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Summary

Severe peripheral nerve injury (PNI) cause axonal disruption and may
produce retrograde neurodegeneration. Axotomized neurons undergo a series of
phenotypic changes at the molecular and cellular levels, some of them called
endogenous mechanisms of neuroprotection, that promote neuronal survival that
includes the unfolded protein response (UPR), the heat-shock response, the
autophagy pathway, the ubiquitin-proteasome system, chaperone, the endoplasmic
reticulum (ER)-associated degradation machinery (ERAD) and the antioxidant
defence. The intensity and time course of the neuronal response are mainly
influenced by the severity of the injury, distance of the lesion to cell body, type of
neuron and age. However, when the injury is proximal to the soma, such in the case
of peripheral nerve root avulsion (RA), the endogenous mechanisms of
neuroprotection might not be properly activated contributing to
neurodegeneration. We reasoned that the correction or potentiation of these

mechanisms might be effective for neuroprotection.

We first characterize the state of autophagy flux after PNI in vivo and found
a blockage of these pathway, alterations in microtubule related proteins and vesicle
trafficking proteins at 5-7 days post-injury = Subsequently, we modelize some
concomitant events associated with autophagy failure such as cytoskeleton
abnormalities in in vitro model. Furthermore, we analyse the time course response
of autophagy and cytoskeleton in vitro. These revealed that neurodegeneration
might occur due to initial microtubule alteration followed autophagy blockage.
These cytoskeleton alterations increase astrogliosis and MN death in vivo. Finally,
we explored the role of autophagy potentiation. Time-course analysis of
pharmacological autophagy induction using rapamycin revealed to be
neuroprotective only as a pre-treatment before RA injury. In addition, autophagy
activation mediated by ATGS5 overexpression resulted in a MN preservation

accompanied by improved internal trafficking and autophagy flux.

Previous data demonstrated neuroprotective capacities mediated by

GRP78/BiP overexpression that it has been found downregulated in degenerated



MNs after the lesion. Considering its relationship with autophagy, we aimed to
clarify the mechanisms of these neuroprotection by proteomic analysis. We
discovered that GRP78/BiP overexpression induces the downregulation of
mitochondrial proteins by the induction of mitophagy. In this activation of

mitophagy by GRP78/BIiP is implicated IP3R and PINK1

Finally, considering that an effective therapy after PNI should promote
axonal regrowth and nerve regeneration, we explored if autophagy stimulation
might be pro-regenerative as well. We did so by overexpressing ATG5 or by genetic
and pharmacological activation of SIRT1. We discovered that autophagy mediated
by SIRT-1/HIFla promotes neurite outgrowth in vitro. In addition, autophagy
potentiation by ATG5 or SIRT1 overexpression enhances functional recovery and

axonal growth after the lesion.

Overall, these findings suggested that correction or potentiation of
endogenous mechanisms such as autophagy may be an effective therapy to increase
the survival of disconnected MNs and enhanced axonal regrowth after the

peripheral nerve injuries.
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Introduction

1. Motor system, motoneurons and peripheral motor
compounds

The motor system encompasses several areas and circuits of the brain, spinal
cord and peripheral nervous system to produce movement in animals. The primary

motor cortex, or M1, located in the frontal lobe, is one of the principal brain areas



involved in motor function. The role of the primary motor cortex is to generate
impulses that control the execution of movement. Other regions of the cortex
involved in motor function are called the secondary motor cortices. These regions
include the posterior parietal cortex, the premotor cortex, and the supplementary
motor area (SMA). Neurons in M1, SMA and premotor cortex give rise to the fibers
of the corticospinal tract, the only direct pathway from the cortex to the spine. The
corticospinal tract is the main pathway for control of voluntary movement in
humans. There are other motor pathways which originate from subcortical groups
of motor neurons (nuclei). These pathways control posture and balance, coarse
movements of the proximal muscles, and coordinate head, neck and eye movements
in response to visual targets. Subcortical pathways can modify voluntary movement
through interneuronal circuits in the spine and through projections to cortical
motor regions. The cerebellum is involved in the timing and coordination of motor
programs. The actual motor programs are generated in the basal ganglia. The basal
ganglia are several subcortical regions that are involved in organizing motor

programs for complex movements.

Like many other large fiber bundles, the corticospinal tract courses through the
lateral white matter of the spinal cord (SC). Fibers in the corticospinal tract synapse
onto motor neurons and interneurons in the ventral horn of the spine. Fibers coming
from hand regions in the cortex end on MNs higher up in the spine (in the cervical

levels) than fibers from the leg regions which terminate in the lumbar levels.

At the spinal cord MNs are surrounded by other non-neuronal cells such as
microglia, astrocytes, oligodendrocytes and ependymal cells. support neurons by
carrying out homeostatic functions and controls neurotransmission as part of the
tripartite synapse whereas oligodendrocytes produce myelin, hereby sustaining
saltatory nerve conduction. Adult microglia are highly ramified cells with phagocytic
capacity and morphological plasticity, important in development and after injury.
These types of cells have different functions and its characterized by their molecular
heterogeneity profile, but their main role is to sustain, feed and ensure a correct
health of neurons to allow the optimal performance of the CNS and protects the
neurons after several insults. It has been demonstrated that gene profiling of

astrocytes and microglia has been heterogenous among diseases. The cellular
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restoration is very focused on the oligodendrocyte and the neuron in CNS diseases
perhaps not sufficiently for astrocytes and microglia, despite signs of functional
impairment in both cell types(Masgrau et al., 2017). Therefore, it is important to
know the molecular mechanisms of each cell type that underlie CNS diseases, to
design specific therapies. On the same way, CNS is protected by the blood brain
barrier that selecting molecules between the bloodstream and the CNS. Therefore,
it maintains a correct homeostatic environment and isolates neurons from

damaging compounds and the blood immune system (Rasband, 2016).

Within the ventral horn, motoneurons (MNs) projecting to distal muscles are
located more laterally than neurons controlling the proximal muscles. Neurons
projecting to the trunk muscles are located the most medially. Furthermore,
neurons of extensors (muscles that increase the joint angle such as the triceps
muscle) are found near the edge of the gray matter, but the flexors (muscles which
decrease the joint angle such as the biceps muscle) are more interior. It is important
to note that a single motor neuron in the spine can receive thousands of inputs from
the cortical motor regions, the subcortical motor regions and through interneurons
in the spine. These interneurons receive input from the same regions and allow
complex circuits to develop. Each motor neuron in the spine is part of a functional
unit called the motor unit. The motor unit is composed of the MN, its axon and the
muscle fibers it innervates. Smaller motor neurons typically innervate smaller
muscle fibers. Motor neurons can innervate any number of muscles fibers, but each
fiber is only innervated by one motor neuron. When the motor neuron fires, all its
muscle fibers contract. The size of the motor units and the number of fibers that are
innervated contribute to the force of the muscle contraction. There are three types:
a, B and y. The a-MNs innervate muscle fibers that contribute to force production.
The y-MNs innervate fibers within the muscle spindle. The muscle spindle is a
structure inside the muscle that measures the length, or stretch, of the muscle. And
B-MNs dually innervate skeletal muscle and spindles (Squire et al., 2008). Motor
neurons of these classes have significantly different molecular, morphological, and

functional properties (Kanning et al, 2010).

MNs can classify according it cell body location, neurotransmitter, targeting, and

symptoms upon lesion. MNs are easily identified by histochemical staining of
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choline acetyltransferase (ChAT), which synthesizes acetylcholine (ACh) and
vesicular acetylcholine transporter protein (VAChT), which is responsible for the

transportation of ACh from the cytoplasm into the synaptic vesicles.

MNs located at different of the CNS have differences in their excitability and
therefore the action potentials. Nowadays these are not fully understood but these
differences can be related with the ionic channel conformation of their

membrane(Tadros et al., 2016).

The pool of MNs that innervates an individual muscle forms an elongated column
that typically extends over two or three spinal cord segments. Small y-MNs that
innervate muscle spindles are intermingled among large a-MNs that innervate
skeletal muscle fibres and B-MNs innervate both types. Motor axons also give off
small branches within the spinal cord, called recurrent collaterals. These axons have
two differential domains: the axonal initial segment (AIS) and nodes of Ranvier that
share their protein composition but differs in their mechanism of assembly (Nelson

& Jenkins, 2017).

Nerves are composed of these axons, together with fibroblasts, blood vessels
supplying the tissue, and Schwann cells that are the responsible to myelinate axons
increasing their conduction velocity. Peripheral nerves are surrounded by
connective tissue component and is divided into endoneurium, perineurium and
epineurium, according to their topography. The endoneurium are enriched of
collagen fibrils which run longitudinally along the nerve fibres between the basal
lamina of the Schwann cells and the perineurium. This thin layer contains the
endoneurial fluid and serves to support capillary blood vessels. The perineurium
envelope a nerve bundle or fascicle and it is denser than the endoneurium, the
epineurium is the outermost layer that surround and connect the nerve bundles in

a single beam.

The neuromuscular junction (NM]), also called motor end plates is the site of
connection between motor nerve axons and skeletal muscle fibres. NM] are
specialised chemical synapses of acetylcholine formed at the sites where the
terminal branches of the axon of a MN contact to a target muscle cell (Pavelka, 2010).

Innervation is achieved by interaction of acetylcholine released from the motor axon
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endings with its receptor in the plasma membrane of the muscle cell that triggers
the action potential. Mutations or changes in receptor expression have been related
to neuromuscular pathologies (Cooper & Jan, 1999) and with apparition of

neuropathic pain after nerve injuries (Seltzer etal., 1991).

When the whole nerve is stimulated at an intensity that activates all the
contained axons, the recorded wave is a compound nerve action potential, that is
the algebraic sum of the individual action potentials of all the axons stimulated and
able to propagate it. The size and shape of this compound is determined by the
number of functional axons, the amplitude of single action potentials, the range of
conduction velocity and the distance impulses travel along the nerve. Stimulation of
a mixed or a motor nerve elicits a twitch in the innervated muscles. The impulse
conducted by a-MNs causes synaptic transmission at the NM] and the production of
an action potential in the membrane of the skeletal muscle fibers, that can be
recorded with electrodes placed on the muscle. The compound muscle action
potential (CMAP) represents the summation of the action potentials of all excited
muscle fibers that respond to the nerve stimulation. Therefore, motor nerve
conduction tests provide selective information on the function and regeneration of

a-motor axons in vivo (Navarro, 2009a).

The amplitude of the CMAP response is determined by the number of muscle
fibres innervated and the size of the axons. By measuring the latency and the
distance between stimulating and recording electrodes the conduction velocity (CV)
can be calculated for each wave. In regenerating nerves, the CV is altered by changes
in axon diameter and myelination and remains below normal values for long time
after successful regeneration. These are the most useful indicators for nerve
regeneration studies (Navarro, 2016) and the state of MNs in neurodegenerative

diseases (Morales et al., 1987).

NM] is formed by the pre-synaptic nerve terminal, post-synaptic muscle and
perisynaptic glial cells, which are separated by 50-80 nm-wide gap also known as
synaptic cleft. The axon terminal represents the presynaptic part of NMJ] and it
contains multiple mitochondria and synaptic vesicles where acetylcholine is stored

(Tintignac et al., 2015).
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The muscle fibers are enclosed by a basal lamina containing extracellular matrix
material originating from the muscle fibers. The basal lamina in the synaptic cleft
differs in its molecular composition from that outside the synapse as it contains
molecules secreted by both nerve and muscle (Banke,et al, 1983). The nerve
terminal is capped by Schwann cells. These cells also produce a basal lamina, which
fuses with that of the muscle fiber at the edge of the NM]. In addition, a fibroblast-

like cell, referred to as kranocyte form aloose cover over the NMJ (Court etal., 2008).

2. Peripheral nerve injury

Trauma to peripheral nerve trunks may result in various extents of nerve fibers
injury. Peripheral nerve injuries (PNIs) usually lead to devastating loss of motor,
sensory and autonomic functions, acute or progressive, of the areas innervated by
the injured nerve fibers (Seddon, 1943). Due to the complex requirements for
adequate axonal regeneration, functional recovery is often poorly achieved. The
degree of deficits depends mainly on the severity and proximity of the lesion to the
spinal cord. The functions might be recovered if it was possible that axotomized
neurons survive, regrow the sectioned axons through the distal stump, and re-
establish functional connections with appropriate peripheral target organs. Surgical
repair to re-establish nerve continuity has a great impact on the prognosis of PNI.
Although peripheral axons are able to regenerate when the circumstances and the

environment allow it to happen, functional recovery is not guaranteed (Allodi ,

2012).

2.1 Types

The insults that can damage a peripheral nerve are very diverse
(mechanical, thermal, biochemical, ischemic, etc.). PNIs can be classified according
to the morphology of the lesion, their therapeutic requirements and their prognosis.
The two widely used classifications for nerve injury are the Seddon and Sunderland
classifications. While Seddon classification is simpler to follow for

electrophysiologists, Sunderland grading is more often used by surgeons.
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Mackinnon and Dellon have identified another addition to Sunderland classification

by describing a mixed type of injury (Chhabra, 2014) (Fig 1).

epineurium

perineurium

Healthy j\)f)\ sososssssesssssssesssosesessssoes o mion with complex shealh

. prem—
Sunderland and
Mackinnon L, Seddon

Grade 1 j\)@\ :::::::::::::::::':':::::::::::::: NEURAPRAXIA
=\

Grade 2 AXONOTMESIS

Grade 3 NEUROTMESIS

Grade 4 NEUROTMESIS +

Grade 5 NEUROTMESIS ++

Grade 6 MIXED

Figure 1. Schematic representation of 6 degrees of nerve injury according to Sunderland and
Mackinnon. Grade 1: conduction block indicated by arrow, Grade 2: transection of axon with an intact
endoneurium (axonotmesis). Grade 3: transection of the nerve fiber (axon and endoneurium) within
an intact perineurium (neurotmesis), Grade 4: transection of funiculi, epineurial tissue maintains
nerve trunk continuity (neurotmesis +), Grade 5: transection of the whole nerve trunk (neurotmesis),
Grade 6: mixture between 2 and 4. The classification depending on the affected layer, which can be
the axon, endoneurium, perineurium and epineurium. (Adapted from Deumens et al., 2010)

The first degree corresponds to neuropraxia, related with alterations on myelin
without disruption of the axon continuity that cause a temporary loss of motor and
sensory function due to blockage of nerve conduction. In the grade 2, the axon
continuity is disrupted, but the endoneurium remains intact and completely
recovery is expected over months. 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 of grades 2 and
4, which involves a more common clinical scenario of PNI. In these injuries, since the

connective tissue sheaths are disrupted, the regenerating axons are misdirected and
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may not be able to innervate the sensory endings or muscle end plates, and the
pattern of recovery indicated by muscle unit potentials is mixed, and, often,
incomplete (Chhabra et al, 2014. For the grade 4 and 5 the surgical repair is

mandatory to guarantee some degree of recovery.

The mechanical injuries (avulsions) that affect the nerve root, at the interface
between CNS and PNS, lead to neurotmesis and represent one of the most severe
types of PNIL. This type of lesion can be produced to a single or some nerve roots
from brachial, lumbar and facial zones and causes a disruption of the neuron-muscle
connection. Nerve root avulsion (RA) may occur after traffic, sportive or work
accidents or after iatrogenic injuries or during complicate obstetric interventions at
birth (Pondaag etal., 2007)(Feinberg et al., 2008). The same lesion in adults exhibits
poor functional recovery in compared to infants. This is due to the reduced
regenerative capacity at older age and to the diverging anatomical dimensions
between infants and adults patients because the distance of nerve ends and the
distance that regenerating axons must transverse are substantially larger

(Hulleberg et al, 2014).

Following peripheral nerve injury, while Schwann cells located in the NM] guide
regenerating axons to denervated endplates they start retracting their processes
from the endplates after prolonged denervation (Reynolds & Woolf, 1992). Besides,
these cells eventually atrophy and the basal lamina and bands of Biingner
degenerate. Muscle endplates also lose postsynaptic receptors, the size of muscle
fibers decrease, and the ability of satellite cells to proliferate declines (Kang et al.,
2014). Therefore, the prolonged loss of NM] function would cause both a contraction
failure and a loss of the NM] synaptic machinery. These impairment impedes the

recovery of motor function after muscle denervation (Sakuma et al.,, 2016)

The peripheral nerves also can be damaged by metabolic, infectious,
degenerative, or toxic mechanisms. The principle effect of neuromuscular disorders
that affect mainly the peripheral nervous system and muscle include some of the
most devastating diseases including amyotrophic lateral sclerosis (ALS), congenital
muscular dystrophies and myopathies. This type of disorders causes significant

incapacity, including at the most extreme, almost complete paralysis (Laing, 2012).
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2.2 Neuroprotection and nerve regeneration

PNI is a major clinical and public health calling and occurring in 2.8-5% of
polytrauma patients derived from multiple scenarios. In the United States of
America (USA) about 20 million Americans suffer from PNI caused by trauma and
medical disorders (Jones etal., 2016). Obstetrical brachial plexus injury is seen 1.24
per 1000 births and iatrogenic PNI is seen after surgery, anaesthesia injections,
chemotherapy, and radiation for breast or head and neck tumours (Brull et al.,

2015). Severe injuries have devastating effects on patient’s quality of life.

Peripheral 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. Detached nerves may be reimplanted but successful repair is time-
dependent due to the existence of massive retrograde degeneration of MNs
(Koliatsos et al ., 1994) (Penas et al., 2009). MNs can regenerate their axons if nerve
root reimplantation is performed soon after the injury. In patients with brachial
plexus avulsion, direct re-implantation of injured roots has allowed some functional
recovery (Chew et al, 2011) There is the assumption that in chronic axotomy and
chronic muscle denervation, insufficient retrogradely support of neurotrophic
factors from Schwann cells and target organs arrived and its progressive diminution
over time leads to poorer outcomes. Three months has been established as the
critical time-point where the effects of medical intervention start to decrease
(Jonsson et al.,, 2013). The effective recovery of motor function after spinal root
injuries depends on neuroprotection and axonal regeneration toward the muscle
targets.Several therapeutically approximations to sustain MN viability after RA have
been found experimentally but translation to the human has never been performed
(Table 1). Most of these agents have been tested after root avulsion lesions without
reimplantation, so that only its neuroprotective action is known and not if they have
a role in regeneration. In addition, neuroprotectants only increase survival up to
60%. It is important to emphasize that the time of administration of the drug could
be decisive. This is because the activation of neuroprotective mechanisms or the

inhibition of detrimental mechanisms could be good in certain stages after the
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injury. For this reason, it is important to know the underlying mechanisms of

degeneration to design specific and effective therapies in a time-dependent manner.

Table 1. Published therapies to sustain MN survival in different RA models (David Romeo-Guitart,

2017)

Drug Model Ref
GM-1 Ganglioside Spinal Root Avulsion (Oliveira & Langone, 2000)
Riluzole Spinal Root Avulsion + Reimplantation (Négradi etal.,, 2001)
MK801, DAP5, NBQX Spinal Root Avulsion (Nagano etal, 2003)
Cerebrolysin Spinal Root Avulsion (Haninec et al, 2003)
T-588 Facial nerve avulsion (Ikedaetal, 2003)
Nitroarginine Spinal root avulsion (Wu & Li, 1993)
BDNF+GDNF Facial nerve avulsion (BLITS etal, 2004)
N-Acetyl-cysteine Spinal Root Avulsion ( Zhangetal, 2005)
Vitamin E Facial nerve avulsion (Hoshida et al,, 2009)
Glatiramer acetate Spinal Root Avulsion (Scorisa et al., 2009)
Pre084 Spinal Root Avulsion (Clara Penas, Pascual-Font,

etal,, 2011)

Phorbol-12-myristate-13-

Spinal Root Avulsion

(Zhao etal., 2012)

acetate
Valproic acid Spinal Root Avulsion (Wuetal, 2013)
Paclitaxel Spinal Root Avulsion (Simetal., 2015)
ISP Spinal Root Avulsion + Reimplantation (H.Lietal, 2015)
Lithium Spinal Root Avulsion + Reimplantation (Fang etal.,, 2016)
Pregabalin Facial nerve Avulsion (Moriyaetal, 2017)
Minocycline Spinal Root Avulsion (Chin etal, 2017)
Neuroheal Spinal Root Avulsion + Reimplantation | (Romeo-Guitartetal., 2017)

After PNI, a few percentages of axons will regenerate until target organs after
the nerve transection. The principal treatment after nerve transection when direct
suture between stumps cannot be achieves, is the nerve grafting. This graft can be
from the same patient (autograft) or from a donor (allograft) (Glaus et al., 2011).
These grafts can be replaced by conductive tubes based on chitosan or cell therapy
(Georgiou et al., 2015). Therefore, a co-adjuvant therapy is needed after PNI to

increase nerve regeneration and block the muscle atrophy.

A multitude of agents have been investigated to improve outcomes in peripheral
nerve repair. Betamethasone, vitamin E, thyroid hormone, pyrroloquinoline and
erythropoietin have been shown to improve neuronal recovery (Mohammadi et al.,
2013)(Mohammadi et al., 2013)(Elfar et al., 2008)(Azizi et al., 2014). FK506, a
calcineurium inhibitor, enhances peripheral nerve regeneration and increases
axonal sprouting (Gold et al.,,1995). Related proteins have similar neurotrophic

activity without the immunosuppressive qualities (Gold et al., 1997). These agents
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have not been widely adopted due to limited demonstrable efficacy in humans
and/or side effect profiles. Recently, it has been discovered a new combination of
drugs, called Neuroheal using the systems biology approach. These combination
neuroprotected motoneurons, exerted anti-inflammatory properties and promoted
functional locomotor recovery in a preclinical model(Romeo-Guitart, Forés, et al.,
2018a). Furthermore, chronic treatment exerted long-lasting neuroprotection,
reduced gliosis and matrix proteoglycan content, accelerated nerve regeneration,
promoted the formation of functional neuromuscular junctions, and reduced
denervation-induced muscular atrophy (Romeo-Guitart et al, 2017). This

combination would be a promising therapy for clinical translation.

Even so, novel therapies that sustain survival of cell bodies, NMJ], and distal
axonal targets while accelerating the rate and quality of regeneration need to be
discovered for clinical translation. A potential product could be a “neurobiologic
cocktail” consisting of such additive or synergistic pro-neurotherapeutics to
increase the MN survival and to augment or accelerate nerve functional outcomes

after PNI (Janjic & Gorantla, 2017).

3. Murine models of peripheral nerve injury

To investigate the molecular mechanisms underlying after PNL and to develop
neuroprotective drugs/therapies to increase MNs survival after the lesion, in vitro

and in vivo models are needed.

3.1 In vitro models

Several specific elements of the peripheral nerve regeneration or the molecular
mechanisms underlying after root avulsion can be effectively reproduced in vitro
although the complexity of the nerve structure or the spinal cord complexity are
impossible to entirely reproduce in vitro. Due to the responsibility to respect the
3Rs (Replacement, Reduction, Refinement) in using live animals, researchers have
been required to design and optimize in vitro models before testing their hypothesis

using in vivo animal models (Geuna et al., 2016).
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In vitro models could help to elucidate the underlying mechanism of various
pathological processes since they allow their manipulation by molecular techniques
of transgenesis to express or overexpress a particular molecule or protein of
interest. Furthermore, in vitro models offer certain advantages over in vivo studies

since interpretation of results may be easier and more conditions can be assessed.

Several models of immortalized cell lines of peripheral glial cells (JS-1& RT4-
D6P2T) and neuronal cells (PC-12 & NSC-34) serve to study basic elements of
neurodegeneration and regeneration. These serve us to obtain preliminary data on
several aspects including the signalling pathways activated by drugs or molecules,
the biocompatible of new or modified materials and cell behaviour changes due to
environmental alterations induced by physical agents. These cell lines provide the
great advantage that completely replaced the animal manipulation and the cheapest
cost and rapidly results. Even though the biological properties of these cells are far
distant from those of corresponding mammalian cells in normal conditions due to

neoplastic features.

The culture of the whole tissue explant, called organotypic model preserve both
cytoarchitecture and cell interactions that form the tissue, providing a closer
approximation to in vivo models in comparison with dissociated cell cultures. MNs
in the spinal cord organotypic culture (SCOC) remain embedded in their natural
environment in contact with glial cells and maintain interneuronal connections and
the general response to each single neurotrophic factor is maintained (Gahwiler et
al., 1997). Therefore, SCOC can give a closer indication to in vivo responses than
dissociated cell cultures, where the disruption of their environment may affect the
neuronal phenotype. These cultures provide information about the effect of some
modulators and it impact on molecular pathways that can provoke or rescue MN cell
death (Guzman-Lenis et al., 2009a) (Guzman-Lenis ., 2009b). Furthermore, the SCOC
in combination with a matrix of a material that allows axonal regeneration (i.e
collagen), will permit to extend the axons in neurons and provides information

about the axonal growth of MNs(Allodi et al.,2011).

Despite the results obtained in vitro shed important information that could help
to corroborate some aspects relevant to the unknown mechanisms of PNI, we are

aware of the limitations in transferring conclusions from in vitro models to in vivo.
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3.2 In vivo models

In the face of acute or chronic axonal damage, neurons and their axons undergo
a high number of molecular, cellular, and morphological changes. These changes
facilitate two types of responses, axonal degeneration and regeneration, both of
which are remarkably conserved in both vertebrates and invertebrates.
Invertebrate model organisms including D. melanogaster and C. elegans have offered
a powerful platform with accessible genetic tools for manipulation and amenable

nervous system for visualization after axonal injury (J. Li & Collins, 2017).

Various large animal models have been employed for nerve regeneration
including rabbits, sheep, pigs and primates. Nevertheless, the majority of studies
have been done using rodents, rats and mice taking advantage of size to perform

microsurgeries and the anatomical resemblance.

Two main experimental lesion paradigms can be used for nerve regeneration
studies. Axonotmesis, in particularly the grade 2 of Seddon or crush which
interrupts nerve fibers without severing the connective tissue of the nerve trunk.
This model is suitable for the study of biological mechanism of regeneration of new
therapeutic agents. Neurotmesis, the other lesion, which is based in a complete
nerve transection (with or without removal of a nerve segment). This requires
surgical repair to re-establish epineural continuity and should be preferred for
preclinical studies of new therapeutic agents (Tos et al.,, 2009). The advantages of
axonotmesis over neurotmesis are: less technically challenging, low interanimal
variability in the postoperative outcome. In neurotmesis, axonal regeneration is
much slower, in terms of both morphological and functional predictors, thus making
it easier to disclose differences between experimental groups. Besides, the
differences on these models rely also on the distance from the soma and the age of

the animals.

To study the degeneration of MNs after injury a model for peripheral nerve
avulsion (Neurotmesis)in the brachial or lumbar have been employed. This model
could be used to understand the mechanisms that underlie the degeneration of MNs

and therefore could be translational to degenerative diseases that affect MN.
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4. Molecular mechanisms of motoneuron response after PNI

After PNI, several factors contributing to poor functional recovery include the
damage to the neuronal cell body due to axotomy and retrograde degeneration,
inability for axonal growth due to the nerve lesion, poor specificity of reinnervation
and changes in the central circuits in which the injured neurons participate due to

plasticity of neuronal connections (Lundborg, 2000).

The recovery from traumatic injuries depends primarily on the severity of the
axonal injury and its proximity to the CNS. Spinal cord MNs can regenerate and
survive by initiating molecular programs shortly after injury known as a

chromatolysis and neuronal reaction (Navarro, 2009b).

Chromatolysis is the fragmentation of stacks of rough endoplasmic reticulum
(RER) accompanied by the disaggregation of polyribosomes. These cell body
response involve the dispersion to the periphery of ribonucleoprotein and
movement of the nucleus to the eccentric position that causes the disarray of key
parts of the protein synthesis machinery (Moon, 2018). Regenerated neurons after
crush has been shown an increase of newly synthesized total RNA due to an increase
of anabolic processes in brief chromatolysis. This rapidly chromatolysis
reassembles protein machinery, resulting in axonal regeneration. In contrast,
various experiments have been demonstrated than transection or SCI (which
prevent regeneration) cause persistent chromatolysis and reduced protein
synthesis in MNs. Therefore, the functional consequences of chromatolysis is the
disruption of protein synthesis which can be transient or permanent depending on

a variety of factors including the type and the location of injury (Moon, 2018).

The neuronal reactivation after injury starts with the activation of pro-
regenerative machinery, which requires profound changes in transcription and
translation in the cell body. The initiated events are classified in early and late events
(Rishal & Fainzilber, 2014). The breach of the axonal membrane upon injury is
accompanied by rapid changes in intracellular ion concentrations, which leads to
the propagation of a calcium wave and the firing of action potentials. Calcium-

mediated regulation of immediate-early genes and (Ben-Yaakov et al., 2012) and
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epigenetic modifications of the genome by histone acetyltransferases at CNS or by

histone deacetyltransferases at the PNS (Shin & Cho, 2017).

The genes that are upregulated after PNI and are directly linked with axonal
regrowth, are termed as Regeneration-Associated Genes (RAGs)(Ma & Willis, 2015).
Axotomy of PNS neurons induces broad and coordinated gene transcription, a
response that is lacking following CNS injury that could correlate with the
incapability to regenerate after the injury. The expression of RAGs is a tightly
regulated process that needs the neuronal specific activation of determined TFs, and
the consequent coordinated modulation of gene expression by them (Ben-Yaakov et
al, 2012). The late events are directed by signalling macromolecular networks
trafficked on dynein motors that include the 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)(Rishal & Fainzilber,
2014).

