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Summary

Neurons have endogenous mechanisms of neuroprotection that are capable
to activate against those insults that will lead to their death. Motoneurons (MNs) can
activate these mechanisms when they suffer a distal axotomy (DA) of the sciatic
nerve. However, when the injury is more proximal to their soma, such as root
avulsion (RA), these mechanisms are not activated and the MNs undergo
degeneration. Therefore, both injuries cause a separation of the MNs from their
target organs, but with different results, since in the DA, MNs survive and
regenerate, whereas in the RA, they die. By elucidating the mechanisms that MNs
activate endogenously after DA, we can induce them in the RA model to support

their survival and promote their regeneration.

Recent studies have shown that systems biology can be useful in discovering
new drug therapies to treat complex pathologies. At the same time, the repurposing
of drugs that are currently used in the human clinic for other purposes generates
advantages, as their clinical translation is faster. The TPMS bioinformatics tool
combines the point of view of systems biology and the concept of drug repurposing.
This thesis was initiated using TPMS to discover new neuroprotective therapies that
disturb the pro-death phenotype of MNs after avulsion towards the pro-

regenerative triggered after DA.

Initially, we tested the neuroprotective power of these combinations in
models of death in vitro and in vivo. The combination with a larger protective effect
was named NeuroHeal. Using immunohistochemical techniques, we validated the
molecular mechanisms predicted in silico for NH, which included the activity of
Sirtuin 1 (SIRT1) and other neuroprotective proteins. Moreover, we demonstrated
that the oral treatment with NH increased the functional recovery after a sciatic

nerve injury.

Regarding the second and third episodes, we confirmed that the activity of
SIRT1 has neuroprotective effects on other models of MN death after a nerve injury
produced during different stages of growth. Surprisingly, although the activity of
SIRT2 is considered as the antithesis of SIRT1, it prevents the death of MNs blocking

an exacerbated microglial response. We also discerned that NH can avoid the



apoptotic death of MNs during early stages of development by the autophagy

induction.

Since the NH can sustain the survival of MNs and increase their regenerative
capacity on adult stages, we decided to test it in a model more similar to the human
clinic of the nerve root injuries. In this pre-clinical model, we injured the nerve roots
and re-introduced them surgically two weeks later into the spinal cord. The NH
maintained the survival of MNs for six months, increased its regeneration, reduced
muscular atrophy and favored the formation of functional neuromuscular junctions.
Overall, these findings suggest that NH may be an effective pharmacological therapy
to increase the survival of MNs and accelerate the recovery of motor function after

nerve injuries.
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Introduction
Introduction

1. Motor Nervous system

Motor system is an ensemble of organs that is responsible for the movement of
animals. Itis formed by neuronal, muscular and other elements that act coordinately
to perform an action. The part of motor system present within the nervous system
is composed by primary motor cortex (Penfield homunculi), basal ganglia,
brainstem (cerebellum), spinal cord, motor axons and neuromuscular junctions

(NM]).

1.1 Lower Motoneurons

The directors of motor system actions are the motoneurons (MNs), which are
located within the central nervous system (CNS) at brain, brainstem and spinal cord
(SC). They carry signals from CNS to the muscles, skin and glands. MNs can be
described as upper MNs or lower MNs. The upper are present in the brain, and they
are responsible of the initiation of voluntary and postural movements. The lower,
which are present in the brainstem and SC, are governed by the superior ones and
they integrate the autonomic reflexes and perform voluntary movements. The lower
MNs located at the anterior grey column of the spinal cord are classified as a, § and
Y MNs. The a-MNs innervate extrafusal muscle fibers and are the main responsible
of muscle contraction initiation. The y-MNs innervate intrafusal muscle fibers of
muscle spindles and modulate the muscle contraction. The 3-MNs innervate the

intrafusal muscle fibers of muscle spindles.
1.1.1 Types and Biochemical characteristics of Motoneurons

MNs are a subtype of cholinergic neurons. These neurons are classified as
cholinergic because they express the Choline acetyltransferase (ChAT) enzyme, so
they can release Acetyl choline vesicles at the synapsis. This neurotransmitter is
related with development and plasticity. Cholinergic neurons are located at the
brain, brainstem and spinal cord (interneurons and MNs). They can be
immunohistochemically discerned by molecular markers (i.e interneurons and

pyramidal neurons) (Consonni et al., 2009). Recently, it has been described that a
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variant of ChAT is also expressed in those neurons present at the DRGs (Naser and
Kuner, 2017). MNs are also classified regarding its location, excitability, target organ
and vulnerability to death, and therefore on their physiological function (Haenggeli
and Kato, 2002a; Tadros et al., 2016). MN ability to orchestrate the motor response
depends on its membrane potential and its ability to trigger action potentials. In this
way, MNs from different zones of the CNS have slight differences in their excitability.
The MNs present in the hypoglossal nuclei need to discharge more action potentials
at high frequencies, otherwise, those from the SC need lower movement velocities
and therefore less action potentials production (Tadros et al., 2016). Although not
fully understood, these differences can be related with differences on the ionic
channels conformation of their membrane. Spinals MNs also differs from the others
in the distance of their axons, since they need a longer distance to reach all the

muscles of the body.

MNs are surrounded and supported by different cellular types: microglia,
astroglia, oligodendrocytes and ependymal cells. Although they have different
functions, their main role is to sustain, feed and ensure a correct health of neurons
allowing an optimal performance of the nervous system. They also protect MNs from
external or internal insults. Indeed, microglia expresses receptors for some
neurotransmitters and neuropeptides to monitor the state of the neurons (Pocock
and Kettenmann, 2007) and the astrocytes reuptake neurotransmitter excess to
maintain the CNS homeostasis (Perdan et al., 2009). Microglia also secrets trophic
factors as nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF) and
glial-derived neurotrophic factor (GDNF) to sustain neuronal survival (Colonna and
Butovsky, 2017) or support new-born neurons favoring functional recovery after
injury (Songetal., 2016). Therefore, microglia have an active role on neuroplasticity.
On the same way, the central nervous system is protected by the blood-brain barrier,
which helps to maintain a correct homeostatic environment and isolates neurons

from damaging compounds.

1.1.2 Target requirement

During development, neurons are overproduced and some of them should

die by programmed cell death (PCD) to obtain an optimal nervous system with a
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proper neuronal circuits formation. PCD is essential to ensure a correct neuron-
target networking within the CNS. This process is mainly mediated by caspases, and
under normal conditions is apoptotic. When this apoptosis is blocked by genetic
modulation, neurons bypass this inhibition and normally die by non-apoptotic and

unknown processes (Miura, 2011; Yamaguchi and Miura, 2015).

Rita Levi-Montalcini was the first in describe this death in DRG neurons
(Hamburger and Levi-Montalcin 1949) and she observed that the use of anti-NGF
antibody promoted the death of these neurons (Levi-Montalcini and Booker, 1960).
Therefore, during development, neurons need the support of trophic factors to stay
alive. This hypothesis is widely observed in the PNS, because MNs and DRG neurons
are overproduced and their survival depends on pro-survival factors produced by
target tissues. Other studies suggest that neurons die by PCD when they establish
some incorrect or inappropriate connections with target tissues. Thus, PCD also
eliminates error-prone neurons in those nervous system zones with a precise

spatial topographic map (Yamaguchi and Miura, 2015).

1.1.2.1 Target requirement during development and program

cell death.

Several in vitro studies describe a natural death of spinal MNs during late
embryonic states on mice, chicken or frog. This death is mainly caused by the
deprivation of target-produced neurotrophic factors, although other type of
compounds can avoid MNs demise such as the cardiotrophin-1. Different
compounds are able to sustain the MNs during development, and it has been
proposed that they need a cocktail of different substances to stay alive (Oppenheim,
1996). NGF is retrogradely transported until the MN in neonatal rats, but it does not
avoid its death after axotomy (Yan 1998). This indicates that MNs need a
combination of neurotrophic factors to survive. This study also demonstrated that
muscle produces some of the compounds that MN needs to stay alive. Regarding the
molecular process, MNs that control leg-movement on Drosophila die by apoptosis,
and the blockage of this death is correlated with defects in axon targeting and errors
in dendritic pattering (Baek et al., 2013). Apoptosis is also responsible for MN death
during metamorphosis of Drosophila (Winbush and Weeks, 2011).

10
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Regarding the development of MNs after birth in vivo, only it has been
demonstrated that the MNs of the hypoglossal nuclei die through an apoptotic way
and that the spinal ones does not die by PCD after birth (Lance-Jones, 1982;
Michaelidis et al., 1996; Lowry et al., 2001). So, PCD in spinal MNs occurs only during

embryonic states.

1.1.2.1 Target requirements in adult MNs and

neurodegeneration

After target deprivation during adult-hood, MNs activate intrinsic machinery
to survive. Several programs are engaged to counteract the lack of neurotrophic
factors. Adult MNs express the protein family known as inhibitor of apoptosis
(explained below, 4.2). So, although they initiate apoptosis as neonatal ones, they
express proteins that block this PCD (Perrelet et al., 2004; Kole et al., 2013; Casas et
al., 2015). In fact, the sciatic axotomy did not cause a significant MN loss. Therefore,

only embryonic or neonatal MNs need trophic support for survive.

1.2 Peripheral motor compounds

Once the central nervous system initiates actions potentials, they must be
transported until the target organ, to perform the programmed action. . This signal
will be transported through the PNS. PNS is composed by cranial and spinal nerves,

ganglia, plexus, sensory receptors and neuromuscular junctions (NMJ).
1.2.1 Nerves and motor axons

The axons that extend from central neurons will bundle to form the nerve of
the PNS. MNs are located at the ventral horn of the spinal cord, and their axons
emerge through the ventral roots to the PNS. Nerves are composed by those axons,
fibroblasts, blood vessels that supply the tissue, and Schwann cells that are the
responsible to myelinate axons to increase their conduction velocity. Nerves are
composed by 3 different layers: epineurium, perineurium and endoneurium. Axons
present in the nerve, hereinafter called as fibers, can be classified by its diameter,
myelination (myelinated or unmyelinated) and the propagation speed of action

potential (Erlanger and Gasser, 1930). Motor system is composed by those

11
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myelinated efferent fibers that are throwed out by a, B and y MNs. Fibers are
classified in A, B and C type. Fibers are classified in A, B and C types. Axons of a type
(Aa fiber) will innervate the extrafusal muscle fiber, meanwhile the y type (Ay fiber)
will innervate the muscle spindle. B-type fibers innervate both type of muscle fibers.
The motor fibers from o-MNs have the higher conduction velocity and higher
diameter than other types. Recent studies discern two separable part of the axons
that share protein composition: the axon initial segment (AIS) and the nodes of
Ranvier. The first one is the proximal region of the axon and serves as the site where
action potentials are triggered. The nodes of Ranvier are the gaps between myelin
sheaths and allow the propagation of the action potential. They differ in their
mechanisms of assembly. AID formation depends only of the neuron, meanwhile
nodes of Ranvier structuration is influenced by extrinsic factors (Nelson and Jenkins,

2017).
1.2.2. Neuromuscular junctions

Once the MN initiates the AP and this is conveyed throughout the axon, it will
provoke the release of acetyl choline at the neuromuscular junction (NM]J)
provoking a muscular action potential. When several MNs trigger jointly, they will
provoke a compound muscle action potential (CMAP) at the muscle. This action
needs the active role of the ionic channels that are present throughout the axon, and
are also present within the NMJ] and muscle fiber. Indeed, mutations or changes on
its expression have been related with neuromuscular pathologies (Cooper and Jan,
1999) and with the neuropathic pain apparition after nerve injuries (Seltzer et al.,
1991). Therefore, the generation of action potentials and the presence of ionic
channels yielded to the use of electrophysiological techniques to monitor the state
of the nervous system during disease or after injury. Besides, these techniques were
useful to study the state of MNs in neurodegenerative disease (Morales et al., 1987),
or the grade of axon regeneration and muscle recovery after nerve injury (Navarro,

2016).

NM] is formed by the pre-synaptic and post-synaptic components, that are
separated by a 50-80nm-wide gap. This gap is known as synaptic cleft. Regarding

the pre-synaptic, the motor nerve terminal has Schwann cells and contains the

12
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synaptic vesicles with the acetylcholine. Several proteins should act coordinately to
release these vesicles once the action potential arrives at the end-up of the axon. The
synaptic crest is a basal lamina formed by Schwann cells and compounds secreted
by skeletal muscle. In muscle, the post-synaptic membrane is highly folded with
crests that contain the acetylcholine receptors and troughs that have the voltage-
gated sodium channels. NM] is covered by the secreted material of Schwann cells
until the muscle fiber and by kranocytes cells (Tintignac et al., 2015). After muscle
denervation, is essential a correct rebuilding of the NMJs to recover the motor

function at clinical level (Sakuma et al., 2016).

2. Traumatic lesions to motor nervous system

Although the part of motor nervous system present in the CNS is protected
by cranium and spinal column, several factors can damage brain and spinal cord.
Traumatic brain injury (TBI) and spinal cord injury (SCI) are provoked when an
external physical insult causes damage to them. This can be from mild to severe, and
will provoke functional disabilities. TBI leads to motor deficits such as loss of
ambulation, coordination and fine motor skills. Meanwhile the SCI promotes loss of
movement, autonomic functions, sensations and the neuropathic pain apparition.
The mechanical insult will disrupt the tissue and will directly kill neurons by
disruptive forces. Just after the impact, molecular responses like excitotoxicity,
inflammation and others are triggered, and they will determine the future functional

impairment (Shoichet et al., 2008).

2.1 Brachial and Lumbar plexus injury

The mechanical injuries that affect the interface between CNS and PNS and
provoke a dramatic motor function loss, are termed as root avulsion (RA). RA can be
considered as a peripheral nerve lesion (PNL), which is a disruption of the neuron-
muscle connection. RA can be produced to a single or some nerve roots from
brachial, lumbar and facial zones, or can affect a complete plexus. RA can be the most
serious type of injury to the peripheral nerve, causing aa grave impairment of the
quality of life of the patient (Htut et al., 2007). RA of one or more roots is presented

at clinical in 70% of thus traumatic accidents with an affectation to brachial plexus

13
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(Kachramanoglou et al., 2017) RA is often caused by high-energy traffic accidents
(mainly motor vehicle), sportive (i.e. American football), iatrogenic injuries and
during obstetric interventions (Pondaag et al., 2004; Buitenhuis et al., 2012; Daly et
al., 2016; Kachramanoglou et al., 2017). Brachial plexus injury (BPI) is present in
1.2% of the multi-trauma admission patients in Canada and450-500
supraclavicular injuries occur every year in UK (Goldie and Coates, 1992). Neonatal
BPI affects 2-3 of 1000 births (Pondaag et al., 2004). Nowadays, the only treatment
for new-born and adult patients is the root reimplantation, but the recovery after
this reparation is sometimes incipient (Htut et al.,, 2007). At the same time, RA
injuries are characterized by a strong neuropathic pain that is correlated with a
maintained inflammatory response (To et al., 2013) (see below), which will affect

the patient life.

2.2 Types of PNL

PNL can appear as the result of mechanical traumatic lesions (traffic, laboral
and obstetric interventions), compression, stretch or ischemia, and it will interrupt
the connection between the neuron and its target organ. Thus, patients with this
type of lesions will suffer paralysis, sensory disturbances, anesthesia and lack of
autonomics functions on the affected body areas. Therefore, quality of life of the
subjects will be drastically reduced by the functional deficits and by the apparition
of neuropathic pain. This pain appears when the somatosensory system, which
includes fibers and central neurons, suffer some lesion or disease. This phenomenon
is characterized by an uncontrolled inflammatory response and by a central
sensitization. The second one is based on the reduction of the inhibitory synapses
present at the spinal cord combined with an increase on the inputs that arrive from
fibers (Andrade et al., 2011; Baron et al,, 2013; Luchting et al., 2015). Although the
PNLs are characterized by the apparition of this pain, those that directly affect the
interface between CNS and PNS like RA are characterized by one that is unbearable
and long-lasting (Cohen and Mao, 2014a). Although several experimental therapies
based on drugs, physical exercise or deep brain stimulation have been postulated to
reduce partially or totally the apparition of this pain (Cobianchi et al., 2017; Colloca

et al., 2017), no effective treatments are present in clinical level nowadays.

14
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Hereinafter, we will focus on PNLs that annually affect about 13-23 people
per 100,000 in developing countries (i.e. 300,000 in Europe) and cause a substantial
economic and social burden in a global perspective (i.e. 150$ Billion in USA health
care) (Noble et al., 1998; Taylor et al., 2008a; Grinsell and Keating, 2014). PNLs are
classified in different subtypes depending on the severity of the injury and the
distance between the nerve stumps. The prognosis and functional recovery after
PNL will be determined by both, and by the time needed by the nerve to regenerate
and reconnect with the target. Initially, Seddon classified the mechanical lesions in
three types: neurapraxia, axonotmesis and neurotmesis (Seddon, 1943). At 1951,
Sunderland divided more deeply the PNL in five different injury grades (Sunderland,
1951) and at 1988 Mackinnon added a new grade named 6 (S. E. Mackinnon and A.
L. Dellon, 1988). Nowadays, this classification is still used (Chhabra et al., 2014) (Fig.
1 and Table 1). The Grade 1 (Neuropraxia of Seddon), is usually related with a
blockage of nerve conduction without anatomical interruption. The Grades 2, 3 and
4 (Axonotmesis of Seddon) imply the anatomical affectation of the axon, axon-
endoneurium or axon-endoneurium-perineurium, respectively. The Grade 5
(Neurotmesis of Seddon) is a complete transection of the nerve. The Grade 6 or
Mixed is a mixture between grades 2 and 4 involving a more common clinical
scenario of the PNL. After a PNL of grade 1 or 2, the re-growth of the axon occurs
spontaneously and a complete functional recovery will be obtained. After grade 3,
the partial recovery without surgical repair can emerge, but for grade 4 and 5

surgical repair is mandatory to warranty some grade of recovery.
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epineurium

axon with complex sheath

Sunderland grade 1 ) O\
\

Sunderland grade 2

Sunderland grade 3

Sunderland grade 4
Sunderland grade 5

Sunderland grade 6

Figure 1. Classification of the
different PNL. Schematic
representation of the 6 degrees of
nerve injury according to
Sunderland and Mackinnon. Red
arrow indicates a conduction
blockage. The other grades are
classified depending of the affected
layer, that can be the axon,
endoneurium, perineurium and
epineurium (Adapted from
Deumens et al. 2010).

Table 1: Actual classification of nerve injuries (Extracted from Seddon 1943,
Sunderland 1951 and S. E. Mackinnon and A. L. Dellon 1988,)

Seddon

Neuropraxia

Axonotmesis
Axonotmesis
Axonotmesis
Neurotmesis
Mixed

Sunderland and Mackinnon Description

Grade 1

Grade 2
Grade 3
Grade 4
Grade 5
Grade 6

Only myelin is affected. Temporal
blockage of transmission

Only the axons are disrupted

Axon and endoneurium are broken
Only epineural tissue is maintained
Complete nerve transection

Nerve injury with features of type 2
and 4

It is important to mark that not all the dysfunctions of the PNS are related

with a direct traumatic injury. Some peripheral neuropathies (PN) will block the

connection between MNs and muscle, favoring the apparition of neuropathic pain

and of neuromuscular disorders that can provoke paralysis in extreme cases (Laing,

2012). PN can be from genetic origin such as Charcot-Marie-Tooth disease, acquired

during lifetime such as those induced by diabetes mellitus, caused by adverse effects

of drugs treatments or provoked by inflammatory responses (England and Asbury,

2004). Neurodegenerative pathologies can also disrupt the neuron-muscle

connection. The amyotrophic lateral sclerosis (ALS) is characterized by an

axonopathy that affects MNs and that will cause its death. Independently of the ALS

etiology (familiar or sporadic), one of its hallmark is the retraction of the axon of

16
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MN, which will lead to the muscle denervation (Robberecht and Philips, 2013).
Although unclear, this disturbance has been related with an unbalance of the axonal
transport (Taylor et al., 2016), that it is also present in other CNS or PNS
neurodegenerative diseases where axonal integrity is endangered (Millecamps and

Julien, 2013).

3 Murine models of lesions to motor system

Experimental models are useful to elucidate information about which are the
underlying mechanisms that provoke neuron death or its regeneration and to obtain
new drug therapies to increase functional recovery after PNL. The approximations

can be performed in vivo or in vitro.

3.1 In vivo murine models

Several in vivo models are widely used to mimic the clinical scenario of PNL,
and to discern which factors modulate nerve regeneration. The used species go from
mammal models (rat and mice) or other vertebrates (Danio rerio), until
invertebrates as C. elegans. Some differences arise from its anatomy and its
molecular features. Among all the animals used for PNL studies, the rat/mice
(murine) species are the most commonly used, taking advantage of its big size to
perform precise microsurgeries. Several murine models are used for the study the

survival and regeneration of MNs after PNL.

When MNs suffer the disconnection from their target organ after PNL they
will suffer several changes, which in some cases, can promote their death. The death
of MN after PNL depends of the crosstalk and the convergence of different molecular
mechanisms that are triggered after MN disconnection, and that will be further
explained below (Section 4 of Introduction). On the other hand, for the study of the
mechanisms that underlie PNL and orchestrate the nerve regeneration, different
models have been described. The murine specie are the mainly used for this studies
(Tos etal., 2009). The difference between these models reside on the difficulties and
barriers presented to the MNs to effectively regenerate until the target organ. These

depend on the severity of the injury, the distance from the soma and the age of the
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animals. Crush injury of the nerve (axonotmesis), which is the breakdown of the
axons continuity by compression, allows to a good recovery because each axon
reconnects with its anterior target. Otherwise, the neurotmesis is a complete
transection of the nerve and it can be repaired by a suture, an autograft or with a
conductive tube, and this injury recapitulates accurately the clinical of the PNL.
Neurotmesis causes a completely disorganization the anatomical structure of the
nerve (Lago and Navarro, 2006), leading to a poor functional recovery of the
animals. Other used models are those based on the ligation or partial compression
of sciatic nerve or the spinal roots. They present a mixture of axon degeneration and
neuropathic pain apparition, but they do not allow a correct quantification of nerve

re-growth and functional recovery after injury.

Aiming to obtain a more realistic model of death of MNs combined with
axonal regeneration which fits better with human PNL and its clinical impact, some
authors performed the avulsion of ventral or brachial roots in combination with an
immediate reparative surgery (Eggers et al., 2010; Pintér et al., 2010; Torres-Espin
et al.,, 2013). Few studies have been conducted with a delayed reparation of avulsed
roots and all them are focus on the roots present at brachial level (Gu et al., 2005).
Nowadays, no articles describe a study where the avulsion of the roots that conform

lumbar plexus is combined with a delay of its reparative surgery

3.2 In vitro models: cell lines, primary and Organotypic
cultures

To reduce animal use but obtaining reliable results, several specific factors
that neuroprotect the MNs against insults or modify its axonal regeneration can be
analyzed through in vitro approximations. These studies give information about the

molecular pathways that underlie MN death or axonal elongation.

Cell lines such as PC12 or NSC34, to obtain neurons or MNs respectively, or
JS-1 to obtain Schwann cells can be used, and they are useful to reveal new
neuroprotectants, to study material biocompatibility or to depict molecular
mechanisms (Geuna et al,, 2016). The large number of cells and experiments carried
out with low costs make this approach more attractive. Furthermore, the results

obtained through this cell lines should be interpreted with caution due to the
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neoplastic origin of the cells and the high variability that arises from the

susceptibility of the cells to the culture conditions (Tos et al., 2009).

Other in vitro approximation is the obtaining of primary cell cultures from
animals. Depending on the aim of the study, different sub-cellular populations can
be purified (motoneurons, DRGs neurons or Schwann cells) and be cultured
(Haastert et al., 2007; Tos et al., 2009; Severini et al.,, 2017). This approach reduces
the animal use, but its preparation is labor-extensive and the cells only can be
maintained during few weeks in culture. For nerve injury, recently has been
published a new protocol that mimics the nerve axotomy in cultured neurons (Zhou
et al, 2016). Adding some complexity, the co-culture of MNs with Schwann cells is
an useful model to study the behavior of nerve during regeneration in vitro (Haastert
et al,, 2005). Besides, the co-culture of neurons with glial cells in separate scaffolds
mimics the connections that arise within the nerve between neurons and Schwann

cells or fibroblasts (Gingras et al. 2009).

The most representative in vitro approximation is the organotypic culture of
the entire tissue. The culture of a whole piece of tissue is named organotypic culture.
Curiously, after processing the spinal cord to obtain the explants, its
cytoarchitecture is maintained and the motoneurons are able to interact between
them. This makes its culture a reliable model (Crain and Peter, 1967). For neurite
growth studies, it is needed the design of a 3D environment that mimics the nerve
tissue. The organotypic culture of the entire tissue in combination with a matrix of
a material that allows axon regeneration (i.e. collagen) (Allodi et al., 2011), will
permit to the neurons to remain on its natural environment. This allows to maintain
the interactions between neurons and glia, and will allow them neurons to extend
their axons. This model can also yield information about the role of glia on the axonal
growth of MNs. It is important to figure out that depending on the aim of the study,
the cultured tissue must be different (for example for motor axons growth, the used
tissue is the spinal cord). Spinal cord slices can also be cultured to discern or to
elucidate modulators of the molecular pathways that provoke MNs demise. This in
vitro model can reproduce some hallmarks of the death of MNs after trauma or in
neurodegenerative diseases, such as ecotoxicity or inflammatory reaction. These

cultures can be maintained during several weeks (Guzman-Lenis et al.,, 2009b. These
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models are also useful to found neuroprotectants for death of MNs or spinal cord
injuries (Guzman-Lenis et al., 2009a, 2009b). Recently, 3D printing technique has
been used to culture DRG and to analyses its growth (Badea et al., 2017).

Although in vitro models can be useful, in vivo models are still needed as the
main goal of nerve regeneration is to replace the distal part of the nerve and correct
reconnect with denervated organ. Therefore, functional studies in whole organism

are still mandatory.

4. Molecular mechanisms in neurodegeneration and
regeneration after nerve injury

Nerve injuries are characterized by a rapid retrograde response that will
recruit the needed molecular machinery at the neuron soma to induce the axonal
regrowth. After axotomy, neurons dedifferentiate its phenotype to face up with the
injury  (Gonzalez-Forero and Moreno-Lépez, 2014), shifting from
neurotransmission state to the pro-regenerative one. This process is triggered
quickly after PNL and implies phenotypic and morphological changes, which are
named chromatolysis and neuronal reaction. Chromatolysis is linked with the
disorganization of the Nissl bodies, that provokes the release the polyribosomes and
ribonucleotides into the cytoplasm. With this, neurons try to counteract the insult
decreasing the neurotransmission-related compounds and raising the synthesis of

structural proteins and growth associated effectors.

Axon-soma connections are essential for a correct neuronal response, and for
this, the retrograde transportation of information through long distances is
essential. Neurons need to detect axonal injury to face up the insults and activate its
pro-regenerative machinery. The events that are initiated can be classified in early
or late events (Rishal and Fainzilber, 2014). The breakdown of the axon membrane
is accompanied by the disruption in the ionic balance, which leads to the
propagation of a calcium wave (Ziv and Spira, 1995) and the firing of action
potentials (Mandolesi et al., 2004). Both events are propagated towards the
neuronal soma. This Ca%* will activate endogenous molecular programs like the

induction of a set of pro-regeneration genes (Michaelevski et al., 2010), and the
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epigenetic modification of the genome by histone acetyltransferases at CNS or
histone deacetyltransferases at the PNS (Cho et al., 2013; Puttagunta et al.,, 2014).
Those are needed for axonal membrane resealing and cytoskeletal rearrangement
(Cho and Cavalli, 2012), which are essential events to induce an efficient initiation
of the growth cone (Ghosh-Roy et al., 2010; Bradke et al., 2012). Genes that are
upregulated after PNL and that are directly linked with axonal regrowth are termed
as Regeneration-Associated Genes (RAGs) (Chandran etal., 2016). Among them, the
growth-associated protein-43 (GAP43) is a widely described RAG that is strongly
triggered within the peripheral axons after injury, and that is well correlated with a
successful nerve regeneration (Afshari et al,, 2009). Neurons present in the CNS are
incapable to regenerate after injury, and this is partially caused by its low-intrinsic
ability ty trigger an efficient RAGs response. The expression of RAGs is a tightly
regulated process that needs specific activation of determined TFs and the
coordinated modulation of gene expression by them. This RAGs programs can be
also modulated by epigenetic processes, so the modulation of those enzymes that
orchestrates epigenetics marks are a feasible approach to enhance axonal
regeneration within the CNS (Fagoe et al.,, 2014). The late events are directed by
signaling macromolecular networks that include molecular axis of the JUN amino-
terminal kinase 3 (JNK3), the signal transducer and activator of transcription 3

(STAT3) and the extracellular signal-regulated kinases (ERKs).

4.1 Retrograde degenerative and endogenous
neuroprotective mechanisms

Depending on the animal species, the maturation state of, the distance to the
soma (pre- or postganglionic) and the subpopulation, neurons, and specifically the
MNs, undergo a massive death after PNL. The proximity between the injury and the
neuronal soma is directly correlated with a higher cell death of dorsal root neurons
(Ygge, 1989). Spinal MNs from rat are extremely susceptible to the avulsion or
preganglionic transection of the roots that form brachial or lumbosacral plexus
(Penas et al.,, 2009a), but when the injury is at postganglionic level, no significant
death of MNs is detected ( Vanden Noven et al. 1993; Karalija etal. 2016;). Parallelly,
only those MNs from hypoglossal nuclei of mice, are susceptible to the transection

of the hypoglossal nerve at distal level from the soma (Kiryu-Seo et al., 2005).
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Besides, only immature MNs are susceptible to the postganglionic injury of the

sciatic nerve in both species (Lowrie et al., 1994; Sun and Oppenheim, 2003).

MNs have endogenous mechanisms to counteract the insult and survive.
During early days post RA, it has been described that several pro-death or pro-
survival molecular actors participate, and their imbalance leads MNs towards its
death (Casas et al,, 2015) (Fig. 2). The pro-death mechanisms that are related with
the demise of MNs are: apoptosis, necrosis, anoikis, ER stress, nucleolar stress
cytoskeleon rearaggements, selective autophagy and mithocondrial dysfunction.
The endogenous mechanisms of neuroprotection engaged by MNs are: anti-
apoptosis, anti-anoikis, anti-necrosis, autophagy, UPR, reactive oxidant species
hormesis and mitochondrial well function. The programs initiated within the MNs
after axotomy, especially those that are a hallmark of its death, and those that are

activated by the MN-environment, will be disclosed hereinafter.

Pro-survival Mechanisms (DA) Degenerative Processes (RA)
Regeneration Autophagosome fusion events
Apoplosis axolomy Selective autophagy
Anti apoptosis Nacrosis
Pro-oxidants Anoikis
’ﬁ";]','l;c_’x'dc’?s . Rearrangements of cytoskeleton & organelles
IA“ ibifor ,E, NECrosis Mitochondria related-events
A::;E;?r:gls Nucleolar stress
ROS hormesis ER.SIress
Pain

Mitochondria well function

Figure 2. Endogenous mechanisms of neuroprotection or death engaged by the MNs
after different PNL. The molecular mechanisms that are triggered by the MNs in two
slightly different rat models of PNL, that have an opposite outcome on MN survival. In the
DA, a nerve injury where MNs activate endogenous mechanisms to face up the insult and
they regenerate their axon until the target organ, its survival is not compromised. In the RA,
a nerve injury that activates those mechanisms within the MNs that will lead to their death
(Extracted from Casas et al. 2015).

4.1.1 Apoptosis

Not all the cells can decide when they die, and the apoptotic death is a subtype
of PCD that can be chosen or forced after some insults. Neuronal PCD is essential for
a correct nervous system development (Raff et al. 1993; Miura 2011). PCD was
initially described as a controlled intrinsic process that remove the unwanted cells

from the pluricellular organisms. The aim of this cellular function is to refurnish the
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tissues, reducing the non-functional cells and favoring the renewal of them (Taylor
et al., 2008b). Apoptosis is a subtype of PCD that was discovered in developing,
normal or insult-affected tissues (J. F. R. Kerr 1972). Apoptosis is defined as an active
cell death that maintains the integrity of cell plasma membrane and of organelles,
and it is mediated by the activation of caspases (Fan et al., 2017). In fact, apoptosis
death shares similarities with those processes that are initiated by cells during
differentiation (Bell and Megeney, 2017). Apoptosis dysregulation is the cause of
several neurodegenerative or inflammatory pathologies, and of some kinds of
cancer. Recent studies suggest that adult neurons differ from neonatal ones in their
specific intrinsic machinery to avoid cell death. They point that during
neurodegeneration mature neurons become more susceptible because they convert
to the neonatal-phenotype, and this can be related with their death (Kole et al.,
2013).

PCD and some kinds of apoptotic deaths are driven by the proteolytic type of
enzymes termed caspases, which are zymogen proteins that require a proteolytic
processing to be active. Caspases induced death is a highly controlled process which
needs several players to act coordinately to cause the final cell death. Apoptosis can
be triggered by two different pathways. The extrinsic, that depends of extracellular
ligands, or the intrinsic, that depends of mitochondrial compounds (Fig. 3). Once
initiated by the activation of pro-death receptors such as FASR, or by the liberation
of the cytochrome c from mitochondria to the cytosolic space, the initiator caspases
(Caspase 1, 2,4, 6,9, 10, 12 and 14) will become active (Ichim, Gabriel; Tait, 2016).
These active caspases will unleash the cleavage of the effector caspases (3, 6 and 7),
which will execute apoptosis. Although humans and mice have a different set of

caspases, the underling mechanisms are very similar (Man and Kanneganti, 2016).
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Figure 3: Extrinsic and intrinsic apoptotic pathways. The extrinsic pathway is initiated
when the death receptors (TRAILR or FAS) are activated. Once active, they will activate
caspase 8 or 10, which will process caspase 3 or 7 and they will lead to apoptosis. On the
other hand, the intrinsic pathway is triggered after the mitochondrial outer membrane
permeabilization and the consequent release of cytochrome c. This can be triggered after an
internal stimulus or by the inhibition of Bcl-2 proteins. This permeabilization is mediated
by BH3-only proteins. Cytochrome c allows the polymerization of the apoptotic protease
activating factor 1 (APAF1) to form the apoptosome. This will activate caspase-9, which will
cleavages the caspase 3 and 7, those that will drive cell to apoptosis. Intrinsic and extrinsic
pathways can crosstalk by the caspase-8 mediated cleavage of BHD3-interacting death
domain agonist (BID) (Extracted from Ichim, Gabriel; Tait 2016)

The proximal disconnection of MNs from their target organs by root
transection or by RA will compromise their survival (Koliatsos et al., 1994; Martin
et al, 1999; Penas et al,, 2009a). These type of injuries will lead to a massive
retrograde death of the 80% of MN within 3-4 weeks after injury (Penas et al,,
2009a). So far as we know, the molecular pathways that characterize this death are
controversial and remain unclear. Initially, the program was classified as apoptotic
(Martin et al,, 1999) or necrotic (Li et al., 1998), but some authors did not found
caspase activation (Penas et al., 2011a) or necrotic markers (Casas et al., 2015). In
contrast, when the MNs are disconnected from their target at neonatal stage,

independently of the distance from the soma, its death is characterized by apoptotic
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hallmarks such as cleaved caspase 3 or TUNEL labelling (Oliveira et al., 1997; Sun
and Oppenheim, 2003). In the neonatal stage, the deletion of the pro-apoptotic gene
BAX or the inhibition of apoptosis reduced drastically the percentage of death of MN
after RA or nerve injury (Deckwerth et al., 1996; Chan et al, 2001; Sun and
Oppenheim, 2003). Therefore, the survival or death of MNs after nerve injury is
determined by the type of injury and its developmental stage. To sum up, the RA is
a severe type of PNL that may occur during adulthood after the detachment between
nerve and spinal cord. This injury will initiate molecular programs that will lead to
a non-apoptotic death of MNs. However, the distal axotomy of the nerve initially
triggers molecular programs that share similarities with RA (Penas et al., 200943,

2011a). This indicates that after PNL the MNs have a similar early response.

Although some hallmarks of apoptosis like the nuclear presence of the
apoptosis inducing factor 1(AIF1) orcaspase-3 cleaved, and C/EBP-Homologous
Protein (CHOP) are found in ALS mice model, it is unclear if the MNs suffer apoptotic
death in this pathology (Ghavami et al., 2014). Caspase 3 cleavage is also found in
vitro in a model of Charcot Marie Tooth with MN death (Jacquier et al., 2017), but
these MNs are more resistant to apoptosis (Rizzo et al., 2016). Therefore, although
apoptotic machinery is active and recruited on the soma of MNs, apoptosis is not the
executive program of their death. Similar results are found in MNs after RA injury.
RA induces apoptotic pathways but also anti-apoptotic ones, and this balance leads

these neurons to an alternative and unknown death.

Finally, although caspase activation have been widely related with cell death,
recent evidences shown that they can also act remodeling the nervous systems
without promote cell death (Williams and Mukherjee, 2017), and that its activity
depends on its subcellular position. Therefore, maybe the active forms of caspases
found in neurodegenerative tissues had a non-death related role, and the final

neuron death is through other fatal mechanisms.

