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Abstract

Spinal cord injuries (SCI) are a major cause of paralysis in young adults. In this type of injuries
recovery is impaired as adult central nervous system (CNS) axons fail to regenerate. This results
from both a loss of intrinsic growing capacities in developmental axons when they mature,
together with the presence of extrinsic factors hampering this regeneration, including a glial scar
together with the production of growth-inhibitory molecules, as well as a lack of injury resolution

leading to a chronic inflammation.

Unfortunately, despite research efforts, current therapies for this type of injuries only lead to mild
improvements and among them, activity-based therapies seem to raise above the others. Activity-
based therapies try to induce recovery by increasing neuronal activity, however, a proper

physiological and molecular characterization of the rationale behind their success is still missing.

Neuronal activity has been described to regulate transcriptional and epigenetic mechanisms;
moreover, it also alters neuronal secretion with an impact on cellular dialogues. These
characteristics indicate neuronal activity may be modulating both of the CNS barriers for
regeneration. During this doctoral thesis we aimed to explore the influence of neuronal activity
on SCls, hypothesizing specific neuronal activations were the principal responsible for success in
activity-based therapies. Particularly, we studied the role of precise manipulations of neuronal
activity, using optogenetic and chemogenetic tools, in axonal growth of stimulated neurons as

well as the impact these activations could have on neuronal extrinsic signalling.

Our results show that optogenetic and chemogenetic stimulations of neuronal activity enhanced
growth in both regenerating and refractory to regenerate neurons. However, this growth was
hampered by the inhibitory molecules present in the injured CNS and did not result in functional
recovery in rodent models of SCI. Our data indicated that the growth induction in specifically
stimulated neurons resulted from local adjustments rather than inducing a pro-regenerative
transcriptional state, as seen by our gene expression analysis of regeneration-associated genes
(RAGS). Altogether, our results suggest recovery in activity-based therapies derives from the
summation of various forms of plasticity, induced by their simultaneous recruitment of several

circuits.

In parallel, we observed that these precise modulations of neuronal activity, while unable to alter
the predominant environment after SCI, could initiate previously undescribed intricate cellular
dialogues. Specifically, we found an increase in the chemokine CCL21 upon nociceptor activation
which triggered the response of several cell types in the injury. In proprioceptors, this CCL21 was

responsible for a growth induction after CCR7 activation, which required the MEK-ERK pathway



as well as the modulation of the actin cytoskeleton. Meanwhile, the CCL21 interaction with

CXCR3 in other cells effectively aborted this regeneration.

All in all, our work reveals the existence of a complex plethora of synergic mechanisms, far from
understood, contributing to the outcome of activity-based therapies and reinforces the need for
further mechanistic studies which would allow the optimization of their success.
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Introduction

1. General introduction

Traumatic spinal cord injuries (SCI) represent one of the leading worldwide causes of long-term
disabilities. This type of injuries result mainly from traffic accidents and falls affecting principally
young adults and have devastating consequences in the quality of life of the patients, which will

suffer from functional deficits for the rest of their lives (Ahuja et al., 2017).

The severity degree of the injury depends on two characteristics: the level of the injury and its
completeness. The area of the body affected by the injury will be determined by the spinal level
of the injury as a result of the distribution of the nerves exiting the spinal cord: innervated areas
below the injury level will most likely present deficits (Ahuja et al., 2017). However, that will
depend on the completeness of the injury as the majority of SCI are incomplete which means

some functions may be preserved as a result of spared neural tissue (O’Shea et al., 2017).

Despite years of research, current therapies for SCI have only achieved minor improvements in
patients and are far to offer complete recovery. The different etiologies and thus characteristics
of the lesions add extra challenges in the errand to find a cure for SCI. Together with that, one
should not forget the complex wiring system that represents the spinal cord, fashioned with great
precision during development, with posterior fine tuning (Hawryluk et al., 2012). Different
strategies might also be of interest depending on the completeness of the injury (O’Shea et al.,
2017). In addition, the spinal cord presents a handful of diverse neuronal types, each of them with
unique properties, including their regenerating capacities (Deumens et al., 2005). Hence, it is now
clear that the availability of proper treatment will rely on tailored therapies for each patient,
further reinforcing the need to expand our knowledge about the pathophysiology of these injuries,

as well as the effects each therapy might exert on each of them at a cellular and molecular level.

Patients suffering from SCI do not recover as a consequence of the incapability of the adult central
nervous system (CNS) to regenerate after injury. Research has now repeatedly shown that both
extrinsic and intrinsic factors prevent this regeneration. Extrinsically, the production of inhibitory
molecules, the formation of a glial scar and a persistent inflammation after injury result in an
adverse atmosphere for axon regrowth (Bradbury and Burnside, 2019; Mesquida-Veny et al.,
2021). On the other hand, while peripheral nervous system (PNS) neurons can activate a
regenerating program after a lesion, adult CNS neurons remain impassible (Mahar and Cavalli,
2018; Mar et al., 2014). Moreover, axons in the CNS present great growth and regenerating
capacities during development, when they have to cover long distances to reach their final target,
however, after forming connections these capacities drastically drop with age (Geoffroy et al.,
2016; Hilton and Bradke, 2017). Since PNS neurons as well as developing neurons in the CNS

are able to react to axonal injury with pro-regenerative responses, absent in CNS adult neurons,
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the comparison of these different systems has allowed to uncover some of the mechanisms
involved (Hilton and Bradke, 2017; Mahar and Cavalli, 2018). Hence, to this day, these models
have helped us to understand some of the reasons behind regenerating failure after SCI as well as
to identify putative targets for its treatment.

All in all, both environmental and inherent barriers underlie the lack of regeneration in the adult
CNS, which translates into poor prognosis after SCI. In that direction, in spite of astonishing
advances in the study of the molecular and physiological basis of both barriers, together with
strategies to overcome them, it is now clear that the simultaneous fine tuning of both of them is
essential to promote recovery, as approaching only one of these barriers has systematically
resulted insufficient to promote functional recovery (Griffin and Bradke, 2020).

2. Brief anatomy of the spinal cord

In order to understand the pathophysiology of spinal injuries, it is important to consider the
anatomy and physiology of this complex organ (Figure 1). Located inside the vertebral column,
the spinal cord collects sensorial inputs from the peripheral nerves and sends them to the brain
while transferring motor information from the brain to the rest of the body (Purves et al., 2004).
The different peripheral nerves arrive at each of the spinal cord segments and merge via the dorsal

root (sensory information) and the ventral root (motor information).

White matter Dorsal horn

Ascending tracts
‘ ’ === Dorsal columns
'. ‘ ‘ .‘ me Spinothalamic tract
( \ Descending tracts
=== Corticospinal tract
J' '\ === Rubrospinal tract

=== Reticulospinal tract

ntral
Grey matter Centra Ventral horn
canal

Figure 1. Anatomy of the rodent spinal cord. The location of the main ascending and descending tracts
is represented in a section of the spinal cord. Adapted from (Saliani et al., 2017).

Hence, in the spinal cord long, ascending and descending tracts can be found, together with

intraspinal circuits. The ascending tracts transport sensory information and are composed mainly
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by the dorsal columns (responsible for mechanoception and proprioception) and the
spinothalamic tract (responsible for nociception and temperature) (Purves et al., 2004). The
descending motor tracts include the corticospinal tract (CST) (originating from the motor cortex),
responsible for intended and brain-integrated movements, the rubrospinal tract (originating in the
red nucleus) and the reticulospinal tract (originating in the brain stem), these last two with a major
role in unconscious movement. Motor information is then transduced to motor neurons in the
ventral horn of the spinal cord, whose axons leave the spinal cord via the ventral root and contact

with the target skeletal muscles (Purves et al., 2004).

Importantly, besides merely transmitting the information between the brain and the periphery, a
first integration and modulation of all the signals occurs in the spinal cord, while some responses
can also be generated there, such as reflexes (Falgairolle and O’Donovan, 2019). This highlights
the existence of intraspinal circuits that are able to respond to both input and output information
(Koch et al., 2018).

Several models allow to study the pathophysiology of the SCI, as well as the molecular
mechanisms promoting regeneration (Table 1). These models range from simplified ones like
neuronal cultures, useful to study basic molecular mechanisms, to realistic injury models,
allowing for a comprehensive examination of all the factors and processes involved in a SCI. In
terms of specific cellular models, two particular systems have raised importance above the others
due to their inherent characteristics: the dorsal root ganglia (DRG) neurons, as a result of their
particular morphology as well as their location between the PNS and CNS, and the corticospinal
motor neurons (CSMN), whose axons form the CST, due to the central role of this tract in the

motor function and to its refractoriness to regenerate.

27



Introduction

System

Model

Specific assay/cell type

Useful in/for

Limitations

In vitro
neuronal
cultures

Low density cultures

Neurite outgrowth

High-content screening
Preliminary studies

Lack of injury
Absence of extrinsic factors

Microfluidic devices

Axotomy

Reproducible injuries
Axonal isolation

Absence of extrinsic factors

PNS

Sciatic nerve injury

Motor neurons or DRG
neurons

Identifying new growth promoting
pathways and favourable extrinsic factors

Different injury environment (and
cell type)

PNS/CNS

Conditioning injury

Injury to the peripheral branch
prior to injury to the central
branch of a DRG neuron

Identifying dormant regenerative
pathways

Lack of translationality

Developing neurons

Embrionary and postnatal
neurons

Identifying dormant regenerative
pathways

Different environment and capacities

Optic nerve injury

Retinal ganglion cells (RGC)

First approach to CNS injury

Cell-specific unusual characteristics

Spinal cord injury

Studying different aspects of the
pathophysiology

Complexity and heterogeneity

Severity

Injury model

Useful in/for

Limitations

CNS

Complete

Transection

Strict regeneration assessment

Lack of clinical relevance
Severe impairments

Incomplete

Contusion

Modelling real injuries
Clinical relevance

Spared tissue
Difficulties to discern between
regeneration or plasticity

Lateral transection

Regeneration assessment with less severe
impairments

Heterogeneity

Dorsal hemisection

CST regeneration studies

Heterogeneity

Dorsal columns axotomy

Comparison with peripheral branch injury

Lack of clinical relevance

Pyramidotomy

CST sprouting studies

Lack of clinical relevance

Table 1. Principal models in the study of SCI and axon regeneration. Information from (Al-Ali et al., 2017; Curcio and Bradke, 2018; He and Jin, 2016; Hilton and Bradke,
2017; Lee and Lee, 2013; Steward and Willenberg, 2017). Pyramidotomy: injury of the pyramidal tract (containing the CST) at the ventral brainstem.
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2.1. A special case: the DRGs

Sensory information arrives to the spinal cord through peripheral nerves along the sensory
neurons. The cell body of these neurons is located in the DRG, small prominences of the
peripheral nerves that can be found near the dorsal root of the spinal cord (Nascimento et al.,
2018). Sensory neurons present a pseudo-unipolar morphology, meaning that their axon forms
two branches: the peripheral branch in the peripheral nerve, and the central branch, which enters
the spinal cord (Figure 2).

Conditioning injury

PNS ' CNS

| 11

| ----<4 2.DCA

1.SNA

@ Proprioceptor/mechanoreceptor
® Nociceptor/thermoreceptor

Figure 2. DRG neurons as a model for axon regeneration. Large-diameter DRG neurons (proprioceptors
and mechanoreceptors) are located at the boundary between the PNS and the CNS and present fascinating
growth capacities: their central branch is primed to regenerate after an injury to the peripheral branch
(conditioning injury). DCA: dorsal column axotomy. SNA: sciatic nerve axotomy.

Different types of sensory neurons are present in the DRGs: proprioceptors, mechanoreceptors,
nociceptors and thermoreceptors. Large-diameter sensory neurons, which include proprioceptors
and some mechanoreceptors (AB) (Le Pichon and Chesler, 2014) have become an important
model for axon regeneration studies, as their peripheral branch is able to regenerate (for instance
after sciatic nerve injury), while the central branch, forming the dorsal columns, fails to do so
(Ferreiraetal., 2012). This discrepancy results not only from the different environment (glial scar,
absence of Schwann cells, chronic inflammatory response...) but also from the incapacity of the
neuron itself to mount a proper regenerative response after an injury in the central branch,
including in the dorsal root (Attwell et al., 2018). Injury in the peripheral branch triggers
regeneration-associated gene (RAG) expression, such as growth-associated protein 43 (GAP43),
small proline-rich protein 1a (Sprrla) and brain-derived neurotrophic factor (BDNF) (Chong et
al., 1994; Starkey et al., 2009; Tonra et al., 1998), but a central injury does not (Giovanni, 2009).
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The rationale behind this difference remains still unclear. In fact, when a peripheral injury
precedes the central injury, the central branch presents robust regenerative capacities, a
phenomenon termed “conditioning injury” (Figure 2) (Hoffman, 2010; Richardson and Issa,
1984). This means that a central injury itself lacks the capacity to reactivate the growth program
in neurons. One of the factors might relate to the impossibility of central injuries to generate
“injury signals”, while in peripheral injuries calcium waves, cyclic adenosine monophosphate
(cAMP) or extracellular signal-regulated kinase (ERK) signaling among others allow to modify
the transcriptional landscape (Mar et al., 2014). Thus, DRG neurons offer the possibility to
characterize both injuries within the same neuron type, which might be key to determine the

molecular mechanisms that would allow regeneration in the CNS.

2.2. The corticospinal tract

The CST is one of the major descending pathways in the spinal cord. It is mainly composed of
axonal projections coming from pyramidal neurons in the primary motor cortex (M1), as well as
in the primary somatosensory cortex (S1) (Welniarz et al., 2017). As a result, the CST presents
an essential role in motor control, especially in movements that require fine control (Lemon,
2008). Costicospinal neuronal projections exit the layer V in the cortex, descend through the
internal capsule and continue descending in the brainstem until the spinal cord, where most of the
axons deviate to the other half of the spinal cord, forming the decussation (Figure 3A) (Welniarz
etal., 2017). These axons then continue down the spinal cord course until they synapse with motor

neurons or interneurons (Lemon, 2008).

A B Rodents I Monkeys
Humans

M1-S1
,5’{_Layerv

Pyramidal decussation !K

Figure 3. Schematic representation of the CST. A. Axons from CSMN in the layer V of the primary
motor (M1) and somatosensory (S1) cortex reach the spinal cord via the internal capsule (IC). Adapted
from (Welniarz et al., 2017). B. Comparison between the location of the CST in the spinal cord of rodents
and monkeys/humans. Adapted from (Oudega and Perez, 2012).
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Of note, the exact location of the tract inside the spinal cord differs among species: while in
humans and monkeys the majority of the axons travel in the dorsal lateral region of the white
matter in the spinal cord, with a minor component in the ventral medial region, in rodents the
principal component of the CST can be found below the dorsal columns in the medial region,
while the lateral and ventral components are less represented (Figure 3B) (Oudega and Perez,
2012). This divergence generates contrasting consequences of an injury of the same nature in
different species, and has to be taken into account when using animal models. For example, while
a contusion injury might affect only half of the CST in humans, it might transect almost
completely the rodent CST.

The CST is a commonly affected tract after SCIs, which leads to severe motor deficits.
Reestablishing the lost CST connections would represent an incredible leap in terms of life-quality
in patients. However, CSMNs present very limited plasticity, evidenced by the scarcity of studies
that have shown functional regeneration (Jin et al., 2015; Liu et al., 2010). In spite of that, several
studies have observed CST reorganization after injury in rodents (Baltes et al., 2010; Fouad et al.,
2001) and in monkeys (Rosenzweig et al., 2010), however, feasibility in humans remains to be
elucidated (Kazim et al., 2021; Oudega and Perez, 2012).

3. Pathophysiology of the SCI

3.1. Succession of events after injury

After a SCI both a primary and a secondary injury take place. Primary injury refers to the physical
damage generated as a direct consequence of (in general) the impact that initiates the injury. This
impact fractures the vertebras which in turn crush the spinal cord and interrupt the blood flow
(Ahujaetal., 2017). The secondary injury refers to the complex cascade of molecular and cellular
events that occurs along time that follow and are initiated from the primary injury (Oyinbo, 2011).
Temporally, three different phases have been described after a SCI: the acute phase (minutes to
48h), the subacute phase (48h to 2 weeks) and the chronic phase (2 weeks to years). The different
events occurring in these phases are shown in Figure 4. Nevertheless, these phases have to be
understood as a tool to facilitate the study of SCI progression, as they are a simplification of what
happens in reality. As one can imagine, the transitions between these phases are continuous, as

the events overlap and vary among injuries and individuals.

The events in the acute phase result mainly from the initial cell death and from the vascular
disruption: the interruption of the blood flow originates ischemic injury, which, together with the

initial cell death, triggers a vicious circle of ionic imbalance, excitotoxicity and increased cell
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death (Alizadeh et al., 2019). Reactive oxygen species (ROS) production is also exaggerated after
these events, increasing lipid peroxidation and leading to neurotoxic products (Hall, 2011). In
response to the injury local inflammatory cells, neutrophils, as well as peripheral macrophages
afterwards, are recruited during this phase (David et al., 2018; Mesquida-Veny et al., 2021). These
cells release pro-inflammatory cytokines and are key in debris clearance.
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Figure 4. Timeline showing the different events occurring at each timepoint after a SCI. Many cellular
components participate in the injury evolution. However, this progression results truncated as a result from
the continuous production of inflammatory cytokines, leading to injury chronification. Moreover, the
accumulation of growth-inhibitory molecules together with the glial scar impede regeneration. Adapted
from (Mesquida-Veny et al., 2021).

The subacute phase derives from the conditions generated during the previous phase. As cell death
persists, the loss of oligodendrocytes leads to demyelination and subsequent axonal loss as they
remain unprotected to the generated hostile environment (Oyinbo, 2011). Besides,
oligodendrocyte death also causes myelin-derived protein accumulation (Nogo-A, myelin-
associated glycoprotein (MAG) and oligodendrocyte myelin glycoprotein (OMgp)), known to be
inhibitory for axon growth (Filbin, 2003). Meanwhile the distal end of the severed axons suffer
Wallerian degeneration (Rotshenker, 2011). During this phase, and in response to the previously
commented injury signaling, multiple cell types (astrocytes, pericytes, fibroblasts,
oligodendrocyte-progenitor cells (OPCs), as well as immune cells) proliferate and participate in
the generation of an injury scar, a compact structure that surrounds the injury epicenter and avoids

its expansion (Bradbury and Burnside, 2019). Activated astrocytes and other cells release
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chondroitin sulfate proteoglycans (CSPGs), which are also inhibitory for axon growth (Galtrey
and Fawcett, 2007; McKeon et al., 1999). While in other tissues at this time immune cells initiate
a transition to pro-healing phenotypes and functions, after an injury in the CNS macrophages and
microglia maintain a pro-inflammatory phenotype, leading to an unresolved and exaggerated
inflammation (Mesquida-Veny et al., 2021). Notably, one of the factors contributing to this
situation is myelin phagocytosis, which leads to the generation of the pro-inflammatory “foamy”
macrophages, useless in debris clearance (Zhu et al., 2017).

In the CNS the chronic phase is basically an extension of the subacute phase. Inhibitory molecules
(myelin-derived and CSPGs) as well as cell debris, further accumulate, intensifying the hostile
environment and the inflammatory response (Bradbury and Burnside, 2019). During this phase,
astrocytes, which have become reactive, align at the borders of the injury forming the glial scar
which will compact and mature throughout the subsequent months (Burda and Sofroniew, 2014).
Pericytes and fibroblasts migrate to the lesion core which becomes fibrotic as a result of their
action (Alizadeh et al., 2019). In some mammals (like in humans, but not in mice), cystic cavities
are formed in the lesion core as a result of the excessive tissue loss (Norenberg et al., 2004).
Besides, during this phase inflammation perseveres, as macrophages and microglia lack the
environmental cues to shift to pro-resolving phenotypes, therefore generating a permanent loop
(Mesquida-Veny et al., 2021).

3.2. Extrinsic changes. The CNS environment

3.2.1.The glial scar and the inhibitory signalling

Some of the previously commented events after CNS injury lead to the generation of an adverse
environment for axon regeneration (Figure 5). One of the clear examples is the formation of a
non-resolving scar, composed of several cell types and extracellular matrix (ECM), which, as a
whole as well as some of their individual elements, prevents neural plasticity and therefore
recovery (Bradbury and Burnside, 2019). A key component of this scar are astrocytes, who
hypertrophy and become reactive, enclosing the fibrotic injury core, forming a physical barrier
that prevents regeneration, while avoiding injury expansion (Burda and Sofroniew, 2014; Silver,
2016). Moreover, astrocytes after injury express CSPGs (McKeon et al., 1999), which inhibit
axonal growth through binding to different neuronal receptors. Nevertheless, research has shown
that the formation of a proper astrocytic border is necessary for recovery after SCI, pointing
towards a necessary role of these cells (Anderson et al., 2016; Faulkner et al., 2004; Wanner et
al., 2013). Interestingly, both roles may be compatible as astrocytes in the injury are
heterogeneous and can present different phenotypes depending on the environment (Khakh and
Sofroniew, 2015; Liddelow et al., 2017; Okada et al., 2018; Sofroniew, 2020).
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Figure 5. Formation of a glial scar and growth-inhibitory molecule deposition in chronic SCls. The
environment in a chronic SCI results from a complex interaction between several cell types and ECM
components. Adapted from (Bradbury and Burnside, 2019; Mesquida-Veny et al., 2021).

Another component of the extrinsic barrier can be found in the ECM of the injury scar: the CSPGs.
CSPGs such as neurocan, phosphacan or NG2 are expressed after injury by reactive astrocytes
and by OPCs (Filous et al., 2014; McKeon et al., 1999), and their elimination through
chondroitinase ABC (ChABC) addition, a bacterial enzyme which digests the glycosaminoglycan
(GAG) chains, has been shown to promote recovery (Bradbury et al., 2002; Griffin and Bradke,
2020). These proteoglycans are composed of a central protein bonded to several negatively
charged chondroitin sulfate GAG chains. Axons recognize CSPGs through different receptors:
receptor protein tyrosine phosphatase sigma (RPTPo), leukocyte common antigen-related (LAR)
and Nogo receptor (NgR), an interaction which has repeatedly shown to prevent axon growth
(Dickendesher et al., 2012; Fisher et al., 2011; Sami et al., 2020; Sharma et al., 2012; Shen et al.,
2009) (Figure 6). The exact mechanism behind CSPG-mediated growth inhibition remains
elusive, but several intracellular signaling pathways have been shown to be involved, such as
Akt/glycogen synthase kinase 3-p (GSK-3), protein kinase C (PKC) or Ras homolog gene family
member A (RhoA) (Dill et al., 2008; Monnier et al., 2003; Sivasankaran et al., 2004). Another
study proposed that CSPGs prevent axon growth not by direct repulsion but by strongly attaching

to the axons, which remain captured by them (Filous et al., 2014).

CSPGs are not the only inhibitory molecules present in the ECM after injury. Myelin-associated
inhibitors (specially Nogo, MAG and OMgp) are released following oligodendrocyte death and
interact principally with paired immunoglobulin-like receptor B (PirB) (Atwal et al., 2008) or the
complexes NgR-LINGO-1 (leucine-rich repeat and immunoglobulin-like domain-containing
Nogo receptor-interacting protein 1)-p75 or NgR-LINGO-1-Troy (Mi et al., 2004; Park et al.,

34



Introduction

2005; Wang et al., 2002) (Figure 6). The interaction with NgR complexes activates RhoA and
Rho-associated kinase (ROCK) which eventually leads to growth cone stabilization through
cytoskeleton alterations (Fournier et al., 2003; Fujita and Yamashita, 2014; Geoffroy and Zheng,
2014; Niederost et al., 2002). In the case of PirB, growth inhibition is mediated by tropomyosin
receptor kinase (Trk) inactivation, blocking neurotrophin-induced growth (Fujita et al., 2011).
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Figure 6. Growth-inhibitory signaling in the axon. Several receptors in the axonal membrane interact
with CSPGs and myelin-associated inhibitors present in the injury activating intracellular pathways that
have an impact on growth. Interestingly, some of these receptors and intracellular pathways are shared
between both types of inhibitory molecules. Adapted from (Geoffroy and Zheng, 2014; McKerracher and
Rosen, 2015; Sami et al., 2020).

3.2.2.Unresolved inflammation

A final extrinsic setback for axon regeneration in the CNS derives from the excessive and chronic
inflammatory response generated by the maladaptive phenotype progression of the immune cells
(Gensel and Zhang, 2015; Mesquida-Veny et al., 2021). These cells exert a great variety of
functions after injury (Figure 7), but while they are essential to clear cellular debris and to prevent
further tissue damage, as seen in several studies after their depletion (Bellver-Landete et al., 2019;
Fu et al., 2020; Y. Li et al., 2020), their interrupted transition leads the lack of injury resolution
(Mesquida-Veny et al., 2021).
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Figure 7. Summary of macrophage/microglial roles in a SCI. Immune cells are a double-edged sword
after a SCI, as while they exert essential functions including debris clearance and secretion of pro-resolving
factors, their sustained activation leads to excessive inflammation and lack of injury transition. Adapted
from (Mesquida-Veny et al., 2021).

These immune cells present fundamental roles for proper healing, as they secrete factors
promoting neuronal survival or axonal growth (such as in (Dougherty et al., 2000; Hervera et al.,
2018; Kwon et al., 2015, 2013; Yin et al., 2006, 2003) and remyelination (Miron et al., 2013).
Most importantly, they are crucial for their part in phagocyting myelin and other debris, a
necessary step in all tissues for proper repair (Burda and Sofroniew, 2014; Novak and Koh, 2013;
Takahashi et al., 2005). However, while in other tissues debris scavenging activates a transition
towards pro-resolving phenotypes, this evolution is impeded in the CNS (Beck et al., 2010; Gensel
and Zhang, 2015; Popovich et al., 1997; Sindrilaru and Scharffetter-Kochanek, 2013).

