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GENERAL INTRODUCTION

Traumatic spinal cord injury (SCI) is caused by a mechanical damage to the spinal
cord. SCI is currently incurable and treatment is limited to minimising secondary
complications and maximising residual function by rehabilitation. Symptoms may
include loss of muscle function, sensation, or autonomic function in the parts of the body
served by the spinal cord below the level of the injury. Damage after a traumatic SCI has
been classically divided into primary and secondary injury: the primary injury refers to
the cell death that occurs immediately in the original injury caused by the mechanical
forces, and the secondary injury refers to the biochemical cascades that are initiated by
the original insult and cause further tissue damage (Ahuja et al., 2017). These secondary
injury pathways include the ischemic cascade, inflammation, cell death,
and neurotransmitter imbalances. Studies of spinal cord repair can be categorised by their
clinical target: rescue, reactivate, and rewire (see Ramer et al., 2014). Different strategies
have been proposed to promote the recovery after SCI, for example, reduce neuron death,
promote axon regeneration or promote neurogenesis. However, there is not yet an
effective treatment for SCI, and although many therapies have been explored clinically,
their efficacy is very limited. Therefore, it is necessary to explore innovative ways to treat
SCI.

Lampreys are one of the two extant representatives of the most ancient class of
vertebrates, the agnathans, which diverged from the main line of vertebrate evolution
approximately 450 million years ago. Due to their key phylogenetic position, lampreys
are important model for evolutionary biology (Kuratani et al., 2002). Lamprey
embryology and developmental genetics have already been crucial in addressing a
number of key aspects of early vertebrate evolution ( Langille and Hall, 1988a; Shigetani

etal., 2002; Osédrio and Rétaux, 2008; Shimeld and Donoghue, 2012). Another interesting
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characteristic of lampreys as an animal model in neuroscience is that, in contrast to
mammals, lampreys spontaneously recover locomotion after a complete SCI (see Rodicio
and Barreiro-lglesias, 2012). Lampreys have been used since the 1970's as a model
system for studying the recovery of locomotor function after SCI (Parker, 2017).

Brain descending neurons of lampreys include 36 identifiable giant reticulospinal
neurons (Jacobs et al., 1997). These include the Mauthner neurons and several pairs of
Mdiller cells. Interestingly, these identifiable descending neurons vary greatly in their
survival and regenerative abilities (Jacobs et al., 1997; Shifman et al., 2008). Thus, in
lampreys, there is an opportunity to study both enhancement and inhibition of death
and/or regeneration in the same preparation. An additional advantage of the lamprey
model of SCI is that the identifiable descending neurons and their descending axons can
be visualised in vivo and in CNS whole-mounts due to the transparency of the lamprey
brain. Thus, the lamprey is a convenient vertebrate model for the in vivo study of the
mechanisms underlying the death/survival and/or regeneration of spinal-projecting
neurons after SCI.

The recovery process of lampreys following SCI involves the regeneration of
descending spinal axons (Jacobs et al., 1997) and the formation of synaptic connections
between the regenerated axons and neurons caudal to the lesion (Rovainen, 1976; Selzer,
1978; Wood and Cohen, 1979). However, regeneration of descending axons in lampreys
is incomplete (Becker and Parker, 2015). So, changes are necessary in the connectome
above and below the lesion site to compensate the reduced number of descending inputs
(Parker, 2017). Different neurotransmitter systems are involved in plastic changes after a
SCI and adjust in different ways to the post-injury situation: serotonergic (Cohen et al.,

2005; Cornide-Petronio et al., 2014), GABAergic (Svensson et al., 2013; Fernandez-
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Lépez et al., 2014; Romaus-Sanjurjo et al., 2018a), glutamatergic (Fernandez-L6pez et
al., 2016), dopaminergic (Fernandez-Lopez et al., 2015) and glycinergic (Valle-Maroto,
2017) systems. More recently, our group also showed that endogenous GABA promotes
neuronal survival and axon re-growth after a complete SCI in lampreys (Romaus-Sanjurjo
et al., 2018b). Thus, neurotransmitters seem to play important roles in recovery and
regeneration after SCI.

We aim to understand important aspects of the basic biology responsible for the
amazing regenerative capacity of lampreys as compared to mammals. Understanding the
molecular processes that are responsible for the recovery of function after SCI in lampreys
will serve as a basis to open new research lines in mammalian pre-clinical models and to
design new therapies for humans with spinal injuries. The general aims proposed to be

developed in this Thesis project were:

1. To advance on our knowledge on the process of the cell death after SCI.

It has been reported that a complete SCI induces delayed death of lamprey
identifiable descending neurons (Shifman et al., 2008). Evidence for cell death included
the disappearance of Nissl staining, the loss of neurofilament expression, the absence of
labelling when using retrograde tracers (Shifman et al., 2008), and the earlier staining of
these neurons with Fluoro-Jade C, a marker for degenerating neurons, (Busch and
Morgan, 2012). The appearance of TUNEL staining (Shifman et al., 2008; Hu et al., 2013)
and activated caspases (Barreiro-lglesias and Shifman, 2012; Hu et al., 2013; Zhang et
al., 2014) in the axotomized perikarya suggested that the death of these bad-regenerating
neurons in lampreys was apoptotic. However, we do not yet know whether there is or not

a correlation between caspase activation and the regeneration/death of descending
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neurons in lampreys and which specific signalling pathway/s are involved in the death of
these neurons.
2. To study the possible role of the GABAA receptors in caspase activation in

descending neurons following SCI.

