. Our tran-
scriptomic profiling revealed differentially expressed genes in the mCherry-positive cell population
(Figure 3.11 A)). Upregulated genes supported the previous findings regarding the immune nature of
mCherry-positive cells with an emphasis on the macrophage population. Namely, spp1, expressed by
both T cells and macrophages, that acts as an immune modulator, and c1gc, a component of the classical
complement activation pathway. These results suggest that p16-mCherry cells are interacting with the
microenvironment. Do they have a beneficial role? Are they the good senescent cells until they are not
and need to be eliminated?

All of the top 10 upregulated genes are implicated in the senescence process, possibly indicating the
presence of a senescence signature in mCherry-positive cells, complementing previous findings (Figure
3.11 A) [53-64]. Particular interest is noted in the cathepsins and hexosaminidase subunit beta, which
are involved in lysosomal activity. Senescence is characterized by increased lysosomal activity, and ca-
thepsin b is a known SASP factor [17], [27]. Moreover, in published data from our lab, Sppl was also
upregulated upon injury and became downregulated upon ABT-263 senolytic treatment, indicating a
possible role of Sppl in the senescence process [13]. Downregulated genes were mostly oligodendro-
cyte-related, which could reflect oligodendrocyte underrepresentation. This is not surprising, as we
previously observed in IHC experiments that oligodendrocytes were not the main mCherry-positive
cell type (Figure 3.5). It could also reflect a limitation of our dissociation protocol in failing to retrieve
oligodendrocytes from the mixture due to their lipid rich nature. All of these results point towards a
senescence nature of our mCherry-positive cells. However, further testing should be done. We could
assess other senescence hallmarks, for example see if our mCherry population expresses BCL-2 protein
for apoptosis resistance. Moreover, we could use the established and optimized flow cytometry protocol
to evaluate the presence of these hallmarks in mCherry-positive cells. For example, label SA-B-gal+ cells
with the SPIDER-(-gal fluorescent probe and see if the mCherry population is also positive for SA-f3-
gal. This could also be an excellent opportunity for future research as this technique has already been
established in other contexts [82] .
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4.2 Conclusion and Future Perspectives

Our study provided a comprehensive phenotypic characterization of mCherry-positive cells from a mo-
lecular, functional, and morphological point of view.

Important questions were raised that should be answered in future research. It would be interesting to
know what subtypes of neurons are predominant at 15 dpi, which could explain the locomotor impair-
ment observed. Furthermore, the existence of compensatory mechanisms should also be accessed,
which could provide information regarding the transient nature of this impairment. Future research
could also focus on unraveling the role of pl6-positive macrophages in the SCI context. Are these mac-
rophages beneficial or detrimental? Do they impact senescent cells? Are they involved in macrophage
polarization mechanisms, and do they contribute to the inflammatory environment at the injury site?
What happens if we eliminate these macrophages? The analysis of our FACS data could provide the
answers to these questions and effectively guide our experimental design. This dissertation and inde-
pendent experiments question the p16 canonical cellular senescence, where a transient profile is ob-
served, contradicting these cells' traditional apoptosis resistance. Therefore, these cells must be further
characterized regarding other senescent markers and hallmarks to assess their specific role and deter-
mine if they remain senescent in this particular context. In addition to what was previously mentioned,
we could also access the expressions of p21, p53, and glb1. Furthermore, sex-dependent alterations ob-
served in the plé-positive population should be regarded, especially concerning alterations after
senolytic ABT-263 treatment. In addition, the bulk RNA-sequencing results only showed the most visi-
ble changes between cell populations. Further analysis will be made to extract more information re-
garding these cells' functions and the pathways involved.