The environment in the CNS injury, marked by elevated tumor necrosis factor a (TNF-a) prevents
the phenotypical conversion of macrophages. Additionally, repeated myelin phagocytosis triggers
the generation of pro-inflammatory “foamy” macrophages which lack the ability to process
myelin (Kong et al., 2020; Kroner et al., 2014; Zhu et al., 2017). Therefore, the initially high pro-
inflammatory signaling is further potentiated, as macrophages and microglia continue releasing
TNF-a, interleukin (IL)-1B and nitric oxide (NO), which directly increases neuronal apoptosis
(Nesic et al., 2001; Satake et al., 2000; Yang et al., 2004) and promotes a deleterious phenotype
in astrocytes (Liddelow et al., 2017). Meanwhile, this signaling further hampers the apparition of
a phenotype in immune cells responsible for promoting tissue remodeling, angiogenesis and ECM
matrix synthesis, among others (Gensel and Zhang, 2015; Krzyszczyk et al., 2018; Novak and
Koh, 2013), which contributes to generate an unfavorable environment for axon growth. Lastly,

macrophages and microglia also hinder directly axon growth via repulsive guidance molecule a
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(RGMa) and through contact with axons (Busch et al., 2009; Hata et al., 2006; Horn et al., 2008;
Kitayama et al., 2011).

3.2.3.Environment in the PNS

Several extrinsic elements contribute to the inhibition of axon growth in the CNS, however, these
are slightly different in the PNS. First of all, the physical barrier that represents the glial scar in
the CNS does not form in the PNS, instead satellite cells activate, proliferate and participate in
regeneration promotion through peroxisome proliferator-activated receptor a (PPARa) signaling
(Avraham et al., 2020; Woodham et al., 1989; Zigmond and Echevarria, 2019). Regarding the
presence of inhibitory molecules, the myelinating cells of the PNS are Schwann cells, which do
not present myelin-associated inhibitors on their membranes, with the exception of MAG,
however, the high amount of laminin in the PNS counteracts its inhibitory activity (David et al.,
1995; Qiu et al., 2000).

The presence of Schwann cells itself also represents a fundamental difference, as they are able to
adopt a repairing phenotype after injury with a pro-regenerative secretome (Fontana et al., 2012;
Hyung et al., 2019; Jessen et al., 2015; Lopez-Leal and Court, 2016; Nocera and Jacob, 2020).
Thanks to Schwann cells and macrophages, debris clearance in PNS injuries is more efficient than
in the CNS (Stoll et al., 1989; Zigmond and Echevarria, 2019). Finally, the inflammatory response
after PNS injury seems to be properly orchestrated: during the first days phagocytic and pro-
inflammatory phenotypes are predominant in the nerve, with recruiting and debris scavenging
roles, while this population decreases over time in favor of a pro-resolving phenotype, with pro-
regenerative secretomes and contributing to ECM synthesis (Hervera et al., 2018; Lee et al., 2018;
Nadeau et al., 2011; Tomlinson et al., 2018; Wu et al., 2013; Zigmond and Echevarria, 2019).

3.3. Intrinsic changes. The intrinsic inability to regenerate

While CNS immature neurons are able to regenerate during development, these capacities are lost
when they form synaptic connections (Geoffroy et al., 2016; Hilton and Bradke, 2017). In parallel,
PNS adult neurons are also able to regenerate, and the existence of the conditioning effect implies
that regrowth can be recapitulated in CNS adult neurons (Curcio and Bradke, 2018). Both of these
paradigms have been useful to study the intrinsic mechanisms that allow axon regeneration, which
are lacking in the CNS adult neurons (Mahar and Cavalli, 2018).

3.3.1.Injury signalling

Injury signalling is crucial for neurons to properly regenerate (Figure 8). The first injury signal to
appear is a calcium influx, which results from membrane breaches and the consequent alterations
of ionic channels and sodium/calcium (Na*/Ca?") pump functioning, this is then propagated to the

neuronal soma, where it triggers a great variety of processes (Rishal and Fainzilber, 2014).
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Calcium-activated adenylate cyclase synthesizes cAMP, which in turn activates dual leucine
zipper-bearing kinase (DLK) promoting axon regeneration (Hao et al., 2016). Calcium influx also
activates PKCyp, triggering the nuclear export of histone deacetylase (HDAC) 5 promoting
epigenetic pro-regenerative changes (Cho et al., 2013).

Retrograde transport of proteins also participates in injury signalling. In this regard, local protein
translation plays an important role: vimentin and importin-p are locally synthesized after injury
and allow phosphorylated ERK to bind to dynein and to be retrogradely transported, leading to
Elk activation (Perlson et al., 2005). Other retrogradely transported proteins include locally
translated and activated signal transducer and activator of transcription 3 (STAT3) and activated
c-Jun N-terminal kinase (JNK), both of them DLK-dependent early after injury (Ben-Yaakov et
al., 2012; Lindwall and Kanje, 2005; Shin et al., 2012). JNK will activate regenerative-associated
transcription factors such as c-Jun and activating transcription factor 3 (ATF3) (Lindwall and
Kanje, 2005).
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Figure 8. Injury signaling in regenerating neurons. After axonal injury, first Ca?* and later transported
proteins from the axon to the soma (pERK, pSTAT3 and JNK) are responsible for the initiation of a pro-
regenerative response in the injured neuron. Adapted from (Mahar and Cavalli, 2018; Mar et al., 2014).

3.3.2.Cellular events following injury

Growth cone formation

After axonal injury the damaged membrane needs to be properly sealed in order to restore ionic
equilibrium (Bradke et al., 2012). This process is highly dependent on Ca?* concentration, and
consists in the formation of a multivesicular patch at the injury site (Fishman and Bittner, 2003).
At this time point the cytoskeleton in the axon starts to depolymerize as a result of high Ca?*
levels (He and Jin, 2016; Spira et al., 2003).
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Next, injured axons need to form a highly motile structure at their tip, the growth cone (Bradke
et al., 2012) (Figure 9). Growth cones are formed by a peripheral domain (P-domain) with a
complex actin net, a central domain (C-domain) with highly organized microtubules and a
transition zone (T-domain) where these two components interact (Coles and Bradke, 2015). The
P-domain corresponds to a dynamic structure which will be continuously forming filopodia and
lamellipodia as a consequence of actin polymerization (Dent and Gertler, 2003). Importantly,
while microtubules in the rest of the axon are stabilized, microtubules reaching the axon tip will
present higher dynamism (Blanquie and Bradke, 2018). The entrance of these microtubules in the
growth cone is limited by the actomyosin ring in the T-domain, where myosin Il interacts with
actin (Blanquie and Bradke, 2018; Leite et al., 2021).

While injuries in the PNS result in the generation of growth cones, injured CNS axons are unable
to do so and form retraction bulbs (Figure 9) (Erturk et al., 2007). As opposed to growth cones,
these structures lack their high microtubule organization, which instead remain depolymerized,
as well as a proper compartmentalization of the different domains (Blanquie and Bradke, 2018;
Ertlrk et al., 2007). Moreover, resulting from cytoskeleton disorganization but preserved

transport from the soma, retraction bulbs are enlarged overtime.

Growth cone Retraction bulb

Microtubules
Actin filaments
—  Actomysin arcs
Vesicles

T-domain

E-dBmain P-domain

Figure 9. Growth cone and retraction bulb composition. Regenerating neurons form a highly structured
growth cone. Microtubule organization (C-domain) and actin dynamics (P-domain), interacting in the T-
domain are key elements in this structure and are fundamental for proper growth. Meanwhile, this clear
organization is lost in the retraction bulb of non-regenerating neurons. Microtubules depolymerize and do
not interact with the actin cytoskeleton, while vesicles accumulate. Adapted from (Curcio and Bradke,
2018).
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Cytoskeleton in the growth cone

Several studies have investigated and manipulated the cytoskeleton in the growth cone in order
to clarify its significance.

Microtubule-targeted drugs highlight the importance of this cytoskeletal component in the growth
cone. Hence, nocodazole prevents regeneration in the PNS by depolymerizing microtubules while
pharmacological microtubule stabilization with low doses of taxol or epothilone B or D promotes
CNS axonal regeneration (Erturk et al., 2007; Ruschel et al., 2015; Ruschel and Bradke, 2018;
Sengottuvel et al., 2011).

Tubulin, the building block of microtubules, as any other protein, is subject to post-translational
modifications, which can have a final effect on microtubule dynamics (Song and Brady, 2015).
Acetylation and detyrosination are normally associated with microtubule stability, while
tyrosination seems to affect mainly labile microtubules and is therefore enriched in growth cones,
where deacetylated tubulin is also predominant (Blanquie and Bradke, 2018; Song and Brady,
2015). In relation to that, tubulin tyrosination has been shown to induce regeneration while
increasing microtubule dynamism, which enables retrograde transport of the injury signals
(Gobrecht et al., 2016; Song et al., 2015). Conversely, injury-triggered HDACS5 activation was
found to be necessary for regeneration in the PNS by decreasing microtubule stability through
microtubule deacetilation (Cho and Cavalli, 2012). In summary, it is now clear that microtubule
organization needs to be tightly regulated for proper axon growth, and moreover, this regulation
may also depend on the environment, as CNS axons seem to require higher microtubule stability,
possibly to overcome the inhibitory signaling (Blanquie and Bradke, 2018; Cho and Cavalli,
2012).

In turn, a dynamic actin cytoskeleton is also important for proper axon growth (Leite et al., 2021).
The actin cytoskeleton is continuously being remodeled: F-actin extends through faster monomer
addition in the plus-end, while in the minus-end monomers are preferentially detached, a process
called actin treadmilling, moreover, new branches can also be created in the filament (Pollard,
2016). A group of proteins, the actin-binding proteins (ABPS) interact with actin and regulate this
remodeling. Thus, profilins promote actin polymerization, while cofilins, actin-depolymerizing
factor (ADF) and gelsolin trigger filament shortening (Pollard, 2016). Furthermore, the final
complexity of actin networks is achieved through the action of other ABPs, including the actin-
related protein 2/3 (Arp 2/3) complex, which allow filaments to branch, formin, with a role in

filament elongation, and filamin, promoting interactions between filaments (Pollard, 2016).

Some recent studies have started to elucidate how actin dynamics influence axon regeneration.

Consistently, conditioning injury promotes actin treadmilling as well as ADF/cofilin and profilinl
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activity, which were shown to be necessary for the conditioning effect (Pinto-Costa et al., 2020;
Tedeschi et al., 2019). In addition, elevating their activity results in regeneration promotion
(Frendo et al., 2019; Pinto-Costa et al., 2020; Tedeschi et al., 2019).

Inhibitory signaling in the growth cone

On another note, many components of the extrinsic barrier in the CNS exert their inhibitory effect
through cytoskeleton alterations. CSPGs and myelin-associated inhibitors activate RhoA,
however, the precise downstream mechanisms leading to growth inhibition were just recently
described (Stern et al., 2021). In this study, induction of RhoA with inhibitory substrates
hampered growth through myosin Il activation via myosin light chain (MLC) phosphorylation.
As a result, the actomyosin ring is contracted, preventing microtubule extension (Stern et al.,
2021). These results are further supported by RhoA effects during development (Dupraz et al.,
2019). Moreover, while RhoA activation leads to cofilin phosphorylation hence inactivation
(RhoA-ROCK-LIM kinase (LIMK)-cofilin) as well as to profilin inactivation, also upon
phosphorylation (RhoA-ROCK-profilin), in this paradigm RhoA did not seem to mediate these
effects (Blanquie and Bradke, 2018; Leite et al., 2021; Stern et al., 2021).

All in all, it seems to be clear that the actin network in the growth cone plays a vital role during
axon regeneration and, similarly to the microtubule cytoskeleton, might require precise

modulation, in order to not trigger local unwanted effects (Loudon et al., 2006).

Energy requirements

The formation of a growth cone and the subsequent axon growth are high energy-dependent
processes, however, mitochondria in injured axons are unable to maintain their membrane
potential (Curcio and Bradke, 2018; Zhou et al., 2016). Therefore, enhancing mitochondrial
motility through syntaphilin deletion or armadillo repeat containing X-linked 1 (Armcxl)
overexpression results in axon regeneration (Cartoni et al., 2016; Han et al., 2020; Zhou et al.,
2016). Moreover, and according to their lack of regenerative capacities, mature neurons display
decreased mitochondrial dynamics, resulting from an increase in syntaphilin expression (Zhou et
al., 2016).

3.3.3.Molecular pathways involved in regeneration

Studies comparing PNS neurons, CNS immature neurons and CNS adult neurons have led to the
conclusion that while the first two are able to mount a pro-regenerative program elicited by the
injury, CNS adult neurons remain irresponsive. This has allowed to identify a series of
mechanisms involved in regeneration that remain silenced in these refractory to regenerate
neurons (Curcio and Bradke, 2018) (Figure 10).
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One of the milestones in axon regeneration was the discovery of phosphatase and tensin homolog
(PTEN), an inhibitor of the mammalian target of rapamycin (mTOR) pathway, whose deletion
leads to regeneration in the CNS (Liu et al., 2010; Park et al., 2008). While activated in the PNS
after injury where it promotes regeneration through protein synthesis induction, the mTOR
pathway is suppressed in CNS mature neurons, representing an age-dependent silencing of a pro-
regenerative mechanism in this system (Abe et al., 2010; Liu et al., 2010; Park et al., 2008).
Another highlighted pathway in axon regeneration, which remains inactive in the CNS, is the
Janus kinase (JAK)/STAT pathway, initiated through gp130 signaling after IL-6, C-C motif
ligand (CCL)2, ciliary neurotrophic factor (CNTF) or leukemia inhibitory factor (LIF) interaction
(Cafferty et al., 2004; Leibinger et al., 2013; Niemi et al., 2016; Schwaiger et al., 2000).
Consequently, STAT3 deletion impairs, while the lack of suppressor of cytokine signaling 3
(SOCS3) (an inhibitor of the JAK/STAT pathway), induces, regeneration (Bareyre et al., 2011;
Smith et al., 2009). Of note, physiological activation of this pathway depends on the cytokine
production from other cells, a reminder that intrinsic neuronal capacities may be triggered by its

environment.
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Figure 10. Summary of molecular pathways as well as epigenetic and other genomic alterations
implicated in axonal regeneration. Axonal regeneration has shown to be regulated at several cellular
levels, ranging from mTOR mediated protein synthesis, to physical DNA alterations (DSB) leading to the
transcription of growth-promoting genes (ATF3). The acquisition of a pro-regenerative transcriptional state
is tightly modulated by many other mechanisms, including the activation of specific transcription factors
(STAT3, SMAD, SOXI11...) to epigenetic modifications leading to open chromatin in specific growth-
related regions. Adapted from (Curcio and Bradke, 2018; Mahar and Cavalli, 2018).
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A great number of transcription factors have been also implicated in the pro-regenerative response
after injury, such as c-Jun, SMAD, MYC, cAMP response element-binding protein (CREB) and
SRY-related HMG-box 11 (SOX11) (Curcio and Bradke, 2018; Mahar and Cavalli, 2018). In
general, they are responsible for the synthesis of a series of RAGs, known for their effects on
axonal growth, which include: GAP43, ATF3, Sprrla or Galanin, among many others (Mar et al.,
2014; Qian and Zhou, 2020). Interestingly, some of these transcription factors suffer expression
changes during development, and of them, the family of Kruppel-like factors (KLF), has received
special attention, as KLF components that show raised expression throughout development
(KLF4 or KLF9) hamper regeneration, and the ones that become downregulated (KLF6 or KLF7)
enhance axon growth (Apara et al., 2017; Blackmore et al., 2012, 2010; Moore et al., 2009).

In line with these results, additional studies have further reinforced the existence of other age-
regulated mechanisms that result in a reduction of growth capacities. RNA sequencing comparing
regenerating with growth-restricted neurons led to the discovery of 282, a subunit of voltage-
gated calcium channels (VGCC), which represses growth in mature CNS neurons (Tedeschi et
al., 2016). Similarly, a role for the presynaptic proteins Muncl3 and Rab3 interacting molecule
(RIM) in growth repression in mature neurons has just been uncovered (Hilton et al., 2021).
Another study showed that PTEN deletion promotes regeneration in young mice, but this effect
is far decreased in aged mice (Geoffroy et al., 2016). Strikingly, high levels of mMTOR were
maintained in PTEN-deleted aged animals, therefore, the lack of regeneration was attributed to a
worsened response to the extrinsic component, which could be due to the observed degeneration

of the environment, but also to an intrinsic increased refractory response (Geoffroy et al., 2016).
3.3.4.Epigenetic mechanisms involved in axon regeneration

Epigenetic mechanisms, which result in broad alterations of gene regulation, have also been

described to modulate neuronal intrinsic growth capacities (Wahane et al., 2019) (Figure 10).

Some of these mechanisms, including histone modifications and DNA methylation have an
impact on genomic accessibility, therefore altering gene expression. A recent study using
sequencing techniques showed that while PNS injury triggered a relaxed and opened chromatin
state, this changes were missing after CNS injury (Palmisano et al., 2019). Moreover, chromatin
accessibility is decreased at regeneration-associated genomic regions after development in the
CNS (Venkatesh et al., 2018, 2016).

An epigenetic mechanism that normally promotes chromatin accessibility, therefore allowing
increased transcription, is histone acetylation (Wahane et al., 2019). H3 and H4 acetylation is
further increased after peripheral injury (Finelli et al., 2013; Palmisano et al., 2019; Puttagunta et

al., 2014). Accordingly, the activity of the histone acetyltransferase p300/CBP-associated factor
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(PCAF) is necessary for the conditioning effect (Puttagunta et al., 2014). As previously stated,
HDACS exits the nucleus after peripheral injury, reducing nuclear deacetylation and promoting
regeneration (Cho et al., 2013). Furthermore, HDACS3 inhibition occurs upon PNS (but not CNS
injury) allowing the activation of a previously repressed regenerating program (Hervera et al.,
2019b). Histone deacetylation might therefore hamper regeneration, however, broad HDAC
inhibition shows uneven effects, highlighting the need for more precise actuations (Gaub et al.,
2010; Venkatesh et al., 2016).

Another epigenetic modification described to have an important role in axon regeneration
regulation is DNA demethylation. Methylated DNA cytosines (5mC) are generally thought to
repress expression. Ten eleven translocation 3 (TET3) activity, crucial in the demethylation
process, is triggered after peripheral injury, leading to reduced DNA methylation and increased
RAG expression, a process that does not occur in CNS injuries (Loh et al., 2017; Weng et al.,
2017).

Finally, epigenetic RNA-related mechanisms are also starting to gain importance in the field of
axon regeneration (Wahane et al., 2019). Several microRNAs (miR) such as miR-222 or 431 are
altered after PNS injury, however, their role after CNS injuries remains to be elucidated (Wahane
etal., 2019; Wu and Murashov, 2013; Zhou et al., 2012). In addition, an mMRNA modification, the
m6A methylation, was also demonstrated to play a role in axon regeneration, revealing yet another

level of complexity present after axonal injury (Weng et al., 2018).

A special mention needs to be made for another non-epigenetic mechanism that may also be
affecting gene expression: DNA double-strand breaks (DSB) were found to occur shortly after
peripheral injury and to stimulate ATF3 expression, an important RAG (Cheng et al., 2021).

4. Therapeutic approaches for SCI

4.1, Strategies to promote recovery

Due to their nature, traumatic injuries are as varied and diverse as patients exist. The localization
and size of the lesion, the proportion and type of the affected tracts as well as the first
interventions, among others, determine their severity and ultimately, their outcome (Ahuja et al.,
2017). In that direction, different injuries may require different strategies to promote recovery,
which are mostly determined by the completeness of the injury. In incomplete injuries
neuroplasticity may lead to recovery in several ways: regrowth of severed axons, most probably

eluding the lesion core, sprouting of unaffected fibers or plasticity of existing spinal circuits
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(O’Shea et al., 2017). On the other hand, in the case of complete SCls, only two possibilities exist
as a result of the lack of supraspinal connectivity: crossing the lesion-core or bypassing it with
external devices (Courtine and Sofroniew, 2019; O’Shea et al., 2017).

As stated above, both extrinsic and intrinsic barriers to CNS regeneration need to be individually
addressed. Depending on the aspect they target, several different strategies exist (Ahuja et al.,
2017; Griffin and Bradke, 2020; Yang et al., 2020): neuroprotection, inhibitory signaling
blockade, enhancement of intrinsic growth capacities, cell-based strategies, trophic factor
addition and/or activity-based therapies (Figure 11). These strategies are further commented
below, while Table 2 shows and exemplifies a selection of the most studied approaches.
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Figure 11. Therapeutic approaches in SCI and associated targets. Information from (Griffin and
Bradke, 2020).

Neuroprotection: Neuroprotective treatments try to limit the secondary damage, normally by
reducing excitotoxicity (such as with gacyclidine) or the inflammatory response (for example
with methylprednisolone sodium succinate or minocycline), however, in terms of clinical trials
these treatments have not obtained the expected success (Badhiwala et al., 2018; Griffin and
Bradke, 2020). Besides, it is now known that completely abolishing the inflammatory response is
detrimental for recovery, as inflammation is a necessary process for proper healing (Chio et al.,
2021; Mesquida-Veny et al., 2021).

Inhibitory signaling blockade: As previously explained, after a SCI several growth inhibitory
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molecules are secreted in the affected area. ChABC has been thoroughly used to promote CSPGs
degradation with significant success in various experimentation animals (reviewed in (Griffin and
Bradke, 2020)). Similarly, other researchers have tried to block the myelin-associated inhibitors,
specially Nogo with an anti-Nogo-A antibody, or with the targeting of its receptor (Kucher et al.,
2018; Li et al., 2004; Zorner and Schwab, 2010). However, the clinical efficacy of these

treatments in humans remains to be elucidated.

Enhancement of intrinsic growth capacities: The conditioning-injury paradigm, as well as the fact
that mature axons in the CNS lose their developemental regenerative capacities, have raised the
question of whether this developing state could be retrieved in CNS neurons, and since then,
diverse attempts have tried to unravel the nature of this switch, or a way to emulate it (He and Jin,
2016; Hilton and Bradke, 2017; Mar et al., 2014). Those attempts range from manipulating or
blocking key molecular check-points that hamper growth (such as PTEN or SOCS3) (Park et al.,
2008; Smith et al., 2009) as well as other intracellular inhibiting pathways, like RhoA (Dergham
et al., 2002; Fehlings et al., 2018, 2011), to promote microtubule stabilization with epothilones or
taxol (Hellal et al., 2011; Ruschel et al., 2015; Ruschel and Bradke, 2018; Sandner et al., 2018),
and to finding epigenetic hallmarks that may affect the expression of several of these targets
(Wahane et al., 2019). Although all these studies have been incredibly enlightening, the
ubiquitous character of their targets and their fundamental roles in other cellular processes turn

into a challenge the design of therapies without remarkable side effects.

Cell-based strategies: Cell-based strategies represent one of the most popular approaches to treat
SCI, and to this day, a great variety of cell types have been assessed for transplant: neural stem
cells (NSCs), Schwann cells, olfactory ensheating cells (OECs), OPCs, mesenchymal stem cells
(MSCs) and induced pluripotent stem cells (iPSCs), among others (Assinck et al., 2017). In
general, cell transplants seem to exert their beneficial effects through neuroprotection and
immunomodulation, and some appear to even induce axon growth (Assinck et al., 2017). While
many of these attempts have shown some success in preclinical studies, important issues such as
ectopic colony or even tumor formation or the lack of effectiveness in late stage patients remain
to be addressed (Assinck et al., 2017). The lack of mechanistic insight of these approaches hinders

as well the refinement of these therapies.

Trophic factor addition: One of the first designed strategies for SCI treatment was based on the
supply of neurotrophins such as BDNF, neurotrophin-3 (NT-3) and nerve growth factor (NGF),
however, further studies showed each of these neurotrophins presented divergent effects on
different neuronal types (reviewed in (Keefe et al., 2017)). Additionally, these therapies have
faced important administration concerns since sustained release of these factors is needed to

induce recovery (Griffin and Bradke, 2020). Eventually, biomaterials appeared in the field to cope
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with this last issue, as they allowed a long-term release of the trophic factors (Fuhrmann et al.,
2017). Other scaffolds or biomaterials are also being used in cell therapy, both for structural and
trophic support (Assinck et al., 2017; Fuhrmann et al., 2017). In a recent study, the combination
of osteopontin, insulin-like growth factor 1 (IGF1) and CNTF overexpression with the
supplementation of fibroblast growth factor 2 (FGF2), epidermal growth factor (EGF), and glial-
derived growth factor (GDNF) in hydrogen depots induced regeneration over the injured area,
while individual application of these approaches did not (Anderson et al., 2018). Moreover, this
observed regeneration did not translate into functional recovery (Anderson et al., 2018). The
complexity of this study together with its lack of functional improvements denotes the moderate
efficacy of this type of treatments.

Activity-based therapies: Another broadly used strategy to treat SCI are activity-based therapies,
which mostly refers to rehabilitation and/or electrical stimulation. Rehabilitation, which can be
simulated in animal models through environmental enrichment, forced swimming or treadmill,
among others (Loy and Bareyre, 2019) has repeatedly proved to induce recovery on them (i.e.
(Asboth et al., 2018; Engesser-Cesar et al., 2007; Hutchinson et al., 2004; Hutson et al., 2019;
Loy et al., 2018)). When applied to patients, rehabilitation yields only modest success, and has
proven efficiency only in incomplete lesions, but to this day, it remains one of the leading
therapies in terms of recovery, with consistent results (Griffin and Bradke, 2020). Besides, it can
be easily combined with other strategies for better results (Griffin and Bradke, 2020). Electrical
stimulation, which can be combined with rehabilitation or not, has also given relative great results,
both clinically and in animal models (Carmel and Martin, 2014; Friel et al., 2014; Loy and
Bareyre, 2019). Transcranial magnetic stimulation (TMS) has recently appeared as a less invasive
alternative to electrical stimulation, inducing as well modest recovery in patients (Alexeeva and
Calancie, 2016; Gomes-Osman and Field-Fote, 2015). Similarly, in cases with severe injuries
with little supraspinal input, neuromodulation through both pharmacological and spatiotemporal
electrical stimulation is able to engage lower circuits thus enabling control of previously lost
functions (Courtine and Sofroniew, 2019; Wagner et al., 2018; Wenger et al., 2016). Importantly,
these lastly commented therapies, which stimulate neuronal activity, succeed in engaging
neuroplasticity mechanisms, which is a necessary event for recovery (Fouad and Tetzlaff, 2012;
Hutson and Di Giovanni, 2019).