As in mammals, there is a massive release of glutamate, GABA and glycine from
most of the spinal neurons close to the lesion site in lampreys after SCI (Fernandez-L6pez
et al., 2014). Interestingly, between 1 and 3 days after the injury there is an accumulation
of GABA around some axotomized axons of descending neurons (Fernandez-Lopez et
al.,, 2014). GABA accumulation correlated with a higher survival ability of the
corresponding identifiable descending neurons (Fernandez-Lopez et al., 2014).
Moreover, there is a correlation between the presence of increased GABA inhibition and
a better recovery of function in spinal lesioned lampreys (Svensson et al., 2013). More
recently, our group showed that endogenous GABA promotes axon re-growth in
descending neurons, which could be caused by the inhibition of caspase activation in
these neurons (Romaus-Sanjurjo et al., 2018b). The GABA effects appear to be mediated,
at least in part, by the activation of GABAB receptors expressed in descending neurons.
However, the role of the GABAA receptors in neuronal death after SCI in lampreys is not

known.

3. To study the role of 5-HT in axon regeneration following SCI.

The first report showing that 5-HT could be involved in neurite outgrowth came in
1984 (Haydon et al., 1984). Haydon and coworkers (1984) demonstrated that growth
cones and elongating neurites of the snail Helisoma trivolvis neurons are inhibited by the

application of 5-HT. The effect of 5-HT seems to be different at different developmental
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stages, because the comparison between the effect of application 5-HT on embryonic and
adult H. trivolvis neurons shows the same inhibitory effects on actively growing neurites;
however, 5-HT could reinitiate neurite elongation in non-growing neurites in embryos,
but not in non-growing neurites from adults (Goldberg et al., 1991). More recently, a
study showed that the application of a selective 5-HT reuptake inhibitor (fluoxetine) on
snail neurons (serotonergic or non-serotonergic) inhibits neurite formation and induced
growth cone collapse and neurite retraction (Xu et al., 2010). In mammals, a similar effect
of 5-HT has been reported. The application of fluoxetine on rat cultured cortical neurons
decreased neurite outgrowth (Xu et al., 2010). Moreover, the neurite length of cultured
neurons from foetal rats decreases after the application of 5-HT (Sikich et al., 1990). In
contrast, there are other reports in mammalian models whose results show the reverse
effect of 5-HT. For example, the in vivo application of DL-P-chlorophenylalanine methyl
ester hydrochloride (PCPA), an inhibitor of 5-HT synthesis, to embryonic rats reduces
dendritic complexity in pyramidal neurons (Vitalis et al., 2007). The application of 5-HT
to cultured rat neurons induced outgrowth of secondary neurites in embryonic neurons
(Rojas et al., 2014) and in neurons from new-born rats (Whitaker-Azmitia and Azmitia,
1989). Interestingly, 5-HT application over ex vivo cerebellar slices from rats increases
or decreases dendritic areas depending on the region and concentration (Kondoh et al.,
2004). The heterogeneous responses to 5-HT supplementation or inhibition could be
explained by the heterogeneity of 5-HT receptors depending on developmental stages and
nervous system region. Despite the evident role of 5-HT in axon growth during
development or in in vitro studies, much less is known about its possible effect on axon

regeneration after CNS damage.
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4. To study the role of taurine on axonal regeneration following SCI.

Taurine is one of the most abundant free amino acids in the brain. It is well known
that taurine protects the brain from further damage after a traumatic event. Interestingly,
methylprednisolone, which is the only pharmacological therapy approved for the
treatment of traumatic SCI, enhances axon regeneration after SCI (Chen et al., 1996, Nash
etal., 2002) and is known to cause an increase in the concentration of taurine in the spinal
cord (Benton et al., 2001). In vertebrates, taurine can act as an agonist of a variety of
neurotransmitter receptors, including GABA receptors (Albrecht and Schousboe, 2005).
Recent work of our group has shown that endogenous GABA promotes axonal
regeneration of identifiable reticulospinal neurons following SCI in lampreys (see above).
These data led us to study the possible effect of taurine in axon regeneration after SCI in
lampreys.

To tackle these general aims, we defined the following specific aims:

1. Study if caspase activation in lamprey giant identifiable reticulospinal neurons
correlates with their survival and regenerative abilities following SCI.

2. Propose a possible signalling pathway regulating the death of reticulospinal
neurons following SCI using the results of the previous objective and the revision
of existing literature.

3. Study the possible role of GABAA receptors in caspase activation in giant
reticulospinal neurons of lampreys following SCI.

4. Compile the current knowledge on the role of 5-HT in neuronal regeneration as a
basis for the study of the role of 5-HT in axonal regeneration following SCI in
lampreys.

5. Study the role of 5-HT in axonal regeneration following SCI in lampreys
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6. Study the role of taurine in axonal regeneration following SCI in lampreys.