4.1.2 Anti-apoptosis

During evolution, cells have developed several mechanisms to prevent its
death when itis unneeded or to avoid a premature PCD. Cells only trigger an efficient

apoptotic death when the balance between pro- or anti-apoptosis machineries

25



Introduction

pushes towards death. The anti-apoptosis is driven by three family protein: FLICE-
inhibitory proteins, Bcl-2 and Inhibitors of Apoptosis Proteins (IAPs). Alterations on
those gatekeepers are related with some kinds of cancer (Portt et al., 2011). IAPs
exert neuroprotection in ischemia models (Rami et al., 2008) or avoid death of MNs
after nerve injury during neonatal stages. In fact, IAPs are proposed to be the
responsible of the blockage of MN death after axotomy during adulthood (Perrelet
et al,, 2004). A post translational modification of the X-linked-IAP (XIAP) blocks its
anti-caspase 3 function, and it has been described as a contributor to the Parkinson’s
disease (PD) pathogenesis (Tsang et al., 2009). Ischemic preconditioning, which
partially reduces ischemia detrimental effects, acts through IAPs and enables cells
to survive although caspase cascade is active (Tanaka et al., 2004). [APs also mediate
the GDNF-induced pro-survival effect on MNs after neonatal axotomy (Perrelet et
al, 2002). The MNs activate XIAP after RA, which indicates that their intrinsic
mechanisms to avoid apoptosis are triggered, and this justifies their non-apoptotic

death.

Other protein pathways can avoid cell death by the modulation of pro-
apoptotic proteins. In this sense, the protein kinase B (AKT) has been described as
a pro-survival player by the blockage of apoptosis (Kennedy et al., 1997). p53 is a
tumor-suppressor protein that can induce apoptosis by different ways (Yonish-
Rouach et al,, 1991; Fridman and Lowe, 2003). AKT inhibits p53 by its degradation,
blocking its pro-apoptotic effects (Gottlieb et al., 2002). Otherwise, caspases are able
to inhibit AKT by cleavage, indicating a fine-tune modulation of cell survival and
death within cells (Rokudai et al., 2000). On the other hand, AKT activity is also able
to phosphorylate the Forkhead box protein O (FOXO) TFs, which are related with
apoptosis (Dijkers et al., 2000) and this turns on cell survival (Brunet et al. 1999).
AKT-dependent phosphorylation avoids FOXO entrance to nucleus averting its
induction of pro-apoptotic genes such as the Bcl-2 interacting mediator of cell death
(BIM) or Bcl-2 nineteen-kilodalton interacting protein 3 (Bnip3) (Dijkers et al,
2000; Tran et al., 2002). Specifically, AKT-dependent phosphorylation of FOX03a

has been related with cell survival (Brunet et al., 2001).
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4.1.3. Parthanatos

The poly(ADP-ribose) polymerase (PARP) family is composed by 18 different
proteins (Ame et al.,, 2004), which are nuclear under normal conditions. Among
them, PARP1 is the most widely described and it is needed to face up to different
types of DNA damage (Ray Chaudhuri and Nussenzweig, 2017). Parallelly to its
activity as DNA gatekeeper, it has an active role on cell death. The death
phenomenon that is triggered by PARP1-activity is termed as Parthanatos (PAR,
from the enzyme + Thanatos, death in Greek). PARP1 can promote direct or indirect
cell death. PARPs are considered the major NAD+* consumers, so its hyperactivation
can lead to the depletion of NAD* levels. This will lead to cell death by energy failure
(Houtkooper et al., 2012). Nevertheless, this hypothesis is currently being revised
(Fossati et al. 2007; Fan, Dawson, and Dawson 2017).

For the direct death, PARP1 activity produces the PAR polymer (Andrabi et
al., 2006), which is a tag-signal of cell death (Fan et al., 2017).It has been implied in
the neuronal death present in Alzheimer disease (AD) (Strosznajder et al., 2012).
The treatment with PARP1 inhibitors reduces the neurological damages after
ischemia or traumatic brain injury (TBI) in humans (Gerace et al., 2015).The PAR
polymers are needed within the nuclei for DNA repair. When the PAR polymers are
translocated to the cytosol and mitochondria, they will induce the translocation of
AIF1. AIF1 enters to nucleus and induces large-scale DNA fragmentation. Its active
participation is essential to induce the PCD (Joza et al., 2001). The mice termed as
“harlequin” have a mutation on AIF1. Neurons from this mice are more susceptible
to stress, indicating that AIF1 has some beneficial role in cellular homeostasis (Klein
et al., 2002). A recent study shown that hypoxia induced neuronal death is related
with PAR polymer formation and it is directly linked with the nuclear translocation
of AIF1 (Lu et al,, 2014). AIF1 nuclear function on apoptosis has been linked with
neonatal or adult ischemia, and with neurodegenerative diseases (Thal et al., 2011;
Ghavami et al,, 2014; Fan et al., 2017; Yang et al., 2017). Mutations on AIF1 gene are

also linked with infantile motor neuron disease (Diodato et al., 2016).

Although parthanatos has been defined as a caspase-independent death,

PARP1 can also be cleaved by suicidal proteases such as caspase, cathepsins,
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calpains and granzymes. This different processing drives the way through which
cells die (Chaitanya et al.,, 2010b; Fan et al,, 2017). Depending on its processing, the
formed fragments of PARP1 will be active or inactive. When PARP1 cleavage results
in an active fragment, the cell death will be apoptotic, necrotic or autophagic
(Chaitanya et al., 2010b). Caspase-3 can cleavage PARP1 giving two fragments of 24
and 89 kDa. The second one forms a protein complex that has a different
transcriptomic program and will lead to apoptotic death (Castri et al., 2014). The
cleavage of PARP1 onto its active form has been described in neurodegenerative
diseases (Chaitanya et al., 2010b) and in ischemic brains (Chaitanya and Babu,
2009). The 89 kDa active form of PARP1 also has the ability to release AIF1 from the
mitochondria, and this induces AIF1-dependent neuronal death (Hong et al., 2006;
Qiao et al, 2016). When PARP1 is processed onto other type of fragments, it will
became inactive or will act as a molecular switch between apoptotic, necrotic or
autophagic cell death (Zhu et al., 2009). This autophagy triggering can help cell to
overwhelms the stress and stay alive (Chaitanya et al., 2010b). Otherwise, when
PARP1 is cleaved by lysosomal proteins will promote necrotic cell death (Gobeil et
al, 2001). Therefore, PARP1 activity and its processing is a tightly regulated
mechanism that can promote DNA repair or cell death. Currently it is unknown

whether parthanatos is present in the death of MN after RA.

4.1.4. Anoikis

Interactions between cell and extracellular matrix (ECM) are essential for a
correct cell function within tissue. When this crosstalk is averted, cells die through
a PCD named anoikis, which shares common pathways with apoptosis. Interestingly,
the breakdown of the intrinsic program of anoikis confers malignancy to tumor cells,
giving them the eventual ability to scape and reattach onto other tissues (Frisch and
Screaton, 2001). The major effectors of these interactions are the integrin proteins.
Integrins are formed by the combination of a and 8 subunits, which will determine
their ligand specificity and their intracellular signaling. On the other hand, signals
from ECM are transmitted to neurons through integrins, being them essential for
cell functions like shape, survival, motility and proliferation. Integrins are also
important for the intracellular signaling of the growth factors (Stupack and Cheresh,

2002).
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Specially, the 1 subunit of the integrins is an essential protein for cell-ECM
interaction, and anoikis response is induced when their interactions are blocked
(Bouchard et al., 2007). When its activity is antagonized in neuron culture, cells will
trigger apoptotic mechanisms and will die (Bonfoco et al., 2000). Furthermore, the
intracellular signaling of this subunit is related with the survival of the neurons from
DRGs (Santos et al,, 2012). Moreover, for a correct function of 1 subunit and
although its expression has not been disrupted, its correct transport and anchorage
to cell membrane are essential for its correct performance. Recently, it has been
described that the blockage on its transport is present in the death of MNs after RA
(Casas etal., 2015). Therefore, when the axotomized neurons are unable to properly
interact with ECM, they trigger molecular mechanisms that drive them to fatal

outcome.

4.1.5 Anti-anoikis

Although the disconnection from their environment triggers anoikis
programs, cells have developed anti-anoikis subroutines to counteract anoikis-
promoted death. Many metastatic cells activate this program to detach itself from
the ECM without initiate apoptosis. This leads them to spread within the organism
without die (Buchheit et al., 2014). MNs trigger anti-anoikis programs to survive
after DA, meanwhile after RA injury it is not detected. This maybe a possible
promoter of its cellular demise (Casas et al., 2015). Anti-anoikis can be initiated by
tyrosine kinases, small GTPases (Buchheitetal., 2014), NF-kB (Toruner et al., 2006),
the Phosphatidylinositol 3-kinase (PI3K)/AKT or ERK axes, and by autophagy (Lock
and Debnath, 2008). NF-kB modulates anti-anoikis by the triggering of anti-
apoptotic proteins such as Bcl-2 and IAP-1 (Lock and Debnath, 2008), meanwhile
PI3K/AKT role in cell survival is widely documented and it contributes to the
survival of differentiated cells (Song et al., 2005; Bouchard et al, 2007). ECM
detachment also induces autophagy (see below), which is a self-protective

mechanism (Lock and Debnath, 2008).
4.1.6 Autophagy

Autophagy, literally self-eating from Greek, is a group of mechanisms highly
controlled by the eukaryotic cells that are activated to degrade its cytoplasmic
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content through lysosomal degradation. The main function of this process is the
maintaining of the cellular homeostasis. The way through the cytosolic content is
delivered to lysosomes classifies three different modalities of autophagy (Fig. 4).
One is the microautophagy, which involves the direct invagination of the lysosomal
membrane and the degradation of the engulfed material. The second is the
chaperon-mediated autophagy (CMA), which main role is to degrade the soluble
protein aggregates with the help of chaperones. The other is the macroautophagy,
hereinafter called as autophagy, which is a cell process that leads to the transport of
cytoplasmic content through the autophagosome formation and the aggregation of
lysosomes (Galluzzi et al., 2017). This process culminates with the autolysosome
formation and the lysosomal degradation of the transported cargo. Although
autophagy was initially observed only in cells under starvation, recent studies
showed that cells have a basal level of autophagy to regulate protein homeostasis.
Importantly, these basal levels are needed for neuron maintenance under normal
conditions (Komatsu et al., 2006). The autophagy can also be activated as a self-
protective mechanism to fight an insult, thus helping the cell to adapt to the new

conditions.

Autophagic flux, which is a term used to determine the efficiency of the
autophagic response, is defined as the rate at which lysosomes degrade the
substrates of autophagy (Loos et al., 2014). A functional autophagic flux is a process
highly coordinated by different Autophagy-related (Atg) genes, kinases and other
regulatory proteins. All them working together will be the responsible for the
initiation, nucleation, elongation, closure and correct fusion of the autophagosomes
with the lysosomes to degrade the cytosolic load (Galluzzi et al., 2016). Neuron will
upregulate genes related with autophagy to degrade axonal material after target

disconnection (Penas et al. 2011a).

Mammalian target of Rapamycin (mTOR), Beclin-1 and the unc-51-like
kinase 1 (Ulk1) are essential for a correct initiation and nucleation of autophagy
(Russell et al.,, 2013; Galluzzi et al,, 2016), and therefore to correctly form the
double-membrane autophagosomes. This initiation can be triggered by
Phosphatidylinositol 3-kinase/Protein Kinase B (PI3K/AKT) kinases, and its
inhibition by 3-methyladenine or LY294 compounds block the autophagic response
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(Galluzzi et al., 2016). Several studies aimed to depicter which is the origin of the
membranes that form the autophagosomes. Published studies suggest that they
come from ER, mitochondria, plasma membrane, endosomes or other subcellular
sites (Kaur and Debnath, 2015). The process of nucleation ends once the

autophagosomes have enclosed with the autophagic substrates inside.

Besides this, the elongation phase will be initiated and the autophagosomes
will engulf more cytosolic content. The Atg7 and 10 cooperate to form the Atg5-
Atgl2 complex, which supports the autophagosome elongation. This process
recruits to the autophagosomal membranes the microtubule-associated protein 1
light chains 3 (LC3) and facilitates its lipidation (Kaur and Debnath, 2015). Atg5
protein is specific of macroautophagy, so it is a good readout of macroautophagic
flux (Galluzzi et al., 2016). To detect which are the cytosolic contents to be engulfed
by the autophagosomes, cells have developed degradative signals to earmark this
cargo. The most common is the ubiquitin-binding domain, which can be detected by
LC3-binding domains or other receptors such as the Sequestosome 1 (p62). LC3 is
also essential for the expansion of the autophagosome. During the elongation, the
resulting autophagosome will be trafficked to the cell periphery by the dyneins,
where it will fuse with endocytic and lysosomal vesicles leading to the formation of
an autolysosome (Ravikumar et al., 2005). This fusion will provoke the degradation
of the cargo material releasing autophagy-derived metabolites such as amino acids,

glucose and others (Kaur and Debnath, 2015).

Alterations on the proteins related with the initial phases of autophagy have
been observed in ALS (Menzies etal., 2015). Autophagy inductors such as rapamycin
exerted neuroprotection after cerebral ischemia, TBI and AD (Spilman et al,, 2010;
Wang et al,, 2012a; Galluzzi et al., 2016). Mutations on the p62 protein, which is
responsible for the autophagosome elongation, have been observed in sporadic and
familiar ALS (Teyssou et al., 2013). In fact, p62 activity has a neuroprotective role in
those fly models that are characterized by protein aggregates, which are a hallmark
of neurodegenerative diseases (Saitoh et al., 2015). The blockage or disruption of a
correct autophagosomes and lysosomes maturation have been observed on
Charcot-Marie-Tooth disease type 2 and ALS, (Menzies et al., 2015). This will lead

to an aberrant accumulation of autophagic processes within the cytoplasm. This
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accumulation can also be provoked by a lysosomal dysfunction. During the first days
after TBI, autophagy is correctly initiated but the autophagosomes are not cleared,
which indicates that autophagy is not resolved. This is caused by lysosomal
dysfunctions, and it finally provokes neuronal death (Sarkar et al., 2014). This
blockage in the autophagosomes clearance is also observed in human brains of AD

(Boland et al., 2008)

The MNs trigger this protective mechanism after RA to face up the injury, but
the flux is impaired at somewhere. This defect averts averting the pro-survival effect
of autophagy (Penas et al., 2011a). Recent studies showed that this blockage can be
partially provoked by cytoskeletal disarrangements, which avoid a correct fusion of
the autophagosomes with lysosomes (Casas et al., 2015). After SCI in mice, the
autophagy induction avoided the retraction of the axons and enhanced their
regrowth, which leads to an increased recovery of motor function (He et al,, 2016b).
Those effects were mediated by the degradation of a MT-destabilizing component,
which turns on a better intraneuronal axonal transport and an improvement of
axonal behavior (He etal., 2016b). A blockage on the endolysosomal pathway causes
defects on the remyelination and axonal regeneration in the Charcot-Marie-Tooth
type 4] neuropathy and after nerve injury (Vaccari et al., 2015). Autophagic increase
on Schwann cells reduces neuropathic pain after nerve injury (Marinelli et al,,
2014). Therefore, autophagy has neuroprotective effects after injuries to the

nervous system.
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Figure 4: Types of autophagy and molecular processes of the macroautophagy. For the
macroautophagy, the initiation and nucleation of autophagosomes needs the activity of the
unc-51-like kinase 1 (Ulk1), Beclinl and VPS34. For its expansion and maturation,
autophagy-related protein (Atg)5-Atgl2 and the microtubule-associated protein 1 light
chain 3 (LC3) are needed in the autophagosome membrane. They will recognize autophagic
substrates and will help with the lysosomal fusion. The resulting autophagosome fuses with
endocytic and lysosomal vesicles, leading to the autolysosome formation and degrading the
cargo. Neurodegenerative diseases are associated with impairments in initiation,
nucleation, expansion and fusion, leading to an incorrect autophagosomes formation and
blocking the autophagic flux (Modified from Kaur and Debnath 2015 and Menzies, Fleming,
and Rubinsztein 2015).

Although is a cell protective mechanism, it has been reported that an
overactivation of autophagy can leads to cell death (Joshi and Ryan, 2014; Marino et
al., 2014). Although the type of death is fine different, the inhibition of autophagy
after ischemia promoted pyramidal neuron survival on neonatal and adult mice
(Koike et al., 2008). Surprisingly, the blockage of the initiation of autophagy
promotes functional recovery after spinal cord hemisection and avoids apoptotic
cell death (Bisicchia etal, 2017; Luo etal.,, 2017). If we focus on axotomized neurons,
the blockage of autophagy is also neuroprotective for the rubrospinal neurons
(Bisicchia et al., 2017). The inhibition of the autophagy that is induced after the
exposure to human prions reduced the neuronal death provoked by these proteins.
This indicates that autophagy induction has some role in neurodegeneration (Moon
et al,, 2016). Adding controversy, some chemotherapeutic-treated cancer cells

activate autophagy to overpass the induced apoptotic death after the treatment.
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Atg5 can be cleaved losing its pro-autophagic role and shifting its activity towards
cell death induction (Maiuri et al., 2007). Although, Beclin1 has been related with
anti-apoptotic effects, when it is cleaved by caspases, its C-terminal enters to
mitochondria and sensitize cells to apoptotic signals (Kang et al., 2011b). Therefore,
some crosstalk between both cellular processes exists, and cells can modify them to

increase its survival possibilities to face up the insult (Maiuri et al., 2007).

4.1.7. Cytoskeleton rearrangement after nerve and during
death of MNs

Neuronal cytoskeleton consists in three main polymers: microtubules (MTs),
intermediate filaments (IF) and actin microfilaments. They interact forming the
cytoskeleton network, which is extended through all the axon and it is an essential
structure to connect the central nervous system with the periphery. Cytoskeleton
network allows the exchange of information between soma and the end-tip of the

axon.

MTs are formed by heterodimers of a- and B-tubulin, and they extend
throughout the cell forming a dynamic network. They are essential for neuronal
migration, neurite outgrowth, dendritic spine dynamics and for a correct axonal
behavior (Kapitein and Hoogenraad, 2015). MTs stability decreases after nerve
injury or in some neurodegenerative pathologies such as ALS or Charcot-Marie-
Tooth (Almeida-Souza et al., 2011; Dubey et al, 2015). Actin cytoskeleton is
constructed by actin monomers (G-actin) and its main function in neurons is to
manage the intracellular restructuration to regulate its cell morphology and the
internal or external movement (Luo, 2002). IF, from now neurofilaments (NFs), are
formed by the polymerization of three polypeptides: NF light (NF-L), medium (NF-
M) and heavy (NF-H) subunits (Lee et al, 1993) and they confer mechanical

resistance and stability to the cytoskeleton structure.

After axon breakdown MNs undergo cytoskeletal rearrangements (Penas et
al., 2011a; Casas et al,, 2015). It is described that after MNs suffer a blockage of
cytoskeletal transport after RA. This defect can impair a correct organelle
distribution and promote MN final death. In this model, the amount of acetylated-

tubulin is dramatically reduced, pointing out that MT dynamics are also altered
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when the survival of MNs is endangered (Almeida-Souza et al., 2011). Disturbances
of actin and MTs are described in different neurodegenerative diseases (Eira et al.,
2016). The axonopathy present in AD, Friedreich’s Ataxia or ALS is characterized by
a “dying back” phenomena and by the loss of MTs (Baas et al, 2016). This
phenomenon is based on a progressive axonal degeneration that end-up on the
neuronal cell body. Although the underling mechanism is not clearly defined,
cytoskeleton rearrangements like disturbance of the dynamics of MTs are described
(Dubey et al., 2015). Mutations on tubulin interaction sites are also present in those
mouse models characterized by the degeneration of motor axons (Compagnucci et
al., 2016) or in postmortem brains from AD patients (Zhang et al.,, 2015). This event
is related with synaptic dysfunction and loss of mature spines (Zempel and
Mandelkow, 2015). The stabilization of MTs has proven to block neuronal death
(Nahm et al., 2013). Therefore, the dynamic of MTs is a highly controlled process
and its imbalance can carry out devastating consequences for neuron survival or its
axonal performance (Almeida-Souza et al., 2011). Modulation of MTs stability has
also been successful to accelerate axonal growth in the CNS (Ruschel et al,, 2015).
Therefore, MNs suffer changes on their cytoskeletal dynamics, and these can play a

key role to face up with the insult and for axonal regrowth.

Cytoskeletal structures are the railways, meanwhile, the kinesin and dynein
motor proteins are the trains that transfer the cargo by anterograde or retrograde
transport, respectively (Pareyson et al., 2015). Therefore, motor complexes are also
essential for the survival of MNs. The kinesin family is formed by the kinesin-1
(historically named kif5) and the kinesin-3 (KIF1A, KIF1Ba and KIF1B) members
(De Vos and Hafezparast, 2017). KIF5c is enriched in MNs (Kanai et al., 2000) and
its genetic ablation or spontaneous mutation have been linked with MN diseases and
paralysis (Xia et al, 2003; De Vos and Hafezparast, 2017). Moreover, KIF1
aberrations have not been directly linked with any MN disease. Indeed, KIF1Bg is
overrepresented on motoneurons and it is not modified during disease progression
(Conforti et al., 2003). Dyneins are a multiprotein-complexes formed by different
proteins, being the p150glue (dynactin1-DCNT1) the most present. A dysfunctional
dynein/DCTN1 has been used as an ALS mice model. Its mutation causes a defective
axonal transport that leads to an ALS-like phenotype and to MNs death (LaMonte et
al., 2002; Heiman-Patterson et al., 2015).
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4.1.8 Unfolded protein response

Axonal injuries provoke a disruption of the endoplasmic reticulum (ER)
homeostasis (Penas et al.,, 2011a). ER is an organelle present in the eukaryotic cells
that forms an interconnected network and it is responsible for protein transduction,
folding, post-translation modifications and transport of nascent proteins to different
cellular localizations. It also acts as a gatekeeper maintaining the quality of the cell
proteins by checking all the newly synthesized proteins. Therefore, ER senses the
cell state and any disturbance on its behavior can compromise its functionality and
will lead to the accumulation of misfolded proteins. These perturbations will induce
ER stress and will activate the ER-overload response (ERO), the ER-associated
degradation (ERAD) pathways, or the unfolded protein response (UPR), which is a
highly conserved cellular response. ERO is activated when an excessive transport of
proteins is detected throughout the membrane of the ER (Kuang et al., 2005)  and
ERAD marks misfolded proteins and drives their degradation through the ubiquitin-
proteasome system (Meusser et al., 2005). Thus, an imbalance between ER capacity
to fold proteins and the protein load will induce a coordinated UPR. The Binding
immunoglobulin Protein (BiP) is an ER-resident chaperone that is the main sensor
of the UPR. In normal conditions, BiP remains bounded to the three major effectors
of the UPR: the RNA-activated protein kinase-like ER kinase (PERK), the inositol-
requiring protein-1 alpha (IRE1a) and the activating transcription factor-6 alpha
(ATF6) (Bertolotti et al., 2000; Sommer and Jarosch, 2002).

One of the UPR branches is the PERK-elF2a-ATF4 pathway. When BiP
unbounds from PERK, it autophosphorylates, homodimerizes and
transphosphorylates itself (pPERK) to become active. pPERK directly
phosphorylates the alpha subunit of the eukaryotic translation initiation factor 2 «
(elF2a) at Ser51 inhibiting the protein synthesis (Harding et al., 2000b) to reduce
the protein load to ER. Although the translation of common proteins is inhibited,
some stress-response TFs like the activating transcription factor-4 (ATF4) are
increased (Harding et al.,, 2003) because its mRNA escapes from the translation

inhibition (Harding et al., 2000a; Ma and Hendershot, 2003).
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The second arm and the most conserved of the UPR is the Irela-X-box
binding protein 1 (Xbpl) (Fig. 2). Irel is a highly conserved type I ER
transmembrane protein, with a kinase and endoribonuclease domain on its
structure. After any disturbance of ER, BiP releases Irela, which facilitates the
dimerization of its cytosolic portion and leads it to its autophosphorylation (Shamu
and Walter, 1996). This turns on the activation of its cytosolic RNase subdomain,
conferring RNase activity to IRE1. Its substrate is the mRNA of the X-box binding
protein 1 (Xbp-1) transcription factor (TF). After pIREla-dependent splicing, Xbp1
mRNA turns active and becomes a strong TF (Sidrauski and Walter, 1997; Yoshida
et al, 2001). If the Irela branch is chronically active, plrela will lead to the
phosphorylation of the tumor necrosis factor-a (TNF-a) receptor-associated factor
2 (TRAF2). After this, the JUN N-terminal kinase (JNK) pathway is activated and it
will trigger apoptotic cell death (Nishitoh et al., 2002) by different ways: inducing
Fas ligand and therefore the extrinsic pathway of caspase 8, inhibiting the anti-
apoptotic proteins Bcl-2 and Bcl-xL, or promoting the release of the cytochrome c
from mitochondria, which will activate the intrinsic apoptotic pathway (Kharbanda

et al. 2000; Tournier et al. 2000; Hite et al. 2009; Faris et al. 2016).
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The third branch of UPR is activated through the ATF6 effector, an unusual

basic leucine zipper (bZIP) TF. Under ER-stress, ATF6 is released from BiP and it is

translocated to the Golgi apparatus (Chen et al., 2002), where it is cleaved by the
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proteases site-1 protease (S1P) and S2P. This process results in the release of a
functional and soluble fragment of 50Kd of ATF6 into the cytosol, which migrates to
nucleus and induces those genes with an ER stress response element in their

promoter (Schréder and Kaufman, 2005).

Those signaling pathways, englobed as UPR, will lead to changes in the gene
expression profiles of specific proteins (i.e. chaperones, transcriptional factors)
aiming to increase the capacity of cell to correctly fold proteins, enhance misfolded
protein clearance or inhibit the protein synthesis (Lindholm et al.,, 2006). ATF4
induces the expression of genes involved in the response to different stresses like
the amino acid deprivation, hypoxia, mitogens, redox alterations and apoptosis (Fels
and Koumenis, 2006) and also upregulates the expression of CHOP/GADD153,
which is required for the ER-stress mediated apoptosis (Wang et al,, 1996). ATF6
will upregulate genes such as BiP, Protein Disulfide Isomerase, GRP94 and Xbp1l
(Yoshida et al.,, 2000; Chen et al., 2016), enhancing cell ability to correctly fold
proteins. This Xbp1 upregulation will increase the UPR response, acting as a positive
feed-back. Once in the nucleus, Xbp1 protein upregulates a set of core genes involved
in protein transportation, ERAD and other cell functions. Thus, Xbp1 increases gene
expression in a condition-specific way forming a transcriptional regulatory network

that is expanded in response to ER stress (Acosta-Alvear et al., 2007).

Neurons are one of the most sensitive type of cells to misfolded proteins. The
UPR signaling has been involved in several neurodegenerative diseases such as ALS,
AD or AD (Taylor et al,, 2002) and it is triggered after nerve injury (Hu et al., 2012)
(Fig. 6). An alteration on the ER distribution and morphology in the axonal
compartment has been also observed in neurodegenerative diseases (Shaohua Li et
al. 2013). Although unknown, an unresolved stress of ER can be the responsible of
neuronal death progression during neurodegeneration. UPR has been described as
an endogenous protective mechanism of cell but its activation can also promote cell
apoptotic death (Liu et al., 2013b). l.e., the PERK axis has pro or anti-apoptotic
abilities (Li et al., 2013a). Although initially was thought that any disturbance on the
ER will trigger a complete UPR response, recent evidences shown that the
coordinate co-activation of the three branches is not mandatory. In fact, CHOP

blockage or Xbp1 s overexpression increased neuron survival after nerve injury,
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which indicates that the UPR branches had different roles on neuron destiny (Hu et
al., 2012). When the survival of MN is compromised after RA, Xbp1s and ATF4 are

also present (Penas et al,, 2011a).

The way through which the neurons trigger UPR after injury remains
unelucidated. In fact, misfolded proteins are not detected in the axonal ER after
injury (Hu, 2016). It is plausible that ER stress present in the neuronal soma is either
induced by a retrograde signal from the axon, or that it is triggered at axonal level
and subsequently translocated to the neuronal soma. ER is the major Ca2* storage of
the cell, and the injury provokes a wave of increased levels of axoplasmic Ca%*
towards the soma. This Ca2* will provoke ER disturbance and the consequent UPR
response, which can be linked with neuronal death (Li et al.,, 2013a). Indeed, Ca%*
can activate PERK, and therefore triggering UPR at axon or at soma after nerve injury
(Bollo et al., 2010). Another developed hypothesis is that UPR is independently
triggered on axon and soma. Xbp1l mRNA is present at the neurites and its spliced
form is retrogradely translocated to the soma (Hayashi et al., 2007). BiP and CHOP
are upregulated at axon and retrogradely transported after nerve injury (Valenzuela
et al, 2016). The distal axotomy of the sciatic nerve increases Xbp1 splicing and the
expression of BiP and ATF4 within the soma of MNs (Penas et al., 2011a). Therefore,
the UPR is present after axonal injury. Hetz and colleagues also showed that Xbp1
splicing is increased after nerve injury, and that it is essential for nerve regeneration
after nerve crush (Ofiate et al.,, 2016). Moreover, ATF6 has a pro-regenerative role

on axonal growth, meanwhile ATF4 has no function on it (Valenzuela et al.,, 2016).
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Figure 6: UPR initiation and its propagation after axonal injury. ER is localized within
the neuronal soma, and it continues throughout the axon. ER stress can be induced directly
after the disruption of the ER network by the axonal injury. ER stress can also be induced
by retrogradely-transported signals such as: i) the entrance of Ca2+ at the axoplasm after
injury, which will disrupt the ER Ca2+ homeostasis and will induce UPR at soma, ii) those
signaling associated with the injury such as ERK, JNK and STAT3, or iii) the ER stress
mediators that are induced at axonal level such as the splicing of Xbp1, phosphorylation of
Eif2a or BiP (Extracted from Li et al.,, 2013a).

4.2 Glial reaction

The non-neuronal cells that surround the MNs in ALS are able to modify the
animal outcome, indicating that neuron behavior in the CNS can be altered by
external inputs (Clement et al., 2003). After axonal damage, the environment that
surrounds the axotomized neurons suffers morphological changes to remodel the
scenario favoring the formation of new circuitries. These changes, that are the
displacement of presynaptic terminals and neurite retraction, are driven by glial
cells (astroglia and microglia) (Aldskogius et al., 1999). Several compounds like free
radicals, cytokines (i.e. Interleukins (IL)), chemokines and amino acids are released,
and they will trigger an inflammatory response (Olsson et al.,, 2005). Moreover,
some caspases can cleavage interleukins such as IL-1 and induced the

inflammatory response (Man and Kanneganti, 2016).
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Consequent with the insult, microglia modifies its morphology and its gene
expression, adopts an amoeboid morphology, proliferates and increases its
phagocytic activity (Greenhalgh and David, 2014). The inflammatory reaction
mediated by microglia has a beneficial roles, which are clear the debris to set the
stage for future remodeling (Mueller et al.,, 2016), sustain neuron survival (Colonna
and Butovsky, 2017) or support the new-born neurons (Song et al,, 2016). On the
other side, microglia can trigger neuron death by phagocytosis of the vulnerable
neurons or by the release of pro-inflammatory molecules (nitric oxide, glutamate,
IL-1$ or TNFa), which will avert any functional recovery (Qu et al., 2012; Brown and

Vilalta, 2015).

Although not correctly, microglia phenotypes are classified as M1 or M2 (Fig.
7), being pro- or anti-inflammatory, respectively (Martinez and Gordon, 2014). This
classification is based on their surface receptors and their specialized functions, and
it depends on its interactions with environment and with neighbor cells (neurons,
astrocytes, oligodendrocytes and external macrophages) (Lan et al,, 2017). The M1
is linked with proinflammatory, oxidative and cytotoxic cascades that cause the
progression of neurodegenerative diseases, neuron death and functional
impairment. M1 microglia is characterized by the secretion of interleukins such as
IL-1B and TNFa, or by surface receptors like the major histocompatibility complex
I or the Cluster of Differentiation-86 (CD86). The microglial-mediated release of
compounds promote a decline of MNs after trauma on in ALS, and it is also related
with the neuronal death after viral infection (Loane and Byrnes, 2010; Frakes et al.,
2014; Verma et al.,, 2016). The inhibition of its pro-cytotoxic activity slows the
progression of neurodegenerative diseases (Olmos-Alonso et al., 2016; Tang and Le,
2016). IL-1p directly activates apoptotic pathways on neurons to promote their
death in vitro (Fankhauser et al., 2000) or after SCI (Wang et al., 2005). Although
microglial activation can be driven by several modulators, a master protein of it is
the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) (Lan et
al., 2017). Specific microglial activation by NF-kB has been directly linked with its
neurotoxic effects towards MNs in ALS disease (Frakes et al., 2014; Wachholz et al,,
2016).
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M2 phenotype, which is related with tissue remodulation and debris
clearance, is characterized by IL4 secretion or by the surface receptor CD206 (Lan
et al., 2017). The promotion of a M2 environment by the external treatment of 1L4
reduced the harmful effect of inflammation after spinal cord injury and reduced the
consequent functional impairment (Francos-Quijorna et al., 2016). In accordance, a
more anti-inflammatory phenotype rescues neurons from death in vitro (Zhao et al.,
2006) and after nerve injury (Villacampa et al,, 2015). M2 microglia also releases

neurotrophic factors to sustain neuron viability (Tang and Le, 2016).

Axotomy-induced microglial response is an extrinsic factor than raises

neuronal death (Kobayashi et al., 2015) and that has an important role on

neuropathic pain apparition (Guan et al., 2015) and maintenance after nerve injury

(Toetal.,, 2013).

Figure 7: Microglial
phenotypes. M1 s
characterized by the
release of pro-
inflammatory cytokines
such as TNFa and IL-1(,
and it is related with an
exacerbation of the injury
and neurotoxicity. M2
releases anti-
inflammatory compounds
such as IL-10, exerts
neuroprotection and
favors neuronal repair
(Extracted from Loane
and Byrnes 2010).

Astrocytes migrate toward the affected zone within days post injury. They
form the glial scar and encapsulate the affected zone by the release of ECM
compounds to avoid the flux of pro-death or inflammatory compounds (Silver and
Miller, 2004; Silver et al.,, 2014). Among the released compounds, the chondroitin
sulfate proteoglycans (CSPGs) are a well-described inhibitor of the spontaneous
axonal regrowth. Astrocytes can be activated by reactive microglia, becoming pro-
cytotoxic astrocytes (termed as Al-like). When they become reactive, they can

release factors that will promote neuron death (Bi et al.,, 2013). Recently, it was
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described that they can provoke the death of axotomized neurons (Liddelow et al.,
2017). Reactive astrocytes can also acquire a more pro-survival phenotype for the
neurons (termed as A2-like by Liddelow et al. 2017), which can exerts

neuroprotection after spinal cord injury (Faulkner, 2004; Okada et al., 2006).

4.3. Sirtuins in the nervous system

Cell metabolism contains a high amount of functions related with cell
behavior that are directed by enzymatic processes. Some of these functions are
modulated by the level acetylation state of proteins (McCarty and McCarty Kenneth
S., 1974). This enzymatic process manages several cellular functions, from the
activity of a specific protein to the epigenetic program of the whole cell. The
acetylation balance is a dynamic and highly controlled process directed by two
enzymatic families: the histone deacetylases (HDACs) and the histone
aceyltransferases (HATs).HDACs family is composed by four classical subfamilies:
class |, Ila, IIb, Il and IV. (Haberland et al., 2009). Regarding the class III family, the
Silent Information Regulator 2 (Sir2) was its first discovered member, and it was
found out in the yeast Saccharomyces cerevisae (Klar et al.,, 1979). After this, the
family was re-named as Sirtuin and it was described in several species such as
bacteria, yeast, plants and humans. This figures out the conservation of this family
during evolution (Ramadori and Coppari, 2010). Seven SIR2’s orthologues have
been described in mammals (SIRT1-7) (Fig. 8). They vary in their tissue expression,
subcellular localization and enzymatic activity, but they share a conserved catalytic
core. Although they were initially described only as deacetylase enzymes, few years
ago was discovered that some of them are also able to modify proteins by ADP-

ribosyltransferase activity (Frye, 1999; Tanny et al., 1999).
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Sirtuin  Activity Localization Substrates and/or targets Function
SIET1 Deacetylase Mucleus H3K9, H3K56, H4K16, H1K26, SUV3IOHL, p300 Chromatin
and PCAF requlation and
transcription
HDAC1, PARP1, p53, KU70, NB51, EZF1, RB, XPA, DNA repair and
WRN, survivin, f-catenin, MYC, NF-xBand TOPEF1  cell survival
PGC 1a FOXO1, FOXO3A FOXAZ, CRCT1,CRCTZ, Metabolism
PPARa, PPARy, LXR, FXR, RARB, SREBP1C, SREBFZ,
HNF4a, HIF1a, HIF2a, CREB, NKX2-1, STAT3, TFAM,
MYOD, NHLHZ, UCP2, TSCZ, eNOS, LKB1, SMAD?7,
AKT, ATGS, ATGT, ATGSE, 14-3-30, PGAM1, ACECS1,
PTP1E and 56K1
SIRT2 Deacetylase Cytoplasm Tubulin, keratin 8, PAR3 and PRLR Differentiation
GEPD, LDH, PEPCEL, ACLY, MEK1, TPKL,56K1and  Metabolism
PGAM
Mucleus H4k 16, H3K56, H3K18, CDC20, APC/C, CDKS and Cellcycle
BUBR1
FOXO1, FOXO3A, p300, NF-kB and HIF1a Metabolism
SIRT3 Deacetylase Mitochondria LCAD, VLCAD, HMGCS2, NDUFAS, SKP2, 5DHA,  Metabolism
ACECS2, GDH, IDH2. MRPL10, PDP1. SOD2, OTC,
CYFD, OPA1, PDH, FOXO3 and GOT2
SIRT4 * ADP-ribosylase  Mitochondria GODH,IDE. 5LC2545, PDH and MCD Metabolism
# Lipoamidase
* Deacetylase
SIRTS * Deacylase Mitochondria CP51, HMGCS2, PDH, SDH, 5001 and GAPDH Metabolism
# Deacetylase
SIRTG * Deacylase Nucleus H3K4, H3K56, CtIP GCNS, SNFZH. G3BP, FOXO3  Chromatin and
* Deacetylase and PARP1 DMA repair
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MYC, HIF 1o, NF-x8, TNF, SREBP1. SREBP2 and Metabolism
LsP10
SIET? Deacetylase Nucleus MYC, H3K18, PAFS3, HIF1a, HIF2a, ELK4, Transcripticn
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Figure 8: Table summing up of the different SIRTs (1-7), its cellular sub-localization
(cytoplasm, nucleus and mitochondria), its different activities and their targets (Extracted
from Chalkiadaki and Guarente 2015).