Lastly, a comment needs to be made for Brain-Computer-Interfaces (BCl), a technology that tries
to detour the injury, instead of trying to repair it, by bypassing it (Borton et al., 2013; Courtine
and Sofroniew, 2019). While these technologies have already accomplished movement
restoration for some patients (Ajiboye et al., 2017; Bouton et al., 2016), and represent the

preferred solution in complete injuries, to this day, they lack feasibility as they need to be

47



Introduction

rigorously personalized (Borton et al., 2013).

Among all the commented strategies, it seems that activity-based therapies are the current leaders
in terms of recovery as well as feasibility after SCI. However, much remains unknown about how
these therapies act on the spinal cord networks and environment. Moreover, it is now clear that
addressing one single aspect of the pathophysiology of CNS injuries will most likely not be
sufficient to induce complete recovery in patients. Thus, combining strategies of different nature
gives remarkable results, as clear examples result from the combination of ChABC or Anti-Nogo-
A with rehabilitation (Chen et al., 2017; Garcia-Alias et al., 2009; Shinozaki et al., 2016; D. Wang
etal., 2011). In this regard, another key point is the optimal application of the therapies throughout
time, as uncoordinated usage may result in poor or unfavorable effects (Maier et al., 2009). All in
all, additional studies are required in order to optimize the application of activity-based therapies

to SCI patient.
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Strategy

Proposed mechanism

Clinical stage

Limitations

References

Methylprednisolone
sodium succinate

Limits inflammatory
response

Several clinical trials. Some show
recovery. Generally adopted
therapy

Immunosuppression.
Terminates necessary
inflammatory reactions.

(Badhiwala et al., 2018;
Chio et al., 2021; Fehlings
etal., 2017)

Reduces

Phase Il completed, showing

Lack of consistency in

(Badhiwala et al., 2019;
Casha et al., 2012; Chio et

OECs

Phase | completed

Minocycline m'fgﬁg::qar:qlgg?mrzzagigo' improvement in cervical patients improvements. al., 2021; Griffin and
Neuroprotection yresp Bradke, 2020)
Prevents excitotoxicity as a - .
- Lack of statistical (Badhiwala et al., 2018;
Gacyclidine NMDA regeptor Phase 11 completed significance Griffin and Bradke, 2020)
antagonist
. - . (Badhiwala et al., 2019;
Riluzole Prevents excitotoxicity asa | Phase | completed, showing Phase I1B/111 unfinished | Griffin and Bradke, 2020;
sodium-channel blocker increased recovery
Grossman et al., 2014)
Inhibitory .
. - . i . S Phase | completed; ongoing phase . (Kucher et al., 2018;
_ signaling Anti-Nogo-A Blocking of growth inhibitor " Efflcacy_ not demonstrated Z6mer and Schwab, 2010)
interference in humans
Intrinsic . _ . . Phase I/1la completed showing Interrupted phase Hb/111, (Fehlings et al., 2011,
modulation Cethrin Inhibitor of Rho signalling increased recovery lack of efficacy Griffin and Bradke, 2020)
Autologous Myelination, structural (Assinck et al., 2017; Gant
g Y ' . Phase | completed Axons fail to surpass graft etal., 2021; Griffin and
Schwann cells support and factor secretion
Bradke, 2020)
Cell-based Structural support and factor (Badhiwala et al., 2019; Li

Unclear efficiency

secretion etal., 2015)
Autologous MSCs Immunomodulz_atory, Tactor Phase 111 completed Very limited success rate (Chioetal,, 2021; Oh et
secretion al., 2016)

Combinatorial

Nerve graft
and aFGF-fibrin
glue

Structural support,
permissive substrate and
axon growth

Phase I/11 completed showing
recovery

Only modest recovery

(Cheng et al., 2004; Wu et
al., 2011, 2008)

Electrical
stimulation

Functional electrical
stimulation

Increases cell excitability

Initiated phase 111

Difficulties in parameter
selection

(Badhiwala et al., 2019;
Marquez-Chin and
Popovic, 2020)

Table 2. Selection of the principal proposed therapies for SCI injury reaching clinical trials. In most of the trials patients also received or had previously received
rehabilitation due to its widespread application (Griffin and Bradke, 2020). Most of the information about research stage was obtained from (Griffin and Bradke, 2020).
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4.2. Activity-based therapies and underlying molecular mechanisms

Sensory experience can broadly modify CNS circuitry both during development and adulthood,
a capacity termed neuroplasticity (Dunlop, 2008). During development, neuronal activity guides
the formation of new connections, as well as the maintenance or elimination of others, while in
the adult brain it also promotes reorganization (Carulli et al., 2011; Jamann et al., 2018).
Importantly, while some degree of spontaneous plasticity occurs after CNS injury, this plasticity
can be further reinforced with activity-based therapies, enhancing recovery in patients, and
representing today the most effective treatment after SCI (Carulli et al., 2011; Griffin and Bradke,
2020). While not completely understood, the current knowledge on the molecular and cellular

mechanisms responsible for the success of these therapies is summarized below.

4.2.1.Activity-dependent plasticity

Neuronal activity has long been known to regulate gene expression (Flavell and Greenberg, 2008;
West and Greenberg, 2011), and neuronal activity-triggered plasticity may result partly from this
regulation (Carulli et al., 2011; Hogan et al., 2020) (Figure 12).
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Figure 12. Activity-regulated molecular mechanisms. The transcription of several genes has been shown
to be modulated by neuronal activity, which also induces important epigenetic changes, as well as DSBs,
both of them further contributing to gene expression alterations upon neuronal activity.

During neuronal activity intracellular Ca?* levels increase, which eventually promotes gene
transcription due to the Ca**activated molecular mechanisms (Carulli et al., 2011). A series of
immediate early genes, including Arc, Npas4, Egr4 or c-Fos are expressed in response to these
changes (Hogan et al., 2020). The activity-induced gene expression of these genes is mediated by
other prevailing transcription factors, and of them, CREB has repeatedly been implied in plasticity
(Carulli et al., 2011; Yap and Greenberg, 2018). Importantly, BDNF, one of the most described
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neurotrophins to induce axon regeneration, is drastically up-regulated by neuronal activity
(Flavell and Greenberg, 2008), which regulates not only its expression but also other processes
such as its secretion (Hogan et al., 2020; Palomer et al., 2016; Wong et al., 2015; Zhou et al.,
2006). Finally, neuronal activity also modulates processes that have a final effect on gene
expression, as it impacts chromatin state (Su et al., 2017), and provokes DSBs, which induce
transcription (Madabhushi et al., 2015). Moreover, a recent study showed that increased
proprioceptor activity resulted in augmented histone acetylation via Creb-binding protein (Chp),
leading to a pro-regenerative state in these neurons (Hutson et al., 2019). Research has also shown
that gene expression is differently regulated depending on the duration of neuronal activity
(Tyssowski et al., 2018) as well as on its temporal cadence, including some genes associated with
growth (Lee et al., 2017).
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= 5 Figure 13. Different forms of plasticity may be elicited
by activity-based therapies. Activity-based therapies
may induce recovery through different forms of plasticity
depending on the characteristics of the stimulation. The
stimulation of injured fibers (1) can result in regeneration
promotion or either in the generation of detour circuits,
while activation of intact fibers (2) may promote their
sprouting. In turn, the modulation of spinal circuits (3)
seems to induce local circuit excitability and plasticity.

Finally, paired stimulations (4) promote the
4. um strengt_hening of the _precise connection. Adapted from

TG, (Courtine and Sofroniew, 2019; Jack et al., 2020).
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Activity-based strategies try to activate these mechanisms in order to promote recovery in SCI,
and the final success may result from several different forms of plasticity (Figure 13). Importantly,
although activity-based therapies comprise different strategies, all of them with a final increase
in neuronal activity, they differ on its specificity: while general strategies such as rehabilitation
may be modulating other processes, chemogenetic or optogenetic techniques allow to selectively
tailor neuronal activity with temporal and cellular specificities never achieved before (Deisseroth,

2015; Sternson and Roth, 2014). Therefore, despite greater success of the first therapies in
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patients, these novel approaches grant to better identify the responsible mechanisms while

allowing a fine tailoring of the same.
4.2.2.Rehabilitation

Rehabilitation strategies are based on increasing activity through physical activity, and while they
have shown important success in patient recovery, the exact molecular basis are far from
understood (Bilchak et al., 2021; Fouad and Tetzlaff, 2012; Harkema et al., 2012). Exercise
contributes to the sprouting of serotonergic axons, resulting in increased recovery (Engesser-
Cesar et al., 2007; Goldshmit et al., 2008). Moreover, exercise also contributes to recovery as it
promotes the formation of contacts between injured corticospinal fibers and other intact fibers,
generating detour circuits to overcome the injury (Loy et al., 2018). This was further confirmed
with studies combining rehabilitation with pharmacological and electrical stimulation of the
spinal cord in which the injured CST recovered its function by forming connections with
uninjured tracts (Asboth et al., 2018; VVan Den Brand et al., 2012).

Rehabilitation also seems to increment the plasticity of the local circuitry and the synapsis below
the injury, as shown by increases in the synaptic markers synapsin |, synaptophysin, vesicular
glutamate transporter 1 (vGlutl) and postsynaptic density protein-95 (PSD-95) (Goldshmit et al.,
2008; Sanchez-Ventura et al., 2021; Wang et al., 2015; Ying et al., 2005). BDNF is increased by
exercise in the injured spinal cord, and is a clear candidate to be mediating these effects, together
with other forms of plasticity (Bilchak et al., 2021; Wang et al., 2015; Ying et al., 2005). CREB
also experiences an exercise-induced increase, which may be a consequence of the BDNF
interaction with its receptor, TrkB (X. Li et al., 2020; Ying et al., 2005). Exercise promotes
increases in other trophic factors as well, such as NT-3 or GDNF, however, their role in promoting
recovery remains unclear (Coté et al., 2011; Ying et al., 2005). Exercise has also been shown to
modulate neurotransmission in the spinal networks, as it affects serotonergic receptor expression,
increasing spinal cord excitability, and prevents the downregulation of the chloride transporter
KCC2, aiding GABAergic and glycinergic neurotransmission (Beverungen et al., 2020; Bilchak
etal., 2021).

Finally, rehabilitation has also shown to have an effect on the injury environment: exercise
prevents a decrease in perineuronal nets (PNN), formed of extracellular matrix, and decreases
astrogliosis and the immune cell response (Chhaya et al., 2019; Loy et al., 2018; Sanchez-Ventura
et al., 2021; Sandrow-Feinberg et al., 2009).

While many studies make use of exercise to induce activity, enriched environment also results in
increased sensorial activity, providing another tool to explore the effect of activity-based therapies

in mice. Accordingly, enriched environment enhances recovery and regeneration through activity-
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dependent epigenetic alterations, specifically, histone acetylation is increased as a result of Cbp
activity (Berrocal et al., 2007; Hutson et al., 2019). Interestingly, the combination of enriched
environment with a conditioning injury elicited a stronger regenerative state in neurons than both
approaches individually, suggesting the different induced mechanisms act in an additive manner
(De Virgiliis et al., 2020).

4.2.3.Electric stimulation

While rehabilitation allows to modulate only physiologically a very restricted number of neural
networks, electrical stimulation permits a fine tuning of the stimulation parameters in a broad
spectrum of fibers (Hogan et al., 2020). Electrical stimulation has been largely studied as a
treatment for SCI, promoting different strategies depending on its use (Jack et al., 2020).

One of the most used strategies relies on modulating the spinal circuitry present beyond the injury
through epidural stimulation, intraspinal microstimulation or transcutaneous stimulation (Jack et
al., 2020). This approach has shown important success, especially when the stimulation is refined
spatiotemporally with locomotor activity recordings (Capogrosso et al., 2016; Wenger et al.,
2016, 2014). While not completely understood, the basis for this success likely depend on the
induced plasticity in the spinal networks, which can result in reinforced proprioceptor-motor
neuron connections, rearrangement of propriospinal networks and error correction circuitry
adaptations (Eisdorfer et al., 2020).

Paired electrical stimulation has also been used after SCI, an approach that relies on activating
separately but at the same time two neurons in the same circuit, intensifying the connection (Jack
et al., 2020). This strategy has shown to promote recovery in rodents, primates and even in
patients, and more importantly, these effects may persist weeks after the stimulation (Long et al.,
2017; McPherson et al., 2015; Mishra et al., 2017; Wagner et al., 2018).

Conversely, other studies use electrical activity with the final goal of triggering regeneration-
associated pathways and inducing sustained axonal growth, trying to emulate what happens in the
PNS or during development (Jack et al., 2020; Jara et al., 2020). Electrical stimulation enhances
regeneration of peripheral axons as well as it increases their GAP43, BDNF and TrkB expression
(Ahlborn et al., 2007; Al-Majed et al., 2004, 2000a). Moreover, conditioning (prior to injury)
stimulation of the peripheral nerve results in enhanced regeneration after injury (even in the
central branch), increasing GAP43, cAMP, BDNF, and CREB levels, similar to the classic
conditioning injury (Goganau et al., 2018; Senger et al., 2019, 2018; Udina et al., 2008). The
observation that neuronal activity is important during development for the proper formation of
neuronal connections (Martin et al., 1999) lead to evaluate the effect of electrical activity on CNS

injuries. Since then, many studies have shown that electrical stimulation of the CST results in
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functional recovery and increased sprouting of this tract (Carmel et al., 2013, 2010; Carmel and
Martin, 2014). Importantly, in this paradigm axon sprouting is dependent on mTOR activity,
while JAK/STAT guides synapse remodeling (Zareen et al., 2018).

Of note, electrical stimulation was also seen to increase glial fibrillary acidic protein (GFAP)
levels, suggesting glial activation (Senger et al., 2019, 2018). These results may point towards
non-neural effects of the electrical stimulation. These unspecific effects have stressed and given
place to the creation and use of cell-specific strategies, such as optogenetics or chemogenetics.

4.2.4.0ptogenetics and chemogenetics

Optogenetics and chemogenetics allow the modulation of neuronal activity in a cell-specific
manner, using either light or the administration of a designer drug (Atasoy and Sternson, 2018;
Deisseroth, 2015). Therefore, both of them are useful approaches to study activity-triggered
molecular mechanisms implicated in recovery after an injury. Figure 14 shows the functioning of

two of the most used optogenetic and chemogenetic proteins.
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Figure 14. ChR2 and hM3Dqg activation. Channelrhodopsin-2 (ChR2) is an optogenetic tool
corresponding to a cationic channel that opens upon illumination with 470nm blue light, leading to Na* and
Ca?* entrance (Rost et al., 2017). In turn, hM3Dq is a designer receptor exclusively activated by a designer
drug (DREADD), derived from a G-protein coupled receptors (GPCRs), that initiates Gqu1 intracellular
responses upon interaction with its specific ligand, clozapine N-oxide (CNO) (Atasoy and Sternson, 2018).
Neuronal expression of these proteins allows to specifically modulate neuronal activity as the activation of
both of these proteins leads to neuronal depolarization. Importantly, as a result of light-triggered activation,
ChR2 presents a higher temporal resolution (Rost et al., 2017).

After PNS injury, stimulating neuronal activity by optogenetic and/or chemogenetic means results
in increased motor neuron regeneration and recovery (Jaiswal and English, 2017; Sala-Jarque et
al., 2020; Ward et al., 2016). Similarly, optogenetic stimulation of the spinal neurons induced
recovery of the respiratory function after SCI (Alilain et al., 2008) and motor function was
likewise ameliorated after optogenetic stimulation of the motor cortex, while NGF, BDNF and

GAP43 were increased (Deng et al., 2021). Several studies have also seen recovery after
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optogenetic stimulation in stroke models, coupled with neurotrophin (BDNF, NGF and NT-3)
and GAP43 increases, sprouting and synapse formation (Cheng et al., 2014; Tennant et al., 2017,
Wahl et al., 2017). Accordingly, one of the first studies using optogenetic stimulation to induce
growth in DRG neurons in vitro also showed increased expression of the assessed neurotrophins
(NGF and BDNF) (Park et al., 2015).

Neuronal activity seems therefore to promote regeneration regardless of the injury or cell-types,
as assessed with optogenetic and chemogenetic tools in other models: neuronal activity was found
to be essential in CST network formation after injury (Bradley et al., 2019), and increasing
neuronal activity in RGC (retinal ganglion cells) induced regeneration after injury (Li et al., 2016;
Lim et al., 2016), an effect also observed in DRG neurons after dorsal root crush (in combination
with ChABC) (Wu et al., 2020). In this last study in vitro experiments showed neuronal activity
did not induce growth over CSPG-coated substrates, which had to be digested using ChABC.
Moreover, they observed that neuronal activity reduced microtubule stability at the axon tip and
induced mTOR activity in the soma (Wu et al., 2020).

5. Cell-to-cell communication after injury

5.1. Cellular dialogues in SCls

As previously stated, many cell types react after a CNS injury and participate in its
pathophysiology. These cells modulate each other through their interactions and molecular
exchanges, thus paving the way for injury progression to other phases (Bradbury and Burnside,
2019; Greenhalgh et al., 2020; Mesquida-Veny et al., 2021) (Figure 15). We recently reviewed
some of the most important cellular interplays in neuronal injury, particularly the ones involving
macrophages, as well as the effect of neuronal secretion on microglial and macrophagic
phenotypes (Mesquida-Veny et al., 2021).

Macrophages and microglia present very plastic phenotypes which shift and adjust depending on
the environment (Milich et al., 2019; Murray et al., 2014), and are thus fundamental players in
cell-to-cell communication after injury. These two cells interact and influence each other, as
microglia increase phagocytosis in macrophages, but instead macrophages reduce this capacity in
microglia (Greenhalgh et al., 2018). Another cell type which has recently described to adjust its
phenotype are astrocytes (Khakh and Sofroniew, 2015; Okada et al., 2018; Sofroniew, 2020).
Indeed, microglia and macrophages modulate astrocytic reactivity, triggering a different bias

depending on their phenotype (Haan et al., 2015; Liddelow et al., 2017; Song et al., 2019; Sonn
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et al., 2019). Moreover, microglial cells are necessary for proper glial scar formation (Bellver-
Landete et al., 2019).
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Figure 15. Summary of relevant cell-to-cell dialogues after CNS injury. Cell communication seems to
have a role in orchestrating the injury progression. However, while some of these dialogues induce repair,
including the production of growth-promoting neurotrophic factors or cytokines, as well as remyelination
induction, others contribute to chronify the injury response. Moreover, the complexity of cellular
interactions occurring after a SCI is increased as a result of the existence of cells with varying phenotypes
(macrophages, microglia and astrocytes), meaning the same cell type may result in opposing functions, as
seen by the astrocytic effect on myelination.

At the same time, activated astrocytes induce increased inflammatory responses through cytokine
secretion while they also have a role in inducing immune cell migration to the injury core, in order
to isolate it from the remaining spared tissue (Faulkner et al., 2004; Okada et al., 2006; Y oshizaki
et al., 2021). Different astrocytic phenotypes have also opposing effects on myelination (Nash et
al., 2011; Y. Wang et al., 2011), while myelination is both enhanced by TNF-a and by pro-
resolving macrophage/microglia phenotypes (Arnett et al., 2001; Miron et al., 2013). Signals from
other cells can also have a direct effect on axonal growth. Therefore, neurotrophic factors
(Dougherty et al., 2000; Pdyhdnen et al., 2019) as well as growth promoting-cytokines (activating
the JAK-STAT pathway) are expressed after injury by other cell types, increasing axon
regeneration (Gensel and Zhang, 2015; Leibinger et al., 2016; Yang et al., 2012; Zigmond, 2012).

In that sense, macrophages were found to be fundamental for the conditioning effect in DRGs, an

56



effect that depended on the neuronal chemokine CCL2, triggering a pro-regenerative phenotype
in macrophages (Biber and Boddeke, 2014; Kwon et al., 2015, 2013; Niemi et al., 2016).

Neurons express several molecules that signal to other cells, specifically neurotrophins, cytokines,
chemokines, neurotransmitters, second messengers, reactive species and neuropeptides (Szepesi
etal., 2018; Tian et al., 2012). The majority of these factors have an effect on modulating the glial
or immune response, as seen with the cytokine transforming growth factor B (TGF-B), an
important regulator of microglial function, similar to the observed effects of NGF and BDNF
(Kerschensteiner et al., 2009; Tian et al., 2012). After injury, neurons adapt their secretome,
mostly seen by alterations in neurotransmitter and chemokine release levels (Biber et al., 2007;
Mesquida-Veny et al., 2021). Glutamate and the purines ATP and UDP are released from neurons
after injury and function as danger signals to microglia, eliciting different responses (Inoue, 2006;
Tsuda et al., 2005). In example, while the purine receptor P2Y6 increases phagocytic responses,
the P2X7 prevents this increase (Fang et al., 2009; Koizumi et al., 2007). However, the most
important messengers from neurons after injury are neuronal chemokines, which will be further

addressed below, as well as their effects.

All these interactions have a final effect on the injury environment and on axon regeneration,
which means they can be modulated to induce recovery. In that direction, activity-based therapies
may also play an important role, as they may be affecting the injury evolution by modifying the
cellular dialogues. Indeed, electrical stimulation induced a repairing program in macrophages
(McLean and Verge, 2016), however, much remains unknown regarding the underlying effects

of these therapies on cell-to-cell communication and its consequences on the repair program.

5.2. Neuronal chemokines

Chemokines are small secreted proteins classically known for their role in migration promotion
(Hughes and Nibbs, 2018). However, since their discovery, these molecules have been described
to participate in many other cellular processes, and are thus fundamental in cell-to-cell
communication in several systems, including the CNS (De Haas et al., 2007; Mesquida-Veny et
al., 2021). Chemokines are divided in 4 subfamilies: CC, CXC, CXsC and (X)C, a division based
on the position of the two pairs of cysteines that maintain the chemokine structure due to the
formation of disulfide bonds (Zlotnik and Yoshie, 2012) (Figure 16). This division is also the
basis for chemokine nomenclature, but many chemokines also have alternative names, as they
were discovered before the establishment of this systematic nomenclature (Hughes and Nibbs,
2018; Zlotnik and Yoshie, 2000). Importantly, as in order to perform their functions chemokines
need to be immobilized close to cells, the interaction of a specific chemokine with GAGs present

in the environment will define spatially and temporally its effects (Monneau et al., 2016).
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Chemokine function is also dependent on trimming and post-translational modifications (Hughes
and Nibbs, 2018).

Chemokines interact with two types of receptors, both of them with seven transmembrane
domains: conventional chemokine receptors (cCCKRs) and atypical chemokine receptors (ACKRS)
(Hughes and Nibbs, 2018) (Figure 16). While cCKRs are G-protein coupled receptors (GPCRs)
that induce intracellular signaling upon chemokine interaction, ACKRs are, despite their
structural similarity with the previous ones, unable to trigger this same signaling (Ulvmar et al.,
2011).
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Figure 16. Chemokines and their receptors. Schematic representation of the different chemokine families
depending on the position of their disulfide bonds. Adapted from (Xue et al., 2019). Chemokine interactions
with cCKRs induce GPCR signaling while ACKRs are best known for their role in chemokine scavenging.
Adapted from (Cancellieri et al., 2013).

Neurons express a great variety of chemokines both during normal conditions and after injury or
insult (De Haas et al., 2007). Indeed, neuronal CX3sCL1 (also termed fractalkine) regulates
microglial function in homeostatic conditions (Williams et al., 2014). After injury, the expression
of several neuronal chemokines is altered with subsequent roles in the pathophysiology of the
injury (De Haas et al., 2007; Mesquida-Veny et al., 2021) (Figure 17).
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5.3. Neuronal chemokines after injury

Unfortunately, several injury-up-regulated neuronal chemokines derive in neuropathic pain, a
pathologic condition originated from injuries in the somatosensory system (Baron et al., 2010;
Mesquida-Veny et al., 2021). These chemokines include CCL1, CCL3 and CXCL10 which
activate microglia triggering pro-inflammatory molecule secretion in the spinal cord (Akimoto et
al., 2013; Chen et al., 2019; Ha et al., 2015; Knerlich-Lukoschus et al., 2011; Sun et al., 2016;
Zychowska et al., 2017). Similarly, CCL7 as well as CXCL13 are also increased in neurons after
injury and trigger astrocyte activation and neuropathic pain (Jiang et al., 2016; Ke et al., 2016;
Wang et al., 2018; Zhang et al., 2016). CXCL13 also participates in inflammatory pain through
increasing neuronal excitability (Wu et al., 2016).

Recent work has elucidated that injured neurons release CCL2, CCL7 and CCL12 in a SARM1-
DLK-cJun/STAT3 dependent manner in response to injury (Hu et al., 2019; Wang et al., 2018).
This mechanism derived in immune cell recruitment and activation as well as neuropathic pain
(Huetal., 2019; Wang et al., 2018). CXCL12 (also named stromal cell-derived factor 1 (SDF1))
also results increased upon neuronal injury, where it has shown to present desirable functions
including axonal regeneration promotion, however, whether these effects derive from neuronal
expression or not remains controversial (Bai et al., 2016; Liu et al., 2019; Luo et al., 2016; Opatz
etal., 2009; Trettel et al., 2019; Wang et al., 2012).
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Figure 17. Upregulated neuronal chemokines after injury. Neurons express a great number of
chemokines after injury, which subsequently affect other cell types present in the injury inducing mainly
neuropathic pain. Despite that, some of these secreted chemokines have been shown to be involved in axon
regeneration.