The present Thesis has been organized in 6 chapters corresponding to the publications
derived from the results obtained pursuing each specify aim.

The first chapter corresponds to the specific aim 1. Here, a significant correlation
between levels of activated caspases 2 weeks after SCI and the regenerative ability of
giant identifiable neurons of lampreys is shown.

The second chapter corresponds to the specific aim 2. Here, we hypothesize, based
on the available literature, that Fas/caspase-8 signalling could be an important player in
the degeneration of reticulospinal neurons after SCI in vertebrates.

The third chapter corresponds to the specific aim 3. Here, the effect on caspase
activation of a treatment with a specific GABAA receptor agonist (muscimol) is shown.
A single dose of muscimol reduces the level of activated caspases 2 weeks after a
complete SCI.

The fourth chapter corresponds to the specific aim 4. A revision of the knowledge
about the role of 5-HT in neuronal regeneration is presented. Here, we propose the
possibility that 5-HT has a role in the regeneration of axons after SCI.

The fifth chapter corresponds to specific aim 5. Here, we present data showing that
endogenous 5-HT inhibits axonal regeneration of identifiable descending neurons after a
complete spinal cord injury in lampreys. Moreover, we show that changes in the
expression of genes that control axonal guidance process could be a key factor
determining the 5-HT effects during regeneration.

The sixth chapter corresponds to specific aim 6. Here, we present data showing that

taurine promotes axon regeneration following a complete SCI in lampreys.
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Spinal cord injury (SCI) affects more than 50,000 people around the world every
year (data from “The National Spinal Cord Injury Statistical Center”, 2019). SCI leads to
dramatic consequences for affected individuals, whose life literally shatters in seconds.
Injured people are fighting to take a step, struggling to maintain their trunk, suffering
sexual dysfunction and problems with bladder control (Benevento and Sipski, 2002). In
addition, they have to face emotional problems such as depression and anxiety (Kennedy
and Rogers, 2000; Zurcher et al., 2019). Great efforts have been carried out to understand
mechanisms that could promote spinal cord regeneration and to develop therapies for SCI
using not only mammalian models (Verma et al., 2019), but also a variety non-
mammalian vertebrate models (e.g. fishes: Noorimotlagh et al., 2017; Ghosh and Hui,
2018). For example, and as seen in this thesis, lampreys have become an important model
for the study of successful and spontaneous recovery following SCI (see Barreiro-Iglesias

and Rodicio, 2012).

Lampreys recover normal swimming ability after a complete spinal cord
transection, which is accompanied by heterogeneous regeneration of their reticulospinal
system. Among the reticulospinal cells of the lamprey brainstem, there are 36 giant
individually identifiable neurons that show great differences in their ability to regenerate
following SCI (Jacobs et al., 1997). Lampreys offer a convenient model to study
mechanisms that promote spinal cord regeneration after SCI. The general aim of this
thesis was to study the molecular mechanisms involved in the amazing ability of lampreys
to recover from a complete SCI. Two major points have been addressed in relation to the
regeneration of descending axons after spinal cord damage: mechanisms that prevent

neuronal death and pathways that regulate the re-growth of axotomized axons.
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First, we demonstrated that in identifiable descending neurons of lampreys there
Is a significant correlation between the intensity of caspase activation 2 weeks following
a complete SCI with their long-term survival and regenerative abilities (chapter 1). Thus,
we validated that measurements of intensity of caspase activation 2 weeks after a
complete SCI are a good approach to predict the survival/regenerative ability of neurons
after axotomy. In all vertebrates, SCI causes the death of neurons and glial cells at the site
of injury. This is due to the initial mechanical forces and through a cascade of secondary
molecular events that exacerbate cell death (Ahuja et al., 2017). These secondary injury
pathways include the ischemic cascade, inflammation and neurotransmitter imbalances.
During the secondary injury, apoptotic processes are activated in neurons and glia.
However, there is some controversy about retrograde neuronal of death of spinal
projecting neurons of the brain following SCI in mammals (see chapter 2). Several studies
have shown the death of brain neurons after SCI in mammals, including humans (see
chapter 2). However, other studies in rodents showed that spinal projecting surviving
neurons were significantly smaller in size after SCI than uninjured neurons but did not
detect cell death (McBride et al., 1989; Kwon et al., 2002; Nielson et al., 2011). In
lampreys, reticulospinal neurons clearly die after a complete SCI by a delayed caspase-
mediated apoptosis (Shifftman et al., 2008; Barreiro-lglesias and Shifman, 2012, 2015;
Hu et al., 2013; Chapter 1, 2 and 3). Our review article (chapter 2) shows that caspase-8

could play an important role in these processes (neuronal death or atrophy).