After nerve injuries, axon distal to the lesion site are disconnected from the
neuronal body and degenerate. The axotomized neurons undergo a series of
phenotypic changes at the molecular and cellular levels and shift to a regenerative
phenotype, activating molecular pathways that promote neuronal survival and
axonal regeneration. The intensity and time course of the neuronal response are
mainly influenced by the severity of the injury, distance of the lesion to cell body
(pre-or postganglionic), type of neuron and age (Navarro, 2009). Spinal MNs from
rat are susceptible to the avulsion transection of the roots form brachial or
lumbosacral plexus (Penas et al., 2009), but when injury is at postganglionic level
MNs do not degenerate (Vanden et al.,1993). However, the immature MNs present
susceptibility to the postganglionic injury of the sciatic nerve (Lowrie et al.,1994).
Degeneration of MNs and their peripheral axons it has been observed in other

disorders: ALS, sarcopenia or following SCI (Bucchia et al., 2018).

In animal models of RA, it was observed that the lesion leads to a massive
retrograde death of the 80% of MN and the molecular pathways that underlie these

death are controversial (Koliatsos et al., 1994; Penas et al., 2009).
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The molecular mechanisms leading to retrograde MN degeneration remains
unclear. After RA, where the lesion occurs close to the MN soma, the effects are more
sever than after distal axotomy (DA) (Penas et al,, 2011; Penas et al., 2009). Recent
advances suggest that the mechanisms between these two models differs from 7
days post-injury (dpi). These differing events are characterized by the unbalanced
response of pro-survival mechanisms and pro-death mechanisms that determines
MN destiny (Casas et al, 2015).The pro-death mechanisms related to the MN
degeneration are: apoptosis, necrosis, anoikis, ER stress, nucleolar stress,
cytoskeletal rearrangements, selective autophagy and mitochondrial dysfunction. In
contrast, the endogenous mechanisms of neuroprotection engaged by MNs are: the
unfolded protein response (UPR), the heat-shock response, the autophagy pathway,
the ubiquitin-proteasome system (UPS), chaperone, the endoplasmic reticulum

(ER)-associated degradation machinery (ERAD) and the antioxidant defence.

Often, neurodegeneration appears concomitantly with anomalies in these
corrective mechanisms preventing complete recovery. Correction or potentiation of
these endogenous mechanisms of neuroprotection might ensure success of
neuroprotective therapy. Therefore, its important to study the molecular cascade

related with these endogenous mechanisms to design better therapeutic strategies.

4.1 Apoptosis/Antiapoptosis

Type I programmed cell death (PCD) or apoptosis is critical for cellular self-
destruction for a variety of processes that maintains the integrity of cell plasma
membrane and of organelles, and it is mediated by the activation of caspases. must
be tightly controlled since dysregulated cell death is involved in the development of
a large number of different pathologies (Portt et al, 2011). To date, research
indicates that there are two main apoptotic pathways: the extrinsic or death
receptor pathway and the intrinsic or mitochondrial pathway However, there is now
evidence that the two pathways are linked and that molecules in one pathway can

influence the other (Elmore, 2007).

The extrinsic signalling pathways that initiate apoptosis, involve
transmembrane receptor-mediated interactions with TNF receptors family.

However, the intrinsic pathway involves a diverse array of non-receptor-mediated
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stimuli that produce intracellular signals that act directly on targets. The stimuli that
initiate the intrinsic pathway produce intracellular signals that may act in either a
positive or negative fashion (Elmore, 2007). Upon initiation, the initiator caspases
(Caspase 1, 2, 4, 6,9, 10, 12 and 14) will become active and the activation leads to
the cleavage of the effector caspases (3,6 and 7), which will run apoptosis (Ichim &

Tait, 2016).

The aggressiveness of the process after RA is characterized by a drastic
reduction of MN survival, which achieves around 80% of MN death after 3 weeks
post-injury(Koliatsos et al., 1994; Penas et al.,, 2009; Wu & Li, 1993). In contrast,
distal axotomy of spinal nerves does not cause any motoneuron death due to the

presence of the remaining part of peripheral nerves.

This retrograde MN degeneration caused by RA was classified as apoptotic
(Martin et al., 2005; Martin et al.,1999) although the use of caspase inhibitors failed
to rescue them(Chan et al ., 2001). In contrast, other researchers speculated that
the process might be rather necrotic (Li et al, 1998). Nevertheless, Penas and
collaborators, had previously reports the lack of any end-step of caspase 3-
dependent apoptosis that pointed to the existence of a more severe and non-
apoptotic-end in that model. In that sense, some light previously shed by Park and
collaborators using KO mice for Bax revealed that these mice presented a phenotype
with a too wide range of MN loss after RA. These study revealed that MN may die by
Bax-dependent and other by Bax-independent process (Park et al., 2007). Besides,
Penas and collaborators had previously reported the lack of any end-step of caspase
3 dependent apoptosis (Penas et al, 2011). However, recent proteomic data
revealed that RA induces apoptotic-pathways, but its final execution is prevented by

the concurrence of anti-apoptotic factors (Casas et al., 2015).

The anti-apoptosis pathways are regulated by three protein families: FLICE-
inhibitory proteins, Bcl-2 and Inhibitors of Apoptosis Proteins (IAPs) (Portt et al.,
2011). After RA, has been observed an activation of XIAP in MNs which reaffirms the
activation of the intrinsic mechanisms to scape of apoptosis (Casas et al., 2015). The
activation of protein kinase B (AKT) has been correlated as a pro-survival protein
by it apoptosis blockage. AKT inhibits p53 (a molecular player in apoptosis) and
blocks its pro-apoptotic abilities (Gottlieb etal., 2002). In contrast, AKT was cleaved
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by caspases during apoptosis and accelerates the cell death (Rokudai et al., 2000).
The phosphorylation of FOX0s by AKT impedes the induction of pro-apoptotic genes
such BIM or BNIP3 (Dijkers et al, 2000; Tran et al., 2002).

Furthermore, after RA MNs activates apoptotic pathways but also anti-apoptotic
ones. These balance could determine the MN destiny after the injury to an

alternative death (Casas et al., 2015).

4.2 Rearrangements of cytoskeleton

The cytoskeleton of neurons comprises three distinct, interacting structural
complexes that have very different properties: neurofilaments (NFs) and actin
filaments and microtubules (MTs). These structures have important functions in the
establishment and maintenance of neuronal polarity, morphology and integrity of
axons (Luo, 2002 ;Barnes & Polleux, 2009). The main function of neurofilaments
which are particularly abundant in axons, is to control the axon diameter, and
mechanical resistance (Yuan etal., 2012). MTs and actin filaments mainly affect axon
specification and growth and axonal transport (Luo, 2002);(Kapitein & Hoogenraad,
2011). Both MTs and actin filaments are dynamic structures which facilitates the

continuous remodelling of the cytoskeleton.

MTs are composed of a- and [-tubulin heterodimers to form linear
protofilaments that associate laterally to create the MT. These structures are
extremely dynamic, existing in an either growing state (polymerization) or
shrinking state (depolymerization). The plus ends of MTs can rapidly switch
between these two states, going from growth to shrinkage (catastrophe), or from
shrinkage to growth (rescue), a process called “dynamic instability” (Mitchison &
Kirschner, 1984). The assembly and dynamics are further regulated by other
components, including microtubule-assembly-promoting factors, microtubule
stabilizing factors (such as structural or classical microtubule-associated proteins
(MAPs)), microtubule destabilizing factors, microtubule severing proteins, post-
translational modifications such as acetylation and microtubule-based motors of the

kinesin and dynein superfamilies (Conde & Caceres, 2009). Alterations related with
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the stability of MTs have been described in neurodegenerative diseases such ALS,

Alzheimer and peripheral neuropathies (Almeida-Souza et al,,2011).

The process of axonal transport depends on the integrity of the MT within the
neuron, as serve as the conduits upon which cellular constituents are shuttled in
both the anterograde by kinesins (towards the axonal terminus) and retrograde by
dyneins (towards the neuronal soma) (Brunden, et al.,, 2017). Therefore, motor
complexes are essential for the proper trafficking and MN survival. MNs are
enriched by the family of kinesin-1 (KIF5A and KIF5C) and its genetic ablation or
mutation are linked with MN diseases (Hirokawa et al., 2008; De Vos & Hafezparast,
2017). Alterations in the complex dynein/dynactin has been reported to cause MN

degeneration (De Vos & Hafezparast, 2017).

The cytoskeleton ensures the active transport of proteins, vesicles and
organelles along the axonal shaft besides promoting the forward movement of the
axon tip. After RA, MNs undergo cytoskeletal rearrangements (Penas et al., 2009;
Casas et al,, 2015). These alterations in cytoskeleton may affect the transport and
promote MN degeneration (Casas et al, 2015). Furthermore, it is described a
dramatic reduction of the tubulin acetylation in degenerate MNs, which is
considered an important regulator of microtubule dynamics (Almeida-Souza et al,,
2011)(Casas et al., 2015). Actin and MT disturbances are described in different
neurodegenerative diseases (Voelzmann et al.,2016). The axonopathy presentin AD
and ALS is characterized by a “dying back” phenomena and by the MTs loss (Baas et
al,, 2016). Mutations in the interaction sites of tubulin are present in mouse models
characterized by the degeneration of motor axons (Piermarini et al., 2016). The MT
stabilization has been proven to block neuronal death. In contrast, modulation of MT
stability has been successful to accelerate axonal growth in the CNS after the injury

(Ruschel et al., 2015).

Thus, the reduction in axonal transport observed in many neurodegenerative
diseases and after injury could results from alterations in MT structure and/or
molecular motors required for axonal transport. Proper axonal transport is critical
to the normal functioning of neurons, and impairments in this process contribute to
the neuronal damage and death. Therefore, the modulation of MT after the injury

could be a key role to face up the insult and for axonal regeneration.
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4.3 Secretory pathway and protein trafficking

The secretory pathway is where synthesis and delivery of soluble proteins. Most
of the cellular transmembrane proteins (except those of the mitochondria) use this
pathway to reach their destination. The pathway comprises the rough endoplasmic
reticulum (rough ER), ER exit sites (ERES), the ER-to-Golgi intermediate
compartment (ERGIC), the Golgi complex and post-Golgi carriers in route to their
final destination. The organelles have a precise regulation in order to provide a
proper  environment for  protein folding and  post-translational
modifications(Mellman & Warren, 2000). The exit of newly synthesised proteins
from the ER depends on these proteins being properly folded, but also on the ability
of the export machinery to incorporate them into carriers that are coated into the
membrane-coating coat protein I (COPII) and that leave the ER (Jackson & Hauri,
2009). Assembly of the COP-II coat is initiated at ERES by the guanosine
triphophatase (GTPase) Sarl that couples membrane curvature with the
recruitment of the inner COPII coat (Sec23) to capture cargo into the vesicle. The
coat adaptor recruits the outer shell Sec31, which leads to membrane deformation
and vesicle budding (Lord et al., 2013). Deficiency and/or loss of protein activity due
to mutations in genes encoding coat complex proteins are implicated in a number of

autosomal recessive human diseases.

The Golgi comprises of three functional compartments: the cis-Golgi, which
being the nearest compartment to ER, forms to the entry face to the Golgi, the
medial-golgi which is responsible for the modification, sorting and packing of
proteins for transportation, and finally the trans Golgi network, which forms the exit
face of the Golgi. Specific types of intracellular vesicles are associated with the Golgi.
Here an extensive machinery of glycosylation enzymes completes N-linked
glycosylation and initiates and extends O-linked oligosaccharides. In addition to
glycosylation, the Golgi apparatus is also a major site of protein sulfation and

phosphorylation (Puertollano et al., 2003).

Both, late-endosomes and lysosomes are highly enriched in distinctive, highly
glycosylated and conserved proteins, LMP, that reach their destination directly from

the Trans-Golgi network or from the endocytic pathway. The majority of newly
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synthesized lysosomal hydrolases to lysosomes is mediated by mannose 6-
phosphate receptors (M6PRs). Early in the Golgi, select mannose residues on
oligosaccharide chains of lysosomal enzymes are modified with phosphate groups
to form mannose 6-phosphate. Upon arrival to the trans-Golgi network (TGN),
lysosomal hydrolases encounter two distinct classes of M6PRs, cation-independent
(CI-M6PRs) and cation-dependent (CD-M6PRs), both mediating the exit of
lysosomal enzymes in clathrin-coated vesicles (Kornfeld and Mellman, 1989). The
bound hydrolases are released from the receptors in the endosomes as a result of
acidic luminal pH, allowing the receptors to cycle back to the TGN (Seaman, 2004).
Unlike soluble hydrolases, newly synthesized lysosomal membrane proteins (LMPs)
are delivered from the TGN without the requirement for M6PR binding. Sorting of
these proteins is accomplished by adaptor and clathrin coat complexes that bind
with high specificity to sorting signals present within the cytosolic domains of
transmembrane cargo. Transport of LMPs can occur through direct intracellular
pathway or indirect route involving passage via the plasma membrane and
subsequent endocytosis. All these processes are dependent of cytoskeleton integrity

and if this structure was impaired, the secretory pathway was affected.

4.4 Unfolded protein response

The endoplasmic reticulum (ER) is a major site of protein synthesis and
transport, protein folding and calcium storage. ER is the site of folding most of
proteins by a complex family of chaperones, cofactors and enzymes that mediate
different post-translational modifications. All proteins that transit the secretory
pathway first enter the ER where they fold and assemble into multi-subunit
complexes prior to transit to the Golgi compartment. Misfolded proteins are either
retained within the ER lumen in complex with molecular chaperones or are direct
toward degradation through the 26s proteasome in a process called ER-associated

degradation (ERAD) or through autophagy (Malhotra et al., 2007).

Accumulation of unfolded protein initiates activation of an adaptative signalling
cascade known as the unfolded protein response (UPR). Three main type-I
transmembrane proteins initiate the UPR: inositol-requiring protein 1a (IREla; a 8
isoform is selectively expressed in the lung and intestine), activating transcription

factor-6 (ATF6, a and 3), and protein kinase RNA-like ER kinase (PERK). In non-
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stressed cells, the luminal domains of these three proteins are bound to the protein
chaperone GRP78/BiP and they are maintained in an inactive state. Sufficiently high
levels of expression of any protein that binds GRP78/BiP can activate UPR (Ng et
al,, 1992) (Fig 2).

BIP/GRP78
o

PERK (®)

Fig 2. UPR signalling pathways. UPR is controlled by three transducers: IRE1, ATF6a, and PERK.
Upon ER stress, BIP/GRP78 dissociates and enables UPR activation. ATF6 is transported from the ER
to the Golgi, where it undergoes proteolytic cleavage by S1P/S2P proteases. These is translocated
into the nucleus where it acts as a transcription factor of genes required for ERAD and modulates
XBP1 transcription. ER stress also activates PERK, which phosphorylates elF2a to attenuate protein
translation. In parallel, preferential ATF4 translation drives the expression of ER chaperones and
other genes controlling autophagy, redox control and nutrient metabolism. Under severe ER stress,
the PERK-ATF4 pathway controls the proapoptotic genes, including CHOP, which leads to
programmed cell death. Once activated, IRE1 operates the alternative splicing of XBP1. The active
XBP1(s) up-regulates, among others, genes encoding for ER chaperones, ERAD components and

proteins involved in the lipid biosynthesis pathways. (Remondelli & Renna, 2017)

The most immediate response to ER stress is the attenuation of mRNA
translation to preventing influx of newly synthesized into the ER lumen mediated
by PERK. Upon BiP unbounds, PERK it autophosphorylates, homodimerizes and
transphosphorylates itself (p-PERK) to become active (Harding et al., 2000). PERK

~29~



activates and phosphorylates elF2a to inhibits general translational initiation.
Several stress-response mRNA are translate by elF2a, the most important is the
transcription factor 4 (ATF4)(Scheuner et al., 2001). Upon ER stress, PERK
phosphorylates Nuclear respiratory factor 2 (NRF2) to promote the nuclear entry
and the activation of the transcription of detoxifying enzymes by the binding to the

antioxidant response element (ARE)(Cullinan et al., 2003).

The second branch is mediated by IREla. Upon UPR response, IRE1 is
released from BiP and undergoes homodimerization and trans-
autophosphorylation to activates its RNAse activity (Cox & Walter, 1996). IRE RNase
activity initiates removal of an intron of a X-box binding protein (XBP1). This spliced
XBP1 is a transcriptional activator that plays a fundamental role of a wide variety of
UPR target genes involved in ERAD response, chaperones and lipid synthesis

(Hiderou Yoshida et al., 2003).

ATF6 was identified as another regulator protein like XBP1, binds to the
ERSE1 element in the promoters of UPR-responsive genes (Yoshida et al., 1998). In
response to ER stress, BiP dissociation permits trafficking of ATF6 to the Golgi
complex, where is cleaved by two proteases: S1P and S2P( Ye et al., 2000). The
processed forms of ATF6 translocate to the nucleus and bind to CRE and ERSE-1 to
activate target genes such as BiP, GRP74 and XBP1, enhancing the ability of the cell
to correctly fold proteins (Yoshida et al., 2001).

Accumulating evidence indicates that endoplasmic reticulum (ER)
proteostasis is altered after injury in both PNS and CNS, generating a protein
folding stress reaction in neurons and glial cells(Penas et al., 2011; Li et al,,
2013;0nate et al., 2016). Several lines of evidence support the contribution of UPR
branches to axonal injury induced events. For example. Activation of XBP1
enhances motor recovery after spinal cord injury and injury-induced by CHOP, a
downstream of PERK, results in the induction of apoptosis and tissue damage
after optic nerve injury(Li et al., 2013;0htake et al., 2018). After RA, XBP1 and
ATF4 proteins are still present but misfolded proteins are not detected in the
axonal ER after injury (Penas et al, 2011;Hu, 2016). Interestingly, UPR
modulation has positive effects and increases the axonal regeneration when it is

activated partially(Ofiate et al., 2016; Valenzuela, Ofiate, & Court, 2016).
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Several physiological and pathological conditions that alter the function of
the secretory pathway results in ER stress: this perturbation activates the UPR,
which controls the stability of RNAs and the rate of protein synthesis, and activates
the transcription of several genes involved in protein folding, ERAD, vesicular

trafficking, autophagy, ER redox control and lipid synthesis (Hetz & Saxena, 2017).

The function of the ER and the secretory pathway are key elements of the
proteostasis network that are altered in neurodegenerative diseases and nerve
injury. Nowadays, it is not clear how activation of UPR response elements is globally
coordinated leading to a delicate balance between adaptive and pro-apoptotic

responses.

4.4.1 78-kDa glucose-regulated protein (GRP78/BiP)

GRP78/BiP is encoded by the gene Hsp5a. It is the most abundant protein within
the hat shock protein-70 (Hsp70) family but it is not induced by heat shock because

the promoter lacks the heat shock element.

GRP78/BIiP it is traditionally regarded as a major ER chaperone but recently is
described the multiple functions in maintaining cell viability. BiP appears to
orchestrate several of the beneficial mechanisms that are activated under

circumstances of damage or intrinsic pro-survival pathways (Casas, 2017).

[ts expression is highly regulated at different time points by transcription factors
that binds to the promoter and the post-transcriptional regulation of GRP78/BiP
mediated by the activation of internal ribosome entry sequence (Macejak et al,,
1991). Another post-transcriptional regulatory mechanism is mediated by

PI3K/AKT that stabilizes the protein by unknown mechanisms(Dai et al., 2010).

GRP78/BIiP acts as a molecular chaperon is mainly found in ER lumen but it is
redistributed to the cytosol, nucleus, mitochondria, the plasma membrane or is
secreted (Fig 3). This localization determines it function that trigger different

molecular signalling events (Suzuki et al., 1991).

At the ER, GRP78/BiP has diverse functions and relies on several interaction
partners and co-chaperones, nucleotide exchange factors, and signal transducers.

The diversity of functions includes the translocation of nascent polypeptides, in
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protein folding and assembly, ERAD machinery and the maintenance of calcium

homeostasis.

ERAD in combination with the ubiquitin-proteasome system (UPS) are
responsible for the quality control in neurons. When the ERAD system is saturated
under stress conditions, macroautophagy removes unfolded proteins and
dysfunctional organelles. GRP78/BiP acts at several stages of macroautophagy. [t is
described that AMPK is stimulated by GRP78/BiP overexpression. In addition,
GRP78/BiP also interacts at late stages of autophagy flux since GRP78/BiP interacts
with p62 and misfolded proteins. This binding provoke the conformational change
of p62 that facilitates the entrance of the cargo in the autophagosomes for its
subsequent degradation (Molstad et al., 2015;Malek et al., 2015). Recently, Lee and
collaborators demonstrated that cytosolic form of GRP78/BiP interacts with PARK7
and p62 to modulate autophagic removal of misfolded protein cargoes(Lee et al,,

2018).
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GRP78/BiP has also been observed in mitochondria in association with co-
chaperones known to be involved in calcium-mediated signalling between ER and
mitochondria that is important for bioenergetics and cell survival. Some studies
showed that GRP78/BiP is mainly located in the intermembrane space, inner
membrane and mitochondria matrix (Sun et al, 2006). GRP78/BiP plays an
important role in the control of efflux of calcium ions from the ER. In addition, upon
calcium deletion from the ER via IP3R, the calcium-sensitive co-chaperone sigma
receptor 1 (SIG1R) dissociated from GRP78/BiP and associates with IP3R, thereby

protecting the otherwise unstable IP3R from ERAD and prolonging calcium

signalling to the mitochondria (Hayashi & Su, 2007). Finally, BiP has also found in
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Age-related diseases are commonly related with the accumulation of misfolded
proteins and mitochondrial dysfunction, particularly at the mitochondria-
associated ER membrane (MAM). Neurodegenerative disorders, such as AD, PD and
ALS have common events that also occurs in brain ischaemia or trauma. In AD has
been shown that GRP78/BiP protect cells from AP toxicity but induced tau
hyperphosphorylation via activating glycogen synthase kinase-33 (GSK-
3B)(Yerbury et al., 2010)(Z.-C. Liu et al., 2016). In animal and culture models of PD,
has been demonstrated that GRP78/BiP translocate from the ER to the nucleus and
cytosol (Casas, 2017). Furthemore, GRP78/BiP was found to be neuroprotective,
through a mechanism that involves decreases in the levels of UPR target genes,
preventing the loss of dopaminergic neurons and dopamine in the SNc¢ (Ni et al.,
2011). Genetic inactivation of GRP78/BiP itself results in spontaneous degeneration
and motor alterations during ageing in association with aggregation of wild-type

SOD1 in mice (Jin et al., 2014).

After trauma, it has been demonstrated that GRP78/BiP plays an important role.
After avulsion of the nerve root, GRP78/BiP is downregulated in neurodegenerative
motoneurons but it has been found overexpressed in the regenerative conditions
such as axotomy (Penas et al., 2009). Indeed, forced expression of BiP or
pharmacological activation of its co-chaperone Sig-R1 in a root avulsion model leads
to neuroprotection (Guzman-Lenis et al, 2009; Penas et al, 2011a,b). These
observations suggested that GRP78/BiP plays a relevant role activating endogenous

neuroprotection.

4.5 Mitochondria related-events

Mitochondria play a critical role in the generation of metabolic energy in
eukaryotic cells. They provide essential energy and metabolites, and maintain
calcium balance, which is imperative for proper neuronal function. Mitochondria are
divided in four main compartments: the outer mitochondrial membrane (OMM), the
inner mitochondrial membrane (IMM), the intermembrane space (IMS), and the

matrix, located in the interior.

Their main function is energy production through the tricarboxylic acid cycle

(TCA) and oxidative phosphorylation (OXPHOS) via the mitochondrial electron
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transport chain (ETC). The inevitable products of OXPHOS are the reactive oxygen
species (ROS) where physiological levels are related with differentiation, autophagy
and immune response(Sena & Chandel, 2012). Supra-physiological ROS levels are
harmful to proteins that cause damage in cellular lipids, proteins and DNA. These
alterations have been linked to multiple pathologies, including neurodegenerative
diseases, spinal cord injury (SCI) and traumatic brain injury. Most mitochondrial
proteins are encoded in the nucleus and imported into the mitochondria that
requires the mitochondrial membrane potential (A¥m)(Zorova et al., 2018). For
import, mitochondrial proteins first use translocases of the outer membrane
(TOMs). Some proteins are inserted into the outer membrane and either
transported to the matrix and processes there or inserted into the inner membrane
using TIM translocases, A¥m, and ATP, and finally the export of the processes inner

membrane protein from matrix to inner membrane(Zorova et al.,, 2018)

Mitochondria are not static organelles. They can change shape, size, number, or
localization inside the cell and have the ability to fuse into each other or divide by
fission to adapt to changes. Mitochondrial fusion utilizes three dynamin-related
GTPases: the Mitofusins 1and 2 (Mfn1/Mfn2) that control outer membrane fusion
and optic atrophy (OPA1) that controls inner membrane fusion (Song et al., 2007) .
In contrast, mitochondrial fission is controlled by dynamin related protein 1 (Drp1)
that form a ring around the mitochondria and causes their division, after being
recruited by primary mitochondrial fission 1 (FIS1) and mitochondrial fission factor
(MFF)(Toyama et al., 2016). The fission of mitochondria permits the isolation of

damaged mitochondrial components for their removal (Suarez-Rivero et al., 2016) .

Mitochondria are transported around the cell by cytoskeleton, motor proteins
and appropriate adaptors. In neurons are primarily trafficked on microtubules with
the adaptors of Miro and Milton/TRAK proteins(Devine et al.,2016). Mitochondria
oftenlocalize close to ER forming mitochondria-associated ER membranes or MAMs.
These membrane microdomains are reversible tethers that co-regulate and
influence a variety of cellular processes, i.e., synthesis/transport of lipids,
CaZ+dynamics/signalling, autophagy, mitochondrial shape and size, apoptosis and

energy metabolism (Annunziata et al., 2018).
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It is important to point out the contribution of mitochondria as core regulators
of neuronal survival through their involvement in pathways that facilitate cell death
A variety of internal or external triggers are capable to trigger signalling cascades
that converge at the mitochondria and then re-diverge into one or more cell death
pathways (Galluzzi etal.,, 2018). The most known pathway is the intrinsic apoptosis
pathway but mitochondria are also associated with some non-apoptotic forms of cell

death: necroptosis and parthanatos (Princz et al., 2018).

Mitochondrial dysfunction arises from an inadequate number of mitochondria,
an inability to provide necessary substrates to mitochondria, or a dysfunction in
their electron transport and ATP-synthesis machinery. The high levels of ROS and
the related reactive species (RNS) can be neutralize by dismutase enzymes and
antioxidants(Nicolson, 2014). Alterations in these enzymes have been observed in
some neurodegenerative diseases such as ALS, PD and HD but also after traumatic
brain injury (Schon et al, 2003). Furthermore, impaired function of certain
mitochondrial respiratory complexes has long been linked to the pathogenesis of
chronic neurodegenerative disorders such as PD an HD. In HD, deficiency in complex
I of electron transport chain and the repression of PGC-la, involved in
mitochondrial biogenesis are reported. In a model of PD, has been also observed a
selectively and irreversibly impairs the function of mitochondrial complex I in

dopaminergic neurons (Szalardy et al.,, 2015).

Perturbations in mitochondrial number and function severely impair cellular
homeostasis and trigger the onset of disease. Therefore, cells maintain a dynamic
balance between the opposing processes of mitochondrial biogenesis and clearance.
Therefore, the accumulation of dysfunctional mitochondria and/or the loss of

mitochondrial biogenesis process could be producing the cell death of the cell.

4.6 Motor axon elongation

The reaction after PNI is characterized by an axonal reaction in injured neurons
that changes the molecular pattern. The neuronal reactivation after injury starts
with the activation of pro-regenerative machinery, which requires profound
changes in transcription and translation in the cell body. Several factors determine

the recovery of function after PNI: the time-response of pro-regenerative
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machinery, neurite elongation, the distance to target and the rebuilding of synapse

(Mahar & Cavalli, 2018) MNs of the spinal cord, .

The axis PI3K/AKT and ERK/MAPK are the most studied pathway and have
shown to play a role in outgrowth after injury. When inhibitors of both pathways
were applied to the axon, axon elongation was abolished. Neurotrophic factors are
growth factors that can promote the survival and regeneration of the neurons,
specifically nerve growth factor (NGF) plays a pivotal role in regeneration by the
activation PI3K/AKT. This axis regulates local protein synthesis in the axon through
the mTOR pathway, where adult CNS require this signalling for axon regeneration
(Z. Huang et al., 2017). Deletion or inhibition of phosphatase and tensin homolog
(PTEN), negative regulator of mTOR, enhances axon regeneration after nervous
system injury. Although there are no studies performed in adult MNs, mTOR kinase
activity has been linked with axonal growth in sensory neurons (Fischer &

Leibinger, 2012).

The phosphorylation of Akt in Ser 473 is highly correlated with mTOR
activation and therefore with axonal re-growth. At the same time mTOR can
phosphorylate AKT in the same residue, forming a positive loop (Rahman & Haugh,
2017). The direct effector of mTOR. The effector of mTOR, p70s6K has been
correlated with the increase of cell growth and protein synthesis, necessary for the
regeneration of neurons after PNI (Yang et al.,, 2014). In contrast, acute inhibition of
mTOR signalling by rapamycin results in the activation of autophagy and promotes
nerve regeneration(Huang et al., 2016). Thus, indicate that the regulation of mTOR
in a time-dependent manner after the lesion could be a promise therapeutic strategy

to promote the axonal regeneration.

Another post translational modification that regulate Akt activity is
reversible acetylation. SIRT1 can deacetylate and thus activate AKT and promotes
axonogenesis (Li et al., 2013). After injury, several growth-associated proteins
including GAP-43 and cytoskeletal components and pro-growth transcriptional
factors, such as ATF3, HIF-1a, c-jun and STAT3 are up-regulated (Venkatesh &
Blackmore, 2017). SIRT1 can stabilizes HIF-1a via deacetylation (Joo et al., 2015)

and has been found that HIF-1-a enhances axon regeneration and accelerates
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neuromuscular junction re-innervation(Cho et al, 2015). Therefore, the up-
regulation of pro-regenerative machinery could be the best target to promote the

functional recovery after the injury.