Another chemokine with important though debatable repercussions after injury is CXsCL1. While

CXsCL1 is normally expressed in neurons and expression alterations after injury remain
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uncertain, the physiologic signalling of this chemokine seems to be disrupted in these situations
(Poniatowski et al., 2017; Sheridan and Murphy, 2013). CXsCL1 is recognized by the receptor
CX3CR1, both in soluble or membrane-bound forms. In general, CX3;CL1 seems to promote pro-
inflammatory signalling after SCI (Donnelly et al., 2011; Kwon et al., 2015). Nevertheless,
neuronal peripheral CXsCL1 recruits CX3CR1 macrophages after peripheral injury, which
produce NADPH oxidase 2 (NOX2)-containing vesicles that activate regeneration-associated
pathways in neurons (Hervera et al., 2018). However, it is still unclear whether this chemokine is
beneficial after SCI, as studies have shown both worsening and improvement in recovery after
the deletion of its receptor (Blomster et al., 2013; Donnelly et al., 2011).

Finally, as previously commented, CCL2 is secreted by neurons after peripheral injury, where it
is essential for the conditioning injury (Kwon et al., 2015, 2013; Niemi et al., 2016).
Mechanistically, and according to its known role, neuronal CCL2 recruits macrophages and then
it shifts them towards a phenotype that, in turn, contributes to neuronal intrinsic pro-regenerative
signalling (Kwon et al., 2015, 2013; Niemi et al., 2016). Importantly, the final effect on neurons
seems to be mediated by neuronal STAT3 (Niemi et al., 2016).

Of note, CCL21 is also upregulated in neurons in response to injury, however the mechanism and
their effects will be further addressed later (Biber et al., 2011; Biber and Boddeke, 2014).

5.3.1.CCL21 and molecular signaling

CCL21 (also named secondary lymphoid-tissue chemokine (SLC), chemokine with 6 cysteines
(6Ckine) or Exodus-2) is an atypical chemokine: while the majority of chemokines present two
pairs of cysteines, CCL21 has 3 pairs in its sequence; moreover, CCL21 exhibits a rarely

elongated C-terminus (Love et al., 2012).

CCL21 is a chemokine best known for its role in immune cell recruitment to lymphoid organs,
where it is constitutively generated (Forster et al., 2008). This process is mediated by the classical
CCL21 receptor: CCRY7, expressed in a several immune cells especially in some dendritic cell
(DC) and T cell subpopulations (Comerford et al., 2013). According to its function, CCR7 is a
GPCR that activates intracellular signaling cascades mainly related to cell migration, but other
cellular processes are also affected by this receptor, such as cell adhesion and survival (Hauser
and Legler, 2016; Rodriguez-Fernandez and Criado-Garcia, 2020).

Many studies have tried to elucidate the molecular mechanisms triggered by CCR7 activation
(Figure 18), most of them in leukocytes (Hauser and Legler, 2016; Rodriguez-Fernandez and
Criado-Garcia, 2020). Upon CCRY7 interaction with the ligand, the mitogen-activated protein
kinase (MAPK) pathway leads to ERK 1/2 and p38 activation, promoting chemotaxis (Riol-
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Blanco et al., 2005). CCR7-induced ERK1/2 may also slightly increment cellular survival (Lépez-
Cotarelo et al., 2015). Meanwhile, survival promotion after CCR7 activation mostly results from
phosphoinositide-3-kinase (PI13K)/Akt inhibition of apoptotic pathways (Escribano et al., 2009;
Sénchez-Séanchez et al., 2004). CCR7 has also a major role in actin cytoskeleton rearrangement,
which underlies its migratory properties (Rodriguez-Fernandez and Criado-Garcia, 2020). In that
case, RhoA is activated, inducing proline-rich tyrosine kinase 2 (Pyk2)- and LIMK-mediated
cofilin inactivation (via phosphorylation), with final effects on actin cytoskeleton dynamics and
polymerization (Bardi et al., 2003; Riol-Blanco et al., 2005; Svitkina, 2018; Torres-Bacete et al.,
2015). Importantly, in this paradigm RhoA may also modulate actin compaction through
activation of myosin light chain (MLC) via ROCK (Agarwal and Zaidel-Bar, 2019; Rodriguez-
Fernandez and Criado-Garcia, 2020; Torres-Bacete et al., 2015).
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Figure 18. CCR7-mediated intracellular signaling. CCR7 activation in leucocytes has been described to
activate the PI3K/Akt pathway promoting cell survival, the MEK/ERK pathway inducing chemotaxis and
affecting as well cell survival, and finally, to modulate the actin cytoskeleton via RhoA and its subsequent
molecular signaling, eventually inducing migration. Adapted from (Rodriguez-Fernandez and Criado-
Garcia, 2020).

Importantly, the chemokine CCL19 is also recognized by CCR7 and presents similar functions to
CCL21 (Forster et al., 2008). Still, these chemokines present different availability, as CCL21 is
preferentially retained to GAG due to its charged C-terminal tail which can also be trimmed to

increase its solubility (Schumann et al., 2010). This characteristic dictates the temporal effect of
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these chemokines: while CCL19 rapidly diffuses, CCL21 is retained and has a prolonged effect,
which also becomes transient after cleavage (Jgrgensen et al., 2018). However, the differences
between CCL21 and CCL19 lie beyond their availability, as they induce a slightly different
signaling upon CCR7 activation. In summary, CCL19 seems to induce more robust GPCR
responses and elicit B-arrestin activation and receptor internalization, while CCL21 results in
diminished effects on the same mechanisms, however, results are not consistent among studies,
probably resulting from slight differences in the distinct cell types used (Hauser and Legler, 2016;
Jargensen et al., 2018).

Finally, CCL21 has also been shown to interact with microglial CXCR3 (Biber et al., 2001;
Rappert et al., 2002) and with the scavenging receptor ACKR4 (also known as CCRL1) (Ulvmar
et al., 2014). CXCR3 is a GPCR that can modulate several intracellular pathways, including the
MAPK and PI3K/Akt, which may lead to cell migration (Billottet et al., 2013). Consistently,
CCL21 promotes chemotaxis in microglial cells through CXCR3 (Biber et al., 2001; Rappert et
al., 2002). Meanwhile, ACKR4 binds to CCL21 and induces its degradation, thereby diminishing
its extracellular content generating gradients for migration (Bastow et al., 2021; Ulvmar et al.,
2014).

5.3.2. Neuronal CCL21

CCL21, which can be carried through axons inside vesicles, is highly expressed in neurons after
injury, as shown after ischemia, nerve injury and SCI (Biber et al., 2011, 2001; De Jong et al.,
2008, 2005; Zhao et al., 2007). Specifically, small-diameter nociceptors (TRPV1" (transient
receptor potential vanilloid receptor 1)) have been shown to be responsible for this secretion
(Biber et al., 2011). Accordingly, activation of the nociceptive spinothalamic tract also results in
elevated CCL21 expression (Zhao et al., 2007).

CCL21 release results in neuropathic pain promotion, as a result of microglial activation and
upregulation of P2X4 (Biber et al., 2011; Piotrowska et al., 2018). Still, while both CXCR3 and
CCR7 can be expressed by microglial cells it is unclear whether they are responsible for
neuropathic pain induction or if this effect results from another possible receptor (Biber and
Boddeke, 2014; Weering et al., 2010). Interestingly, CCL19-CCL21 deficient mice (plt mice)
show reduced numbers of pro-inflammatory immune cell phenotypes as well as decreased TNF-
a after SCI, further contributing to a plausible role of CCL21 in neuroinflammation (Honjoh et
al., 2019).

Of note, as another example of cell-to-cell communication, in the presence of tumor cells neurons
release CCL21 which induces migration in these cells as well as cancer-associated pain which

relates to increased neuronal plasticity (Hirth et al., 2020).
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However, to this day much remains unknown about the role of CCL21 in the nervous system.

Figure 19 depicts the described CCL21 functions in this paradigm, as well as others of interest.
5.3.3. CCL21 on other paradigms

As commented, the most studied role of CCL21 remains to induce migration of immune cells,
which has raised interest to study the effect of this chemokine in autoimmune diseases.
Accordingly, CCL21 is decisive in the course of diseases such as multiple sclerosis and
rheumatoid arthritis, affecting both the generation of pathogenic T cells as well as in promoting a
detrimental phenotype in macrophages (Kuwabara et al., 2009; Van Raemdonck et al., 2020).
Also in relation to its classical role, CCL21 is implicated in lymph node metastasis, as tumoral
cells may be recruited by this chemokine, however, protective effects have also been observed
due to its capacity to mobilize immune cells (Poeta et al., 2019; Rizeq and Malki, 2020).
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Figure 19. Summary of relevant described roles for CCL21. CCL21 is expressed in a great variety of
tissues, where it can interact with different cells and exert differential functions.

However, beneficial effects have also been described, as administration of CCL21 has been shown
to promote wound healing after transplant of MSC in skin (Sasaki et al., 2008), and after cartilage
injury, an event that occurs spontaneously in young animals (Joutoku et al., 2019). Similarly,

CCRY and its ligands promote arteriogenesis (Nossent et al., 2017).

Altogether, these studies highlight the plethora of different roles the chemokine CCL21 presents

in distinct paradigms and cell types. Nevertheless, despite the existence of several reports

63



Introduction

describing CCL21 increases after neuronal injury (Biber et al., 2011, 2001; De Jong et al., 2005;
Zhao et al., 2007), and the presence of its receptors in the nervous system (Biber et al., 2001,
Kuwabara et al., 2009; Rappert et al., 2002), the effect of this chemokine on neurons has not

received much attention.
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Despite many efforts, treatments for SCI still yield poor advances in terms of recovery. This fact,
together with the heterogeneity of spinal cord lesions, as well as their subsequent different
outcomes in patients, further stresses the need for a better molecular and cellular characterization
of the injury and their distinct therapies, as research has shown customized-therapies may be key
in this field.

In that direction, while activity-based therapies have become one of the most common strategies
due to their relative success as well as their viability, a fine description of their working
mechanisms as well as their physiological consequences is still missing. As previously stated,
some studies with electrical stimulation and/or exercise have started to elucidate the rationale
behind these therapies (as in (Al-Majed et al., 2004; Goganau et al., 2018; Goldshmit et al., 2008;
Wang et al., 2015; Ying et al., 2005) among others), however, the lack of spatial and cellular
specificity of these strategies derives in an impossibility to discern the effects of the different

circuits and cellular actors.

It is now well established that regeneration failure in the adult CNS, and therefore, after a SCI, is
originated by both an intrinsic neuronal growth-brake, as well as extrinsic adverse conditions
(Bradbury and Burnside, 2019; Mahar and Cavalli, 2018; Mesquida-Veny et al., 2021).
Interestingly, neuronal activity, the foundation of activity-based therapies, may affect both.

Neuronal activity has been shown to broadly modulate gene expression at several levels (Flavell
and Greenberg, 2008; Hogan et al., 2020). Meanwhile, other approaches inducing profound
transcriptional and epigenetic alterations, such as the conditioning injury, have shown to robustly
promote a recapitulation of the neuronal growth capacities (Curcio and Bradke, 2018). In parallel,
as neuronal activity-triggered molecular modifications may also affect neuronal cues (Bilchak et
al., 2021; Chivet et al., 2014; Wong et al., 2015), molecular dialogues between neurons and other
cells might be affected as well. In this regard, as cell-to-cell communication is fundamental in the
evolution of the injury (Bradbury and Burnside, 2019; Greenhalgh et al., 2020; Mesquida-Veny

et al., 2021), neuronal activity may also be affecting this process.

Having said that, the general objective of this thesis was to study the role of neuronal activity in
SCI in order to understand the neuronal-specific mechanisms triggered by activity-based
therapies. Particularly, we hypothesized that neuronal activity was the main actor in activity-based
therapies, and that it could promote 1) axonal growth in the directly stimulated neurons,
recapitulating a pro-regenerative state, and 2) alterations in neuronal communication with
consequences in the injury environment and in the final regeneration. In that direction, we used
optogenetic and chemogenetic tools to manipulate neuronal activity with cellular specificity and
to determine its impact regarding these two premises. The different aspects of our hypothesis are

investigated in the two chapters of this thesis:
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- Chapter 1. Effects of neuronal activity modulation on axonal growth

- Chapter 2. Role of neuronal activity in cell-to-cell communication after injury.

In this chapters, the specific objectives of this thesis were:
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Chapter 1:

-Objective 1. To study the direct effect of neuronal activity modulation on axonal

growth in regenerating-capable systems.

-Objective 2. To study the direct effect of neuronal activity modulation on axonal

growth in non-regenerating systems.

Chapter 2:

-Objective 1. To study the role of neuronal activity in the modulation of the injury

environment.

-Objective 2. To study an indirect effect of neuronal activity on regeneration: CCL21

and its neuronal impact.
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Materials and methods

Mice

Wild type (WT) C57BL/6J and OF1 pregnant females were purchased from Charles River
Laboratories and B6.Cg-Tg(Thyl-COP4/EYFP)18Gfng/J (Thyl-ChR2) (Arenkiel et al., 2007)
were purchased from Jackson Laboratories. PV-Cre/Ai27D/CSP-Flox (PV-ChR2-mCherry) mice
were obtained from Dr. Rafael Fernandez Chacon (Instituto de Biomedicina de Sevilla). Animals
were used at the age of 6-10 weeks. In all surgeries mice were anaesthetized with inhaled
isofluorane (5% induction, 2% maintenance). Animal work was performed under the approval of
the Ethics Committee on Animal Experimentation (CEEA) of the University of Barcelona, under
the procedures C-0007, 276/16, 47/20, and OB41/21.

Dorsal root ganglia (DRG) neuronal culture

C57BL/6J or Thy1-ChR2 adult animals were used in these experiments. The vertebral column of
sacrificed mice was exposed ventrally and then removed, revealing the spinal cord and the dorsal
roots. The DRGs were then isolated, soaked in ice-cold Hank’s balanced salt solution (HBSS)
(ThermoFisher Scientific), and incubated for 45min in a solution containing 5mg/ml Dispase Il
(Merck) and 2.5mg/ml Collagenase Type Il (ThermoFisher Scientific) in DMEM (Dulbecco's
Modified Eagle Medium) (ThermoFisher Scientific) at 37°C. The enzymatic digestion was
inactivated by removal of the solution and posterior addition of fresh media containing FBS (Fetal
Bovine Serum) (ThermoFisher Scientific) (DMEM/F-12 media (ThermoFisher Scientific) + 10%
FBS and 1X B27 (ThermoFisher Scientific)). The DRGs were then manually disgregated by
pipetting. Single cells were centrifuged and resuspended in DMEM/F-12 media with 1x B27 and
penicillin/streptomycin (P/S) (ThermoFisher Scientific), and seeded in glass-coverslips, in 48-
well plates (3000-4000 cells/well-coverslip), or in 24-well plates (6000-8000 cells/well). Cell
substrates had been previously coated with poly-D-lysine (Merck) (0.1mg/ml) for 2h at 37°C and
laminin (Merck) (2 pg/ml) at RT (room temperature) O/N (over-night). When needed, coverslips
were incubated with 20 pug/ml chondroitin sulfate proteoglycans (CSPGs) (Merck) for 2h at 37°C
after the laminin coating. Cells were maintained at 37°C in a 5% CO. atmosphere and fixed at

24h unless specified.

Neuronal cortical culture

OF1 pregnant females at embryonic day E16.5 (E16.5) were acquired and primary cortical
neurons were obtained from mice embryos at that embryonic day. The brain was dissected in ice-
cold 0.1M phosphate-buffered saline (PBS) (ThermoFisher Scientific) + 6.5 mg/ml glucose
(Merck) and the meninges were removed. Cortices were isolated, chopped at 300pum and

incubated with trypsin (ThermoFisher Scientific) at 37°C 15min. Normal horse serum (NHS)
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(ThermoFisher Scientific) was added for inactivation and the cell suspension was then
mechanically digested in 0.1 M PBS with 0.025% DNAse (Roche). The cells were then plated in
poly-D-lysine (0.1mg/ml, 2h 37°C) pre-coated plate-bonded microfluidic devices (200.000
cells/device) in culture medium (Neurobasal medium (ThermoFisher Scientific), 2mM glutamine
(ThermoFisher Scientific), 6.5mg/ml glucose, NaHCO3; (Merck), P/S, 1X B27 and NHS 5%).
Neuronal cultures were kept at 37°C in a 5% CO; atmosphere. Media was renovated every 2-3
days and NHS was added only during the first day in vitro (DIV) to avoid proliferation of non-

neuronal cells.

Microfluidic devices

For microfluidic device production, a master of the design was fabricated at IBEC Microfab Space
facilities using standard photolithography. Soft lithography allowed to produce
poly(dimethylsiloxane) (PDMS) (Dow) devices, which were then coupled to glass-bottom
substrates by oxygen plasma treatment. The PDMS chips allowed to isolate axons from the
neuronal bodies as a result of their design, which was an adaptation of a previously published
device (Taylor et al., 2005). In the device, four 7mm diameter exterior wells allowed to introduce
cells and media and were communicated in pairs through two long compartments. These two
compartments corresponded to the cell body and the axonal compartments respectively. 100
annexing microchannels (10um x 10pm x 900um) allowed the axons to cross from the cell body
to the axonal compartments. Axotomies were performed by vacuum aspiration of the axonal

compartment.

In vitro viral infection

For ChR2 expression, primary cortical neurons were infected with either laboratory-generated
LV-EF1a-hChR2(H134R)-EYFP-WPRE ~ (LV-ChR2), or commercial ~AAV9-hSyn-
hChR2(H134R)-EYFP (AAV-ChR2) (Addgene). In the case of LV-ChR2, the LV was added to
the media, at 4 DIV and 24h later media was changed. The exact viral volume varied among
production batches, and had to be determined on each of them. Infection levels were detected by
YFP fluorescence, and were high at 7DIV. For AAV-ChR2 infection, cells were infected with 1l
of AAV-ChR2 at 1DIV for 72h. High fluorescence levels could also be observed at 7DIV.

In vitro optical stimulation

For in vitro optogenetic stimulations DRG neurons were obtained from adult Thy1-ChR2 animals,

while primary cortical neurons were obtained from WT embryos and infected with either LV-

72



Materials and methods

ChR2 or AAV-ChR2 as previously stated. The optogenetic illumination system consisted of a
homemade (Sala-Jarque et al., 2020) LED array of 470nm (LuxeonRebelTM), powered by a
Driver LED (FemtoBuck, SparkFun) of 600mA. Pulses were constructed by a pulse generator
(PulsePal, OpenEphys) (Siegle et al., 2017). 20Hz frequency pulses (5-45ms pulses) (unless
specified) in trains of 1s ON-1s OFF during 1h were used as stimulation pattern. Cortical neurons
were illuminated at a certain day of culture or at different post-axotomy times while DRG neurons
were illuminated 2h after plating.

Drugs and other administered compounds

CNO (Tocris, 5mg/kg/day i.p.), capsaicin (Merck, 100ug/ml i.pl.), CCL21 (Peprotech, 1nM,
10nM, 50nM in vitro; 100ng/sciatic nerve in vivo/ex vivo), NBI-74330 (Tocris, 20ug/sciatic nerve
ex vivo), aCCR7 blocking antibody (R&D systems, 2-5ug/ml), immunoglobulin (Ig) G Rat
(Merck, 2-5ug/ml), CCL19 (Peprotech,1 nM, 10nM, 50nM), Pertussis toxin (Merck, 50ng/ml),
U0126 (Promega, 1uM), Wiskostatin (Merck, 1 pM).

For in vitro experiments, all compounds were added the day of culture (2h after seeding) and cells
were fixed 24h later unless specified. The CCR7-blocking antibody as well as the other inhibitors

were added 30min before CCL21 to ensure their effect.

Sciatic nerve crush (SNC)

The skin was precisely perforated in the lower back area and the sciatic nerve was exposed after
breaching the gluteus maximus and the biceps femoralis by blunt dissection. The nerve was
hooked, immobilized and crushed using thin tweezers 2x10s orthogonally. 24h after the SNC the
sciatic nerve and the sciatic DRGs (L4, L5, L6) were extracted and processed as needed, unless

specified.

In vivo chemogenetic stimulation

WT C57BL/6J mice received injection of 1pl of the commercial adeno-associated virus AAV5-
hSynhM3D(Gqg)-mCherry or the control virus AAV5-hSyn-mCherry (Addgene) in the sciatic
nerve and 4-5 weeks were waited for viral expression prior to the experiment. Chemogenetic
stimulations consisted of two intraperitoneal (i.p.) injections of CNO (Clozapine N-oxide) at
5mg/kg per day. In peripheral injury experiments, CNO injections were performed before the
injury and lasted 4 days. The last day of injection coincided with the injury day. In the case of

central injury, the stimulation period was from 3 days post-injury (DPI) until 9DPI.
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CST and dorsal columns axotomy

Mice were anaesthetized and their thoracic vertebral column was exposed upon an incision
between the shoulder blades. The T9 vertebrae and the dura mater were removed. To axotomize
the CST, a lateral injury was performed in the spinal cord with a scalpel leaving approximately
25% of the tissue intact laterally. For dorsal column axotomy (DCA), fine forceps were used to
hemisect dorsally the spinal cord until the central canal. Animals were allowed to recover for 7d
after CST and 3d after DCA before starting stimulation protocols.

In vivo optical stimulation

Thy1-ChR2 transgenic mice were used for optogenetic stimulation experiments. A region of the
motor cortex (M1) responsible for hindlimb innervation was selected and tested for effective
motor activation prior to stimulation experiments. In the resulting coordinates (—1mm antero-
posterior and 1.5mm lateral of bregma), a cannula containing an optic fiber (1.25mm, 0.22 NA,
Thorlabs) was inserted at 0,5mm deep and was attached to the skull with two screws and dental
cement. The optic fiber was connected to a LED source (Thorlabs) and to a pulse generator (Pulse
Pal, Open ephys) (Siegle et al., 2017) which allowed for precise frequency and train delivery.
470nm blue light was delivered for 1h at 10Hz (10-90ms pulses), in 1SON-4sOFF periods on a
daily basis for optical stimulation. This procedure was repeated from days 7 to 11 DPI and from
14 to 18 DPI. Animals were then allowed to recover and their sensorimotor function evolution
was assessed. Non-stimulated animals underwent surgery for fiber-optic implantation but did not

receive illumination.

Behavioral assessment of sensorimotor function: gridwalk and Basso Mouse Scale (BMS)

tests

BMS assessments consisted in grading mice while freely moving using the BMS scale (Basso et
al., 2006). Using this scale, the final punctuation depends on, in brief, their hindlimb ankle
movement, paw placing, stepping, coordination, trunk stability and tail position, and is ranged
from O (totally impaired locomotion) to 9 (healthy mice). For the gridwalk test, animals were
filmed while crossing a 50cm-long plastic grid of 1 x 1 cm holes, three times on each time-point.
The number of missteps and the total number of steps was blindly computed. Sensorimotor
evaluations were performed at -1, 1, 7, 14, 21, 28 and 35 DPI for CST injuries and at -1, 1, 3, 7,
10, 21 and 28 DPI for DCA.
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Anterograde tracing of injured spinal cords

Animals with injured CST received injection of a fluorescent tracer (10% Dextran AlexaFluor
594, ThermoFisher Scientific) at 35DPI into the motor cortex to trace the stimulated CST, using
the same coordinates than for optical stimulation. A total of 1ul was injected at a 0.2 pl/minute
rate, and 5 additional minutes were waited before needle extraction to avoid liquid spillage. Mice
were perfused 5 days later.

Injured CST retrotracing and tissue processing for flow cytometry

At 35DPI mice were anesthetized, their injured spinal cord was exposed and, in order to stain the
regenerating neurons, a fluorescent retrotracer (FluoroGold (2%, 1 ul) (Santa Cruz) or Cholera
Toxin Subunit B AlexaFluor 647 (CTB-647) (2 pg/ul; 1 pl) (ThermoFisher Scientific) was
injected into the spinal cord using a stereotaxic frame 0.3mm below the injury site, in the centre
of the spinal cord at 470um deep. 5 days after the injection these animals were cervically
dislocated and their brains extracted. The stimulated area in the motor cortex was dissected using
a 2mm diameter punch in ice-cold EBSS (ThermoFisher Scientific), and the inferior white matter
was discarded. Two samples from different mice were pooled at this point in order to obtain
enough tissue. Samples were processed following an adaptation and combination of previous
protocols (Arlotta et al., 2005; Catapano et al., 2001; Saxena et al., 2012). Samples were
enzymatically digested in 0.05mM (2R)-amino-5-phosphonovaleric acid (APV) (Merck), 0.8mM
kynurenic acid, 5% trehalose, 15mg/ml papain and 0.016ug/pl L-cys-HCI in EBSS for 15min at
37°C. DNase was then added for 5 more minutes (37°C). After that time, a solution containing
0.05mM APV, 0.8mM kynurenic acid (Merck), 5% trehalose (Merck) and 10mg/ml ovomucoid
(Merck) in EBSS was added to stop the digestion. The samples were then centrifuged at 100g for
10min, the supernatant discarded and the pellet resuspended with the same solution than in the
previous step. After dissociating mechanically by pipetting, the debris was eliminated using a
40um strainer, and DMEM/F-12 media containing 5% of trehalose, 0.05mM APV and 0.8mM
kynurenic acid was added to the solution. This mixture was poured on a 20% Percoll solution
(Merck) and centrifuged 10min at 600g. The resulting pellet was resuspended in supplemented
DMEM/F-12 media, centrifuged again to eliminate Percoll and finally resuspended in the same

media.