In chapter 3 we showed that an acute treatment with muscimol, a GABAA
receptor agonist, inhibits caspase activation 2 weeks after a complete SCI. Based on our
knowledge of the correlation between caspase activation and axon regeneration, we are

tempted to hypothesize that a treatment with muscimol might also result in an
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improvement in axon regeneration of descending neurons after SCI, although this should
be experimentally tested in the future. Results previously reported by our group
demonstrated that endogenous GABA promotes the regeneration of giant identifiable
reticulospinal neurons after a complete SCI by acting through GABAB receptors
(Romaus-Sanjurjo et al., 2018). Present results start to extend these analyses to GABAA
receptors. The muscimol results suggest that the activation of GABAA receptors might
also promote survival and axon regeneration in descending neurons. Interestingly, in
chapter 6, we showed that taurine promotes axon regeneration following a complete SCI.
Taurine can act as an agonist of GABAA receptors (Albretch et al., 2005), which further
supports the idea that GABAA receptor activation could promote not only neuronal

survival but also axon regeneration.

Results of this thesis show that, in a regenerating vertebrate, endogenous 5-HT
inhibits axon regeneration in descending neurons after SCI (chapter 5). It is known that
neurotransmitters activate various signal transduction pathways. Cyclic adenosine 3',5'-
monophosphate (CAMP) is a second messenger molecule that plays fundamental roles in
cellular responses to neurotransmitters (Greengard, 1976). 5-HT regulates the
intracellular levels of CAMP by the activation of 5-HT receptors (Prasad et al., 2019;
chapter 5). Different studies have revealed that CAMP modulates axon growth after SCI
(Cai et al., 2001; Neumann et al., 2002; Qiu et al., 2002; Lu et al., 2004; Nikulina et al.,
2004; Pearse et al., 2004 a, b; Whitaker et al., 2008; Jin et al., 2009; Costa et al., 2013;
Lau et al., 2013; Pale et al., 2013; Qi et al., 2019; Chapter 4, 5). Interestingly, several
studies have also shown that cCAMP can play important roles in neuroprotection (Rydel
and Greene, 1988; Hanson et al., 1998; Cui and So, 2004; see Silveira and Linden, 2006;

Lau et al., 2013). So, in the future it would be of interest to analyse the 5-HT effects on
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neuronal survival after SCI (see above). Recent studies show that 5-HT plays distinct
roles in the process of neuronal regeneration after SCI (see chapter 4). For example, in
zebrafish, endogenous 5-HT promotes motor neuron production in the spinal cord after a
complete SCI by enhancing the proliferation of motor neuron progenitor cells (Barreiro-
Iglesias et al., 2015); in turtles, 5-HT inhibits the emergence of serotonergic interneurons
after SCI by inhibiting a change in neurotransmitter phenotype of non-serotonergic
neurons (Fabbiani et al., 2018). For all of this, we suggest that 5-HT could be a target of
interest in non-regenerating mammalian models of SCI, since it can modulate several

aspects of the regenerative process (chapter 5).

We studied molecular pathways involved in neuroprotection (chapter 1, 2, 3) and
axon regeneration (chapter 4, 5, 6) following a complete SCI in lampreys. This work
further suggests that a given signalling pathway can influence both neuroprotection and
axon regeneration after axotomy. Recent studies from other groups have also revealed
that molecular mechanisms that reduce neuronal apoptosis also promote neuron
regeneration (Boczek et al., 2019; Lei et al., 2019). Our group recently reported that
GABA and baclofen treatment inhibits caspase activation and promote axon regeneration
following SCI in lampreys (Romaus-Sanjurjo et al., 2018). Here, we have obtained
additional information about the role of neurotransmitters in spinal cord regeneration
following complete SCI. This thesis corroborates that lampreys constitute a reliable
model for the study of the molecular mechanisms that underlie spontaneous recovery after
SCI. Moreover, these results establish a solid basis for the study of new therapies for the
regeneration of the mammalian spinal cord after injury. Translation of all this knowledge

to pre-clinical studies is of obvious and crucial importance.
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CONCLUSIONS

Caspase activation in lamprey giant identifiable reticulospinal neurons correlates,
negatively, with their survival ability following a complete SCI.

Caspase activation in lamprey giant identifiable reticulospinal neurons correlates,
negatively, with their regenerative ability following a complete SCI.
Fas/Caspase-8 is an important signalling pathway regulating neuronal death
following SCI.

Muscimol, a GABAA receptor agonist, reduces caspase activation in giant
reticulospinal neurons of lampreys following a complete SCI.

5-HT is an important modulator of neuronal regeneration in invertebrate and
vertebrate species.

Endogenous 5-HT inhibits axonal regeneration following a complete SCI in
lampreys.

Taurine promotes axonal regeneration following a complete SCI in lampreys.
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RESUMO

Unha lesién medular traumética (SCI) é causada por un dano mecénico na medula
espifial. A SCI ¢, actualmente, incurable e o tratamento limitase a minimizar as
complicacions secundarias e maximizar a funcion residual mediante rehabilitacion. Os
sintomas poden incluir a perda de funcién muscular, sensibilidade ou a funcién auténoma
nas partes do corpo innervadas pola medula espifial por baixo do nivel da lesion.
Propuxeronse diferentes estratexias para promover a recuperacion despois da SCI, por
exemplo, reducir a morte das neuronas, promover a rexeneracion de axons danados ou
promover a neuroxenese. Non obstante, ainda non hai un tratamento eficaz para a SCl e,
ainda que se exploraron varias posibles terapias, a sua eficacia é moi limitada. Por iso, é
necesario buscar xeitos innovadores para o tratamento da SCI.