Identifying key signalling networks associated with axon regeneration allows us
to experimentally manipulate these pathways, unveiling potential therapies for

regeneration

5. Autophagy

The term autophagy (“self-eating” from Greek) describes lysosome-dependent
degradative routes of eukaryotic cells, during which cytosolic material is delivered
to the endo-lysosomal system for subsequent degradation. Its three major forms
involve different mechanisms, which are responsible for the sequestration of
different cargo. Chaperone-mediated autophagy (CMA) is a selective delivery
pathway accomplished by lysosomal-associated membrane protein 2A (LAMP2A)
(Cuervo & Dice, 1996) and chaperon complexes while cytoplasmic constituents are
directly engulfed by the invaginations of lysosomes during microautophagy.
(Mijaljica et al., 2011).The process of macroautophagy (popularly called autophagy)
involves the formation of double-membrane autophagosomes to sequester cytosolic
cargo either in a selective or in a non-selective way. Matured autophagosomes
undergo fusion with late endosomes or lysosomes, and their degraded content is

recycled(Glick et al., 2010).

5.1 Macroautophagy

In macroautophagy, the cytoplasmic content is enveloped into a double-
membraned vesicle called autophagosome, trough non-specific encircling of the
bulk cytoplasm. Precise regulation is required to facilitate selective engulfment and
degradation when needed, in addition to preventing undesired removal of
cytoplasmic contents. This process at its optimal level ensures cell homeostasis,
while its deregulation compromises cell survival and it has been reported in many
diseases such as neurodegenerative disorders. This dysregulation its produced at
several levels in each disease (Wong et al, 2011). Macroautophagy involves a

battery of proteins to initiate autophagosome formation, nucleation, elongation,
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maturation, and degradation of autophagosomes. Macroautophagy regulators are
also modified post-translationally that provides an additional level of control over

macroautophagy.

The phagophore formation are control by two activating pathways and the
source of membrane is controversial, since several studies have been suggested that
it origins provides from Endoplasmic reticulum, mitochondria, Golgi Apparatus or
plasma membrane (Mari et al., 2011). The most characterized trigger for induction
of autophagy is deprivation of amino acids, which results in inhibition of the master
cell growth regulator serine/threonine kinase mTOR. mTOR is found in two distinct
protein complexes, mTORC1 and mTORC2, but only mTORC1 directly regulates
autophagy(Dikic & Elazar, 2018). When mTOR is inhibited, ULK1 complex is
activated and therefore starts the autophagy process. The adenosine
monophosphate-activated protein kinase (AMPK) can be activated leading to mTOR
inhibition and ULK1 complex activation. This pathway is known as a mTOR
dependent. (Arbogast & Gros, 2018). Currently, it has been described several
proteins that inhibits mTOR such as SIRT1(See 5.1.2) The other pathway involved
in these phagophore formation are mediated by phosphatidylinositol-3-phosphate
(PInst3p) by Beclin1-BECN1/Vsp34 complex, exerting a class III
phosphatidylinositol 3 kinase (PIK3CIII) activity. ULK1 complex can activate
Beclin1/Vsp34 complex after its recruitment to the initiation site (Arbogast & Gros,

2018). . This pathway is known as a mTOR dependent.

The elongation of membranes that evolve into autophagosomes is regulated by
two ubiquitination-like reactions. First, the ubiquitin-like molecule Atgl2 is
conjugated to Atg5 by Atg7 and Atg10. The Atg5-Atg12 complex then interacts non-
covalently with Atg16L1 This complex recognizes the site of elongation due to the
interaction of WIPI and the complex Beclinl/Vsp34. ATG12-ATG5-ATG16L and
ATG3 mediates the lipidation of Microtubule-associated protein 1 light chain 3
(MAP-LC3/Atg8/LC3) (Fig 4) Other members of LC3 family, such as GABARAP
proteins can also associate with autophagosome membranes(Arbogast & Gros,

2018; Rubinsztein et al., 2012).
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Subsequent to elongation step, autophagosomes are fused with lysosome for
degradation of their contents, a process known as autophagosome maturation.
Autophagosomes fuse with several types of vesicles from the endosomal /lysosomal
pathways including endosomes and lysosomes. Autophagosome degradation
require the action of late endosome marker protein Rab7 and lysosomal membrane
protein. This fusion requires a microtubule-based transport machinery that
involved dyneins, dynactin and kinesins to transport autophagosomes next to

lysosomes (Reggiori & Ungermann, 2017).
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Fig 4. Overview of the autophagy process. ULK1 complex triggers nucleation of phagophore by the
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at omegasome. PI3P recruits WIPI2 and binds to ATG16L1 directly, thus recruiting ATG12-ATG5-
ATG16L complex that conjugates PE to LC3. Sealing of the autophagosomal membrane gives rise to a
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(Dikic & Elazar, 2018)

Lysosomes break down macromolecules into their constituent parts, which are
then recycled. These membrane-bound organelles contain two classes of proteins:
soluble lysosomal hydrolases and integral membrane proteins (LMPs.) The

lysosomal hydrolases can digest proteins, nucleic acids, lipids, and complex sugars.
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The lumen of a lysosome is more acidic than the cytoplasm and therefore
activates the hydrolases in a pH-dependent manner and confines their destructive
work to the lysosome. LMPs reside mainly in the lysosomal limiting membrane and
have diverse functions, including acidification of the lysosomal lumen, protein
import from the cytosol, membrane fusion and transport of degradation products to
the cytosol(Eskelinen et al., 2003). Newly synthesized lysosomal proteins can be
direct, from the TGN to the endosomal system (see 4.3). Damage or genetic
alterations in this organelle often results in lysosomal membrane permeabilization
(LMP) and the release into the cytoplasm of the lysosomal content that has been

observed in several diseases and cancer.

Neuronal survival requires the continuous recycling of cellular materials
released by the machineries of autophagy and endocytosis to maintain homeostasis.
Impaired or dysfunctional autophagy in neurons is associated with
neurodegeneration, while its activation can have a therapeutic benefit. Lysosomes
are abundant in the perinuclear region where fusion take place (Roberts &
Gorenstein, 1987). In contrast, autophagosomes can be formed anywhere there are
intracellular components to be eliminated. This process requires the retrograde
transport of autophagosomes to the soma and this dependence upon axonal

transport makes it dependent for its function.

Alterations of proteins related to the initial phases of autophagy and in p62 have
been observed in ALS. Rapamycin, inductor of autophagy via mTORC1, exerts

neuroprotection in cerebral ischemia, TBI and AD (Menzies et al., 2015)

After RA there are some changes in autophagy markers that could be related
with alterations in autophagy flux and therefore the degeneration of MNs(Penas et
al,, 2011)(Casas et al., 2015). In TBI, autophagy is initiated but the autophagosomes
are not cleared. This is caused by the lysosomal dysfunctions and therefore impedes
autophagy resolution, what causes the neuronal death (Sarkar et al., 2014) Similar
observations have been observed in human brains of AD (Boland et al., 2008). In a
model of SCI, autophagy induction prevents the retraction of axons and enhances
their regrowth, thus promoting the recovery of motor function. These effects were
mediated by the degradation of a MT-destabilizing component, which turns on a

better intraneuronal axonal transport (He etal., 2016).
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These cell protective mechanism, also it has been reported as one type of cell death
called autophagic cell death (Kroemer & Levine, 2008). In some diseases it has been
described that he blockage of these pathway promotes an improvement of the
pathology. The inhibition of autophagy after ischemia promoted neuron survival in
adult and neonatal mice whereas autophagy flux blockage after spinal cord injury
promotes functional recovery and avoids apoptotic cell death(Suzuki et al., 2008;

Zhou et al., 2017)

[t is important to emphasize that depending on the moment or stage of autophagy
affected, the impact on pathological outcomes will differ. These may occur in the
form of a lack of autophagic flux, accumulation of autophagolysosomes,
accumulation of empty autophagosomes and lysosomal depletion, among others
(Wong et al., 2011). Therefore, the elucidation of the origin of dysfunctional
autophagic processes may help in the design of new therapeutic approaches based

on autophagy modulation to ultimately attenuate or prevent neurodegeneration.

5.1.1 Autophagy related 5 (ATG5)

ATGS5 and ATG7 are considered to be essential molecules for the induction of
autophagy. Atg7 is required for the conjugation of Atgl2 to Atg5 and the complex
Atg5-Atgl6L1-Atgl2 facilitates autophagosome formation. Following the
nucleation step, other Atg proteins are recruited to the membrane of the pre-
autophagosomes to promote elongation and expansion. During the elongation and
expansion steps, Atg7 and Atg10 promotes the interaction of Atg5-Atg12 which also
interacts with Atgl6L. This complex mediates the conjugation of PE to the
microtubule associated protein 1 light chain (LC3-I) to form LC3-II leading to the
translocation of LC3 from cytoplasm to the membrane of the autophagosomes.
However, mouse cells lacking ATG5 or ATG7 «can still form
autophagosomes/autolysosomes and perform autophagy-mediated protein
degradation when subjected to certain stressor in several embryonic

tissues(Nishida et al., 2009).

Autophagy is critical for neuronal homeostasis and survival. Neural-specific
depletion of genes required for autophagy such as ATG5 and ATG7 is sufficient to

cause axon degeneration and neuron death in mice (Komatsu et al, 2007;
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Nishiyama et al., 2007). Furthermore, ATG5 KO animals have a significant reduction

in survival, as a delay in neuronal maturation (Xi etal., 2016).

In contrast, ATG5 overexpression increases lifespan and the resistance to the
oxidative stress and (Pyo et al., 2013). Furthermore, neuroprotective effects has

been observed in a model of PD after the up-regulation of ATG5 (Hu et al., 2017).

Moreover, ATG5 has been linked in apoptosis. It was shown that FADD can
interact with ATGS5, activating the caspases and promoting cell death (Pyo et al,,
2005). This implication indicates that ATG5 can regulate components of the
extrinsic apoptosis pathway. Another mechanism by which ATG5 can control
apoptosis has been described. The cleavage of ATG5 by calpain create a truncated
form of the protein that translocate to the mitochondria and promoting the release
of cytochrome c and therefore, the activation of intrinsic apoptosis pathway (Yousefi
et al, 2006). ATGS5 represents another molecular link between autophagy and

apoptosis.
5.1.2 Sirtuin 1 (SIRT1)

The Sirtuin family of class III histone deacetylases (SIRTs) has been extensively
implicated in modulating multitudinous of cellular processes, including energy
metabolism, stress response, cell/tissue survival and malignancy. There are seven
SIRTs in mammals with varied subcellular localization and enzymatic activity

influencing their in vivo substrates and cellular functions (Frye, 1999;Frye, 2000).

SIRT1/Sir2 was initially described as a nuclear protein that may also shuttle
to the cytoplasm or mitochondria (Stiinkel et al., 2007;Tang, 2016).Is a nicotinamide
adenosine dinucleotide (NAD)-dependent deacetylase and removes acetyl groups
from many histone and nonhistone proteins (Rahman etal.,, 2011). The list of SIRT1
substrates includes several transcription factors: p53, members of the FoxO family
(forkhead box factors regulated by insulin/Akt),PPARYy (peroxisome proliferator-
activated receptor gamma), p300, PGC-1a (PPARY coactivator), and NF-kB (nuclear
factor kappa B) and hypoxia-inducible factor-1a (HIF1a) among others(Joo et al,,
2015;Rahman et al.,, 2011). Therefore, SIRT1 orchestrates several functions at
neuron related with pro-survival mechanisms such as autophagy, mitochondrial

activity and apoptosis.
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Regulation of autophagy further involves post-translational modifications
such as phosphorylation and acetylation. Acetylation of several ATG proteins
including ATG5, ATG7, LC3 and ATG12 are inversely correlated with the cellular
level of macroautophagy (Lee et al., 2008). Knockdown of acetyltransferase p300
reduces acetylation of Atg5, Atg7, LC3 and Atgl2 and enhances macroautophagy,
while overexpression of p300 inhibits macroautophagy(Lee et al, 2009). In tissues
from SIRT1 KO, basal acetylation of autophagy component is increased.
Furthermore, acetylation of ATG5. Furthermore, acetylation of Atg5 is markedly
elevated in mice lacking deacetylase Sirtuin-1, which exhibit macroautophagy-

deficit phenotypes. This phenotype is similar to ATG5 lacking mice (Lee etal., 2008).

SIRT1 can also induce autophagy by mediating the deacetylation of FoxO1.
Specifically, SIRT1 can induce an increase in autophagic flux and upregulate the
expression of Rab7, a small GTP-binding protein that mediates late autophagosome-

lysosome fusion(Fiillgrabe et al., 2013).

Other regulators of autophagy has been reported to associate with SIRT1
such as Histone 4, Fox03, NK-KB, p53, HIF1 and TSC2, p70S6K(Qiu et al., 2015).

This autophagy activation mediated by SIRT1 exerts a positive neurite-growth
effect via mTOR inactivation in primary cell cultures. Correspondingly, Rapamycin
enhanced neurite outgrowth(Garza-Lombé et al,, 2016). Furthermore, the cytosolic
form of SIRT1 has also been described during neuronal differentiation and neurite
outgrowth(Hisahara et al., 2008). SIRT1 has also been shown to promote axon
development in embryonic hippocampal neurons via AKT and enhancing
axonogenesis in cultures hippocampal neurons(Codocedo et al., 2012). Specifically,
cytosolic presence of SIRT1 has been related to neurite elongation(Sugino et al,,
2010). Therefore, activation of autophagy mediated by SIRT1 could be a promising

target for nerve regeneration.

5.2 Selective autophagy

Over the past 20 years, the concept of mammalian autophagy as a nonselective
degradation system has been repudiated, due in part to important discoveries in

neurodegenerative diseases, which opened the field of selective autophagy.
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Microautophagy, macroautophagy and CMA can operate in a specific manner,
through a mechanism that involves the recognition of autophagy substrates by
dedicated receptors(Farré & Subramani, 2016). It is defined instances of micro- and
macroautophagy of a precise autophagy substrate, coupled to requirement of
specific molecular factors which may be used to selectively monitor or

experimentally manipulate the process(Galluzzi et al., 2017).

This selectivity in the cargo recognition results in a several new types of
autophagy. Some of them include the selective degradation of mitochondria
(mitophagy), peroxisomes (pexophagy), ER portions (ER-phagy), ribosomes
(ribophagy), lipid droplets (lipophagy), intracellular pathogens (xenophagy) or
ubiquitinated-aggregates (aggrephagy)(Martinez-Vicente, 2017).

Although all these types of selective macroautophagy degradations might be
activated by different signals, they all require autophagy receptors to act as adaptor
between the substrate and the autophagosome. Most of these adaptors contain the
LIR (LC3 interacting region) and a ubiquitin-binding domain that recognizes the

substrate with ubiquitinated chains(Wild et al., 2014)

Other specific forms of autophagy have been described, mostly based on cargo
selectivity. These include: myelinophagy (targeting myelin in Schawnn
cells)(Gomez-Sanchez et al., 2015), zymophagy (targeting zymogen granules in
pancreatic acinar cells) (Grasso et al.,, 2011), ferritinophagy, targeting ferritin via

the receptor nuclear coactivator 4 (Mancias et al., 2015).

5.2.1 Mitophagy

Among the different types of selective autophagy, mitophagy is the only known
pathway via which whole mitochondria can be selectively eliminated. Mitophagy is
responsible for the basal mitochondrial turnover that eliminates old mitochondria.
However, mitophagy can also be induced under certain physiological conditions,
examples of which are the maturation of erythrocytes, where mitochondria must
remove from the cell, and the developmental of fertilized oocytes to remove paternal
mitochondria (Sandoval et al., 2008) (Sato & Sato, 2011). In addition, mitophagy also
can be induced as a stress response mechanism to eliminate selectively damaged

mitochondria, but how the cell distinguishes between functional and non-functional
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is not entirely elucidated (Martinez-Vicente, 2017). Loss of mitochondrial
membrane potential and mitochondrial fragmentation precede mitophagy (Gomes,
Di Benedetto, & Scorrano, 2011) (Twig et al., 2008). In cultured systems, mitophagy
can be triggered by a number of stimuli, including hypoxia, energy stress and
increased oxidative phosphorylation activity (Egan et al.,, 2011)(Wei, Liu, & Chen,
2015) (Melser et al., 2013).

All types of mitochondria keep the same pattern involving the receptor-
mediated mechanism. The receptors connect the mitochondria with LC3-II via the
LC3-interacting region (LIR) present in all receptors (Wild et al., 2014). The nature
and origin of this receptors can vary depending on the type of mitophagy; some
receptors are proteins or lipids located in mitochondrial membrane, while other
receptors are non-mitochondrial proteins that recognize and simultaneously bind
ubiquitinated chains on the surface of mitochondria and LC3-II on the
autophagosome structure due to Ubiquitin binding domain that contain (Wild et al.,

2014).

The most characterized mechanism regulating the recruitment of
autophagosomes to mitochondria is that driven by phosphatase and tensin homolog
(PTEN)-induced putative kinase 1 (PINK1) and Parkin (Youle & Narendra, 2011).
This type of mitophagy its known as PINK1/Parkin mediated mitophagy and its
activated in response to mitochondrial depolarization. PINK1 is imported from the
cytosol to mitochondria in under basal conditions. In a mitochondrial
transmembrane potential-dependent manner PINK1 is imported from the OMM to
the IMM through translocase complex TOM and TIM. In the IMM its cleaved by
mitochondrial matrix proteases such as mitochondrial processing peptidase (MPP)
and prenisilin-associated rhomboid-like protease (PARL). This processing causes
the externalization of the cleaved protein to the cytosol where it is degraded by the
UPS. In a stress conditions of mitochondria where it loss it potential PINK1 is not
imported and therefore PINK1 processing is not complete. Therefore, full-length is
accumulate in mitochondria’s surface (S. M. Jin et al., 2010) (Deas et al.,, 2011)
(Greene et al., 2012)(Y. Yang et al, 2006).This accumulation can provoke the
phosphorylation of ubiquitin (UB) at Ser65 tagged to OMM proteins that stimulates

the recruitment and activation of Parkin to damaged mitochondria. PINK1
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phosphorylates Parkin activating it and thereby promoting the ubiquitination of
several proteins on the mitochondrial surface that will be phosphorylated by PINK1,
generating a positive feedback loop. Therefore, the accumulation of ubiquitinated
proteins in the mitochondrial surface generate a signal as an “eat-me” for mitophagy
receptors. Currently, there are five receptors described (p62, NRB1, Optineurin
(OPTN), NDP52 and TAX1BP1) involved in PINK/Parkin system but the primary
receptors are OPTN and NDP52 (Lazarou et al., 2015). Autophagosomal membrane
attachment is mediated through the LIR region, which targets damaged
mitochondria to phagophores for clearance in the lysosome. Recently its described

the direct interaction of LC3 with this ubiquitin tags at damaged mitochondria.

In any case, recent works was shown that parkin is important to amplify the
signal but not essential for this process (Szargel et al., 2016). Alternative models to
explain the role of Parkin in mitophagy have also been proposed in which Parkin
acts more indirectly. This speculation about how Parkin promotes mitophagy in
mitophagy emerges from evidence that targeted proteosomal degradation of Parkin
substrates imbalances the ratio of mitochondrial to nuclear encode proteins at the
mitochondria resulting in the mitochondria unfolded protein response (UPR mt)

(Houtkooper et al., 2013).

Alternatively, Parkin may promote mitophagy indirectly by inhibiting fusion (as
aresult of Mnf-1/Mnf-2 degradation) (Dorn, Scorrano, & Dorn, 2010). Regulation of
mitochondrial transport along MTs is another key consequence of Parkin
recruitment to mitochondria. This is achieved through Parkin-mediated turnover of
Miro, a protein that tethers MT-associated kinesin motor protein complexes to the
OMM and through Parkin-dependent recruitment of HDAC6 that also promotes
trafficking of mitochondria along MTs. Finally, Parkin has non- mitochondrial
substrates that influence mitochondrial mass in cells, such as PARIS transcriptional
regulator that repress PGC-1a expression to inhibit mitochondrial biogenesis (].-H.

Shinetal, 2011).

Other type of mitophagy is mediated by several proteins located in the OMM
that contain LIR motif, which act as specific receptors (Bcl-2 nineteen-kilodalton
interacting protein 3 (BNIP3), Nix, Bcl-2 like protein 13 (Bcl-L-13) and FUND1.
BNIP3 and NIX are targets of Hypoxia-inducible factors(HIFs) (Bruick, 2000) (L. Liu
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et al., 2012) but BNIP is also transcriptionally regulated by RB/E2Fs (Tracy et al.,
2007), NF-KB (Shaw et al,, 2008), FoxO3 (Mammucari et al., 2007), oncogenic Ras
(S--Y.Wuetal, 2011)(Kalas etal,, 2011) and p53. The directinteraction with LC3B-
[Tor GABARAP provoke the direct target of mitochondria to the autophagosome (Zhu
et al, 2013). BNIP3 dependent mitophagy is preceded by mitochondrial
fragmentation and perinuclear clustering of mitochondria. FUNDC1 is another
protein located in the OMM that is also activated in response to hypoxia.
Intriguingly, this renders the FUNDC1-LC3 interaction subject to negative regulation
by SRC1.Conversely, phosphorylation of FUNDC1 by ULK-1 promotes the
interaction with LC3.Cardiolipin is a mitochondrial phospholipid present in the
IMM, when is externalized to the OMM, it can function as a mitophagy receptor to

recruit LC3 and the autophagosome machinery (J. Zhang & Ney, 2009).

Although mitophagy is the only cellular process that eliminates whole
mitochondria, other mechanisms exist to eliminate portions or components of
mitochondria. One of these are UPRmt, This is activated in a stress-response and
activates genes related to mitochondrial proteostasis as an internal quality control.
It is formed by several chaperones and proteases that promote proper protein
folding and complex assembly (Haynes & Ron, 2010). Recently, it has been found a
new mechanism involving in the partial elimination of mitochondria. It is called
Mitochondrial-derived vesicles (MDVs) and can be formed by budding of the
mitochondrial membrane, these vesicles are formed independently of the
mitochondrial fission machinery and are targeted to lysosomes for degradation in
an autophagosome-independent manner (Soubannier et al.,, 2012; Roberts et al.,,

2016).

Neurons represent a particularly interesting cell type for mitophagy because
they combine high demand for mitochondria and high mitochondrial stress with a
challenging cellular architecture. In addition, neurons are post-mitotic cells and
therefore their mitochondria are particularly prone to accumulation of oxidative
damage and high levels of calcium (Berthold, Fabricius, Rydmark, & Andersén,
1993). Nowadays, the process of mitophagy in neurons it is not well characterized
but the mutations of PINK1 and Parkin were associated with neurodegeneration in

hereditary PD (Batlevi & La Spada, 2011). Mitochondrial damage and dysregulation

~48~



of mitophagy have also observed in other neurodegenerative diseases such as
Alzheimer, ALS and Huntington’s disease (Khalil et al., 2015; Sun, Starovoytov, &
Cai, 2015; Wong & Holzbaur, 2014).
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Objectives

Correction or potentiation of endogenous mechanisms of neuroprotection
after injury such as autophagy might ensure success of neuroprotective and
regenerative therapy. Therefore, our main objective is to investigate the features
of autophagy induction after injury and provide related tools for neuroprotection

and nerve regeneration after PNI.

With this aim the thesis has been divided in 3 different chapters that are

composed by particular objectives.

Chapter 1: ATG5 Overexpression is Neuroprotective and
Attenuates Cytoskeletal and Vesicle-Trafficking Alterations in

Axotomized Motoneurons

1.1 To perform proteomic analysis and validate data to determine key
molecular proteins involved in the degenerative processes after RA.

1.2 To characterize the Autophagy flux and related events in
neurodegeneration of MNs after RA.

1.3 To modelling in vitro some key events of this neurodegenerative
processes (e.g. cytoskeleton and autophagy abnormalities).

1.4 To analyse the impact of cytoskeleton alterations on MN survival in vivo

1.5 To evaluate if autophagy potentiation by ATG5 overexpression preserve

injured MN population.

Chapter 2: Grp78/Bip Triggers PINK/IP3R-Mediated Protective
Mitophagy

2.1. To perform proteomic analysis and validate data to determine key
molecular events and nodes by which GRP78/BiP overexpression promote
the survival of MNs after RA.

2.2 To asses if Grp78/ BiP overexpression triggers mitophagy in vivo and in

vitro.
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2.3 To determine the relevance of mitophagy in the neuroprotective effect of
GRP78/BiP overexpression.
2.4 To discover possible partners for Grp78/BiP-induced mitophagy.

Chapter 3: Autophagy induced by SIRT1/Hifla axis promotes
nerve regeneration
3.1 To characterize SIRT1 localization and activity within MNs after PNI

3.2 To assess the role of SIRT1 in nerve regeneration after axotomy using

several PNI models by pharmacologic and genetic approach.

3.3 To investigate the implication of Hifla/autophagy pathway in SIRT1-

mediated axon growth and neuritogenesis

3.4 To verify the importance of macroautophagy in nerve regeneration by

inducing ATGS5 overexpression
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ATGS5 overexpression is neuroprotective
and attenuates cytoskeletal and
vesicle-trafficking alterations in
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Abstract
Injured neurons should engage endogenous mechanisms of self-protection to limit neurodegeneration. Enhancing
efficacy of these mechanisms or correcting dysfunctional pathways may be a successful strategy for inducing
neuroprotection. Spinal motoneurons retrogradely degenerate after proximal axotomy due to mechanical
detachment (avulsion) of the nerve roots, and this limits recovery of nervous systemn function in patients after this type
of trauma. In a previously reported proteomic analysis, we demonstrated that autophagy is a key endogenous
mechanism that may allow motoneuron survival and regeneration after distal axotomy and suture of the nerve.
Herein, we show that autophagy flux is dysfunctional or blocked in degenerated motoneurons after root avulsion. We
also found that there were abnormalities in anterograde/retrograde motor proteins, key secretory pathway factors, and
lysosome function. Further, LAMP1 protein was missorted and underglycosylated as well as the proton pump v-
ATPase. In vitro modeling revealed how sequential disruptions in these systems likely lead to neurodegeneration. In
vivo, we observed that cytoskeletal alterations, induced by a single injection of nocodazole, were sufficient to promote
neurodegeneration of avulsed motoneurons. Besides, only pre-treatment with rapamycin, but not post-treatment,
neuroprotected after nerve root avulsion. In agreement, overexpressing ATG5 in injured motoneurons led to
neuroprotection and attenuation of cytoskeletal and trafficking-related abnormalities. These discoveries serve as proof
| of concept for autophagy-target therapy to halting the progression of neurodegenerative processes.

Introduction dysfunction, atrophy, and eventually neuronal death.

Connectivity is needed for neuronal survival. Disruption
of synaptic function and axonal connectivity precedes
neuronal cell death in most neurodegenerative processes
and diseases'. Accordingly, proximal axotomy leads to
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Injured neurons may trigger endogenous mechanisms of
neuroprotection that help them to rapidly recover from
the insult. Macroautophagy (hereafter referred to as
autophagy) and the unfolded protein response activated
against the endoplasmic reticulum (ER) stress are exam-
ples of these mechanisms. Often neurodegeneration
appears concomitantly with anomalies in these corrective
mechanisms preventing complete recovery. Correction or
potentiation of these endogenous mechanisms of neuro-
protection might ensure success of neuroprotective

therapy”.

Open Access This article is licensed under a Creative Commons Attribution 4.0 Intemational License, which penmits use, sharing, adaptation, distiibution and reproduction
in any medium or format, as long as you give appropriate credit to the eriginal auther(s) and the source, provide a link to the Creative Commons license, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the material. ff
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit httpy//creativecommons.org/licenses/by/4.0/.

Official journal of the Cell Death Differentiation Association

~57~

SPRINGERNATURE
CDDpress



Leiva-Rodriguez et al. Cell Death and Disease (2018)9:626

Here, we used a non-transgenic model of spinal motor
neurodegeneration based on surgical peripheral nerve
root avulsion (RA) for axonal connectivity disruption.
Spinal motoneurons (MNs) are located throughout the
central nervous system (CNS) and send out their axons
through peripheral nerves. This positioning facilitates
experimental access to soma and axons. The model is
commonly used to evaluate neuroprotective strategies for
use in treatment of peripheral nerve trauma”.

After axotomy, a neuronal retrograde response is initi-
ated. The intensity and time course of this response are
influenced by the distance from the axonal injury site, the
age, and the animal species, among other factors. In
contrast to neonatal MNs®, in the adults, axonal trans-
ection does not lead to MN death unless the injury is in
close proximity to the perikaryon as occurs after root
mechanical traction or avulsion (RA)*™°. In contrast, after
distal axotomy, MNs engage endogenous mechanisms
that allow them to recover and even regenerate axons.
Thus, we sought to characterize the molecular programs
activated after distal axotomy that differ from the neu-
rodegenerative process after RA using unbiased pro-
teomics’ with the goal of determining which programs
should be activated to ensure neuroprotection. In this
study, we demonstrate that selective autophagy® is an
important endogenous neuroprotective mechanism
engaged after distal axotomy. Since the autophagy process
is necessary for MN survival and regeneration, we iden-
tified concomitant programs that may contribute to its
failure with the goal of establishing a neuroprotective
approach for RA.