Besides the direct modulation of several proteins through deacetylation
processes, the acetylation state of histones can determine other cellular processes
by epigenetic changes. Transcriptional dysfunction, a common hallmark of
neurodegenerative diseases, is characterized by aberrations on the molecular
machinery that orchestrates gene expression through epigenetic marks (Lazo-
Gomez et al., 2013). The epigenetic mechanisms of methylation and acetylation
regulate the chromatin stability, and therefore, the repair, replication and
transcription of DNA. These modifications are important for chromosome integrity,
cellular differentiation, development and aging. During last years, this genome
editing has been detected in post-mortem samples from ALS and Huntington'’s

disease patients (HD) (Figueroa-Romero et al., 2012; Francelle et al.,, 2017). The

44



Introduction

enforced methylation of DNA has been linked with MN death in ALS and the
hyperacetylation of histone with the death of dopaminergic neurons (Chestnut et al.,

2011; Jin etal, 2014).

4.3.1 Role of Sirtuin 1 in neurodegeneration

Sirtuin 1 (SIRT1), due to its ability to extend lifespan in several models and
for being the closest homolog of Sir2 protein of yeast, is the most widely described.
Although it was initially described as a nuclear protein (Michishita et al.,, 2005), a
few years ago it was found at cytoplasm instead of at nucleus, indicating that it has
different substrates depending on its subcellular localization (Stiinkel et al., 2007).
Nowadays, SIRT1 is pointed to have some role on energy expenditure and therefore
on mitochondrial-genes expression (Canto et al., 2009). It is the most widely
studied due its role in caloric restriction, lifespan expansion, metabolic homeostasis,
genomic stability and prevention of aging-related diseases (Vaquero, 2009;
Houtkooper et al., 2012). Accumulating evidence shows that SIRT1 orchestrates
several functions at neuron level through its deacetylase activity towards histones
(Histone3) (Imai et al., 2000), p53 (Luo et al., 2001a), and other like NF-kB, cAMP
response element binging (CREB), PARP1, and FOXOs (Houtkooper etal., 2012) (Fig.
9).

SIRT1 activity induces p53 deacetylation to avoid apoptotic cell death (Luo
et al,, 2001a; Vaziri et al., 2001) and neurodegeneration (Hasegawa and Yoshikawa,
2008). Moreover, SIRT1 activity directly represses FOX01, 3 and 4 (Motta et al,,
2004), which are highly related with metabolism of lipids and glucose, and also with
cell response to stress (Houtkooper et al., 2012). There is some controversy about
the biological significance of FOXOs regulation by SIRT1. Published studies showed
that SIRT1 activity towards FOXOs inhibits them, which leads the cell towards cycle
arrest and survival, getting it away from apoptosis initiation (Maria E. Giannakou
and Linda Partridge, 2004). On the other side, in the C. Elegans in vivo model, SIRT1
promoted FOXO activation and extended its lifespan through an improved
mitochondrial function (Mouchiroud et al., 2013). So, depending on the cell state,
SIRT1 selectively deacetylates FOXOs and drives its activity, giving other layer to
their transcriptional activity (Brunet et al., 2004).
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Other key target of SIRT1 activity is the CREB TF, which is highly related with
glucose homeostasis, learning, memory and growth-factors mediated cell survival
(Mayr and Montminy, 2001). CREB is activated by phosphorylation on the residue
Ser-133, and then exerts neuronal survival through specific gene expression
(Finkbeiner, 2000). Recently, SIRT1 activity has been related with the activation of
the transcriptional axis of CREB and this promoted neuroprotection in Huntington

disease (HD) model (Jeong et al., 2012).

SIRT1 Gain-of-Function, using transgenic mice or the sirtuin-activating
compounds (STACs), demonstrated protection in different neurodegenerative
diseases such as ALS, AD and HD (Kim et al,, 2007; Jiang et al., 2012; Watanabe et al,,
2014). Regarding the cellular response after axonal injury, SIRT1 activity
demonstrated a positive neurite-growth effect through the inhibition of mTOR
pathway in cell culture (Guo et al., 2011). Specifically, axonal and cytosolic presence
of SIRT1 has been related with neurite elongation (Sugino et al.,, 2010; Li et al,,
2013c).

Neuronal Fatty acid Fatty acid
nfiammation § resistance [ biogenesis [ oxidation J| mobilization l§ secration

RARDb NFxB

PGC1la LXR

tau PPARy FOXO1
Foxo Foxo NCoR-SMRT TORC2
Torc1 HSF1

HIFZ2a

Figure 9: SIRT1 deacetylates several proteins and it can exert different functions.
SIRT1 can be active through different ways and it will exert neuroprotection, will reduce
inflammation or will promote other important functions for cell behavior (Extracted from
Donmez and Outeiro 2013).

4.3.2 Sirtuin 2 in neurodegeneration

After SIRT1, the SIRT2 has recently emerged as a new player in the cancer
and neurodegeneration fields. SIRT2 is ubiquitously expressed throughout all the

tissues, being higher in brain regions such as cortex, spinal cord and others (Gomes

46



Introduction

et al., 2015). Moreover, it is the mainly sirtuin of the cytoplasm, and it normally
interacts with microtubules, being the a-tubulin the main target of its deacetylase
activity (North et al., 2003). Furthermore, SIRT2 is translocated to the nucleus
during mitosis and it actively deacetylates the Histone H4 (Vaquero etal., 2006). The
SIRT2 activity is also related with the modulation of FOXOs and NF-kB, which points
out that there is interplay between SIRT2 and SIRT1 (Donmez and Outeiro, 2013).

A recent report suggested the role of SIRT2 in inflammation. SIRT2 regulates
the pro-inflammatory gene expression that is mediated by NF-kB.
SIRT2deacetylates the p65 subunit of NF-kB at Lys-310, gathering its activity and
reducing the inflammatory response (Rothgiesser et al., 2010) (Fig. 10). The SIRT2
ablation is also linked with NF-kB hyperacetylation, exacerbated microglial
activation, increased pro-inflammatory cytokines and the collagen-induced arthritis
(Linetal, 2013; Pais et al., 2013). The inhibition of SIRTZ also increases the cerebral
edema formation after traumatic brain injury by an overactivation of NF-kB (Yuan
et al,, 2016). When SIRT2 is overexpressed in those in vitro or in vivo models that
characterized by a marked inflammatory reaction, the production of reactive
oxidant species (ROS) and pro-inflammatory cytokines is reduced, which indicates

its anti-inflammatory role (Kim et al., 2013).

SIRT2 is accumulated in brains and spinal cords from old mice (Maxwell et
al., 2011) and its overexpression in neuron culture induces apoptotic death (Pfister
et al., 2008). Results until now figure out that SIRT1 and SIRT2 have opposite roles
in neuron death (Donmez and Outeiro, 2013), although their role in
neurodegenerative diseases remains poorly understood. The ablation of SIRT2
activity by a specific inhibitors yielded neuroprotection in vitro and in vivo in PD
models (Outeiro et al., 2007; Chen et al.,, 2015b) or in a HD mouse model (Chopra et
al,, 2012). Controversially, the same inhibitor was not able to expand the lifespan of
the ALS mice (Chen et al., 2015b), although SIRT2 is upregulated in the spinal cord
of SOD1 mutant mouse during the progression of the pathology (Valle et al., 2014).
Moreover, the treatment with the SIRT2 inhibitor AK7 impaired the hippocampal
functions (Jung et al.,, 2016), indicating a positive role of SIRT2 in neuronal behavior.
SIRT2 activity is also important for a correct myelin sheath formation and it

concedes resistance to the axonal degeneration that characterizes the WIdS mice
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(Suzuki and Koike, 2007; Beirowski et al., 2011). Thus, the exact role of SIRT2 in

neuronal and axonal behavior after injury remains elusive.

Figure 10: SIRT2 orchestrates the
pro-inflammatory response of
microglia. Upon  inflammatory
stimulus, SIRT2 is dephosphorylated,
which turns on an increase on its
deacetylases activity. Therefore, SIRT2
directly deacetylates the p65 subunit
of NF-xB, leading to the reduction the
pro-inflammatory gene expression
that depends of NF-kB (Pais et al,
2013).

4.4 Intrinsic pathways of axonal regeneration

Mammal’s neurons have the intrinsic capability to replace and repair the not
useful axons by regeneration, keeping an optimal nervous system throughout
lifetime. Nerve disconnection will trigger the degeneration of the distal nerve stump
through a mechanism know as Wallerian degeneration (Waller, 1850). This reaction
is characterized by a progressive degeneration of the axon and by the change of the
molecular programs of the affected neurons. This change is known as axonal
reaction and chromatolysis (explained previously). Once the neuron gets over the
insult, it must reextend its axon until target organ. Several factors will determine an
efficient functional recovery after nerve injury: a rapid shift towards a pro-
regenerative phenotype, the activation of neurite elongation pathways, the distance
upon target approach and an effective synapse rebuilding. Different pathways are
postulated to increase nerve regeneration (Tedeschi, 2012). Hereinafter, we will
discuss one of the most common molecular pathways that are activated in neurons

to increase the velocity of axonal re-growth.
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Nowadays, the most studied pathway that directs axonal growth is the
PI3K/AKT molecular network. Neurotrophic factors bind to the Tyrosine kinase
receptors, which activate PI3K and consequently AKT (Caporali et al., 2008). The
activation of this pathway culminates with mTOR and its role in transduction. PI3K
is very sensitive to the phosphatase and tensin homologue (PTEN), which can blocks
PI3K and reduce the axis power (Berry et al., 2016). Several approaches like PTEN
deletion (Park et al.,, 2008) or its pharmacological inhibition (Ohtake et al., 2014)
raised axonal re-growth after nervous system injury. Nevertheless, the suppression
of PTEN activity has no clinical translation due to its tumor-suppressor role

(Tolkacheva and Chan, 2000).

If the PTEN step is overpassed, AKT will become active and will
phosphorylate mTOR. In spite that several phosphorylation residues have been
identified on the three isoforms of AKT, the Ser 473 one is highly correlated with
axonal growth and mTOR activation in different publications, suggesting an intrinsic
relationship between AKT/mTOR axis and axonal elongation (Ransome and
Turnley, 2008; Rahman and Haugh, 2017). mTOR is also able to phosphorylate AKT
at the same residue. This indicates a highly regulated molecular circuitries for
axonal regeneration (Blenis, 2004). Although there are no studies performed in
adult MNs, mTOR kinase activity has been linked with axonal growth in sensory
neurons (Leibinger et al., 2012; Duan et al., 2015). mTOR kinase activity, through
the activation of the 70-kDa ribosomal protein S6 kinase (p70s6k), leads to an

increase of cell growth and protein synthesis (Blenis, 2004; Magnuson et al., 2012).

Concurrently, the activity of AKT inhibits FOXOs by direct phosphorialtion
(Brunet et al., 1999). At this point, some discrepancies arise. The homologue of
FOXOs in C. Elegans organism is the daf-16 TF. Its activity extends lifespan, avoids
nerve degeneration and enhances nerve growth in worms (Kenyon et al., 1993;
Calixto et al., 2012; Byrne et al,, 2014). Thus, its activity increases axonal growh and
the daf-18 (PTEN in mammals) blocks this effect. Curiously, the receptor daf-2 (the
homologue of IGF1 receptor), which improves nerve growth on mammal models
through the PI3K/AKT axis activation, inhibits daf-16 and also blocks its pro-
regenerative effect (Byrne et al., 2014). Nowadays, regarding the regrowth of

mammal axons, no studies describe the exact role of FOXOs on it, but the
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publications suggest that the phosphorylation of FOX01 and 3 by AKT avoids its
entrance to nucleus (Brunet et al., 1999; Caporali et al., 2008). This reduces FOXO0s
transcriptional activity. Moreover, the activation of PI3K/AKT by neurotrophic
factors holds the FOXO1 at the cytoplasm repressing its gene expression (Gan et al.,
2005). Therefore, the role of FOXOs on regeneration of mammalian axons remains

unknown.

5. Therapy for peripheral nerve lesions

The complete motor functional recovery after nerve injury require four main
steps: i) sustain survival of axotomized motoneurons; ii) promote axonal regrowth
across the glial scar formed at the ventral-root intermediate zone; iii) enhance
axonal elongation through the degenerated distal nerve stump until the target
muscle; iv) establish functional connections to denervated muscle and prevent
muscle atrophy. After PNL, the injured neurons counteract the insult by triggering
endogenous neuroprotective mechanisms to switch from neurotransmission state
to a pro-regenerative one (Casas et al., 2015). Once the neurons survive against the
injury, they need to extend their axon through the distal stump. To favor a more pro-
regenerative environment, the distal stump of the nerve will suffer Wallerian
degeneration to set the stage for axonal regrowth. The last step for a correct
recovery is a properly growth of the regenerated axon towards the target organ and
the rebuild of a functional synapse with it. Besides this, the final outcome will
depend on other factors such as the patient’s age, the type of lesion, the distance
between the injury and the target organs, and the delay and the type of surgical
repair (Navarro et al., 2007).

5.1 Actual therapies to promote MN survival

Several therapeutically approximations to sustain MNs viability after RA
have been described (Table 2). Although survival of MNs is achieved, it translation
to the human healthcare has never been performed. For example, the Pre084
compound is a good neuroprotectant, but its systemic treatment induced the
apparition of neuropathic pain, averting its clinical application (Roh et al., 2011;

Pyun et al,, 2014). Other compounds are also able to maintain MN survival, but its
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ability to enhance nerve regeneration has never been analyzed. Only Riluzole,
Lithium and an inhibitor of the proteoglycan receptor (ISP) have been tested in a
model of RA combined with immediate reimplantation of roots, showing MN
preservation and a slightly effect on nerve regeneration. Nevertheless, their effects

on functional recovery can be mediated by the increase on MN survival and not by a

specific effect on axonal regeneration.

Table 2. Published therapies to sustain MN survival in different RA models.

Drug
Riluzole

Glatiramer acetate
GM-1 Ganglioside

Model

Spinal Root Avulsion + Reimplantation

Spinal Root Avulsion
Spinal Root Avulsion

Ref

(Nogradi and Vrbova, 2001)
(Pintér et al,, 2010)
(Scorisaetal., 2009)
(Oliveira and Langone, 2000)

Pre084 Spinal Root Avulsion (Penas etal., 2011b)
Cerebrolysin Spinal Root Avulsion (Haninec et al., 2003)
Valproic acid Spinal Root Avulsion (Wuetal, 2013)
Minocycline Spinal Root Avulsion (Chin etal, 2017)

Phorbol-12-myristate-13-
acetate
N-Acetyl-cysteine

Spinal Root Avulsion

Spinal Root Avulsion

(Zhao et al,, 2012)

(Zhang et al., 2005)

Lithium Spinal Root Avulsion + Reimplantation = (Fangetal., 2016)
Erythropoietin Spinal Root Avulsion (Noguchi etal, 2015)
ISP (Intracellular Sigma Spinal Root Avulsion + Reimplantation = (Lietal, 2015)
Peptide)

Paclitaxel Spinal Root Avulsion (Sim etal., 2015)
Vitamin E Facial nerve avulsion (Hoshida et al., 2009)
BDNF+GDNF Facial nerve avulsion (Blits et al.,, 2004)
Pregabalin Facial nerve avulsion (Moriya et al., 2017)
T-588 (derivative of Facial nerve avulsion (Ikeda et al., 2003)
acetylcholine)

Nitroarginine (NOS Facial nerve avulsion (Wuetal, 2003)
inhibitor)

Ro5-48654 Facial nerve avulsion (Mills et al., 2008)

Riluzole + GDNF Spinal Root Avulsion + Reimplantation = (Bergerot et al., 2004)

5.2 Actual strategies to promote regeneration

Nowadays and in the best scenario, only 10 % of the axons will regenerate
until target organs after a nerve transection (Janjic and Gorantla, 2017). The “gold
standard” clinical treatment, when direct suture between stumps cannot be
achieved, is the nerve grafting, which can be from the same patient (autograft) or
from a donor (allograft) (Glaus et al., 2011). Nowadays, to avoid the use of allografts,
conductive tubes based in chitosan (Meyer et al., 2016) or in cell therapy are used,

but the functional recovery is slightly increased (Georgiou et al., 2015). Therefore,
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once the PNL is repaired, a co-adjuvant therapy is needed to enhance nerve
regeneration, reduce muscle atrophy and suppress the functional impairments.
Neurotherapeutic approaches to increase nerve regeneration such as FK506,
Geldanamycin, N-acetylcysteine, acetyl-L-carnitine, IGF1 and Chondroitinase ABC
are described (Navarro et al., 2001; Welin et al., 2009; Sun et al,, 2012; Farahpour
and Ghayour, 2014; Kostereva et al.,, 2016). On the other side, treatment with
neurotrophic factors like BDNF and NGF, or stem cell therapy are also described in
literature to enhance nerve regeneration (Janjic and Gorantla, 2017). Although they
promoted an increase on the regenerative rate of the nerve after PNL, their clinical
translation is not performed. Fk-506 has immunosuppressant effects, impairing its
administration to humans for PNL. On the other side, neurotrophic factors can
induced tumorigenesis, promoting the formation of neuroma and blocking a correct
nerve regeneration due to the “candy-store effect” (Tannemaat et al., 2008). So, a co-
adjuvant therapy to enhance nerve regeneration is needed to reduce the functional

impairments after a PNL.

6 New strategies for drug discovery

To develop new therapies, different approximations can be performed. Them
go from new drug discovery to the unravelling of new indications for the pre-
existing drugs. Hereinafter, we will focus in one that is based on Systems biology

and drug repurposing.

6.1 Systems biology and artificial neural networks

During last decades, the high amount of information related with proteins
state and their interactions, and the genome-sequencing; have delivered a massive
knowledge about genes and genes products present in most of the organisms,
including humans, and how them modify cell behavior. If we take this information
alone, we only observe the cell physiology through a very small window, and we lose
those key points by which the biological systems combine many discrete functions
for a correct functionality. From this idea was born the network analysis, which is
based in the mathematical analyze of a circuit composed by different interconnected

components. Thus, network analysis, instead of molecular biology, is useful to
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elucidate the intricate connections that form the biological systems and how they
are disturbed in disease conditions (Barabasi, 2007). Several subtypes of molecular
networks can be performed based on: RNA, gene-regulatory, protein-protein
interactions (PPI) and metabolic information (Barabasi et al.,, 2011b). From this
holistic point of view was born the Systems Biology approach, which main goal is
the integration of the biological information obtained from experimental and
computational studies (Kitano, 2002). Systems biology has delivered a huge
information about human diseases, from those monogenic to the oligogenic
(Zanzoni et al., 2009) and for complex diseases such as diabetes or chronic lung

obstruction (Jain et al., 2013; Najafi et al,, 2014)

System biology has opened a new gate of opportunities to find new
therapeutic targets and new drug treatments. During last years, the “single-drug,
single-target” paradigm has reached its limits. Currently, instead of modulating a
single protein that can have a dual role in determined pathology (i.e. p53 on cancer
disease), we need to shift the whole cell network taking into consideration the cell
intrinsic pathways and its environmental context (Barabasi and Oltvai, 2004; Jaeger
and Aloy, 2012). In the same way, the deletion of an specific protein or gene can
affect the whole cell behavior being even more harmful (Jeongetal., 2001). Thus, we
need to treat the network instead of a single target. This strategy also gives
information about new mechanistic actions, toxicity and sided effects of new and old
drugs (Berger and Iyengar, 2009). For example, systems biology has been useful to
find a new drug combination to treat an incurable pancreatic adenocarcinoma (Azmi

etal, 2010).

Artificial neural networks (ANNs) are computational models that share
similarities with the interconnections of neurons in the brain. Basically, each neuron
receives inputs from several axons and if the income information reaches an specific
threshold, neuron is depolarized and fires (Presnell and Cohen, 1993). ANN acts as
a black box, it learns from complex dynamics states and it is able to theoretically
predict the characteristics of an output after a properly-detailed input (Arce-Medina
and Paz-Paredes, 2009). The combination of ANNs with System biology can be a
useful approach to characterize complex pathologies and to discover new

therapeutic treatments with reduced side effects.
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6.1 Drug repurposing

The discovery of new drugs, its production and its translation to human
healthcare takes several years and sources (Li and Jones, 2012). Therefore, take
advantage of the pre-existing drugs for human therapy has raised interest during
last years. Intriguingly, although it is thought that a specific drug has a single target,
once it reaches the organism it will interact with at least two different proteins (its
described target and the enzyme that metabolizes its degradation). Indeed, it is
described that a single drug interacts with a mean of 6 different targets (Mestres et
al., 2009). The concept of drug repurposing arises from the idea of take benefit from
the side effects of traditional drugs, from which the safety, pharmacokinetics and
pharmacodynamics are well established in humans. Therefore, the drug
repurposing reduces drastically the timelines between the animal experimental

studies and the toxicity and efficacy assays in human (Ashburn and Thor, 2004).

Several strategies for drug repurposing are reported in literature. They range
from a rational discovery of its repurposing capability (i.e. the drug is able to modify
a target or pathway relevant in other disease) to an unexpected side effects found in
clinical trials (Li and Jones, 2012). The first evidence of drug repurposing was
carried out with the Thalidomide, a drug that caused several skeletal defects in new-
borns. Although drug was banned in the market, few years later it was rediscovered
as treatment for erythema nodosum leprosum due to its blockage of TNFa action
(Ashburn and Thor, 2004). Since then, drug repositioning has shown evidences in
several medical areas. The survival of patients with glioblastoma cancer is increased
after the treatment with a repurposed GSK3f inhibitor (Furuta et al., 2017). In the
same way, two antidiabetic drugs exert neuroprotection in mice with AD and in

patients with PD (Aviles-Olmos et al., 2013; Hettich et al., 2014).

6.2 Systems Biology and artificial intelligence for drug
discovery

Several informatics-based approaches use the network-centric thinking to
discover new drug effects for human diseases (Shahreza et al., 2017). This thesis
starts from one of these approaches, the therapeutic performance mapping system,

hereinafter TPMS. TPMS is a bioinformatic patented tool used by ANAXOMICS
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BIOTECH S.L. company (www.anaxomics.com) (Valls et al., 2013). TPMS is based on

the building of a network for a desired condition (either normal or pathological),
using network and systems biology approaches (Pujol et al., 2010). Thereafter,
thousands of drug combinations used in human healthcare are thrown into the
undesired condition and the disturbances that they provoke to the network are
analyzed. This tool is also enriched using ANNs. For more details see:

www.anaxomics.com/our-technology/tpms.

This approximation yielded several drug combinations with a putative
potential to shift one physiological condition to other more desired. TPMS unravel a
new therapeutic effect of nutraceuticals to ameliorate liver diseases (Perera et al.,
2014) and discovered new drug combinations to treat ALS (Herrando-Grabulosa et
al,, 2016). Although these positive results, the TPMS analysis needs to be taken with
caution. The starting data must be very accurate. In fact, TPMS predicted as a
neuroprotective compound a proton pump inhibitor for AD, but at the end it exerted
detrimental effects and accelerated the progression of the disease (Badiola et al,,
2013). In this case, the study was performed with uncompleted networks, and it
resulted in an incorrect study of drug repurposing. This thesis was initiated with
accurate data concerning two different states that MNs suffer after two different
PNL. The RA, that provokes death of MNs, and the DA which does not affect the MNs
survival and allows their regeneration. This data was analyzed through a systems
biology approach and the TPMS raised different drug combinations with a putative

score to induce neuroprotection in RA model.
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Hypothesis & Objectives

Hypothesis & Objectives

Combination of Network and System biology approaches can be an effective
strategy to found neuroprotectants for complex pathologies, in our case for PNL and
specifically for death of MNs after RA. Therefore, our main objective is to test
whether a drug-based therapy obtained through Systems biology-based approach
can be effective for different PNLs.

With this aim, the thesis has been divided in two different blocks with a total

of 4 different chapters that are composed by different specific objectives:

NEUROPROTECTION

Chapter 1: Neuroprotective Drug for Nerve Trauma

Revealed Using Artificial Intelligence

1.1 To validate the efficiency of a systems biology-based bioinformatic
tool to elucidate new neuroprotective therapies for PNL

1.2 To assess if oral NH can be a plausible treatment for RA and therefore
for PNL

1.3 To evaluate if NH enhances functional recovery after PNL

1.4 To check if Mechanism of action predicted by TPMS was ascertained
for the NH

1.5 To elucidate the role of SIRT1 in survival of MNs after RA

Chapter 2: Neuroprotection of Disconnected Motoneurons
requires Sirtuin 1 activation but Sirtuin 2 depletion or

inhibition with AK-7 is detrimental.

2.1 To discern SIRT1 and SIRT2 activities after hypoglossal nerve injury
within MNs

2.2 To clarify SIRT1 and SIRT2 role’s in in vitro models of endoplasmic
reticulum stress

2.3 To asses if SIRT1 activation and SIRTZ inhibition will exert MN

neuroprotection after hypoglossal axotomy
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Chapter 3: NeuroHeal Confers Neonatal Neuroprotection

Inducing SIRT1-Dependent Autophagy

3.2 To characterize which are the molecular mechanisms that
promote death of MNs after neonatal PNL

3.3 To assess the anti-apoptotic effect of NH

3.4 To elucidate if NH is able to sustain MN viability during neonatal
stages after PNL

3.5 To checkif NH induces autophagy and through which mechanisms

it is induced

Preclinical model of MN death and regeneration

Chapter 4: Boosted regeneration and reduced denervated
muscle atrophy by NeuroHeal in a pre-clinical model of

lumbar root avulsion with delayed reimplantaiton
4.1 To corroborate the therapeutic potential of NH in a pre-clinical
model of RA combined with delayed root reimplantation

4.2 To elucidate the possible role of NH on muscle atrophy after long

nerve denervation
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Network-based drug discovery for CNS trauma

ABSTRACT

Here we used a systems biology approach and artificial intelligence to
identify a neuroprotective agent for the treatment of peripheral nerve root avulsion.
Based on accumulated knowledge of the neurodegenerative and neuroprotective
processes that occur in motoneurons after root avulsion, we built up protein
networks and converted them into mathematical models. Unbiased proteomic data
from our preclinical models were used for machine learning algorithms and for
restrictions to be imposed on mathematical solutions. Solutions allowed us to
identified combinations of repurposed drugs as potential neuroprotective agents
and validated them in our preclinical models. The best one, NeuroHeal,
neuroprotected motoneurons, exert anti-inflammatory properties and promoted
functional locomotor recovery. NeuroHeal endorsed the activation of Sirtuin 1,
which was essential for its neuroprotective effect. These results support the value
of network-centric approaches for drug discovery and demonstrate the efficacy of

NeuroHeal as adjuvant treatment with surgical repair for nervous-system trauma.

Keywords: neurodegeneration; motoneurons; axon regeneration; systems biology;

sirtuin 1.
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INTRODUCTION

Common diseases of the central nervous system (CNS), including psychiatric
disorders and neurodegeneration, are caused by multiple molecular abnormalities
as opposed to individual defects. Likewise, recovery from CNS trauma requires
multiple strategies encompassing neuroprotection and repair and regeneration of
CNS cells. It follows that effective therapies must target multiple pathways rather
than single proteins. Systems biology is an indispensable analytical tool in drug
discovery for complex diseases. First, it allows for a necessary shift from a gene-
centric to a network-centric view that takes protein targets back to their
physiological context, such that a systemic perspective of the environment is gained
without losing molecular details. Second, it facilitates the generation of multi-
component therapies by repurposing existing drugs with well-established safety,

bioavailability, and pharmacology profiles.

Here we report the discovery of a neuroprotective and pro-regenerative drug
combination with the therapeutic performance mapping system (TPMS), a platform
for drug discovery based on systems biology and artificial intelligence
(www.Anaxomics.com). TPMS facilitates the screening of drugs for their capacity to
shift the profile of topological molecular maps from pathological to beneficial
(Herrando-Grabulosa et al.,, 2016). We used TPMS to identify known drugs likely to
be beneficial in treatment of peripheral nerve lesions caused by trauma, tumors, or
autoimmune reactions. The economic cost of treating injured patients is
considerable due to both direct and indirect expenses, as the injuries tend to cause
functional inability in previously productive people (Dias and Garcia-Elias, 2006).
Nerve root avulsion (RA) leads to the most severe degree of nerve injury because
nerves are completely separated from the spinal cord and sensory ganglia, thus
causing loss of motor, sensory, and autonomic functions in the affected extremities
(Berman et al., 1998). RA often leads to deafferentation pain that may develop into
central sensitization and severe neuropathic pain that is refractory to
pharmacotherapy (Cohen and Mao, 2014b). Detached nerves may be reimplanted
but successful repair is time-dependent due to the existence of massive retrograde

degeneration of motoneurons (MNs) (Penas et al, 2009a). Thus, effective
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therapeutic agents should target multiple mechanisms in order to maintain MN

viability, promote regenerative capabilities, and minimize glial reactivity.

In order to discover such a multifunctional therapy, we built molecular maps
using TPMS and quantitative and unbiased proteomic data obtained from a pre-
clinical rat model of RA that leads to retrograde degeneration of MNs and from a rat
model of distal axotomy (DA) and suture that leads to MN survival and nerve
regeneration (Casas et al, 2015). We screened these maps for neuroprotective
combinations of FDA-approved drugs, and we validated the selected combinations
in the RA model. We found that the combination of acamprosate (ACA) plus ribavirin
(RIB), which we called NeuroHeal, promotes neuroprotection, nerve regeneration,
and functional recovery and, unlike existing drugs, is not pro-nociceptive. The
mechanism of action of NeuroHeal involves sirtuin 1 (SIRT1), an actively pursued
therapeutic target. NeuroHeal thus warrants further evaluation for early treatment

after peripheral nerve and RA injuries.

MATERIALS AND METHODS

TPMS technology

TPMS is a top-down systems biology approach with applications in drug
repositioning (Mas et al., 2010; Herrando-Grabulosa et al.,, 2016; Iborra-egea et al,,
2017). It is based on artificial intelligence and pattern recognition models that
integrate all available biological, pharmacological, and medical knowledge to create
mathematical models that simulate in silico the behaviour of human physiology. The
process encompasses five steps: i) A manually curated collection of molecular
effectors (seeds) that characterize degeneration after RA and neuroprotection after
DA, respectively, were created; ii) condition-specific molecular maps were prepared
from these seeds that incorporate all the available functional relationships; iii) each
static map was converted into mathematical models (topological maps) capable of
reproducing existing knowledge and predicting new data; iv) our own proteomic
data from RA and DA models were used to feed machine learning and generate a set

of restrictions that make up the truth table, and v) mathematical models were solved
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to obtain multicomponent drug neuroprotective candidates for RA and a minimal

description of its synergic MoA.

Generation of molecular maps. We manual curated a list of proteins (seed
proteins) relevant for the processes of neurodegeneration and neuroprotection
(Casas et al., 2015). Manual curation was performed through an extensive and
careful review of full-length articles in the PubMed database that included the
strings defined in Figure 1B. The search was expanded using the “related articles”
function and article reference list. The map generation and extension process was
conducted through the incorporation of all known relationships of the seed proteins
in the map based on the following sources: KEGG (Kanehisa etal., 2006), REACTOME
(Croft et al., 2014), BIOGRID (Salwinski et al., 2009), INTACT (Brooksbank et al.,
2003) (Salwinski et al., 2009), HDPR (Keshava Prasad et al., 2009), MATRIXDB
(Chautard et al.,, 2011), MIPS (Mewes et al., 2011), DIP (Xenarios et al., 2000), and
MINT (Licata etal., 2012). The final map included 12,000 proteins and 180,000 links

connecting the proteins.

Generation and solving mathematical models. Models were generated through
the use of ANN and pattern recognition (Sampling methods) techniques based on
optimization of genetic algorithms (Goldberg, n.d.; Kirkpatrick et al., 1983). The
specific algorithm used for ANN was a multilayer perceptron (MLP) neural network
classifier (Rosenblatt, 1961; Cybenko, 1989) with a backpropagation training
method that typically consists of an input layer of nodes, an output layer, and one or
more middle hidden layers of nodes in between (Arce-Medina and Paz-Paredes,
2009). The input layer is the raw data introduced. The learning methodology used
consisted of an architecture of stratified ensembles of neural networks as a model,
trained with a gradient descent algorithm to approximate values of a given truth
table. MLP gradient descent training depends on randomization initialization. In
order to generate each of the ensembles, 1000 MLPs were trained with the training
subset. The best 100 were used as the ensemble. The model identified the
relationships between drug targets and clinical elements of the network with a 98%
of accuracy after applying cross-fold validation process. The truth table is a set of
restrictions corresponding to the available biological knowledge about the

constructed networks, together with the knowledge derived from DrugBank, GEO
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(Lopes et al,, 2010) and our own dictionary called Biological Effectors Database
(BED) (http://www.anaxomics.com/our- technology/tpms/#tpms). The BED
database contains the molecular description and details of 212 clinical terms cited
in DrugBank (Wishart et al,, 2008) summing more than 3500 proteins in 200
pathological conditions covering 98.5% of all clinical terms included (Valls et al,
2013). We added to BED our own proteomic data from RA and DA models (Casas et
al 2015). The models should be able to reproduce every single rule contained in the
truth table so that the error of a model is calculated as the sum of all the rules with
which the model did not comply. To validate our models, we used a previously
reported neuroprotective drug (PRE084) as a positive control in our RA model

(Penas etal., 2011b).

Sampling methods were used to generate mathematical models with
stratified ensembles that comply with the truth table. Each drug combination was
considered an input signal that stimulates and changes the model. The integration
of the input signals consisted of the sum of all input values that arrive at the node.
This signal was submitted to a sigmoid function to produce a normalized output in
the range [-1,1], this output-signal being the input-signal for the next node. The
topology was initialised by random values for all the links in each of the 100 initial
models. Each model is evaluated against the human functional description. In the
present work the best model was that closest to the regenerative model. The worst
models were discarded, and new models with different initialization values for the
links were created. This iterative process was optimized by a stochastic
optimization strategy exploring between 106 and 10° models as described
previously (Mitchell, 1998). The accuracy of the best 100 models improved with
each new cycle of iteration. This process continued until the models did not improve

with more cycles of iteration.

Models result in both “global” predicted mechanisms that account for the
majority of the population, and “cluster” mechanisms of action, which are more
accurate for population subgroups. The MoA was validated in a two-step process.
First, we checked that each link was accurate (i.e.,, was already described in the
literature). Second, we ensured that the MoA made sense overall, featuring

pathways coherent within the living system. A normalized synergism score (SE) was
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obtained from the protein involved in the synergism between two drugs of the
combination. SE, based on the ponderation of the number of solutions for a
particular node affected by both drugs, and the synergistic effect (rather than
additive) of both drugs over the node, were determined with the maximum score

according to this calculation being 0.5.