As lampreas son un dos dous animais existentes da clase de vertebrados mais
antiga, os agnathan, que diverxeron da lifia principal da evolucion dos vertebrados hai
aproximadamente 450 milléns de anos. Debido a sta posicion filoxenética, as lampreas
son un modelo interesante para estudiar a evolucion dos animais. Estudios embriol6xicos
e xenéticos sobre o desenrolo da lamprea xa foron cruciais para abordar varios aspectos
clave da evolucién dos primeiros vertebrados.

Outra caracteristica interesante das lampreas como modelo animal en
neurociencia € que, en contraste cos mamiferos, as lampreas recuperan de forma
espontanea a capacidade de nadar despois dunha SCI completa. As lampreas utilizaronse
desde 1970 como sistema modelo para estudar a recuperacién da funcién locomotora
despois dunha SCI. As neuronas descendentes do cerebro, é dicir, que proxectan & medula
espifial, das lampreas inclien 36 neuronas reticulospifiais xigantes identificables. Estas
inclden as neuronas Mauthner e varios pares de células Miller. Curiosamente, estas

neuronas descendentes identificables varian moito na sla supervivencia e habilidades
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rexenerativas. Asi, as lampreas, ofrecen unha oportunidade para estudar tanto a mellora
como a inhibicion da morte e/ou a rexeneracion nun mesmo sistema. Unha vantaxe
adicional de estudar a SCI en lampreas é que as neuronas descendentes identificables e
0s seus axons descendentes poden visualizarse in vivo debido & transparencia do cerebro
da lamprea. Asi, a lamprea é un modelo vertebrado moi bo para o estudo in vivo dos
mecanismos subxacentes & morte/supervivencia e/ou rexeneracion de neuronas que
proxectan & medula espifial despois dunha SCI. O proceso de recuperacion das lampreas
tras a SCI implica a rexeneracion de axons espifiais descendentes e a formacion de
conexidns sinapticas entre os axons rexenerados e as neuronas caudais coa lesion. Non
obstante, a rexeneracién de axons descendentes en lampreas € incompleta. Diferentes
sistemas de neurotransmisores estan implicados en cambios plésticos tras unha SCI e
inflien de diferentes xeitos sobre a situacion posterior & lesion. Recentemente, 0 noso
grupo tamén demostrou que 0 GABA end6xeno promove a supervivencia neuronal e o
crecemento dos axéns despois dunha SCI completa en lampreas. Asi, 0s
neurotransmisores parecen desempefiar papeis importantes na recuperacion e
rexeneracion despois da SCI.

O obxetivo desta tese € comprender aspectos importantes da bioloxia basica
responsables da sorprendente capacidade rexenerativa das lampreas en comparacion cos
mamiferos. Comprender os procesos moleculares que son responsables da recuperacion
da funcion despois da SCI en lampreas servird de base para abrir novas lifias de
investigacion en modelos preclinicos de mamiferos e desefiar novas terapias para
humanos con lesions na medula espifial.

No capitulo 1, investigamos 0s proceso apoptoéticos activados en neuronas

descendentes identificables de lampreas despois da SCI. Para iso, estudamos a activacién



RESUMO

das caspasas empregando inhibidores de caspasas marcados con fluorocromo, a
dexeneracion de neuronas que proxectan & medula espifial mediante unha tincién de
Fluro-Jade C e a implicacion da via apoptoética intrinseca mediante inmunofluorescencia
do citocromo C e V. Algunhas neuronas reticulospinais da lamprea do mar foron
nomeadas como "malas rexeneradoras" porque 0s seus axéns tifian unha baixa
probabilidade de rexenerarse despois da axotomia debido a unha SCI completa. En
estudos posteriores, case as mesmas células foron identificadas como neuronas "malas
sobrevivintes" porque tefien unha alta probabilidade de dexenerarse e morrer despois da
axotomia. As malas neuronas rexeneradoras/pobres sobreviventes mostran altos niveis de
caspasas activadas nas duas primeiras semanas despois dunha SCI completa. Non
obstante, estes estudos nunca estableceron unha correlacion estatistica entre a intensidade
do marcaxe das caspasas nas ddas primeiras semanas posteriores & lesion e a capacidade
rexenerativa a longo prazo das neuronas identificables individualmente. Aqui,
empregamos FLICA poli-caspasa (FAM-VAD-FMK) para detectar todas as caspasas
activadas 2 semanas despois dunha SCI completa e correlacionamos o0s niveis de caspasas
activadas en neuronas identificables coa sla cofiecida capacidade rexeneradora. Isto
revelou unha correlacién significativa entre o nivel de caspasas activadas (intensidade de
fluorescencia) e a cofiecida capacidade rexeneradora das neuronas identificables.
Ademais, 0s nosos resultados dan evidencias de que, despois da SCI, as neuronas que
proxectan 4 medula espifial dexeneran lentamente e que a via extrinseca da apoptose
participa neste proceso. Experimentos co estabilizador de microtibulos Taxol
demostraron que a sinalizacién via caspasa-8 é transportada retrogradamente desde o sitio
da lesién ata 0 soma neuronal. A prevencidn da activacion deste proceso poderia ser un