Results
Impaired autophagy flux and aberrant lysosomal protein
glycosylation early after RA

Autophagy sequesters cytoplasm and superfluous or
dysfunctional organelles within an expanding phago-
phore, leading to the formation of the double-membrane
autophagosome (Fig. 1a)’. We reported previously that
autophagy was induced with the accumulation of lipidated
form of microtubule-associated protein 1 light chain 3
(LC3II) at 35 days after RA'. Increasing levels of LC3IT
might indicate either enhanced conversion of LC3I to
LC3II or impaired degradation through lysosomes. To
distinguish between these possibilities, we analyzed
autophagic flux using the reporter mCherry-GFP-LC3',
which was cloned into the MN-specific adeno-associated
viral vector serotype AAVrh10™. GFP signal quenches
into acidic compartments, such as lysosome, whereas
mCherry’s persists (Fig. 1a)™.

At 3 weeks after vector injection, the animals were
subjected to surgical RA and sacrificed at 5 days post
injury (dpi). In order to better detect LC3-associated
puncta in sham-operated control animals, the mice were
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treated orally with rapamycin, an inducer of mTOR-
dependent autophagy, for 3 days post operation. By con-
focal microscopy, we observed abundant LC3-positive
autophagosomes and autolysosomes within the MN soma
(Fig. 1b). We observed an increase in the number of yel-
low dots per MN in animals subjected to RA compared to
control animals (Fig. 1c). Autophagic flux was sig-
nificantly diminished to 48% of control levels after RA,
suggesting a reduction of autolysosome formation or
reduced function.

The existence of autophagy flux impairment after RA
led us to focus on late events in autophagy related to
fusion and autolysosome formation. We investigated the
abundance of three lysosomal proteins critical for its
function and fusion with the autophagosome: V-type
proton ATPase subunit VO isoform al (v-ATPase),
indispensable for lysosome internal acidification; LAMP1,
a major integral membrane glycoprotein localized to late
endosomes and lysosomes and important for autolyso-
some fusion events'®; and the polyubiquitin-binding
protein p62/SQSTM1 (p62), an autophagic receptor.
The H+ pump activity of v-ATPase depends on its gly-
cosylated state®. We observed that the ratio of glycosy-
lated to unglycosylated forms was 4-fold lower after RA
than in controls at 7 dpi (Fig. 1d). From this time point,
neurodegeneration of avulsed MNs is molecularly initi-
ating as we previously reported”*®. LAMP1 was detected
as a pattern of bands with different antibodies corre-
sponding to different glycosylated isoforms as previously
described'® (Supplemental Fig. S1). The overall level of
LAMP1 (=100 kDa) was lower in RA samples than con-
trols, and a particular decrease was observed in faster
migrating bands (Fig. 1d). Finally, p62 accumulated in the
RA model as expected, given that autophagy flux is
impaired (Fig. 1d). These results suggest that RA provokes
blockage of the autophagy flux and alterations in the
glycosylation of some key intramembrane lysosomal
proteins.

RA causes alterations in microtubule-related proteins and
deficient protein sorting

In order to identify the causative events leading to
autophagy flux blockage early after RA, we took advantage
of our recently performed unbiased quantitative pro-
teomic analysis7. From this analysis, we reported a list of
protein signatures that determined the neurodegenerative
condition. A Gene Ontology (GO) analysis of these data
revealed significant enrichment for proteins related to
microtubules and vesicle trafficking among those proteins
modulated in RA relative to the control (Fig. 2a and
Supplemental Table S1). Our proteomic data shed quali-
tative differences that can be interpreted as quantitative.
Qualitative differences depend on both, the easy tripsi-
nization processes for a particular protein and the easy
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Fig. 1 Impaired autophagy flux and aberrant lysosomal protein glycosylation after RA. a Schematic representation of the autophagy flux
(modified from ref. ). Expression of the mCherny-GFP-LC3 reporter gene will generate yellow puncta upon activation of autophagy at the
autophagosome/amphisome and red puncta in the autolysosome if the autophagy flux continues correctly and the lysosomes achieve their usual
acidic pH which quenches the green GFP fluorescence. b Microphotographs of representative MNs from sham-operated control animals treated with
rapamycin (Rapa) for 3 days before sacrifice, from RA injured and control sham rats at 5 dpj; all rats were infected with AAVrh10-mCherry-GFP-LC3. ¢
Left, Bar graph of manual quantification of yellow and red puncta within MNs at L4 spinal cord segment in both conditions. Right, Bar graph of
autophagic flux measured as the ratio of red to yellow puncta per MN. Non-parametric t-test was used to compare the statistical significance
between the control and avulsed animal. d Left, Immunoblot for glycosylated and unglycosylated v-ATPase, LAMP1, and p62. Note the slight
difference in electrophoretic mobility of higher LAMP1 band between control and RA samples and the different general band pattern. Right, Bar
graph showing the average fold change protein level + SEM in control (C) and root avulsed (RA) samples normalized to actin levels (n =4). Scale bar

= 10 um; zoom = S um; *p < 0.05 vs. control, ***p < 0.001 vs. control (Student’s t-test)
.

detection of its peptides by the mass spectrometer. Post-
translational modifications present on proteins affect easy
access for cleavage. Hence, less modified proteins might
be easier cut into single peptides and therefore considered
as more abundant. This seemed to be the apparent case
for LAMP1, which was significantly better detected in RA
than in the control group. However, we found less
amount of the highly glycosylated 100kDa band of
LAMPI, in agreement with previous reports'®, and an
altered glycosylation pattern in the RA group compared to
control. Thus, proteomic data were consistent with an
increase in deglycosylated forms.

We also validated other proteins related to either
anterograde/retrograde transport, such as the kinesin
family protein KIF5C and the dynactin subunit DCTN1,
or the secretory pathway. Both KIF5C and DCTNI1
diminished significantly after RA compared to control at 7
dpi (Fig. 2b, ¢). Similarly, there was a reduction in EEAL,
at early endosomes, and Sec3lA and pll5 cis-Golgi
markers (Fig. 2d)"”. These data suggested that affectation
in microtubule-related transport and vesicle trafficking
are early events that occur concomitantly with impaired
autophagy flux in this neurodegenerative process.

In vitro model of MN cell death reproduces transport and
glycosylation alterations

An understanding of the relationship and causative
sequence between microtubule-related and autophagy
impairment after RA will help in the establishment of
targets for future neuroprotective therapies. Hence, we
aimed to model these features in vitro. We first evaluated
the response over time of the MN-like NSC34 cells to
treatment with 1pM rapamycin. We evaluated the
expression of Beclinl, involved in the initiation of
autophagy, the conversion of LC3I to LC3II, and the level
of LAMP1. We observed that the level of these proteins
progressively increased from 2 to 4h after rapamycin
treatment (Supplemental Fig. $2).

In order to mimic cytoskeletal alterations, we treated
the NSC34 cells with 10 uM nocodazole, which binds to
B-IlI-tubulin and transitorily inhibits microtubule

Official journal of the Cell Death Differentiation Association

~ 60 ~

dynamics'®. Nocodazole treatment caused NSC34 cells to
become rounded in shape and drastically reduced the
levels of acetylated a-tubulin, KIF5C, and DCTN1 during
the first 2 h post treatment compared to control (Fig. 3).

Autophagy induction promoted by rapamycin use did
not decrease NSC34 cell survival by MTT assay over 18 h
unless used at high concentrations (Fig. 3e). In contrast,
despite the transitory effect promoted by nocodazole?, it
drastically reduced the cell viability (by 41%) (Fig. 3e). To
mimic simultaneous induction of autophagy and cytos-
keletal alterations as they appear to occur in vivo after RA,
the cells were treated with both rapamycin and nocoda-
zole. Co-treatment enhanced cell viability with respect to
single treatments at lower concentrations of rapamycin
(Fig. 3e). Thus, it is unlikely that microtubule alterations
and autophagy occurred at the same time in vivo as we
observed MN degeneration.

Since LAMP1 levels are a neurodegenerative signature in
our in vivo model, we assayed different sequential treat-
ments with 10 pM nocodazole and 1pM rapamycin and
analyzed the impact on cell survival (Fig. 3f) and on LAMP1
levels (Fig. 3g). We observed that the most drastic effects on
cell viability were obtained when nocodazole was added
prior to rapamycin, suggesting that microtubule alterations
might initiate neurodegeneration after RA. LAMP1 levels
and the complexity of the bands observed were dramati-
cally reduced when nocodazole was added prior to rapa-
mycin (Fig. 3g). Considering that the first 2 h of nocodazole
treatment should be enough to exert its effect, in sub-
sequent experiments, the cells were first treated with
nocodazole; 2 h later rapamycin was added, and analysis
was performed 3 h after rapamycin addition (N2R3).
Together these results suggest that microtubule alteration
precedes autophagy induction after RA to promote neu-
rodegeneration and aberrations in intramembrane lysoso-
mal proteins that compromise lysosomal function.

Concurrent LAMP1 missorting, lysosomal dysfunction, and
blocked autophagy flux in the in vitro model

We suspected that there are alterations in protein traf-
ficking in the secretory pathway specific to the lysosome in
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the in vitro model and in vivo after RA. By immunoblot-
ting, we observed that the abundances of EEA1, Sec31A,
and pll15 were drastically reduced 5h after nocodazole
treatment alone or in N2R3 condition (Fig. 4a). Rapamycin
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alone affected only EEAIL levels. In order to verify that
nocodazole treatment altered the lysosomal membrane
protein sorting, we analyzed the localization of cathepsin B
(CTSB), a lysosome marker, and LAMP1. The proteins did
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not co-localize in cells treated with nocodazole alone or in
combination with rapamycin (N2R3) suggesting impaired
trafficking of membrane proteins toward the lysosome
(Fig. 4b). In addition, the CTSB-positive lysosomes were
located far from the perinuclear position observed in
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control or rapamycin-treated cells. LAMP1 rather co-
localized with giantin (Fig. 4c), a Golgi-marker, distributed
into Golgi mini-stacks upon nocodazole treatment'**’.
This observation verified LAMP1 missorting in the in vitro
model.
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Fig. 3 In vitro model characterization. a Microphotographs showing merged images for a-acetyl-tubulin and a-tubulin fluorescent
immunostaining (red) with DAPI nuclei counterstaining (blue) in control {C) NSC34 cells and cells treated with 10 M nocodazole (N) for 1 h and 2 h.
b Bar graph of ratios of mean immunofluorescence intensities (+ SEM) of the acetylated vs. non-acetylated forms of a-tubulin (*p <0001 vs. control,
one-way ANOVA). ¢ Representative images of KIFSC and DCTN1 fluorescent immunostaining {red) with DAPI counterstaining (blue) in control cells
and cells treated for 5 h with nocodazole. d Immunoblots and histograms of the levels of DCTN1 and KIFSC in control and nocodazole-treated cells
{n=23; *p <005 vs. control). e Bar graph of the mean average percentage of NSC34 cell survival 18 h after vehicle (O, 1 pM rapamycin (R), 10 uM
nocodazole (N), and concomitant R+N treatments analyzed by MTT assay (n =4; *p <0.001 vs. control, one-way ANOVA). f Schematic of different
culture conditions assayed where either R was added at the beginning of the experiment and N was added after 1,2, or 3h (A, B, C conditions) or the
reverse {D, E, F conditions). After 18 h of each condition, cell survival was assessed by MTT. g Left, Schematic of culture conditions. N was added at
time zero and R was added after 1, 2, or 3 h (N1-N3R3) or the reverse {ie, R was added at time zero and N was added after 1, 2, or 3 h; R3N1-N3). Cells
were harvested at 6 h. Right, Immunoblot and histogram of LAMP1 protein levels in cells treated as described in g (n = 3-5; *p <0.05 vs. control,

¥p <005 vs. R6, *p < 0.05 vs. R3, one-way ANOVA)

We next assessed lysosomal acidification, which is
necessary for proper function, using acridine orange (AO)
as a sensor that emits red fluorescence in acidic com-
partments®>?2. As a control for the evaluation of the ratio
of signal at 498nm (acid) to signal at 511 nm (basic)
fluorescence, we treated the cells with 1 pM bafilomycin
Al (BafAl), an inhibitor of v-ATPases”?, for 3 h. The ratio
of acidic to basic signal in BafA1-treated cells was reduced
by 15.7+4.2% compared to untreated cells (Fig. 5a).
Treatment with nocodazole also decreased the acidity of
the cytoplasm (by 11.41% in N2R3 and 32.77% in N5
compared to control cells).

Consequently, we investigated the proteolytic cleavage
of cathepsin D (CTSD), which depends on the presence of
the acidic pH in the lysosomal compartment. Pro-
cathepsin D can escape the transfer to lysosomes and can
be secreted into the extracellular space%. Hence, in our
in vitro system, we could only detect the processed iso-
form which was drastically reduced after nocodazole,
alone or with rapamycin, treatment as expected when
acidification of the lysosome is reduced (Fig. 5b). This is in
agreement with our previous work reporting altered
CTSD processing after RA in vivo’.

We next sought to determine whether these alterations
were concurrent with autophagy flux impairment in vitro.
Western blot analyses revealed that LC3II and p62
accumulated in all conditions that included nocodazole
treatment (Fig. 5b). Cells transfected with the reporter
LC3-GFP-mCherry had higher numbers of yellow LC3-
GFP puncta at the N2R3 condition than when treated
only with rapamycin (Fig. 5¢). These results suggest that
early cytoskeletal alterations severely compromise the
function of lysosomes probably due to missorting of
important glycoproteins into the lysosomal membrane.
This in turn impairs autophagy or other lysosome-related
events (Fig. 5d).

The early induction of autophagy appears to be neces-
sary for neuroprotection against cytoskeleton-induced
alterations, which are also presented after RA. We hypo-
thesized that nocodazole administration would be
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sufficient to promote neurodegeneration by itself. And
also, we wondered if the effect of autophagy induction
would yield opposite results depending on pre- or post-
treatment to the RA lesion. To explore this, we first
intrathecally injected a dose of nocodazole in control rats,
without any RA lesion, and let them up to 21 days post
injection to analyze MN survival. We observed that
nocodazole treatment caused early and transitory reduc-
tion of b-tubulin staining of the cytoskeleton as expected
(Supplemental Fig. S3a). By the same time, astrogliosis
around MNs was significantly increased (Supplemental
Fig. S3b). These abnormalities were enough to trigger a
slow neurodegenerative process that ends up with a sig-
nificant decline in the number of MNs by 21 days post
injection confirming our initial hypothesis (Fig. 6a). Sec-
ondly, we explored whether timing for autophagy induc-
tion was crucial for neuroprotection after RA lesions
in vivo, as suggested by the in vitro results. On one side,
we treated RA-injured animals with rapamycin for 3 days
either previously or posteriorly to the lesion. By 21 dpi,
similar results were obtained for vehicle administration in
pre- and post-treatments. We observed that the number
of survived MNs was notably higher in the animals treated
with rapamycin previously to the lesion compared to
vehicle group. In contrast, no benefit was observed when
rapamycin treatment was initiated posterior to the RA
lesion (Fig. 6b).

Since rapamycin may exert other effects in addition to
autophagy induction, we performed a different approach
based on autophagy induction by the overexpression of
ATGS. In vitro, ATG5 overexpression increased the via-
bility and notably recovered the normal levels of cleaved
CTSD forms in nocodazole-treated cells compared to
GFP-overexpressing group (Fig. 7a, b). To observe the
effects in vivo, we generated the AAVrh10-ATG5 vector
and, at 3 weeks after injection, we found (i) a significant
overexpression of ATG5 by immunoblotting; (ii) an
increased LC3 II isoform, and LAMP1 (=100 kDa), and
(iii) normal p62 levels with respect to animals given the
control AAVrh10-GFP vector, as expected for autophagy
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induction (Fig. 7c). Seven days post RA, ATG5 over-
expressing group presented a marked reduction of p62
levels, increase of LAMP1 (=100 kDa) and LC3-1I isoform,
and a tendency to rise in Beclin I compared to GFP-
overexpressing animals, confirming autophagy induction
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and proper flux (Fig. 7d). Consistently, we observed
increased levels of vesicle trafficking-related proteins such
as Sec31 and KIF5C and a tendency to increase in EEA1
and DCTN1 in the AAVrh10-ATG5 compared to the
AAVrh10-GFP groups suggesting recovery from a vesicle-
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Fig. 6 Effects of nocodazole and rapamycin administration in vivo. a |eft, Microohotographs of fluorescence Niss| stained MNs at the ventral
horns of L4-L5 segments of the spinal cord of unlesioned rats treated with a single injection of nocodazole (N} or vehicle (Veh) taken at 7 and 21 days
post injection. Right, Bar graphs of the average percentage of MNs at these spinal cord segments compared to control animals at different time-
points. b Representative images of Niss| stained MNs and associated bar graphs of MN gquantification at the ventral horns of L4-L5 segments of spinal
cord from animals treated with vehicle (Veh) or rapamycin (R}, previously (R pre) or posteriorly (R post) to RA lesion at 21 days post injury (api). Scale
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trafficking defect after RA (Fig. 7d). By quantifying CTSD
forms, we found a significant increase in the cleaved
isoform in the ATGS5 group suggesting better lysosomal
functionality than in the GFP group. In agreement with
these results, at 3 weeks post lesion, the number of sur-
viving MNs was higher in the group treated with
AAVrhl0-ATG5 compared to AAVrhl0-GFP-injected
animals (Fig. 7e). In addition, the levels of acetyl a-
tubulin, a marker of cytoskeletal dynamicszr”z(’, were
higher in ATG5 with respect to GFP group (Fig. 7f) in
agreement with previous results of increased levels in
vesicle trafficking-related proteins.

Altogether, these results pointed that early ATG5
overexpression promoted better internal trafficking,
autophagy flux, and functionality of the lysosome after RA
leading to neuroprotection.

Overall, these results suggested that destabilization of
the cytoskeleton is a primary cause sufficient to provoke
neurodegeneration of MNs, even if they are still con-
nected, not axotomized, and that primary induction of
autophagy, but not late, is a key element for neuropro-
tection after proximal disconnection by RA.

Discussion
The nervous system has a remarkable ability for repair

under stressful conditions. Under circumstances of damage,
intrinsic pro-survival pathways, that are collectively termed
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endogenous neuroprotective mechanisms, are activated.
Here, we addressed the question of why neurodegenerative
processes occur even when beneficial mechanisms have
been triggered. We confirm that disconnected MNs engage
these mechanisms, such as autophagy, but the flux is
blocked and anterograde/retrograde transport and secre-
tory and endocytic trafficking are downregulated in vivo
due to proximal axotomy. The relevant putative sequences
of these events that lead to degeneration are initiated by
cytoskeleton-related and vesicle-trafficking abnormalities
that cause dysfunction in autophagy flux. We proof that the
reverse sequence, i.e, early induction of autophagy, either
by ATG5 overexpression or rapamycin pre-treatment, lead
to neuroprotection in vitro and in vivo. In particular, pre-
cocious autophagy induction by ATG5 overexpression
attenuates vesicle trafficking-related abnormalities, nor-
malizes LAMP1 glycosylated pattern, and improves the
lysosomal function and microtubule stability. We point to
the importance of boosting autophagy at the very early
stage in the neurodegenerative process to favor its own
proper function and neuroprotection since late induction
yields no benefits.

The evidences supporting these conclusions are based
on analysis of proteomic data from a non-transgenic
model of chronic disconnection by nerve RA (proximal
axotomy). This analysis revealed that among the earliest
events in the neurodegenerative process were the
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(see figure on previous page)

Fig. 7 ATG5 overexpression neuroprotects and modulates motor and secretory pathway-related proteins and cytoskeleton. a Bar graphs of
the mean average percentage of survival of NSC34 cells, transfected with CMV-GFP or CMV-ATGS plasmids, at 18 h after nocodazole (N) treatment
and analyzed by MTT assay (n = 4; *p <0.001 vs. control, one-way ANCVA). b Analysis of processed CTSD by western blot in transfected cells treated
with vehicle (Veh) or nocodazole. ¢ Western blot showing the levels of different autophagy hallmarks at the ipsilateral side of the spinal cord ventral
hom from non-injured animals injected with AAVIh10-GFP or AAVrh10-ATGS at 3 weeks post injection. Note LAMP1, ATG5-ATG12, ATGS, LC3II
abundance, and normal pé2 levels. d Western blot and corresponding bar graphs of the quantification of different proteins related to autophagy
(p62, LAMP1, LC3, Beclin1), cytoskeleton (DCTNT, KIFS¢), the secretory pathway (Sec31, EEA1), and lysosome function {CTSD) in the spinal cord from
RA-injured animals injected with AAVrh10-GFP or AAVrh10-ATGS. e Left, Microphotographs showing green fluorescent Niss| stained MNs at the
contralateral side and the ipsilateral side of the spinal cord ventral horn from RA-injured animals injected with AAVrh10-GFP or AAVrh10-ATGS. Right,
Bar graphs showing the percentage of MN survival at the ipsilateral side with respect to the contralateral side of the same sample. f Representative
microphotographs of MNs stained with a-tubulin {a-tub) or acetyl-a-tubulin {(Ac-a-tub) from the different groups and associated bar graphs of the

ratio of the percentage of immunoreactivity for Ac-a-tub with respect to a-tub. Scale bar=10pm

reduction of cytoskeletal and anterograde/retrograde
motor forces (e.g., alterations in tubulins, a-actinin,
myosins, kinesins, and dynactin). We previously reported
abnormal progressive accumulation of phosphorylated
neurofilaments within the soma of avulsed MNs”, which is
in agreement with defects in microtubules since neurofi-
laments rely entirely on them for the movement of
phosphorylated forms toward the motor axon. KIF5C is a
kinesin important for maintaining the MN population in
adult mice®, implicated in trafficking of mitochondria
and vesicles® and in the passage of apical specific cargo
molecules, to a post-Golgi endosomal compartment®°,
DCTNI and dynein 1 are part of a multi-protein complex
necessary for this trafficking®". Proteomic data suggested
also a reduction in light and heavy chains of clathrin that
may affect clathrin-dependent endocytic machinery or
impaired maturation of vesicles emerging from the trans-
Golgi network. Anterograde/retrograde transport dys-
function due to mutations in kinesins has been reported
in patients with Charcot-Marie-tooth type 2A% and in the
p150€° subunit of dynactin in patients with late-onset
progressive motor neuron degeneration®>**, Transport
abnormalities are also observed in the mouse model of the
fatal neurodegenerative disease amyotrophic lateral
sclerosis (ALS)". Thus, our model of RA reproduces some
common key alterations in neurodegenerative conditions
affecting MNs.

Correct microtubule dynamics is necessary for protein
sorting, and we found alterations in genes encoding pro-
teins involved in the secretory and exocytic pathway
(Sec31®®, sintaxinl, Racl, and myoVa) as well as the
endocytic-lysosomal pathway (clathrin, LAMP1, v-
ATPase). The observed reduction of around 90% in the
amount of Sec31, which is necessary for the formation of
COPII-coated vesicles created at the ER to drive vesicle
release toward the cl's-Golgizs, certainly must diminish the
transit at the secretory pathway. Mutations in these key
components of the secretory pathway (Syntaxin 1b,
CALM, CamKII, Racl, and myoVa) are either lethal or

cause severe disease 36_42.
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Membrane proteins from different sources make up the
lysosome membrane. Both late-endosomes and lyso-
somes are highly enriched in distinctive, highly glycosy-
lated and conserved proteins such as LAMP1 that reach
their destination directly from the trans-Golgi network or
from the endocytic pathway. We observed LAMP1 mis-
sorting as a consequence of impaired microtubule
dynamics in vitro and after RA in vivo'®. One possible
explanation might be saturation of transport at the traus-
Golgi network since when overexpressed LAMP1 is
found at the cell surface*®. However, we did not observe
LAMP1 in the cellular membrane of avulsed MNs in vivo
or in nocodazole-treated cells suggesting that saturation
is not the cause of missorting. We hypothesize that
LAMP1 trafficking is severely reduced at all levels
including the step from the ER to the Golgi post RA,
resulting in the reduction of the hyperglycosylated forms
that we observed both in our in vivo and in vitro models.
The underglycosylated form of v-ATPase also accumu-
lated. Absence or reduced function of this pump may
prevent lysosomal acidification, explaining the reduction
of mature forms of lysosomal enzymes that depend on an
acidic environment for maturation, as is the case for
CTSD after RA” and in our in vitro model. These
observations are in agreement with the findings in other
neurodegenerative disease studies: for example, Alzhei-
mer’s disease-linked mutations in presenilins cause
reductions in the glycosylation of v-ATPase resulting in
defective lysosome-mediated proteolysis during autop-
hagy**. Hence, we speculate that this mechanism might
be generalized to the neurodegenerative process regard-
less of specific mutations.

Treatment of cultured MN-like cells with nocodazole
reproduced many of the events observed after RA in vivo.
Nocodazole and related substances have been used to
analyze the role of microtubules in autophagy (reviewed
elsewhere45). LC3 associates with microtubules, and cells
treated with nocodazole or vinblastine, which interfere
with microtubule polymerization, are defective in fusion
of autophagosomes with lysosomes, but autophagosome
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biogenesis is not altered in the presence of these
drugs46’47. It was proposed that nocodazole-induced
blockage of autophagic flux is due to the inhibition of
autophagosome trafficking toward lysosomes due to
impaired microtubule dynamics. This is still a con-
troversial question as in one study microtubule dynamics
did not affect the co-localization and fusion of autopha-
gosomes and lysosomes48, which has been shown to occur
in the absence of microtubules®, although others argue
that more efficient fusion is enabled by active transport
along the microtubules®®. Two previous studies demon-
strated CTSD immaturity due to nocodazole treat-
ment®®%, We propose that an altered membrane
composition of lysosomes, devoid of proper glycosylated
protein forms, in particular LAMPI1, due to altered traf-
ficking, contribute to preventing fusion and proper
function. Relevant to neurodegeneration from our analy-
sis is that microtubule alterations precede lysosome dys-
function and autophagy flux blockage after RA and hence
may prevent induction of neuroprotective programs such
as autophagy. Indeed, we provide evidence that a single
intrathecal injection of nocodazole in vivo is sufficient to
trigger MN degeneration and that autophagy induction
before the appearance of any cytoskeletal alteration might
prevent MN degeneration. This proof of concept is rele-
vant in the field of neurodegenerative diseases. The tar-
geted neuronal population used to have heterogeneous
degrees of pathology, with some of them at late neuro-
pathological stages, while others are still not affected,
which gives an opportunity to autophagy induction as a
way of halting progression. These results may resolve the
questions raised due to controversial studies about the
direction in autophagy modulation for therapy, whether
being inhibited or activated, regarding some neurode-
generative diseases®>*.

Finally, we collect evidence of a possible mechanism by
which autophagy induction may prevent the apparition of
a neurodegenerative process due to cytoskeletal altera-
tions. By overexpressing ATG5, several issues are cor-
recting: increase in vesicle trafficking-related proteins,
improvement of lysosomal function and, importantly,
attenuation of microtubule disorder after the lesion. How
might this be possible? One explanation is that the lesion
may lead to early aberrant accumulation of cytoskeletal
proteins as hyperphosphorylated isoforms®. Ready
autophagy machinery may help get rid off annoying
accumulated material instantaneously before the situation
worsens. Therefore, lack of cytoskeletal alterations allows
the function of autophagy flux itself as a positive feedback
loop.

Thus, enhancing and favoring proper function of the
endogenous mechanisms of self-protection, such as
autophagy, may be a way to design efficacious neuro-
protective strategies to stop progression.
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Materials and methods
Animal model and drug treatment

Sprague—Dawley female rats aged 12 weeks were kept
under standard conditions of light and temperature and
fed with food and water ad libitum. We performed sur-
gical procedures under anesthesia with a cocktail of
ketamine/xylazine (0.1 ml/100 g weight i.p.) essentially as
reported previouslys. To perform extravertebral nerve RA
of the L4-L5 roots, we made a midline skin incision to
identify sciatic nerves and applied a moderate traction on
selected roots away from the intervertebral foramina,
severing the mixed spinal nerves that contained the motor
and sensory roots and dorsal root ganglia. The wound was
sutured by planes, disinfected with povidone iodine, and
the animals were allowed to recover in a warm environ-
ment. Sham-operated animals were used as controls. In
the experiments for autophagy flux analysis, we admi-
nistered rapamycin (Sigma-Aldrich) daily into the drink-
ing water at concentrations of 0.2 uM for 3 days, a dose
that in control animals favored the visualization of LC3
puncta. For this experiment, treatment of animals started
3 days before the sacrifice. Similarly, to analyze its neu-
roprotective effect, the animals received rapamycin or
0.1% ethanol as vehicle in the drinking water daily for
3 days either pre- or post-RA surgery. Fifteen microliters
containing 50 pM nocodazole (Sigma-Aldrich) or DMSO
as a vehicle was injected intrathecally at the dural cistern
of L2 the same day of the surgery. All procedures invol-
ving animals were carried out in accordance with the
guidelines of our institution, and the experimental pro-
tocols were approved by the Ethics Committee of our
institution, and following the European Community
Council Directive 86/609/EEC.

Autophagy flux analysis

The mCherry-EGFP-LC3B ¢DNA (kindly provided by
Terje Johansen, University of Tromsel, Oslo, Norway)
was cloned into Nhel and Hindlll sites between the ITR
domains of AAV2 under the regulation of CMV pro-
moter and the woodchuck hepatitis virus responsive
element (WPRE)*®. The AAV2/rh10 vector was gener-
ated as previously described®® by triple transfection of
HEK 293-AAV cells (Stratagene) with branched poly-
ethylenimine (PEL; 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,
USA), and the pXX6 plasmid containing helper adeno-
viral genes®’. Recombinant vectors were clarified after
benzonase treatment (50U/ml, Novagen) and poly-
ethylene glycol (PEG 8000, Sigma-Aldrich) precipitation.
Vectors were purified by iodixanol gradient by the Vector
Production Unit at CBATEG (UAB; http://sct.uab.cat/
upv) following standard operating procedures. Viral



Leiva-Rodriguez et al. Cell Deat}r and Disease (2018)9:626

genomes per ml (vg/ml) were quantified using picogreen
(Invi‘urogen)s7

Intrathecal administration of viral vector was performed
at the lumbar region of isoflurane-anesthetized 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 cere-
brospinal fluid between vertebrae L3 and L4. Appropriate
access to the intrathecal space was confirmed by the
animal’s tail movement. The needle was held in place at
the injection site for 1 min after which the muscle and
skin were sutured. For the analysis, we counterstained
sections from rapamycin-treated control and RA-injured
untreated rats injected with AAV-mCherry-GFP-LC3
with Fluorescent Nissl Stain (NeuroTrace, Molecular
Probes) and analyzed the sections by confocal microscope.
Images were acquired with the 63x oil immersion objec-
tive using GFP and TXRED filters and merged both
channels for co-localization analysis (ie., red and yellow
puncta analysis). Quantitative analyses of LC3B-GFP-
mCherry were performed using ImageJ software (National
Institutes of Health; available at http://rsb.info.nih.gov/ij/).
Image analyses were carried out by selecting the cells in the
images and determining the co-localization between GFP
and mCherry signals.