Subjects and surgical procedures

Sprague-Dawley female rats aged 12 weeks were kept under standard
conditions of light and temperature and given food and water ad libitum. We
performed surgical procedures under anaesthesia with a cocktail of
ketamine/xylazine (0.1 mL/100 g weight) intraperitoneally (i.p.) as reported
previously (Penas et al., 2009). To perform extravertebral avulsion of the L4-L5
roots (the RA model) we made a midline skin incision and applied a moderate
traction on the selected roots away from the intervertebral foramina, exposing the
mixed spinal nerves that contained the motor and sensory roots and dorsal root
ganglia. To carry out the sciatic nerve crush injury, we exposed the right sciatic
nerve and crushed it in three different orientations using fine forceps (Dumont no.
5) for 30 seconds. The wound was sutured by planes and disinfected with povidone
iodine, and the animals were allowed to recover in a warm environment. For
intrathecal delivery of vehicle or drugs to the avulsed animals we used iPrecio
programmable pumps (Data Science International, Italy), placed subcutaneously on
the lumbar left side of the animal. The catheter connected to the pump was inserted
into the magna cistern in the brain stem and fixed with surgical adhesive (Huhn,
1991). The pumps were programmed to release 30 pL from 18 to 20 hours after
injury to reach the desired concentration in the CSF after a 1:5 dilution. Then, a
continuous flow of 1 pL/h was released during 20 days from the day following RA
until sacrifice to maintain the desired concentration in the CSF. All procedures
involving animals were approved by the ethics committee (Comissié d’Etica i
experimentacio animal i Humana) of the Universitat Autonoma de Barcelona and
Comité de Seguretat i Salut de la Generalitat de Catalunya, and followed the European

Council Directive 2010/63/EU
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Electrophysiological and functional examination

All  experiments were conducted in a blinded fashion. For
electrophysiological examination, rats were anaesthetized. The sciatic nerve was
stimulated by transcutaneuous electrodes placed at the sciatic notch and the
compound muscle potential (CMAP) was recorded by placing electrodes on the
gastrocnemius and the plantar interosseus muscles. The evoked action potentials
were displayed on a storage oscilloscope (Synergy Medelec, Viasys HealthCare) at
settings appropriate to measuring the amplitude from baseline to peak and latency
to onset. For the functional analysis of locomotion, we painted the plantar surface of
rat hindpaws with acrylic paint and allowed the rat to walk along a corridor with
white paper. Footprints from operated and intact paws were analysed by measuring
the print length (PL), the distance between 1st and 5th (TS) or 2nd and 4th (IT) toes
with a precision device. The three parameters were combined to obtain the Sciatic
Functional Index (SFI) (de Medinaceli, 1988), which quantifies the changes in

walking pattern (0 for uninjured; -100 for maximally impaired gait).
Drugs

Pre084 (Tocris, Ellisville, MO, USA), mefloquine (Mef), alitetrinoin (Ali), S-
adenosylmethionine (SAM), ephedrine (EPHE), acamprosate calcium (ACA),
ribavirin (RIB; Norman), and Ex-527 (Sigma-Aldrich, Saint Louis, MO, USA) were
diluted in artificial cerebrospinal fluid (aCSF: 124 mM NacCl, 3 mM KCl, 26 mM
NaHCOs, 2 mM CaClz:2Hz20, 1 mM MgS04:7H20, 1.25 mM KH2PO4, and 10 mM D-
glucose) used as a vehicle alone or with 0.01% DMSO in the case of comparative
studies with Ex-527. The concentrations prepared in the pumps were 5X the desired
final concentration in animal CSF: 0.015 mM for MEF, 0.15 mM for ALI, 5 mM for
ACA, 20 uM for RIB, 36.5 uM for EPHE, 187 uM for SAM, 50 uM for Pre084, and 7 mM
for Ex-527. We added spermidine (Sigma-Aldrich) to the drinking water; it was
freshly added at 30 mM concentration every 2-3 days for 21 days as described
elsewhere (Eisenberg et al., 2009). For oral administration, ACA (Merck, Darmstadet,
Germany) and RIB (Normon, Madrid, Spain) were dissolved in water at a final

concentration of 2.2 mM and 1 mM, respectively for dose 2 (0.25X group).

67



Network-based drug discovery for CNS trauma

Construction, purification, and infection with recombinant

adeno-associated vectors

The SIRT1 cDNA was cloned into Nhel and Xhol sites between the ITRs of
AAV2, under the regulation of CMV promoter and the woodchuck hepatitis virus
responsive element (WPRE) (Loeb et al.,, 1999). AAV2/rh10 vector was generated
as previously described (Zolotukhin et al., 1999) by triple transfection of HEK 293-
AAV cells (Stratagene, San Diego, CA, USA) with branched polyethylenimine (PEI;
Sigma-Aldrich) with the plasmid containing the ITRs of AAV2, the AAV helper
plasmid containing Rep2 and Cap for rh10 (kindly provided by JM Wilson, University
of Pennsylvania, Philadelphia, PA, USA) and the pXX6 plasmid containing helper
adenoviral genes (Piedra et al., 2015). Recombinant vectors were clarified after
benzonase treatment (50 U/mL, Novagen) and polyethylene glycol (PEG 8000,
Sigma-Aldrich) precipitation. Vectors were purified by iodixanol gradient by the
Vector Production Unit at UAB (http://sct.uab.cat/upv), following standard

operating procedures. Viral genomes per ml (vg/ml) were quantified by picogreen

(Invitrogen, Carlsbad, CA, USA).

Intrathecal administration of 4x10-10 viral genomes was performed at the
lumbar region of isoflurane-anaesthetized animals using a 33-gauge needle and a
Hamilton syringe. After lateral spine exposure by paravertebral muscle dissection,
10 pl of viral vectors were slowly injected into the CSF between vertebrae L3 and
L4. Appropriate access to the intrathecal space was confirmed by animal tail flick.
The needle was held in place at the injection site for one additional minute, after

which muscle and skin were sutured.

In vitro model

We used the NSC-34 motoneuron-like cell line cultured in Dulbecco’s
modified Eagle’s medium high-glucose (DMEM, Biochrom, Berlin) supplemented
with 10% fetal bovine serum and 1X penicillin/streptomycin solution (Sigma-
Aldrich), on collagen-coated plates (Thermo-Fisher, Waltham, Massachusetts, USA)
in a humidified incubator at 37 °C under 5% CO2. We plated the cells at a density of
2.5x105/cm2. After 5 days of cell culture without changing the medium, NSC-34 cells
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presented a differentiated-like phenotype characterized by the presence of long
neurite extensions. Then we added tunicamycin (0, 0.1, 1, or 10 pg/ml; Sigma-
Aldrich) or vehicle (0.02% DMSO) to the medium to induce endoplasmic reticulum
(ER) stress together with either vehicle or drug combinations to assess their
neuroprotective effect in vitro. Twenty-four hours after treatments, we analyzed cell
viability by incubating the cells with 5 mg/ml MTT solution for 4 hours at 37 °C and,
after medium removal, the MTT salts were dissolved with DMSO for 5 minutes.
Absorbance at 570 nm was measured with a Biotek EIx800 microplate reader. The
synergistic effect of C1 was observed by evaluation of Zmix, where Zmix=((z-
z0)*100)/(100-z0), z is the value used for normalization and the z0 is the reference
(the total dose of both compounds equals 0) as previously described (Tallarida,

2000a; Salwinski et al., 2009).

Immunohistochemistry and image analysis

After deep anaesthesia with pentobarbital, we transcardially perfused the
animals with a saline solution containing 10 U/ml heparin, followed by 4%
paraformaldehyde in a 0.1 M phosphate buffer, pH 7.2 for tissue fixation at 21 dpi
(n=4 for each condition), and removed the L4 and L5 segments (5-mm total length)
of the spinal cord, which were post-fixed in the same fixative for an extra 4 hours
and cryopreserved in 30% sucrose overnight. Serial transverse sections (20-pm
thick) were obtained on gelatinized slides using a cryotome (Leica, Heidelberg,
Germany) and preserved them at -20 °C until use. We treated the slides with
blocking solution (Tris-buffered saline (TBS) with 0.3% Triton-X-100 and 10%
bovine serum) for 1 hour and incubated thereafter with primary antibodies: rabbit
anti-glial fibrillary acidic protein (GFAP; 1:1000, Dako), rabbit anti-ionized calcium
binding adaptor molecule 1 (Ibal; 1:1000, Dako), rabbit anti-growth associated
protein-43 (GAP43; 1:50, Millipore, Billerica, MA, USA), rabbit anti-subunit 31
integrin (ITGb1; 1:100, Millipore), rabbit anti-kinesin 5c (Kif5c; 1:1000, Abcam,
Cambridge, UK), rabbit anti-dynactin 1 (DCTN1; 1:200, Antibodies-online, Acton,
MA, USA), rabbit-anti NAD-dependent deacetylase sirtuin-1 (SIRT1; 1:100,
Millipore), rabbit anti-acetyl-Histone H3 (Lys9) (Acetyl H3-K9; 1:50, Millipore), and
rabbit anti-acetyl-p53 (Lys373) (Acetyl p53-K373; 1:500, Millipore). After several

washes with TBS with 0.1% Tween-20, the sections were incubated for 2 hour with
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Cy-3-conjugated donkey anti-rabbit antibodies (Jackson Immunoresearch, West
Grove, PA, USA). We counterstained the sections with DAPI (Sigma-Aldrich), or
NeuroTrace Fluorescent Nissl Stain (Molecular Probes, Leiden, Netherlands).
Sections to be compared were processed together on the same slide and on the same
day. Images of the spinal cord samples from different treatments and controls were
taken under the same exposure time, sensibility, and resolution for each marker
analysed with the aid of a digital camera (Olympus DP50) attached to the
microscope (Olympus BX51). We analysed signal intensity with the Image] software

(National Institutes of Health; available at http://rsb.info.nih.gov/ij/). For GFAP and

Ibal, microphotographs were taken at 40X, and then we transformed them to grey
scale and analysed immunoreactivity by measuring the integrated density of a
region of interest (ROI) after defining a threshold for background correction (Penas
et al., 2009). The ROIs were selected on the grey matter at the ventral horn and had
an area of 0.12 mm? for GFAP and Iba1l and the same ROI size but in the white matter
for GAP43 and DCTN-1. Measurements were performed from 8 spinal cord sections

(separated 220 um between pairs) of each animal.

Confocal microphotographs of nuclei of MNs were taken in identical
conditions of exposure (Zeiss LSM 700; Zeiss, Jena, Germany). For SIRT1 and
deacetylase activity substrate (p53K373 and H3k9) analysis, single-cell
densitometry was performed by pre-defining the threshold for each section for
background correction and measuring the total area of the encircled MN nucleus.
Then the ratio of integrated density/area was used as an index to classify at least

15-20 MNs per section.
Motor neuron counting

Spinal cord sections were selected with a random start and then sampled
systematically (every 12th section) to generate serial subsamples from each lumbar
spinal cord of animals at 21 dpi. Eight series of 10 sections (separated by 100 um)
of each processed L4-L5 spinal cord were stained with fluorescent NeuroTrace (Life
Technologies, Carlsbad, CA, USA) following the manufacturer’s protocol. Sequential
microphotographs were taken covering the lateral ventral horn at 10X. Large MNs

were identified by their localization in the lateral ventral horn of lumbar spinal cord
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sections and only MNs with diameters of 30-70 um with prominent nucleoli and
polyglonal shapes located at the layer IX of the ventral horn were counted. The mean
number of MNs per section was calculated. For comparisons, the estimated number
of MNs present in the ventral horn of the avulsed side was expressed as a percentage

of the contralateral side.
Neuromuscular junction reinnervation analysis

We cut the plantar interossei muscles into serial transverse sections (40 um
thick) using a cryotome and preserved them at -20 °C until use. The slides were
incubated with chicken anti-Neuro Filament 200 (NF-200; 1:1000, Millipore) as
described above. After several washes Cy3-conjugated secondary antibody was
added. Finally, we incubated slices with a-bungarotoxin labelling solution (Life
Technologies) following the manufacturer’s protocol to reveal motor endplate
machinery. Sequential microphotographs were taken covering all the plantar
muscle at 20X. Only motor end plates with NF-200 co-labelling were counted as

reinnervated.
Statistical analysis

All values are presented as means * standard errors of the means (SEM). For
statistical analysis, we analyzed data with GraphPad Prism 5 software (San Diego,
CA, USA) using unpaired t-tests or one-way analysis of variances (ANOVA) followed
by Bonferroni’s multiple comparison tests. We considered differences significant at

p<0.05.

RESULTS

Identification of putative neuroprotective drug combinations

To identify potential neuroprotective drug combinations, we applied
machine-learning tools as depicted in Figure 1A. To generate our systems biology-
based networks, the starting material was a manually curated list composed of

proteins clustered in motives likely to be involved in either “neuroprotection” or
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“neurodegeneration” (Casas et al, 2015) and obtained from a perusal of the
literature in PubMed. The initial list was expanded to generate network maps that
included 3,296 proteins for regeneration and 3,836 proteins for degeneration with
an overlap of 2,232 proteins. Snapshot of the maps are shown in Figure 1B. The
maps were converted into mathematical models incorporating all biological
knowledge available including drug targets and clinical trials results (Badiola et al,,
2013; Goémez-serrano et al., 2016; Herrando-Grabulosa et al., 2016; Iborra-egea et
al., 2017). Drug repositioning solutions were acquired by perturbing the models
with stimulus (drugs) and approximating the best solution to the neuroprotection
model. We incorporated our experimental proteomic data from the RA and DA
models previously published (Casas et al., 2015) and categorized as degeneration
and neuroprotection conditions, respectively, for machine training to generate
physiological responses facing any perturbation. These data resulted in a set of
restrictions that all mathematical solutions should accomplish. In addition the drugs
screened were required to: i) have an outstanding safety profile, ii) not cause
neuropathic pain, iii) have no known effects on CNS/PNS regeneration, and iv) be
able to cross the brain-blood barrier. A total of 5,440 drugs that generated
approximately 15 million binary combinations were screened. From the scored
resulting binary combinations (Fig. 1C) we selected the best for further
experimental validation: ACA plus RIB (Combination C1); ACA plus ephedrine
(EPHE) (C2), and S-adenosylmethionine (SAM) plus EPHE (C3).
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Figure 1. Experimental design. (A) The starting material was a manually curated list of
key proteins clustered in motives that allowed construction of condition-specific networks
for neurodegeneration after RA and for neuroprotection after DA. Using TPMS, network
static maps were converted into topological maps associated with mathematical equations.
The available data from unbiased proteomic analysis generated from RA and DA models
(Casas et al,, 2015) was used to build a set of restrictions collated into a truth table with
which all models generated had to comply. Drug screening in silico was used to perturb the
neurodegeneration-associated mathematical model and drug combinations that
approximated the model to the neuroprotective state were identified. The algorithms used
also allowed specification of key proteins involved in the mode of action (MoA) of each drug
combination. Finally, we validated new combinations for its neuroprotective effect and
putative MoA in vivo and in vitro. (B) Snapshots of the full protein networks associated with
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the neurodegenerative condition after RA (left, 3,836 nodes, average links per node 13.4)
and with the neuroprotective condition after DA (right, 3,296 nodes, average links per node
13.9) visualized through the Cytoscape software platform (Lopes et al., 2010). Seed proteins
for different motives are labelled by colour as indicated. Some seeds belong to more than
one motive. (C) List of potential neuroprotective drug combinations identified using the in
silico screen.

In vitro and in vivo validation of drug combinations

To validate the neuroprotective effect of the drug combinations and the
synergy between their components we used an in vitro model of endoplasmic
reticulum (ER) stress, since this is a hallmark of the RA neurodegenerative process
(Penas et al, 2011a). We treated differentiated NSC-34 MN-like cells with
tunicamycin (TN, an ER stressor), vehicle, individual drugs, or one of the drug
combinations (C1-C3) and assessed viability with the MTT assay. Drug
combinations, but not single drugs with the exception of SAM, protected the cells

against ER stress (Fig. 2A).

We next performed RA in animals that received treatment with vehicle,
single drugs, or drug combinations using subcutaneous implanted programmable
pumps for continuous intrathecal infusion during 20 days post-injury. We used
Pre084, a selective agonist of receptor 1 (Penas et al., 2011b), as a positive control
of neuroprotection; Pre084 has no clinical value as it is pro-nociceptive (Roh et al.,
2011; Pyun et al,, 2014). Among all combinations, only C1 yielded a similar rate of
MN survival as Pre084. Treatment with single C1 components ACA or RIB alone did
not promote neuroprotection (Fig. 2B). Next, in order to determine the specificity
of neuroprotection, we treated RA animals with a non-relevant combination
composed of meflokine (MEF) and alitretionion (ALI), which we previously
discovered using a similar systems biology approach for amyotrophic lateral
sclerosis (Herrando-Grabulosa et al., 2016). The drug combination reached its target
after a continuously pumped infusion because there was upregulation of choline
acetyl transferase (ChAT) expression within the MNs of treated RA animals (Fig. 2C)
as previously demonstrated (Herrando-Grabulosa et al, 2016). However, the
combination was not neuroprotective (Fig. 2D), suggesting that the results obtained

with TPMS were highly pathology-specific.
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Figure 2. Neuroprotection by drug combinations identified in silico. (A) Bar graph
showing the percentage of cell survival + SEM after treatment with different doses of TN,
which causes ER stress, to establish the optimal concentration to be used in vitro (fixed at 1
ug/ml TN). Neurotoxicity was evaluated with an MTT assay on differentiated NSC-34 MN-
like cells in the absence of treatment (control, ctrl) or vehicle (veh) or presence of a single
drug (Pre084, ACA, Rib, SAM, or EPHE or drug combinations (C1-C3) analysed 24 h after
adding treatments (n=3-8, *p<0.05 vs. vehicle, #p<0.05 vs. 1 pg/ml TN). (B) Top,
representative microphotographs of spinal cord ventral horns at L4-L5 from sham-
operated control or the ipsilateral side of RA animals stained with fluorescent Nissl. Animals
were intrathecally treated using programmable infusion pumps with either vehicle
(artificial cerebrospinal fluid), PRE084 (positive control), single drugs, or combination of
drugs: C1= ACA (drug A) + RIB (drug B); C2= EPHE + ACA; and C3= SAM + EPHE. Scale bar
= 100 um. Bottom, bar graph of the average relative number of surviving motoneurons *
SEM on the ipsilateral side with respect to the contralateral side after 21 days post injury
(dpi; n=3 for Sham, PRE084, C3; n=6 for injured; n=4 for other groups, ANOVA, post hoc
Bonferroni * p<0.05 vs. vehicle, # p<0.05 vs. PRE084, $ p<0.05 vs. C1l). (C)
Microphotographs of ChAT immunohistochemistry in the ventral horn MNs from RA
animals treated with vehicle (veh) or with a non-related drug combination of Mef and Ali at
14 dpi. Ali reduces expression of ChAT. Histogram of immunoreactivity intensity per area
within MNs (Nissl-positive). (D) Representative microphotographs of MNs of the ipsilateral
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ventral horn stained by Nissl. Histogram showing the average number of MNs + SEM on the
ipsilateral with respect to the contralateral side of spinal cord from animals treated with
either vehicle or the combination of Mef and Ali at 14 dpi.

C1 and C3 treatments, in contrast to C2, reduced both microgliosis and
astrogliosis after RA, as determined by immunohistochemical analysis of GFAP-
positive astrocytes and Ibal-positive microglia (Fig. 3A, B). Of drugs given
individually only RIB slightly reduced astrogliosis (Fig. 3B). To examine the
existence of a pro-regenerative profile within MNs, we analyzed the expression of
GAP43, a protein associated with proliferation, in the motor axonal branches on the
lateral-ventral side of the ipsilateral versus contralateral spinal cord sections. Most
of the combinations analyzed and ACA alone, but not after Pre084 or RIB, increased
GAP43 levels (Fig. 3B). We scored all drug combinations with regards to
neuroprotection, reduction of inflammation, regeneration, and ER stress protection

in vitro (Fig. 3C). C1 was the best in all readouts, and we named it NeuroHeal.
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Figure 3. All drug combinations reduce microgliosis and astrogliosis and promote
neuronal regeneration. (A) Representative fluorescence microphotographs at low
magnification of the ipsilateral ventral horns of the spinal cord from RA injured animals
treated with vehicle (Veh), Pre084, or drug combinations (C). Top and middle panels,
staining for astrocytes (GFAP) and (middle panel) microglia (Ibal), respectively, in grey
matter (GM)—delimited with dashed lines. Bottom panels, GAP43-positive neurites at the
white matter (WM) of the ipsilateral ventral horns. Scale bar = 100 pm. (B) Histograms of
average immunoreactivity intensities in GM for GFAP and Ibal and in WM for GAP43 (*
p<0.05 vs. Veh, # p<0.05 vs. C1). (C) Table summarizing dichotomy scores for MN survival,
gliosis, and pro-regenerative effects in vivo and neuroprotective effects in vitro (1 is
beneficial effect and 0 indicated no effect).
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Determination of drug synergy in NeuroHeal

In order to determine the optimal dose combination we assayed ACA and RIB
in different concentrations, changing by approximately 10-fold the amount of one
drug with respect to the other. The fixed, 1X concentrations were 0.22 mM for ACA
and 4 uM for RIB. We measured protection against cellular death caused by ER stress
using the MTT assay. Neuroprotection was observed in a range of 0.1X to 1X for
individual drugs, but not with higher doses (10X) (Fig. 4A, left). We next narrowed
the range of concentrations from 0 to 2X. ACA or RIB treatment alone had no
significant neuroprotective effect. In contrast, C1 afforded neuroprotection from
0.1X until less than 1X (Fig. 4A). Statistical analysis performed as previously
described (Tallarida, 2000b) revealed a supra-additive effect when the drugs were
combined to form NeuroHeal. Thus, for in vivo testing, we chose two doses with the

best outcomes: 0.22 mM ACA plus 0.4 uM RIB and 0.06 mM ACA plus 1 pM RIB.

We administered these doses orally in RA injured animals because both
drugs cross the blood-brain barrier in animals. The oral doses required to achieve
effective of 0.22 mM ACA plus 0.4 puM RIB (dose 1) and 0.06 mM ACA plus 1 uM RIB
(dose 2) in the CNS were estimated on the basis of previous pharmacokinetic studies
of ACA and RIB in rats (Daoust et al., 1992; Mason et al., 2002; Tsubota et al., 2003;
Zornoza et al,, 2003). Both dose 1 and dose 2 caused a significant increase in MN
survival as compared with vehicle-treated rats, although dose 2 was slightly more
effective than dose 1 (Fig. 4B). We chose dose2 for further works and found that it

reduced gliosis and promoted overexpression of GAP43 (Fig. 4C).
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Figure 4. NeuroHeal has a supra-additive neuroprotective effect and is effective upon
oral administration. (A) Left, Histogram of NSC-34 cell survival upon ER stress measured
by MTT assay at different dose ratios of ACA (A; 1X = 0.22 mM) to RIB (B; 1X B = 4 uM).
Right, Effect of range of doses within 0-2X with NeuroHeal or with single drugs at 1X
(p<0.05 with respect to TN alone). (B) Representative microphotographs of MNs stained by
Nissl at the ipsilateral ventral horns of RA animals treated orally with either vehicle or dose
1(0.22 mM ACA + 0.4 uM RIB) or dose 2 (0.06 mM ACA + 1 uM RIB), and bar graph of the
percentage of surviving MN cells at the ipsilateral side with respect to the contralateral side.
(C) Histograms of average immunoreactivity intensity for GFAP, Ibal, and GAP43 in
a fixed region of interest in the ipsilateral ventral horn in grey matter for GFAP and
Ibal staining or white matter for GAP43 (n=4; *p<0.05 vs. vehicle).

NeuroHeal promotes functional recovery

The regenerative potential of NeuroHeal was confirmed in a model of crush
injury of the sciatic nerve. The compound muscle action potentials (CMAP) evoked
in response to sciatic nerve stimulation were recorded in gastronecmius and plantar
muscles to assess functional recovery of denervated muscles. NeuroHeal led to a

significant increase in CMAP amplitude in both muscles during the follow-up (Fig.
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5A). After 28 days, there was reinnervation of the plantar muscle in all of the treated
rats but in only 40% of the untreated (Fig. 5B), suggesting that NeuroHeal
accelerated nerve regeneration. Furthermore, NeuroHeal improved the recovery of
motor function, evaluated with the sciatic functional index (Fig. 5C), and increased
the number of reinnervated neuromuscular junctions, assessed with co-localization
of NF-200 with a-bungarotoxin (Fig. 5D). The numbers of MNs in rats after nerve
crush were not significantly different in vehicle and NeuroHeal treated animals (Fig.

5E).
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Figure 5. NeuroHeal accelerates nerve regeneration and improves muscle reinnervation and functional recovery after nerve crush
injury. (A) Left panels, mean amplitudes of CMAP from ipsilateral gastrocnemius and plantar muscles after sciatic nerve crush of animals
treated with vehicle (Veh) or NeuroHeal (C1; n=5, ANOVA, post hoc Bonferroni*p<0.05 vs. Veh). Right panels, representative recordings.
(B) Histograms of the percentages of treated animals that presented electrophysiological evidence of reinnervation at the plantar muscle
at different time-points. (C) Left, plot of the sciatic functional index (SFI) obtained with walking track analysis of sciatic nerve in RA animals
treated with either vehicle (Veh) or NeuroHeal (C1). Right, Representative footprints from ipsi- and contralateral paws at 35 days post
injury (dpi). (D) Left, bar graph showing the percentage of reinnervated motor endplates at plantar muscle. Right, representative pictures
of reinnervated neuromuscular junctions showing nerve fibers immunostained by NF200 (red) and end-plates labeled with bungarotoxin

(green). (E) Microphotographs of spinal MNs stained with Nissl green at the ventral horn showing no signs of cell death due to nerve crush
at 3 weeks post-injury.
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The mechanism of action of NeuroHeal

TPMS analysis allowed the identification of putative proteins that mediate
the synergistic mechanism of action (MoA) for NeuroHeal. The manually curated
collection of molecular effectors (seeds) used in the model are listed in Fig. 6A. We
used STRING platform STRING and literature perusal to establish functional
relationships among these proteins and the known targets of each drug composing
NeuroHeal (Fig. 6B, S1). The known actions of ACA (DB00659) include the
antagonism of the N-methyl-d-aspartate (NMDA) receptor and the metabotropic
glutamate receptor 5 and the positive modulation of GABA receptor (A)
(GABAR(A)). Hyperpolarization caused by Cl- entry due to GABAR(A)) stimulation
is normally proceeded by a depolarization caused by L-type voltage-gated calcium
channel activation (Gutiérrez et al., 2014). The consequent entry of Ca2* may trigger
different pathways, importantly PI3K activation (Feng et al., 2013). PI3K activation
may lead to the pro-survival AKT and FOXO pathway activation (Zhan et al., 2012)
and also to an increase in cytoskeletal dynamics (Zhao et al., 2007). In particular, it
may favor vesicle trafficking such as the gephyrin-mediated transport of GABA
receptors to the surface membrane helped by dynactin, Kif5, and Hap1 (Twelvetrees
et al., 2010; Papadopoulos et al., 2016) and nucleocytoplasmic shuttling mediated
by Ran-binding proteins (RANBP) (Yoon et al,, 2008). PI3K activation may also
promote the activation of Src-integrin complex which in turn confers anti-anoikis
properties (Kang et al., 2011a; Dai et al.,, 2016). In particular, the Src-integrin
complex together with ranbp9 may favour endocytosis, which is anti-amyloidogenic
(Woo et al,, 2012). Other ranbp proteins may be also activated, such as ranbp9,
which is linked to active endocytosis and prevents the generation of amyloid

peptide.

RIB (DB00811) inhibits inosine-5'-monophosphate dehydrogenase 1, an
enzyme that catalyzes the conversion of inosine 5'-phosphate to xanthosine 5'-
phosphate and acts as immunodulator (Koh et al, 2014). Since this reaction
consumes NAD*, its inhibition may lead to NAD* accumulation. Hence, SIRT1, a
nicotinamide adenine dinucleotide (NAD+*)-dependent histone deacetylase and
sensor of the NAD*/NADH balance (Liu et al., 2009) may activate NAD*/NADH
metabolism in a process involving PDK1 and PKM (Vachharajani et al., 2016). This
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leads to deacetylation of p53, which inhibits apoptosis (Watroba and Szukiewicz,
2016) and deacetylation and reinforced activation of AKT and FOXO (Sedding, 2008;
Pallas et al, 2009), which regulates microtubule dynamics resulting in
neuroprotection in a process that involves PLK1 and Dynactin (Kim et al., 2015).
Indeed, PLK1 has been shown to reduce cell death mediated by amyloid peptide
(Songetal, 2011).

In order to validate this putative MoA, we evaluated the effect of NeuroHeal
on expression of some of these proteins such as the subunit b1 of integrin (ITGb1),
kinesin family member Kif5c (Casas et al., 2015), SIRT1, and the dynactin subunit
DCTN1 in MNs at the ipsilateral site after 21 days post injury (dpi) in the RA model.
We found that NeuroHeal increased the cytosolic expression of ITGb1, Kif5c, DCTN1,
and SIRT1 in the ipsilateral horn with respect to the contralateral (Fig. 6C). Of note,
the normalized levels of cytosolic SIRT1 in NeuroHeal treated rats was mostly due
to the reduction in injury-induced nuclear expression of the protein. DCTN1 analysis
showed that the expression of the target protein was modulated exclusively on the
ipsilateral side, suggesting that the MoA of NeuroHeal may be specific to the damage

context.
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Figure 6. Molecular targets of NeuroHeal. (A) List of seed proteins predicted to be key
synergic targets in the action of NeuroHeal. (B) Representation of putative NeuroHeal MoA
from initial ACA and RIB targets to downstream possible effects to yield the synergic effects
(pink) through its targets (orange). Representation is based on analysis using STRING and
IntAct platforms and manual scrutiny of relevant literature. (C) Left, microphotographs of
ipsilateral (I) and contralateral (C) ventral horns immunostained to reveal Itgb1, Kif5c, and
SIRT1 in MNs (red) counterstained with green fluorescent Nissl (merged pictures) in
animals treated with vehicle (Veh) or NeuroHeal (C1). Scale bar = 50 um. Right and Bottom,
bar graphs of the average ratios of immunofluorescence intensity (IF) between ipsi- and
contralateral sides within an equivalent pre-determined region of interest (ROI) localized
in the lateral grey matter for all conditions except for DCTN1, which was measured in the
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white matter (n=4 animals, 5 MN/section, 3 sections, *p<0.05). The bottom right histogram
of DCTN1 analysis shows the quantification of total integrated intensity on each side to
document that NeuroHeal only changes expression on the injured site (n=4 animals, 5
MN /section, 3 sections, *p<0.05).

Due to the importance of SIRT1 in many pathological conditions and in life
span (Hubbard and Sinclair, 2014), we investigated further whether SIRT1 was
activated by NeuroHeal. First, we sought to determine whether viral overexpression
of SIRT1 mimics resulted in neuroprotection after RA since, due to NAD+ depletion
promoted by SIRT1, SIRT1 does not always promote neuroprotection (Liu et al,
2009). We cloned the SIRT1 gene into a recombinant adeno-associated viral vector
10 (AAVrh10), which we previously had reported as being highly specific to MNs
when intrathecally delivered to the spinal cord (Homs et al, 2014). SIRT1
overexpression was localized in MNs, mainly in the cytoplasm (Fig. 7A). Within
avulsed MNs, infection with AAVrh10-GFP did not change the nuclear ring-like
pattern of SIRT1 expression induced by RA, but infection with AAVrh10-SIRT1 led
to accumulation of SIRT1 predominantly in the cytoplasm of MNs, similar to

NeuroHeal’s effect (Fig. 7A).

Second, we measured the deacetylase activity of SIRT1 by assessing the
contents of histone-H3 acetylated at Lys9 (H3-K9) and of p53 acetylated at Lys373
(p53-K373) residues (Vaquero et al.,, 2004)-(Vaziri et al., 2001).. In RA animals
treated with AAVrh10-SIRT1we observed: i) a decrease in both H3-K9 and p53-
K373 acetylated forms, suggesting that SIRT1 overexpression caused an activity
increase (Fig. 7B) and ii) a significant increase in MN survival (up to 52.90% * 1.79)
(Fig. 7C). Together these results suggest that overexpression and subsequent

enhanced activation of SIRT1 is neuroprotective in severe peripheral nerve lesions.
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Figure 7. SIRT1 overexpression promotes MN survival after RA. (A) Top, representative
microphotographs of SIRT1 immunolabelling (red) in infected MNs in control animals
(upper) and RA injured animals (lower) treated with either AAVrh10-GFP or AAVrh10-
SIRT1 and counterstained with green fluorescent Nissl. Scale bar = 100 pm (top); 25 um
(bottom). Bottom, histogram of cytosolic versus nuclear SIRT1 localization in the RA-
injured MNs 21dpi after damage. (B) Histogram of the percentage of avulsed MNs with high
nuclear immunofluorescence intensity for each acetylated form of either H3 (H3-K9) or p53
(p53-K373) at the ipsilateral side of RA animals infected with either vector (n=4, *p<0.05
vs. AAV-GFP). (C) Representative microphotographs of Nissl-labelled MNs (green) at the
ipsilateral ventral horns of RA animals treated with either AAVrh10-GFP or AAVrh10-
SIRT1and histogram of MN survival + SEM expressed as % of MN on the contralateral side
(contra) (n=4, *p<0.05 vs. AAVrh10-GFP).

86



Network-based drug discovery for CNS trauma

Third, we evaluated the effect of NeuroHeal in combination with either a
specific inhibitor of SIRT1, Ex-527, which promotes the persistence of acetylated
forms, or spermidine, an inhibitor of acetylases that causes the persistence of
deacetylated forms (Eisenberg et al., 2009). Rats were treated with NeuroHeal and
either Ex-527 or spermidine using the continuous intrathecal pump perfusion
system for 20 days post RA injury. As readouts, we used nuclear SIRT1, H3-K9, and
p53-K373 in injured MNs at the ipsilateral ventral horn. Maximal expression of all
markers was observed in untreated and vehicle-treated mice. Spermidine did not
alter SIRT1 distribution but, as expected, reduced H3-K9 and p53-K373 levels
(Fig.8A). NeuroHeal reduced levels of SIRT1 and acetylated forms of H3 and p53
and this effect was reversed by Ex-527 but not spermidine (Fig. 8A). Accordingly,
spermidine, either alone or in combination with NeuroHeal, increased the survival
rate of MN whereas Ex-527 abolished the neuroprotective effect exerted by the drug
(Fig. 8B).

Finally, we compared the regenerative and anti-inflammatory capacities of
NeuroHeal with those of virally transduced SIRT1 and spermidine. Although all
treatments were neuroprotective, only NeuroHeal promoted GAP43 expression and
reduced microgliosis and astrogliosis (Fig. 8C, D). These results demonstrate that
deacetylation is important for the NeuroHeal-mediated neuroprotection after RA
and that, synergistically acting through multiple targets, NeuroHeal performs better

than single-target drugs.
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Figure 8. SIRT1 mediates the neuroprotective effect of NeuroHeal. (A) Diagram of the
mechanisms of action of spermidine and Ex-527 and histogram of the percentage of avulsed
MNs with high nuclear immunofluorescence intensity for each marker on the ipsilateral side
of RA animals treated with different drugs (n= 6 for untreated; n=3 for Veh DMSO; n=4 other
groups, ANOVA, post hoc Bonferroni*p<0.05 vs, #p<0.05 vs. C1, $p<0.05 vs. C1+Sperm, &
p<0.05 vs. Sperm). (B) Representative microphotographs of MNs on the ipsilateral sides
and associated histogram of the average percentage of MN survival + SEM in animals
intrathecally treated with spermidine (Sperm) or Ex-527 with or without NeuroHeal (C1)
(n=4, ANOVA, post hoc Bonferroni *p<0.05 vs. untreated, # p<0.05 vs. veh, $ p<0.05 vs.
C1+Ex-527, *p<0.05). Scale bar = 100 pm. (C) Microphotographs of GAP43 immunostaining
at the ventral horns of the ipsilateral sides from animals treated with either AAVrh10-GFP,
AAVrh10-SIRT1 or C1. Scale bar = 100 um. Bar graph of the average immunoreactivity in a
fixed region of interest of the white matter (n=3-4, *p<0.05 vs. AAVrh10-GFP). (D)
Representative microphotographs of astrocyte (GFAP) or microglia (Ibal) staining at the
ventral horns of the ipsilateral sides of RA animals treated with either NeuroHeal (C1) or
spermidine (Sperm). Scale bar=100 pm. Associated histograms of the average
immunoreactivity in a fixed region of interest of the grey matter (*p<0.05 vs. C1).
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DISCUSSION

Network medicine has become increasingly important for identifying novel
disease mechanisms and predicting drug effects. This network-based approach
enables elucidation of the underlying molecular mechanisms, mainly in terms of
disease modules, disease phenotypes, and disease-disease associations (Barabasi et
al., 2011a; Chen and Butte, 2013; Zhou et al., 2014). A number of studies have
investigated the disease modules associated with specific disease phenotypes such
as asthma, diabetes, and cancer, for which a single disease module would mainly be
detected (Wang et al,, 2013; Sharma et al,, 2015). That there should be a shift in the
paradigm of drug discovery from a focus on single targets to the systems has been

argued (He et al.,, 2016a), particularly in neuropathology (Margineanu, 2016).

We reasoned that proteomic profiles from suitable preclinical models of MN
neurodegeneration would provide unbiased data for use as input to machine
learning and mathematical modeling to search for novel drug combinations. We
took advantage of the existence of advanced molecular knowledge of the dissimilar
reactions in MNs after either proximal or distal axotomy with opposite readouts
(degeneration vs. survival, respectively). The rationale was that mimicking the
endogenous mechanism that MNs engage in after distal axotomy should be
neuroprotective. Computational tools available allowed us to screen for known
drugs that in silico perturb the RA model to convert it into a DA model. We validated
that some of the synergic drug combinations discovered in silico were
neuroprotective in cell culture models and in vivo. The combination we call
NeuroHeal had anti-inflammatory properties and induced pre-regenerative profiles
in MNs. Furthermore, we identified the molecular downstream pathway that is
modulated by NeuroHeal: SIRT1 is an important node in the network. Moreover, we
validated that activation of SIRT1 mediated the neuroprotective action of NeuroHeal
in a rat model of RA. To our knowledge this is the first work to demonstrate
discovery of repurposed drug combinations using a network-centric approach with
learning machine computational tools that moves forward from theory to practice
and validates both the efficacy and mechanism of action using preclinical in vivo
models. Previous partial studies have paved the way (Sirota et al., 2011; Zhao et al,,
2011; Lecca and Re, 2017).
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Combined actions of ACA and RIB in NeuroHeal resulted in neuroprotection
probably by exerting anti-apoptosis and anti-anoikis actions that we previously had
shown to be key elements to activate the endogenous mechanisms of
neuroprotection in axotomized MNs (Casas et al., 2015). In the same report and in
others (Penas et al., 2009a), the importance of cytoskeletal rearrangements for
neuroprotection was also revealed; these rearrangements also appear to be
facilitated by the NeuroHeal MoA. It would be interesting to validate the role of these
and the others described processes in NeuroHeal MoA, similarly to what we have

done for SIRT1.