Fluorescence activated cell sorting (FACS) of regenerating neurons

Cell suspensions were stained with Hoechst and propidium iodide. Gating strategies were
previously optimized and allowed to select non-aggregated nucleated live cells. ChR2-

eYFP*/CTB-647* labelled cells were finally collected using a FacsAria Fusion sorter. These
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experiments were performed at the Centres Cientifics i Tecnologics Universitat de Barcelona
(CCiTUB).

Cytokinome quantification

The levels of 40 cytokines in stimulated and non-stimulated injured spinal cords were detected
using the Proteome Profiler Mouse Cytokine Array Kit, Panel A (R&D). For that, Thyl-ChR2
mice were injured and stimulated with the previously explained protocol since day 7 post-injury,
for a total of 5 days. The day of the last stimulation (corresponding to 11DPI), their injured spinal
cords were dissected, sliced and homogenized. The resulting samples were processed as specified
by the suppliers of the Kkit.

The same Array kit was used for cytokine detection in the case of CCL21-treated naive and injured
sciatic nerves. CCL21 (100ng) or vehicle were injected into the sciatic nerve (injured or sham)

and 24h later the nerves were dissected and processed as specified by the suppliers.

Intensity measurements were obtained with the help of the Protein Array Analyzer for Imagel
(macro: http://rsb.info.nih.gov/ij/macros/toolsets/Protein Array Analyzer.txt; G. Carpentier
(2010)), then normalized with each intrinsic reference spot and finally to the non-stimulated or
sham vehicle group respectively. Inconsistent as well as almost non-detectable cytokines were

excluded from the analysis.

Chemokinome quantification

The levels of 25 chemokines were measured from stimulated and non-stimulated DRG culture
media using a Mouse Chemokine Array C1 (RayBiotech). Thyl-ChR2 DRG neurons were
cultured as previously explained and optically stimulated 2h after seeding. 24h later the media

was recovered and processed as specified in the array instructions.

The Protein Array Analyzer for ImageJ (macro: http://rsh.info.nih.gov/ij/macros/toolsets/Protein
Array Analyzer.txt; G. Carpentier (2010)) was used for intensity measurements, which were
normalized to each reference spot and then to the non-stimulated group. Variable as well as really-

low expressed chemokines were not included in the analysis.

Capsaicin administration

10pl of capsaicin (a stock solution of 0.1g/ml in ethanol was diluted 1:1000 in PBS + 10% ethanol)
or vehicle were injected intraplantally (i.pl.) into WT mice. 2h later the DRGs of these animals

were dissected and fixed for posterior analysis.
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Local delivery to the sciatic nerve

Same procedure used in SNC was used to immobilize the sciatic nerve for local administration of
compounds or viruses to the sciatic nerve. 1 or 2 pl depending on the solution were then injected
into the nerve using a 32G Hamilton syringe. When combined with SNC, the crush was performed
prior to the injection, and the injection was performed 5mm rostrally to the crush site.

Ex vivo DRG cell culture

For ex vivo DRG cultures, a solution was injected in vivo in the sciatic nerve as explained and 24h
later the sciatic DRGs (L4, L5 and L6) were obtained and digested for DRG neuronal culture as
previously detailed.

Bone-marrow derived macrophages (BMDM) culture

The bone marrow from femurs of WT mice was extracted after washing the inside of the bone
with HBSS inserted through a 25G needle. The resulting bone marrow was then mechanically
disgregated and centrifuged at 600g for 10min. BMDM cells were seeded in non-treated plastic
petri dishes and maintained in DMEM/F-12 supplemented with 10% FBS, 1% glutamine, 1% P/S
at 37°C in a 5% CO, atmosphere. The necessary macrophage-colony stimulating factor (M-CSF)
for differentiation was supplied through addition of 20% of L929-cell conditioned media
(LCCM). Culture media was changed every two days and cell differentiation was completed at
7DIV. The cells were then detached, replated for the necessary experiments and maintained
without LCCM.

LCCM production

L-929 (ATCC) cells were maintained in DMEM/F-12 supplemented with 10% FBS, 1%
glutamine and 1% P/S. When confluent, media was recovered and cell debris was eliminated
through centrifugation. The resulting media corresponded to LCCM used at 20% in BMDM

cultures.

Conditioned media experiments

BMDM were treated with CCL21 50nM or vehicle for 24h. Media was then changed, and the
cells were allowed to grow for 24 additional hours. The media was then recovered and

concentrated using 10k Amicon® Ultra 0.5 mL Centrifugal Filters (Merck). Resulting
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concentrated media were then pooled in pairs and added to DRG cultured neurons 2h after

seeding. Neurite outgrowth was analysed 24h later.

Quantitative real-time PCR

RNA was extracted from both cultured cells and fresh tissues using the RNeasy Mini Kit (Qiagen)
according to the kit instructions. 600-1000ng of RNA were then used for cDNA production using
the SuperScriptTM 1l Reverse Transcriptase (ThermoFisher Scientific). LightCycler SYBR
Green (Roche) was used for real-time gPCRs, which were conducted using a StepOnePlus real-
time PCR (Applied Biosystems). Technical replicates were performed for each sample. The Cts
and posteriorly the 2724t were determined for each gene, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) (housekeeping gene) was used for normalization in each sample. Used

primers are shown in Table 4.

Immunocytochemistry

Ice-cold 4% paraformaldehyde (PFA) was added to the cells for fixation and was incubated 15
min at 4°C. The fixative was discarded and, after several PBS washes, blocking solution (1%
bovine serum albumin (BSA), 0.25% Triton X-100 in PBS 0.1M (PBS-0.25% Tx)) was added for
1h at RT. The cells were then incubated O/N at 4°C with primary antibody in the same solution
and the following day, washed with PBS-0.25% Tx and incubated 1h with fluorescence-

conjugated secondary antibodies at RT. Hoechst was used to stain cell nuclei when needed.

Tissue processing for immunohistochemistry

To obtain IHC samples, mice were transcardially perfused with cooled 4% PFA. The brain, the
spinal cord, sciatic nerves and/or the DRGs were extracted and post-fixed for 24 more hours in
PFA 4% at 4°C. The DRGs and the sciatic nerves were directly extracted and fixed in cooled 4%
PFA for 2h whenever only these tissues were needed. Tissues were then transferred to 30%
sucrose in PBS for cryoprotection. Spinal cords, sciatic nerves and DRGs were frozen within
blocks of tissue freezing medium and 10 um (for DRGs) or 18um (for spinal cord) slices were
obtained using a cryostat (Leica CM 1900). Brains were frozen without prior embedding and
30um slices were obtained using a freezing microtome (Leica SM 2000R) and kept in
cryoprotection solution (30% glycerol, 30% ethylene glycol, 40% PBS). In the case of whole-

mount staining, the cryoprotection step was skipped and the tissues were maintained in PBS 0.1M.
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Immunohistochemistry

Free floating brain slices were washed in PBS 0.1M and blocked for 1h in 0.2% gelatin, 10%
FBS, 0.2M glycine and 0.5% Triton X-100 in PBS 0.1M at RT. A solution with 0.2% gelatin, 5%
FBS and 0.5% Triton X-100 in PBS 0.1M was used for primary antibody incubation, O/N at 4°C.
After washing with PBS0.1M-0.5% Triton X-100, fluorescent secondary antibodies were
incubated in the previous solution. Slices were then washed and incubated with Hoechst in PBS
0.1M and mounted with Mowiol™,

Cryostat DRG, sciatic nerve and spinal cord slices mounted on slides were washed in TTBS (TBS
(Tris-buffered saline) + 1% Tween to eliminate the freezing medium. Blocking solution
containing 8% BSA and 0.3% Triton-X-100 and 1/150 malgG (Jackson Immuno Research) in
TBS was added for 1h at RT. Primary antibody was incubated in 2% BSA and 0.2% Triton-X-
100 in TBS O/N at 4°C. Washes with TTBS were followed by secondary antibody together with
Hoechst incubation in the same solution for 1h at RT. The slides were washed in TTBS and

mounted with Mowiol™.

For whole-mount staining, sciatic nerves or DRGs were blocked in 8% BSA, 1% Triton X-100
and 1/150 malgG in TBS for 2h at RT. Primary antibody was added in a solution containing 2%
BSA, 0.3% Triton X-100 in TBS and was left for 3 days at 4°C. After washing with TTBS,
secondary antibodies were added in the same previous solution O/N at 4°C. Stained tissues were

washed in TTBS and mounted with Mowiol™.

Lentiviral production

293-FT (ATCC) cells maintained in Advanced DMEM (ThermoFisher Scientific) supplemented
with 10% FBS, 1% P/S and 0.5% glutamine were used for LV production. The media was changed
for Opti-MEM media (ThermoFisher Scientific) and the cells were transfected with three
plasmids at the same time (pMD2.G (VSV-G envelope expressing plasmid), psPAX2 (lentiviral
packaging plasmid), and the plasmid of interest which will be expressed by the LV (in this case:
pLenti-EF1a-hChR2(H134R)-EYFP-WPRE) for 6h using Lipofectamine 2000 Transfection
Reagent (ThermoFisher Scientific). The media containing the resulting LVs was collected at 48h
and 72h post-transfection. After centrifugation at 1200g and posterior filtering of the supernatant,
the media was introduced into conical tubes (Beckman Coulter) with a sucrose cushion (20%).
These tubes were then centrifuged at 26.000rpm for 2h at 4°C, the media and the sucrose cushion
were discarded and the collected viruses were resuspended in PBS-1% BSA, aliquoted and kept

at -80°C for future applications.
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Image acquisition and analysis:

All images were acquired using either an inverted Olympus microscope 1X71 with an ORCA
Flash 4 camera (Hamamatsu), an Olympus BX61 and a DP12L cooled camera or a LSM 800
confocal microscope (Zeiss) and an AxioCam 503c camera (Zeiss).

Fluorescence intensity

Mean fluorescence intensity (MFI) was determined using ImageJ and each image was normalized
to the background fluorescence level. Exposure time was preserved in all images in the same

experiment.

Neurite length analysis

Images of neuron-specific class III B-tubulin (Tuj-1) immunostained cultures were obtained using
an inverted Olympus microscope 1X71 at 10x magnification. 3 fields per well were captured.
Neurite length measurements were blindly performed using the Neuron J plugin for Imagel
(Meijering et al., 2004). Only large-diameter cells (diameter>35um) were measured and mean

neurite length per cell was determined.

Axonal growth analysis

Microfluidic devices were immunostained for green fluorescent protein (GFP)-yellow fluorescent
protein (YFP) and the entire surface covered by axon growth in the axonal compartment was
imaged using an inverted Olympus microscope IX71 at 10x magnification. Axonal growth was
measured using the Neuron J plugin for ImageJ (Meijering et al., 2004). The mean total axon
growth per field in growth experiments and the individual axon length in axotomy experiments
was determined. In the case of WT cultures, the axonal growth area per microchannel of Tuj-1

immunostainined devices was quantified using Image J.

Quantification of axonal regeneration, sprouting and synapse formation

SCG-10 (superior cervical ganglion-10 protein) was used as a marker of regenerating sensory
axons in injured sciatic nerves. Whole-mount images were obtained using a LSM 800 confocal
microscope (Zeiss). Several images (5x magnification) were necessary to cover all the nerve. A
collage with all the XY images and then a Z projection using the maximum fluorescence intensity
was obtained with all the stack images. The humber of SCG-10* axons at each distance from the

injury was blindly quantified.

Sprouting in the injured spinal cord was measured based on the number of dextran* axons in
fluorescence images acquired with an Olympus microscope IX71. For sprouting reanalysis, the
mean fluorescence intensity of these axons was determined in separate compartments: the white

matter and the grey matter.
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Presynaptic vGlutl immunostaining images were obtained from the ventral region of the spinal
cord at 20x magnification with a LSM 800 confocal microscope (Zeiss). The total number of

vGlutl® neurons as well as co-localization with dextran® axons was computed.

Statistical analysis

GraphPad Prism was used for statistical analysis and graphical representation. Results are plotted
as the meanzs.e.m (standard error of the mean) unless indicated. Normality of the distributions
was verified with the Shapiro-Wilk test or assumed when the sample size was too reduced. *p <
0.05; **p< 0.01; ***p< 0.001 denote significant differences in Student’s t-test or ANOVA with
Bonferroni post hoc test for normal distributions or Mann—-Whitney U-test or Kruskal-Wallis test

for non-parametric distributions with Dunn’s post hoc test.

Antibodies

AlexaFluor 488, 568, 594 or 405-conjugated antibodies (ThermoFisher Scientific) were used as

secondary antibodies.

Experimental

Antigen Concentration o Source/Reference
application
c-Fos (9F6) 1:200 ICC Cell signaling/#2250
ChR2 1:500 ICC Progen/651180
1:1000 ICC Biolegend/801201
Tubulin B-111 (clone Tujl)
1:1000 ICC Biolegend/802001
1:500 ICC
GFP ThermoFisher Scientific/A-11122
1:500 IHC
SCG-10/ Stathmin-2 1:1000 IHC Novus Biologicals/NBP1-49461
vGlutl 1:200 IHC Synaptic systems/ 135 302
GFAP 1:500 IHC Agilent Dako/ 20334
CCL21 1:200 IHC Peprotech/500-P114
TRPV1/VR1 1:200 IHC Santa Cruz/sc-398417
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CXCR3 1:200 IHC Abcam/ ab64714
CD11b/c 1:200 IHC Novus Biologicals/ NB110-40766
1:200 Abcam/ ab32527
CCR7 IHC/ICC
1:200 R&D systems/ MAB3477
NFH 1:1000 ICC Merck/N0142

Table 3. Antibodies used

immunocytochemistry. IHC: immunohistochemistry.

in our experiments and the specific concentrations.

ICC:

Primers
Gene Forward Reverse
Gapdh 5-ACCCTGTTGCTGTAGCCGTATCA-3' 5-TCAACAGCAACTCCCACTCTCCA-3'
Atf3 5-GAGGATTTTGCTAACCTGACACC-3' 5-TTGACGGTAACTGACTCCAGC-3'
Bdnf 5’-AGTCTCCAGGACAGCAAAGC-3’ 5’-TCGTCAGACCTCTCGAACCT-3’
Cap23 5-GGGAGAGAGAGAGCCTTTGC-3' 5-CTTCGGCCTTCTTGTCTTTG-3'
Galanin 5’-GTGACCCTGTCAGCCACTCT-3’ 5’-GGTCTCCTTTCCTCCACCTC-3’
Sprrla 5-CCCCTCAACTGTCACTCCAT-3' 5-CAGGAGCCCTTGAAGATGAG-3'
Gap43 5-TCTGCTACTACCGATGCAGC-3' 5-TGGAGGACGGGGAGTTATCAG-3'
Ngf 5-CAAGGACGCAGTTTCTATACTG-3' 5-CTTCAGGGACAGAGTCTCCTTCT-3'

Table 4. Primers used for quantitative real-time PCR experiments.
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Results. Chapter 1: Effects of neuronal activity modulation on axonal growth

1.1. Effects of neuronal activity on regenerating-capable systems
1.1.1.Neuronal activity induces increased neurite outgrowth in in vitro DRG neurons

The main hypothesis of this thesis stated that neuronal activity could promote axon regeneration
and growth. Therefore, to first approach it, and as a proof of principle, we tested in vitro whether
the outgrowth of DRG neurons was affected by the modulation of neuronal activity. These
neurons represent an interesting model to study regeneration as their axons bifurcate to form a
regenerating peripheral branch in the sciatic nerve, and a non-regenerating central branch in the
spinal cord (He and Jin, 2016). Hence, they allow to test the impact of a determined strategy in
both of these systems within the same neuron. Specifically, we focused on large-diameter neurons
(diameter>35um), which include proprioceptors and mechanoreceptors, and are a well-
established model for the study of axon regeneration.
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Figure 20. Neuronal activation upon delivery of the selected optogenetic stimulation protocol. A.
Image of the homemade optogenetic illumination system. B. Schematic diagram of the selected optical
stimulation pattern. C. DRG large-diameter neurons from Thy1-ChR2 mice express ChR2. c-Fos (red) and
ChR2 (green) immunofluorescence representative images. Scale bar: 50um. D. c-Fos levels in the cell
nucleus of ChR2* cells are incremented after optogenetic stimulation. MFI: mean fluorescence intensity;
a.u.: arbitrary units. Data are expressed as mean nuclear fluorescence intensity+s.e.m in arbitrary units
(n=20-25 cells). **p < 0.01 denotes significant differences in Student’s t-test.

As a tool to modulate neuronal activity, we used optogenetics, which allows for precise
manipulations of specific patterns of neuronal activity at a cellular level. DRG neurons were
therefore obtained from B6.Cg-Tg(Thyl-COP4/EYFP)18Gfng/J (Thyl-ChR2) adult mice, and

large-diameter DRG neuron expression of ChR2 was verified (Figure 20C). Then, we tested
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whether our illumination system (Figure 20A) and optogenetic stimulation pattern successfully
induced neuronal activation. The selected stimulation protocol was obtained from a previous
study using DRG neurons (Park et al., 2015) and consisted in 1h of 470nm illumination at 20Hz
of frequency with 5ms pulses, in periods 1s ON-1s OFF periods (Figure 20B). ChR2 channel
opens upon 470nm blue light illumination, allowing cations to cross and thus causing neuronal
depolarization. We then used c-Fos immunostaining of stimulated and non-stimulation neurons
at the end of the stimulation as a readout to confirm neuronal activation with our system and
optical protocol (Figure 20C-D) (Student’s t-test p= 0.0058).
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Figure 21. Neuronal activity boosts neurite outgrowth in large-diameter DRG neurons. A.
Optogenetically stimulated cells showed a significant increase in neurite growth when compared to the non-
stimulated. Mean neurite length per cell was quantified (n=7 wells). Data are expressed as meants.e.m. *p
< 0.05 denotes significant differences in Student’s t-test. B. Illustrative images of Tuj-1
immunofluorescence used in neurite length analysis. Scale bar: 500um.

Then, we aimed to determine whether this stimulation protocol would promote neurite outgrowth
in these cells. Optogenetic stimulation was applied to Thyl1-ChR2 DRG neurons 2h after seeding,
and 22h later (total of 24h in vitro) the cells were fixed, immunostained for Tuj-1 and their neuritic
outgrowth was quantified. Only large-diameter neurons were included in the analysis. In line with
our hypothesis, optogenetic stimulation induced a significant increase in neurite outgrowth in
DRG large-diameter neurons (Figure 21) (Student’s t-test p= 0.0267). These results show that

increasing neuronal activity increments neuritic growth.

1.1.2.Modulation of neuronal activity in in vitro cortical neurons results in different
outcomes depending on its time of application and characteristics.

Next we asked two questions: whether this effect was maintained in other neuronal types, and

later, if it also occurred after axonal injury. To address both questions at the same time, we took
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advantage of another in vitro model: embrionary (E16.5) cortical neurons cultured in microfluidic

devices.

As cortical neurons from Thyl-ChR2 embryos did not show ChR2 expression at the
developmental stage (E16.5) they were harvested, we obtained these neurons from WT embryos
and infected them with LV-EF10-hChR2(H134R)-EYFP-WPRE (LV-ChR2) that we produced in
our laboratory. These LV-ChR2 effectively infected cells yielding high ChR2 expression levels
at 7 days in vitro (DIV) (Figure 22A). ChR2 expression was found mainly in neurons, despite the
use a constitutive promoter (EFla), and could even be observed at the neuritic/axonal level.

Infection efficiency was never significantly different among batches.

Our microfluidic devices contain two separate compartments connected by microchannels that
allowed to spatially separate the cell bodies and the axons (further explained in the Materials and
methods section) (Figure 22B), which facilitated axon growth studies as well as it allowed to
perform standardized axotomies. Moreover, these devices allowed to study axons alone without
the confounding presence of neurites, which do not cross the length of the microchannels (900um)
(Taylor et al., 2005). Cortical neurons were thus cultured in microfluidic devices, infected with
LV-ChR2, and at 7DIV, both ChR2 expression and axonal crossing to the axonal compartment
could be observed, indicating experiments could be initiated, and axotomies and stimulations
performed (Figure 22B).
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Figure 22. ChR2" cortical neuron culture, axotomy and optogenetic stimulation in microfluidic
devices. A. Immunocytochemistry depicting ChR2 expression levels (YFP in green) in LV-ChR2 infected
cortical neurons (Tuj-1 in red). White arrows in a high magnification inset show ChR2 expression in neural
prolongations. Scale bar: 250um. B. Schematic diagram of the protocol used to analyze the effect of
optogenetic stimulation on axon growth/regrowth in cortical neurons.

We first wanted to test whether our optogenetic stimulation increased the axonal growth of
cortical neurons, without prior injury. In this case the stimulation was not delivered in trains, but
continuously. Axonal growth in the axon compartment was quantified 24h after the stimulation,

and a non-significant increase in axonal growth could be observed in the stimulated condition
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(Figure 23A-B) (Mann Whitney test p= 0.1320). Importantly, when illumination was delivered to
WT non-infected cortical neurons, axon growth did not differ among conditions (Figure 23C)
(Student’s t-test p= 0.9259), reinforcing a specific effect of the optogenetic stimulation on axon
growth.
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Figure 23. Optogenetic stimulation induces a slight increase in axonal growth of cortical neurons. A.
Optically stimulated ChR2* axons showed non-significant growth increments. Total ChR2* axon length per
field in an image was computed (n=6 images). B. Illustrative images of GFP/YFP immunofluorescence
used in ChR2* axon growth analysis. Scale bar: 200um. C. WT illuminated axons (Light) did not present
growth differences when compared to non-illuminated ones (No Light). Total growth area/microchannel
was computed (n=11-12 images). Data are expressed as meanzs.e.m.

Moving to axotomy experiments, we found that when the optogenetic stimulation was applied 30
minutes after the axotomy, the axonal regrowth of stimulated axons was robustly reduced (Figure
24A) (Student’s t-test p= 0.0001). Conversely, when the optogenetic stimulation was applied 6h
after the axotomy, stimulated axons regenerated almost significantly longer distances than non-
stimulated axons (Figure 24B-C) (Student’s t-test p= 0.0759). Again, no changes were observed
when illuminating WT axotomized axons (Figure 24D) (Student’s t-test p= 0.8476). Finally, we
assessed the repercussion of other stimulation frequencies on axonal regeneration: 10Hz and 50
Hz. Results showed that 50Hz stimulation had detrimental consequences on axon regeneration
(Figure 24E) (ANOVA followed by Bonferroni test, no stim vs 10Hz p= 0.1717; no stim vs 50Hz
p= 0.0115). Commercial AAV-ChR2 viruses were used in these experiments due to LV-ChR2
availability issues, but efficiency of infection as well as expression levels were similar between

viruses.

Altogether, these results with in vitro cortical neurons indicate that a determined pattern of

neuronal activity can promote axonal growth and regeneration in vitro regardless of the cell type.
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Figure 24. Increasing neuronal activity after axotomy results in different effects depending on the
moment and frequency of stimulation. A. Stimulated axons regenerated significantly shorter distances
when the stimulation was applied 30min after the axotomy. Individual ChR2* axon lengths were quantified
(n=16 images). B. Optogenetic stimulation 6h after axotomy promoted an almost significant increase in
axonal regrowth in the stimulated axons. ChR2* axon lengths were determined (n=7-15 images). C.
Ilustrative images of GFP/YFP immunofluorescence used in ChR2* axonal regrowth quantification at 6h
post-axotomy. Scale bar: 200um. D. WT illuminated axons (Light) did not regrowth differently from non-
illuminated ones (No Light). Growth area/microchannel was quantified (n=7-8 images). E. Other assessed
stimulation frequencies (10 and 50Hz) had different effects on regrowth after axotomy. Individual ChR2*
axon lengths were quantified (n=3-5 devices). Data are expressed as meants.e.m. ***p < 0.001 denotes

significant differences in Student’s t-test. *p < 0.05 denotes significant differences in ANOVA followed by
Bonferroni test.

1.1.3.Neuronal activity enhances axonal regeneration in peripheral nerve injury.

The encouraging in vitro results motivated us to move to in vivo models of axon injury. As a first
approach and to test our hypothesis in yet another regenerating-capable system, we focused on
the peripheral branch of the DRGs. In the following experiments neuronal activity was modulated
using the chemogenetic tool hM3Dq, as the anatomical location of the DRGs impeded the

implantation of the optic fiber necessary for optogenetic stimulations.
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Figure 25. AAV-mCherry and AAV-hM3Dq successfully infect large-diameter DRG neurons 4-5
weeks after sciatic injection. A. Representative images of AAV-mCherry and AAV-hM3Dq expression
levels. Scale bar: 100pum. B. Both virus infected predominantly large-diameter DRG cells. The proportion
of large-diameter neurons respect the total of infected cells was quantified (n=7-9 DRGSs). Data are
expressed as means.e.m.