Sample preparation

Rats were deeply anesthetized with dolethal (7 =4-5) at
7 days post RA or sham operation to obtain L4-L5 spinal
cord segments (5-mm length) for western blot analysis.
Samples were snap frozen in liquid nitrogen for storage or
were immediately processed by homogenization in lysis
buffer (20 mM HEPES, pH 7.2, 250 mM sucrose, 1 mM
EDTA, 1 mM EGTA, and a cocktail of protease (Sigma-
Aldrich) and phosphatase inhibitors (Roche)) in a Potter
homogenizer on ice. After centrifugation of lysates at
800xg for 20 min at 4 °C, we collected the supernatant as a
cytosolic fraction and quantified the proteins by BCA
assay (Pierce Chemical Co.). For western blotting, we
loaded 30 pg of cytosolic fractions of L4-L5 segments
from each animal onto 12% SDS-polyacrylamide gels to
perform electrophoretic separation of the proteins, fol-
lowed by transference to a PYDF membrane in a BioRad
cuvette system in 25 mM Tris, pH 8.4, 192 mM glycine,
20% (v/v) methanol. Membranes were blocked with 5%
BSA in phosphate-buffered saline (PBS) plus 0.1% Tween-
20 for 1 h at room temperature and then incubated at 4 °C
overnight with primary antibody. Antibodies used were
the following: anti-B-Actin (A5316; 1:10000; Sigma-
Aldrich), anti-ATP6VOAl (ABIN487206; 1:500; Anti-
bodies Online), anti-DCTN1 (ABIN1683528; 1:500;
Antibodies Online), anti-EEA1 (ab50313; 1:1000; Abcam),
anti-KIF5C (ab5630; 1:1000; Abcam), anti-LAMP1 (3629;
1:500; Prosci); anti-p62 (610833; 1:100; BD Transduction
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Laboratories), anti-p115 (612261; 1:1000; BD Transduc-
tion Laboratories), and anti-Sec31A (17913; 1:500; Pro-
teintech). After several washes, the membranes were
incubated for 2 h with an appropriate secondary antibody
conjugated with horseradish peroxidase (1:5000, Vector).
The membrane was visualized using a chemiluminescent
mixture of one volume 0.5M luminol, 79.2mM p-
coumaric acid, 1M Tris-HCl, pH 8.5 and one volume
8.8 M hydrogen peroxide, 1 M Tris-HCl, pH 8.5. Images
collected with the Gene Genome apparatus (Syngene) and
analyzed with Gene Snap and Gene Tools softwares.

For glycosylation analysis, we used 30 pg protein and
submitted to deglycosylation using the Protein Deglyco-
sylation Mix II (New Legends Biolabs) and following the
manufacturer’s recommendations before loading the
samples in 10% SDS-polyacrylamide.

For immunohistochemistry, at 7 dpi, we transcardially
perfused the deeply anesthetized animals with a saline
solution containing 10 U/ml heparin followed by 4%
paraformaldehyde (PFA) in a 0.1-M phosphate buffer, pH
7.2, for tissue fixation (1 =4 at each time post lesion) and
removed the L4 and L5 segments (5-mm total length) of
the spinal cord, post-fixed in the same fixative for an extra
4h and cryopreserved in 30% sucrose overnight. We cut
the samples into serial transverse sections (20-um thick)
onto gelatinized slides using a cryotome (Leica) and pre-
served them at —20°C until used. For immunohis-
tochemistry, we treated the slides with blocking solution
in Tris-buffered saline (TBS) with 0.03% Triton-X-100
and 10% bovine serum for 1 h and incubated thereafter
with primary antibodies anti-DCTN1 (ABIN1683528;
1:500; Antibodies Online) or anti-KIF5C (ab5630; 1:1000;
Abcam). After several washes with TBS, 0.05% Tween-20,
the sections were incubated for 2 h with Cy-2- or Cy-3-
conjugated donkey anti-rabbit antibodies (Jackson
Immunoresearch). We counterstained the sections with
DAPI (Sigma-Aldrich), or NeuroTrace Fluorescent Nissl
Stain (Molecular Probes) and mounted the slices with
Fluoromount-G mounting medium (Southern Biotech) or
Mowiol. Sections of injured and control animals were
processed in parallel for immunohistochemistry. Images
of the ventral horn spinal cord samples were taken under
the same exposure times, sensitivities, and resolutions for
each marker analyzed with the aid of a digital camera
(Olympus DP50) attached to the microscope (Olympus
BX51). Confocal microscope examinations were per-
formed with a Zeiss LSM 700 system.

In vitro model

NSC34 cells were grown in modified Eagle’s medium
high-glucose (DMEM) supplemented with 10% fetal
bovine serum (Sigma-Aldrich), and 0.5x penicillin/strep-
tomycin solution (Sigma-Aldrich). Cells were kept in a
humidified incubator at 37 °C under 5% CO,. For the
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treatments, we coated plastic plates (Thermo) with 10%
collagen dissolved in Milli-Q water at 37 °C for 2 h. After
removing this solution, we seeded the cells at a density of
2.5x10° per cm?®. After 4 days of culture without changing
the medium, NSC34 cells present with a differentiated-
like phenotype characterized by the presence of long
neurite extensions. At this time, we added different drugs
to the cells. The drugs, prepared at a concentration 10-
fold higher than the concentration to be tested, were
dissolved in DMEM to the desired concentration and used
to replace medium over cells. We used 1 uM rapamycin
(Sigma-Aldrich) and 50 uM nocodazole (Sigma-Aldrich)
unless otherwise stated. After 18 h, we assessed cell via-
bility by incubating the cells with 0.4 mg/ml of MTT for 3
h. The formed blue formazan crystals were dissolved with
DMSQ, and the absorbance at 570 nm was measured with
a microplate reader (Bio-tek, EIx800) (1 =4-5).

We transfected 1x10° cells with 2ug GFP-LC3-
mCherry plasmid (kindly provided by Terje Johansen,
University of Tromsel, Oslo, Norway) using the Amaxa
Nucleofector II TM (Lonza) and the Nucleofactor V kit
(Lonza) following the manufacturer’s recommendations.
LC3 puncta were analyzed as described above.

For western blot, the cells were harvested and homo-
genized in modified RIPA buffer (50 mM Tris-HCl, pH
7.5, 150 mM NaCl, 1 mM EGTA, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, protease and phosphatase cock-
tails). For immunocytochemistry, we coated 12-mm glass
coverslips with 10% collagen placed in 24-well plates and
seeded the cells onto them. After culture, we fixed the cells
with 4% PFA, rinsed twice with PBS, and stored at —20°C
or added blocking buffer containing PBS plus 0.3% (v/v)
Triton X-100 and 10% fetal bovine serum. We incubated
with the following primary antibodies: anti-DCTN1
(ABIN1683528; 1:500; Antibodies Online), anti-giantin
(324450; 1:100; Calbiochem), anti-KIF5C (AP52366; 1:100;
Acris Antibodies), mouse-anti-a-tubulin (1:500; Sigma
Aldrich), mouse-anti acetylated a-tubulin (AA4.3, 1:500;
Hybridoma Bank, Iowa City, IA, USA), mouse anti-B-
tubulin (1:500, Covance/biolegend, San Diego, CA, USA)
or anti-LAMP1; (1D4B, 1:100, Hybridoma Bank) in 0.5x
blocking buffer in PBS, at 4 °C overnight. The following
day, after several washes with PBS plus 0.05% Tween-20,
we incubated the coverslips with Cy3- or Cy2-conjugated
secondary antibodies (Jackson Immunoresearch). Cover-
slips were counterstained with DAPI, and mounted with
Mowiol. Images were taken under the same exposure
times, sensitivities, and resolutions for each marker ana-
lyzed with the aid of a digital camera (Olympus DP50)
attached to the microscope (Olympus BX51). Confocal
microscope examinations were performed with a Zeiss
LSM 700 system. Comparisons for tubulins or GFAP
staining were performed taking microphotographs at 20x
magnification from at least five spinal cord sections
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(separated by 200-pum between pairs), and transforming
them to gray scale using Image] software. Immunor-
eactivity can be analyzed by measuring the integrated
density of a region of interest (ROI) after defining a
threshold for background correction 5. The ROIs were
selected on the gray matter at the ventral horn and had an
area of 0.11 mm?2. For tubulin immunoreactivity analysis,
the ROI enclose the MN soma, determined by Nissl
staining. Pictures were obtained for at least 15 MNs
extracted from three different sections (separated by 100
pm between each section) per animal for each marker.

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 proto-
col. 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 sections and only MNs with diameters of
30-70 um with prominent nucleoli and polygonal 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.

Analysis of acidic vesicular organelles

To evaluate the acidic vesicular organelles, we incubated
cells with AQ (Sigma-Aldrich) at a final concentration of
1 pg/ml for 10 min. We pre-treated NSC34 cells with 1
UM of BafAl (Sigma-Aldrich) to specifically inhibit the
vacuolar proton pump v-ATPase mainly at lysosomes.
After two washes with pre-warmed PBS with calcium and
magnesium, we immediately visualized and analyzed the
slices using an Olympus 8160 fluorescence microscope.
We collected and recorded the intensity for each excita-
tion wavelength for independent images maintaining the
same exposure conditions for all the experiments (z =30
cells/condition). The ratio of 598-511 nm (red vs. green
flucrescence) was calculated for each cell and condition.

Bioinformatics and statistics

We performed GO and pathway analyses of the sig-
natures for degenerative process after RA” with STRING
(http://string-db.org/)*® and DAVID (http://david.niaid.nih.
gov/david/version2/index.htm)59 web tools. Data shown
are means (+SEM) of a least three independent experi-
ments. We used analyses of variance (ANOVA) to compare
the values among different experimental groups for data
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that met the normality assumption. Difference between
groups was analyzed by using a one-way ANOVA, followed
by Tukey’s post hoc multiple-range test or Student’s ¢-test.
All statistical analyses were done using GraphPad Prism
5 software (1 =3-5; p <0.05 for significance).
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ABSTRACT

Disconnection between the neuronal soma and their axon or dendrites can lead
to neuronal dysfunction and death. This type of event is very common in the frame
of neurodegenerative pathologies and understanding of the subjacent mechanisms
is relevant to promote effective therapeutic strategies. In our model, based on
traction of the L4-L5 root nerves (root avulsion (RA) model), a retrograde and
complex network of processes is triggered to lead to spinal motoneurons (MN)
death. One of the key signaling pathways engaged is the endoplasmic reticulum (ER)
stress although with some defaults in its program. It is characterized by an
important reduction of BiP, the luminal chaperone that orchestrate ER stress
response. We previously demonstrated that BiP was relevant to promote
neuroprotection after this type of injury and now we wanted to explore the
mechanism by which BiP overexpression exerts this effect. Herein, bioinformatic
analysis revealed that BiP overexpression clearly modulated mitochondrial
function. We discovered that GRP78/BiP overexpression induces the
downregulation of mitochondrial proteins by the induction of mitophagy in vitro. In
this activation of mitophagy by GRP78/BiP is implicate IP3R and PINK1. In vivo,
mitophagy activation seems to be involved in a PINK1 dependent. These discoveries
serve as proof of concept for design effective therapies to halt neurodegenerative

disorders.
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INTRODUCTION

Functional connectivity disruption is a common early characteristic of the
neurodegenerative processes (Conforti et al, 2014). Axonal degeneration often
leads to retrograde neuronal cell death or atrophy and the progressive and
permanent loss of vital neuronal functions. Neurons react in front of damage
engaging endogenous mechanisms of neuroprotection that encompass the unfolded
protein response (UPR), the heat-shock response, the autophagy pathway, the
ubiquitin-proteasome system, chaperone, the endoplasmic reticulum (ER)-
associated degradation machinery (ERAD) and the antioxidant defence. Excess
damage as well as aging can result in defective functioning of one or more of those
programs what make neurons succumb. Boosting these endogenous mechanisms

may be a smart strategy for neuroprotection (Romeo-Guitart et al.,, 2017, 2018).

GRP78/BiP, also known as Heat Shock protein 5a (HSP5a), is a multifunctional
protein with central activities of endogenous mechanisms of neuroprotection
(Casas, 2017). It orchestrates the UPR, activated after endoplasmic reticulum (ER)
stress, presents ATPase activity and is a major Ca?* binding protein (Reddy et al,
2003) (Wang and Kaufman, 2016). It also, acts to promote the proper folding of
newly synthetized or misfolded proteins or to drive disassembled proteins for
degradation by ERAD machinery (review in (Printsev et al., 2016)). Evidences also
point to its participation also in triggering macroautophagy that removes both
soluble and aggregated forms of unfolded proteins and dysfunctional organelles
(Wen et al,, 2012; Cook and Clarke, 2012(Li et al.,, 2015) (Cha-Molstad et al., 2016;
Cha-Molstad et al., 2015; Abdel Malek et al., 2015; Jin et al., 2014; Kim et al., 2014).
Overexpression of GRP78/BiP has been proven to be neuroprotective in several
models (Kudo et al.,, 2008)(0Oida et al., 2010)(Ni et al., 2011) (Ouyang et al., 2011)
(Guzman-Lenis et al., 2009; Penas, Font-Nieves, et al., 2011; Penas, Pascual-Font, et
al., 2011) (Louessard 2017) and a reduction in GRP78/BiP levels has been observed
during aging and throughout progression of degenerative disorders (Paz Gavilan et
al., 2006). Some works reported that its neuroprotection was mediated by inhibition
of apoptosis, however, apoptosis is rarely the main cause of neuronal cell death in

many neurodegenerative processes.
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By exploiting the anatomical and technical advantages of several models of
axotomy, it has been revealed the concurrence of multiple signaling programs in
neuronal soma during retrograde neurodegeneration, a process that does not end
up with apoptosis (Penas, Font-Nieves, et al., 2011; Casas, [sus, Herrando-Grabulosa,
Francesco M Mancuso, et al., 2015). Instead, the problem seem to be related to a
difficulty to successfully override programs for self-repairing (Penas, Font-Nieves,
et al, 2011; Casas, Isus, Herrando-Grabulosa, Francesco M Mancuso, et al, 2015;
Leiva-Rodriguez et al., 2018; Romeo-Guitart et al, 2018). Comparing models of
axotomy of spinal motoneurons either by mechanical traction of the sciatic nerve
root (root avulsion, RA), that produces the progressive degeneration of more than
80% of MNs over a month post injury, or distal nerve transection and suture of the
nerve that supports viability, we discovered that the chaperone GRP78/BiP was
essential for MN survival (Penas et al, 2011). Thus, we aimed to clarify the
mechanisms that mediate GRP78/BiP neuroprotection starting from unbiased

proteomic analysis.

MATERIALS AND METHODS

Surgical procedures

Sprague-Dawley female rats aged 12 weeks were kept under standard conditions of
light and temperature and fed with food and water ad libitum. We performed
surgical procedures under anesthesia with a cocktail of ketamine/xylazine 0.1
mL/100 g weight i.p essentially as reported previously (Penas et al., 2009)(Leiva-
Rodriguez et al.,, 2018)). To perform extravertebral nerve root avulsion of the L4-
L5 roots we made a midline skin incision to identify each side sciatic nerve and
applying a moderate traction on selected roots away from the intervertebral
foramina, obtaining the mixed spinal nerves that contained the motor and sensory
roots and dorsal root ganglia out. The wound was sutured by planes, disinfected
with povidone iodine and the animals allowed recovering in a warm environment.
Sham animals were used as controls. All the procedures 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.
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Construction, purification, and infection with recombinant adenovirus vectors

cDNA encoding grp78 (ATCC, LGC Promochem) was cloned into the pAC.CMV shuttle
vector. Recombinant adenoviruses were constructed by homologous recombination
in HEK293 cells as described earlier,40. A control adenovirus-expressing bacterial
b-galactosidase (Ad-B-gal) was a kind gift of C.B. Newgard (Duke University,
Durham, NC, USA). Viruses were purified using the Vivapure AdenoPackTM 20 kit
according to the instructions of the manufacturer (Sartorius, Goettingen, Germany).
For viral infection, immediately after root avulsion the animals were injected with
14 ul of either Ad-GRP78/BiP or Ad-f-gal viruses (108 pfu/ml) by means of a 33-
gauge needle and a Hamilton syringe into the thecal space at the lumbar site.
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. Untreated animals with root avulsion were also used

as controls.

Construction, purification, and infection with recombinant adeno-associated

vectors

The GRP78/BiP cDNA as cloned into Nhel and HindIIl sites between the ITR
domains of AAV2 under the regulation of CMV promoter and the woodchuck
hepatitis virus responsive element (WPRE). The AAV2/rh10 vector was generated
as previously described56 by triple transfection of HEK 293-AAV cells (Stratagene)
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, USA), and the pXX6
plasmid containing helper adenoviral genes57. 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 CBATEG (UAB; http://sct.uab.cat/upv) following
standard operating procedures. Viral genomes per ml (vg/ml) were quantified using

picogreen (Invitrogen).

Intrathecal administration of viral vector was performed at the lumbar region of

isoflurane-anesthetized animals using a 33-gauge needle and a Hamilton syringe.
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Sample preparation and proteomic analysis

We anesthetized the RA-injured groups of rats (n = 4-5), previously injected with
either Ad-B-gal or Ad-GRP78/BiP viruses, at 7 dpi to obtain L4-L5 spinal cord
segments (5-mm length) samples to be snap-frozen into liquid nitrogen. We
homogenized the tissue in lysis buffer (Hepes 20 mM, Sucrose 250 mM, EDTA 1 mM,
EGTA 1 mM and a cocktail of protease and phosphatase inhibitors) with potter
homogenizer on ice. After centrifugation of lysates at 800 x g for 20 min at 4°C, we
collected the supernatant as a cytosolic fraction and quantified by BCA assay (Pierce
Chemical Co.; Rockford, IL, USA). For proteomic analysis, we solubilized 75 pg of
each sample in 4% SDS, 8 M Urea, 0.1 M HEPES, 0.1 M DTT and subsequently
reduced, alkylated in 0.05 M iodoacetamide and digested with trypsin (ratio
enzyme:substrate 1:10) using the method FASP (Filter Aided Sample Preparation)

as described. All samples were treated in parallel.

We analyzed samples using an LTQ-OrbitrapVelos mass spectrometer (Thermo
Fisher Scientific) coupled to a ProxeonEasyLC (Thermo Fisher Scientific). We loaded
the peptide mixtures directly onto the analytical column (2 pl-min-1) and separated
them by reversed-phase chromatography using a 15-cm column with an inner
diameter of 100 um, packed with 5 pm C18 particles (NikkyoTechnos Co., Ltd.).
Chromatographic gradients started at 97% buffer A (0.1% formic acid (FA) in
water), and 3% buffer B (acetonitrile, 0.1% FA) with a flow rate of 500 nl-min-1,
and gradually increased to 85% buffer A + 15% buffer B in 4 min, and to 55% buffer
A + 45% buffer B in 120 min. We operated the instrument in TOP20 DDA (Data
Dependent Acquisition) mode with one full MS scan in the Orbitrap at a resolution
of 60,000, and a mass range of m/z 350-2,000 followed by MSMS spectra of the 20
most intense ions. We utilized the Ion Trap by CID (collision induced dissociation)
to produce fragment ion spectra and used normalized collision energy at 35%. We
acquired all data with Xcalibur software v2.1. We used Proteome Discoverer
software suite (v1.3.0.339, Thermo Fisher Scientific) and the Mascot search engine
(v2.3.01, Matrix Science50) for peptide identification and quantitation. We analysed
the data against SwissProt Rat database (released July 2012) containing the most
common contaminants (599 entries). We used a precursor ion mass tolerance of 7

ppm at the MS1 level and allowed up to three miscleavages for trypsin. The fragment
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ion mass tolerance was set to 0.5 Da. Oxidation of methionine and N-terminal
protein acetylation were set as variable modifications whilst cysteine
carbamidomethylation was set as fixed modification. We filtered the peptides based
on their false discovery rate (FDR > 5% not considered). For peptide quantification,
we considered the chromatographic peak of the peptides calculated by Proteome
Discoverer, and median normalized the areas by log2 transformation using R 3.0.2.
We quantified the data using the R package MSstats (v. 2.0.1). For each ratio, we
calculated the adjusted p-value (p < 0.05 for significance). Finally, we performed
Gene Ontology and pathway analysis for regulated proteins with DAVID Annotation
Web tools (http://david.niaid.nih.gov/david/version2/index.htm) and KEGG

analysis (https://www.genome.jp/kegg/pathway.html) .

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. For immunohistochemistry
procedures see supplemental material. 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/). Confocal microphotographs of MNs were taken in

identical conditions of exposure (Zeiss LSM 700; Zeiss, Jena, Germany).

Western Blot

We deeply anesthetized with dolethal a groups of rats (n=4) with control,root
avulsion and root avulsion injected with Ad-f3gal or Ad-BiP virus at 7 dpi to obtain

L4-L5 spinal cord segments (5-mm length) for western blot analysis. We snap-
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frozen the samples into liquid nitrogen. Samples were stored or further processed
by homogenization in lysis buffer (Hepes 20 mM, Sucrose 250 mM, EDTA 1 mM,
EGTA 1 mM and a cocktail of protease (Sigma-Aldrich) and phosphatase inhibitors
(Roche)) with potter homogenizer on ice. After centrifugation of lysates at 800 x g
for 20 min at 4°C, we collected the supernatant as a cytosolic fraction and quantified
proteins by BCA assay (Pierce Chemical Co.; Rockford, IL, USA). For western blotting,
we loaded thirty micrograms of cytosolic fractions of L4-L5 segments from each
animal model onto 12% SDS-polyacrylamide gels to perform electrophoretic
separation of the proteins following by its transference to a PVDF membrane in a
BioRad cuvette system in 25 mM Tris, 192 mM glycine, 20% (v/v) methanol, pH
8.4.We blocked the membranes with 5% BSA in phosphate-buffered saline (PBS)
plus 0,1% Tween-20 for 1 h at room temperature and then incubated at 4°C
overnight with primary antibody: mouse anti-f-Actin (1:10000; Sigma-Aldrich) ,
mouse anti-GRP78/BiP (1:500, Sigma-Aldrich), mouse anti-CVB (1:1000,
Invitrogen), rabbit anti-Hsp60 (1:500, Antibodies-online), mouse anti-NDUFA9
(1:1000, Invitrogen), mouse anti-OPA1 (1:1000, BD Biosciences), rabbit anti-
PARKIN (1:500, Abcam), mouse anti-PINK1(1:500, Abcam), rabbit anti-NRF2
(1:500, Abcam), anti-MNF2 (1:500, Abcam), rabbit anti-GRP75 (1:500, Abcam).
After several washes, membranes were incubated for 2 h with an appropriate
secondary antibody conjugated with horseradish peroxidase (1:5000, Vector). The
membrane was visualized using a chemoluminiscent mix 1:1 [0.5 M luminol, 79.2
mM p-coumaric acid, 1 M Tris-HCI; pH 8.5] and [8.8 M hydrogen peroxide, 1 M Tris-
HCI; pH 8.5], and the images analyzed with Gene Snap and Gene Tools softwares, and

Gene Genome apparatus (Syngene, Cambridge, UK).
In vitro model

NSC-34 cells were cultured in modified Eagle’s medium high-glucose (DMEM,
Biochrom, Berlin) supplemented with 10% Fetal Bovine Serum (FBS) (Sigma-
Aldrich, Saint Louis, MO), 100 units/mL penicillin and 0.5 X penicillin/streptomycin
solution (Sigma-Aldrich, Saint Louis, MO) and maintained with a humidified
incubator at 372C under 5% CO2, essentially as described in (Leiva-Rodriguez et al,,
2018). After 4 days of cell culture without changing the medium, NSC-34 cells

presented a differentiated-like phenotype characterized by the presence of long
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neurites. By this time, we add different drugs to the cells which were prepared at a
concentration of 10X and dissolved in DMEM. We used Tunicamycin0.1 ug/ul
(Sigma-Aldrich) and Efavirenz 10uM (Sustiva ® 600mg, Bristol-Myers Squibb,
Princeton, NJ, USA) unless otherwise statement. After 24h, we assessed cell viability
by incubating the cells with 4 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) solution for 3h. The formed blue formazan
crystals were dissolved with DMSO gently to measure the absorbance at 570 nm

(optical density (DO) 570) with a microplate reader (Bio-tek, EIx800) (n=4-5).

Nucleofection

We transfected a million cells with 2 pg GFP, GRP78/BIP, HA-PARK, or mouse
shRNA/eGFP, mouse shRNA/ PINK1 (ID 68943, Tebu-bio), mouse shRNA/Hspa5 (ID
14828, Tebu-bio) and mouse shRNA/ITPR3 (ID 16440, Tebu-bio) plasmid
preparation using the Amaxa Nucleofector II TM (Lonza, Norwalk) and the
Nucleofactor V kit (Lonza) following manufacturer’s recommendations. For static
cytometric analysis, we seeded the cells in 48-well plates coated with collagen 10%.
After culture, we fixed the cells with 4% PFA, rinsed twice with PBS and stored or
subsequently added blocking buffer containing PBS 0.3% (v/v) Triton X-100 and
10% of fetal bovine serum). After 3 days of cell culture, we add different drugs to the
cells which were prepared at a concentration of 10X and dissolved in DMEM. We
used Tunicamycin (Sigma-Aldrich), Carbonyl cyanide 3-chlorophenylhydrazone
(CCCP, 10uM Sigma-Aldrich), Cyclosporin A (CsA, 5uM, Sigma-Aldrich) or BAPTA-
AM (10uM, Sigma-Aldrich). After 5 hours we fixed the cells for
immunocitochemistry or we homogenized the cells for western blot. After 24 h of

treatment we assessed cell viability by MTT as a mentioned previously.

For western blot, the cells were harvested and homogenized in modified RIPA buffer
(50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1mM EGTA, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, protease and phosphatase cocktails). For
immunocytochemistry, we plated the cells in 12-mm glass coverslips coated with
10% collagen placed in 24-well plates. After culture, we fixed the cells with 4% PFA,
rinsed twice with PBS, and stored at =20 °C or added blocking buffer containing PBS
plus 0.3% (v/v) Triton X-100 and 10% fetal bovine serum. We incubated with the

following primary antibodies: rabbit anti-IP3R (1:200, Abcam), mouse anti-HA
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(1:2000, Abcam) ,mouse anti-GRP78/BiP (1:200, Sigma-Aldrich) and rabbit anti-
HSP60 (1:500, Antibodies-online).

Mitochondrial Superoxide Production and Mitochondrial Membrane Potential

(A¥m)

We treated the Control, GFP or BIP/GRP78 transfected in vehicle (DMSO), Tun,
vehicle (Methanol) or EFV and fluorochromes, 1uM Hoescht 33 342, and either 2.5
uM MitoSOX (superoxide analysis) or 2.5 uM TMRM (for AWm analysis), both from
Molecular Probes, Invitrogen, Eugene, OR were added for the last 30 minutes of
treatment. EFV were used as positive controls for analysis of superoxide production
and AWm, respectively. Fluorescence was detected with an [X81 Olympus

microscope (Hamburg Germany) and quantified by static cytometry software.

Electrochemical Measurement of Oxygen (02) consumption

Cells (1x106 per 1mL of HBSS) were agitated in a gas-tight chamber at 37°C.
Measurements were taken with a Clark-type 02 electrode (Rank Brothers,
Bottisham, UK) and recorded with the Dup.18 data acquisition device (WPI,
Stevenage, United Kingdom) immediately after 5h treatment with vehicle or

Tunicamycin.

Mitochondrial isolation

Cells were homogenized in lysis buffer (HEPES 10 mM pH 7.4, EGTA 1 mM, Sucrose
250 mM and a cocktail of protease (Sigma-Aldrich) and phosphatase inhibitors
(Roche)) with potter homogenizer on ice. After centrifugation of lysates at 2,000 x g
for 5 min, the supernatant was centrifuged at 10,000 x g for 12 min. Supernatant
was considered the soluble fraction (S2) and contains cytosolic proteins and
microsomes. The pellet (P2) was the enriched mitochondrial fraction which was
resuspended in modified RIPA buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM
EGTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, protease and phosphatase
cocktails) and protein concentration was determined by BCA assay. Samples were

then processed for western blot.
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Transmission electron microscopy

We submerged spinal cord L4-L5 segments (1mm/slice) in a fixative solution of 2%
(w/v) PFA and 2.5% (v/v) glutaraldehyde (EM grade, Merck, Darmstadt, Germany)
in PB 0.1M, pH7.4 and placed them on a rocking platform for 2h and then fixed in
1% (w/v) PFA and subsequently post-fixed with 1% (w/v) osmium tetroxide (TAAB
Lab., UK) containing 0.08% (w/v) potassium hexocyanoferrate (Sigma-Aldrich,
Steinheim, Germany) in PB for 2 additional hours. We performed four washes with
deionized water and sequential dehydration in acetone. All procedures were
performed at 42C (Rodriguez-Carifio et al.,, 2011). We embedded samples in EPON
resin and polymerized at 602C for 48h. Samples were processed to obtain semithin
sections (1um) with a Leica ultracut UCT microtome (Leica Microsystems GmbH,
Wetzlar, Germany), stained with 1% (w/v) aqueous toluidine blue solution and
examined with a light microscope to identify the ventral horn areas enriched with
motoneurons. To obtain ultrathin sections (70nm) we cut with diamond knife,
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 GatanUltrascan ES1000CCD Camera. We selected 3 slices/condition, analyzed 3
MNs /section and measure the area of their nucleus compared to the total area of the

MN using Image] tools.