NeuroHeal activated SIRT1 in damaged MNs after axonal disconnection. This
is an interesting discovery because SIRT1 activators have long been sought due to
the beneficial effects likely for several diseases (Blander and Guarente, 2004;
Bordone and Guarente, 2005; Milne et al., 2007). Although SIRT1 is important for
neurodegeneration (Haigis and Guarente, 2006), it does not always lead to
neuroprotection because it exhausts NAD* resources (Liu et al., 2009). The main
advantage of NeuroHeal as compared to other recently discovered small-molecule
sirtuin-activating compounds (e.g.,, STAC) (Hubbard and Sinclair, 2014) is that its
components have been proven to be safe for humans and cross the blood-brain
barrier. Of note, NeuroHeal has effects beyond SIRT1 activation since it also
promotes the expression of the pro-regenerative marker GAP43, while
overexpression of SIRT1 does not. Finally, although we found that spermidine also
affords neuroprotection of MNs after RA, its use in the clinic has been avoided as it
is nociceptive (Gewehr et al., 2011). Our work indicates that the role of epigenetic

switches in neuroprotection deserves further investigation.

Unexpectedly, we found that NeuroHeal promoted nerve regeneration and
functional recovery after nerve crush. This finding suggested that the proteomic
data used from DA models may contain intrinsically pro-regenerative factors. It
would be worth testing this hypothesis in more severe models to study CNS axon

regeneration.

The properties of NeuroHeal make it a first-in-class therapeutic agent for
nerve root disconnection or entrapments. The translation of NeuroHeal to the clinic

will be facilitated because it is composed of already FDA-approved drugs.
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Knowledge about formulation is also advanced because we assessed the effect of
different stoichiometry combinations of single drugs to achieve neuroprotective

synergism.

We conclude that our network-centric discovery approach encompassing
proteomic data relevant to disease and artificial intelligence is a powerful and
promising methodology for the design of effective treatments based on drug
repurposing. Repurposing speeds up the clinical translation of treatments for
complex pathological conditions. Patent protection of NeuroHeal is currently in

progress and funding is being raised in order to test the drug in a clinical trial.
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Supplemental Figure 1. Extended protein-protein interaction network resulting from
STRING analysis with default parameters. Initial seeds used were NH synergic MoA-related
proteins and known targets from ACA and RIB.
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Motor Neuroprotection by SIRT1 and SIRTZ2

ABSTRACT

Over the last years, the enzyme family described as sirtuin (SIRT) has been
related with neurological dysfunctions and traumatic injuries. SIRT1 activity exerts
neuroprotection in neurodegenerative diseases, and recently we have
demonstrated its relevant role in the retrograde degenerative process accounted to
motoneurons (MNs) after proximal nerve injury. Among the other sirtuins, the
SIRT2 has been described as the opposite player of SIRT1. Nowadays, the role of
SIRT2 in neurodegeneration and neuron response after nerve injury response
remains controversial and unknown. Since SIRTZ2 role in cytoskeleton integrity and
autophagy is well known, we aimed to elucidate its contribution to retrograde MN
degeneration provoked by nerve axotomy. We used a mice model of hypoglossal
nerve axotomy, which transection induces a reduction of 50% MN population within
21 days post injury, and we have assessed SIRT1 and SIRT2 relevance in the
subsequent neurodegenerative process. We tested the hypothesis that activation of
SIRT1 increases survival of MNs, and that SIRTZ2 activity would prevent the reactive
gliosis that is considered one of the most important hallmark of neurodegenerative
diseases. We also tested the neuroprotective effect of both enzymes on in vitro
models of endoplasmic reticulum (ER) stress. Regarding SIRT2, we discerned that
its activity is detrimental for MNs under ER stress, otherwise, it acts as a gatekeeper
of the inflammatory response. The obtained data support the neuroprotective roles
of SIRT1 and SIRT2 to sustain MN viability upon insult, and suggests that the
modulation of its activity can be an effective therapeutic target for

neurodegenerative diseases.

Keywords: NeuroHeal; Motoneuron; Neuroprotection; Endoplasmic Reticulum
stress; Unfolding Protein Response; Neuroinflammation; Sirtuin; Hypoglossal nerve

injury.
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INTRODUCTION

Axonopathy is a common early characteristic of neurodegenerative
processes in the central nervous system (CNS) (Conforti et al, 2014). Axon
degeneration often leads to retrograde neuronal cell death or atrophy and
progressive permanent loss of vital neuronal functions. Deciphering the signaling
involved is a key step toward developing the effective neuroprotectants that are
greatly needed in the clinics. Transgenic models of neurodegenerative diseases are
broadly used but represent one piece of the puzzle. Non-transgenic models of
neurodegeneration shed also valuable information of the “natural occurring
process” after neuronal soma-axon disconnection. By exploiting the anatomical and
technical advantages of several axotomized models, it has been revealed the
presence of multiple parallel running signaling programs in neuronal soma
characterizing the retrograde neurodegenerative process which is non-apoptotic

(Penas etal.,, 2011; Casas et al., 2015).

We have recently demonstrated that this knowledge is useful to shed
effective neuroprotectants such as the newly discovery therapy NeuroHeal (NH)
(Romeo-Guitart et al.,, 2017a; Romeo-Guitart, 2017b). NH was discovered using
unbiased proteomic data from two models that represented pure regenerative and
pure neurodegenerative conditions after nerve or RA injuries, respectively. The data
served to build bona fide state-specific molecular maps and mathematical models of
this human biological system that allowed us to screen databases of drugs to identify
putatively neuroprotective combinations. NeuroHeal is a combination of
acamprosate and ribavirin, two FDA-approved drugs without non-described
adverse effects and with a well described pharmacokinetics and
pharmacodynamics. Activation of sirtuin 1 (SIRT1) was shown to be necessary for
the neuroprotective action of NeuroHeal after nerve root avulsion(Romeo-Guitart
et al.,, 2017a). Sirtuins constitute a highly conserved family of deacetylases play an
important role in the regulation of cellular homeostasis (Kupis et al., 2016). Seven
homologs of yeast Sir2 (SIRT1-7) which share a conserved catalytic domain have
been identified in mammals (Frye, 2000). Among them SIRT1 and SIRT2 have been
targets in the design of neuroprotectans for degenerative conditions but also for

traumatic injuries (Mellini et al, 2015). SIRT1 regulates a number of pathways
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associated with normal metabolism and functioning of individual organs in
mammals (Houtkooper et al., 2012) with several targets such as Histone 3, p53 and
NF-kB among others (Chang and Guarente, 2014) . SIRT2 is the most abundant
sirtuin in the brain and colocalizes with microtubules and deacetylates the main
component of microtubules, a-tubulin, at lysine 40 (North et al., 2003). In this way,

regulates microtubule dynamics (Chen et al., 2015b).

Both SIRT1 activation and SIRTZ2 inhibition have been identified as good
strategies for neurodegenerative diseases. In the present work, we aimed to validate
whether these strategies could be extended to disconnected neurons using a model
of axotomy of the hypoglossal nuclei which contain highly vulnerable motoneurons
(Lavezzi et al., 2010) (Hayashi, 2010)(Kanning et al., 2010) that differ in their

properties from the spinal motoneurons (Tadros et al., 2016).

MATERIALS & METHODS

Animals

All procedures involving animals were approved by the Ethics Committee of
Universitat Autonoma de Barcelona, and followed the European Community Council

Directive 2010/63/EU

Knock-out Sirt2 mice (KO Sirt2):

The SIRT2-/- C57-BL6 mice used in these experiments were kindly given by
Dr Alejandro Vaquero. This mice were generated in Tong’s lab using the original ES

cells (Serrano et al., 2013).
Transgenic mice overexpressing Sirt1 (Tg Sirt1):

Mice with an extra copy of murine SIRT1 gene was kindly given by Dr Jesus
Ruberte. This transgenic line was generated following a previously described

protocol (Herranz et al., 2010).
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Surgical procedures

Wild type C57BL/6 (Charles River) and KO SIRT2 mice aged two months-old,
and transgenic mice of SIRT1 weighted 24.92 + 1.66 g (average + SEM), were
maintained under standard conditions of temperature and light and fed with food
and water ad libitum. We performed surgical procedures under anaesthesia with
ketamine (90 mg/kg, im.) and xylazine (10 mg/kg, i.m.). We carried out the
neurotmesis of the hypoglossal nerve, hereinafter hypoglossal axotomu (HA) as
described elsewhere (Yamada and Jinno, 2013). Briefly, the right digastric muscle
was opened using blunt end dissection with a pair of scissors and the right
hypoglossal nerve was exposed. We transected the nerve with a pair of scissors at
the proximal side of the hypoglossal nerve bifurcation, and removed 3 mm from the
distal stump. Finally, we separated the nerve stumps to avoid spontaneous axon
regrowth. Besides this, we sutured the muscle, closed the wound by planes and
disinfected it with povidone iodine. The animals were allowed to recover in a warm

environment.

For neonatal sciatic crush injury, pregnant rats were maintained under
standard conditions of light, temperature and fed ab libitum until breeding. For
surgical intervention, we deeply anesthetise pups at 4 days of age reducing its body
temperature with ice, dissected the right sciatic nerve and we crushed it twice with

a fine forceps during 10s. Besides, we closed the bound with suture, allowed the

animals to recover in a warm environment and returned to the dam.

Drug treatments

The NeuroHeal treatment(NH) is composed by Acamprosate (Merck,
Darmstadt, Germany) and Ribavirin (Normon, Madrid, Spain) (Romeo-Guitart et al.,
2017a) In the in vivo experiments, NH compounds were added at tip water at final
concentration of 2.2mM for Aca and 1mM for Rib. Water was changed every 3 days
and fresh drugs were dissolved For the in vitro studies, we diluted both drugs
(Sigma-Aldrich, Saint Louis, MO) in distilled water and added to NSC34 cell line or
organotypic cultures at 55 pM Acamprosate and 1 puM Ribavirin. AK7 (Sigma-
Aldrich, Saint Louis, MO) was dissolved in DMSO to obtain the stock solution and
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used in vitro at 25 uM final concentration. In vivo, the stock was diluted in saline and

administered 20 mg/kg i.p daily until end-stage.

In vitro models

NSC-34 line

We cultured the NSC-34 motoneuron-like cell line in Dulbecco’s modified
Eagle’s medium high-glucose (DMEM, Biochrom, Berlin) supplemented with 10%
fetal bovine serum and 1X penicillin/streptomycin solution (Sigma-Aldrich) on
collagen-coated plates (Thermo-Fisher, Waltham, Massachusetts, USA) in a
humidified incubator at 37 °C under 5% COZ2. We transfected a million cells with 2
ug GFP or SIRT1 plasmid using the Amaxa Nucleofector II TM (Lonza,Norwalk) and
the Nucleofactor V kit following manufacturer’s recommendations. After 4 days of
cell culture without changing the medium, we freshly prepared the drugs in DMEM
at 10 X concentration. For endoplasmic reticulum (ER) stress induction, we added 1
ug/mL Tunicamycin (TN, Sigma-Aldrich) at final concentration. Treatments with NH
or AK7 were performed together with TN-containing media. Twenty-four hours
after treatments, we analysed cell viability by incubating the cells with 4 mg/ml MTT
solution for 1 hours at 37 °C. After medium removal, the MTT salts were dissolved
with DMSO and the absorbance was measured at 570 nm with a Biotek EIx800
microplate reader. The % of cell survival was obtained comparing each group with

the absorbance value derived from the control group of each plate.

Spinal cord organotypic cultures

We prepared spinal cord organotypic cultures (SOCs) from lumbar sections
of 8-days old Sprague Dawley pups as previously described (Herrando-Grabulosa et
al., 2016). Briefly, we collected the spinal cords from the pups and placed them into
cold high glucose-containing (6.4 mg/ml) Gey’s Balanced Salt Solution (GBSS)
(Sigma-Aldrich, Steinheim, Germany). After removing the meninges and roots, we
cut them into 350 um transverse sections with a Mcllwain Tissue Chopper. Each 4
lumbar sections were transferred onto 30-mm-diameter 0.4 um Millicell-CM nets
(Millipore, Billerica, USA) in 6-well plates (Thermo Fisher Scientific, Waltham, MA,

USA) containing 1 mL of medium, based in 50% (v/v) minimal essential medium
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(MEM), 2 mM glutamine, 25 (v/v) Hank’s Balanced Solution (HBSS, Sigma-Aldrich)
supplemented with 25.6 mg/mL glucose and 25 mM Hepes; pH = 7.2 and maintained
at 372C in a 5% COz air humidified environment. Medium was unchanged during the
first week of culture and then changed twice per week. After 15 of in vitro (DIV)
culture, we added TN at 1ug/mL of final concentration alone or in combination with
NH or AK7. After 6 hours or two days post-treatment we fixed the SOCs with 4%
paraformaldehyde in a 0.1 M phosphate buffer at pH 7.2 during 1 hour at RT. We
washed the SOCs with 0,3% Triton in TBS solution, blocked them with 10% of
normal donkey serum with TBS and incubated during 2 days with mouse anti-
Neurofilament H Non-Phosphorylated (SMI32; 1:1000; Biolegend) at 4°C. Then, we
washed the SOCs with 0,1% Tween-20 of TBS solution and incubated with Alexa
488-conjugated donkey anti-mouse antibodies (1:200; Jackson Immunoresearch,
West Grove, PA, USA) during 2h at RT. After several washes, we counterstained with
DAPI and mounted with Fluoromount-G mounting medium (SouthernBiotech). We
took pictures with the aid of a digital camera (Olympus DP76) attached to the
microscope (Olympus BX51) and assesse motorneuron survival counting all SMI32
posotive neurons at the ventral horn for each spinal cord hemisection. Six different

SOCs were used for each experimental condition.

Immunohistochemistry and Image analysis

After deep anaesthesia with pentobarbital, we transcardially perfused the
animals with a saline solution containing 10 U/ml heparin, followed by 4%
paraformaldehyde in a 0.1 M phosphate buffer, pH 7.2 for tissue fixation at 3, 7, or
21 dpi (n=4 for each condition), and removed the brainstem, which was post-fixed
in the same fixative overnigth at 4°C hours and cryopreserved in 30% sucrose until
processed. We isolated the brainstem zone containing the hypoglossal nuclei using
a brain mould and we cut it into serial transversal sections (10-pm thick) with the
aid of a cryotome (Leica, Heidelberg, Germany) on gelatinized slides and preserved
them at -20 °C until use. For neonatal rats, we perfused them as explained previously
at 10dpi, extracted the L4-L6 spinal cord segment and cut it into transversal serial
sections of 20-um thick. We treated the slides of brainstem, spinal cords or SOCs
with blocking solution (Tris-buffered saline (TBS) with 0.3% Triton-X-100 and 10%

bovine serum) for 1 hour and incubated it r with the following primary antibodies:
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rabbit anti-ionized calcium binding adaptor molecule 1 (Ibal; 1:1000, Wako),
rabbit-anti NAD-dependent deacetylase sirtuin-1 (SIRT1; 1:100, Millipore), rabbit
anti-acetyl-Histone H3 (Lys9) (Acetyl H3-K9; 1:50, Millipore), rabbit anti-acetyl-p53
(Lys373) (Acetyl p53-K373; 1:500, Millipore), rabbit-anti NAD-dependent
deacetylase sirtuin-2 (SIRTZ; 1:200, Sigma-Aldrich), mouse-anti a-tubulin (a-Tub;
1:500; Sigma Aldrich), mouse-anti acetylated a-tubulin (Acetyl a-Tub; 1:500;
Hybridoma Bank), mouse-anti anti-Neurofilament H Non-Phosphorylated (SMI32;
1:1000; Biolegend, San Diego, CA, USA), rabbit-anti Nuclear Factor kB p65 subunit
(NF-xB; 1:1000, Cell Signaling, Danver, MA, USA), rat-anti CD86 (CD86; 1:200; BD
Biosciences, San Jose, CA, USA), rabbit anti-cleaved caspase 3 (Casp3 act.; 1:200;Cell
Signaling) and rabbit apoptosis inducing factor 1 (AIF1; 1:200; Antibodies-online).
After several washes with 0.1% Tween-20 TBS solution, the sections were incubated
for 2 hour with Cy-3/Cy-2/Alexa 488/Alexa 594-conjugated donkey anti-rabbit or
anti-mouse antibodies (1:200; Jackson Immunoresearch, West Grove, PA, USA) and
washed with 0,3% TritonX-100 in TBS We counterstained the sections with DAPI
(Sigma-Aldrich) or NeuroTrace Fluorescent Nissl Stain (Molecular Probes, Leiden,
Netherlands), and mounted with Fluoromount-G mounting medium
(SouthernBiotech). Sections to be compared were processed together on the same
slide and on the same day. Images from sections ofdifferent treatments and controls
were taken under the same exposure time, sensibility, and resolution for each
analysed marker.). Confocal images were obtained using two separate
photomultiplier channels with a 1.4 numerical aperture oil-immnersion objective of
20 or 40 X. Images were separately projected and merged using a pseudocolor
display. We analysed fluorescence signal intensity using the Image] software

(National Institutes of Health; available at http://rsb.info.nih.gov/ij/). The analysis

of the images to be compared was performed the same day. We delimited an area as
region of interest (ROI) with the aid of Nissl labelling for MN cytoplasm or DAPI for
MN nuclei. Therefore, the integrated density inside the ROI was obtained for at least

15 MNs/animal per each marker from three 100-um distant different sections.
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Western blot

We deeply anesthetized mice with pentobarbital from control, injured and
treated groups at 3 dpi (N=4) to obtain whole brain tissue for western blot analysis.
We snap-frozen the brains into liquid nitrogen to store for further dissection. We
removed the the hypoglossal nuclei with the aid of a brain mould and
homogenizated with lysis buffer (Hepes 20 mM, Sucrose 250 mM, EDTA 1 mM, EGTA
1 mM and a cocktail of protease (Sigma) and phosphatase inhibitors (Roche) with
potter homogenizer on ice. We centrifuged the lysate during 20 min at 800 xg at 42C
and collected the supernatant as cytosolic fraction. Then, we mixed the pellet with
nuclear buffer (Hepes 20mM, Tritxon-X-100 0,1%, EGTA 0,2 Mm, EDTA 0,2 mM, KCl
1M and a cocktail of protease (Sigma) and phosphatase inhibitors (Roche)) and we
mae vortex at 1400 rpm during 20 min at 42C. We centrifuged the lysate at 10000xg
during 10 min at 42c and harvested the supernatant as nuclear fraction. Finally, we
quantified the cytosolic and nuclear fraction by BCA assay (assay (Pierce Chemical

Co.; Rockford, IL, USA).

For western blotting, we mixed equally samples from four animals and we
loaded 10ug of cytosolic or nuclear fractions from hypoglossal nuclei. Then, we
mixed it with loading buffer and loaded onto a 10% SDS-polyacrylamide gels to
perform electrophoretic separation of the proteins followed by its transference to a
PVDF membrane in a BioRad cubette system in 25 mM Tris, 192 mM glycine, 20%
(v/v) methanol, pH 8.4. After blocking the membrane with 0,1% Tween-20 TBS with
5% of milk, it was incubated overnight at 42c with the primary antibody: rabbit anti-
inositol-requiring protein-1 alpha (IRE1a; 1:1000, Cell Signalling) and rabbit anti-
X-box binding protein 1 (Xbp1; 1:1000, Cell Signaling. The following day, we washed
and incubated the membranes during 1 h with an appropriate secondary antibody
conjugated with horseradish peroxidase (1:5000, Vector) at RT. Proteins were
developed using a chemoluminiscent method (ECL Clarity kit, Bio-Rad Laboratories,
Berkeley, CA, USA) and the images were captured and analysed with Image Lab

Software (Bio-Rad Laboratories).
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RNA extraction, reverse transcription and Real-time PCR

For PCR analysis, total RNA was extracted using the Tripure Isolation
Reagent (Roche, Mannheim, Germany) according to the instructions of the
manufacturer. The recovery of RNA was similar in young and aged rats. Reverse
transcription was performed using random hexamers primers exactly as previously
described. PCR was performed in an ABI Prism 7000 sequence detector (Applied
Biosystems, Madrid, Spain) using cDNA diluted in sterile water as template. The Tnf-
a, IL-1B and the housekeeper genes were amplified using specific Tagman probes
supplied by Applied Biosystems, Madrid, Spain. Threshold cycle (Ct) values were
calculated using the software supplied by Applied Biosystems, Madrid, Spain.

Fluoro-Jade C staining

Brainstem Sections were randomly selected and stained with Fluoresecent
Fluorojade C (Chemicon) following the manufacturer’s protocol. Summarizing, the
slices were immersed in a solution of 80% EtOH with 1% of NaOH during 5 min.
Then, we rinsed them for 2 min in 70% EtOH, washed 2 min in distilled water and
we incubated them during 10 min with 0,06% permanganate solution. After wash
with water, we transferred the slices to a solution of 0,0001 % of Fluoro-Jade C
dissolved in 0,1% acetic acid dissolution during 10 min. Then, the slices are washed
with water, counterstained with DAPI and mounted with DPX (Sigma). We took

confocal images the same day of the staining to avoid fluorescence loss.

Motor neuron counting

Sixteen brainstem sections (separated by 50 pm each one) including the
hypoglossal nuclei were randomly selected and stained with Fluoresecent
Neurotracer (Life technologies) following the manufacturer’s protocol. We took
sequential microphotographs from the injured and contralateral hypoglossal MN
pull at 20 with the aid of a digital camera (Olympus DP76) attached to the
microscope (Olympus BX51). We count thoseMNs with diameters bigger than 17 pm
(area of 320 um2)(Haenggeli and Kato, 2002b; Ferrucci et al., 2010), prominent

nucleous, poligonal shape and located in the hypoglossal nucleus and calculated the
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the percentage of MN survival after compare the injured site with the contralateral

non-injured side and obtain the mean of each animal.

Statistical analysis

All data is presented as mean #* standard error of the mean (SEM). We
performed the statistical analysis with GraphPad Prism 5 software (San Diego, CA,
USA) using unpaired t-test (one or two tails) or one-way analysis of variances
(ANOVA) followed by Bonferroni’s multiple test depending on the scientific

paradigm. Significant differences were considered at p<0.05.

RESULTS

In order to evaluate the implication of SIRT1 and 2 in neuroprotection of
motoneurons after proximal nerve injury we chose the hypoglossal axotomy model
(Kiryu-Seo et al., 2005) (Fig. 1a). We characterized the pace of MN cell death at the
hypoglossal nucleus at different time points post injury. We observed that the
process slowly proceeded achieving 48.72 %= 2.20 after 21 days post injury (dpi)
(Fig. 1a). This neurodegenerative process was not related to apoptotic hallmarks
such as activation of caspase 3 or AIF nuclearization (Fig. 1b) at 7pi. We also check
that injured MNs are degenerating by Fluoro-Jade C staining (Fig. 1b). Considering
this similarity to our previous reported model of nerve root avulsion, we explore
whether there was activation of some hallmarks of endoplasmic reticulum (ER)
stress like activation of the IRE1a pathway. Once active, IRE1, autophosphorylates
itself, dimerizes and acquires ribonuclease activity, which is translated into the
splicing of the mRNA of the X-box binding protein 1 (Xbp-1) (Sidrauski and Walter,
1997). In this sense, we observed an increase in the amount of phosphorylated
IREla (pIREa) protein and a higher ratio of XBP1s/XBP1u in injured animals
respect to control (Fig. 1c). These results suggested that the neurodegenerative
pathway of cranial MN death was non apoptotic and presented some hallmarks of

ER stress.

112



Motor Neuroprotection by SIRT1 and SIRTZ2

% Motoneuron survival
a
> 8
*
/

7 dpi 14 dpi 21dpi

C Ctl Injury
pIRE1 W 110
Xbpls % @l 42
Xbplu N - 29

GAPDH E W%

2.5 pIRE1 5 XBP1 s/u
g 20 g 4
c c
8 15 c 3
G S
T 1.0 - 2
[ °
L o5 Lo
0.0 - 0
Ctl Injury Ctl Injury

Figure 1. The MNs death that occurs after hypoglossal nerve injury is not apoptotic
and presents UPR hallmarks (A) Nissl microphotographs from hypoglossal nucleus of HA
injured animals at ipsilateral side at 7, 14 and 21 dpi. Drawing highlighting the hypoglossal
nuclei in the brainstem of the mice. Graphic showing the fall of the MN survival at different
dpi at the ipsilateral side with respect to the contralateral after HA (n=4 for 14dpi and n=5
for other groups, ANOVA, post hoc Bonferroni #p<0.05 vs 7dpi and *p<0.05 vs 14dpi). (B)
Left, Representative confocal images of MNs from hypoglossal nuclei immunolabelled
against Cleaved caspase 3 (Casp3. Act) or AIF1 in red, Fluoronissl in green and DAPI from
wild type or 7dpi animals. Note that we added a positive control from spinal cord samples
of neonatal rats submitted to sciatic crush injury (C+) for the Casp3. Act. labelling. Scale
bars= 25um. Right, Confocal microphotographs of Fluoro-jade C stained hypoglossal nuclei
counterstained with DAPI from CTL and Injured animals at 7dpi (C) Western blots and
histogram showing the analysis of pIREla and Xbp1 protein levels in control (Ctl) and
injured animals at 3dpi.
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Some authors reported that activation of SIRT11 or inhibition of SIRT22
promotes neuroprotection in some neurodegenerative mouse models (Herskovits
and Guarente, 2013). Thus, we nalysed the effect of axotomy of the hypoglossal
nerve on the expression and activity of SIRT1 and SIRT2. We observed that SIRT1
was overexpressed at the nuclei of axotomized MNs at 7 dpi (Fig. 2a). We measured
the deacetylase activity of SIRT1 by assessing the contents of histone-H3 acetylated
at Lys9 (H3-K9) and of p53 acetylated at Lys373 (p53-K373) residues (Vaziri et al.,
2001; Vaquero et al,, 2004). We observed that both were significantly accumulated
in the nucleus of damaged MNs at the same time post injury compared to in control
animals (Fig. 2a). SIRT2 was down-represented in axotomized MNs at 7 dpi respect
to controls (Fig. 2b) and displayed an immunolocalization with a characteristic
pointed localization probably corresponding to the ER-Golgi intermediate
compartment (ERGIC) as reported. Despite the total abundance of alpha tubulin
diminished after injury, relative levels of the acetylated form of alpha tubulin were
higher than the same ratio in controls (Fig. 2b). These results suggested that the
activity of both sirtuins was reduced early after injury. Whether these were

detrimental or part of the endogenous neuroprotective mechanism was unknown.
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Figure 2. Deacetylase activity of Sirt1 and Sirt2 is reduced after nerve injury. (A) Top,
Confocal images of MNs immunolabelled against SIRT1, Histone H3 acetylated at Lys-9 (Ac-
H3k9), and p53 acetylated at Lys-373 (p53 Ack373) in red and counterstained with green
fluorescent Nissl and DAPI from hypoglossal nuclei of wild type (WT) and injured animals
(HA) at 7dpi. Bottom, Histograms of the mean of the immunofluorescence for each marker
inside the nuclei of MNs (n=4 animals, t-test, *p<0.05 vs WT). (B) Top, Representative
confocal microphotographs of SIRT2, a-tubulin (a-Tub) and acetylated a-tubulin (Ac a-Tub)
immunolabelling in red, counterstained with green Fluoronissl and DAPI from hypoglossal
nuclei of wild type or injured animals at 7dpi. Bottom, Quantification of the integrated
density for each marker into the cytosol of MNs for both groups (n=4 animals, t-test, *p<0.05
vs WT). Scale bar= 25um for all images except 10pum for a-tub and acetyl a-tub.

We used a model of ER stress in vitro using Tunicamycin (TUN) as stressor
agent on NSC-34 MN-like cells to test whether an SIRT1 activation and SIRT2
inhibition were neuroprotective. TUN exerted 59.58 %=+1.82M cell death by MTT

assay 24h post insult (Fig. 3a). Cells overexpressing SIRT1 promoted survival of ER
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stressed cells (20%) compared to GFP overexpressing insulted cells (Fig. 3a).
Treatment of ER stressed cells with NH, activator of SIRT1 under ER-stress
conditions (Fig. S1)(Romeo-Guitart et al, 2017a)(Romeo-Guitart et al,
2017a)(Romeo-Guitart et al., 2017a)(Romeo-Guitart et al., 2017a)(Romeo-Guitart
et al., 2017a), was neuroprotective for these cells (Fig. 3a). To analyse SIRT2
implication, we used AK-7, SIRT2 inhibitor reported to exert neuroprotection in
some models of neurodegenerative diseases. Treatment of the stressed cells with

AK-7 was also neuroprotective.

Then, we verified that administration of these drugs in vivo exerted their
effects in the brain. NH treatment in vivo let to a decrease of Ac-H3-K9 levels within
the nucleus of MNs compared to vehicle treatment (Fig. 3b). Similarly, AK-7
treatment promoted a raise in acetyl-a-tubulin in the hypoglossal nuclei at 21 dpi
respect to vehicle as expected for a SIRT2 inhibitor (Fig. 3c). Overall, these results

suggested that these strategies may neuroprotect in our model.

A MTT Assay

-
o
o

-
=]
S
1

I+

(%) DO%®2 sample / DO®2 Ctl

GFP SIRT1 NH AK7

TN 1pg/mL

B Veh NH
Ac-H3k9
Ac-H3k9
- :
MERGE § ¢ .
1}
LY

Integrated density x 10°
g 8 & &

a-Tub MERGE Ac a-Tub MERGE

4 -
£
-
2 £
%3
£
g
]

Veh AK7

Figure 3. SIRT1 and SIRT2 role in endoplasmic reticulum (ER) stress-induced cell
death in vitro and its activity modulation by NH and AK7 in mice brain (A) Bar graph
showing the percentage of cell survival + SEM after the treatment with tunicamycin (TN) at
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1pg/mL alone or in combination with the NeuroHeal or AK7 drugs. Also observe the cell
survival after adding to transfected cell with SIRT1 or GFP the same concentration of TN.
(n=4-10, ANOVA, post hoc Bonferroni #p<0.05 vs Veh, *p<0.05 vs TN, $p<0.05 vs TN-GFP).
(B) Left, Confocal images of acetylated H3k9 from injured animals after NH treatment,
counterstained with Fluoronissl green and DAPI at 21 dpi. Right, Histogram showing the
integrated density of nuclear acetyl-H3k9 immunolabelling from injured MNs in the vehicle
or NH-treated groups at 21 dpi (n=4, t-test, *p<0.05 vs Veh). Scale bar= 25um. (C) Left,
Immunohistochemical images of acetylated and total a-tubulin (red), countersainted with
Fluoronissl green and DAPI from animals treated with Veh or AK7 at 21 dpi. Right,
Histogram showing the ratio of the acetylalted form versus total of a-tubulin within the MNs
in both groups (n=4, t-test, *p<0.05 vs Veh). Scale bar= 10pm.

Hence, in light of the in vitro results suggesting that activating SIRT1 or
inhibiting SIRT2 might be neuroprotective in our model, we used both
pharmacological and genetic approach to test these hypotheses. Injured animals
treated with NH presented increased percentage of MN survival than those vehicle-
treated (Fig. 4a). Similarly, a higher number of MN survival was observed when
injured a transgenic animal overexpressing SIRT1 (tg-SIRT1) (Herranz et al., 2010)
compared to its injured WT littermates (Fig. 4a). We compared the quantification
of survival MNs from axotomized animals treated with daily administration of AK-7
to those in the injured knockout mice of SIRT2 (KO-SIRT2) (Serrano et al.,, 2013) at
21 dpi (Fig. 4b). Unexpectedly, we observed a reduction in the number of survived
MNs in both cases compared to vehicle-treated or wild-type littermates,

respectively.
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Figure 4. SIRT1 and SIRT2 activities are essential for survival of MNs after HA nerve
injury. (A) Representative microphotographs of Nissl stained ipsilateral hypoglossal nuclei
from WT, SIRT1-overexpressing (Tg SIRT1) or NH-treated mice at 21dpi. The histogram
represents the mean percentage + SEM of surviving MNs in the ipsilateral side respect to
the contralateral side (n=4-5, ANOVA, post hoc Bonferroni, *p<0.05 vs WT). (B) Hypoglossal
nuclei stained with Nissl from WT, knock out (KO) for SIRT2 and AK7-treated (20 mg/kgi.p,
daily) mice at 21 dpi. Plots of the percentage + SEM of the counted MNs at the ipsilateral
side respect the contralateral for different experimental groups at 21 dpi (n=4, ANOVA, post
hoc Bonferroni, *p<0.05 v Scale bar= 100um.

Overall these results suggested that inhibition of SIRT2 is detrimental in vivo,
although notin vitro, while fostering SIRT1 activity is beneficial for MN survival after

axotomy of the hypoglossal nerve.

Due to differences between in vitro and in vivo results regarding
neuroprotection provided by AK7 treatment, we used an intermediate model, the
spinal cord organotypic model (SOCs) (Herrando-Grabulosa et al., 2016) to know
whether the presence of glial cells in the culture might be the cause of this
discrepancy. We observed that TUN treatment produced a decline in SMI-32 positive
MN pool compared to control or vehicle treatment (Fig. 5a). We observed that TN
treatment drastically reduced the activity of SIRT1 as nerve injury in vivo, but in this
case, this stress enhanced the activity of SIRT2 (Fig. S1 and 2). In this model of MNs
death, we observed that NH-treated SOCs better preserved the survival of MNs while
AK?7 treatment yielded similar readouts than TUN alone (Fig. 5a). Hence, regarding
AK?7, the results obtained in SOCs were unlike to those obtained in the NSC-34 model

but similar to the in vivo model.

Considering that one of the main differences in both in vitro models is the
presence of glia cells, we wondered whether AK7 influenced in this particular cell
type and thus reverting MN destiny. One of the possibilities to be explored was that
AK?7 treatment could influence in microglia and render it more reactive (Pais et al,,
2013). Considering that NF-kb is a transcription factor implicated in the production
of pro-inflammatory cytokines (Pais et al., 2013), we investigated its protein levels
at the nuclei of microglia in SOCs. We did not observe a significative increase of NF-
kb in TUN-treated SOCs compared to those vehicle-treated or control (fig. 5b). In
contrast, while there was a considerable decrease of nuclear NF-kb in microglia of

NH-treated stressed SOCs, AK7 treatment increase significantly its presence (Fig.
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5b). Accordingly, we observed a trend to increase in the levels of IL-1f and TNF-a
gene expression in AK7-treated SOCs respect to TUN or control samples (Fig. 5c).
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Figure 5. SIRT1 and SIRT2 activities maintains neuron survival in an in vitro model
of ER stress in SOCs. (A) Left, SMI-32 representative microphotographs from the ventral
horn of the SOCs after two days of treatment with TN with or without the NH or AK7 co-
treatment. Right, Bar graphs showing the number + SEM of SMI-32 positive cells in the
ventral horn of each hemi-section of the spinal cord slice (n=5-10 complete spinal cord
slices, ANOVA, post hoc Bonferroni *p<0.05 vs Veh, #p<0.05 vs TN, $p<0.05 vs AK7). Scale
bar = 100um (B) Left, Confocal microphotographs of the immunolabelling of p65 subunit of
NF-xBinred, Ibal in green and DAPI in blue from different experimental conditions 6h after
of TN adding. Right, Histogram showing the percentage of microglial cells with positive
nuclear labelling of NF-kB for each experimental group. (n=4, ANOVA post hoc Dunnett
*p<0.05 vs TN). Scale bar= 10um. (C) Histogram of mean values obtained by quantitative
real-time PCR for IL-18 and TNFa mRNA in the control (CTL), TN or TN plus AK7 SOCs at 6
h post-treatment.

To confirm that it might be what it happened in vivo, we analyzed AK7-
treated injured animals, and we observed an increased in CD86, marker of M1
phenotype (Wachholz etal., 2016) was also increased in microglial cells treated with
AK7 at 3 dpi (Fig. 6a). Accordingly, we observed a major quantity of NF-kb in the
nucleus of microglia of AK7 treated injured animals than control (Fig. 6b). In
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addition, we observed an increased in the expression of IL-1$ and TNFa genes
promoted by AK7 treatment at the same time (Fig. 6c).
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Figure 6. Sirt2 inhibition exacerbates microglial reaction and compromise MN
survival after nerve neurotmesis. (A, B) Left, Inmunohistochemical analysis of NF-«kB
and CD86 in red, versus Ibal in green and counterstained with DAPI and blue FluoroNissl
from vehicle or AK7 treated animals at 3dpi. (A, B) Right, Histograms showing the mean *
SEM of the % of microglial cells with positive nuclear NF-kB labelling or the number of
microglial cells per mm2 with CD86 labelling for both groups (n=3 for veh and 4 for AK7, t-
test, *p<0.05 vs Veh). Scale bar= 10pm. (C) Histogram of mean values obtained by
quantitative real-time PCR for IL-1f3 and TNFa mRNA in the hypoglossal nuclei from Veh or
AK7-treated animals at 3dpi.

Thus, overall the results suggested that although SIRT2 inhibition might be
beneficial for the neuronal survival itself, important issues regarding accompanying
glial cells should be also considered, since the overproduction of pro-inflammatory
interleukins might override all the beneficial aspect to the neurons.
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DISCUSSION

Impediment in communication among nerve cells and their tissue target is a
common issue in neurodegeneration. In neurodegenerative diseases, in addition to
their particular protein hallmarks, all of them face the neuronal death related to
soma isolation due to neurite retraction. Deciphering the programs activated by
neurons to cope with this damage may add valuable information to obtain robust

pipelines for neuroprotective therapy.