AAV5-hSynhM3D(Gqg)-mCherry (AAV-hM3Dq) or its control virus AAV5-hSyn-mCherry
(AAV-mCherry) were injected into the sciatic nerves of adult C57BL/6J mice and 4-5 weeks later
hM3Dqg as well as mCherry expression was observed in the sciatic DRGs (Figure 25A).
Importantly, large-diameter neurons (diameter>35um) were preferentially transduced by both
viruses, as infected large-diameter neurons corresponded to approximately the 70% of infected
cells (Figure 25B).

hM3Dq and mCherry infected animals received two daily CNO injections during 4 days prior to
injury (including the injury day), and then their sciatic nerves were crushed (Figure 26A). 24h
after the SNC sciatic nerves were fixed and immunostained for SCG10, a marker of regenerating
sensory axons. Quantification of labelled axons showed that chemogenetic stimulation enhanced
regeneration in the stimulated nerves (hM3Dg-CNO), which was maintained throughout all the
assessed distances and was robust at long distances (Figure 26B-C) (two-way ANOVA followed
by Bonferroni test; interaction p= 0.0101 ; 1000um p= 0.0163; 1250um p= 0.0261; 1500um p=
0.0259).
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Figure 26. Chemogenetic stimulation promotes peripheral regeneration. A. Diagram depicting the
timeline of the experiment. B. Stimulated axons (hM3Dg-CNO) regenerated longer distances than the non-
stimulated (mCherry-CNO) as seen by increased number of regenerating axons (SCG-10%) at all assessed
distances, with statistical significance at greater lengths. Data are expressed as mean SCG-10* axons £s.e.m.
at each distance from the crush (n=9 sciatic nerves). *p < 0.05 denotes significant differences in two-way
ANOVA followed by Bonferroni test. C. Representative images of injured sciatic nerves immunostained
for SCG-10. Dotted lines indicate the SNC. Scale bar: 200um

These results show that increasing neuronal activity promotes regeneration in the injured PNS.
Previous studies have suggested that neuronal activity induces BDNF expression as well as it
activates an intrinsic pro-regenerative state (such as in (Al-Majed et al., 2000a; Hutson et al.,
2019; Senger et al., 2019, 2018)). In an attempt to characterize the mechanism responsible for our
results, we analyzed the gene expression of several known RAGs by qPCR: Bdnf, Atf3, Galanin,
Sprrla and Cap23. We obtained the DRGs of mice treated as previously explained (virus
administration, CNO injections and posterior SNC), and after gene expression analysis, we did
not observe changes in any of these genes among stimulated (hM3Dg-CNO) and non-stimulated
(mCherry-CNO) DRGs (Figure 27).

All in all, our work in regenerating-capable systems evidences that neuronal activity effectively

triggers axonal growth.
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Figure 27. The gene expression of several known RAGs is not altered after chemogenetic stimulation,
24h after injury. Data are expressed as 2 22t +upper (2 AC*SD)/lower limits (2 (*2¢-SD)) (n=3 biological
replicates).

1.2. Effects of neuronal activity on non-regenerating systems

1.2.1.Neuronal activity is insufficient to promote recovery after SCI

While in vitro and peripheral injury models are important tools to understand and characterize
axonal regeneration, the real challenge is to overcome the CNS failure to regenerate. Hence, we

proceeded to investigate the effect of neuronal activity after SCI.

We first focused on the CST, as it is one of the principal targets in terms of patient recovery after
SCI due to its major contribution to voluntary motor function. Again, Thy1-ChR2 animals were
used in these experiments, as, whenever possible, optogenetics was the preferred method for
neuronal activity modulation for its higher temporal resolution. ChR2 expression in layer V
cortical neurons (where the CST is originated), was corroborated prior to the experiments (Figure
28A\), and the stereotaxic coordinates that allowed illumination of the corticospinal motor neurons
(CSMNs) responsible for hindlimb innervation were then determined by bibliographic search and

experimental validation.
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Next, the CST of Thy1-ChR2 mice was transected and optogenetic stimulation was delivered (in
the selected coordinates) from days 7 to 11 and from 14 to 18 DPI (Figure 28B). In this case, the
optogenetic stimulation paradigm consisted in 1h of 10Hz illumination in 1SON-4sOFF trains.
The 20Hz applied in in vitro experiments had to be discarded for in vivo experiments due to
seizure induction in some mice. Sensorimotor evaluation analysis using the BMS and gridwalk
tests showed that the optogenetic stimulation (ChR2 Light) did not ameliorate functional recovery
in CST injured mice (Figure 28C-D).
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Figure 28. Increasing neuronal activity has no effect on recovery after CST injury. A. ChR2-YFP
immunohistochemistry of the cortex of a Thyl-ChR2 mice. ChR2 was mainly expressed by layer V
neurons, although expression could also be observed at some layer II-111 neurons. Scale bar: 100um B.
Schematic timeline of the experiment. C and D. BMS (C) and gridwalk (D) sensorimotor evaluations
showed no differences in recovery among stimulated (ChR2 Light) and non-stimulated (ChR2 No light)
groups after CST injury. Results correspond to the BMS score (C) (n=10 mice) and % of missteps for the
gridwalk (D) (n=8-9 mice). Data are expressed as means.e.m.

In order to further examine the role of neuronal activity after SCI, we moved to another model:
injury to the dorsal columns, as neuronal activity had shown a more robust impact in large-
diameter DRG neurons (whose central axons form the dorsal columns in the spinal cord) in our
previous experiments. WT mice were infected with the AAV-hM3Dq or AAV-mCherry control
virus and 4-5 weeks later they underwent surgery for dorsal hemisection of the spinal cord (Figure
29A). Chemogenetic stimulation was delivered for 7 continuous days after injury, starting at
3DPI, and recovery was then evaluated with the BMS and the gridwalk tests. Again, no

differences were observed in recovery between experimental groups (stimulated: hM3Dg-CNO;
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non-stimulated: mCherry-CNO, mCherry-veh) (Figure 29B-C). Results from both CNS injury
models indicate that increasing neuronal activity does not translate into sensorimotor function

amelioration after a SCI.
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Figure 29. Neuronal activity modulation of the injured dorsal columns does not ameliorate
sensorimotor function. A. Schematic timeline of the experiment. B and C. BMS (B) and gridwalk (C)
results evidence similar recovery patterns in chemogenetically stimulated (hM3Dg-CNO) mice vs non-
stimulated (mCherry-CNO, m-Cherry-Veh). Data in the graphics represent the BMS score (B) (n=5-6 mice)
and the % of missteps in the gridwalk (D) (n=3-5 mice). Data are expressed as means.e.m.

1.2.2.Axon growth is induced by neuronal activity only in growth-permissive
environments.

In order to study the role of neuronal activity in the histological axonal plasticity in the injured
spinal cord, the injured CSTs of Thy1-ChR2 mice were traced with a fluorescent tracer (Dextran-
594) at 35DPI. Axonal growth (Figure 30A) and synapse formation (Figure 30B-C) examination
did not reveal differences among the stimulated and non-stimulated conditions (axonal growth:
Student’s t-test p= 0.6520; synapse formation: vGlutl*: Student’s t-test p= 0.4430, dextran®/
vGlutl®: Student’s t-test p= 0.2856).

At this moment we had observed that neuronal activity induced growth in vitro and in the injured
PNS, but failed to do so in the injured CNS. As regeneration in the CNS is prevented due to both
extrinsic and intrinsic factors, we intended to determine which of these barriers was hindering the
effects of neuronal activity in this system. Our experiments in the PNS showed that the expression

of several RAGs remained unchanged (Figure 27) after stimulation, suggesting our paradigm was
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not affecting the intrinsic neuronal properties. Therefore we hypothesized that extrinsic factors in

the CNS may be blocking the growth-promoting effect of neuronal activity.
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Figure 30. Optogenetically stimulated mice show similar histologic outcomes to their controls. A.
Comparable number of traced (dextran*) axons were found in stimulated and non-stimulated mice at 1.5mm
post-injury. Data are expressed as mean number of axonsts.e.m (n=4-5 spinal cords). B and C.
Quantification of the total number of vGlutl* neurons (B) and dextran® axons co-localizing with vGlutl*
neurons (C) (n=3-4 spinal cords). Data are expressed as meanzs.e.m. D. lllustrative images of vGlutl
immunofluorescence of dextran-traced spinal cords. Scale bar: 10um

To test this hypothesis, we cultured Thyl-ChR2 DRG neurons in growth-permissive (laminin-
coated) and in growth-inhibitory (CSPG-coated) substrates and assessed the consequences of
optogenetic stimulation on each of them. We found that while the stimulation triggered
augmented neurite outgrowth in permissive substrates, this augment was not observed in growth-
inhibitory substrates (Figure 31A-B) (laminin: Student’s t-test p= 0.0128; CSPG: Student’s t-test
p= 0.4381).

97



Results. Chapter 1: Effects of neuronal activity modulation on axonal growth

A B [ am [ cspec |
O LAM 23 CSPG .
5000 - 500 e o 1
— -— >
E a0 & |© :
£ 4000- I s o o
= s |z
= (=4 'S
£, 3000 L300 @
c (] =
2 = — -
o 2000+ 200 B .
= =
2 1000 L 100 S Sa
2 a a = e 3 »
— Q <«
0 0 )
T S

Figure 31. Neuronal activity promotes neurite outgrowth on permissive substrates but not on
inhibitory substrates. A. Neurite length analysis demonstrated growth increases after stimulation on
laminin-coated (LAM) substrates, but not on growth inhibitory CSPG-coated substrates. Data are expressed
as mean neurite length per cells.e.m. (n=11-23 images). *p < 0.05 denotes significant differences in
Student’s t-test. B. Illustrative images of Tuj-1 immunofluorescence used in neurite length analysis. Scale
bar: 200pum. NS: no stimulation

Finally, we asked whether similar events could be occurring in vivo in the CNS. Accordingly,
after reanalysis of injured Thy1-ChR2 spinal cords we observed increased axonal sprouting in
stimulated mice, restricted to pre-injury levels, reaching significance in grey matter regions
(Figure 32) (WM-Pre-injury: Student’s t-test p= 0.082; WM-Post-injury: Student’s t-test p=
0.325; GM-Pre-injury: Student’s t-test p= 0.001; GM-Post-injury: Student’s t-test p= 0.303; GM:
grey matter; WM: white matter).

Altogether, we have provided proof that while neuronal activity enhances axonal growth, this
mechanism is impeded in the presence of growth-inhibitory molecules. These results suggest that
activity-based therapies successfully promote axonal regeneration, but in order to be effective

they must be combined with other strategies targeting the inhibitory environment after injury.
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Figure 32. Neuronal activity induces axonal sprouting in pre-lesion regions after SCI. A. Histologic
reanalysis of injured CST showed significant axonal sprouting promotion only in grey matter pre-injury
regions. Data are expressed as mean tracer intensity (a.u.: arbitrary units)£s.e.m (n=5 spinal cords). **p <
0.01 denotes significant differences in Student’s t-test. B. Anatomical diagram of the quantification. C.
Illustrative images of analyzed spinal cords (-0.5mm). Scale bar: 150pm

1.2.3.1solation of regenerating CSMN for molecular studies

The general objective of this project was to study the role of neuronal activity in spinal cord
injuries, and initially we had hypothesized that intrinsic epigenetic and transcriptional changes
would be induced as a result of our actuations. In order to be able to describe these presumed
changes, we established a system that allowed us to isolate stimulated regenerating neurons,

which could be subsequently submitted to high throughput molecular analysis (Figure 33).

To do that, with the help of a modified stereotaxic instrument, we injected a fluorescent retrotracer
into the spinal cord at the T9 level, in the center and at 470um deep (Figure 33A). These
coordinates allowed to properly retrotrace the intact CST, as shown in Figure 33B. To trace
injured CSTs, the retrotracer (in this case Cholera Toxin Subunit B (CTB-A647)) was injected at
0.3mm below the lesion. As a result of the injection site, only the axons regenerating past the
injury would be labelled.

Next, we established a protocol to properly isolate these labelled neurons adapting and combining
previously described protocols (Arlotta et al., 2005; Catapano et al., 2001; Saxena et al., 2012).
As our intention was to use this protocol for optogenetically stimulated mice, we dissected the

area of the motor cortex that had been illuminated, which was then submitted to gentle enzymatic
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digestion (Figure 33A). The selection of the digestion solution was delicate, as other assessed
methods (trypsin, other papain concentrations and digestion times) resulted in excessive cell
death. Trehalose was added to the solutions in order to preserve cell survival (Saxena et al., 2012).
Enzymatic digestion was followed by mechanical dissociation and then by several steps to

eliminate debris (strainer and Percoll centrifugation).

A
Stimulated cortex
X
\
= Digestion
_——
\/
CTB-A647
/f 50 00 150 200 250
E FSC-A (x 1,000)
&% D
CELLS NON-AGGREGATED
NUCLEATED X ‘ -

A647+-YFP+

YFP Blue C(530/30)RB

2 0?

0 10 1 10* g 5
Pl Green D(610/20)-A 1

]

%0 10 10*
AB47 Red C(670/14)-A

Figure 33. Establishment of a system to isolate regenerating neurons. A. Schematic experimental
diagram. B. Corticospinal motor neurons retrotraced with FluoroGold (FG) injection to the spinal cord.
Scale bar: 250pum. C-D-E. Gating strategy to isolate regenerating CST neurons (A647°-YFP*). Cells are
selected among all the debris, then only the nucleated, and finally, from the non-aggregated cells, YFP*
neurons with high A647* fluorescence (from CTB-A647-traced regenerating neurons), and thus,
regenerating neurons, are isolated.

Finally, the resulting cell suspension was separated using fluorescence-activated cell sorting
(FACS). Several gating steps had to be applied in order to avoid exaggerated debris, benefiting
from the use of viability markers (Figure 33C-D-E). Briefly, live cells were selected from the total
cell whole, then only the nucleated ones were selected and the aggregates were discarded. From
this selection, YFP*-CTB-A647" double labelled cells were isolated, as they corresponded to the
cells of interest: YFP labelling indicated potentially stimulated neurons and CTB-A647 labelling
indicated regenerating cells. Around 250 YFP*-CTB-647* cells from each sample (2 pooled mice)

could be recovered using this protocol.
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2.1. Neuronal activity in the modulation of the injury environment

2.1.1.The glial scar and the cytokinome in a SCI are not altered by neuronal activity

In order to better understand the mechanisms underlying activity-based therapies in the SCI
paradigm, we broadened our research and intended to investigate the impact neuronal activity

could have in the environment after the injury.
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Figure 34. Optogenetic stimulation does not affect astrocytic activation. A. The GFAP*-glial scar of
stimulated mice and non-stimulated mice did not differ. Data are expressed as mean fluorescence intensity
of the GFAP* region on each spinal cord xs.e.m (n=3-4 spinal cords). MFI: mean fluorescence intensity.
a.u.: arbitrary units B. Illustrative images of GFAP immunostaining. Scale bar: 100pm

The glial scar and a pro-inflammatory milieu are the two main hallmarks after a SCI, so we
focused on examining these features in injured stimulated Thyl-ChR2 mice. GFAP was used as
a marker for glial activation, and GFAP™- scar examination at 40DPI showed resembling glial
scars in stimulated mice compared to the non-stimulated groups (Figure 34) (Mann—-Whitney U-
test p= 0.8571).
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Figure 35. Cytokinome analysis of injured stimulated spinal cords. A. Schematic timeline of the
experiment. B. Representative images of cytokine arrays. C. Cytokine expression levels remained unaltered
upon optogenetic stimulation. Data are expressed as mean fold change of array spots compared to non-
stimulated+s.e.m (n=3-4 spinal cords).
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To explore whether neuronal activity could influence the inflammatory conditions after injury,
Thy1-ChR2 mice with SCI were stimulated for 5 days and the day of the last stimulation the
cytokine levels in the injured spinal cord were assessed using a Mouse Cytokine Array (Figure
35A). However, no significant changes were observed in any of the examined cytokines, despite
slight increases in the chemokines CXCL11 and CXCL9 (Figure 35B-C).

Taken together, these results indicate that the predominant injury environment remains unaffected

after neuronal activity modulation.

2.1.2. Nociceptor activation triggers neuronal chemokine CCL21 expression

The lack of observed differences in previous experiments could result from an earlier excessive
imbalance, therefore, we sought for alterations at a more specific level with in vitro experiments.
Chemokines have been shown to guide many cellular dialogues, including neuronal chemokines
after axonal injury, and are thus great candidates to orchestrate the injury response (De Haas et
al., 2007; Mesquida-Veny et al., 2021), for this reason we investigated whether neuronal activity

had an effect on chemokine expression on cultured DRG neurons.

Thy1-ChR2 DRG neuronal cultures were optically stimulated and their media was recovered 24h
later and used to measure chemokine secretion using a Mouse Chemokine Array. Surprisingly,

this exploratory experiment showed a remarkable increase in CCL21 levels (Figure 36).
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Figure 36. Chemokinome analysis of stimulated DRG neurons. A. Schematic diagram of the
experiment. B. Representative images of chemokine arrays. The selection indicates the position of CCL21.
C. CCL21 expression was increased after optogenetic stimulation. Data are expressed as mean fold change
of array spots +s.e.m (n=2 wells). Statistical analysis was not performed due to low sample size.
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Previous studies had reported CCL21 expression specifically in nociceptors (Biber et al., 2011;
Zhao et al., 2007), so we hypothesized this neuronal type could be responsible for the CCL21
increase as nociceptors are also present in DRG cultures. Accordingly, CCL21 expression was
increased in TRPV1" nociceptors 2h after capsaicin (a TRPV1 agonist) injection (Figure 37)
(Student’s t-test p= 0.0347).
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Figure 37. Capsaicin administration upregulates CCL21 expression specifically in TRPV1* neurons.
A. Immunostaining depicting CCL21 (red) and TRPV1 (green) co-localization after vehicle of capsaicin
administrarion. White arrows indicate high magnification regions. Scale bar: 50um. B. Higher
magnification of the CCL21-stained neurons. V: vehicle; C: capsaicin. C. Quantification of CCL21 mean
fluorescence intensity (MFI) in TRPV1* cells shows increased CCL21 expression after capsaicin injection.
a.u.: arbitrary units. Data are expressed as meanzs.e.m. (n=5-7 images). *p < 0.05 denotes significant
differences in Student’s t-test.

2.1.3. Non-neuronal impact of CCL21 in the sciatic nerve

According to our data that indicates that nociceptor activation promotes CCL21 secretion, this
mechanism may be triggered upon activity-based therapies, so we next examined which role this
CCL21 could exert after injury.

We used a peripheral injury model (SNC) to characterize this influence. First, we evaluated

whether CCL21 affected axonal regeneration. However, CCL21 local injection into the sciatic
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nerve did not result in significant nerve regeneration alterations (Figure 38A-B). Then, as a second
approach to explore the role of CCL21 in the sciatic nerve, we examined cytokine alterations in
sham or injured sciatic nerves after CCL21 administration. While some of the assessed cytokines
remained unaltered (soluble intercellular adhesion molecule-1 (SICAML1), IL-1 receptor
antagonist (IL1ra), CCL2 and tissue inhibitor of metalloproteinase 1 (TIMP1)), a general decrease
in several chemokine levels was observed both in sham and injured conditions in CCL21-treated
mice, as seen in CXCL13, CXCL10, CXCL1, CCL3, CCL4, CCL5 (Figure 38C).
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Figure 38. CCL21 local administration into the sciatic nerve does not improve axon regeneration but
affects the cytokinome. A. CCL21- and vehicle-treated sciatic nerves presented similar regenerating
capacities. Data are expressed as mean number of regenerating axons (SCG-10%)ts.e.m. at different
distances from the injury (n=5-6 sciatic nerves). B. SCG-10 immunostaining of representative sciatic
nerves. Dotted lines indicate the SNC. Scale bar: 250um C. Cytokinome analysis of sham and injured sciatic
nerves 24h after the administration of CCL21 revealed reduction of several cytokines. Data are expressed
as mean fold change of array spots compared to sham vehicle groupts.e.m (n=2 mice). Statistical analysis
was not performed due to low sample size.
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In other pathologies macrophages have been described to mediate CCL21-induced effects (Van
Raemdonck et al., 2020), so we asked whether these cells could be responding to CCL21 in our
paradigm. Moreover, CCL21 has been described to interact with microglial CXCR3 (Biber et al.,
2001; Rappert et al., 2002), a receptor also expressed by macrophages (Butler et al., 2017). In line
with this, we found CXCR3 expression in CD11b/c* cells in the sciatic nerve (Figure 39A).
Meanwhile neuronal expression of CXCR3 was not observed in the DRG (Figure 39B).

CD11bl/c

Thy1-YFP

Figure 39. CXCR3 is expressed in CD11b/c* cells but not in neurons. A. Sciatic nerves immunostained
for CXCR3 (red) and CD11b/c (green). Yellow indicates co-localization. Scale bar: 25um. B. Thyl-YFP
(green) DRG neurons did not show CXCR3 (red) expression. Scale bar: 50um.

In order to understand the consequences of CXCR3 activation we administered a CXCR3
pharmacological inhibitor, NBI-74330, in the injured sciatic nerve, and processed for ex vivo cell
culture the corresponding sciatic DRGs 24h later. The SNC was performed in order to elevate
CCL21 levels, as described in (Biber et al., 2011). Remarkably, neurite length analysis showed
CXCR3 inhibition promoted neurite outgrowth ex vivo (Figure 40A-B) (Student’s t-test p=
0.0494). These data suggest that CCL21 inhibits axon regeneration via non-neuronal CXCR3
activation. A direct role of CXCR3 on axonal growth was excluded as this receptor is not

expressed in neurons (Figure 39B).

To analyze whether growth inhibition resulted from differential macrophage secretions prompted
by CCL21, we cultured DRG neurons in conditioned media (CM) from CCL21-treated BMDM

(bone marrow-derived macrophages) (Figure 40C). However, DRG neurons cultured with CM
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from CCL21-treated BMDM did not present differences in their neurite outgrowth capacities

when compared to the control group (Figure 40D) (Student’s t-test p= 0.9810).
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Figure 40. CCL21 blocks axon growth in a CXCR3-mediated manner but independently from the
macrophage secretome. A. Ex vivo administration of the CXCR3-inhibitor NBI-74330 induced increased
neurite outgrowth. Data are expressed as mean neurite length per cell+s.e.m (n=5-6 sciatic nerves) *p <
0.05 denotes significant differences in Student’s t-test C. Representative images of Tuj-1
immunofluorescence used in neurite length analysis. Scale bar: 200um. C. Schematic diagram of
conditioned media experiments. D. Conditioned media from CCL21-treated BMDM did not have an effect
on the neurite growth of DRG neurons. Data are expressed as mean neurite length per cellts.e.m (n=4
wells).

These results indicate that neuronal activity promotes nociceptor secretion of CCL21, which may
inhibit axon regeneration via non-neuronal CXCR3 activation. However, this mechanism is not
directly induced by macrophage secretome. Moreover, CCL21 diminishes the expression of
several chemokines, however, whether the lack of these chemokines affects axonal regeneration

remains to be elucidated.
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2.2. Neuronal activity indirectly affects regeneration: CCL21-mediated growth
promotion

2.2.1.CCL21 enhances neurite outgrowth

Our initial results suggested that CCL21 blocks axonal regeneration, however, in vivo CCL21
administration into the sciatic nerve alone did not result in regeneration inhibition. We therefore

asked whether this chemokine could also influence axonal growth through a different mechanism.

To unravel this issue, we injected CCL21 into the sciatic nerve and obtained the sciatic DRGs
24h later for ex vivo culture. Interestingly, we observed an increment in the neuritic outgrowth of
ex vivo CCL21-treated DRG neurons (Figure 41A-B) (Student’s t-test p= 0.0046). Moreover, the
administration of different CCL21 doses (1nM, 10nM, 50nM) resulted in a dose-dependent
increase in neurite outgrowth in DRG neuronal cultures (Figure 41C-D) (ANOVA followed by
Bonferroni test; Veh vs 50nM p= 0.0129; 1nM vs 50nM p= 0.0440). These data indicate that
CCL21 exerts a direct effect on neurite growth.
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Figure 41. Ex vivo and in vitro CCL21 administration promotes neurite outgrowth. A. CCL21 injection
into the sciatic nerve resulted in increased neurite length in ex vivo DRG cultures. Data are expressed as
mean neurite length per cellts.e.m (n=6 sciatic nerves). **p < 0.01 denotes significant differences in
Student’s t-test. C. CCL21 induced neurite outgrowth in a dose-dependent manner in in vitro large-diameter
DRG neurons. Mean neurite length per cell was quantified (n=3 wells). Data are expressed as means.e.m.
*p < 0.05 denotes significant differences in ANOVA followed by Bonferroni test. B-D. Illustrative images
of Tuj-1 immunofluorescence used in neurite length analysis (B: ex vivo D: in vitro experiments). Scale
bar: 250pm.
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2.2.2.Molecular insights into the growth-promoting mechanism triggered by CCL21

Next, we intended to identify the receptor responsible for the CCL21-dependent growth induction.
As we had not observed neuronal expression of CXCR3 (Figure 39B), we inspected for neuronal
expression of CCR7, the canonical CCL21 receptor. Indeed, CCR7 expression was found in DRG
neurons, including in parvalbumin® (PV) cells (a marker of proprioceptors) (Figure 42A).
Moreover, CCR7-blocking antibody co-administration to DRG cultures suppressed the CCL21
effects on neurite outgrowth (Figure 42B-C) (two-way ANOVA followed by Bonferroni test;
interaction p= 0.0233; 1gG-veh vs 1gG-CCL21 p= 0.0055; 1gG-CCL21 vs aCCR7 2ug-veh p=
0.0040; 19G-CCL21 vs aCCR7 2ug-CCL21 p= 0.0355; 1gG-CCL21 vs aCCR7 5Sug-veh p=
0.0037; 19G-CCL21 vs aCCR7 5ug-CCL21 p=0.0079). These observations suggest that CCL21
triggers growth via the CCR7 receptor.
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Figure 42. CCL21 effects on neurite growth are dependent on the neuronal receptor CCR7. A. CCR7
(red) immunostaining showed neuronal expression and colocalization with PV* (green) cells. Scale bar:
50um. B. CCR7-blocking antibody addition prevented the growth promotion induced by CCL21. Data are
expressed as mean fold change compared to each respective vehicle groupts.e.m (n=8-9 images). **p <
0.01 denotes significant differences in two-way ANOVA followed by Bonferroni test (compared to 1gG-
veh); #p < 0.05; ##p < 0.01 denote significant differences in two-way ANOVA followed by Bonferroni test
(compared to 1gG-CCL21). C. Representative images of Tuj-1 immunostainings used for neurite length

quantification. Scale bar: 250um.
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To further inspect the CCL21-CCR7 growth-promoting mechanism, we asked whether CCL19,
the other canonic CCRY7 ligand, would have the same impact on neurons. However, CCL19
addition to DRG neuronal cultures did not result in increased neurite outgrowth (Figure 43A)
(Kruskal-Wallis test followed by Dunn’s test; Veh vs 50nM p > 0.9999), suggesting exclusivity
of CCL21 in this particular CCR7 biased mechanism.
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Figure 43. CCL21-induced growth promotion is exclusive in the CCR7 ligands and dependent of the
MEK pathway. A. CCL19, the other CCR7 ligand did not affect neurite outgrowth. Data are expressed as
mean neurite length per cells.e.m. (n=8-12 images). B. Pertussis toxin (Ptx), a G; inhibitor, did not
eliminate the growth-promoting effect of CCL21. Data are expressed as mean fold change (FC) compared
to each vehicle £s.e.m. (n=9-12 images). ). *p < 0.05 denotes significant differences in Student’s t-test. C.
U0126, a MEK inhibitor, suppressed the CCL21-mediated growth induction. Data are expressed as mean
neurite length per cell £s.e.m. (n=7-12 images). ***p < 0.001 denotes significant differences in two-way
ANOVA followed by Bonferroni test (compared to veh-DMSO); ###p < 0.001 denotes significant
differences in two-way ANOVA followed by Bonferroni test (compared to CCL21-DMSO). D.
Representative images of Tuj-1 immunostainings used for neurite length quantification. Scale bar: 250um.