Bioinformatics and Statistics

Data shown are means (+SEM) of a least three independent experiments. We used
analyses of variance (ANOVA) to compare the values among different experimental
groups for data that met the normality assumption. Difference between groups was
analyzed by using a one-way ANOVA, followed by Tukey’s post hoc multiple-range
test or Student’s t-test. All statistical analyses were done using GraphPad Prism 5

software (n = 3-5; p < 0.05 for significance).

~87~



RESULTS

Proteomic analysis of GRP78/BiP overexpression revealed mitochondria as
main target

In order to identify the molecular mechanisms leading to neuroprotection
mediated by GRP78/BiP overexpression, we performed a comparative label free
proteomic analysis that allowed finding out both quantitative and qualitative
differences between RA injured animals infected with an adenovirus that either
overexpress GRP78/BiP (Ad- GRP78/BiP), previously found to be neuroprotective
of MNs, or beta-galactosidase (Ad-3-Gal) as a control (Penas, Font-Nieves, et al,
2011). Seven days post injury (dpi) was the targeted time-point where specific
neurodegenerative signalling mechanisms emerged in the RA model, as previously
observed (Penas, Font-Nieves, et al, 2011)(Casas, Isus, Herrando-Grabulosa,
Francesco M. Mancuso, et al, 2015). The LC-MS/MS label free analysis of the
cytosolic fractions from L4-L5 spinal cord segments resulted in the identification of
a total of 1,420 proteins with at least two peptides per protein. A total of 566 and
732 proteins or peptides were significantly altered due to Ad-GRP78/BiP or Ad-3-
Gal overexpression in RA injured animals respect to the control, respectively
(p<0.05) (Tables S1, S2). We compared both lists and found that 220 were unique
signatures to be specifically altered due to Ad-GRP78/BiP overexpression (Table
$3). We attempted for functional annotation of these proteins using the DAVID
annotation tool, which allowed identifying the most significant biological functions
in the data set (FDR <0.05). The analysis of the comparative data revealed that
enriched clusters pointed to mitochondrial processes, function and components
(Table S4, Fig 1A). Gene Ontology (GO) terms and KEGG pathways enrichment
analysis of these data revealed significant decrease for many proteins related with
mitochondria function due to GRP78/BiP overexpression; from the outer, and inner
mitocondrial face, several proteins of the respiratory complex and matrix proteins.
The most highly downregulated were the Mitochondrial 2-Oxoglutarate/Malate
Carrier (OGC, SCL25A11), a tumor suppressor gene that participates to malate-
asparate shuttle and regenerates NADH pool in mitochondrial matrix to allow
complex I function, or MT-ND3, a NADH Dehydrogenase, Subunit 3 of Complex |, and

in minor degree the responsible for catabolism of gamma-aminobutyric acid
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(GABA), GABA Aminotransferase (ABAT GABAT), or the Ubiquinol-Cytochrome C
Reductase, subunit of Complex III (Fig 1B). In contrast, very few proteins were
upregulated. One of them was located outside mitochondria but close to it; the
glucose-regulated protein 75 (GRP75) located at sites of ER-mitochondrial coupling,
termed the mitochondria-associated membranes (MAM), together to the inositol
1,4,5 triphosphate receptor (IP3R) and voltage dependent anion channel 1 (VDAC1).
VDAC in the mitochondria membrane was also detected by the spectrophotometer
but was found, in contrast, downregulated in GRP78/BiP overexpressing group. The
other proteins up-regulated were the Excitatory Amino Acid Transporter 2
(EAAT2), located in plasma membrane and sometimes in mitochondria at excitatory
synapses, and the Hydroxyacyl-CoA Dehydrogenase Trifunctional (HADHA) that
catalyzes the last three steps of mitochondrial beta-oxidation of long chain fatty
acids. We used western blot to further confirm some of the proteome data and
validated mitochondria affectation due to GRP78/BiP overexpression in RA animals.
We first analyzed whether mitochondria-related proteins were altered in RA
respect to control uninjured animals and observed that Ubiquinone 1 Alpha
(NDUFAD9), the PTEN Induced Putative Kinase 1 (PINK1), involved in mitophagy, the
Nuclear Factor Erythroid 2-Related Factor 2 (NRF2), the encoded transcription
factor that regulates genes which contain antioxidant response elements (ARE), and
the subunit 3 of complex V (CV[3) were already diminished in damaged tissue while
no-changes were observed in other related proteins as the mitochondrial Dynamin
Like GTPase (optic atrophy 1, OPA1) involved in fusion, and the E3 Ubiquitin-
Protein Ligase PARKIN (Fig. 1C). Next, we analyzed the differences in the levels of
some mitochondria-related proteins between GRP78/BiP overexpressing RA-
injured animals versus the [3-Gal-RA group. We confirmed a significant raise in
GRP75 levels (p<0.05) and a tend to raise in the Lon peptide (LONP1), an ATP-
dependent protease that mediates the selective degradation of misfolded
polypeptides while a trend of downregulation of the mitochondrial matrix, OPA1
and CVp levels (p<0.1). No differences in NRF2, mitofusin 2 (MNF2), that
participates in mitochondrial fusion, or NDUFA9 were found (Fig 1D). Altogether
these data confirmed overall alteration of mitochondria protein content due to RA

injury but even more pronounced by GRP78/BiP overexpression.
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Figure 1. Bioinformatic Analysis of Proteomics. A) DAVID bioinformatic analysis of the
comparative data revealed that enriched clusters pointed to mitochondrial processes, function and
components. (B) Histogram of mitochondrial protein fold changes in GRP78/BiP overexpressed
animals after RA respect to B-galactosidase ($-Gal) obtained by analysis of proteomic data.
(C)Schematic draw of several reduced mitochondrial proteins represented in yellow promoted by
GRP78/BiP overexpression in the RA model (7 dpi). (D) Immunoblot and bar graph showing the
analysis of NRF2, PINK1, PARKIN, OPA-1, NDUFA9, HSP60 and CV( protein levels in L4 spinal cord
segments in control conditions and after RA (n = 4; *p < 0.05 vs. control, *p < 0.05 vs. control Student’s
t-test). (E)ImmunoblotGRP78/BiP, NDUFA9, LONP1, NRF2, MNF2, OPA-1, GRP75 and CVf3. Bar graph
showing the average fold change protein level + SEM in (3-galactosidase ($-Gal) and GRP78/BiP
treated root avulsed (RA) samples normalized to actin levels (n=4) *p <0.05 vs. 3-Gal (Student’s t-

test).
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GRP78/BIiP overexpression restores damaged mitochondrial function

We then further investigated the particular action of GRP78/BiP
overexpression onto mitochondria using an in vitro model of ER stress since
response to this type of insult appears early after RA injury in vivo, as reported
previously (Penas, Font-Nieves, et al., 2011)(Leiva-Rodriguez et al., 2018). We firstly
verified that overexpression of GRP78/BiP by nucleofection of the NSC34
motoneuron-like cells produced neuroprotection 24h after tunicamycin (Tun)
addition to the culture medium, an ER stress inductor by inhibition the formation of
N-acetylglucosamine-lipid intermediates, thereby preventing the glycosylation of
newly synthesized proteins (Fig. 2A, B). We also found neuroprotection in another
in vitro model of RA that we previously reported to reproduce several
characteristics of the RA injury process of neurodegeneration based on cytoskeletal
damage using nocodazole as inductor that interferes with the polymerization of

microtubules (Fig. 2B).

We assessed mitochondrial function by measuring the generation of reactive
oxygen species (ROS) in mitochondria, using MitoSOX; the mitochondrial membrane
potential (AyM), using Tetramethylrhodamine methyl ester (TMRM), and the 02
consumption rate (OCR) in the ER stress in vitro model. As a positive control, we
used Efavirenz (Efv), a mitotoxic agent that affects the three parameters (Funes et
al, 2014). NSC-34 cells were nucleofected with a vector that either overexpress
GRP78/BiP or the green fluorescent protein (GFP) as control and submitted to the
different tests. We observed that MitoSOX levels progressively increased after Tun
addition to the culture until reaching statistical significance by 24 h, in contrast to
Efv that increased ROS generation from the first hour post-treatment respect to the
use of corresponding vehicles as controls (Fig. S1A). Cells overexpressing
GRP78/BiP significantly reduced the levels of MitoSOX respect to GFP group at 24h
after Tun but did not reach significance after Efv treatment despite a clear tendency
(Fig. 2C). Regarding AyM, the reduction of TMRM fluorescence diminished after 5
h of Tun treatment and by 24 h using either Tun or Efv (Fig. S1B). We observed no-
differences between control and cells overexpressing GRP78/BiP and submitted to
Efv treatment although this caused redcution of AYM (Fig.2D). After tun treatment,
recovery of AYM by GRP78/BiP was not so clear at 24 h (Fig. 2D). Finally, we
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observed that the rate of 02 consumption was inhibited during 80 min of analysis
after Tun addition in the GFP group (slope -0.063, R2=0.98) but it was sustained in
GRP78/BiP overexpressing cells (slope -0.221, R2=0.99) (Fig. 2E). After 5h,
respiration function was normal in GRP78/BiP overexpressing cells while severely
compromised in the GFP group (Fig. 2F). Altogether, these results suggested that
GRP78/BiP attenuated overall mitochondria dysfunction both after ER stress or due

to mitotoxicity, particularly regarding ROS generation and respiration.
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Figure 2. GRP78/BiP overexpression rescues mitochondrial dysfunction in stressed NSC-34
cells (A) Immunoblot and bar graph showing the levels of GRP78/BiP in transfected cells of
GRP78/BiP or GFP. (B)Left, Bar graph of the mean average percentage of NSC34 cell survival 24 after
Tun 1pg/mL in transfected cells with GFP or GRP78/BiP/GRP78 analysed by MTT assay (n=4;
**¥p <0.001 vs. GFP (Student’s t-test). Right, Bar graph of the mean average percentage of NSC34 cell
survival 24 after Nocodazole 10uM in transfected cells with GFP or GRP78/BiP/GRP78 analysed by
MTT assay (n=4; *p<0.05 vs. GFP (Student’s t-test) (C) Quantitative analysis of mitochondrial
superoxide production (MitoSOX fluorescence) after Tun or EFV at 24h in transfected cells with GFP
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or GRP78/BiP/GRP78 by fluorescence microscopy. (D) Quantitative analysis of mitochondrial
superoxide production (MitoSOX fluorescence) after Tun or EFV treatment at different time-points
24h in transfected cells with GFP or GRP78/BiP/GRP78 by fluorescence microscopy. (E, F)
GRP78/BiP increases 0z consumption after Tunicamycin treatment. Representative traces and
quantification of data showing the rate of 02 consumption (Clark-type O2 electrode) after 5h of
Tunicamycin treatment in cells transfected with GFP or GRP78/BiP.n=4; *p < 0.05 vs. control, one-

way ANOVA.

Mitophagy is present in GRP78/BIiP overexpressing cells

Considering these results, we hypothesized that GRP78/BiP may be handling
selective autophagy of mitochondria or mitophagy to accelerate removal of
defective organelles. First, and considering that GRP78/BiP has been proved to
promote macroautophagy (Casas, 2017), we sought to determine whether
autophagy was necessary for GRP78/BiP induced neuroprotection using several
inhibitors of this process: 3-Methyladenine (3-MA), an inhibitor of class Il
phosphatidylinositol 3-kinases (PI3K), LY294002, an inhibitor of class I PI3K, and
Bafilomycin A1l (BAF-A), that inhibits vacuolar H* ATPase (V-ATPase) and hence
prevents late autophagy events. We observed that all three autophagy inhibitors
affected the neuroprotective effect of GRP78/BiP overexpression in ER-stressed
cells compared to GFP control group (Fig 3A) suggesting that the correct initiation

of autophagy, through PI3K-Beclin1 pathway, and late flux are necessary.

Mitophagic degradation of mitochondria, e.g. following depolarization, is
triggered by the increased stabilization of PINK1 on mitochondria and the
subsequent recruitment of the in-between-ring ubiquitin ligase PARKIN and
activation of MOM protein ubiquitylation (Lazarou et al., 2015a). However, PARKIN
is not always participating in mitophagy because it can be triggered through
alternative mechanisms (Villa et al, 2018). To ascertain whether PARKIN was
involved in GRP78/BiP-mediated effect, we nucleofected NSC34 cells to express HA-
tagged PARKIN and determined its subcellular localization after ER stress by
immunocytochemistry. By confocal microscopy, we observed PARKIN widely
distributed throughout the NSC-34 cell either after 5h of vehicle or Tun treatment

(Fig. 3B). In contrast, in cells overexpressing GRP78/BiP there was an increase of

~94~



the co-localization of PARKIN and Hsp60, a mitochondria protein, suggesting
taggeted organelle for mitophagy (Fig 3B, C).

In addition, we isolated the mitochondrial and cytosolic fraction in cells treated
with vehicle or Tun of GFP or GRP78/BiP groups. By immunoblotting, we verified
the purity of the mitochondrial fraction analyzing the presence of OPA1 and CV 8 in
the corresponding fractions (Fig. 3D). Interestingly, we observed an increase of the
presence of GRP78/BiP mainly in the mitochondria fraction of cells overexpressing
the protein, more prominent in tun-treated cells than after vehicle-treatment. We
also observed increased levels of both PINK1, PARKIN in mitochondrial enriched
fractions of GRP78/BiP overexpressing cells as it corresponds to PINK/PARKIN
mitophagy (Fig. 3D). In agreement, we found that some differences in the protein
ubiquitylation profile were apparent in the GRP78/BiP group respect to GFP group
within the mitochondrial fraction (Fig. 3D). Mitochondrial protein ubiquitylation
leads to recruitment of autophagosome machinery components starting with
accumulation of lipidated isoform of LC3, LC3II. The accumulation of LC3II in the
mitochondria fraction was higher in the cells overexpressing GRP78/BiP than
control (Fig. 3D). Taken together, these data suggested that the overexpression of
GRP78/BiP may promote its subcellular distribution increasing at mitochondria

environment and promoting mitophagy.

To determine the relevance of mitophagy induction on the neuroprotective
effect mediated by GRP78/BiP overexpression we assessed alterations due to the
use of activators and inhibitors of mitophagy. We used carbonyl cyanide m-
chlorophenyl hydrazine (CCCP) to activate mitophagy and two mitophagy
inhibitors: the cell-permeant chelator of intracellular Ca2+ BAPTA-AM (BAPTA,) and
the mitochondrial permeability transition pore (mPTP) inhibitor Cyclosporin A
(CSA) that avoid Ca2+ efflux from mitochondria (Halestrap et al., 1997). Curiously,
we observed that CCCP treatment significantly increased survival of ER-stressed
cells independently whether they overexpressed GRP78/BiP or GFP suggesting that
mitophagy induction contributed determinately to cope with this type of stress (Fig
3E). In agreement, using either CSA or BAPTA inhibitors, the neuroprotective effect

promoted by GRP78/BiP overexpression was blocked (Fig 3E).
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These findings suggested that PINK1-PARKIN triggered protective mitophagy
triggered by CCCP in ER-stressed cells and GRP78/BiP overexpression cells also

presented this effect which was also Ca2+-flux dependent.
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Figure 3. (A) Bar graph showing the percentage of cell survival + SEM with Tun or combination with
Tun+3MA, Tun+LY-902 Tun+Baf-A in transfected cells with GFP or GRP78/BiP by MTT assay after
24h adding treatments (n=4-8, *p<0.05 vs. GRP78/BiP) (B) Representative confocal images of
transfected cells with PARK2 or PARK2 with GRP78/BiP treated with vehicle of Tunicamycin at 5h
showing an increase of colocalization between PARK2-HA (green) and Hsp60(red). Scale
bar=10 um. (C)Pearson’s correlation coefficient of Parkin and Hsp60 (n=4; *p <0.05 vs. control),
one-way ANOVA. . (D) Letf, Western blot and bar graphs of OPA-1, CV(3 PINK1 and PARKIN, UB LC3
and GRP78/BiP in the mitochondrial (mito) and cytosolic (cyto) fraction in GFP or GRP78/BiP
overexpressed cells treated with vehicle or tunicamycin by 5 hours. Bar graphs show the average
fold change of these proteins relative to GFP with normalization to actin in the cytosolic fraction or
the complex V in the mitochondrial fraction. (E) Bar graph showing the percentage of cell survival +
SEM with Tun or combination with Tun+CCCP, Tun+CSA, Tun+BAPTA in transfected cells with GFP
or GRP78/BiP by MTT assay after 24h adding treatments (n=4-8, *p<0.05 vs. GRP78/BiP Tun).
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Neuroprotection mediated by GRP78/BiP depends on IP3R and PINK1

We aimed to determine the molecules important for GRP78/BiP-related

mitophagy and neuroprotection.

Using shRNA technology, we confirmed that it was the expression of GRP78/BiP
itself and no other artifacts what was necessary for neuroprotection since the use of
GRP78/BiP-shRNA abolished the neuroprotective effect promoted by its
overexpression in ER-stressed cells (Fig.4A). Even, neuroprotection promoted by
CCCP in tun-treated GFP control cells was blocked when knockdown GRP78/BiP
(Fig.4A). These results suggested that GRP78/BiP was relevant for PINK1/PARKIN-

mediated protective mitophagy.

Then, we analysed the effect of PINK1 downregulation and we observed that the
nucleofection with PINK1-shRNA caused a reduction in viability of tun-treated cells
either overexpressing GRP78/BiP or under CCCP treatment what further confirmed

its main role in the induced protective mitophagy in both mechanisms (Fig. 4B).

One possibility to allow GRP78/BiP to directly drive any Ca?*mediated action
related to mitophagy is across the ER-mitochondria communication sites at MAMs,
particular through the action of the ER-resident IP3R whose opening allow CaZ* flow
from ER to mitochondria. IPsR downregulation using shRNA diminished cell
viability promoted by GRP78/BiP overexpression or by CCCP treatment in ER-
stressed cells (Fig. 4C). PINK1 silencing alone did not increase tun toxicity but it

completely blocked BiP overexpression-induced protection against Tun toxicity.

Altogether these results suggested that GRP78/BiP overexpression activates

protective mitophagy in a PINK/ IP3R dependent manner.

~97~



100 4

CELL VIABILITY (%)
3

BiP/GRP78
15
- 20
=T}
]
=
o
- 05 2
e Tun - + 4+ + + 4+ + +
= ccep — -+ + -
BiP | & | - - . S
Actin e s BiP/GRP78 +
shRNA_GRP78/BiP - # 8 # 2 + +

B N

1004 T
= .
E 804
PINK1 =) 2 H
15 o Ry
[ >
o I
£ 1o o a0
F =
=
- o5 - 204
8
M e srpkt LE_—
PINK1|:-—-:| Tun = + + + + + +
Actin [ CCCP - - i B B -
BiP/GRP78 - - -+ - -+
shRNA_PINK1 - z = G + + +

GFP

BiP/IGRP738

120 1
D g o
>
= 501
=
m
eGFP g 8
s
- 401
]
0
204
shiP3Rs ,
Tun F + + + + + +
ccep - - + - -
BiP/GRP78 - - -+ - -
shRNA_IP3R - - = - + +

Figure 4. (A) Left, western blot and bar graph showing a reduction of GRP78/BiP levels in
shRNAGRP78/BiP cells in compared to shRNAeGFP cells (n=3; *p < 0.05 vs. control), Student’s t-test.

Right, Bar graph showing the percentage of cell survival + SEM with Tun or combination with CCCP
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in transfected cells with GFP ,GRP78/BiP, shRNAGRP78/BiP or GRP78/BiP+shRNAGRP78/BiP by
MTT assay after 24h adding treatments (n=4-8, *p<0.05 vs. GRP78/BiP-tun) (B) Left, western blot
and bar graph showing a reduction of PINK1 levels in shRNAPINK1 cells in compared to shRNAeGFP
cells (n=3; *p <0.05 vs. control), Student’s t-test. Right, bar graph showing the percentage of cell
survival + SEM with Tun or combination with CCCP in transfected cells with GFP, GRP78/BiP,
shRNAPINK1 or GRP78/BiP+shRNAPINK by MTT assay after 24h adding treatments (n=4-8, *p<0.05
vs. GRP78/BiP-tun). (C) Representative confocal images of GRP78/BiP (red) co-immunolocalization
(merged) with [P3R green in transfected cells with GFP or GRP78/BiP/GRP78. Scale bar=10 um (D)
Left, representative microphotographs of transfected cells with shRNAIP3R or eGFP showing a
decrease of IP3R(red) expression, Scale bar = 10 um. Right, Bar graph showing the percentage of cell
survival + SEM with Tun or combination with CCCP in transfected cells with GFP ,GRP78/BiP,
shRNAIP3R or GRP78/BiP+shRNAIP3R by MTT assay after 24h adding treatments (n=4-8, *p<0.05
vs. GRP78/BiP-tun) (D) Left, Representative microphotographs of transfected cells with shRNAIP3R
or eGFP showing a decrease of IP3R(red) expression, Scale bar = 10 um. Right, bar graph showing the
percentage of cell survival + SEM with Tun or combination with CCCP in transfected cells with GFP
,GRP78/BiP, shRNAIP3R or GRP78/BiP+shRNAIP3R by MTT assay after 24h adding treatments (n=4-
8, *p<0.05 vs. GRP78/BiP-

Evidences of Mitophagy promoted by GRP78/BiP overexpression after RA

Searching for evidences of mitophagy induction by GRP78/BiP overexpression after
RA in vivo, we assessed the levels of PINK1 and PARKIN by immunoblotting. We
observed opposite effects in both proteins with a significantly diminution on
PARKIN but an increase of PINK1 levels in the GRP78/BiP group respect to [3-Gal
group at the L4-L5 spinal cord segments after 7 dpi (Fig. 5A). PINK1 upsurge was
consistent with the presence of mitophagy since it accumulates on the surface of the

damaged mitochondria however, the reduction on PARKIN levels were unexpected.

Further evidence of the presence of mitophagy were obtained by
immunohistochemistry when observed extensive co-localization of mitochondria,
labeled using anti-COXIV, with punta of LC3 autophagosome marker using confocal
microscopy (Fig. 5B). Finally, analyzing the injured ventral horns by transmission
electronic microscopy, we observed a high number of vacuoles with engulfed
mitochondria, or close to them, within MNs of the GRP78/BiP overexpressing group

respect to control (Fig. 5C).

Hence, a proposal working model of actuation may considered that GRP78/BiP can

interact with IP3R at ER-interconnected structures and favour controlled Ca2+ flow
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to entry and ensure proper mitophagy activation. It might be possible that
GRP78/BiP can also enter mitochondria and help buffering excessive calcium influx
and favour efflux through mPTP that can trigger autophagy for proper

autophagosome formation and engulfment of tagged mitochondria (Fig.5D).
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Figure 5. (A) Immunoblot of PINK1 and PARK. Bar graph showing the average fold change protein
level + SEM in 3-galactosidase ($-Gal) and GRP78/BiP root avulsed (RA) samples normalized to actin
levels (n=4) *p < 0.05 vs. control (Student’s t-test). (B) Microphotographs of representative MNs at
the ipsilateral site from injured animals of AAVrh10-GFP or AAVrh10-GRP78/BiP overexpressed at
7 dpi. Co-immunolocalization (merged) with COX IV (red) and LC3 (green) staining with Nissl blue.
Scale bar=10 um (C) Representative transmission electron microscopy (TEM) images of
mitochondria within MNs of spinal cord. a, overview of MN cytoplasm showing mitochondria in
control animal b: accumulation of mitochondria at the RA-injured MNs overexpressing [3-gal; c:
Engulfed mitochondria (some pointed with red asteriscs) in RA-injured MNs overexpressing
GRP78/BiP; d, Higher magnification of picture in c. (D) Working model of the conclusions derived

from the study.

DISCUSSION

Finding the way of enhancing the endogenous mechanisms of neuroprotection
may yield efficient therapeutic tools for neuroprotection. ER-resident chaperone
GRP78/BiP is at the crossroad of several of these mechanisms and its
overexpression promote neuroprotection in several models including to MNs
suffering retrograde neurodegeneration due to proximal axotomy (Penas, Font-
Nieves, et al., 2011). We aimed to deciphering the way GRP78/BiP mediated this
protection using unbiass proteome analysis. Unexpectedly, we discovered that the
main targeted organelle was mitochondria. In particular, we found that GRP78/BiP

overexpression triggered protective mitophagy with implication by [P3R and PINK1.

Proteomic analysis using our model of MN neurodegeneration by functional
disconnection revealed that GRP78/BiP overexpression reduced the level of
expression of a considerable number of mitochondria proteins at the ipsilateral
injury site of the spinal cord. This was surprising considering that, although
GRP78/BiP may be located in different subcellular places, it is mainly at the ER
suggesting that it may be acting at the intercommunication site between these two
organelles. The reduction of mitochondrial proteins may be consequence of a
reduction in biogenesis or a higher turnover. Considering that the effect was
beneficial to the cell and to recover mitochondria function after ER stress, the latest
is more likely. Our investigation provides compelling evidences pointing that

GRP78/BiP overexpression triggers mitophagy.
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Firstly, using an in vitro model of ER stress, a prominent feature of the events
that account after RA injury (Penas, Font-Nieves, etal.,, 2011)(Leiva-Rodriguez et al.,
2018), we observed that macroautophagy induction was necessary for GRP78/BiP
to exert neuroprotection. This is in agreement with several studies demonstrating
that GRP78/BiP can promote autophagy acting at several points (Casas, 2017).
Importantly, we previously reported that in vivo GRP78/BiP overexpression
markedly reduced LC3II accumulation by 5 days post RA (Penas, Font-Nieves, et al.,
2011) whatwas caused probably by the existence of autophagy flux blockage (Leiva-
Rodriguez et al, 2018). Interestingly, GRP78/BiP can bind to SQSTM1/p62 that
delivers ubiquitinated cargoes for autophagic degradation to unblock autophagy
flux (Liu et al, 2016)(Cha-Molstad et al., 2015, 2016). Although this was not the
focus of our investigation, that is an interesting hypothesis to be demonstrated. In
vivo, we observed that GRP78/BiP increased PINK1 protein level, promoted LC3
target to mitochondria and the apparition of several figures with engulfed
mitochondria what is consistent with the induction of mittophagy. Unexpectedly,
PARKIN protein levels were downregulated by GRP78/BiP overexpression at 7 d pi.
This might be due to the observation of a relative late event in the mitophagy
process, where most mitochondria, including anchored PARKIN, was in the way of
degradation, or it might indicate a rather PARKIN-independent mitophagic process
that involve other receptors (Lazarou et al.,, 2015b). If this is the case or not it

deserves further investigation.

Invitro model results suggested thatIP3R is involved in GRP78/BiP-mediated
neuroprotection and that Ca2+ flow is important for protective mitophagy since it is
blocked when using BAPTA and CsA. IP3R are enriched in ER-mitochondria tethered
by glucose-regulated protein 75 to the voltage-dependent anion channels (VDACs)
in the mitochondria (Szabadkai et al., 2006). Consequently, ER-stored Ca?* is rapidly
and efficiently transferred into mitochondria through the MAM. PINK1, PARK2 and
Beclin (BECN1) have been also observed all localized at MAM after CCCP treatment
(Gelmetti et al., 2017). In addition to allow calcium transport from the ER to
mitochondria, contributing to mitochondrial dynamics, and apoptosis control (Naon
and Scorrano, 2014) MAM is the site for the formation of omegasomes, that
represent autophagosome precursors (Gelmetti et al., 2017). Besides, basal IP3Rs

activity and continuous, low-level Ca2+ flux from ER to mitochondria is essential to
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promote mitochondrial respiration and cell bioenergetics (Cardenas et al., 2010). It
has been observed that IP3R functions in autophagy depending on the cellular
condition. In normal cells, [P3Rs suppress autophagic flux by fueling Ca2+ into the
mitochondria to sustain ATP production, thereby preventing AMPK activity
(Cardenas and Foskett, 2012)(Cardenas et al, 2010). In contrast, in nutrient-
deprived cells, [P3Rs are required to promote Ca2*-signaling events that are critical
for up-regulating autophagic flux (J. P. Decuypere et al., 2011) (].-P. Decuypere et al.,
2011). However, extensive investigation on I[P3Rs implication on protective
mitophagy is still pending regarding requirements about its subcellular localization
and the resulting Ca2+ signals (cytosol or mitochondria) to determine the specific
outcome or establishing which regulators may impinge on the cellular mitophagy.
We herein highlight that one of its important partners may be GRP78/BiP to
orchestrate the response. Oxidative stress evokes ER-mitochondria Ca2+ transfer at
the MAM contributes to mitochondrial depolarization(Gerich et al., 2009) . We have
observed ROS accumulation after ER stress that GRP78/BiP overexpression
attenuated. Additionally, mitochondrial chaperone cyclophilin D (CypD), a
composition of mPTP, also cooperates with the VDAC1/Grp75/IP3R1 complex as
observed in some tissues modulating mitochondrial Ca2+ balance (Paillard et al,,

2013).