The purpose of the present study was to assess the implication of SIRT1 and
2 for neuroprotection of disconnected central neurons using the hypoglossal nerve
axotomy model. Axotomized cranial motoneurons suffered a non-apoptotic
neurodegenerative process characterized by the activation of IRE1a branch of the
unfolded protein response (UPR). We demonstrated that pharmacological
activation with NeuroHeal or overexpression of SIRT1 is beneficial, whereas
pharmacological or genetical inhibition of SIRT2 is detrimental for axotomized
neuron survival. Nevertheless, SIRT2 inhibition with AK-7 could exert
neuroprotection in a motoneuron-like cell line but not to MNs in organotypic culture
with the presence of glia, submitted to ER stress. AK-7 treatment in the organotypic
and in the in vivo model promoted an overproduction of pro-inflammatory cytokines
and “M1” or pro-cytotoxic microglia population that can explain its deleterious

effect.

We have demonstrated that activation of SIRT1 with NeuroHeal is important
for neuroprotection of disconnected cranial motoneurons in mice as it was for root
avulsed spinal motoneurons in rats (Romeo-Guitart et al.,, 2017a). We have recently
reported that its treatment produced long-lasting neuroprotection and also
accelerated nerve regeneration and reduced muscle atrophy in a pre-clinical model
of root avulsion with delay repair (Romeo-Guitart et al., 2017b). In vitro, NeuroHeal
was able to rescue neurons in vitro from ER stress insults although the mechanisms
involved are still to be elucidated. We previously showed that SIRT1 activation was
necessary for NeuroHeal neuroprotection although this drug composition is
essentially multitarget (REF). SIRT1 has been repeatedly reported to be important

for neuroprotection in several models of neurodegenerative diseases (e.g

121



Motor Neuroprotection by SIRT1 and SIRTZ2

Alzheimer’s disease, Huntington'’s disease) (Kim et al., 2007; Jeong et al., 2012; JeSko
et al, 2017) and crucial in cerebral ischemia and preconditioning (Khoury et al,,
2017). Thus, we confirm that activation of SIRT1, but in particular through the
treatment with NeuroHeal, is a promising therapeutic option for disconnected

neurons.

Surprising results were obtained regarding SIRT2 inhibition with AK-7. We
expected AK-7 and deletion of SIRTZ to be neuroprotective since SIRT2 inhibition
has been reported for some age-related disorders such as PD (Outeiro et al., 2007;
Luthi-Carter et al., 2010; Taylor et al., 2011)(Chen et al., 2015b); (Di Fruscia et al,,
2015) and Huntington disease models (Pallos et al.,, 2008); (Chopra et al,, 2012). On
the contrary, our results indicated that AK-7 treatment resulted deleterious for
disconnected MN survival. Although in cell lines the treatment was beneficious,
recreation the complex microenvironment of the nervous system and adding the
time necessary to favour the apparition of chronic circumstances such as
inflammation are crucial to ascertain with proper neuroprotectants towards the
clinics. In our organotypic and in vivo models, AK-7 treatment render microglia cells
more prone to generate pro-inflammatory cytokines which might override any
putative protection that the treatment might do to the neurons specifically. After
axotomy, primary injury induces the apparition of inflammatory reaction with
cytokines and chemokines released and spread to peri-lesional areas. Microglial
activation, a key process in the propagation of inflammation to neighbouring tissue,
may lead to impaired neuronal survival in the peri-lesional regions as a result of the
generation of cytokines and reactive oxygen species. Our data indicated that AK-7
treatment results in enhanced microglial activation at the injury site, indicating that
SIRT2 inhibition might aggravate the acute inflammatory response. Accordingly,
SIRT2 is reported to interact with p65, an NF-«kB subunit in the cytoplasm, and to
deacetylate it at Lys310 in vitro and in vivo (Rothgiesser et al., 2010)). After TNFa
stimulation, p65 is hyperacetylated in SIRTZ2-deficient cells, which results in
increased expression of a subset of p65 target genes (Rothgiesser et al., 2010). This
is in agreement with recent reports that have indicated that SIRT2 targets Lys310
of p65 to influence pro-inflammatory gene transcription in microglia (Lin et al,,

2013); (Pais et al., 2013). Together, these data indicate that post-translational
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deacetylation of p65 by SIRT2 might be one of the mechanisms that contribute

toward its anti-inflammatory properties

Our results are in agreement with others reporting no-beneficial effect of AK-
7 where the control of microglial reaction is crucial for neuronal survival such as in
amyotrophic lateral sclerosis (Chen et al., 2015b) or traumatic brain injury (Yuan et
al, 2016). Another study, using SIRT2 knock-out mice, revealed an increase in
microglial activation and pro-inflammatory cytokines upon intra- cortical injection
of LPS (Pais et al.,, 2013). SIRT2 deletion also promotes inflammatory responses in a
dextran sulfate sodium (DSS)-induced model of colitis (Lo Sasso et al.,, 2014). When
recombined SIRT2 protein is transduced into murine macrophages, it inhibits LPS-
induced expression of cytokines as well as activation of NF-kB and MAPKs ((Kim et
al., 2013), further demonstrating a role for SIRT2 activation in the suppression of
the inflammatory response. However, other contradictory results imply that SIRT2
might play a detrimental role under inflammatory conditions. In one study, SIRT2
inhibition by genetic and pharmacological mediators and reactive oxygen species by
macrophages via a mechanism involving degradation of IkBa and nuclear
translocation of p65 (Lee et al., 2014; Chen et al., 2015a). The systems of study are
different what might explain the controversy, nevertheless this call for caution when

extrapolate for therapy design.

Avery interesting recent study demonstrate that release of cytokines such as
IL-1F and TNF-a y by classically-activated neuroinflammatory microglia induce a
subtype of astrocytes termed A1l reactive astrocytes which are neurotoxic for
axotomized neurons and are present in human neurodegenerative diseases

(Liddelow etal., 2017).
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SUPPLEMENTARY FIGURES

Veh

TN

TN+
NH

Figure S1. TN reduces SIRT1 activity and NH reverts this blockage. (A) Confocal
microphotographs of immunolabelled SOCs against SIRT1, Ac-p53 and Ac-H3k9 in red,
SMI3-32 in green and DAPI in blue for each group after 2 days with different treatments.
Scale bar= 25um

Veh

TN

TN+
AK7

Figure S2. ER stress increases SIRT2 activity and AK7 blocks it (A) Confocal
microphotographs of immunolabelled SOCs against SIRT2 or Ac-H4K16 in magenta, Ac or
total a-tubulin in red, SMI3-32 in green and DAPI in blue for different groups 6 hours after
Veh, TN or TN+AK?7 treatment. Scale bar= 25um
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ABSTRACT

Sustain viability of motoneurons (MN) after the target deprivation during
early postnatal stages can enhance functional recovery of patients whom suffered a
nerve injury. Nowadays, new-born child who suffered a nerve injury only receive
reparative surgery as therapy, being this insufficient to obtain an optimal motor
recovery. MNs perish after the target deprivation due to an axonal disconnection,
being this reduction the main cause of the future functional impairment. Currently,
no neuroprotective therapies at clinical level are described to sustain MN viability
until muscle reinnervation. We have recently discovered a drug combination called
as NeuroHeal (NH), which is able to avert MN demise after nerve injury in adult
stages. On the other side, it is also able to raise SIRT1 activity in different models
characterized by massive MN death. We found that SIRT1 deacetylase activity is
reduced within neonatal MNs after nerve injury. Target deprivation also induces
the presence of apoptotic activation hallmarks such as caspase 3 and PARP cleavage
were at the nuclei of injured MNs. The treatment with NH averted MN apoptotic
death after sciatic nerve injury, modulated the post-transductional state of FOX03a
and increased the autophagic flux. NH had also long-lasting effects and did not
affected the normal development of the peripheral nervous system. Thus,
NeuroHeal is a promising treatment for the nerve injuries that occur during early

stages of development.

Keywords: obstetric injuries, target deprivation, nerve crush, motoneurons,

apoptosis, cell death, NeuroHeal, neuroprotection, Sirtuin 1, autophagy.
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INTRODUCTION

Previous attempts to discover neuroprotective agents by identifying single
therapeutic targets from pathological signalling cascades have failed to translate to
efficacious therapies for neurodegenerative processes. We hypothesized that
studying the molecular determinants of endogenous neuroprotection using systems
biology approach in a well-established paradigm of self-neuroprotection against
neuronal disconnection which is the distal peripheral nerve axotomy model (Casas
et al, 2015), would reveal new neuroprotective agents (Romeo-Guitart et al,,
2017a). Using artificial neural intelligence we discovered NeuroHeal, a combination
of two repurposed drugs, acamprosate and ribavirin (Romeo-Guitart et al., 2017a).
NeuroHeal was demonstrated to be neuroprotective for adult MNs after proximal
axotomy (Romeo-Guitart et al,, 2017b) and root avulsions (Romeo-Guitart et al.,
2017c) which suffer a non-apoptotic neurodegenerative process. However, it is
known that axotomized neonatal MNs dye by an apoptotic process (Oliveira et al,
1997; Sun and Oppenheim, 2003). So, we did not know whether NeuroHeal could be

neuroprotective for that.

Nervous system is extremely susceptible to external insults during the early
days of development. Those injuries that disrupt the neuron-target organ
connection, such as facial palsy or brachial plexus avulsion during obstetric
interventions, will change the whole life of the new-born. Brachial injuries affects 2-
3 of 1000 births (Pondaag et al., 2004). Although nerve regeneration is greater in
new-borns than in adults and reparative surgery can be performed (Kennedy,
1903), functional deficits are not fully reversed and between 20 and 30% of those
patients will not have an optimal spontaneous recovery (Pondaag et al.,, 2004;
Malessy and Pondaag, 2009) or central developmental disabilities (Buitenhuis et al.,
2012). The main cause that prevent the functional recovery is the fast and massive
motoneurons (MNs) death that occurs after target deprivation (Lowrie et al., 1994).
Therefore, sustain MN viability until axonal regrowth and the consequent organ

reinnervation are achieved is essential to warranty a correct functional recovery.

The NAD-dependent deacetylase sirtuin-1, hereinafter SIRT1, has emerged

as a neuroprotective player in several neurodegenerative models and in adult death
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of MNs after root avulsion (Langley and Sauve, 2013; Romeo-Guitart et al., 2017a).
SIRT1 is able to induce autophagy by the modulation of autophagy related genes
(ATG) and the mammalian Target of Rapamycin (mTOR) (Lee et al., 2008; Ghosh et
al., 2010). Parallelly to SIRT1 and acting co-ordinately, the phosphatidylinositol-4,5-
bisphosphate 3-kinase (PI3K)/AKT axis also modulates autophagy depending on
the cell paradigm (Jung et al,, 2010; Wang et al., 2012b; Kaur and Sharma, 2017).
Regarding our apoptotic death of MN, some studies suggest that autophagy can
bypasses apoptotic outcome in other cell types and therefore avoid cellular death

(Kondo et al., 2005; Maiuri et al., 2007)

The Forkhead box 0 proteins (FOXO0) are a well-known transcription factors
(TF) that drive cell metabolism, stress response and lifespan (van der Horst and
Burgering, 2007). Among them, FOX0O3a drives autophagic flux in different cell types
such as hematopoietic (Israeli, 2013), cardiomyocytes (Sengupta et al., 2009) and
muscle (Mammucari et al., 2007) conferring cell protection or modulating cell size.
FOXO03a is downregulated after nerve or spinal cord injury (Wang et al., 2009a;
Zhang et al,, 2013), and exerts neuroprotection in vitro and in C. elegans models of
MN death (Mojsilovic-Petrovic et al, 2009). The FOXO3a activity as TF is
orchestrated by the direct AKT-phosphorylation and Sirt1-deacetylation, being both
of them direct inhibitors of its activity. Nevertheless, it was recently SIRT1 promotes
FOX03a-depedent gene expression to exert neuroprotection in Huntington disease
model (Jiang et al., 2012). So SIRT1 seems to drive the FOX03a activity enhancing or

repressing a set of transcriptional networks.

NeuroHeal, promotes SIRT1 Gain-of-Function and activates the AKT
pathway. Therefore, we hypothesize that NH can induces autophagy after neonatal
nerve injury and bypass the apoptotic death by dual modulation of FOX03a. To
achieve this aim, we used in vivo and in vitro models of neonatal MN death after
nerve injury, we modulated SIRT1 and the PI3K/AKT axis and analysed FOX03a
state to test the hypothesis.
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MATERIAL AND METHODS

Subjects and surgical procedures

All the procedures used in this work that involved animals were approved by
the of Universitat Autonoma de Barcelona and Generalitat de Catalunya, and follow
the European Community Council Directive 2010/63/EU. Pregnant rats were
maintained under standard conditions of light, CO2 and fed ab libitum. Once born,
the litter was individualized for each rat and maintained with the same conditions.
For surgical intervention, we deeply anesthetise pups at 4 days of age reducing its
body temperature with ice. Besides this, we dissected the right sciatic nerve, we
crushed it twice with a fine forceps during 10s and we closed the bound with suture.
Animals were placed on a warm environment and once recovered, they were
returned with its dam. For bilateral sciatic nerve injury, we crushed both nerve and

sutured the bounds immediately.

Drug treatments

We purchased Acamprasate Calcium (Aca), Ribavirin (Rib), Ex-527,
Nicotinamide (NAM), 3-Methyladenine (3MA) and LY-294,002 hydrochloride
(Sigma-Aldrich, Saint Louis, MO), diluted H20 or DMSO and added at 55uM, 1uM,
10pm, 5mM, 10um and 10um respectively to the in vitro SCOCs. The in vivo oral
treatment NeuroHeal is composed by two diferent drugs: Aca (Merck, Darmstadt,
Germany) and Rib (Normon, Madrid, Spain). We ground pills from both compounds
into fine powder and added in tap water of the dams at final concentration of 2.2
mM and 1mM for Aca and Rib respectively. Nicotinamide was purchased from
Sigma-Aldrich and dissolved into fresh water at final concentration of 5 mM. We
added the NH or the NH+NAM drugs at the drinking water the previous day of the
injury to ensure the pup treatment the same day of the injury. We added drugs to

fresh water every 3 days. Vehicle water was also changed every 3 days.

Electrophysiological test

At 28 and 42 dpi, we deeply anesthetize animals with with ketamine /xylazine
(100:10 mg/kg weight, i.p) and evaluated motor nerve conduction and

reinnervation using an electromyography equipment (Synergy Medelec, Viasys
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HealthCare). Body temperature was kept constant (34-362C) with the aid of a
thermostated flat coil. We inserted two needle electrodes percutaneously at the
sciatic notch and applied single rectangular pulses of 20us with increasing voltage
until generate the maximal evoked response. The compound muscle action
potentials (CMAP) at gastrocnemius and plantar muscles were registered with
microneedle electrodes, amplified, displayed and analyzed with the appropriate
settings. We measured the onset of peak (latency, ms) and the distance between
from baseline until top of the peak (Amplitude, mV). Once evaluated, the animals

were allowed to recover in a warm environment.

Spinal organotypic cultures (SOCs)

We removed the spinal cord from 7-days old Sprague Dawley rats and placed
it in 30% glucose cold Gey’s balance salt solution (Sigma-Aldrich). Besides this, we
cleaned it from meninges, cut it into 350pM-thickness slices and placed onto
Millicell-CM of 30-mm-diameter (0,4pum, Millipore, Billerica, USA) within 6-weel
plates (Thermo Fisher Scientific,c Waltham, MA, usa) containing 1mL of culture
medium. Culturing media is based in 50% (v/v) minimal essential medium (MEM),
2mM glutamine, 25 (v/v) Hank’s Balanced Solution (HBSS, Simga-Aldrich)
supplemented with 25.6 mg/mL glucose and 25 mM Hepes at pH=7,2. Cultures were
maintained in a 5% COZ2 air humidified environment at 372C. The following day after
seed the SCOCs, we changed the media and added the different drug treatments:
H20+DMSO as vehicle, NH, NH+Ex-527, NH+NAM, NH+3-MA and NH+LY294.
Medium was changed twice per week. After 2 weeks of treatment, we removed the
media, post-fixed the spinal cords with cold 4% PFA solution in a 0.1 M phosphate
buffer at pH 7.2 for 1 hour, washed them with TBS several times and incubated
during 48h with primary antibodies combined with mouse-anti anti-Neurofilament
H Non-Phosphorylated (SMI32; 1:1000; Biolegend) at 42C. Confocal
microphotographs of a predefined Z-stack were taken covering ventral horn of each
SOCs and MN presence was assessed counting SMI32+ neurons for each SOC

hemisection.
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Tissue processing for histology

We euthanized at 10dpi or 42dpi the animals with dolethal injection (60
mg/kg i.p), and perfused them with transcarrdially infusion of a saline solution of
heparine (10 U/mL) followed by 0.1M PBS buffer solution of 4% paraformaldehyde.
We collected the L4-L5 spinal cord segments and the contra- and ipsilateral
gastrocnemius muscles. The spinal cord were post-fixed 2 h with the same solution
and introduced into a 30% sucrose solution for cryopreservation at 42C. Muscles
weighted and transferred to the same sucrose solution. Muscle atrophy was
assessed by the ratio between ipsi and contra muscle weight. We froze the spinal
cords with Tissue-tek (Sakura Finetek) and cut them into serial slices of 20-pum (20
slices of 10 slides each) with the aid of cryotome (Leica, Heidelberg, Germany) and

kept them at 202C until used.

Immunohistochemistry

For immunolabelling, we washed the spinal cord slides with Tris-buffered
saline (TBS), treated them with TBS-Glycine 0,1mM and with blocking solution TBS
with 0,3% Triton-X-100 and 10% donkey serum for 1h at RT. Then, we incubated
overnight at 2C with the following primary antibodies: rabbit anti-ionized calcium
binding adaptor molecule 1 (Ibal; 1:1000, Wako), rabbit anti-glial fibrillary acidic
protein (GFAP; 1:1000, Dako), rabbit-anti NAD-dependent deacetylase sirtuin-1
(SIRT1; 1:100, Millipore), rabbit anti-acetyl-Histone H3 (Lys9) (Acetyl H3-K9; 1:50,
Millipore), rabbit anti-acetyl-p53 (Lys373) (Acetyl p53-K373; 1:500, Millipore),
rabbit rabbit-anti cleaved caspase 3 (Casp3 act.; 1:200;Cell Signaling), rabbit anti-
lysosomal-associated membrane protein 1 (LAMP1; 1:200, Antibodies-online),
mouse anti-autophagy protein 5 (ATG5; 1:200, Nanotool), mouse anti-nucleoporin
62 (p62; 1:100; BD Trasduction Laboratories), rabbit anti-phospho FOX03a (Ser-
253) (pFOX03a; 1:500, Abcam), rabbit anti-FOX03a (FOX03a; Novus Biologicals,
1:200), rabbit anti-phospho Protein Kinase B/AKT (Ser-473) (pAKT; 1:500, Santa
cruz), rabbit anti-C terminal of Poly [ADP-ribose] polymerase 1/2 (PARP1/2; 1:200;
Santa Cruz) and goat anti-choline Acetyl-transferase (ChAT; Millipore, 1:50). After
several washes with TBS with Tween-20 at 0,1%, we added specific donkey-Cy3 or
Alexa488 against primary antibody (1:200; Jackson Immunoresearch) during 1h
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and 30" at RT. We removed the exceeding secondary antibody washing with TBS-
0,3Triton-X-100 and counterstained the slices with fluorescent green or blue
NeuroTracer Nissl Stain (Molecular Probes, Leiden, Netherlands) and DAPI (Sigma,
St Louis, MO, USA). The slices were washed with TBS and TB, and were mounted

with Fluoromount-G mounting medium (SouthernBiotech).

We examined under confocal microscope with a Confocal Laser Scanning
Microscope (Zeiss LSM 700; Zeiss, Jena, Germany) the spinal cord from different
animals and experimental groups. Confocal images were systematically adquiered
using three separate photomultiplier channels with a 1.4 numerial aperture
objective of 20x under the same conditions of sensibility, resolution and exposure
time for each analysed marker. Images were separately projected and merged using

a pseudocolor display. Signal intensity was analysed with the aid of the Image]

software (National Institutes of Health; available at http://rsb.info.nih.gov/ii/). The
Nissl or DAPI labelling were used as ROI (Region of interest) to enclose the MN
cytosolic or nuclei respectively area, and the integrated density within the ROI was
obtained for at least 15 MNs extracted from three different sections (separated 100

um between each one) per animal for each marker.

For gliotic response, we acquired images from at least five spinal cord
sections (separated by 200-pum between pairs) immunolabelled against Ibal and
GFAP at 20X with the aid of a digital camera (Olympus DP76) attached to a
microscope (Olympus BX51). The integrated density of marked ROI covering the

whole ventral horn was calculated.

Immunohistochemistry of the sections to be compared between them were
processed together on the same slide and on the same day. The analysis of the

images to be compared was also performed the same day.

Western blotting and immunoprecipitation

To detect proteins by immunoblotting we collected 4 different SOCS for each
“n” at 3 div or pup spinal cords (L4-L6 segments) at 3 dpi, added lysis buffer (50 Mm
Tris, 2mM EDTA, 10 mM Nicotinamide, 0.5% Triton-X-100 and a cocktail of protease
(Sigma) and phosphatase inhibitors (Roche); pH=6.8) homogenised with a Pellet

pestle (Sigma-Aldrich) on ice, and sonicated with a Ultrasonic homogenizer (Model
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3000, Biologics Inc). We centrifuged at during 10 min at 13000g at 4°C, harvested
the supernatant and was quantified it by BCA assay (Pierce Chemical Co.; Rockford,
IL, USA). An equal amount of protein (10pg/well) were resolved in SDS-Page and
transferred to a nitrocellulose membrane in a BioRad cubette system in 25 mM Tris,
192 mM glycine, 20% (v/v) methanol, pH 8.4. We blocked the membrane with 5%
milk solution in 0.1% Tween-TBS for 1 hour at RT and incubated overnight with
different primary antibodies: rabbit anti-C terminal of Poly [ADP-ribose]
polymerase 1/2 (PARP1/2; 1:500; Santa Cruz), rabbit anti-phospho ulk1 (Ser 555)
(pUlk1; 1:1000; Millipore), mouse anti-autophagy protein 5 (Atg5; 1:1000;
Nanotools), rabbit anti-microtubule-associated proteins 1A/1B light chain 3B (LC3;
1:1000; Abcam), rabbit anti-phospho FOXO03a (Ser-253) (pFO0XO03a; 1:1000,
Abcam), rabbit anti-FOX03a (FOX03a; Novus Biologicals, 1:500), rabbit anti-
phospho Protein Kinase B/AKT (pAKT; 1:1000; Cell Signalling), rabbit anti-AKT
(AKT, 1:1000; Cell Signalling) and anti-B-actin (Actin; 1:3000; Sigma Aldrich). After
wash the membrane, it was incubated for 1 h with an appropriate secondary
antibody conjugated with horseradish peroxidase (1:5000, Vector). The membrane
was visualized using a chemoluminiscent method (ECL Clarity kit, Bio-Rad
Laboratories, Berkeley, CA, USA) and the images were captured and quantified with

Image Lab Software (Bio-Rad Laboratories).

For Immunoprecipitation, we followed the manufacturer’s protocol (Life
Technologies). Briefly, we linked the anti-Acetylated lysine antibodies (Ac-Lys;
1:200; Sigma) to the magnetics particles on a rotatory wheel during 10 min at RT,
washed them and incubated with 20pg of protein extract during 10 mins at RT on a
rotatory wheel. After elution, proteins were denaturalized, resolved in SDS-Page gel
of 10%, transferred to a nitrocellulose membrane, incubated with primary and

secondary antibody as previously described.

Transmission Electronic microscopy

After perfusing the animals as explained previously, we submerged the L4-
L6 spinal cord segment in a fixative solution of 2.5% (v/v) glutaraldehyde (EM
grade, Merck, Darmstadt, Germany and 2% (w/v) PFA in PB 0.1M, pH 7.4 and placed
them on a rocking platform for 2h. Besides this, we fixed in 1% (w/v) PFA and
subsequently post-fixed with 1% (w/v) osmium tetroxide (TAAB Lab. UK)
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containing 0.08% (w/v) potassium hexocyanoferrate (Sigma-Aldrich) in PB for 2
additional hours at 4°C, and after 4 washed with deionized water, we dehidatrated
them with sequential washes of acetone (Ref Alex). We embedded samples in EPON
resin and polymerized it at 602C for 48h to obtain semithin sections (1um) with a
Leica ultracut UCT microtome (Leica Microsystems GmbH, Wetzlar, Germany).
Besides this, we stained the sections with 1% (w/v) aqueous toluidine blue solution
and examined with a light microscope to identify the ventral horn area. We cut with
diamond knife ultrathin sections (70 nm), placed on coated grids and contrasted
with conventional uranyl acetate and Reynolds lead citrate solutions. Finally, we
observed the sections with a transmission electron microscope (EM) (Jeol1400 Ltd,
Tokyo, Japan) equipped with a Gatan Ultrascan ES1000CCD Camera. We analyzed 3-
4 MNs/animal.

Motor neuron counting

We stained with FluoroNissl (Life Technologies) green 20 slides (separated
by 100 um) covering all the L4-L5 medullar segment of every animals during 20 min
following the manufacturer’s protocol. @ We systemically took sequential
microphotographs from the lateral funiculus of contra- and ipsilateral sides of each
animal with the aid of a digital camera (Olympus DP76) attached to a microscope
(Olympus BX51) at 20X. Only those MNs localized in the more lateral neuron pool of
the grey matter with a prominent nuclear and higher soma of 900 um? were counted
as MN. The percentage of MN survival was calculated as the number of surviving MNs

at the ipsilateral side respect to the contralateral for each animal.

Statistical analysis

Data is presented as mean * standard error of the mean (SEM). We
performed the statistical analysis with the aid of the GraphPad Prism 5 software. We
performed Unpaired t-test, to compare two groups, or One-way analysis of variance
(ANOVA), to compare three or more groups followed by Bonferroni’s multiple

comparison test. Significant differences were taken under a p<0.05 value.
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RESULTS

NeuroHeal neuroprotects neonatal axotomized MNs in vivo

and in vitro

To explore the neuroprotective potential of NH treatment of injured neonatal
motoneurons we used a model of neonatal axotomy of the sciatic nerve by the
postnatal day 4 of age (P4) (Figure 1A). Injury rapidly provoke the mortality of
more than 38% of L4-L5 ipsilateral MNs regarding contralateral side (Figure 1B).
Nourished mother was orally administered with NH at a particular concentration
within the optimal therapeutic range (Romeo-Guitart et al., 2017a) expecting to
arrive to sucking pups. We observed that NH treatment increased the percentage of
MN survival compared to vehicle treatment (Fig. 1B). Since we previously reported
that NH activated SIRT1 and this was relevant for survival to avulsed adult MNs
(Romeo-Guitart et al., 2017a), we tested whether it was similar for neonatal MNs.
We orally administered nicotinamide (NAM), a non-specific inhibitor of sirtuins’
activity, concomitant to NH to suckled mothers. We observed that NAM treatment
blocked the neuroprotective effect promoted by NH (Fig. 1B). We corroborate the
effects of treatment on SIRT1 activity by analysing the acetylated levels of two of its
substrates such as Histone H3 acetylated at Lys9 (Ac-H3k9) and p53 acetylated at
Lys373 (Ac-p53) as direct readout (Imai et al,, 2000; Luo et al, 2001a, 2001b).
Axotomy produced an aberrant SIRT1 nuclear accumulation, but an overacetylation
of both substrates indicating that SIRT1 activity was drastically reduced by injury
(Fig. 1C). The treatment with NH normalized SIRT1 levels and the acetylation state
of p53 and H3. This normalization effect produced by NH was blocked with the co-
treatment with NAM suggesting that SIRT1 mediated the effect (Fig. 1C).
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Figure 1: NH treatment reduces MN demise by SIRT1 Gain-of-Function. (A) Schematic
and workflow of the experimental designof the procedure. At 4 days post birth, sciatic nerve
from newborn-rats was crushed, and the animals were untreated or treated with NH or
NH+NAM. At 3 days post injury (dpi), we extrated the L4-L5 spinal segments for Western
blot (WB) and transmiscion electronic microscopy (TEM), for different groups. At 10 dpi,
we extracted spinal cords to analyse motoneuron survival. Some untreated or NH-treated
animals were electrophisiologycally tested at 28 or 42 dpi. (B) Left, Nissl microphotographs
from spinal cords from control (CTL) or sciatic nerve crushed animals at 10 dpi. Right,
Graphic showing the MN survival at the ipsilateral side with respect to the contralateral for
injury, and injured treated with NeuroHeal (NH) or NH plus Nicotinamide (NAM) (n=4
group, ANOVA, post hoc Bonferroni *p<0.05 vs Injury). (C) Left, Confocal images of MNs
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immunolabelled against SIRT1, Histone H3 acetylated at Lys-9 (Ac-H3k9), and p53
acetylated at Lys-373 (p53 Ack373) in red and counterstained with green fluorescent Nissl
and DAPI from MNs of CTL and injured animals from different groups at 10dpi. Bottom,
Histograms of the mean of the immunofluorescence for each marker inside the nuclei of
MNs (n=4 animals, ANOVA, post hoc Bonferroni, *p<0.05 vs NH, #p<0.05 vs CTL and $<0.05
vs NH+NAM). Scale bars= 100pum (B) and 25um (C).

Injured-induced Apoptosis is not inhibited by NeuroHeal but
it diminishes PARP1/2 cleavage

Since axotomy to neonatal MNs mainly engages the apoptotic pathway
(Oliveira etal., 1997; Sun and Oppenheim, 2003), we investigated whether NH acted
as an anti-apoptotic agent. We analysed the presence of cleaved casp3 as the last
executer of the apoptotic pathway. As expected, cleaved casp3 was present in the
nuclei of damaged MNs what was unchanged by NH treatment (Figure 2A). PARP-1
is one of several known cellular substrates of caspases. Cleavage of Poly (ADP-
ribose) polymerase (PARP-1/2) by caspases to yield an 85-kD PARP-1 fragment is
considered to be a hallmark of apoptosis(Chaitanya et al., 2010b) .

By immunoblotting of L4-L5 spinal cord segments from neonatal injured
pups at 3 dpi, we observed an increase of the 89-kD fragment after injury (Fig. 2B).
However, NH treatment reduced the apparition of whole PARP1/2 (115 kDa band)
and also the relative abundance of the active cleaved form of 89 kDa (Fig. 2B). In
agreement, immunohistochemical analysis of PARP1/2 localization revealed that
this enzyme was overrepresented within the nuclei and dispersed in the cytosol of
injured MNs as expected (Fig. 2C). However, NH treatment drastically reduced its
overall presence. Curiously, NAM co-treatment abolished the effect observed
produced by NH (Fig. 2C). These results suggested that NH might prevent late

apoptotic events downstream of caspase 3.
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Figure 2: Apoptosis is engaged and inhibited at PARP1 level. (A) Representative
confocal images of MNs from spinal cords immunolabelled against Cleaved caspase 3
(Casp3. Act) in red, Fluoronissl in green and DAPI from injury with or without NH treatment
at 10dpi. Scale bar= 100pum high magnification and 20pum low magnification. (B) Western
blots and histogram showing the analysis of PARP1 protein levels in control (CTL), injury
and injury with NH treatment animals at 3dpi. (n=4 animals, ANOVA, post hoc Bonferroni,
*p<0.05 vs NH, #p<0.05 vs CTL). (C) Top, Confocal microphotographs of the
immunolabelling of PARP1 in red, Fluoronissl in green and DAPI in blue of MNs from
different experimental conditions at 10dpi. Bottom, Quantification of the integrated density
of PARP1 into the nuclei of MNs for different experimental groups (n=4 animals, ANOVA,
post hoc Bonferroni, *p<0.05 vs Injury, #p<0.05 vs CTL and $p<0.05 vs NH+NAM) Scale bar=
20pm.

We further investigated the effects of axotomy and the neuroprotective

potential of NH using an in vitro model of neonatal axotomy based on organotypic
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culture of postnatal spinal cord (SOC) (Guzman-Lenis et al., 2009b). Chopped spinal
cord slices devoid of its roots provoked a natural death of 25% of MNs along 15 DIV
(Fig. 3A). Similarly, to the in vivo results, we observed that NH promoted
neuroprotection of axotomized MNs in the SOCs (Fig. 3A). We analysed caspase 3
and PARP1 cleavage. Similarly, axotomy provoked accumulation of cleaved caspase
3 within the MN nuclei in both vehicle and NH-treated SOCs (Fig. 3B). Axotomy
induced an increase of the PARP1 89 KDa fragment which was attenuated by NH
treatment (Fig. 3C). These results suggested that the in vitro model of axotomy

further reproduced the in vivo model.
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Figure 3: NH neuroprotects axotomized MNs in vitro. (A) Bar graphs showing the
number * SEM of SMI-32 positive cells in the ventral horn of each hemi-section of the spinal
cord slice (n=8-12 complete spinal cord slices, ANOVA, post hoc Bonferroni *p<0.05 vs 1DIV,
#p<0.05 vs Veh) (B) Confocal micropothographs of Cleaved caspase 3 (Casp3. Cleav) in red,
SMI32 in green and DAPI from CTL, Veh or NH-Treated SOCs at 15DIV. Scale bar= 20um (C)
Western blots and histogram showing the analysis of PARP1 protein levels from CTL, Veh
or NH treated SOCs at 2 days post treatment (n=4, ANOVA, post hoc Bonferroni, *p<0.05 vs
Veh).
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SIRT1 and PI3K downstream FOX03a modifications are

targeted by NeuroHeal

We analysed FOX03a transcription factor whose phosphorylation by PI3K
(Brunet et al.,, 1999) or deacetylation by SIRT1 (Brunet et al., 2004; Motta et al,,
2004) may drive survival or death (van der Horst and Burgering, 2007). We found
that FOX03a is abundantly expressed in neonatal spinal MNs both in vivo and in the
cultured SOCs at 15 DIV (Fig. 4A). FOX03a can be phosphorylated by AKT at Ser 253
(Brunet et al.,, 1999). We found that injury provoked an increase of pAKT which is
not altered by treatment with NH alone or in combination with NAM (Fig. 4B). This
increase correlated with an increase of pFOX03a which was sustained by NH but
abrogated when added NAM (Fig, 4C). Subcellular localization of pFOX03a was
determined by immunohistochemical analysis. We found that pFOX03a was mainly
cytosolic after injury but NH treatment forced its localization to be nuclear which
was abolished by co-treatment with NAM (Fig. 4D). Since acetylation also influence
in activity and localization of FOX03a (van der Horst and Burgering, 2007), we
investigated the amount of this isoform by immunoblotting. The amount of
acetylated form of pFOX03a was significantly higher after injury respect to control,
and NH treatment reduced its levels (Fig. 4E). Similarly, in vitro, we verified that
pFOXO03a levels and its entrance to nucleus were increased by NH (Fig. 4F). Co-
treatment of NH with an specific SIRT1 inhibitor, EX-527, abolished these increment
(Fig. 4G) and trendy with NAM co-incubation. Axotomy also increased Ac-pFOX03a
and NH reduced its presence (Fig. 4H).
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Figure 4: NH modulates FOX03a. (A) Confocal microphotographs showing the expression
of FOX03a in red, colabeled with Nissl or SMI32 in green and DAPI, from CTL spinal cord
from 15 days old animals or untreated SOCs at 15 DIV. Scale bar=100p for high
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magnification of the in vivo and 20um for other (B, C) Western blots and histogram showing
the analysis of pFOX03a (Ser 253), FOX03a, pAKT and AKT protein levels in different
experimental groups at 3dpi. (n=4 animals, ANOVA, post hoc Bonferroni, *p<0.05 vs NH,
#p<0.05 vs CTL). (D) Left, Confocal microphotographs labelled against pFOX03a in red, and
Fluronissl and DAPI as colabeling from different analysed conditions Scale bar= 20um
Right, Histogram showing the % of nuclear fluorescence of pFOX03 respect the total
labelling within MNs for different experimental conditions (n=4 animals, ANOVA, post hoc
Bonferroni, *p<0.05 vs CTL, #p<0.05 vs Injury and $p<0.05 vs NH+NAM). (E) Western blots
and histogram showing the analysis of immunoprecipitated Ac-pFOX03a (Ser 253), levels
in different in vivo experimental groups at 3dpi. (n=4 animals, ANOVA, post hoc Bonferroni,
#p<0.05 CTL). (F) Confocal microphotographs labelled against pFOX03a in red, and SMI32
in green and DAPI as colabeling from SOCs in diferent groups at 15DIV Scale bar= 20um. (G)
Western blots and histogram showing the analysis of pFOX03a (Ser 253) and FOX03a from
different SOC-treated groups at 3DIV (n=4, ANOVA, post hoc Bonferroni, *p<0.05 vs Veh,
#p<0.05 vs NH). (H) Western blots and histogram showing the analysis of
immunoprecipitated Ac-pFOX03a (Ser 253) protein levels in different experimental groups
at 3dpi. (n=4 animals, ANOVA, post hoc Bonferroni, *p<0.05 vs NH, #p<0.05 vs CTL).