Then, in an attempt to identify the intracellular molecular pathway activated by the CCL21-CCR7
axis in our paradigm, we targeted with pharmacological inhibitors two known downstream
actuators of CCR7, the MEK pathway and the G; protein, both of them described to participate in
axon growth and regeneration (as in (Chierzi et al., 2005; Hasegawa et al., 2004; Perlson et al.,
2005)). Interestingly, inhibiting the MEK pathway with U0126 effectively abolished the CCL21-
triggered increase in neurite outgrowth (Figure 43C-D) (two-way ANOVA followed by
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Bonferroni test; interaction p=0.0117; DMSO-Veh vs DMSO-CCL21 p=0.0005; DMSO-CCL21
vs U0126-Veh p= 0.0004; DMSO-CCL21 vs U0126-CCL21 p= 0.0001). Meanwhile, pertussis
toxin (Ptx) (Gi inhibitor) did not abrogate the effect of CCL21, although a slight reduction was
observed (Figure 43B) (two-way ANOVA followed by Bonferroni test; interaction p= 0.7961,;
Student’s t-test w/o (without) Ptx: p= 0.0115; with Ptx: p= 0.7458). These data points out that the
MEK pathway is required for the CCL21-induced axonal growth.

The MEK-ERK pathway has been described to enhance regeneration via RAG expression
promotion (Puttagunta et al., 2014), to this aim, we inspected the expression of different RAGs,
some of them known to be MEK-dependent, after CCL21 addition through gPCR, however, we
did not find significant expression alterations in any of the assessed genes (Gap43, Cap23, Sprrla,
Bdnf, Ngf) (Figure 44).
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Figure 44. CCL21 administration does not affect RAG expression at 4h. Data are expressed as 2724¢
*upper (27A2CtSD)/lower limits (27(44¢+SD)) (n=4 biological replicates).

2.2.3.CCL21 affects the growth cone locally

As CCL21 did not seem to trigger an important transcriptional switch, we explored for alternative
mechanisms. Closer examination to DRG cultures lead to the observation that CCL21-treated
neurites seemed to present larger growth cones (Figure 45A). Furthermore, CCR7 expression was

found to be especially high in the growth cone (Figure 45B).
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These data led us to hypothesize CCL21 was exerting a local effect in this structure. As a result
from the observed growth cone morphologies, we expected increased actin branching after
CCL21 treatment, for this reason we combined CCL21 administration with wiskostatin, a neural
Wiskott-Aldrich syndrome protein (N-WASP) inhibitor (which leads to prevented Arp2/3
activation). As predicted, the combination of these two compounds greatly reduced the CCL21
growth induction (Figure 45C) (two-way ANOVA followed by Bonferroni test; interaction p=
0.0825; one-way ANOVA followed by Bonferroni test; DMSO-Veh vs DMSO-CCL21 p=
0.0207; DMSO-CCL21 vs Wiskostatin-Veh p= 0.0202). These results suggest that the effects of

CCL21 on axonal growth are partially a result of increased actin branching in the growth cone.
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Figure 45. CCL21 acts locally on the growth cone. A. CCL21-treated growth cones seemed to protrude
more than the vehicle-treated ones. Arrows in the magnified images indicate growth cones. Scale bar:
100um. B. CCR7 (red) immunostaining showed high expression in the growth cone. Scale bar: 50pm. C.
Wiskostatin, an inhibitor of actin branching, partially abolished the effect of CCL21. Data are expressed as
mean neurite length per cell £s.e.m. (n=7-8 wells). *p < 0.05 denotes significant differences in one-way
ANOVA followed by Bonferroni test.

In summary, our data show that neuronal activity modulates the environment after injury by
specific mechanisms which may be neutralized as a result of excessive inflammation and
inhibitory substrates. Additionally, we have described how nociceptor activity triggers CCL21
secretion with subsequent differential roles in axon regeneration (Figure 46). In one hand, CCL21

has shown to enhance regeneration locally, through growth cone dynamics stimulation, upon
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CCR7-MEK activation (Figure 47), while on the other, this regeneration is prevented as a result
of CCL21 interaction with CXCR3.
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Discussion

SCls are severe lesions that generally lead to functional impairments. Moreover, as a result of
their etiology, these injuries normally occur at relatively young ages, meaning patients will suffer
their consequences for many years (Ahuja et al., 2017). Neurological deficits in this type of injury
derive from the lack of regeneration of adult CNS axons, which fail to overcome both extrinsic
and intrinsic barriers to regeneration in this system (Bradbury and Burnside, 2019; Mahar and
Cavalli, 2018; Mesquida-Veny et al., 2021).

Activity-based therapies are among the leading clinical approaches for SCI patients. These
therapies stimulate neuronal activity in order to promote activity-dependent plasticity (Carulli et
al., 2011; Hogan et al., 2020). However, the mechanisms behind their success are not completely
understood. Hence, while a proper molecular description is still lacking, fine-tuning of these
therapies remains challenging as it relies on trial and error. With this in mind, the general objective
of this thesis was to investigate the specific impact of neuronal activity in SCls, as a way to better
characterize the underlying molecular bases for activity-based therapies. For that, we focused on
two different aspects: the direct effect of neuronal activity on axonal growth, as well as in cellular

communication.

For the first part, we observed that specifically modulating neuronal activity at a cellular level
effectively promoted axonal growth, however, and more importantly, this was prevented in the
presence of growth inhibitory substrates. These results suggested that these discrete manipulations
result in local alterations, with a positive effect in growth but not in a global intrinsic

reprogramming of the regenerative capacities.

Secondly, we observed that cellular specific manipulations of neuronal activity did not result in
significant changes in the injury inflammatory or glial environments in the CNS. However,
detailed examination of acute neuronal secretion alterations revealed the existence of a complex
cellular dialogue centered on CCL21. Specifically, increased activity in DRG nociceptors induced
the secretion of this chemokine that in turn derived in subsequent differential consequences on
regeneration: while it promotes growth in proprioceptors, regeneration in vivo is impaired due to

a CCL21-linked mechanism in non-neuronal cells.

Our findings imply functional recovery induced by current clinical activity-based therapies may

derive from the synergy of different mechanisms, in a more holistic manner.

1. Effects of neuronal activity modulation on axonal growth in regenerating and non-

regenerating systems

While it is generally established that activity-based therapies rely on neuronal activity-triggered

plasticity to promote recovery (Carulli et al., 2011; Hogan et al., 2020), this principle mostly
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derives from work using exercise or electrical stimulation (as in (Carmel et al., 2013, 2010;
Carmel and Martin, 2014; Engesser-Cesar et al., 2007; Goldshmit et al., 2008; Sanchez-Ventura
etal., 2021)). Still, while these strategies boost neuronal activity, they lack cellular specificity and

are therefore not best suited to characterize the events underlying this increased neuronal activity.

In relation to that, we first analyzed the effect of neuronal activity on axonal growth at the cellular
level. Importantly, neuronal activity alters gene expression by promoting transcriptional,
epigenetic and other structural changes (as summarized in Figure 12) (Flavell and Greenberg,
2008; Hogan et al., 2020; Madabhushi et al., 2015; Su et al., 2017; Tyssowski et al., 2018). With
this in mind, we initially hypothesized that neuronal activity could trigger an intrinsic
reprograming that induced a long-lasting pro-regenerative state in the specifically stimulated
neurons. This hypothesis implied that the primordial mechanism for the success in activity-based
therapies would be the increased neuronal activity itself that would generate a switch in individual

neurons.

Therefore, we performed a series of experiments in which we benefitted from optogenetics and
chemogenetics (Deisseroth, 2015; Sternson and Roth, 2014) to stimulate neuronal activity in
specific neurons and examined its consequences on their axonal growth. The characterization of
these particular manipulations in different neuronal models demonstrated that neuronal activity
enhanced growth, but only in the absence of growth-inhibitory molecules.

1.1. Neuronal activity promotes growth in regenerating capable systems

In line with previous reports including (Jaiswal and English, 2017; Park et al., 2015; Sala-Jarque
et al., 2020; Ward et al., 2016), our in vitro results together with PNS injury experiments revealed
that increasing neuronal activity enhanced axonal growth in regenerating capable models.
Moreover, also in accordance to another study, we showed these effects are maintained among
cell types (Ward et al., 2018), in our case in both adult DRG neurons as well as embryonic cortical
neurons. We believe the lack of statistical significance in cortical neuron experiments is caused
by the intrinsic variability and heterogeneity of these cultures and should not disparage the
observed differences, as the use of proper controls clearly denotes an impact of neuronal activity.
For instance, high growing capacities at early stages in these embrionary neurons lead to
overgrown cultures that hamper the quantification and could be diluting a greater impact of our

manipulations.

Of note, a fine adjustment of the optogenetic paradigm was crucial in terms of axonal growth
promotion, as this effect was highly dependent on the time of the stimulation after injury as well
as its frequency. With a first bibliographic research we initially selected a 20Hz pulse frequency
stimulation pattern, which had been successfully used in other studies using electrical stimulations

(Al-Majed et al., 2000b; Udina et al., 2008), as well as in one with optogenetic stimulation (Park
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et al., 2015), and later proved to be successful also in our experiments. Meanwhile, stimulating
cortical neurons as early as 30 min after axotomy or with a 50Hz pulse frequency resulted in a
sturdy reduction of axonal growth. Membrane disruption after axonal injury leads to Ca?* influx,
necessary for many processes in the generation of a growth cone and in the posterior regeneration
(Bradke et al., 2012). However, exaggerate Ca?* entrance and maintained neuronal depolarization
leads to the activation of some VGCCs that inhibit growth (Enes et al., 2010; Goganau et al.,
2018; Hilton et al., 2021; Tedeschi et al., 2016). This may likely be the cause of the decrease in
axonal growth observed in the commented stimulation paradigms, as both of them result in

excessive intracellular Ca®*.

These data further demonstrate that neuronal activity needs to be tightly modulated to trigger the
expected outcome, in accordance to previous studies showing differential gene expression (Lee
et al., 2017; Miyasaka and Yamamoto, 2021; Tyssowski et al., 2018) and plasticity (reviewed in
(Fauth and Tetzlaff, 2016)). In contrast to our findings, a previous study (Park et al., 2015),
showed that frequencies above 20Hz could still induce axonal growth. These differences may
result from the use of an uninjured model: whole DRG explants, that also contain trophic
supporting cells such as satellite glia and Schwann cells, which may contribute to proper cationic
homeostasis in the neighboring neurons. Unfortunately, we were not able to test the effects of
neuronal activity in in vitro injured DRGs due to the limited amount of neurons obtained in DRG
cultures  (~100.000cells/animal)  compared to our microfluidic  device needs
(200.000cells/device).

To avoid the commented variable outcomes of differential activity modulations, we leaned
towards the technique yielding greater temporal resolution to manipulate neuronal activity:
optogenetics (Rost et al., 2017). However, the anatomical location of the DRGs implied extremely
invasive surgical procedures to insert the optical fiber for illumination, in prejudice of the welfare
of the animals. Consequently, we used chemogenetics to tackle this inconvenience, which had a
comparable impact on axonal growth than the observed in vitro with optogenetics, meaning in
vivo chemogenetic stimulation in a model of peripheral regeneration also resulted in regeneration
promotion. Noticeably, in this case we applied the chemogenetic stimulation prior to injury
(preconditioning), yielding similar outcomes to those from other studies using a preconditioning
approach with electrical stimulation (Goganau et al., 2018; Senger et al., 2018; Udina et al., 2008)

or enriched environment (Hutson et al., 2019).

Therefore, we and others have shown that manipulating neuronal activity at the cellular level
(Jaiswal and English, 2017; Ward et al., 2016) yields similar regeneration responses than
electrical stimulations (Ahlborn et al., 2007; Al-Majed et al., 2004), indicating that neuronal

activity per se might contribute to the growth-promoting effects of activity-based therapies.
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1.2. The growth-promoting impact of neuronal activity is impaired by inhibitory

environments

We then tested our findings in SCI mouse models, however, stimulating neuronal activity at the
cellular level did not enhance functional recovery, as opposed to other studies with different
activity-based strategies such as electrical stimulation (Carmel et al., 2013, 2010; Carmel and
Martin, 2014), or physical activity (Engesser-Cesar et al., 2007; Goldshmit et al., 2008; Loy et
al., 2018). Whether longer stimulation periods would have led to improvements remains however

unanswered.

Nonetheless, in an attempt to elucidate whether regeneration was not induced in this model, or
whether it did not translate into improved sensorimotor performance, we performed additional
analysis. The leap to a CNS system entails the existence of intrinsic and extrinsic barriers for
restoration (Bradbury and Burnside, 2019; Mahar and Cavalli, 2018; Mesquida-Veny et al.,
2021), hence, we examined whether the lack of recovery could be a consequence of one of them.
In vitro experiments showed that optogenetic stimulation promoted growth in laminin-coated
substrates, but not in CSPG-coated substrates. Similarly, we did not observe increased axon
regeneration beyond the injury site, however, when we analyzed spinal segments rostral to the
injury, we did observe that stimulated animals presented an increased amount of regenerating
axons, particularly in grey matter regions. These data revealed that while axonal growth is
specifically increased in stimulated neurons, this gain-of-function is suppressed in the presence

of growth-inhibitory molecules.

In accordance to our findings, recent work from another laboratory also found a lack of axonal
growth in the presence of inhibitory molecules after specific increases in neuronal activity (Wu
et al., 2020). In the same study, sensorimotor performance improvements after CNS injury were
only observed after more than a month of daily neuronal activity modulation with chemogenetics
in association with the administration of the CSPG-digesting enzyme, ChABC (Wu et al., 2020).
Moreover, combining rehabilitation with therapies that eliminate CSPGs, with ChABC (Garcia-
Alias et al., 2009; D. Wang et al., 2011) or a disintegrin and metalloproteinase with
thrombospondin motifs 4 (ADAMTS4) (Griffin et al., 2020) results in magnified improvements,
even when delivered at a delayed time-point (D. Wang et al., 2011). All these reports, together
with our results, indicate that the extrinsic inhibitory barrier in the CNS reduces the efficiency of
activity-based therapies, as well as they support the idea that combinatorial therapies are needed
in order to approach the different features of the SCI pathophysiology (Griffin and Bradke, 2020).
Still, the mechanisms behind each therapy as well as their impact need to be properly described

in order to further optimize them and elicit their full potential, especially when combined, as, for
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example, simultaneous treatment with anti-Nogo and exercise resulted in detrimental outcomes
(Maier et al., 2009).

1.3. The role of specific neuronal activity in growth-promotion

As previously stated, our initial hypothesis was that neuronal activity itself was the main
responsible for functional improvements in activity-based therapies, via induction of an intrinsic
switch in the activated neurons, similar to what happens in DRGs after conditioning injury (Curcio
and Bradke, 2018). However, the results obtained imply that activity per se has a rather moderate

effect on intrinsic growing capacities.

First of all, modulating specifically neuronal activity did not promote recovery in vivo, as opposite
to other activity-based therapies (such as in (Asboth et al., 2018; Carmel et al., 2010; Hutchinson
et al., 2004; Hutson et al., 2019; Loy et al., 2018). This observation suggests that the success of
activity-based therapies is beyond the specific intracellular mechanisms that neuronal activity by

itself promotes.

Then, a large transcriptional or epigenetic switch would potentiate growth over the extrinsic
barriers, as seen after the conditioning injury (Curcio and Bradke, 2018), HDACS3 inhibition
(Hervera et al., 2019b) or PCAF overexpression (Puttagunta et al., 2014). Instead, neurons with

increased neuronal activity were unable to overcome this inhibitory signaling.

Importantly, while neuronal activity robustly enhanced peripheral regeneration, we did not
observe increased RAG expression (ATF3, BDNF, Cap23, Galanin and Sprrla) at 24h after the
last stimulation. These results suggest a lack of long-lasting neuronal reprogramming. Therefore,
while RAG expression might be induced by the stimulation at shorter time-points, as seen after
optogenetic stimulation of DRGs, when BDNF increases only from 2 to 5h after stimulation (Park
et al., 2015), these levels are not maintained throughout time. Interestingly, this possibility is
further supported by our in vitro experiments in which growth was promoted within one day after
the optogenetic stimulation, while electric stimulation was unable to promote growth at that time
point, which was attributed to a necessary time latency to induce a pro-regenerative state
(Goganau et al., 2018; Udina et al., 2008).

Therefore, the success of activity-based therapies does not derive from specific activity
modulations leading to a subsequent pro-regenerative state. Instead, other restricted mechanisms
might underlie growth increases when modulating activity at a cellular level. Neuronal activity
may still be altering gene regulation, as largely described (Flavell and Greenberg, 2008; Yap and
Greenberg, 2018), and some of the modulated genes could be exerting an effect on growth,
however, their impact seems to be rather punctual. Nevertheless, the effects of activity on growth

may also result from other cellular consequences of neuronal activity, including increased
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glycolysis with associated lipid incorporation to the membrane (Bas-Orth et al., 2017; Segarra-
Mondejar et al., 2018). As a result of its nature, neuronal activity also modifies the distribution
and the activation of several ionic channels (Enes et al., 2010; Misonou et al., 2004; Romer et al.,
2016). This alteration can affect growth through ionic modulations and their subsequent
consequences (Shim and Ming, 2010; Tedeschi et al., 2016), or even due to altered gene
expression (Enes et al., 2010). Additionally, cytoskeleton dynamics have been previously linked
to activity, for instance, microtubule polymerization in spines is increased by neuronal activity
(Hu et al., 2008). In fact, neuronal activity stimulation led to boosted microtubule dynamics in
the growth cone, as seen by increased labile microtubules (Wu et al.,, 2020). Using
pharmacological inhibitors, the authors concluded that a reduction of acetylated tubulin was
necessary for activity-mediated growth induction, while increasing tyrosination phenocopied the

effects of the chemogenetic stimulation (Wu et al., 2020).

As a result of all the commented, activity-based therapies need to target activity in a holistic
manner, raising the excitability of several networks at the same time, probably leading to
plasticity and circuit reorganization (Courtine and Sofroniew, 2019). This is further evidenced by
the fact that strategies targeting activity in a general manner, such as enriched environment, exert
amore robust outcome than specific stimulations alone, as in the case of chemogenetic stimulation
(Hutson et al., 2019). Remarkably, less specific stimulation paradigms activate spinal networks
leading to residual circuit rearrangement, moreover, in recent studies, first in primates and later
in patients, the combination of epidural stimulation with functional rehabilitation has surprisingly
led to restoration of function even without stimulation (Asboth et al., 2018; Capogrosso et al.,
2016; Wagner et al., 2018). In agreement to that, recovery in several studies using activity-based
therapies has been found to derive from network reorganization, even after optogenetic
stimulation leading to breathing restoration (Alilain et al., 2008; Eisdorfer et al., 2020; Loy et al.,
2018). Sprouting, another form of plasticity, also underlies recovery after exercise or electrical
stimulation (Carmel et al., 2013, 2010; Carmel and Martin, 2014; Engesser-Cesar et al., 2007;
Goldshmit et al., 2008). Of note, many of these strategies rely on sprouting of spared fibers, but
not of the injured ones. Accordingly, the level of recovery in these strategies is always greater as
more incomplete are the injuries, presenting more spared tissue; for instance, contusion injuries
need stronger stimulations than unilateral injuries (Carmel et al., 2014; Martin, 2016). The type
of injury might also explain why in our hands optogenetic stimulation of the motor cortex failed
to induce sensorimotor improvements, in contrast to others with a comparable stimulating
approach (Deng et al., 2021), as compression injury leaves more uninjured fibers than our
axotomy of the CST. Similarly, another study showed strong regeneration after optic nerve crush

when applying visual or chemogenetic stimulations (Lim et al., 2016). This discrepancy may also
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originate from a less invasive injury model. Apart from that, extrinsic barriers in complete injuries

are magnified, hindering plasticity and reorganization of all systems in the spinal cord.

In parallel, and since our aim was to clarify the precise impact of neuronal activity in activity-
based therapies, presuming it would lead to robust regeneration, we designed and optimized a
system that allowed us to recover specifically a population of stimulated regenerating neurons
using retrotracing and FACS. For the development of this system, we adapted the neuronal
isolation protocol from previous studies (Arlotta et al., 2005; Catapano et al., 2001) to our needs.
Importantly, and in contrast to these studies, we faced the challenge to isolate adult cortical
neurons, which are extremely fragile, meaning they had to be processed with stricter delicacy,
and even despite that, the proportion of recovered neurons would be lower. To minimize this loss,
the sugar trehalose was incorporated to the cell suspension to preserve membrane integrity and
increase cell viability (Saxena et al., 2012). Debris was also greater as a consequence of using
adult brains, that contain greater amounts of myelin and a more complex ECM, so additional
separation steps together with viability stainings had to be included. Unfortunately, since our
paradigm did not induce relevant regeneration, at the end we were only able to successfully
recover approximately 250 stimulated regenerating neurons per sample. However, we have
successfully generated a system to isolate regenerating neurons which will surely be useful in
other projects, since it could be applied to future studies were the manipulation leads to stronger

regeneration.

All in all, we found that neuronal activity manipulation at the cellular level promoted growth only
in the absence of adverse environments. Moreover, as stated, this strategy fails to reach the
promising outcomes of other non-specific approximations. These findings, together with several
other previous studies indicate that the success in activity-based therapies relies on restricted
alterations in specifically modulated neurons (instead of on a recapitulation of their regenerating

capacities), together with a raised excitability and plasticity of several networks in the spinal cord.

2. Role of neuronal activity in cell-to-cell communication after injury

In line with our main objective, we intended to extend our knowledge about the effects of
specifically modulating neuronal activity in SCIs, so we evaluated whether it could alter the
neuronal dialogue with other cells. In that line, research has shown that in many healing tissues,
the key for injury resolution is cellular communication, as these interactions orchestrate the
different injury phase transitions (Gurtner et al., 2008; Wynn and Vannella, 2016). However, after
CNS injury this process is disrupted causing chronic inflammation (Mesquida-Veny et al., 2021).

Neuronal activity may lead to secretome alterations, as seen by increased exosome and BDNF
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release (Chivet et al., 2014; Wong et al., 2015). Therefore, we considered the possibility that

neuronal activity modulation would be affecting cell-to-cell communication after injury.

Importantly, while we did not observe changes neither in the scar nor in the chronic environment
of the injury after modulating neuronal activity, it allowed us to identify a specific activity-
triggered mechanism in nociceptor cells with a bivalent effect on regeneration. Consequently, we
identified two new roles of CCL21, the mediator of these effects, depending on the subsequently

activated receptor and cell type.
2.1. Neuronal activity does not modify the general environment after injury

In a first approach, we evaluated the final impact of activity on two of the fundamental
characteristics of the SCI environment: the glial scar and the inflammatory conditions. While
other studies had observed reduced glial scar in exercised animals (Loy et al., 2018; Sandrow-
Feinberg et al., 2009), our optogenetic stimulation paradigm did not yield the same results, a
discrepancy which may derive again from more global repercussions of exercise, such as release
of neurotrophins and pro-resolving cytokines by non-neuronal cells (reviewed in (Bilchak et al.,
2021; Cerqueira et al., 2020). However, deeper examination is required in order to exclude
transient changes, already observed after exercise (Loy et al., 2018). Similarly, cytokine levels in
the injured spinal cord remained unaffected after the optogenetic stimulation. In this case, we
altered the time-point of analysis (11DPI), which was selected to allow at least a round of 5 day
stimulation, and to analyze the injury environment before chronification of the inflammation, as
at this approximate time-point CNS injuries start to differ from healing ones, failing to start the
resolving phase (Mesquida-Veny et al., 2021; Novak and Koh, 2013). In line with our results,

enriched environment did not alter the cytokinome of the injured spinal cord (Hutson et al., 2019).

Neuronal activity modulates microglial actions during development and homeostasis (Ferro et al.,
2021). Microglia respond to increased neuronal activity with alterations in Ca?* levels and process
dynamics (Ferro et al., 2021; Tremblay et al., 2010; Umpierre et al., 2020). Interestingly, 1L-33
was found to contribute to activity-mediated neuron-microglia communication (Nguyen et al.,
2020). Moreover, exercise reduced microglial activity after SCI (Chhaya et al., 2019), while
electrical stimulation increased the numbers of pro-resolving macrophages in demyelinated
nerves (McLean and Verge, 2016). These studies suggest that activity-based interventions can
reshape cellular dialogues even after injury, however, as we have observed, punctual interactions
are insufficient to restore balance and avoid SCI chronification, due to the excessive production

of pro-inflammatory molecules (Kroner et al., 2014; Mesquida-Veny et al., 2021).
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2.2. Involvement of CCL21 in activity-triggered cell communication with subsequent effects

on axonal regeneration

As stated, it is clear that neuronal activity can alter the neuronal signaling to other cells. In relation
to that, our experiments show an induction in the expression and release of the chemokine CCL21
upon neuronal stimulation. Importantly, as previously described, we showed that specific
nociceptor activation derived in CCL21 production (Zhao et al., 2007). Nevertheless, the
contribution of other neuronal types to CCL21 production in less specific stimulations cannot be

excluded.