In conclusion, this study shed light onto an effective way for neuroprotection
when modulating autophagy or mitophagy and contribute to clarify doubts around
their beneficial or detrimental role. The fact of the presence of mitophagy figures in
the pathological specimens from postmortem tissue of Alzheimer or Parkinson
patients might represent neuronal attempts to survive (Toulorge et al, 2016).
Numerous disease-modifying strategies targeting mitochondria are currently under
investigation and we propose herein that overexpressing GRP78/BiP might be a

promising strategy.
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Figure S1 (A) Quantitative analysis of mitochondrial superoxide production (MitoSOX fluorescence)
after Tun or EFV at different time-points (1,5 and 24h) in control cells by fluorescence microscopy.
(B) Quantitative analysis of mitochondrial superoxide production (MitoSOX fluorescence) after Tun
or EFV treatment at different time-points (1,5 and 24h) in in control cells by fluorescence

microscopy.
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ABSTRACT

Neuron-target disconnection can occur after traumatic injuries, axonopathies or
other affectations such as ischemia or cancer-induced compression. Nowadays, no
effective therapies have been described to enhance nerve regrowth to recover the
functional loss. SIRT1 has evolved as a well-known neuroprotectant, although its
exact role in mammal axonal regeneration is not clarified because only in vitro
approximations have been performed to depicter it. Recently, we described
NeuroHeal (NH) as a feasible therapy for those nervous injuries in which
motoneuron (MN) survival is compromised and long-distance regeneration is
needed to obtain some functional recovery. Here, we describe that SIRT1 activation
increases MN neurite elongation in vitro and motor axonal regeneration in vivo, and
that those effects need the Hifl-dependent autophagy. Moreover, the
overexpression of ATG5 increases axonal regeneration by autophagy induction.
Thus, SIRT1 activity, and therefore that provided by NH treatment, are good
therapeutic approaches to raise regeneration of MNs after peripheral nervous

system injuries allowing to a better functional recovery.
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INTRODUCTION

Peripheral nerve injury (PNI) directly affect about 13-23 people per 100,000
per year, carrying out important economics cost in healthcare of developed
countries 1.2, Mammal peripheral nervous system, and therefore the human one, has
the intrinsic capability to regenerate and replace the unfunctional or injured axons
to ensure a correct circuitry performance throughout a lifetime. Although this
statement is true, the peripheral axons lose its ability to regrowth during aging 3,
leading to a poor muscle reinnervation and therefore to an incipient functional
recovery after traumatic injury to the peripheral nervous system. Indeed, although
reparative surgeries can be performed after injury, an optimal recovery is not easily
obtained #. Albeit several therapeutic approximations were described using
pharmacotherapy >, physical exercise ¢ or electric stimulation 7, their effects on
functional recovery are incipient and their molecular mechanisms are not fully
understood. Therefore, no effective treatments exist nowadays in human healthcare
to enhance nerve regeneration reducing the functional impairment that appears

after a PNL.

Several molecular programs have been described as modulators of axonal
regrowth within the peripheral and central nervous system 8 Among them, the
activation of (phosphatidylinositol-4,5-bisphosphate 3-kinase(PI3K)/AKT axis is
highly related to the pro-neuritogenic effect of neurotrophic factors and it is
activated after nerve injury by the motoneurons (MNs) to enhance its capability for
re-extend their axons 210, In the same way, AKT inhibition by the phosphatase and
the tensin homolog (PTEN) completely blocks the spontaneous axon regrowth in the
injured spinal cord, while its deletion 1! or its pharmacological inhibition 12 have
raised axonal re-growth after nervous system injury. Unfortunately, these effects
are accompanied by pro-oncogenic features because PTEN acts as a tumor

suppressor 13, so the clinical translation of this therapeutic approach cannot be used

A widely described sensor of cellular stress is the NAD-dependent deacetylase
sirtuin-1 (SIRT1) 18, which has positive roles in neurodegenerative disease and
controls cellular homeostasis to deal with external insults 1920, Although SIRT1 was

first described as a nuclear enzyme 21, it also has cytosolic functions as deacetylase
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22 although they exact roles are poorly understood. Regarding the cellular response
after axonal injury, SIRT1 activity exerts a positive neurite-growth effect through
the inhibition of mTOR pathway in cell culture 23. We recently described that the
crosstalk between SIRT1, AKT axis and FOX03a leads to a fine-tuned autophagy that
blocks MN apoptotic death during early stages of development.

Through a systems biology approach and using artificial intelligence, we
discovered a drug combination named NeuroHeal (NH), which potentiates the
endogenous protective mechanisms that cells intrinsically have to face proximal
axotomies. NH maintains MN survival after nerve root avulsion (RA) by SIRT1
modulation, enhances functional recovery after PNL and activates the PI3K/AKT
axis 1424, although its exact mechanism to induce axonal regeneration is not yet
described. Seeking to depict the role of SIRT1 on axonal regeneration, we found that
its deacetylase activity at cytosol increases axonal regeneration and stabilizes Hifla
subunit. This stabilization leads to an increased autophagic flux, which accelerates

axonal regeneration of MNs after PNL by giving them a more pro-regenerative

phenotype.

MATERIALS & METHODS

Surgical procedures

All the experiments involving animals were approved by the Ethics Committee of
our institution and followed the European Community Council Directive
2010/63/EU. Sprague-Dawley rats were kept under standard conditions of light,
temperature and feeding and at 12 weeks of age, we performed surgical procedures.
We deeply anesthetized rats with ketamine /xylazine cocktail 0.1mL/100 g i.p and
prepared the animal for surgery. For crush injury, the sciatic nerve of right hindlimb
was exposed ad mid-high and compressed with fine forceps (3 times of 30”) at 90
mm from the third poe. For the cut and suture, we dissected the sciatic nerve as
previously, transected it at 90mm from the third toe and immediately repaired it
with fascicular suture (10-0, Ethicon). For the autograft, we transected the sciatic
nerve at 80mm and 90mm from the third toe, flipped it and repaired it with
fascicular suture (10-0, Ethicon). After all the surgeries, the wound was closed,

disinfected and the animals were allowed to recover in a warm environment. For
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the AAV injected rats, the surgery was performed three weeks after injection to

ensure an optimal gene expression.

The ventral root avulsion (RA) and delayed root reimplantation (RE) was carried
out as previously described (Ref). Briefly, we performed laminectomy at T11
vertebra to release the L3-L6 ventral roots from the meninges, and we separated
detached them from the spinal cord with the help of a hook. Besides this, we
introduced the four injured roots into a silicone tube, closed the wounds and
allowed the animals to recover. Two weeks after RA, we anesthetized the animals
and checked by electrophysiological tests a complete muscle denervation. We
localized the silicone tube, dissected the injured ventral roots and inserted
underneath the corresponding spinal cord segment. To ensure the reimplanted
roots maintenance within the spinal cord, we opposed the paraventral muscles to

the spinal cord and closed the wounds.

Construction, purification, and infection with recombinant adeno-associated

vectors

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)®%6. AAV2/rh10 vector was generated as previously described 36 by
triple transfection of HEK 293-AAV cells (Stratagene) with branched
polyethylenimine (PEI; Sigma) 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, USA) and the pXX6 plasmid
containing helper adenoviral genes 37. Recombinant vectors were clarified after
benzonase treatment (50 U/mL, Novagen) and polyethylene glycol (PEG 8000,
Sigma) precipitation. Vectors were purified by iodixanol gradient with 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)

We performed intrathecal or intramuscular injection of 4x10E10 viral genomes
under ketamine/xylazine-anesthetized animals using a Hamilton syringe with a 33-

gauge needle. For intrathecal injection, vertebral column was exposed after muscle
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dissection at L3-L4 vertebrae, and 10 pL of viral vectors were slowly injected into
the cerebrospinal fluid between vertebras. We introduced the needle and correct
intrathecal placements was confirmed by the animal tail flick. The needle was fixed

in the injection for 10 seconds to avoid fluid retraction and the wound was sutured.
Drug administration

NeuroHeal (NH) is composed of acamprosate calcium (Aca) and Ribavirin (Rib)
compounds. Aca, Rib, Ex-527, and nicotinamide (NAM) (Sigma-Aldrich, Saint Louis,
MO) and 3-MethyladeNine (3MA) (Tocris) for in vitro studies were diluted in sterile
H20 or DMSO. Aca, Rib, Ex-527, and NAM were added at final concentration of 1uM,
55uM, 10pum, 5mM and 10 uM mixed with the culture medium.

In vivo treatments consist of Aca (Merck, Darmstadt, Germany) and Rib (Normon,
Madrid, Spain) pills grounded into fine powder and dissolved in drinking water at
2.2 mM and 1 mM respectively. NAM was dissolved also in the drinking water at
5mM and added jointly or not the NH treated animals. We changed the tap water
every 3 days and freshly added the drug treatment.

Electrophysiological test and functional assessment

For electrophysiological evaluation, rats were anesthethized with
ketamine/xylazine (100:10 mg/kg weight, i.p) at different times post-injury. The
sciatic nerve was stimulated by transcutaneous electrodes placed at the sciatic
notch by single pulses (20 us), and the compound muscle action potential (CMAP)
was recorded by placing electrodes on the tibialis anterior (TA), gastrocnemius and
plantar interosseous muscles. 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 the amplitude from
baseline to peak and the latency to the onset after every stimulus. After testing,

animals were allowed to recover in a warm environment.
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Spinal organotypic culture (SOCs) on collagen 3D matrix

We prepared spinal organotypic cultures as previously described34. Summarizing,
we prepared collagen solution at 3mg/mL mixing: rat tail collagen type I (Corning,
Wiesbaden, Germany), PBS (Sigma-Aldrich), sodium bicarbonate at 0,3mg/mL( )
and 10x basal Eagle’s medium (Gibco, Grand Island, USA). We deposited 30pL-single
drops of collagen at 24-well Petri dishes pretreated with poly-D-Lysine (Sigma-
Aldrich) and kept them in the incubator 1 hour at 372C and 5% CO2 to induce
collagen gel formation. Therefore, we extracted lumbar spinal cord section from 7-
day old Sprague-Dawley rats, placed in 30% glucose cold Gey’s balanced salt
solution (Sigma-Aldrich) and cleaned from meninges and nerve roots. Spinal cords
were cut into 350uM-thickness slices and were placed onto collagen droplets. After
30 min in the incubator, were covered the sliced with 30uL of the same collagen
solution mentioned above and after 30 at 372C for collagen polymerization, we
added culture medium with Neurobasal (Life Technologies) supplemented with B27

(Life technologies), glutamine and penicillin/streptomycin (Sigma-Aldrich).

One day after culture, we removed the media and added the same combined with
the different treatments: H20 or DMSO as a vehicle, NH, NH + Ex-527, NH+NAM
NH+3MA, DMOG, DMOG+3MA and 3-MA. We also changed the medium at 3 days
post culture. After 4 days treatment, we removed the media, post-fixed the spinal
cords with cold 4% PFA solution for 1 hour, washed them with TBS several times
and incubated during 48h with primary antibodies at 42C. For neurite growth
analyse the primary antibody was anti-mouse RT97 (1:200; Hybridoma Bank, USA).
After washes with 0,1% Tween in TBS, we incubated the spinal cords with donkey
conjugated Alexa 594 anti-mouse (1:200; Life Technologies) overnight at 4°C,
counterstained with DAPI, washed them and mounted with DPX (Sigma-Aldrich)

We took sequential microphotographs with a fluorescence microscope Olympus
BX51 (Olympus, Germany) attached to a DP73 camera and merged them with Adobe
Photoshop CS3 (Adobe System, USA) to obtain whole spinal cord slice body with
their neurites. To analyse neurite growth and length, whole culture images were
analysed with the help of the Neurite-] plug-in for Image] software®’. The number of
neurites for each intersection from the explant was calculated and compared

between sets of cultures.
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Cell culture

SH-SHY5 cells were grown in modified Eagle’s medium high-glucose (DMEM)
supplemented with 15% fetal bovine serum (Sigma-Aldrich), and 0.5x
penicillin/streptomycin solution (Sigma-Aldrich). Cells were kept in a humidified
incubator at 37 °C under 5% COZ2. For the treatments, we coated plastic plates
(Thermo) with 10% collagen dissolved in Milli-Q water at 37°C for 2h. After
removing this solution, we seeded the cells at a density of 2.5x10> per cm2. For
differentiated phenotype cells were grown in Neurobasal supplemented with B27
(Life technologies), 1uM of retinoic acid and 0.5x penicillin/streptomycin solution.
After 3 days of culture without changing the medium, SH-SHY5 cells present with a
differentiated-like phenotype characterized by the presence of long neurite
extensions. At this time, we added different drugs to the cells. The drugs, prepared
ataconcentration 10-fold higher than the concentration to be tested, were dissolved
in DMEM to the desired concentration and used to replace medium over cells. We
used 1 mM DMOG (Tolcris) and 10 uM 3-MA(Merck-Millipore) unless otherwise
stated. After 24h, we fixed the cells with 4% PFA, rinsed twice with PBS, and stored
at -20 °C or added blocking buffer containing PBS plus 0.3% (v/v) Triton X-100 and
10% fetal bovine serum. We incubated with the following primary antibodies:
mouse anti-f-tubulin (1:500, Covance/biolegend, San Diego, CA, USA), mouse anti-
HIF1la (1:500, Novus Biological) and rabbit anti-SIRT1(1:200, Merck-Millipore) in
0.5x blocking buffer in PBS, at 4 °C overnight. The following day, after several
washes with PBS plus 0.05% Tween-20, we incubated the coverslips with Cy3- or
CyZ2-conjugated secondary antibodies (Jackson Immunoresearch). Coverslips were
counterstained with DAPI and mounted with Mowiol. Images were taken under the
same exposure times, sensitivities, and resolutions for each marker analysed with
the aid of a digital camera (Olympus DP50) attached to the microscope (Olympus
BX51).

For transfection experiments, we transfected 1x10® with 1 pg,
shRNAGFP(CSHCTRO001-CH1, Tebu-bio) shRNA HIF1la (HSH008832-32-CH1, Tebu-
bio) and SIRT1 using the Amaxa Nucleofector II TM (Lonza) and the Nucleofactor V

kit (Lonza) following the manufacturer’s recommendations.
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To analyse neurite growth, we took microphotographs at 20x magnification and
culture images were analysed with the help of Image] software. The growth of

neurites was measured manually and compared between sets of cultures.
Tissue processing for histology

At end stage, we euthanized the animals after dolethal injection (60 mg/kg i.p) and
transcardially perfused them with a saline solution of heparin (10 U/mL) followed
by 0.1M PBS buffer solution of 4% paraformaldehyde. Besides this, we harvested
L4-L5 spinal cord segment and sciatic nerve from injury site to sciatic trifurcation,
post-fixed them with PFA 1 hour and cryopreserved with the same sucrose solution.
Serial spinal cord slices of 20-pum (20 slices of 10 slides each) were obtained with

the aid of cryotome (Leica, Heidelberg, Germany) and kept at 202C until needed.
Immunohistochemistry and image analyse

Sections for each marker from different animals of each group to be analysed
together were immunolabeled simultaneously on the same day and the analysis was
performed concurrently. We washed the slices containing the spinal cords slides
with Tris-buffered saline (TBS), blocked b them with TBS-Glycine 0,1mM during 101
and with blocking solution TBS with 0,3% Triton-X-100 and 10% donkey serum for
1h at RT. Next, we added the primary antibodies to be incubated overnight at 42C.
The primary antibodies used were: 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-phospho protein kinase B (Ser473) (pAKT; 1:500, Santa
Cruz), rabbit anti-phospho FOX03a (Ser-253) (pFOXO3a; 1:500, Abcam), anti-
growth associated protein-43 (GAP43; 1:50, Millipore), mouse anti-hypoxia
inducible factor 1la (Hif-1 o; 1:200 amplified with streptavidin-biotin, Novus
Biologicals). We incubated with TBS with Tween-20 at 0,1% to wash the primary
antibody excess and we added specific donkey-Cy3 or Alexa488 against primary
antibody (1:200; Jackson Immunoresearch) during 1h and 30’ at RT. Besides this,
we washed with TBS-0,3Triton-X-100 the slices and we added fluorescent green

NeuroTracer Nissl Stain (Molecular Probes, Leiden, Netherlands) and DAPI (Sigma,
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St Louis, MO, USA) to counterstain them. After several washings with TBS and TB,

the slices 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 immunolabeled spinal cords
from different animals and experimental groups. Confocal images were
systematically acquired using three separate photomultiplier channels with a 1.4
numerical aperture objective of 20x under the same conditions of exposure time,
resolution and sensibility for each analysed marker. Images were separately
projected and the signal intensity was analysed with the aid of the Image] software

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

labelling were used as ROI (Region of interest) to enclose the MN cytosolic area, and
the integrated density within the ROI was obtained for at least 15 MNs extracted
from three different sections (separated 100 pm between each one) per animal for

each marker.
Western blotting

For immunoblotting studies, we collected the L4-L5 segment of the spinal cord from
each animal (n=3/4 per experimental condition) at end-stage and added lysis buffer
(50 Mm Tris, 2mM EDTA, 0.5% Triton-X-100, 10 mM Nicotinamide and a cocktail of
protease (Sigma) and phosphatase inhibitors (Roche); pH=6.8). We homogenized it
on ice with the aid of a Pellet pestle (Sigma-Aldrich, sonicated it with an Ultrasonic
homogenizer (Model 3000, Biologics Inc) and we centrifuged at 13000g during 10
min at 42C. The supernatant is harvested and quantified by BCA assay (Pierce
Chemical Co.; Rockford, IL, USA). An equal amount of protein of each animal
(10pg/well) was resolved in SDS-Page and transferred to a nitrocellulose
membrane in a BioRad cuvette system in 25 mM Tris, 192 mM glycine, 20% (v/v)
methanol, pH 8.4. We blocked the membrane during 1 hour at RT with 5% milk
solution in 0.1% Tween-TBS for 1 hour at RT and incubated it overnight with
different primary antibodies: anti-growth associated protein-43 (GAP43; 1:1000,
Millipore), rabbit anti-phospho FOX03a (Ser-253) (pFO0X03a; 1:1000, Abcam),
rabbit anti-FOX03a (FOXO03a; 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-{3-actin (Actin; 1:3000; Sigma Aldrich). After several
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washes, we incubated the membrane for 1 h with an appropriate secondary
antibody conjugated with horseradish peroxidase (1:5000, Vector). The proteins
were visualized using a chemiluminiscent 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 magnetic 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.
Statistical analysis

Data are presented as a mean # standard error of the mean (SEM). Results were
statistically analysed using GraphPad Prism 5 software (San Diego, California, USA)
by one or two-way analysis of variance (ANOVA) followed by Bonferroni’s post hoc

test between groups. Statistical significances were taken with a p-value of <0.05.
RESULTS

Cytosolic expression SIRT1 is increased within MNs during axonal regrowth

To further characterize the SIRT1 expression and aiming to seek how its
activity is regulated after nerve injury, we used two different rat models of PNL in
which MNs activate endogenous mechanisms to extend their injured axons: the
sciatic nerve crush and the delayed reimplantation (RE) of avulsed-ventral roots
into the spinal cord. In both injuries, the pro-regenerative machinery is needed
within the MN to recover the lost function. We immunohistochemically analysed
SIRT1 expression after crush injury and observed that the number of MNs
expressing it was increased, and that it was overrepresented only at the cytosol of
injured neurons (Figure 1A). Although SIRT1 is described as a nuclear deacetylase,
we were unable to detect it at the nuclei of either contralateral or injured MNs after

crush. Specifically, the axonal and cytosolic presence of SIRT1 has been related to
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neurite elongation 2526, We confirmed that the nuclear activity of SIRT1 was not
modified during nerve regeneration by the analysis of its nuclear substrates Ac-
H3k9 and Ac-p53 (Figure 1B). In parallel, we also observed that those rats who
received NH treatment had a significant increase in the cytosolic expression of
SIRT1 (Figure 1A, B, C). In the other model of RA plus RE, SIRT1 was aberrantly
accumulated within the nuclei of MNs after nerve injury as we described previously
14, Otherwise, when these MNs had a proper root reconnection to re-extend their
axons, SIRT1 was re-localized to the cytosol, which reinforces its putative cytosolic
role during the axonal regrowth (Figure 1D). These results suggested us that SIRT1
cytoplasmic activity can be triggering some cytosolic pathways to refurnish
machinery that MNs need to re-extend their axons after nerve injury, and that our

drug therapy may act through SIRT1 activation.
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Figure 1. (A) Left, Confocal images of MNs immunolabeled for SIRT1 counterstained with Fluoro
Nissl Green in injured spinal cord at 35 dpi days after peripheral nerve crush. Right, Histograms of
the mean of the immunofluorescence intensity inside the cytoplasm of injured MNs (n = 3 animals,).
Scale bar =50 pM (n = 3 for each group, ANOVA, post hoc Bonferroni, *p < 0.05 vs. Contra and #p<0.05
vs Crush) (B) Confocal images of MNs immunolabelled to reveal Ac-H3K9 and Ac-p53 in red and
counterstained with FluoroNissl (green) and DAPI (blue) from MNs of CTL, crush and NH-treated
animals at 35 dpi. Scale bar =20 pM. (C) Left, Confocal microphotographs and graphs showinglevels

of SIRT1 (red) co-labelled with FluoroNissl (green) from different experimental groups Scale bar=
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25 uM. Right, Graph of the means of the immunofluorescence intensity for each marker inside nuclei

of MNs (n=3-4 per group, ANOVA, post hoc Bonferroni, *p<0.05 vs. Contra RE, #p<0.05 vs. Sham RE).

SIRT1 activation increase nerve regeneration in vivo

As we described previously, NH increases axonal growth after injury in vivo and
promotes MN survival by SIRT1 activation!4. To further examine if the SIRT1 can
enhance nerve regeneration, we use the rat model of sciatic cut and suture, which
recapitulates the main features of PNL in human and allows MNs to regenerate and
reattach with the denervated muscle. To assess SIRT1 role, we orally treated rats
with NH, the SIRT1 inhibitor Nicotinamide (NAM) and NH+NAM after injury and we
tested them by electrophysiological techniques at tibialis anterior, gastrocnemius
and plantar muscles at different days post-injury. Those animals that received the
NH treatment had an increased compound muscle action potential (CMAP) at TA at
early times and at GA and PL at end stages (Figure 2A), which indicates that motor
axons regeneration is increased. NH also accelerated the apparition of CMAP at the
distal plantar muscle. Finally, the cotreatment of NH with NAM completely blocked
these effects, giving similar results with those animals treated with NAM. These data
suggested us that SIRT1 activation accelerates the reconnection between MNs and
their target organ and that SIRT1 has low activity after nerve injury. To check that
these effects are related to SIRT1, we overexpressed it at the spinal MNs using the
infection with adeno-associated virus (AAV10). Three weeks after intrathecal
injection of AAV-GFP or AAV-SIRT1, we cut and sutured the sciatic nerve and tested
by electrophysiological techniques the CMAP recovery. In this case, those animals
with AAV-SIRT1 had a significant increase of the CMAP at different muscles analysed
above compared with AAV-GFP, obtaining similar muscle reinnervations than those
treated with NH and presenting an early CMAP response at plantar muscle (Figure
2B). These results confirmed us the pro-regenerative role of SIRT1 after nerve

injury.

Then we wonder if the cytosolic levels of SIRT1 were modified after NH
treatment or with AAV-SIRT1 overexpression in cut and suture paradigm. We
observed that NH increased the cytoplasmic presence of this protein and that NAM
was unable to block the NH effect at this point. To confirm that the nuclear activity

of SIRT1 was not modified (Figure 2C), we analysed Ac-H3 within the MNs by
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immunohistochemistry. The data revealed us the acetylation levels of H3k9 were
unmodified between groups, reinforcing the putative cytoplasmic role of SIRT1
during axonal regrowth (Figure 2C). To confirm if MNs have a more pro-
regenerative phenotype, we analysed the presence of growth associated protein 43
(GAP43),which is aregeneration-associated gene, by immunohistochemistry. Those
animals treated with NH or with the overexpression of SIRT1 had an increase of this
marker, being these effects blocked by the NAM, which indicates that these effects
are SIRT1 activity dependents (Figure 2C).
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Figure 2 (A) Mean amplitudes (+SEM) values of CMAP recordings obtained during follow-up post-
axotomy from TA, GA, Plantar muscles in animals treated with NH, NH+NAM or NAM (n=5-6, ANOVA,
post hoc Bonferroni, *p < 0.05 vs. Injury) (B) Mean amplitudes (+SEM) values of CMAP recordings

obtained during follow-up post-axotomy from TA, GA, Plantar muscles in animals overexpressing
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GFP or SIRT1 (n=4-6, ANOVA, post hoc Bonferroni, *p < 0.05 vs AAV-GFP) (C) Left, Representative
confocal images of SIRT1, Ac-H3k9 and GAP43 (red) counterstained with FluoroNissl (green) or DAPI
in MNs from the different groups and the associated bar graphs of the mean (*SEM) intensity for each
marker inside the cytoplasm of injured MNs at 60dpi (n=3-4, ANOVA, post hoc Bonferroni, *p < 0.05
vs Injury, #<0.05 vs NH+NAM).

Cytoplasmic activity of SIRT1 is increased during regeneration and induces
SIRT1-dependent autophagy

To test if SIRT1 cytosolic activity is modulated during axonal regrowth, we
analysed the cytosolic accumulation of the hypoxia-inducible factor 1a (HIF-1 a) as
an indirect readout of its deacetylase activity 27. Hifla was overrepresented after
crush injury within the cytosol of MNs and NH-treatment increases its presence (Fig
3A). In parallel, we tested if NH has similar effects on HIF1a presence after cut and
suture injury, and we observed that these effects are SIRT1-activity dependent,
because the inhibition with NAM blocked them. Therefore, seems that SIRT1

stabilizes HIF1a when MNs shift their machinery to a pro-regenerative phenotype.

Next, we aimed to clarify if those animals had any changes in the autophagy flux,
due to the previously described roles of SIRT1 and Hif1 on it. Some articles showed
that nuclear SIRT1 activity induces autophagy by FOXO’s and LC3 modulation 2829,
and that the cytosolic presence of this enzyme promotes it by ATG, mTOR or
acetylproteome changes 30-32, Moreover, Hifl induces autophagy through an
increased BNIP3 expression 33. Therefore, we aimed to clarify if SIRT1
overexpression increases autophagic flux. Western blot analysis from L4-L6 spinal
cord segment showed that AAV10-SIRT1 animals had a significant increase of ATG5-
ATG12 and LC3II at 7dpi post cut and suture compared to AAV10-GFP, and that
these effects were blocked when rats received oral NAM (Figure 3B). Furthermore,
the inhibition of SIRT1 activity leads to an increase of p62 protein in AAV10-SIRT1
animals, indicating that autophagy was blocked. We also observed by
immunohistochemically labelling that AAV10-SIRT1 animals had a significant
increase of Hifla and ATG5 within the MN cytosol, and that the phosphorylated form
of p70s6k that depends of mTOR-activity was not modified by SIRT1 overexpression
(Figure 3D). These data suggest us that autophagy induction was independent of
mTOR and may be promoted by SIRT1/Hif1 axis.
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Figure 3 (A) Up, confocal images of MNs immunolabeled for HIF1-a counterstained with Fluoro Nissl
Green in injured spinal cord at 35 days after nerve crush in contralateral site, injured or NH treated
animals Scale bar= 20 pM (n=3, ANOVA, post hoc Bonferroni, *p < 0.05 vs. Contra . Down, bar graph
of the mean of the immunofluorescence intensity of HIF in the MN for each group (STADISTICS) (B)
Up, Representative confocal images of Hif-1a (red) counterstained with FluoroNissl (green) in MNs
from the different groups at 60dpi. Scale bar = 20uM Bottom, bar graph of the mean (+SEM) intensity
for Hif1-1« inside the cytoplasm of injured MNs at 60dpi (n=3-4, ANOVA, post hoc Bonferroni) (C)
Western blot and corresponding bar graphs of the quantification of different proteins related to
autophagy (Beclinl, ATGS5, LC3-II and p62) in the spinal cord from axotomy injured animals injected
with AAVrh10-GFP or AAVrh10-ATG5. *p <0.05 vs. SIRT-1 (Student’s t-test) (D) Representative
confocal images of MNs stained with HIF1-a, ATG5 and p- p70S6K at T-389 with Fluoro Nissl green
from the different groups and associated bar graphs of the mean (+SEM) intensity for each marker
inside the cytoplasm of injured MNs. (n=4 animals per group, t-test, *p<0.05 vs. AAV-GFP) Scale bar=
20 uM.

NH increases neurite extension and elongation in vitro by SIRT-activity and
autophagy induction

Thereby, we used an in vitro model to determine if the NH-induced SIRT1
activity after injury is necessary for the growth of motor axons. We assessed the
neurite growth after NH treatment alone or in combination with two well-known
inhibitors of SIRT1 activity, Ex-527, and NAM. We used SOCs with a 3D collagen
matrix, which is a closer approximation to the in vivo situation 34 NH treatment
significantly increased the number of neurites that the SOCs projected within the 3D
matrix, and also enhanced the length of these neurites (Figure 4A). The concomitant
treatment of NH with the SIRT1 inhibitors completely blocked its pro-axonogenic
effect and the maximum length of the extended neurites, pointing out that the effect
of NH is mainly mediated by an increased activity of SIRT1. Furthermore, we
analysed by immunohistochemistry the cytosolic presence of SIRT1 and of Hifl a,
as a readout of SIRT1 cytosolic activity. SIRT1 was overrepresented within the
cytosol of those MNs treated with NH alone or in combination with the inhibitors,
but Hifla was only increased in those MNs treated with NH alone (Figure 4B),

pointing out that the activity of SIRT1 is increased with the NH.