enfoque terapéutico importante despois da SCI en mamiferos.
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No capitulo 2 revisamos o cofiecemento actual sobre o papel da caspasa-8 e a via
Fas na morte celular tras a SCI e proporcionamos unha perspectiva para os traballos
futuros sobre este proceso. A perda de neuronas e células gliais que non se substitlen
despois da lesion é unha das principais causas de discapacidade despois da SCI. Unha
ampla evidencia acumulada nas ultimas décadas demostrou que a activacion de
mecanismos apoptoticos € un dos factores que causan a morte de células intrinsecas da
medula espifial despois da SCI. Ainda que isto non € tan claro para as neuronas cerebrais
que innervan a medula espifial, algins estudos tamén demostraron que a apoptose pode
activarse nas neuronas descendentes do cerebro tras a SCI. Hai dlas vias apoptéticas
principais, a via extrinseca ou do receptor da morte e a via intrinseca ou mitocondrial. A
activacion da caspasa iniciadora caspasa-8 € un paso importante na iniciacion da via
extrinseca. Estudos en roedores demostraron que a caspasa-8 esta activada en células e
neuronas da medula espifial e que o receptor de Fas xoga un papel clave na sta activacion
tras unha SCI traumatica. Ademais, traballos recentes en lamprea tamén demostraron a
activacion retrograda da caspase-8 en neuronas cerebrais descendentes identificables tras
unha SCI completa (capitulo 1).

Como se mostra neste capitulo, varios traballos confirmaron que a activacién da
caspasa-8 e a via extrinseca da apoptose é un dos mecanismos que causan a morte celular
durante unha lesion secundaria despois de unha SCI e que a via de sinalizacion FasL/Fas
xoga un papel clave neste proceso. Sorprendente, ningln estudo intentou inhibir
directamente a caspase-8 despois da SCI. Este enfoque experimental pode resultar de
interese, especialmente porque a activacion de caspasa-8 non sO estd causada pola
activacion do receptor de Fas, o que poderia levar a novas melloras na recuperacion do

SCI. Outro obxectivo para futuros traballos, e baseandose nos resultados obtidos en
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lamprea, poderia ser investigar a posible activacion da caspasa-8 en neuronas
descendentes de mamiferos tras SCI e a implicacion da sinalizacion Fas e do transporte
retrogrado neste proceso. Finalmente, a traducion de todo este cofiecemento a estudos
preclinicos ou incluso ensaios clinicos teria unha importancia evidente e crucial.

No capitulo 3, inhibimos a activacion de caspasas en neuronas reticulospinais
identificables de lampreas despois dunha SCI utilizando un agonista especifico do
receptor GABAA (muscimol). Os datos presentados neste capitulo son cuantificacions do
marcaxe fluorescente de neuronas descendentes identificables de lampreas tras unha SCI
utilizando inhibidores de caspasas marcados con fluorocromo e a correspondente analise
estatistica. Unha Unica dose de muscimol diminuiu a intensidade do marcaxe de FLICA
en neuronas reticulospifais identificables xigantes tras unha lesion medular nas lampreas.

O capitulo 4 é unha revision que mostra que a 5-HT xoga un papel clave tanto na
modulacion do re-crecemento do axén como na xeracion de novas neuronas despois da
lesion do sistema nervioso. Tamén damos a nosa propia perspectiva sobre como debe
avanzar o estudo do papel do 5-HT na rexeneracion do sistema nervioso. Manipular
sistemas de neurotransmisores como o0 5-HT poderia ser un xeito innovador de promover
a rexeneracion despois das lesions do sistema nervioso central.

Poucos estudos analizaron o papel dos neurotransmisores na rexeneracion tras
unha lesién traumatica do sistema nervioso; incluso cando estes apuntan a un papel clave
dos neurotransmisores na rexeneracion de axéns ou células. Un dos principais candidatos
a neurotransmisores a ser mediador en procesos rexenerativos no sistema nervioso central
é a 5-HT. A 5-HT xoga un papel importante durante o desenvolvemento do sistema
nervioso; por exemplo, no crecemento das dendritas e dos axéns. Revisamos o

cofiecemento actual sobre o papel deste neurotransmisor na rexeneraciéon de células e
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axons a partir de estudos in vitro, ex vivo e in vivo en diferentes especies (por exemplo,
invertebrados e peixes). Esta revision mostra que a 5-HT xoga un papel importante tanto
na modulacion do re-crecemento dos axdns como nha xeracion de novas neuronas despois
da lesién do sistema nervioso en especies con capacidade para rexenerar.

Estudos de rexeneracion en modelos como invertebrados e peixes estan a revelar
un papel crucial da 5-HT na modulacion de procesos rexeneradores tras lesions
traumaticas do sistema nervioso. Non obstante, necesitase mais estudios para comprender
plenamente o papel que xogan diferentes receptores de neurotransmisores neste proceso.
E necesario o uso de ferramentas xenéticas ou farmacos mais especificos para descifrar a
contribucion de cada receptor de 5-HT na rexeneracion axdnica ou neuronal. Futuros
estudios deberia intentar trasladar os resultados en especies con capacidade rexeneradora
a modelos “non rexeneradores”. Unha vez que tefilamos unha imaxe clara do papel
especifico da 5-HT e de cada un dos seus receptores na rexeneracion, a posible traducién
deste cofiecemento & clinica sera facilitada pola existencia de medicamentos
serotonérxicos gue xa estan en uso en pacientes humanos con outras problemas.