In order to describe how this activity-triggered mechanism of cell communication could influence
the injury environment or even axonal growth, we further studied the impact of CCL21 in these
paradigms. This neuronal chemokine had already been described for its role in neuropathic pain
induction, as injured nociceptors also release this chemokine (Biber et al., 2011; De Jong et al.,
2005), however, its role in axon regeneration had never been described. Surprisingly, our results
revealed a bivalent role of CCL21 in axon regeneration (Figure 46), as it induces growth in
proprioceptor neurons in a CCR7-MEK-ERK-dependent manner, with a final effect in growth
cone dynamics, as observed by our in vitro results, but these effects are counteracted by CXCR3

activation in non-neuronal cells.
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Figure 46. Proposed mechanism for nociceptor-derived CCL21 in axonal injuries. Neuronal activity
induces the release of CCL21 in nociceptors. This CCL21 enhances axonal regeneration in the CCR7-
expressing growth cones of proprioceptors, while CXCR3* cells respond to the CCL21 secretion
suppressing this induced axonal growth.

2.2.1. CXCR3-mediated growth inhibition

To this day, three receptors have been described to interact with CCL21: CCR7, CXCR3 and
ACKR4. CCRY7 is the canonical receptor of CCL21 and mediates its largely role known in
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leukocyte attraction to lymphoid organs (Comerford et al., 2013; Forster et al., 2008). Moreover,
it has been shown that CCL21 can attract microglia via the CXCR3 receptor (Biber et al., 2001;
Rappert et al., 2002), while the scavenging receptor ACKR4 participates in CCL21 clearance
from the extracellular space (Bastow et al., 2021; Ulvmar et al., 2014). Motivated by the presence
of CXCR3 in the nervous system (Goldberg et al., 2001; Zhou et al., 2019), as well as the
observation of CXCR3 expression in macrophages, in accordance to previous findings (Butler et
al., 2017; Pandey et al., 2021), we analyzed the role of this receptor in axonal regeneration.
CXCR3 inhibition after sciatic nerve injury, which has been reported to induce the expression and
release of CCL21 (Biber et al., 2011) resulted in a clear promotion of neuritic growth in ex vivo
cultures, pointing towards a detrimental effect of CXCR3 on growth after injury. In agreement
with these results, deletion of CXCRS3 leads to enhanced functional improvements after SNC
(Jeub et al., 2020).

We next checked the expression pattern of this receptor in the DRG, and we did not observe any
neuronal expression, and while another study showed that nerve injury triggers its neuronal
expression, this occurs at much later time-points after injury (Kong et al., 2021). We then targeted
macrophages as the most likely candidates to mediate the CCL21 effects, as already described in
other pathologies (Van Raemdonck et al., 2020). Moreover, it has been shown that interaction of
CXCR3 with its ligands can induce macrophage activation while driving their phenotype
(Hasegawa et al., 2021; Pandey et al., 2021).

Still, the precise mechanism behind the CCL21-CXCR3-dependent growth blockade remains to
be elucidated. Our experiments using macrophage-derived conditioned-media showed that
macrophage secretome and/or their extracellular vesicles (EVs) were not responsible for altering
the regeneration capacities in neurons, which was the case for other previous studies (Hervera et
al., 2018; Kigerl et al., 2009; Kwon et al., 2015). We cannot exclude however another kind of
neuron-macrophage interaction driving these effects, such as direct contact or the participation of
a third mediator. Indeed, macrophages have been described to establish physical interactions with
damaged neurons (lwai et al., 2021) and besides, a direct contact is required for a
macrophage/microglia-mediated growth restriction (Hata et al., 2006; Kitayama et al., 2011) and
dystrophic axon dieback (Busch et al., 2009; Horn et al., 2008). Meanwhile, mechanisms
involving several steps of communication have also been described, highlighting the importance
of complex dialogues with more than two different actors, for instance, neuronal CX3CL1 has
been shown to induce CXCL16 expression both in microglia and astrocytes, promoting CCL2
production in this last cell-type, and eventually increasing neuronal survival (Rosito et al., 2014,
2012). Nonetheless, our experiments using concentrated conditioned media do not allow to
discard an effect of small molecules, as this media contained predominantly molecules above

10kDa, as a result of the concentration protocol used.
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On the other hand, CXCR3 presents other described ligands: CXCL9, CXCL10 and CXCL11
(Karin, 2020). Therefore, it is possible that, instead of CCL21, the CXCR3-mediated growth
blockade is activated by one of these other ligands. Nerve injury elevates neuronal CCL21
expression already from early time points (12-24h post-injury) (Biber et al., 2011). Meanwhile,
CXCLY9, CXCL10 and CXCL11 alterations seem to occur at later time-points (Kong et al., 2021;
Piotrowska et al., 2018). According to that, an influence of these chemokines is rather unlikely,
as our ex vivo culture was performed at 24h after the SNC. Moreover, CCL21 administration after
SNC did not alter regeneration, which we believe results from the CXCR3-mediated inhibition
counterbalanced by a CCR7-dependent growth induction, which will be later further discussed.
Nevertheless, further experiments combining the pharmacological inhibitor NBI-74330 with
genetic deletion of CCL21 and/or the other ligands of CXCR3 would help to corroborate our
hypothesis.

Additionally, we cannot exclude the participation of other supporting cells such as satellite glia,
Schwann cells or even less abundant leukocytes in the mounting of these inhibitory effects, either
directly or through interaction with other non-neuronal cells. To this aim a thorough
characterization of the different CXCR3* subpopulations, and the relative presence of migratory
leukocytes after CCL21 using state-of-the-art separation and molecular characterization

techniques is needed, in order to unveil the precise mechanisms behind these effects.

On another note, CCL21 administration in vivo lowered the levels of several chemokines.
Importantly, some of these chemokines, specifically CCL3 and CXCL10 have been shown to
induce microglial activation and pro-inflammatory molecule secretion (Ha et al., 2015; Sun et al.,
2016). Therefore, at a first glance, CCL21 would seem to reduce the inflammatory response,
which contrasts to previous findings showing reduced pro-inflammatory cytokines in CCL21-
deficient mice after SCI at later timepoints (Honjoh et al., 2019). However, these results might be
useful to explain the presence or absence at early time-points of other migratory leukocytes that
might be involved in the triggering of the underlying effects. Still, as above mentioned, further
exploration is needed in order to determine the precise interactions and whether these findings are

linked to the subsequent regeneration blockade.
2.2.2. CCR7-mediated growth enhancement

The observation that ex vivo neurons are primed to regenerate after CXCR3 inhibition indicated
a final effect on the intrinsic growth capacities of neurons, and while we cannot exclude other
chemokines to be involved, we thought that CCL21 might be responsible, at least to part of this
additional growth, moreover, direct administration of this chemokine did not reduce regeneration
after SNC. These observations led us to hypothesize that CCL21 could be promoting axonal

regeneration through a different mechanism. Consistently, ex vivo as well as in vitro
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administration of this chemokine resulted in increased neuritic growth in large-diameter
proprioceptive neurons. Importantly, the observed growth induction appears to be dose-

dependent, and specifically neuronal.

Interestingly, similar roles have already been described for other chemokines, as CCL7, CCL20,
and CXCL2 induce growth in vitro (Bhardwaj et al., 2013) and CXCL12 has been shown to
promote growth even after a SCI in rodents (Opatz et al., 2009; Pujol et al., 2005). As commented,
CCL21 was first described for its role in recruiting leucocytes, and therefore has a primordial role
in stimulating the migration of dendritic cells as well as several T cell subpopulations (Britschgi
et al., 2010; Forster et al., 2008; Scandella et al., 2004; Shannon et al., 2010), but can also induce
migration in other cell types such as tumorigenic cells or MSC (Joutoku et al., 2019; Li et al.,
2014; Mo et al., 2015; Sasaki et al., 2008; Xiong et al., 2017). Remarkably, migration and axonal
growth are processes that share many characteristics and molecular mechanisms, and indeed, the
leading edge of migratory cells and the axonal growth cone are very similar cellular structures
(Aberle, 2019; Cooper, 2013). Therefore, it is not surprising to find molecules promoting both
processes, such as what happens with CXCL12 (Borrell and Marin, 2006; Doitsidou et al., 2002;
Opatz et al., 2009; Pujol et al., 2005).

In our particular case, we found that CCL21 was exerting its function through the CCRY7 receptor.
Additionally, expression of this receptor was reliably found in proprioceptor neurons. In
accordance, neuronal expression of CCR7 had also been described before in other studies,
specifically in peripheral nerves as well as in the hippocampus (Hirth et al., 2020; Liu et al., 2007).
However, these studies did not provide a proper description of its role. Our findings regarding the
implication of CCR7 in axonal growth match the already defined role of the CCL21-CCR?7 axis
in cell migration (Comerford et al., 2013; Li et al., 2014; Mo et al., 2015; Shannon et al., 2010;
Xiong et al., 2017).

Interestingly, the other ligand of CCR7, CCL19, was not found to induce axonal growth in our
experiments. While this result might seem controversial at first, as CCL19 presents a similar role
to CCL21 in immune cell homing to lymph nodes (Forster et al., 2008), these chemokines have
shown to trigger slightly divergent activations in CCR7 (Hauser and Legler, 2016; Jgrgensen et
al., 2018). This biased activations are believed to result from the impact each of the ligands exerts
on the conformation of the receptor, and has been recently described to depend on variations in
the core region of these chemokines (Hauser and Legler, 2016; Jargensen et al., 2019). In that
line, the general hypothesis is that both chemokines induce shared signaling pathways, but CCL19
does so in a more robust manner (Hauser and Legler, 2016; Jgrgensen et al., 2018). Despite that,

some particular mechanisms seem to be activated preferentially by CCL21, an effect that seems
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to differ depending on the cell type, as seen for example in the case of ERK1/2 activation
(Corbisier et al., 2015; Hjortg et al., 2016; Kohout et al., 2004; Shannon et al., 2012).

As a GPCR, CCR7 modulates several signaling pathways (Rodriguez-Fernandez and Criado-
Garcia, 2020). Pharmacological inhibition of MEK-ERK pathway, one of the described mediators
of CCR7, was able to inhibit the effect of CCL21 in our experiments, indicating a CCR7-MEK-
ERK-dependent mechanism. This finding is in accordance with previous studies describing a role
of this pathway in the CCL21-CCR7-mediated chemotaxis (Riol-Blanco et al., 2005; Shannon et
al., 2010). These studies also showed that G; protein signaling was regulating the MEK-ERK
pathway activation (Riol-Blanco et al., 2005; Shannon et al., 2010). While in our experiments
inhibiting the G; protein did not completely abrogate the CCL21 effect, a similar regulation could
still be occurring, as the lack of growth-suppression could derive from other opposing pathways

activated by the G inhibition.

Our work has therefore identified a mechanism that promotes growth in a MEK-ERK-dependent
manner upon the CCL21-CCR7 interaction. Previous work has already demonstrated an
implication of the MEK-ERK pathway in axon regeneration (as in (Chierzi et al., 2005; Perlson
et al., 2005; Puttagunta et al., 2014). Particularly, ERK has been described to be phosphorylated
after peripheral injury and to function as a retrograde signal to the cell soma, leading to
transcription alterations, including increased RAG expression ((Perlson et al., 2005; Puttagunta
et al., 2014). Nevertheless, in our model we did not observe any change in RAG expression after
CCL21 addition to neurons, indicating our mechanism was not increasing their regenerative

capacity through a transcriptional reprogramming.

In addition to its impact on gene expression, the MEK-ERK pathway also directly regulates other
cellular mechanisms (Tanimura and Takeda, 2017). Accordingly, several studies have shown an
impact of this pathway on actin polymerization as a result of WAVEZ2, cortactin and Racl
phosphorylation (Danson et al., 2007; Martinez-Quiles et al., 2004; Mendoza et al., 2011,
Nakanishi et al., 2007; Tong et al., 2013), as well as in cellular adhesion, resulting from the
phosphorylation of other proteins, including FAK and paxillin (Hunger-Glaser et al., 2003; Ishibe
etal., 2004).

In an attempt to further clarify the mechanism underlying the growth promoting effect of CCL21,
we focused on the growth cone, where we found CCR7 expression to be particularly elevated.
Actin polymerization is a key process in this structure, and, as stated, it can be modulated by the
downstream effectors of CCL21-CCR7, namely the MEK-ERK pathway (Leite et al., 2021,
Tanimura and Takeda, 2017). Pharmacological inhibition of N-WASP, one of the regulators of
actin polymerization, almost completely prevented CCL21 effects. This protein is a well-known

Arp2/3 activator, which is in turn an actin-binding protein responsible for actin filament branching
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(Pollard, 2016). In accordance to our results, other studies previously revealed a requirement for
Arp2/3 for growth cone expansion after treatment with several growth stimulating cues (San Ruiz-
Miguel and Letourneau, 2014; Schlau et al., 2018). Moreover, ERK has been shown to
phosphorylate cortactin, allowing it to bind to N-WASP, ultimately mediating its activation
(Martinez-Quiles et al., 2004). These discoveries suggest a feasible mechanism linking CCL21-
dependent CCRY7 activation and actin branching stimulation (Figure 47): CCL21 locally interacts
with its receptor CCR7 at the axonal tip, leading to ERK activation, which in turn enables
cortactin (via its phosphorylation) to bind to N-WASP, with a final effect on Arp2/3 complex
activation. Eventually, this pathway would trigger actin filament ramification with subsequent

increased neuritic growth.
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Figure 47. Proposed mechanism underlying CCL21-induced growth. In proprioceptors, CCR7 in the
growth cone activates a pathway that modulates the Arp2/3 function, probably via ERK phosphorylation
of some of their interacting components. CCL21-induced growth seems therefore to depend on actin
branching promotion.

Altogether, our findings provide evidence for a role of CCL21 in cytoskeleton rearrangements in
the growth cone. Nevertheless, more work would be needed in order to further characterize this
working model. Indeed, the lack of interaction significance in the N-WASP inhibition
experiments probably derives from the action of CCL21 on other cytoskeletal effectors, as
described in other models (Riol-Blanco et al., 2005; Rodriguez-Ferndndez and Criado-Garcia,
2020; Torres-Bacete et al., 2015), further highlighting the need for additional experiments to
better characterize all the mechanisms involved. For instance, in dendritic cells, downstream

effectors of CCR7 inactivate cofilin, leading to actin polymerization while actin contraction is
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also affected as a result of MLC activation alterations (Riol-Blanco et al., 2005; Rodriguez-
Ferndndez and Criado-Garcia, 2020; Torres-Bacete et al., 2015). As we have not excluded the
possibility that these other CCR7-activated pathways may be contributing to our observations, it

would be very interesting to test their possible influence in our model.

All in all, we have identified the chemokine CCL21 as a cue for regeneration of proprioceptive
neurons, expanding its previously known role in regeneration in other tissues including skin,

cartilage and vascular remodeling (Joutoku et al., 2019; Nossent et al., 2017; Sasaki et al., 2008).

On another note, some issues have to be discussed regarding the therapeutic implications of our
findings. Our in vivo experiments show that the sole application of CCL21 does not induce axon
regeneration, a fact that we attributed to its growth-inhibitory effects via CXCR3 activation.
Experiments combining CCL21 administration with the use of CXCR3 inhibitors after injury are
needed in order to further corroborate this hypothesis and to verify its efficacy as a treatment for
axon regeneration. Moreover, while CCL21 has been shown to induce neuropathic pain (Biber
and Boddeke, 2014), CXCR3 might be the mediator for these effects, and its inhibition contributes
to attenuate it (Biber and Boddeke, 2014; Piotrowska et al., 2018). However, as a complete
description of the effects of this chemokine on the other cells in the injury is still missing, with
our current knowledge, the most optimal strategy would be to directly stimulate the impact of this

chemokine on the growth cone.
2.3. A complex pain-dependent mechanism promoting regeneration

During the course of this thesis we have described a new neuron-neuron dialogue, with a final
effect on growth. First of all, this mechanism involves a paracrine communication system between
two different neuronal types: nociceptors and proprioceptors. While neurons are highly
interconnected through synapses, little is known about their other forms of communication
(Herrmann and Broihier, 2018). Growth factors, such as BDNF or vascular endothelial growth
factor (VEGF), have been implicated in both paracrine and autocrine neuronal dialogues
(Acheson et al., 1995; Cheng et al., 2011; Froger et al., 2020; Ogunshola et al., 2002). Whether
these particular interplays are accentuated by neuronal activity requires further exploration, as
some studies claim to observe activity-triggered neurotrophin increases, while others present
contrasting results (Hutson et al., 2019; Keeler et al., 2012; Molteni et al., 2004; Park et al., 2015).
Remarkably, we have described a chemokine as a messenger to mediate neuron-neuron signaling.
Chemokines were classically described for their role in immune cell communication, however,
growing research is now showing their implications in other cell type dialogues (De Haas et al.,
2007; Jaerve and Miller, 2012; Mesquida-Veny et al., 2021). In parallel to our findings, another
chemokine, CCL2 has also been proposed to be released by neurons and directly act on them

(reviewed in (Biber and Boddeke, 2014)). These data encourage the idea that chemokines might
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represent a fundamental form of communication between neurons, especially after injury, and

therefore, the role of other neuronal chemokines should be studied in this context.

Then, and even more remarkably, we have elucidated a novel role for nociception in sensory axon
regeneration. Nociception and pain normally occur upon injury to any tissue (Baliki and Apkarian,
2015; Woller et al., 2017), and while it is not surprising that a signal triggered by the injury
promotes regeneration, similarly to what happens in normally healing tissues, after nerve injury
nociceptor activation is often attributed to pathological maladaptive neuropathic pain. Indeed,
several injury signals including a Ca?* wave, ROS production and mechanotransduction
contribute to healing via leucocyte recruitment inducing a subsequent inflammatory phase, as well
as they may directly stimulate tissue regeneration (Enyedi and Niethammer, 2015; Hervera et al.,
2019a). However, the implication of nociception is only beginning to be elucidated. Meanwhile,
the contrary relationship has received more attention, as undesired plasticity upon injury often

leads to neuropathic pain (Costigan et al., 2009).

Our experiments show that increased nociceptor activity leads to the secretion of a growth-
promoting chemokine, CCL21. In line with this, other studies have also suggested a role for
nociception in tissue regeneration, as nociceptor activation has been shown to lead to adipose
tissue regeneration, as a result of CGRP (calcitonin gene-related peptide) production (Rabiller et
al., 2021), angiogenesis via the effects of Substance-P (Amadesi et al., 2012), and skin healing,
in this case through an impact on immune cells (Wei et al., 2020). Meanwhile, another study
showed reduced recovery after pain induction in a model of SCI (Turtle et al., 2018), however,
adverse consequences in this case might be related to excessive nociceptive induction, which can
lead to neuronal death (Pecze et al., 2013). Contrarily, as stated, a physiological-like activation
seems to play an important role for regeneration. Pain may therefore be a more complex
evolutionary mechanism than we had previously anticipated, as it seems to orchestrate and
promote repair beyond its mere warning function against hazardous situations. This idea also
raises a question about the adequacy of the use of strong analgesics such as opioids after injury,
in a similar manner to what happened with the use of indiscriminate immunosuppressive drugs
after SClIs (Donnelly and Popovich, 2008). Therefore, as the analgesic effect might be hindering
regeneration at the same time, a better description of the impact of these drugs on healing at
different stages after injury would help to optimize their applications and tailor current therapies
(Berthézéne et al., 2021).

3. New mechanisms underlying activity-based therapies

The term activity-based therapy refers to a set of strategies, from methodologically simpler ones
like rehabilitation, to really complex strategies that provide spatiotemporally tailored

stimulations, all of them deriving in a final raise of neuronal activity (Courtine and Sofroniew,
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2019). While these strategies have shown promising results after SCI, their degree of success
remains limited, which is why many research efforts are trying to understand how they work, and
why they fail. Understanding their physiological and molecular bases is key in order to generate
finely tailored strategies, as well as to design new combinatorial therapies that counteract the
pitfalls of current individual ones (Griffin and Bradke, 2020).

Over the years, many studies have tried to shed light on this particular issue, however, little work
has focused on the particular effect of neuronal activity, as the selected strategies did not allow
for cellular-specific studies. During the course of this thesis, we have investigated various
mechanisms underlying activity-based therapies upon discrete manipulations of neuronal activity,

taking advantage of optogenetic and chemogenetic approaches.

First of all, we have uncovered the fact that neuronal activity alone, despite displaying a growth-
promoting effect, does not seem to trigger a potent own neuronal reprogramming by itself. In turn,
this indicates that the success of activity-based strategies relies on both specifically locally-guided
alterations, as well as on a general increase on plasticity promoted by a holistic state of neuronal
activation. Then, and in accordance to that, we identified a new mechanism of neuronal

communication, initiated by neuronal activity, with a final effect on growth.

Therefore, we propose that neuronal activity promotes growth not only in the activated neurons,
but also on other neurons as a result of their communication, increasing plasticity in a broader
way. This idea is reinforced by the fact that increasing activity in a more general manner
exponentially increments excitability and neuronal plasticity in comparison to other more specific
interventions (Courtine and Sofroniew, 2019): as more neurons are modulated, their signaling
reaches and engages a larger number of receptor neurons. In parallel with our results, another
study showed that optogenetic stimulation of DRGs enhanced growth in adjacent non-stimulated
DRGs (Park et al., 2015). While we only investigated chemokine alterations, and the influence of
neurotrophins remains controversial in this context (Hutson et al., 2019; Keeler et al., 2012;
Molteni et al., 2004; Park et al., 2015), it would be also interesting to search for other neuronal-
secreted molecules that could be mediating this plasticity, including cytokines, neuropeptides,

other growth factors and secreted proteins or even EVs.

Finally, regarding this particular issue, it is also worth commenting that the configuration of
neurons and tracts, and the discovery of neuron-neuron forms of communication with an influence

on growth would open the possibility to target areas with low anatomical accessibility.

In addition, the discovery of this particular cellular dialogue reinforces the idea that the success
of activity-based therapies results from the synergy of many individual mechanisms that affect
excitability and plasticity. In a similar manner, increased plasticity may also be aided by ECM

modifications, as neuronal activity seems to increase the action of metalloproteases, responsible
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for CSPG cleavage, among others (Foscarin et al., 2011; Michaluk et al., 2007). Finally, neurons
may also signal to other cells, also paving the way for increased repair, as indeed, several studies
have shown neuronal activity boosts myelination (Gibson et al., 2014; Mitew et al., 2018; Ortiz
etal., 2019).

On the other hand, the mechanism behind CCL21-growth promotion has further revealed the
importance of cytoskeleton alterations for axonal growth. While these local modulations do not
seem to be as effective as targeting a growth-modulating gene, they should not be underestimated,
as they present less off-targets as well as increased safety. In line with that, other cytoskeleton-
targeted drugs have already shown efficacy in the treatment for SCI, specifically the microtubule
stabilizing drugs epothilones B and D have resulted in functional amelioration in rodents (Ruschel
et al., 2015; Ruschel and Bradke, 2018). Importantly, and as stated, neuronal activity seems to
promote cytoskeletal dynamics (Hu et al., 2008; Wu et al., 2020). Thus, examining our results
from the first chapter, we observe many coincidences with the effect of CCL21. These
observations lead us to propose increased cytoskeleton dynamics as a reasonable mechanism
underlying activity-mediated growth induction. Moreover, this mechanism would match with the
lack of grow of stimulated neurons on CSPGs, as a recent study has demonstrated CSPGs impair
growth by RhoA-induced actomyosin compaction, impeding microtubule extension (Stern et al.,
2021). Therefore, even though activity promotes microtubule dynamism, their elongation is

physically and biochemically impeded by actin contraction.

Finally, our results also contribute to the idea that cytoskeletal dynamics can also prime neurons
to recapitulate their growing capacities (Tedeschi et al., 2019), a mechanism that had been
attributed solely to a pro-regenerative transcriptional switch. In this regard, recent work has shown
that the conditioning injury paradigm leads to and requires increased actin dynamics (Pinto-Costa
et al., 2020; Tedeschi et al., 2019). Similarly, we found that ex vivo CCL21 administration
reactivated a neuronal growing state, presumably via actin cytoskeleton modulation. Again, a
comparable circumstance was also found when increasing neuronal activity prior to PNS injury,
as we did not observe RAG expression alterations but the regeneration capacities were already
primed. These similarities further evidence the possible role of cytoskeletal alterations upon long

term activity-triggered growth.
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Conclusions

1. Neuronal activity promotes growth in stimulated neurons
2. Specific short-term stimulations of neuronal activity do not promote recovery after SCI
3. Activity-induced growth does not result from a pro-regenerative reprogramming

4. Activity-induced growth cannot overcome the inhibitory signaling induced by growth

inhibitory molecules

5. The combination of spinal retrotracing with subsequent FACS of corticospinal motor neurons

allows to successfully recover regenerating neurons for specific molecular studies.

6. Specific short-term modulations of neuronal activity are insufficient to alter the general injury

environment after SCI
7. Nociception promotes the release of CCL21 with bivalent effects in axonal regeneration

8. Non-neuronal CXCR3 blocks axonal regeneration affecting intrinsic growth capacities of

neurons

9. The CCL21-CCR7-MEK-ERK axis enhances growth in proprioceptor neurons through

modulation of the cytoskeleton in the growth cone

10. Activity-based therapies rely on the synergy of several mechanisms and circuits for their

success
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Some of the results from chapter 1 in this thesis have been preprinted in bioRxiv:
Genetic control of neuronal activity enhances axonal growth only on permissive substrates

Francina Mesquida-Veny, Sara Martinez-Torres, Jose A del Rio, Arnau Hervera Abad

bioRxiv 2022.01.21.477184; doi: https://doi.org/10.1101/2022.01.21.477184
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