SIRT1 activation is necessary for autophagy induction by

NeuroHeal

In order to further analyse the way NH promote neuroprotection to neonatal
axotomized MNs, and considering that several studies reported the existence of
crosstalk between apoptosis and autophagy which are used by some cancer cells to
bypass pro-apoptotic chemotherapy (Kondo et al, 2005), we analysed the
autophagic flux after NH treatment. We evaluated the presence of autophagy
markers such as LC3II formation, Ulk1 phosphorylation at Ser 555 and the presence
of conjugated ATG5/ATG12 (Klionsky etal., 2016) by western blot at 3dpi. We found
that all these markers were increased in injured tissue by NH treatment, and that
these effects were abolished with the NAM co-treatment (Fig. 5A). Accordingly, NH
treatment reduced the presence of p62 and increases LAMP1 and ATG5 within the
cytosol of MNs at 10 dpi (Fig. 5B). Moreover, TEM images confirmed the presence
of autophagosomes and autolysosomes only after NH treatment at 3dpi (Fig. 5C).
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Figure 5: NH treatment induces autophagy and this depends on SIRT1 activity. (A)
Western blots and histogram showing the analysis of pUlkl (Ser555), ATG5-ATG12 and
LC3II protein levels in different experimental groups at 3dpi. (n=4 animals, ANOVA, post
hoc Bonferroni, *p<0.05 vs NH, #p<0.05 vs CTL). (B) Top, Confocal microphotographs
labelled against p62 in green, LAMP1 and ATGS5 in red, and counterstained with Fluoronissl
blue and DAPI, from injury and NH treated animals. Bottom, Histograms of the mean of the
immunofluorescence for each marker within the MNs (n=4 animals, t-test, *p<0.05 vs
Injury). Scale bar= 25 pm. (C) Transmission electronic images from CTL, injury, NH and
NH+NAM animals at 3dpi. Note that only autophagosomes or autolysosomes, marked with
an asterisk, are detected in NH-treated MNs.

Further investigation revealed that NH treatment promoted autophagy to
injured slices observed by an increase in LC3II, pUlk1 and ATG5 presence (Fig. 6A).

These increments were abolished when NH treatment was combined with
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autophagy inhibitors such as 3MA or LY294, a well described inhibitors of
Phosphatidylinositol 3-kinases (PI-3K). In addition, specific inhibition of SIRT1 with
EX-527 or with NAM, also blocked autophagy induction promoted by NH (Fig. 6A).
Both SIRT1 inhibitors were verified to increase the acetylated forms of p53 and H3,
as expected (Fig. S1). Accordingly, NH-promoted neuroprotection was abolished

either when co-treatment with SIRT1 inhibitors or autophagy inhibitors (Fig. 6B).
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Figure 6: NH neuroprotects axotomized MNs by AKT /SIRT1 axes. (A) Western blots and
histogram showing the analysis of pUlk1l (Ser555), ATG5-ATG12 and LC3II protein levels
from SOCs after 2 days of treatment with NH alone or in combination with SIRT1 or PI3K
inhibitors (n=4, ANOVA, post hoc Bonferroni, *p<0.05 vs Veh, #p<0.05 vs NH). (B) Left, SMI-
32 representative microphotographs from the ventral horn of the SOCs after two weeks of
treatment with NH alone or in combination with SIRT1 or PI3K inhibitors. Scale bar=100um
Right, Bar graphs showing the number + SEM of SMI-32 positive cells in the ventral horn of
each hemi-section of the spinal cord slice (n=8-12 complete spinal cord slices, ANOVA, post
hoc Bonferroni #p<0.05 vs NH) Scale bar = 100um.

These results suggested that the model reproduces well what seems to
account in vivo and NH may promote neuroprotection through autophagy induction

where SIRT1 and PI3K activation seem to be necessary.
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Sustainability of endogenous neonatal nerve regenerative

capability by NeuroHeal

After nerve crush, pups are able to regenerate the nerve (Kashihara et al,,
1987). We previously reported that NH was capable to accelerate nerve
regeneration after crush injury (Romeo-Guitart et al, 2017a) or avulsion and
reimplantation of nerve roots (Romeo-Guitart et al.,, 2017b) in the adult. Thus, we
analyzed any effect by NH on motor nerve regeneration in the axotomized pups. We
observed that the compound muscle action potential (CMAP) amplitude and latency
were not modified by NH treatment in contralateral and injured side at 28 and 42
dpi (Fig. 7A). In the same way, muscle atrophy and its recovery after nerve injury
was not altered between both groups (Fig. 7B), indicating that after the injury the
NH did not averted a correct muscle development. Regarding neuroprotection, the
treatment with NH gave a raise in MN survival (Fig. 7C) and reduced astroglial and
microglial reactivity at 42 dpi (Fig. 7D). At this time post injury, cleaved caspase 3
disappeared from the nuclei in both groups, indicating that the MN faced up the
insult and survived. To check if the behaviour of remaining MNs is normal, we
analysed the Choline Acetyltransferase (ChAT) by IHC as marker of mature neuron,
and we observed that MNs from both groups had similar levels of this enzyme (Fig.

7D).
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DISCUSSION

In this study, we investigated the involvement of SIRT1 and PI3K activation
in neuroprotection of neonatal axotomized MNs in vivo and in vitro. Neonatal
axotomy produced apoptosis to MNs with casp3 and downstream substrate PARP1
cleavage. We showed that the SIRT1 activator NeuroHeal exerted neuroprotection
by promoting a notably reduction of the apoptotic hallmark fragment of
PARP1(Chaitanya et al., 2010a) despite persistent cleaved caspase 3. Investigating
the mechanisms by which NeuroHeal exerted neuroprotection we revealed that it
triggered SIRT1 and PI3K-dependent autophagy which was essential for MN
survival. Detailed downstream analysis pointed to pFOX03a deacetylation by SIRT1
as a relevant implicated factor although further analysis would determine the
degree of its implication in NH-induced autophagy. NeuroHeal exerted no-avert
effects on normal nerve regenerative process which is important for its therapeutic

potential for the treatment of traumatic injury after birth.

Neuroprotective strategies are still clinical demanded by society. NeuroHeal
was envisaged as an agent to boost endogenous mechanisms of self-
neuroprotection(Romeo-Guitart et al., 2017a, 2017b). It was discovered through a
systems biology approach to analyse comparative proteomic data between a model
of MN degeneration (proximal injury) and another of MN survival and regeneration
(distal injury) after axotomy obtained by simply changing the distance of injury in
the adult rat (Romeo-Guitart et al., 2017a). In the present work, we observed that
axotomy to neonatal nerves produced MN apoptosis in agreement with previously
reported studies (Deckwerth et al., 1996b; Chan et al., 2001; Sun and Oppenheim,
2003). We observed that it was characterized by the presence of caspase 3 and
PARP1 cleavage but also with an increase of p-AKT and accordingly, a huge
accumulation of cytoplasmic phosphorylated FOX03a (Tzivion et al., 2011; Brunet
etal,, 1999). However, importantly, phosphorylation by AKT and other kinases such
as, IKK, and ERK, also constitutes a signal for poly-ubiquitination and proteasomal
degradation of FOXO transcription factors (Matsuzaki et al, 2003; Huang and
Tindall, 2011) which is the opposite we observed after axotomy suggesting that
proteasomal degradation of FOX03a might be compromised. Since AKT activation

by PI3K phosphorylation is commonly accepted as a pro-survival signal, we
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considered this activation as an unsuccessful attempt of MNs to cope with the injury.
The same for the AKT-dependent FOXO3a cytoplasmic export preventing the
transcription factor induce the expression of several pro-apoptotic genes such as

BiM (Hagenbuchner et al., 2012) or BH3-only protein Puma (Ekoff et al., 2007).

SIRT1 however is inactivated within MNs after injury as observed by
accumulation of acetylated targets such as p53 (Luo et al,, 2001a) and H3 (Imai et
al., 2000). SIRT1 activity induces p53 deacetylation to avoid apoptotic cell death
(Luo et al,, 2001a) and neurodegeneration (Hasegawa and Yoshikawa, 2008). After
axotomy, SIRT1 might be inactivated probably due to its dependence of NAD+ levels.
Axotomy disrupt membrane integrity allowing massive calcium entry into the
neuron which may produce energy depletion and run out NAD+ stock which as
requirement for SIRT1 activation (Petegnief and Planas, 2013). SIRT1 is also
affecting FOX03a destiny by deacetylation. Sirtl deacetylates FoxOs and regulates
FoxO-dependent gene transcription either positively or negatively (Brunet et al,,
2004)(Motta et al., 2004). Indeed, it was observed that the same sites are either
acetylated or ubiquitinated for proteasomal targeting (Huang and Tindall, 2011).
Hence, sirtl inactivation after axotomy would render foxo3a acetylated that is a

more stable form which explain the huge cytosolic accumulation observed.

In this scenario, NH treatment sustained pAKT levels but promoted
activation of SIRT1 as well. As a consequence, levels of phosphorylated foxo3a
drastically decrease in the cytosol in agreement with its deacetylation state more
prone to be degraded. Curiously, although, reduced levels, there was an increased
proportion of pFoxo3a in the nucleus. In the literature, the dogma is that once
phosphorylated it is out of nuclei and hence inactive. But it is non-reported what can
be doing a version of foxo3a which is phosphorylated and deacetylated in the
nucleus. If it is active as a transcription factor, it would be interesting to analyse the
levels of transcription for several of their target genes, particularly those pro-
autophagic genes such as ULK2, Beclin 1, VPS34, Bnip3 and Bnip3L, Atg 12, Atg4B,
LC3, and GABAR- APL1 (Kroemer et al., 2010) that have been reported upregulated
by foxo3a in several models (Hariharan et al., 2010; Ni etal., 2013; Warr et al., 2013;
Sun et al, 2017). Consistently, the transcription of ATG genes will push the
apparition of autophagy and would help explaining the apparition of SIRT-
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dependent autophagy promoted by NH. In addition to this putative increase of ATG
gene expression which might not be sufficient to fully engage autophagy, it is
probably that other activated SIRT1-dependent actions might also be involved.
SIRT1 can deacetylate Atg5, Atg7 and LC3 (Lee et al., 2008). Besides, a cytoplasm-
restricted mutant of Sirt1 could stimulate autophagy (Morselli et al., 2010).

Although largely nuclear in many cell types, Sirtl could also be cytoplasmic
or mitochondrial localized (Aquilano et al., 2013). We observed that SIRT1 was
strongly accumulated within the nuclei of the neonatal MNs after injury leading to
inactivation. Curiously, NAM blocked the SIRT1 level and activity restoration
promoted by NH. These results suggested that SIRT1 might be deacetylated by a
NAD+ dependent deacetylase, maybe itself, and this may lead to degradation. It has
been reported recently that SIRT1 deacetylate SIRT3 in the mitochondria and this is
affect its activity and stability (Kwon et al., 2017). Although, the acetylation status
of SIRT1 is not documented it is possible that it happens similarly. This would

explain, why NH treatment downregulated SIRT1 levels but increased its activity.

Indeed, autophagy promoted by NH is sensible to the use of SIRT1 as well as
to PI3K inhibitors. Both PI3K inhibitors used blocked the formation of Ptdns (3)P
which is widely reported to be necessary for the formation of autophagosome
(Klionsky et al., 2016). The particular case of LY294002, which inhibits class [ PI3K,
inhibits also AKT phosphorylation. The implication of AKT in autophagy is dual since
it activates mTOR, which is supposed to inhibit autophagy (Jung et al., 2010; Kaur
and Sharma, 2017), and phosphorylated Beclin-1 which clearly inhibit autophagy
(Wang et al., 2012b). But, on the opposite, AKT is translocated and needed for the
formation of the autolysosome (Matsuda-Lennikov et al., 2014). Thus, the interplay
between Sirtl and AKT that directly interact and act on several common targets,
may fine tune the degree of autophagy to promote survival otherwise too excessive

autophagy is detrimental for the neuron.
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SUPPLEMENTARY MATERIAL
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Figure S1. NH increases SIRT1 activity in SOCs. Confocal microphotographs of
immunolabelled SOCs against SIRT1, Ac-p53 and Ac-H3Kk9 in red, SMI3-32 in green and
DAPI in blue for each group 15 div after the treatment with NH or NH+SIRT1 inhibitors.
Scale bar= 25um.
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Therapy for spinal root injuries with delayed reimplantation
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: The“gold standard” treatment of patients with spinal root injuries consists of delayed surgical

i reconnection of nerves. The sooner, the better, but problems such as injury-induced motor neuronal

: death and muscle atrophy due to long-term denervation mean that normal movement is not restored.

: Herein we describe a preclinical model of root avulsion with delayed reimplantation of lumbar roots that
: wasused to establish a new adjuvant pharmacological treatment. Chronic treatment (up to 6 months)

: with NeuroHeal, a new combination drug therapy identified using a systems biology approach, exerted
: long-lasting neuroprotection, reduced gliosis and matrix proteoglycan content, accelerated nerve

. regeneration by activating the AKT pathway, promoted the formation of functional neuromuscular

: junctions, and reduced denervation-induced muscular atrophy. Thus, NeuroHeal is a promising

. treatment for spinal nerve root injuries and axonal regeneration after trauma.

¢ Traumatic injuries to the spinal roots and brachial or lumbar nerve plexus usually result in permanent loss of
: motor and sensory functions in the affected members. Advanced microsurgical interventions by neurotization
: and nerve transfer' or, in some cases, by direct nerve reimplantation of injured roots has been shown to allow
: some functional recovery in cases with brachial plexus avulsion?~*. Although the outcome is dependent on age of
. the patient and delay of intervention, generally protective sensation is recovered, but there is considerable muscle
¢ atrophy and poor motor functional recoverys.

: Proximal nerve injuries result in three main problems. First, the rupture of the ventral roots results in a pro-
: gressive retrograde neurodegeneration of axotomized motoneurons (MN)®* that compromises motor functional
¢ recovery. Second, the long distances that injured motor axons have to regrow to reach the muscles of denervated
¢ limb makes the chances for reinnervation very limited®*’. Third, there is muscle atrophy due to long-term dener-
¢ vation®. Therefore, any envisaged therapeutic strategy must consider these aspects as a whole.

In animal models of root avulsion (root avulsion, RA), immediate reimplantation of the avulsed roots
¢ increases MN survival and allows some reinnervation of limb muscles although with limited functional recovery
. that is worse in lumbar than in cervical root injuries, likely due to the differences inlength'* '*. To prevent MN
. atrophy and enhance axonal outgrowth and fiber density along roots, several experimental studies have induced
: expression of neurotrophic factors by gene therapy with some positive effects; however, inareas with continuously
. elevated levels of neurotrophic factor the axons remain trapped and do not grow to distal targets'®'". Grafting
¢ of mesenchymal stem cells into the injured spinal cord segments have shown some benefit*”1?, Drugs, such as
¢ riluzole®, lithium", and intracellular sigma peptide (ISP, a mimetic of the proteoglycan receptor PTPa)?’, have
: been tested only after immediate reimplantation of the avulsed roots and so have limited translational potential.

In order to bring efficient therapeutic strategies to the clinic, we developed a preclinical model based on
: RA plus delayed surgical reimplantation of lumbar roots to test a new promising drug combination called

¢ nstitut de Neurociéncies (INc) and Department of Cell Biology, Physiology and Immunclogy, Universitat Auténoma
¢ de Barcelona {(UAB), Bellaterra, Barcelona, Spain. “Hand and Peripheral Nerve Unit, Hospital Clinic i Provincial,

Universitat de Barcelona, Barcelona, Spain. Correspondence and requests for materials should be addressed to C.C.
¢ {email: Caty.Casas@uab.cat)
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NeuroHeal”. NeuroHeal was discovered using unbiased proteomic data from two models that represented pure
regenerative and pure neurodegenerative conditions afler nerve or RA injuries, respectively. The data served to
build bona fide state-specific molecular maps and mathematical models of this human biological system that
allowed us to screen databases of drugs to identify putatively neuroprotective combinations. NeuroHeal is a com-
bination of FDA-approved drugs. Results presented here evaluating NeuroHeal in a preclinical model demon-
strate the promise of this coadjuvant agent for the clinical treatment of root and plexus injuries.

Results
NeuroHeal promotes motoneuron survival and reduction of glial scars in a preclinical model of
RA with delayed repair of lumbar roots. We performed RA by traction of the L3 to L6 ventral spinal
roots followed by reimplantation (RE) at 14 days post-injury (dpi). To facilitate root handling, we maintained the
transected roots in a small silicone tube during the 14-day period prior to reimplantation (Fig. 1A). After reim
plantation, we evaluated the animals using electrophysiological tests over 6 months. NeuroHeal-treated animals
were given the combination therapy in drinking water from the day of injury. Although we observed, rats were
drinking the half during the first 2 days, they continue to drink regularly during the 6 months that the treatment
last. At the end of the follow-up period, we injected True Blue retrotracer to label regenerated MNs (Fig. 1B). At
14 days after RA none of the animals had compound muscle action potential (CMAP) responses in the tested
muscles, indicating complete loss of motor function and confirming the effectiveness of the surgical approach
(Fig. 1C).

lg]‘*lm.lrone\] survival was assessed as the ipsilateral to contralateral ratio of MNs located in the lamina IX of the
ventral horn (I'ig. 2A). In the sham RE group, animals were subjected to RA and then to mock surgery at 14 dpi.
As expected, sham animals presented with a significant drop in the number of avulsed MNs in the ipsilateral side
at 21 days post-RA relative to the contralateral side (Fig. 2A). The animals subjected to RA and to RE (group RE)
had increased MN survival compared to unrepaired rats but the difference was not significant (RE 49.44% 1 2.48;
sham RE 36.2% = 2.73). In contrast, RA avulsed animals subjected to either NeuroHeal treatment (NH group)
or to reimplantation in addition to NeuroHeal treatment (RE - NH group) showed an increased proportion of
surviving MNs of 61.71% and 64.62% respectively compared to sham RE group at | week after RE (Fig. 2A, short
term: 3 weeks after RA or one week after RE in already RA injured animals). At 6 months, the animals treated with
NeuroHeal had higher number of surviving MNs than those in the RE group, indicating a beneficial long-lasting
effect of the treatment (Fig. 24, long term).

Immunoreactivity against Iba 1 and GFAP was used to analyze the degree of microglial and astroglial reac-
tivity after lesion, respectively. At 21 days post RA, there was similar glial reactivity in both the sham RE and
RE groups (Fig. 2B,C). In contrast, Ibal immunoreactivity was significantly reduced in all the animals treated
with NeuroHeal at both early and late time points (Fig. 2B); however, there was no significant reduction of
astroglial reactivity at any time (Fig. 2C; short term: 170.58% -+ 33.65 in sham RE, 98.39 -+ 47.96% in NH, and
100.97 - 47.78% in NH 4 RE groups; and long term: 106.52 £ 13.27% in RE and 91.754 11.52% in NH + RE).
We did observed a significant reduction in chondroitin sulfate proteoglycan (CSPG) content, a matrix compo-
nent of the glial scar reaction, in all the treated groups with respect to the untreated sham group at the time of
its formation by 7 days after RE (Fig. 2D). 'These results suggested that NeuroHeal treatment exerted long lasting
neuroprotection when begun after delayed surgical repair of avulsed lumbar roots.

NeuroHeal treatment enhances regeneration of motoneurons. At 6 months after RE, by retrograde
labeling by injection of True Blue into the tibialis anterior and gastrocnemius, we observed 2 fold more regener-
ated MNs in NeuroHeal-treated reimplanted animals compared to those reimplanted but untreated (Fig. 3A). We
then evaluated the presence of pro- regenerative molecular marker GAP43 and activation of putative Neuroleal
target such as AK'T”. NeuroHeal treatment increased GAP43 and phosphorylated AK'T levels, suggesting activa-
tion of pro-regenerative programs (Fig. 3B,C). Expression of phosphorylated p70S6k (Thr 389), a downstream
AK'T/mTOR target, was markedly increased within MNs in the NeuroHeal treated RE animals compared with
untreated animals (Fig. 3D).

Long-term NeuroHeal treatment accelerates nerve regeneration and recovery. In addi-
tion to confirming neuroprotection exerted by NeuroHeal, we investigated whether NeuroHeal treatment
improved motor recovery in our model by using electrophysiological tests monthly. CMAPs were observed
in the NeuroHeal-treated group between 2 and 3 months after RE. In contrast, no responses were observed in
the untreated group until 4 months after RE (Fig. 4A), indicating that NeuroHeal treatment accelerated axonal
growth by at least 4 weeks (p — 0.0276 in TA; p = 0.0053 from GA). By 4 months, all the Neuroleal treated rats
presented electrophysiological evidence of reinnervation in both muscles, whereas in 11% of untreated animals
there was no evidence of reinnervation at 6 months. Moreover, the NeuroHeal-treated group had significantly
higher CMAP amplitudes compared to the untreated group at 5, and 6 months (p < 0.05, Fig. 4B). No significant
differences in the CMAP latencies were observed (Fig. 4C).

Analysis of spinal cords at L4-L6 showed abundant acetyl cholinesterase-positive (ChAT*) motor fibers along
the ventral horn in NeurolHeal-treated animals at 6 months after RE (Fig. 5A). Accordingly, in the sciatic nerve
there were significantly higher numbers of ChAT" motor axons from surviving MNs (up to 11.30% of the total
1.4-16 pool) and a trend to a higher number of regenerative GAP43" fibers entering the reimplanted root in
NI treated animals compared to those in the RE group (Tig. 5B).

Reduced muscle atrophy and increased functional endplates observed in NH-treated rats.  We
also evaluated recovery from muscle atrophy due to denervation. Muscle weight is a sensitive measure of muscle
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Figure 1. In vivo preclinical model of RA injury with delayed reimplantation of lumbar roots and experimental
design. (A) Schematic of the procedure. Spinal cord with the nerve roots from control, root-avulsed (RA), and
reimplanted (RE) animals. The L3-L6 spinal roots were detached and inserted into a silicone tube after RA
injury. At 14 dpi, the tube was removed, and the injured spinal roots were re-inserted onto the spinal cord at the
same lumbar level. Photographs showing the spinal cord (SC) and ventral roots (VR) inside the tube (left), root
appearance after removing the tube (middle) and once roots were apposed underneath the spinal cord (right),
during reimplantation surgery at 14 dpi. (B) Workflow of the experimental design. NH treatment was administered
from the day of injury dissolved in the drinking water refreshed every three days for 6 months. Fourteen days
post avulsion, a group of animals were reimplanted. A week later, some animals were sacrificed to evaluate MN
survival (short-term period: 3 weeks post-RA injury or 1 week post-RE). The rest of animals were evaluated
once per month with electrophysiological tests. One week before the end of the 6-month follow up period, we
intramuscularly injected True Blue retrotracer at the tibialis anterior (TA) and the gastrocnemius (GA). (C)
Electrophysiological CMAP recordings of control animals (CTL) and animals after RA and before RE (Injured).
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Figure 2. NH treatment has short- and long-term neuroprotective effects in the preclinical model. (A) Left,
Representative microphotographs of ventral horns of root-avulsed spinal cords stained with fluorescent Nissl,
which specifically labels MNs, at 21 dpi post RA and 1 week post RE (short term) or at 6 month post RE (long
term) from RA injured untreated animals (sham RE) or NeuroHeal-treated animals (NH and RE+ NH). Right,
Bar graphs showing the average percentage of surviving MNs == SEM on the injured side with respect to the
contralateral side. (B-D) Left, Representative microphotographs of ventral horns from injured animals with
labeled microglia (Ibal), astrocytes (GFAP), at low (top) and high magnification (below), or chondroitin sulfate
proteoglycans (CSPGs), respectively. Right, Histograms of the averaged immunoreactivity in the fixed region of
interest at the ventral horn from different groups (n =4 for each group, ANOVA, post hoc Bonferroni, *p < 0.05
RE+ NH vs. Sham RE or RE). Scale bar = 100 um.

atrophy. We harvested and weighted the gastrocnemius and tibialis anterior muscles of both ipsi- and contralat-
eral sides from the NH-treated and untreated animals. We found an average 83% reduction in the weight of
both TA and GA ipsilateral muscles compared to contralateral muscles in the RE group consistent with per-
sistent long-term denervation-induced atrophy. In contrast, NI treatment reduced muscle atrophy compared
to untreated rats with muscle reduction of about 72% with respect to the contralateral side (p < 0.05, Fig. 6A).
Long-term denervated muscle fibers have cells with shrunken cytoplasms, show signs of fibrosis, and cluster into
groups?'?2, In addition, the more widespread the denervation, the greater the percentage of small muscle fibers™.
To evaluate muscle fibers, we analyzed muscle sections histologically. The RE group of animals had fibers with
small cross-sectional areas and numerous fibroblast nuclei within the endomysium suggesting fibrosis (Fig. 6B).
In contrast, NH treatment fibers presented clear myocyle nuclei and no apparent fibrosis. In addition, in the RE
group, fibers were contracted by 82% relative to contralateral regions of RE rats, but animals treated with NH
had fibers contracted only 58% relative to controls (p < 0.001, Fig. 6¢). In muscle sections from the RE group we
observed clustering of small fibers; most were smaller than 400 um? NH treatment resulted in a more distributed
mean cross-sectional area with the most abundant fibers those between 400 and 800 um? (Tig. 6C). These obser-
vations are consistent with the extension of reinnervated motor endplates in the muscles.

We then analyzed the folds of neuromuscular junctions (NMJs) of GA muscle using NF-200 to stain axon ter-
minals and FITC-conjugated a-bungarotoxin to stain acetyl-choline receptors (AchRs). There was a significantly
higher percentage of reinnervated motor endplates in the NH-treated group than in the RE group (Fig. 6D).
Recently it has been proposed that failure of motor recovery after long-term denervation might be due to failure
in pre-synaptic function at NMJs despite physical contact?*?. Thus, we performed immunolabeling for syntaxin
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Figure 3. Molecular markers of regeneration are modulated by NH treatment. (A) Histogram showing the
average number (-=SEM) of MNs labeled after intramuscular injection of True Blue into the TA and GA on

the injured side. The number of positive MNs were counted in the L4-L5 segments of the spinal cords from
animals at 6 months post RE for animals in RE group (not treated) or NH-treated groups (RE -+ NH). (B) Left,
Representative microphotographs of GAP43 immunolabeling of neuronal processes at the white matter ventral
horns from injured animals. Right, Bar graph of the mean immunolabeling intensity for GAP43 in a region
inside the white matter from injured spinal cords. (C,D) Left, Confocal images of MNs immunolabeled for (C)
phosphorylated AKT at $-473 and D) p70S6K at T-389 and counterstained with Fluoro Nissl Green and DAPI
(blue) in injured spinal cord at 6 months post RE. Right, Histograms of the mean of the immunofluorescence
intensity for each marker inside the cytoplasm of injured MNs (n = 4 animals, t-test, *p < 0.05 RE+ NH vs. RE).
Scale bar — 100 um in B; 25um in C and D.
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Figure 4. Nerve regeneration and CMAP amplitudes are enhanced by NH treatment. (A) Graphs summarizing
the percentages of animals in RE group (not treated) or NH-treated groups (RE -+ NH) with electrophysiological
signals of muscle reinnervation in TA and GA muscles at indicated times after RE. (B) Mean amplitudes
(SEM) and (C) time latency values of CMAP recordings obtained during follow-up post RE from TA and GA
muscles (n=9-11, ANOVA, post hoc Bonferroni, *p < 0.05 RE+ NI vs. RE).

1(SYT1), a protein key to functional release of neurotransmitters at presynaptic terminals. We observed that this
marker was present only in control and NH-treated animals and not in the RE group rats (Fig. 6E). These obser-
vations suggested that NH-treatment may promote muscle recovery and formation of functional motor endplates.

Discussion

The findings of this work indicate that NeurolHeal treatment after root avulsion and delayed reimplantation of
the lumbar roots remarkably promoted regeneration resulting in (1) long-lasting protection of motoneurons
from retrograde neurodegeneration; (2) activation of a pro-regenerative profile via pAKT-mTOR signaling; (3)

SCIENTIFICREPORTS |7: 12028 | DOI:10.1038/s41598-017-11086-3 6

170



Therapy for spinal root injuries with delayed reimplantation

re.com/scientificreports/

A

RE

RE+NH

. . :

B

CTL

500-
1400-

g 400 o 1200 CTL
2 T
Al + 8002
g = 150
g 200 < r !
0 .-CcTL O 100-
% 100- 9
= S 501

0' 0_

RE RE+NJ RE RE+NJ

Figure 5. Regencration of motor axons increased by NH treatment. (A) White matter of the spinal cord
immunostained against ChAT (red), GAP43 (purple), and counterstained with DAPI (blue, for nuclei)

and Fluoro Nissl Blue (for MNs) RE and NH-treated (RE+ NH) animals at 6 months post RE. (B) Top,
Microphotographs showing co-localization of GAP43 (purple) or ChAT (red) with neurofilament NF200 (NF,
green) at mid-level of sciatic nerves obtained from controlateral (CTL), RE, and RE -+ NH groups at 6 months
post RE. Bottom, Bar graphs showing the average (+SEM) of the number of immunohistochemically detected
GAP43™ (left) and ChAT™ (right) fibers at midlevel of sciatic nerve. Dotted lines indicate control value means
for GAP43 and ChAT, respectively (n=3 for CTL group and n =4 for RE and RE + NH; t-test, *p < 0.05

RE -+ NII vs. RE). Scale bar =100 pum for A and for GAP43/NT in B, and 25 um for ChAT/NF in B.
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Figure 6. Muscle atrophy is reduced and numbers of functional endplates are increased by NH treatment.

(A) Left, Representative photographs of GA and TA muscles from contralateral regions of RE rats (CTL) and
ipsilateral from untreated (RE) and NH-treated (NH + RE) rats at 6 months post RE. Right, Histograms of
weight ratio between ipsilateral and contralateral TA and GA muscles at 6 months post RE (n =7-8; t-test,

*p << 0.05 RE -+ NH vs. RE). (B) Representative microphotographs of cross (upper panel) and longitudinal
(lower panel) TA and GA muscle sections with H&E staining from CTL, RE, and RE + NH groups at 6 months
post RE. (C) Left, Mecans (-=SEM) of the fiber cross-sectional areas (um?) from GA muscles of indicated groups
at 6 months post RE. Dotted line indicates the mean obtained from the CTL muscles (n = 4 per group; t-test,

#p < 0.05 RE+ NH vs. RE). Right, Histogram of the cross-sectional area distribution of fibers in GA. Each
interval of the distribution contains ranges of 400 um? between the extremes (n =4 per group), ANOVA, post
hoc Bonferroni *p < 0.05 RE+ NH vs. RE). (D) Left, Representative confocal images of GA transversal sections
stained for NF200 (NF, red) and FITC-conjugated a-bungarotoxin (a-btx, green) from contralateral side of

RE rats (CTL), ipsilateral side of RE rats, and NH-treated animals (RE -} NH) at 6 months post RE. Right,
Quantification of the percentage of reinnervated NMJs (red and green overlapping signal) analyzed with Image]
software in RE and RE -+ NH groups compared to CTL (dotted line; n = 3-4; t-test, *p < 0.05 RE -+ NH vs.

RE). (E) Representative microphotographs of SY'T1 immunolabeling (magenta) and NF co-localization (red)

in o-btx (green) neuromuscular junctions (NMJs). Scale bars =20 um in B (bottom panel) and E; 25 pum in D
(bottom panel); 50 um in D (upper panel); and 100 um in B (upper panel).

evidenced motor axonal regrowth with reduced gliosis formation at the transitional zone; (4) accelerated motor
axonal regeneration; (5) enhanced functional reconnection of endplates, and (6) reduced long-term muscle
atrophy.

The effective recovery of motor function after spinal root injuries depends on neuroprotection and axonal
regeneration toward the muscle targets. In human patients, reimplanting the avulsed spinal roots into the spi-
nal cord partially restores motor function but only if the repair procedure is performed less than 1 month after
injury?. After brachial plexus or proximal nerve injuries the proximal muscles in the limb may recover good
function, whereas distal muscles, such as intrinsic muscles of the hand, rarely regain any useful activity, although
this has been described in some patients®.

Any therapeutic strategy must be tested in a relevant experimental model and must show significant effects
on neuroprotection and nerve regeneration after long-term denervation. Here we first characterized a rat model
of root avulsion with delayed reimplantation of lumbar roots. We evaluated the effects of NeuroHeal given orally
in this model. One of the most remarkable effects exerted by NeurolIeal was the acceleration of axonal regen-
eration. Very few strategies have demonstrated this property with exceptions of the treatment with FK506” and
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the use of brief electrical stimulation (ES)*#”. Although FK506 accelerated axonal regeneration by still unknown
mechanisns, its secondary effects as immunosuppressant preclude clinical use. FK506 and geldanamycin, which
also accelerates axonal regeneration, do not reduce muscle atrophy as NH does™. ES to the nerve is being used
clinically®. Results obtained by ES and by NH treatment are comparable since both advanced axonal regeneration
atleast 4 weeks. However, nerve ES has not been shown to reduce muscle atrophy. NH may act specifically to pre-
serve muscle integrity during the time of denervation. Recently, failure of motor recovery after long-term denerva-
tion has been demonstrated to be due to failure in pre-synaptic function of endplates despite physical contact*",
Evidence indicates that there is an apparent mismatch in the correlation of nerve recovery and function recov-
ery as demonstrated in a study of over 300 patients followed for 3- 18 years after sciatic nerve injury”. Thus, the
reduction in muscle atrophy that we observed here in rats treated with NH should be further investigated.

NH is a multitarget compound that was specifically designed for treatment of root avulsion injuries.
Multitargeting gives the opportunity to act through several pathways in parallel to support a neuroprotective
and pro-regenerative phenotype. In the present study we confirmed that one of these targets is the AK'T pathway
as suggested previously based on studies in sifico’. The essential role of PI3K/AKT signaling in stimulating axon
regenerative processes in the adult central and peripheral nervous systems is well documented™ *. Activation of
PI3K/AKT signaling appears to result from ablation of its cell intrinsic antagonist, the phospholipid phosphatase
PTEN?. The clinical use of PTEN inhibitors is not straightforward due to its anti-oncogenic properties™. NH
offers a promising alternative since it is based on the repurposing of two already FDA approved drugs. In addi
tion, this multitarget aspect also may favor its concurrent action on several other critical tissues in addition to the
nervous system.

Our results suggest that NH triggers specific pathways to prevent muscle degeneration. In particular, the AKT/
mTOR/p7056K pathway is known to increase protein synthesis that is necessary to maintain muscle mass®*,
although the role of mTOR in muscle atrophy is still controversial*'. Another possibility is that NH activates
of SIRT1’, a nicotinamide adenosine dinucleotide-dependent histone deacetylase that plays an essential role in
regulating multiple biological processes®. Previous studies showed that SIRT1 overexpression induced through
impeding FoxOs and NF-xB expression is capable of thwarting the loss of muscle mass, as well as inducing hyper-
trophy of normal muscle®. Indeed, SIRT'1 transgenic muscle exhibits a decreased expression of the atrophy gene
program®. Thus it would be very interesting to know whether NH prevents muscle atrophy by ameliorating
related pathologies. In conclusion, we believe the treatment with NH offers interesting possibilities for treatment
after nervous system trauma or upon other forms of neurological damage as inlesioned optic nerves or corticos
pinal tract in which central nervous system axons must regenerate to enable normal function.

Materials and Methods

Animals and surgical procedures.  Sprague Dawley female rats aged 12 weeks (weight at time of surgery:
250-300g, Animal Service, Universitat Autonoma de Barcelona) were kept under standard conditions of light and
temperature and fed with food and water ad libitum. We performed surgical procedures under anesthesia with
ketamine/xylazine (100:10 mg/kg weight, i.p). For RA-injury, a midline skin incision was made, the paraverte-
bral muscles were smoothly retracted avoiding muscle damage. Then alaminectomy of around 1 cm was made
at T12-L1 level using the last rib as reference and the pia matter was opened to expose the spinal ventral roots.
The L3-L6 ventral roots were detached from their entrance into the spinal cord using moderate traction with a
hook, disrupting nerve integrity, as previously reported®. We placed the ventral roots in a silicone tube (2 mm
i.d., 3 mm lenght) that was placed into the laminectomized space close to the spinal cord, avoiding damage and
preventing spontaneous axon regeneration into the avulsed root. Fasciae were sutured and the skin closed with
planes. Two weeks after RA injury, we anesthethized the animals, confirm denervation by electrophysiological test
and proceed with the reimplantation (RE) surgery. We localized the silicone tube after blunt dissected paraventral
muscles. The avulsed ventral roots were dissected back into scar-free, healthy-appearing nerve tissue, and ten-
sionlessly were equidistantly apposed 1 mm-approximately underneath the corresponding spinal cord segment
adjacent to the avulsion zone. Paravertebral muscles were opposed and pressing onto the spinal cord to avoid root
misleading. In pilot studies, we had assured this procedure was enough to maintain physical connection without
damaging the spinal cord in contrast of being sutured by analyzing the existence of ChAT- labeled axons in the
replanted roots 14 days after reparative RE. After RE surgery, the wound was sutured by planes and disinfected
with povidone iodine, and the animals were allowed Lo recover in a warm environment. RE-sham animals were
submitted to RA-injury and re opened two weeks after injury to remove the silicone tube. When sacrifice the
animals, we visually checked that re-implanted nerve roots still remain in contact with the injured spinal cord.
All procedures involving animals were approved by the Ethics Committee of Universitat Autdnoma de Barcelona,
and followed the Furopean Community Council Directive 2010/63/EU. Groups for short-term analysis (21 dpi)
were: Group Sham- RE, vehicle treated RA- injured animals that have been just re-opened two weeks after injury;
Group NH, NH-treated RA-injured animals that have been just re-opened two weeks after injury; Group RE,
vehicle treated RA-injured animals with root reimplant two weeks after injury; Group RE+ NH, NI treated
RA-injured animals with root reimplant two weeks after injury. For the long- term analysis, groups were com
posed with RA-injured animals reimplanted at two weeks post injury treated with either vehicle (group RE) or
NH (group RE + NH) for 6 months.