No capitulo 5 utilizamos o modelo de lamprea en lesién medular para estudar o
efecto da 5-HT na rexeneracion dos axons das neuronas descendentes identificables. As
manipulacions farmacoldxicas e xenéticas tras unha SCI completa demostraron que a 5-
HT endoxena inhibe a rexeneracion axonal en neuronas descendentes identificables
mediante a activacion dos receptores da serotonina 1A e unha posterior diminucién dos
niveis de CAMP. A secuenciacion de ARN revelou que os cambios na expresion de xenes
gue controlan o crecemento dos axéns poderian ser un factor clave nos efectos da 5-HT

durante a rexeneracion. Este capitulo proporciona unha base para novos estudios en
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modelos de SCI de mamiferos non rexeneradores e amplia as funciéns cofiecidos da
sinalizacion de 5-HT durante a rexeneracion neuronal.

Para revelar o efecto do 5-HT na rexeneracion de neuronas descendentes
identificables, as lampreas tratdronse con 5-HT durante un mes despois dunha SCI
completa. 11 semanas despois da lesion vimos que, o tratamento con 5-HT, inhibiu
significativamente a rexeneracion das neuronas descendentes identificables das lampreas.
E importante destacar que as analises de comportamento revelaron que o tratamento con
5-HT non causaron un efecto tdxico xeral xa que a recuperacion locomotora non se viu
afectada polo tratamento con 5-HT. Ademais, levamos a cabo un experimento de
“rescate” no que os animais tratados con 5-HT como anteriormente tamen foron tratados
con dibutiril-cAMP (db-cAMP). O tratamento db-cAMP bloqueou o efecto inhibidor do
5-HT.

Os nosos experimentos de hibridacion in situ para estudiar o transcrito do receptor
de 5-HT1A revelaron gue en neuronas malas rexeneradoras hai un aumento significativo
na expresion do receptor 5-HT1A 4 semanas despois da SCI completa, mentres que nas
neuronas boas rexeneradoras (neuronas M1 e 13) a expresion do receptor diminute (non
significativamente) nas primeiras semanas despois dunha SCI completa. O analise
estatisticos revelou unha correlacion significativa entre a porcentaxe de
aumento/diminucion da expresion do receptor e a capacidade rexenerativa a longo prazo
de neuronas identificables. Estes datos suxiren gque a presenza e actividade do receptor 5-
HT1A en neuronas descendentes pode inhibir a rexeneracion axénica despois dunha SCI
completa.

Tamén tratamos a outro grupo de animais durante 4 semanas despois dunha SCI

completa co antagonista do receptor 5-HT1A WAY-100,135. O tratamento con WAY-
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100.135 promoveu significativamente a rexeneracion dos axdéns en neuronas
identificables en comparacion cos animais tratados con vehiculos control. Para confirmar
que o efecto inhibidor da 5-HT end6xena débese & activacion dos receptores 5-HT1A
expresados en neuronas descendentes identificables, decidimos inhibir especificamente a
expresion do receptor nestas neuronas empregando morfolinos dirixidos contra o sitio de
iniciacion da traducion. do receptor 5-HT1A. A aplicacion deste morfolino promoveu
significativamente a rexeneracion dos axons de neuronas identificables tras unha SCI
completa. Como control da especificidade empregouse un segundo morfolino dirixido &
rexion non traducida de 5 'do ARNm 5-HT1a (non solapada co primeiro morfolino). A
aplicacion deste segundo morfolino promoveu significativamente a rexeneracion de
axons de neuronas identificables. Tanto os tratamentos co antagonista como con
morfolinos indican que a 5-HT enddxena inhibe a rexeneracion dos axons en neuronas
identificables despois da SCI mediante a activacion de receptores 5-HT1A expresados
nestas neuronas.

Os experimentos de ganancia e perda de funcién revelaron que a 5-HT enddxena
inhibe a rexeneracion de axons tras a SCI en lampreas a través da activacion dos
receptores 5-HT1A e que este efecto poderia ser causado por unha diminucion dos niveis
de cAMP intracelulares. Para ver os xenes que poderian estar implicados no control
intrinseco da rexeneracion do axdn e cuxa expresion estd modulada pola actividade dos
receptores 1A, decidimos repetir o tratamento WAY-100.135 e realizar un estudo de
secuenciacion de ARN no cerebro de lampreas 4 semans despois da SCI. A analise de
vias mediante Reactoma revelou 29 vias enriquecidas de forma significativa. Entre estes,
0Ss mais interesantes son vias de "guia axdnica", "Sinalizacion por receptores ROBO" e

"Regulacién de expresion de SLITs e ROBOs".
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No capitulo 6, demostramos que a taurina promove a rexeneracion axonal despois
dunha SCI completa. A taurina é un dos aminoacidos mais abundantes no cerebro e ten
varias funciéns fisioldxicas, incluida a osmorregulacion e a modulacion dos niveis de
calcio intracelular. Moitos estudos demostraron tamén que a taurina pode protexer o
cerebro contra danos mecanicos. Non obstante, s6 algins estudos suxeriron que a taurina
tamén poderia promover a rexeneracion do axén despois de unha axotomia. A
metilprednisolona, que é a Unica terapia farmacoldxica aprobada para o tratamento das
SCI traumaticas, aumenta a rexeneracion dos axons despois da SCI e tamén provoca un
aumento na concentracion de taurina.