Altogether, we have successfully developed an optimized protocol for isolating single cells from the
spinal cord, which is well-suited for flow cytometry and fluorescence-activated cell sorting (FACS). This
protocol, along with immunohistochemistry results, allowed us to see the induction of an injury-specific
mCherry population at 7 days post-injury (dpi), which is enriched in neurons. Additionally, by flow
cytometry, we also identified a new injury-specific mCherry macrophage population. The selective
elimination of mCherry-positive cells revealed a transient locomotor impairment at 15 dpi, suggesting
an important functional role for these cells. Pharmacological treatment with a powerful senolytic, ABT-
263, did not eliminate p16-positive cells, questioning their canonical senescence nature. However, tran-
scriptomic profiling of sorted mCherry-positive cells revealed an upregulation of immune, senescence,
and SASP-associated genes. Our comprehensive approach has revealed new insights into the complex
profile of p16-mCherry-positive cells and the interaction between senescence and tissue repair. We hope
this work can contribute to a better understanding of the diversity of senescent cells and the intricacies

of what it means to be senescent, paving the way for future research.
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Figure 6.1. Surgical parameters, Force and Displacement, for spinal cord injury in p16-FDR mice. (A) Applied
force during injury induction. The graph shows the force applied to the spinal cord, measured in kilodynes (kdyn),
for each individual mouse. (B) Tissue displacement during injury. The graph illustrates the extent of spinal cord
displacement, measured in micrometers (xm), for each individual mouse. Each dot represents an individual
mouse. These parameters were measured to ensure consistency in the spinal cord injury model across all experi-
mental animals. The tight clustering of data points in both graphs demonstrates the reproducibility of the injury

procedure.

Table A 1. Quality information of the RNA extracted from sorted mCherry cells

Aria llicellnr reported

Sample (240619)
R20537 7dpimCherry- (alfal) 369741
R20537 7dpimCherry+(alfal) 16112
LL20532 7dpimCherry-(alfa2) 300178
LL20532 7dpimCherry+(alfa2) 31248
RL205117dpimCherry-(alfa3) 196049
RL205117dpimCherry+(alfa3) 65970
LL20550 7dpimCherry-(alfa4) 335448
LL20550 7dpimCherry+(alfa4) 44675

Nanodrop(ng/uL)

42
33
4,0
48

6,4
9,2
48
9,8

Volume (uL)

89

26
26
26
26

26
26
26
26

Fragment Analyzer -

RQN
(1GC)

8,8

8,7
9,4

9,9
9,3
9,2
9,4

Fragment Analyzer -

265/18S
(1GC)

Fragment Analyzer -
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Figure 6.2. p16-mCherry positive cells present a transient profile across time (0, 7 ,14 ,21 ,30, 45 dpi) A) Repre-
sentative images of the immunohistochemistry performed for mCherry at 0, 7,14 ,21 ,30 and 45 dpi. B) Quantifica-
tion of mCherry-positive cells across time reveals a transient profile of this cell population. Data are presented as
means + SEM, based on n =3-6, each dot in the graph represents data from a single animal. Statistical analysis was
performed using one-way ANOVA with Bonferroni's correction (95% confidence interval). Statistical significance

is indicated as follows: **p < 0.01.
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Figure 6.3. Inmunohistochemistry of mCherry-positive cells at 3 dpi. Representative images of the immunohistochemis-
try performed for mCherry at 3dpi reveal a highly heterogeneous and diffuse signal. The staining pattern exhibited sub-
stantial variability and lacked distinct cellular localization, precluding reliable quantification. The complex and irregular
nature of the signal suggests a need for alternative or complementary analytical approaches to accurately assess mCherry

expression in this context.
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Figure 6.4 BMS score analysis of sham-injured p16-FDR mice demonstrates consistent locomotor function over
time. Sham-injured mice maintained the maximum BMS score throughout the evaluation period, with no signifi-
cant changes observed at 0-, 1-, 3-, and 7-days post-injury (dpi). This consistent performance suggests that the lam-
inectomy procedure alone did not induce detectable alterations in locomotor behavior as measured by the BMS

scale.
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Figure 6.5. Analysis of mCherry expression in Wild-type littermates (p16+/+) p16-FDR controls at 3 and 7 dpi
revealed levels similar to those of uninjured controls. At 3 dpi, injured WT controls exhibited mCherry expression
levels similar to uninjured controls. At 7 dpi, a slight increase in mCherry expression was observed in WT controls
compared to uninjured controls, but this difference remained minimal in terms of order of magnitude. These results
suggest that, as expected, the mCherry cassette is not expressed in injured WT controls or under uninjured condi-
tions, confirming the specificity of the expression system used.
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