Electrophysiological tests. For electrophysiological evaluation, rats were anaesthetized with ketamine/
xylazine (100:10 mg/kg weight, i.p) every month after | month post RE surgery. The sciatic nerve was stimulated
by transcutaneuous electrodes placed at the sciatic notch by single pulses (20 pis), and the CMAP was recorded by
placing electrodes on the gastrocnemius and tibialis anterior. Stimulus intensity was applied gradually until reach
the supramaximal stimulus, which correspond to the maximum CMAP amplitude. The evoked action potentials
were displayed on a storage oscilloscope (Synergy Medelec, Viasys HealthCare) at settings appropriate to measure
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the amplitude from baseline to peak and the latency to the onset after every stimulus. (n=9-11). After testing,
animals were allowed to recover in a warm environment.

Retrograde axonal tracing. ‘loidentify regenerated avulsed MNs that had reinnervated the gastrocnemius
medialis and tibilais anterior muscles, we applied True Blue (Setarch Biotech) retrotracer to the muscle one week
before euthanizing the animals as described elsewhereS. Briefly, under anesthesia with ketamine/xylazine as
mentioned, we made a small cut to the skin to expose the muscle and retrotracer (6 pL) was distributed through
out the body of the muscle with a glass pipette using a Picospritzer. Pipette was maintained 10s after injection to
avoid reflux and then the animals were allowed to recover in a warm environment.

Drug treatment. The Neuroheal mixture is composed of Acamprosate (Merck, Darmstadt, Germany) and
Ribavirin (Normon, Madrid, Spain). Pills of both compounds were ground into fine powder and dissolved in
drinking water at final concentration of 2.2mM and | mM, respectively. Rats in the NII treatment group were
given water containing drugs from the day of RA injury. Fresh drug solutions were made every 3 days.

Tissue processing for histology. Rats were sacrified at 21 days post RA to evaluate MN survival or at 6
months after RE for analysis of nerve regeneration with dolethal (60 mg/kg, i.p.). We then transcardially perfused
the animals with a saline solution containing heparin (10 U/mL), followed by 4% paraformaldehyde in 0.1 M
phosphate buffer, pH 7.2, for tissue fixation. We removed 1.4-1.5 spinal cord segments (5 mm total length), sciatic
nerve from lumbar plexus to sciatic notch of the avulsed side, and tibialis anterior and gastrocnemius muscles.
Spinal cord and sciatic nerve were post-fixed in the same fixative solution for 2 hours or 30 min, respectively,
and cryopreserved in 30% sucrose. I'or muscle analysis, we weighed the ipsilateral and contralateral muscles and
placed them into cryopreservation solution to avoid autofluorescence. ‘The ratio of ipsilateral to contralateral
muscle weight was calculated to assess the extent of muscle atrophy. For spinal cord analysis, we cut the samples
into serial transverse sections of 20-m thickness, obtaining 30 series with 10 sections. For sciatic nerve analysis
we obtained 10 series of eight 15-jum sections. Samples were sectioned using a cryotome (Leica) and preserved at

20°C until use. We cut gastrocnemius muscle at midlevel into 10-um serial transverse or longitudinal sections
obtaining five series with 10 sections/each. Spinal nerve ventral roots were harvested at 14 days post RE and cut
at 15um transversal sections obtaining 3 slices with of 10 slides.

Immunohistochemistry and image analysis. We treated slides with Tris buffered saline (TBS), TBS
with 0.3% Triton-X-100 and 10% bovine serum for 1h and incubated overnight at 4°C with different primary
antibodies: goat anti-choline acetyltransferase (ChAT; 1:50; Millipore), chicken anti-Neuro Filament 200 (NF-
200; 1:1000, Millipore), mouse anti-Neuro Filament (RT97, 1:200, Hybridoma Bank), rabbit anti-glial fibrillary
acidic protein (GFAP; 1:1000, Dako), rabbit anti-ionized calcium binding adaptor molecule 1 (Ibal; 1:1000,
Wako), rabbit anti-growth associated protein-43 (GAP43; 1:50, Millipore), mouse anti-chondroitin sulfate
proteoglycan (CSPG; 1:100, Hybridoma Bank), mouse anti- Syntaxin 1 (SY'I'l; 1:100, Hybridoma Bank), rab
bit anti-phospho ribosomal protein $6 kinase ('Thr 389) (p-pRPS6KB 1; 1:100, Antibodies Online), and rabbit
anti-phospho protein kinase B (Serd73) (pAKT: 1:500, SantaCruz Biotechnology). After several washes with
TBS with 0.1% Tween-20, the sections were incubated 1.5h at room temperature with the appropriate Cy-3,
Cy-2, or Alexa 647 conjugated secondary antibodies (Jackson Immunoresearch, West Grove, PA, USA). After
TBS with 0.3% Triton-X-100 and TBS, Ce counterstained the sections with DAPI (Sigma, St Louis, MO, USA)
and NeuroTrace Fluorescent Nissl Stain (Molecular Probes, Leiden, Netherlands) and mounted the slices with
Fluoromount-G mounting medium (SouthernBiotech). Immunolabeling of different groups to be compared, and
image captured were performed the same day.

We acquired images under the same exposure, sensitivity, and resolution from spinal cord samples of the dif
ferent treatments or controls for each marker (n= 4/group). Images were captured with the aid of a digital camera
(Olympus DP76) attached to the microscope (Olympus BX51) and analyzed with Image] software (National
Lnstitutes of Health; available at http://rsb.info.nih.gov/ij/). We transformed the microphotographs to a gray scale
and analyzed immunoreactivity by calculating the integrated density of a region of interest (ROI) after defining a
threshold for background correction.

Glial reactivity was measured on eight spinal cord sections (separated by 200 um between pairs) immunolabe
led against GFAP and Thal peranimal. Images were taken at 20 % and the integrated density ofa ROT of 0.11 mm?
selected on the gray matter of the ventral horn was calculated. CSPG and GAP43 immunoreactivity was assessed
after image capturing at 20 within the white matter located in front of the ventral horn. For both markers, a ROI
of 0.11 mun’® was used.

To count the number of ChAT* or GAP43™ fibers in the nerve sections, images at 10X were taken of one
series of eight sections at midlevel of sciatic nerve. For both markers, fibers were counted as positive when
co-localization between Neurofilament and ChAT or GAP43 was found.

Confocal microscope examinations were made with a Confocal Laser Scanning Microscope (Zeiss LSM 700)
for p- RPS6KB1 and pAK'L lmages were collected with a 1.4 numerical aperture oil-immersion 20 or 40X objec
tive. Confocal images were obtained using two separate photomultiplier channels, either concurrently or in sep-
arate runs, and were separately projected and merged using a pseudocolor display showing green for Nissl, red
for Cy-3, and blue for DAPL. MN area was taken using Nissl green as the ROI, and the integrated density was
obtained for at least 15 MN per animal.

Motor neuron counting.  Six slices covering all the 1L4-L5 segment (separated by 100-um; n=4 per
group) of eight sections of every animal were incubated 20 min with fluorescence Nissl labeling solution (Life
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Technologies) following the manufacturer’s protocol. We took sequential microphotographs covering ventral
horn (L4 and L5 segments) at 10X with a digital camera (Olympus DP76) attached to a microscope (Olympus
BX51). Only MNs localized in the lateral ventral horn with prominent nuclei and soma diameter larger than
30 um were counted. MN survival was calculated as the percentage of the number of surviving MNs on the ipsilat-
eral side with respect to the contralateral non-injured side of each animal. For retrogradely labeled MNs, the same
sections used for MN survival were observed under fluorescence, and the number of labeled neurons counted in
every fifth section following the fractionator principle*.

Neuromuscular junction analysis. Gastrocnemius muscle longitudinal slices were washed with TBS,
blocked with NDS during | h and incubated overnight at 4°C with chicken anti-Neuro Filament 200 (NF-200;
1:1000, Millipore) as described above. After after several washes, Cy3- conjugated secondary antibody was
added. Finally, we washed and incubated slices with FITC-conjugated o-bungarotoxin labeling solution (Life
Technologies) to reveal the motor end plates during 20 minutes. Systematic analyses were performed through
three different sections of each animal. Bungarotoxin positive endplates (100) were classified as positive and
negative for NF-200. Only motor endplates with NF-200 co-labeling were counted as reinnervated per animal
(n—4 animals per group).

Muscle fiber area analysis.  Transversal and longitudinal gastrocnemius muscle sections were stained with
H&E. Briefly, nuclei were stained with Harris hematoxylin for 6 minutes followed by differentiation with acid
solution of 0.01% HCl in ethanol. Cytoplasm was stained with eosin for | minute. Sections were dehydrated by
graded ethanol (50%, 70%, 96%, and 100%, and glycerol; twice, 5 minutes each solution) and mounted with DPX.
We randomly took images under light microscopy at 20 or 40, and the areas of at least 100 muscle fibers from
three different images were calculated. The mean and area distribution for each animal was analyzed (n=4 per
group).

Statistical analysis.  All values are presented as means =+ standard error of the mean (SEM). Statistical anal-
yses were performed using GraphPad Prism 5 software by unpaired t-tests or two or one-way analysis of vari-
ance (ANOVA) followed by Bonferroni’s multiple comparison tests. CMAP apparition was analyzed using the
Mantel-Cox test, being each CMAP an event. A p value 0f0.05 was taken to indicate significant difference.

Data Availability. The datasets generated during and/or analysed during the current study are available from
the corresponding author on reasonable request.
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General Discussion

The results presented in this thesis demonstrated that the use of system
biology holistic point of view can be useful to discover new neuroprotectants to treat
different type of PNL. The repurposing of Acamprosate, a drug used for alcohol
dependence, combined with Ribavirin, a nucleoside used for treating viral infections
such as Hepatitis, exerted neuroprotective effects in models of MN death, enhanced
SIRT1 activity and improved functional recovery after PNL. This drug combination,
termed as NeuroHeal (NH), also reduces the apoptotic and the ER-stress death of
MNs, increases the presence of motor-transport proteins and induces a pro-survival
autophagic flux. With the data from this work, we conclude that NH refurnishes the
molecular subroutines that are triggered by MNs after nerve injuries at different
stages of development, shifting their molecular maps to those that favor their
survival and enhance their axonal regrowth. Therefore, NH is a feasible drug therapy

for human PNL.

Aiming to find neuroprotectants to sustain MN survival, we discovered the
NH as a new drug therapy for PNL using a novel bioinformatic tool that is based on
systems biology approach and ANN. With this tool, we used and treated the whole
protein network that characterizes MN demise after RA, instead of directly modulate
a single protein or molecular axis. Currently, in biomedicine areas this point of view
has become mandatory because the human pathologies are not provoked by a single
cellular or genetic event and the discover of new-targets for drugs therapy has
reached its limits (Lindsay, 2005). Therefore, Systems biology combined with ANN
for drug discovery allow to focus on the alteration of entire pathways rather than
single proteins, allowing the discovery of new therapies (Pujol et al, 2010).
Moreover, systems biology is also useful to determine efficacy and safety of new
drug therapies (Bai and Abernethy, 2013; Schneider and Klabunde, 2013). We add
our drug therapy to the successful list of therapeutic discoveries obtained through

systems biology approaches (Azmi et al., 2010; Sigurdsson et al., 2012).

We found that TPMS predicted at least two drug combinations with a
demonstrated neuroprotective effect in our model of RA. The rationale behind our

study is similar to one reported previously (Herrando-Grabulosa et al., 2016), where
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TPMS discovered neuroprotective drugs for ALS. In both cases, the starting material
of pathological and desired conditions was accurate. In this scenario, TPMS is able
to discover effective therapies. In other study, this tool reported a drug therapy that
exacerbated the AD pathology instead of alleviate it (Badiola et al., 2013). In this
case, the “healthy” or “desired” condition was not well defined, and TPMS elucidated
ineffective therapies (Badiola et al., 2013). So, the starting material must be very

precise to effectively discover new therapies.

Systems biology holistic view allows to the discovery of therapies that treat
whole pathologic network instead of a particular hallmark or protein (Berger and
Iyengar, 2009; Jaeger and Aloy, 2012). In some complex pathologies such cancer,
thee modulation of a particular protein like p53 can provoke undesired effects
(Jaeger and Aloy, 2012). In our case, we need to modulate the whole network that
characterizes MNs death because it involves the crosstalk of several pro-death
mechanisms (Casas et al., 2015). Otherwise, for those monogenic pathologies,
systems biology cannot be so useful, so other approaches such as gene therapy can
be performed. Nevertheless, the clinical studies based of viral gene therapy are
arising undesired effects such as immune system reaction and possibility of causing
a tumor, among others (Yla-Herttuala, 2003; Naldini, 2015), so its clinical
application has to be highly controlled. In fact, the number viral-based therapies that
arrive at phase 1V is very incipient (Ginn et al., 2013). Perhaps, the future treatment
of monogenic disease are novel biotechnological techniques such as CRISPR/cas9,
which allows the genome editing of different type of cells (Sander and Joung, 2014;
Lander, 2016) avoiding undesired genome modifications. This tool yield promising
effects on cancer field (Platt et al.,, 2014) and neurodegenerative diseases such as

ALS (Batra et al., 2017).

NH is composed by Acamprosate and Ribavirin, two repurposed drugs that
are used for human healthcare. In fact, they are used for health conditions that need
long-lasting treatment. The reposition of drugs drastically reduces the time-lines
from bench to bedside (Ashburn and Thor, 2004). Drug repurposing has advantages,
because the behavior and the safety of the drugs within the human organism are
well-described. Nowadays, no undesired effects are described regarding both drugs,

so the clinical translation of NH can be performed within years. It is also important
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to remark that we administered both drugs at less concentration that this used in
other experimental procedures in murine models (Daoust et al.,, 1992; Solbrig et al,,
2002; Lavrnja et al,, 2012). Rats received NH treatment during 6 months and we did
not observed detrimental effects on its behavior. Initially, we performed an in vitro
pre-screening to determine the best ratio between both drugs and the concentration
to achieve a supra-additive effect for an optimal neuroprotective effect. It is
important to notice that the discovered drugs combinations reduce MN cell death
after ER-stress, and that NH also do it in the SOCs model, which represents better
the natural-conditions of MN demise (Guzman-Lenis et al., 2009). Therefore, the
discovered drug combinations may be useful to treat those neurodegenerative
diseases in which ER-stress is related with pathology progression (Taylor et al.,

2002), although deeply studies are needed to check their exact mechanisms.

Recently, it was described that Acamprosate combined with the anti-
spasticity drug baclofen reduce AD and PD pathology (Chumakov et al., 2015; Hajj
et al, 2015). Indeed, this drug combination is in phase II of clinical studies for AD
and in phase I for ALS. The drug-repurposed combination PXT3003, which is based
on systems biology and it is composed by baclofen, naltrexone and sorbitol, has
passed preclinical phase II for Charcot-Marie-Tooth Disease Type 1A without
remarkable undesired effects (Mandel et al., 2015) and it is currently in phase III.
PXT3003 also increases nerve regeneration and muscle reinnervation after nerve
injury in mice, and it is a feasible therapy for those pathologies characterized by

myelin disturbances (Chumakov et al., 2014)

In some cases and although the therapy is effective, their bioinformatical-
predicted mechanisms do not fit with the results obtained in the experimental
model, which represents the “real life”. Therefore, the predicted information is not
always ascertained and it has to be taken with caution. In this way, several in silico
studies reported false negatives (Li and Jones, 2012). To ensure that the elucidated
information is valuable and reliable, several quality-control tools are described to
ensure a correct drug screening (Parker and Bajorath, 2006). Therefore, the
verifications of the in silico-predicted mechanisms of action (MoA) are essential to
perform further studies. MoA of newly-discovered drugs refers to the direct

modulated target, or to the understanding of the biological processes that treatment
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modifies. Therefore, it is mandatory to check the MoA of the in silico-designed
therapies in the in vivo/in vitro context. MoA information is also useful for safety
assessment, reducing to possibility of undesired molecular event or harmful effect
due to the modulation of some secondary pathways (Berg, 2014). Moreover, check
the MoA of a discovered drug therapy can open new windows for treating other

related or un-related diseases.

MoA predicted for NH was ascertained at least for motor proteins (Kif5c and
DCNT1), B-1 Integrin subunit, SIRT1 activity and PARP1. With the modulation of
these specific proteins, we can hypothesize that NH can be beneficial for other
neurodegenerative pathologies like ALS, in which kif5c and DNCT1 defects are
present (LaMonte et al., 2002; Xia et al., 2003; Heiman-Patterson et al., 2015; De Vos
and Hafezparast, 2017). Moreover, the increase on -1 integrin can be yielding anti-
anoikis effects to the MNs. In fact, the concomitant activation of AKT axis with an
increase of 3-1 integrin can be inhibiting anokis (Bouchard et al., 2007) or apoptosis

(Kennedy et al., 1997) in our model.

SIRT1 activity depends on several factors like its post-translational
modification state or cellular NAD* levels (Yang et al.,, 2007; Kang et al., 2009). Along
this thesis, we have observed that SIRT1 presence is not always correlated with its
deacetylase activity. SIRT1 nuclear presence is related with undifferentiated state of
neurons (Hisahara et al., 2008; Liu et al., 2013; Rafalski et al., 2013). It has been
described that neurons are more susceptible to death when they are immature (Kole
et al,, 2013). Hence, the injury can provoke the dedifferentiation of the MNs, which
will lead to nuclear accumulation of SIRT1. Other plausible hypothesis is that other
pro-death proteins such as PARP1 can consume the substrate of SIRT1 (NAD+),
leading to a dramatical fall of its activity within MNs. This can trigger SIRT1

overexpression to compensate the lack of its deacetylase activity.

Ribavirin inhibits S-adenosyl-L-homocysteine hydrolase and inosine-5'-
monophosphate dehydrogenase 1 enzymes, which demand NAD* as a substrate to
performs its activity (Cai et al.,, 2007; Koh et al., 2014). Therefore, Ribavirin can be
the responsible of NH-mediated SIRT1 Gan-of-Function. Although we did not
observe it in the MN death model used to discover NH, we found that NH modifies

the levels of PARP1. SIRT1 activity represses the expression of PARP1 promoter
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(Senthilkumar et al., 2009), so NH can be reducing PARP1 expression and therefore

its levels.

Strikingly, we also found that NH induces a slight autophagic flux. mTOR,
which is one of the main inhibitors of autophagy and it is activated by the PI3K/AKT,
directly phosphorylates p70s6k at the residue that we analyzed. NH-treated MNs
exhibited an increased PI3K/AKT axis in two different models, which correlates
with an increased mTOR activity. Controversially, this pathway has been related
with autophagic initiation. Moreover, NH activates autophagy within MNs after
nerve injury in PI3K/AKT-dependent way. PI3K activity induces the formation of the
autophagosome, and the PI3K inhibitors such as 3-methyladenine or wortmannin
are a potent blockers of autophagy (Noguchi et al.,, 2014; Klionsky et al., 2016).
PI3K/AKT-promoted autophagy has been classified as a pro-survival effect. This
autophagy is essential to reduce ischemia injury in neonatal rats (Balduini et al,,
2012), although in other models this induction has detrimental effects (Wang et al.,
2014).

Regarding SIRT], its activity its deacetylase activity favor autophagy by the
modulation of Atg or the inhibition of mTOR (Lee et al., 2008; Ghosh et al., 2010).
Therefore, we found that NH activates AKT pathway and SIRT1, and this turns on A
fine-tune modulation of autophagy and an increased axonal regeneration (Park et
al., 2008). This results in the co-activation of mTOR and autophagy by NH, but these
mechanisms have different roles regarding neuroprotection and axonal
regeneration (Li et al,, 2016a). PI3K/AKT and SIRT1 axis can converge in FOXOs,
choosing an specific transcriptional layer from its repertoire (van der Horst and

Burgering, 2007).

FOXO’s were initially described as pro-death players because they induce
apoptotic-mediators (Fu and Tindall, 2008; Farhan et al., 2017). However, recent
studies showed that SIRT1/FOXO axis can block apoptosis and induce cell survival
increasing autophagic clearance (Gu et al, 2016). Nowadays, their activity has
demonstrated neuroprotection in HD or in death of MNs (Mojsilovic-Petrovic et al.,
2009; Jiang et al., 2012) by autophagy induction (Xu et al., 2011). Although they are
TF and their activity is mainly nuclear, it has been recently described that FOXO01 is
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needed at cytosol to trigger autophagy (Zhao et al.,, 2010). We focus on FOX03a,
which is involved in neuronal response after traumatic injury (Wang et al., 2009;
Zhang et al,, 2013). We found that FOX03a induce autophagy to sustain the viability
of MNs. After TBI in humans or in rat experimental models, FOX03a levels are
increased, and its autophagy induction has detrimental role on functional outcome
of those rats (Sun et al,, 2017). Therefore, FOXO3a-mediated neuroprotection after
trauma can depend of the sub-neuronal population and the developmental stage.
Recent evidence also suggest that FOXO3a mediates P3IK/AKT activation, and this
triggers FOXO1-induced autophagy, indicating that FOXOs can be modulated
between them (Zhou et al., 2012).

It is important to validate the putative effect of NH in pure models of trauma
to the nervous system which promote MNs death after axonal disconnection. They
are a pure “clinical” models instead of the use genetically modified models. Although
transgenic models of neurodegenerative diseases are useful for basic mechanistic
studies, several issues regarding their limited utility as predictive models of human
diseases have emerged, because normally they are gene-centric instead of network-
centric. Therefore, those in vivo models of injury-provoked neuronal death yield
valuable information about the “natural occurring process” (Lindsay, 2005). We
demonstrated that NH sustains survival of MNs after nerve injury in two murine
species and in different developmental stages. Therefore, the endogenous
mechanisms trigger by MNs to survive are similar among different species and the
molecular network modulated by NH include them. For example, MNs after DA
axotomy trigger anti-apoptotic mechanisms (Perrelet et al., 2002, 2004; Kole et al,,
2013; Casas et al.,, 2015), and it is feasible that NH treatment includes and induces

them in neonatal MNs, in which under normal conditions they are not present.

Disconnection from their target organ after nerve injury will trigger cell-
death mechanisms in the MNs. In this thesis, we shown evidences that not all the
injuries equally affect MNs, and that these did not face up the injury with the same
molecular subroutines. We validated the neuroprotective effect of NH in different in
vivo models that can be used as pre-clinal models of brachial/lumbar plexus
avulsion, injury to paired cranial nerves or nerve injury to newborns. Thus, NH

activates in different pre-clinical models those endogenous neuroprotective
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mechanisms that MNs have, so it can be a treatment for distinct clinical cases. We
did not study if NH neuroprotective effect is gender-specific. Males have more
Gastrocnemius-innervating spinal MNs than females (Mierzejewska-Krzyzowska et
al., 2014), so the injuries towards L4-L5 nerve roots or sciatic crush can have
different percentages of death, and the NH neuroprotective effect can be different.
Regarding hypoglossal nuclei, it has never been described a comparison between
genders. We suppose that males and females should have the same number of MNs,

so NH will act similarly in both genders.

Under physiological conditions, MNs subpopulations are different regarding
the developmental stage and excitability (Haenggeli and Kato, 2002; Tadros et al,,
2016). The initial description englobed all types of death of MNs after a PNL as
apoptotic (Martin et al., 1999; Martin and Liu, 2002; Terui et al., 2003; Kiryu-Seo et
al., 2005) because MNs accumulate p53 and caspase 3 at their nuclei. Nevertheless,
recent evidences show that not all MNs die through the same executive pathway
(Penas et al,, 2011; Casas et al.,, 2015). We observed nuclear accumulation of p53
within injured MNs in the used models. Indeed, we checked its acetylated form at
k373, which is directly related with the induction of pro-apoptotic proteins and
apoptosis initiation (Terui et al., 2003). Therefore, the injured MNs engaged
apoptotic pathways (Casas et al., 2015) but the executive cleavage of caspase-3 was
not observed (Penas etal., 2011). Although striking, NH promoted a reduction of the
acetyl-p53, indicating that it can also act inhibiting p53-dependent apoptosis. In fact,
HDAC inhibitors mediate apoptosis increasing this acetylation of p53 (Terui et al,,
2003). We also observed that neonatal MNs trigger apoptotic executors after nerve
injury such as caspase 3 and PARP1, and that NH blocks PARP1 cleavage. So NH
treatment also contains anti-apoptotic features, and can be useful to treat other

neurodegenerative pathologies in which apoptosis characterizes neuronal death.

We observed that the slope of death is different between neonates and adults,
which indicates that their underling mechanisms are different. This fits with the
hypothesis that the adult ones have matured machinery to fight death, which is
called as anti-apoptotic endogenous mechanisms (Introduction 4.1.5) (Kole et al,,

2013). On the other side, the distal axotomy of the Hypoglossal nerve in mice
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triggered MNs death in a similar fashion that RA in rats, and we found that both

models share molecular similarities between them (Fig. 11).

TBI and SCI, which are other models of trauma to the CNS, also provoke a
massive death of MNs. Although the mechanisms of death are slightly different, NH
can be a feasible therapy for them. It has been shown that SIRT1 activation reduces
functional impairments after SCI (Chen et al., 2017). Moreover, SIRT1 may play
some beneficial effect improving functional recovery after stroke or TBI. TBI
reduces SIRT1 levels and it can has some protective activity (Wu et al.,, 2007).
Moreover, SIRT1 role regarding brain stroke remains controversial, although is
feasible that plays a protective role (Petegnief and Planas, 2013). Therefore, and
although unexplored, NH can have some beneficial effect for other CNS traumas or

insults.

We validated the therapeutic potential of NH in a pre-clinical model of root
avulsion with delayed reimplantation, which recapitulates the 4 mandatory points
needed for a good functional recovery described previously (Introduction 5).
Initially, we need to set up this model because no one had never performed the
delayed reimplantation of lumbar roots after its avulsion (Introduction 3.1). NH
sustains MN viability during at least 6 months and reduces the production of
inhibitory molecules of axonal regrowth at the CNS in this model. At the same time,
NH increases GAP43 levels within the axonal tracks of MNs, a protein that is needed
by mature neurons to reextend their axons (Udvadia et al., 2001). NH also activates
the pro-regenerative pathway AKT under the PTEN level (Park et al., 2008). Found
drug therapies that increase axonal regrowth by AKT activation without affect PTEN
have raised interest, because they maintain PTEN tumor-suppressor activity

(Tolkacheva and Chan, 2000).

GAP43 expression can be modulated by AKT axis (Liu et al.,, 2012), so an
increased activation of PI3K/AKT axis can be the responsible of the GAP43 changes.
The increase on the presence of this RAG is correlated with an enhanced nerve
regeneration in our model of PNL, as described elsewhere (Afshari et al.,, 2009).
Although not experimentally compared, we observed that NH ability to increase

nerve regeneration is slightly higher than this described for FK506 (Udina et al,,
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2002). Moreover, we tested the NH effect on axonal regeneration by fine
electrophysiologic techniques that assess muscle reinnervation, obtaining more
reliable results than those described for N-acetylcysteine and acetyl-L-carnitine

(Welin et al., 2009; Farahpour and Ghayour, 2014).

Although we analyzed nerve regeneration in both models, they have slightly
differences. In the crush model, we need to increase the regrowth of the peripheral
zone of the axon of the MN. Moreover, in the RA+RE model, the MNs need to generate
a new axon from its soma and it must cross the glial scar formed at the transition
zone between CNS and PNS after RA. The glial scar is composed of CSPGs and ECM
secreted by reactive astrocytes (Silver and Miller, 2004), so the described Ribavirin
effects averting astrocyte reaction (Lavrnja et al., 2012) can be the mediator of this
permissive environment. Interestingly, this new pre-clinical model yielded us
proves that NH can partially blocks muscle atrophy that appears after long

denervation.

A correct reconnection of MNs with muscle fiber is essential to warranty an
optimal functional recovery after PNL. Thus, the re-extended axon needs to reach
the denervated muscle. Moreover, although the NM] is rebuilt, the machinery must
be recruited to the synapsis. Mutant animals for a protein present in NM] suffer
electrophysiological abnormalities and reduced locomotor activity (MacDonald et
al., 2017) which suggest that NM] behavior is important for a correct motor system
performance. In experimental models, an enhanced regeneration of motor fibers is
not always correlated with an enhanced functional recovery (Cannoy et al., 2016).
Therefore, once the axon re-attaches with the muscle, it is mandatory to build a

functional NM]J.

Here, we observed that the amplitude of the CMAP is not well correlated with
the percentage of NMJs reinnervated in muscles from animals that received the
sciatic crush or root reimplantation, which indicates that reconnected axons need to
stablish a functional NM]. In clinical, although nerve regeneration is fully achieved,
this does not correlate with a functional recovery. Among several factors, this can
be due to an not functional NM] (Sakuma et al., 2016) or an excessive muscle

atrophy. Chronic muscle denervation is characterized by a drastic fall in the
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proliferative capacity of satellite cells, an exacerbated muscle fibrosis and an
atrophy that prevent any functional reconnection and recovery (Finkelstein et al.,

1993; Stefancic et al., 2016)

Muscle atrophy is initially provoked by an excessive protein breakdown,
followed by a reduction in the proteins synthesis. Two signaling axis orchestrates
muscle atrophy: PI3K/AKT, which acts regulating mTOR and FOXOs, and NF-kb (Cai
etal., 2004; Latres etal.,, 2005). AKT regulates the protein homeostasis and therefore
muscle integrity by two synergic ways: by the inhibition of FOXOs (1 and 3a), which
represses the expression of atrogenes, blocks protein degradation and inhibits
FOXO-dependent autophagy (Sandri et al., 2004; Mammucari et al., 2007; Yamazaki
et al., 2010; Schiaffino and Mammucari, 2011), and by the direct increase of protein
synthesis through mTOR activation and p70s6k protein (Bodine et al, 2001;
Rommel et al., 2001). Therefore, therapies have aiming to increase PI3K-AKT axis
activity for treat muscle wasting are a good option, but their use is extremely

hazardous due to the pro-oncogenic inclination of the axis (Cohen et al,, 2014).

Other player in muscle atrophy, although it exact mechanism is partially
clarified (Sriram et al,, 2011), is the protein breakdown mediated by NF-kb. This
evidence crosslinks those diseases with a marked inflammatory reaction (like a
systemic release of cytokines or interleukins) with the subsequent muscle wasting
(Yamaki et al., 2012). SIRT1 modulates both signaling pathways explained before
(activates PI3K/AKT and inhibits NF-kB) (Sundaresan et 1., 2011; Lee and Goldberg,
2015), and inhibits atrogenic transcriptome of FOXO at muscle (Lee and Goldberg,
2013). Moreover, SIRT1 protein levels dramatically fall during starvation in the
fibers type II of skeletal muscle but not in type I (heart and soleus muscles).
Therefore, NH-mediated SIRT1 Gain-of-Function can be a plausible therapeutic
approximation for those diseases, clinical states or traumas that are characterized
by a untreatable muscle atrophy (Cohen et al., 2014). In this thesis, we showed
evidences that NH leads to SIRT1 and AKT activation, and therefore, NH-mediated
anti-atrophy effect can be mediated by this dual activation. Regarding the data
obtained for FOX03a dual modulation, it is feasible that FOX03a remains active but

its transcriptome has anti-atrophic capabilities. So, the systemic treatment with NH
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can be acting also at muscle level and can be a good therapy for muscle atrophy-

related pathologies, but further studies are needed to depict its mechanisms.

Nowadays, we are analyzing the effect of NH in the rat model of cut and
suture of the sciatic nerve, which is a pre-clinical model of nerve transection. In this
model, we can elucidate the effect of NH on nerve regeneration and on muscle
atrophy. To confirm the anti-atrophic effect of NH, we also will test the therapeutic
effect of NH in a model of non-invasive hindlimb immobilization, which is a well-
accepted model of disuse-provoked muscle atrophy. All these data will be helpful to
get a more complete therapy to treat PNL. Although unexplored, NH also may be an
effective treatment for those nervous compressive injuries such as hernia disc or
Carpal tunnel, instead of the corticosteroids and nonsteroidal anti-inflammatory
drugs currently used. These compounds only aim to reduce inflammation without
enhance nerve regeneration (Deyo and Mirza, 2016; Padua et al., 2016), which leads
to an impaired functional recovery. Corticosteroid treatment also slowed nerve
regeneration after nerve injury in mice (Lieberman et al, 2011). Moreover,
glucocorticoids as dexamethasone are an accelerators of muscle atrophy

(Hasselgren et al., 2010), which have harmful effects on motor function recovery.

We observed that NH slightly reduced microgliosis and astrogliosis after RA
and HA (data not shown). This inflammatory reaction is correlated with the
neuropathic pain maintenance after RA (To et al. 2013). Moreover, SIRT1 activity at
spinal level has been linked with a reduction of hyperalgesia and allodynia (Shao et
al., 2014; Lv et al,, 2015). Its effects can be mediated by an epigenetic mechanism
(Zhou et al., 2017) or by its anti-inflammatory effects on spinal cord (H. Chen et al.
2017). In fact, resveratrol promoted algesic effects by inhibiting glial activation
(Wang et al.,, 2016). SIRT1 deacetylates NF-Kb and blocks its pro-inflammatory
capabilities (de Mingo et al., 2016; Wang et al., 2017). We observed that NH blocks
the nuclear translocation of NF-«kB to the nuclei of microglia in vitro, and this can
reduce the production of pro-inflammatory cytokines. Therefore, NH can revert or
partially reduce the neuropathic pain apparition that characterizes PNL by its anti-
inflammatory abilities. On the other side, this inflammatory reaction is related with
an exacerbation of the injury after stroke (Hernandez-Jimenez et al., 2013) and with

progression of neurodegenerative diseases such as ALS (Lall and Baloh 2017).
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Therefore, and although unexplored, NH can reduce NF-kB-dependent gene
expression within microglial cells, delaying its pro-inflammatory response and
reducing neurodegeneration or functional impairments after traumatic injuries
(Grilli et al., 1996; Tan et al., 2008; Frakes et al., 2014; Li et al., 2016b; Wachholz et
al,, 2016).

In conclusion, PNL from different origins and throughout different
development stages can lead to diverse types of MN death. Although the molecular
mechanisms that drive the MNs to its degeneration seem to be different, the
activation of the neuroprotective endogenous subroutines can sustain their
survival. Therefore, force the molecular pathways that are present in other type of
nervous traumas like SCI and TBI, or in neurodegenerative diseases like ALS, can
achieve neuroprotection. NH can also be an effective treatment for those injuries
that are characterized by an axonal degeneration, an exacerbated muscle atrophy or
neuropathic pain apparition. Currently, NH is on PCT process and we want to
validate its potential in other models non-related with neurological damage, aiming
to elucidate other possible protective effects for it. From this thesis, we can extract
two main conclusions: the usefulness of bioinformatic tools and systems biology to
discover new therapies for complex pathologies, and the benefits that arises using
the drug repurposing concept, which allows to hasten the process from bench-to-

bedside.
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Figure 11: Representative draw showing the MN response after axonal injury
and the protective effects of NeuroHeal. Root avulsion (RA) induces a blockage of
SIRT1 activity and a reduction of kinesin 5c (kif5c), dynactin (DCTN1), subunit (3-1
of integrins (It-B1) and Growth-associated protein 43 (GAP43). After hypoglossal
axotomy (HA) SIRT1 and SIRT?2 activities are affected. SIRT2 activity blocks the pro-
inflammatory effects of NF-kB. Neonatal crush (NC) involves apoptosis hallmarks
such as Caspase3 cleavage and PARP1 activation. NH avoids PARP1 processing and
induces autophagy and autophagosomes formation.
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Conclusions

CONCLUSIONS

Neuroprotection
Chapter 1: Neuroprotective Drug for Nerve Trauma

Revealed Using Artificial Intelligence

TPMS allowed the discovery of novel drug combinations with
neuroprotective and proregenerative capability after peripheral nerve
injury

Elucidated drug combinations exert neuroprotection against
Endoplasmic reticulum stress

The oral treatment with NH reduces MN cell death after RA and increases
functional recovery after nerve injury

Mechanism of action predicted by TPMS was ascertained for the NH
NeuroHeal neuroprotective effect is mediated through SIRT1 Gain of

Function

Chapter 2: Neuroprotection of Disconnected Motoneurons

requires Sirtuin 1 activation but Sirtuin 2 depletion or

inhibition with AK-7 is detrimental

SIRT1 and SIRT2 activities are modified after hypoglossal nerve injury
SIRT1 activity is neuroprotective in different in vitro models of ER stress
SIRT2 activity is detrimental for MN survival under ER stress

SIRT2 activity reduces MN cell death in vitro and in vivo through the

attenuation of the microglial cytotoxic activity

Chapter 3: NeuroHeal Confers Neonatal Neuroprotection

Inducing SIRT1-Dependent Autophagy
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Death of MNs after neonatal nerve injury has apoptotic hallmarks, and NH
blocks this death at PARP1 level.
NH treatment increases MN survival in vivo and in vitro through SIRT1

Gain-of-function and the concominant PI3K/AKT axis activation



Conclusions

e Sciatic nerve injury increases the phosphorylation and acetylation of
FOXO03, and NH increases it translocation to the MN nuclei.

e NH survival is mediated by autophagy increase in vivo and in vitro. These
effects need SIRT1 and PI3K/AKT axis co-activation

e NH treatment during postnatal stages did not affect the normal

peripheral nervous system development

Preclinical model of MN death and regeneration

Chapter 4: NH Boosts Regeneration and Reduced
Denervated Muscle Atrophy

e NH enhances axonal regeneration, increases MN survival, reduces muscle
atrophy and favors the formation of functional NMJs in a denervated
muscle during a prolonged period in a pre-clinical model of root avulsion
injury with delayed reimplantation

e NH treatment is a feasible therapeutic strategy for those injuries that
affect the nervous system and where functional recovery is compromised
due to a long distance-needed axonal regeneration and an exacerbated

muscle atrophy
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