En vertebrados, a taurina pode actuar como agonista de unha diversa variedade de
receptores de neurotransmisores, incluidos os receptores de GABA. O GABA enddxeno
promove a rexeneracion axonal de neuronas reticulospinais identificables tras unha SCI
en lampreas. Os efectos beneficiosos do GABA parecen estar mediados principalmente
mediante a activacion dos receptores GABAB. No capitulo 3 desta tese demostramos que
a activacion dos receptores de GABAA empregando o agonista muscimol tamén reduce
a activacioén de caspasas en neuronas identificables tras SCI en lampreas. No capitulo 6,
mostramos que 0s niveis de taurina aumentan 4 semanas despois dunha SCI completa na
medula espifial das lampreas e que un tratamento agudo con taurina promove ainda mais
a rexeneracion dos axons das neuronas xigantes reticuloespifiais. 11 semanas despois da
laesion, o tratamento con taurina mellorou significativamente a rexeneracidn de neuronas
descendentes identificables das lampreas e aumentou significativamente o nimero de
axons rexenerados tras SCI. Estes resultados demostran que a subministracién de taurina
no momento da lesidn mellora ainda mais a capacidade de rexeneracidén dos axéns da

lamprea. Asi, amosamos, por primeira vez, o efecto da taurina favorecendo a rexeneracion
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dos axdns tras unha SCI. En préximos estudios seria de interese descifrar os mecanismos
subxacentes detras do efecto proxenerativo da taurina.

Os resultados desta tese demostran que, nun vertebrado con capacidade de
rexenear, a 5-HT enddxena inhibe a rexeneracion dos axons das neuronas descendentes
despois da SCI (capitulo 5). Sdbese que os neurotransmisores activan varias vias de
transduccion de sinal. A adenosina ciclica 3 ', 5-monofosfato (CAMP) é un segundo
mensaxeiro que desempefia papeis fundamentais nas respostas celulares aos
neurotransmisores. A 5-HT regula os niveis intracelulares de cAMP mediante a
activacion de receptores 5-HT (capitulo 5). Diferentes estudos revelaron que o CAMP
modula o crecemento do axon tras SCI (capitulo 4, 5). Curiosamente, varios estudos
tamén demostraron que a CAMP pode desempefiar importantes funcios neuroprotectoras.
Asi, no futuro seria de interese analizar os efectos da 5-HT sobre a supervivencia neuronal
despois da SCI. Estudos recentes demostran que a 5-HT desempefia distintos papeis no
proceso de rexeneracion neuronal despois da SCI (ver capitulo 4). Por exemplo, no peixe
cebra, a 5-HT enddxena promove a producion de neuronas motoras na medula espifial
despois dunha SCI completa aumentando a proliferacion de células progenitoras de
neuronas motoras; en tartarugas, a 5-HT inhibe a aparicion de interneuronas
serotonérxicas despois da SCI ao inhibir un cambio no fenotipo neurotransmisor de
neuronas non serotonérxicas. Por todo isto, suxerimos que a 5-HT poderia ser unha diana
de interese para os modelos de mamiferos non rexeneradores , Xa que pode modular varios
aspectos do proceso de rexeneracion (capitulo 5).

Nesta tese estudamos rutas moleculares implicadas na neuroproteccién (capitulo
1, 2, 3) e na rexeneracion do axon (capitulo 4, 5, 6) despois de unha SCI completa en

lampreas. Este traballo suxire ademais que unha via de sinalizacion determinada pode
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influir tanto na neuroproteccion como na rexeneracion do axon despois da axotomia.
Estudos recentes doutros grupos tamén revelaron que os mecanismos moleculares que
reducen a apoptose neuronal tamén promoven a rexeneracion de neuronas. O n0so grupo
descubriu recentemente que o tratamento con GABA e baclofen inhibe a activacion das
caspasas e promove a rexeneracion do axon tras a SCI nas lampreas. Nesta tese obtivemos
informacion adicional sobre o papel dos neurotransmisores na rexeneracion da medula
espiral tras unha SCI completa. Esta tese corrobora que as lampreas constitten un modelo
fiable para o estudo dos mecanismos moleculares subxacentes & recuperacion espontanea
despois da SCI. Ademais, estes resultados establecen unha base sélida para o estudo de
novas terapias para a rexeneracion da medula espifial despois da lesion. A translacién de
todo este cofiecemento a estudos preclinicos poderia ter unha importancia relevante para
a procura de un tratamento eficiente que promova a rexeneracion da medula espifial e que

permita que as persoas que sufran este problema poidan ter unha solucion.
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