We further analysed if this effect was blocked by the PI3K inhibitor 3-
Methyladenine (3MA) in SOCs, which is also a well-described inhibitor of autophagy-

induction. This drug averted the increase in the number of neurites and the
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maximum length promoted by NH (Figure 4C). Therefore, NH effect also needs the
autophagy induction to promote it pro-regenerative effect. To confirm if these levels
were correlated with the growth GAP43, we culture SOCs and we treated them with
NH combined with Ex-527, NAM, and 3MA. NH-induces an increase of GAP43, and
the blockage of either SIRT1 activity or autophagy by 3MA blocked this effect (Figure
4D).
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Figure 4 (A) Representative microphotographs of Veh, NH, NH+Ex-527 and NH+NAM treated SOCs
embeeded in collagen. Graphs show the number of neurites per intersection and the maximum
neurite length in the SCOC (n=8-10, ANOVA, post hoc Bonferroni, *p < 0.05 vs. Veh, # p < 0.05 vs.
NH+Ex-527, $ p < 0.05 vs. NH+NAM). Scale bar = 250 uM (B) Left, Representative confocal images of
SIRT1 or Hif-1a (green) counterstained with RT-97 (red) of MNs from SOCs of different conditions.
Scale bar= 20 pM Right, Bar graphs of the mean (+SEM) intensity for each marker inside the
cytoplasm of MNs (n=10-18, ANOVA, post hoc Bonferroni, *p<0.05 vs. Veh, $<0.05 vs NH). (C).
Representative microphotographs of Veh, NH and NH+3-MA treated SOCs embeeded in collagen.
Graphs show the number of neurites per intersection and the maximum neurite length in the SCOC
(n=6, ANOVA, posthoc Bonferroni, *p < 0.05 vs. Veh, # p < 0.05 vs. NH+3MA). Scale bar = 250 uM. (D)
Left, Representative confocal images of GAP43 (green) counterstained with RT-97 (red) of MNs from
SOCs of different conditions. Scale bar= 20 uM. Right, Bar graphs of the mean (+SEM) intensity for
each marker inside the cytoplasm of MNs (n=14-29, ANOVA, post hoc Bonferroni, *p<0.05 vs. Veh,
$<0.05 vs NH).

Autophagy induction by Hif1 stabilization induces neurite outgrowth

Seeking to understand if the Hifl-induced autophagy has pro-regenerative
effects, we treated SOCs with DMOG, an inhibitor of the prolyl hydroxylases, the
enzymes that drives Hifl degradation by hydroxylation. DMOG treatment
significantly increased the neurites emission and the longitude of them, indicating
that Hifl has neuritogenic effects (Figure 5A). Aiming to depicter if those effected
are mediated by Hifl-induced autophagy, we cotreated the SOC with DMOG and
3MA. In this case, we did not see significant differences compared with vehicle
group, suggesting that autophagy modulates the effects observed in DMOG
conditions. We also analysed by western blot the presence of the autophagy markers
pUlkl (Ser555), ATG5-ATG12, LCII and p62, observing that DMOG induces
autophagy and that 3MA cotreatment blocks it (Figure 5B).

To confirm if the SIRT1 pro-regenerative effect was mediated by Hifla
stabilization, we used another in vitro model based on SH-SY5Y cells culture, which
is also widely used to analyse neurite outgrowth. Initially, we treated differentiated
SH-SY5Y cells with DMOG, in combination or not with 3MA. DMOG treatment
significantly increased the average of neurite length and the maximum neurite
length ejected by these cells, while the treatment with the autophagy inhibitor 3MA
averted both effects (Figure 6C). On the other side, we genetically overexpressed

SIRT1 or silenced Hifla by shRNA (Figure 6D, S1). Interestingly, we also observed
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in this model that SIRT1 is mainly cytosolic when neurons are ejecting their axons,
as we observed in vivo (Figure 6D). SIRT1 overexpression significantly increased
neurite length in a similar fashion as DMOG did. shRNA_Hifla alone significantly
reduced the neurite length of the cells, and also blocked the pro-neuritogenic effects

observed by SIRT1 overexpression, indicating that Hifla is crucial to promote the

SIRT1-dependent axonal regeneration that we observed in vivo.
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Figure 5 (A) Representative microphotographs of Veh, DMOG, DMOG+3-MA treated SOCs embeeded
in collagen. Graphs show the number of neurites per intersection and the maximum neurite length
in the SCOC (n=8-9, ANOVA, post hoc Bonferroni, *p < 0.05 vs. Veh, # p < 0.05 vs. DMOG+3MA). Scale
bar = 250 uM (B) Western blots and histogram showing the analysis of analysis of pUlk1 (Ser555),
ATG5-ATG12 LC3II and p62 protein level from SOCs after 2 days of treatment with Vehicle, DMOG,
3-MA or DMOG+3-MA (n=3-4, ANOVA, post hoc Bonferroni *p<0.05 vs DMOG, #p<0.05 vs Veh) (C)

Representative microphotographs and bar graphs showing the mean (+SEM) values of neurite length
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and maximum neurite length from SH-SHY5Y cells after 24h of treatment with Vehicle, DMOG, 3-MA
or DMOG+3-MA or transfected cells with eGFP, shRNA/HIF1, SIRT-1 or the combination of
shRNA/HIF+ SIRT-1. (n=3-4, ANOVA, post hoc Bonferroni *p<0.05 vs, #p<0.05 vs Veh). Scale
bar=100 um(D)Representative microphotographs of SH-SHY5Y cells immunolabeled for SIRT1
counterstained with DAPI at 3 days post-culture in control and SIRT1 transfected cells. Scale bar=10

um.

ATG5-promoted autophagy accelerates nerve regeneration

We recently described that the AAV10-driven overexpression of ATG5 within
the spinal MNs induces autophagy and increases MN survival after root avulsion 35.
Herein, to test if autophagy induction accelerates axonal regrowth, we intrathecally
infected spinal MNs with AAV10-ATG5. Animals that overexpress ATG5 showed a
significant increased CMAP amplitude at TA and gastrocnemius muscles as AAV-
SIRT1 exhibited (Figure 6A). Moreover, this was accompanied by a significant
reduction of the sciatic functional index (SFI) analysed by walking track technique,
which suggest a better motor performance of the hindlimb movements (Figure 6B).
We confirmed that ATG5-overexpressing MNs had a significant increase of ATG5
protein and GAP43 presence (Figure 6C), reinforcing the hypothesis that autophagy
induction promotes a higher regenerative capacity. To check that ATG5-induced
autophagy is independent of AKT/mTOR axis, we analysed the phosphorylation
state of p70s6k as we did above within injured MNs (Figure 6D). The
immunohistochemistry of this marker revealed no changes in the activation of this
axis between AAV10-GFP and AVV10-ATG5 animals, supporting that mTOR-
independent autophagy increases axonal regeneration and enhances functional

recovery after PNL, as we described for SIRT1/Hifla axis.
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Figure 6. (A) Mean amplitudes (+SEM) values of CMAP recordings obtained during follow-up post-

20

o

axotomy from TA, GA, Plantar muscles in animals overexpressing GFP or ATG5 (n=4-5, ANOVA, post
hoc Bonferroni, *p < 0.05 AAV-GFP) (B) Up, representative footprints from ipsi- and contralateral
paws at 60 days post injury (dpi). Down, Graph of the sciatic functional index (SFI) obtained with
walking track analysis of sciatic nerve in injured animals overexpressing ATG5 or GFP (t-test, *p<0.05
vs. AAV-GFP). (C) Representative confocal images of infected MNs with GFP or ATG5 immunolabeled
for p-p70S6K at T-389, ATG5 and GAP-43 counterstained with Fluoro Nissl Blue or Fluoro Nissl Green

at 60dpi after nerve axotomy.Scale bar=50 um.

NH treatment accelerates nerve regeneration in a more severe nerve injury.

Most of the surgical reparations of peripheral nerves need an autograft to
reconnect the separated stumps. To test whether NH is an effective treatment for
those injuries, we used a rat model of sciatic cut combined with autograft reparation.
We treated the animals with NH and followed them by electrophysiological tests as

explained above. Treated animals presented a significant increase on the CMAP of
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TC, GA and PL muscle and an earlier apparition of CMAP at PL muscle as observed
in the cut and suture model (Figure 7A). Finally, we analyzed the presence of Hif-1
a and GAP43 in the spinal cords from these animals by immunohistochemistry
(Figure 7B), obtaining similar results to those obtained for the model of cut and
suture. These data indicate that the NH acts in a similar fashion to enhance nerve

regeneration in this model.
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Figure 7 (A) Mean amplitudes (+SEM) values of CMAP recordings obtained during follow-up post-

axotomy from TA, GA, Plantar muscles in animals treated with Vehicle or NH (n=5, ANOVA, post
hoc Bonferroni, *p < 0.05 NH vs. Inj). (B) Representative confocal images of injured MNs
immunolabeled for HIF1-o and GAP-43 counterstained with Fluoro Nissl Green at 75dpi Scale bar =

20pm.
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DISCUSSION

In this work we aimed to depict the role of SIRT1 on the axonal regeneration of
MNs after PNL and which are the underlying mechanisms. Although peripheral
axons could regrowth after injury, a complete functional recovery is not always
obtained due to a decline in their regenerative potency. Elucidate the programs that
MNs engage during nerve regeneration can be helpful to discover new therapies to
achieve a complete functional recovery after PNL. Here, we provide evidence that
SIRT1 activity within the MN cytoplasm increases axonal regrowth and motor nerve
regeneration after nerve injury, and that these effects involve the Hifl-dependent

autophagy.

Initially, we described that MNs recruit SIRT1 to the cytosol when the pro-
regenerative machinery is activated after PNL, while its deacetylase activity within
the nuclei is significantly modified. We also described that an increased SIRT1
cytosolic activity is correlated with an overrepresentation of the Hifla, GAP43 and
with a higher pro-regenerative potency of the MNs in vitro and in vivo. These data fit
with the pro-neuritogenic effect described in vitro for SIRT1, which is mediated by
the modulation of AKT axis 2526, although their exact mechanisms are poorly
described and understood. Besides this, we described that Hifla stabilization
increases neuritogenesis and that these effects are autophagy-dependent. Finally,
we check that an increased autophagic flux by the overexpression of ATGS

accelerates MN axonal regrowth.

Regarding SIRT1 localization, we were unable to find it at the MN nucleus. SIRT1
is located at the nucleus of other neuronal subtypes under normal conditions (i.e.
neurons of dorsal root ganglia (DRG)). This location is related to neuronal
differentiation 36-38 and the chronic inactivation of SIRT1 impairs neuronal
maturation in oligodendrocytes 37. SIRT1 is nuclear when it is overexpressed in
retinal neurons, although it has not effect alleviating oxygen-induced retinopathy 3°.
SIRT2, a SIRT1-family protein with controversial roles in neurodegeneration 4041, is
mainly cytosolic and essential for axonal remyelination after nerve injury 42,
Similarly, the NAD+*-synthesizing enzyme nicotinamide mononucleotide

adenylyltransferase (NAMPT), which disruption provokes motor dysfunction 43,
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only prevents axonal degeneration when it is located at cytosolic level #4. Therefore,
seems that those enzymes related to acetylproteome still have unrevealed functions
in cytoplasmic compartment. Here, we provide evidences that SIRT1 has a novel

function in the cytosol after PNL.

In the central nervous system, SIRT1 activity exerts neuroprotection in several
models characterized by axonopathies and axonal degeneration as hallmarks. SIRT1
activation reduces axonal loss and spinal cord demyelination provoked after viral
infection 4> and slows the progression of axonal degeneration present in W1dS mice
46, Regarding demyelinating diseases such as induced-multiple sclerosis in mice
model, in which SIRT1 is downregulated, its active role is not clearly defined. SIRT1
activation reduces functional impairment, although another study suggests that its
inactivation on nervous system delays the progression of the disease 3747, On
another side, several studies report that SIRT1 activity can mediate axonal
regeneration of injured cornea through the expression of miR-182 48, [ts implication
in the peripheral system seemed to be opposite since it stimulates axonal
regenerationby repressing the miR-138 on neurons from DRG 38. In fact, SIRT1
activation slows the degeneration of axons from DRG #° and its inhibition reduces
regeneration of sensory axons 38. Nerve axotomy induces the expression of SIRT1 in
DRGs as we have observed in MNs 38, and this can be related to changes on the
expression of specific genes. We observed an increase of GAP43 presence, which is
a marker well-correlated with axonal growth, within those MNs with higher SIRT1
activity. We have recently reported that the overexpression of SIRT1 mediated by
AAV at spinal cord was not able to significantly increase the levels of GAP43 after
root avulsion injury 14 Albeit this, here we found that the same experimental
approach increased GAP43 presence after cut and suture, which indicates that
SIRT1 has different transcriptomic capabilities depending on the neuronal situation.
Although it is not clear the underlying mechanism, SIRT1 activity and its Hif1-
induced autophagy seems to have some role on GAP43 levels during axonal
regeneration, but more studies are needed to elucidate which are the exact

molecular mechanisms.

A recent study showed that Ulk1l and Ulk2 induces axonal guidance and its

blockage stalls the axonal growth, indicating that autophagy can mediate axonal
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regeneration 0. After spinal cord injury, the autophagy induction avoids the
retraction of the axons and enhances their regrowth leading to an increased
recovery of motor function 51. Besides, the blockage of the endolysosomal pathway
causes defects on the remyelination and axonal regeneration after nerve injury and
in Charcot-Marie-Tooth type 4] neuropathy 52. Therefore, seems that the cell-
protective mechanism of autophagy could modulate other cellular response to face

the stress triggered after damage to the nervous systemes.

Although unexplored, from this study raises other hypothesis related to SIRT1
regenerative potential by autophagy modulation. This is related to the Forkhead box
protein (FOXO). SIRT1-mediated deacetylation of FOX03a, FOXO1 and FOX04
increases their transcriptomics activities in different biological paradigms. 53-55
Besides, FOXO activity promotes axonal growth in the Celegans model 5657, We
recently described that SIRT1 modulates the transcriptomic program of FOX03a by
deacetylation, enhancing the presence of the phosphorylated form of FOX03a within
the MN nuclei, which is an event that does not happen under normal conditions due
to the activation of AKT pathway. In fact, AKT phosphorylates FOX03a blocking its
induced gene expression 58 and avoiding neuronal death by apoptosis 5°.
Experiments performed in C. Elegans described FOXO’s as key players during axonal
regeneration, and point out that the active role of SIRT1 is responsible for the
transcriptomic program of FOXO that raises axonal regrowth ©¢0. Therefore, we
hypothesized that this SIRT1-dependent deacetylation of pFOX03a can shift the pro-
apoptotic activities of FOX03a towards the pro-regenerative ones, but this was out

of the goal of the study and further studies are needed.

PNL provokes neuropathic pain apparition by central sensibilization processes
and by the inflammatory response 61 SIRT1 activity has anti-hyperalgesia effects,
anti-allodynic and also attenuates neuropathic pain by epigenetic mechanisms 62-64,
In addition, it blocks the inflammatory reaction that sustains neuropathic pain 6365,
Therefore, the finding that SIRT1 activity is beneficial for axonal regrowth can yield
new therapeutic opportunities to treat the neuropathic pain, since there is a lack of
effective therapies for this phenomena nowadays ¢%. Finally, recent studies in our

laboratory reported that NH treatment has anti-inflammatory effects in the model
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of RA 14, pointing this therapy as a feasible treatment for PNL-induced neuropathic

pain.

In summary, the present study demonstrates that the activation of autophagy at
MN level enhances axonal regrowth after nerve injury and that this effect depends
on SIRT1/Hif1 axis. Its activity did not modify AKT/mTOR axis activity, making this
approach an attractive strategy because PTEN anti-oncogenic effects are not
compromised. Therefore, pharmacological therapies aiming to increase the SIRT1
activity or autophagic flux may be a good strategy to treat those injuries that affect
the peripheral nervous system. Albeit this, further studies are needed to discern if
those mechanisms also induce axonal regrowth of DRG neurons and ameliorates the

neuropathic pain, leading to the obtaining of a complete therapy for PNL.
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Discussion



General Discussion

After damage, the nervous system, as other tissues and cells in the body, has
some ability for self-protection under mild stressful conditions activating pro-
survival pathways, that are termed endogenous mechanisms of neuroprotection.
These mechanisms are triggered at the same time as pro-death forces and the
balance between them determine the vital destiny of the cells. When damage is

severe, as it happens after proximal axotomy or nerve root avulsion, although these



mechanisms might activate, they used to be insufficient or presented as an
incomplete program, that MNs degenerate (Casas et al, 2015). One of these
mechanisms of neuroprotection is autophagy. In the present thesis we
demonstrated that very early autophagy induction, through the overexpression of
either GRP78/BiP, ATG5 or SIRT1, exerted neuroprotective effects. In addition, the
overexpression of ATG5 or SIRT1 accelerated nerve regeneration and improved

functional recovery in a model of PNI.

In the early stages after PNI, damaged or dysfunctional proteins, lipids, and
organelles accumulate at the lesion site (Pereira et al .2012). Autophagy, a
cytoprotective process, maintain cellular homeostasis in which damaged or
dysfunctional proteins, lipids and organelles are removed (Levine & Klionsky,
2004). Previous data reported autophagy induction in two different models of PNI,
distal axotomy and root avulsion (Clara Penas, Font-Nieves, et al.,, 2011). This
autophagy was induced by the same time, form 3 to 5 dpi as observed by increased
abundance of Beclinl and LC3-II but substantial differences were observed in
LAMP-1 since it was totally absent in the RA model ( Penas, Font-Nieves, etal., 2011).
Autophagy was early activated in both cases, substantial differences make MNs to
render vulnerable to cell death or not. Furthermore, proteomic analysis between
these two models suggests that autophagy is a key determinant running program
for the survival and regeneration in the axotomy model (Casas et al.,, 2015). This
divergence could be due to a malfunction of this process after the avulsion. We
demonstrated that autophagy flux is dysfunctional or blocked in degenerated
motoneurons after root avulsion Alterations of proteins related to the initial phases
of autophagy and in p62 have been observed in ALS. Autophagy potentiation by
rapamycin, inductor of autophagy via mTORC1, exerts neuroprotection in cerebral
ischemia, TBI and AD (Menzies et al,2015). Importantly, proteomic analysis
revealed an important aberration in cytoskeleton alterations in degenerated MNs.
Dramatic reduction of acetylation of tubulin is described in degenerate MNs, which
is considered an important regulator of microtubule dynamics (Almeida-Souza et
al,, 2011; Casas et al., 2015). Besides, an in vitro model that reproduced many of the
events observed after RA in vivo demonstrated alterations in secretory pathway and

lysosome function. We pointed that these alterations in cytoskeleton affects to
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autophagy outcome and we demonstrate that these alterations promote
neurodegeneration by itself. These results are in agreement with that MT
stabilization has been proven to block neuronal death (Ruschel etal., 2015). Besides,
Neuroheal a new neuroprotective agent, increase cytoskeletal dynamics after RA
(Romeo-Guitart, Forés, et al., 2018a). These features are described in other
neurodegeneratives diseases (Voelzmann et al,2016). Besides, the axonopathy
presentin AD and ALS is characterized by a “dying back” phenomena and by the MTs
loss (Baas et al., 2016). Accordingly, the study of these alterations of cytoskeleton
and their contributions to the correct function of autophagy and to cell death may

be applied to other types of pathologies.

Neuronal survival requires the continuous recycling of cellular materials
released by the machineries of autophagy and endocytosis to maintain homeostasis.
Impaired or dysfunctional autophagy in neurons 1is associated with
neurodegeneration, while its activation can have a therapeutic benefit. Various
studies have demonstrated the protective role of autophagy in the central nervous
system with respect to cerebral trauma (Clark et al., 2008), hypoxia-ischemia brain
injury (Balduini, 2012; Buonocore, & Balduini, 2008) and acute spinal cord
injury(Hou et al., 2014). Besides, autophagy prevent neurodegeneration in PNS in
animals of neuropathy (Kosacka et al., 2013). In the present work the demonstrated
that autophagy potentiation at early stage sustains the survival after PNI.
Rapamycin inhibits mTORC1 but long-term treatment modulates also the mTORC2
complex (Ballou & Lin, 2008). mTORC1 promotes anabolism, including mRNA
translation, synthesis of lipids, purines, and pyrimidines, while inhibiting autophagy
(Saxton & Sabatini, 2017). In the present study, we found neuroprotective capacities
mediated by Rapamycin, only when is administrated previous than the lesion. Since
mTOR inhibition affects the protein synthesis, essential for regenerative abilities
after the lesion (Gumy, Tan, & Fawcett, 2010), other autophagy activators
independent of mTOR are required for neuroprotection. Interestingly. Lithium
treatment, that is an activator of autophagy independent of mTOR, after root
avulsion increases MN survival (Fu et al,, 2014). Thus, ATG5 overexpression, which
activates autophagy in a mTOR independent, promotes MN preservation after the

injury.
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We also demonstrated that BiP overexpression mediates it neuroprotective
capacities by the induction of selective autophagy, the mitophagy. This selective
autophagy occurs to removal damaged or depolarized mitochondria and the most
known pathway is via PINK1-Parkin dependent. These selective degradation of
mitochondria is compromised in several neurodegenerative disordersi.e PD, ALS or
AD (Martinez-Vicente, 2017). For example, different ALS-linked mutations in genes
such as OPTN or p62 interfere with the process of mitophagy or reduces the
efficiency of selective autophagy (Moore & Holzbaur, 2016)(Majcher, Goode, James,
& Layfield, 2015). In the present work we found an increase of these mitophagy
mediated by PINK1, but not of Parkin after the injury. Several studies suggests that
Parkin might not be essential in neuronal mitophagy (Martinez-Vicente, 2017).
These mitophagy activation is correlate with the previous data where GRP78/BiP
overexpression markedly reduced LC3-II accumulation by 5 days post RA (Clara
Penas, Font-Nieves, et al.,, 2011). In contrast, in vitro results suggest that BiP
overexpression activates mitophagy with the recruitment of Parkin to the
mitochondria and promotes neuroprotection in ER-stressed cells. Furthermore,
ATG5 and BiP overexpression increases cell survival after the cytoskeleton
alterations. This data could indicate that GRP78/BiP also activates the
macroautophagy. With all of these data, we hypothesize that the activation of the
autophagy machinery previous than the lesion, could help to remove accumulated

material ie. cytoskeleton before the injury and protects the neuron in front of insult.

After PNI, several factors contributing to poor functional recovery include the
damage to the neuronal cell body due to axotomy and retrograde degeneration,
inability for axonal growth due to the nerve lesion, poor specificity of reinnervation
and changes in the central circuits in which the injured neurons participate due to
plasticity of neuronal connections (Lundborg, 2000). The effective recovery of
motor function depends on axonal regeneration toward the muscles. After the
injury, neurons activate their neuroprotective endogenous mechanisms. As
mentioned previously, after PNI autophagy is activated. In the present work, we
demonstrated that autophagy potentiation mediated by the axis SIRT1/HIF1
enhances axonal regeneration in vitro and in vivo and promotes better functional
recovery. SIRT1/Sir2 was initially described as a nuclear protein that may also

shuttle to the cytoplasm or mitochondria (Stiinkel et al., 2007;Tang, 2016). SIRT1
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have an impact on autophagy by the deacetylation of several ATG and the inhibition
of mTOR, which promote autophagy(Ghosh, McBurney, & Robbins, 2010; I. H. Lee et
al., 2008).This autophagy activation mediated by SIRT1 exerts a positive neurite-
growth effect via mTOR inactivation in primary cell cultures. Correspondingly,
Rapamycin enhanced neurite outgrowth (Garza-Lomb¢ et al., 2016). Furthermore,
the cytosolic form of SIRT1 has also been described during neuronal differentiation
and neurite outgrowth (Hisahara et al, 2008). SIRT1 has also been shown to
promote axon development in embryonic hippocampal neurons via AKT and
enhancing axonogenesis in cultures hippocampal neurons (Codocedo et al., 2012).
Specifically, cytosolic presence of SIRT1 has been related to neurite elongation
(Sugino et al.,, 2010). This cytosolic activity of SIRT1 can stabilizes HIF-1a via
deacetylation (Joo et al., 2015) and we demonstrated that the overexpression of
SIRT-1 promotes the stabilization of HIF-1a in the cytosol in vivo. HIF-1-a enhances
axon regeneration and accelerates neuromuscular junction re-innervation (Cho et
al, 2015).This stabilization enhances neurite outgrowth in vitro and SIRT-1
regrowth capacities are dependent of HIF-1 a. BNIP3 is a known HIF-1 target gene
(Greijer et al, 2005;Bruick, 2000) that has been implicated in autophagy
(Hamacher-Brady et al., 2007). In fact, BNIP3 induce autophagy by disrupting
interactions between Beclin-1 and Bcl2 (Maiuri et al,, 2007). We found that HIF1 a
promotes neurite outgrowth that is blocked by autophagy inhibition, which could
indicate an effect mediated by autophagy. Finally, we demonstrated that specific
activation of autophagy by ATG5 overexpression enhances the axonal regeneration
and functional recovery after peripheral nerve axotomy. These ATG5
overexpression increases autophagy in a mTOR independent manner and promotes

the expression of GAP-43, a pro-regenerative marker.

Research efforts to develop effective therapies for disorders affecting the
function of the central nervous system have been aimed at elucidating the
mechanisms of neuronal death to determine targets (genes, proteins or signalling
pathways) that can be blocked pharmacologically. The process now aims to design
alternative therapeutic strategies based on the enhancement of endogenous
mechanisms of neuroprotection. After a complex neurodegenerative process that
accounts after RA, it is necessary to modulate a whole network that characterizes
the degeneration of MNs because it involves the crosstalk of several mechanisms
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(Casasetal, 2015). In our laboratory generated several evidences with which proof
that when MNs properly engage these mechanisms they can prevent dysfunction
(Romeo-Guitart, et al,, 2018b; Romeo-Guitart, et al., 2018; Romeo-Guitart et al.,
2017). Furthermore, in the present work we demonstrate that the potentiation of
these endogenous mechanisms such as autophagy using viral gene therapy
promotes neuroprotection and regeneration after PNI. Nevertheless, the clinical
studies based on viral gene therapy are generating undesired effects, due to the
immune system reaction and the possibility of causing a tumour, among others
(Brunetti-Pierri, 2017.) Perhaps, the future treatment of diseases are novel
biotechnological techniques like nanotechnology, which allows the introduction of
proteins and drugs to target several cells and therefore modulate pathways in a
specific manner (Yu et al., 2016). Nanoparticles, such as liposomes, micelles,
polymer nanoparticles and inorganic nanomaterials have considerable advantages
as drug carriers. The best method to provides a direct access to the CNS is the
intranasal delivery, without having to negotiate the BBB (Lochhead & Thorne,
2012). This tool yields promising effects in the cancer field (Platt et al., 2014) and in
neurodegenerative diseases like PD, AD o ALS (Meredith etal., 2015) .

For this reason, the expected impact of the results includes a better
understanding of the molecular mechanisms in neurodegeneration and
neuroprotection of MNs to design better therapeutic strategies. This proof of
concept is relevantin the field of neurodegenerative diseases and these results may
resolve the questions raised due to controversial studies about the direction in
autophagy modulation for therapy, whether being inhibited or activated, regarding

some neurodegenerative diseases.

This proof of concept is relevant in the field of neurodegenerative diseases. The
targeted neuronal population used to have heterogeneous degrees of pathology,
with some of them at late neuropathological stages, while others are still not
affected, which gives an opportunity to autophagy induction as a way of halting
progression. These results may resolve the questions raised due to controversial
studies about the direction in autophagy modulation for therapy, whether being

inhibited or activated, regarding some neurodegenerative diseases.
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Thus, enhancing and favour proper function of endogenous mechanisms of self-
protection as autophagy may be a way to design efficacious neuroprotective

strategies to stop progression.

Conclusion

S
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Conclusions

Chapter 1: ATG5 Overexpression is Neuroprotective and

Attenuates Cytoskeletal and Vesicle-Trafficking Alterations in

Axotomized Motoneurons

Chapter 2:
Mitophagy

Peripheral nerve root avulsion provokes a blockage of the autophagy
flux, alterations in microtubule-related transport and vesicle
trafficking proteins at 5-7 days post-injury and altered LAMP1 and
VATPase glycosylation.

Nocodazole treatment of NSC34 neuronal cell line model cytoskeletal
alterations and autophagy flux blockage observed in vivo.

Sequential study analysis revealed that neurodegeneration might
occur due to initial microtubule alteration followed by LAMP1
glycosilation alteration and autophagy blockage as observed in the in
vitro model.

Nocodazole treatment in vivo increases astrogliosis and MN death.
Time-course analysis of pharmacological induction of autophagy
using rapamycin revealed to be neuroprotective only as a pre-
treatment before RA injury.

Genetically-induced autophagy at the time of injury by
overexpressing ATG5 with an adenoassociated vector resulted in
improved internal trafficking, autophagy flux, and functionality of the

lysosome.

GRP78/BIiP Triggers PINK1/IP3;R-Mediated Protective

e The overexpression of GRP78/BiP downregulated mitochondria-
related proteins after peripheral nerve injury

e GR78/BiP overexpression in vitro attenuated mitochondrial
dysfunction in ER stressed cells.
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e GRP78/BiP overexpression activates mitophagy in a PINKI1-
Parkin dependent manner and it depends of the calcium transfer
by IP3R in NSC34 cells after Tunicamycin treatment.

e Mitophagy activation could be involved in a PINK1 dependent

GRP78/BiP after the peripheral nerve root avulsion

Chapter 3: Autophagy induced by SIRT1/Hifla axis promotes

nerve regeneration

e (Cytosolic SIRT1 increased in two different models of PNL after
Neuroheal treatment that enhances axonal regeneration after
peripheral nerve axotomy.

e SIRT1 overexpression promoted HIF1 a stabilization in the
cytosol and promoted autophagy induction mTOR independent
after the injury.

e SIRT-lincreased neurite outgrowth in vitro by autophagy

activation mediates by SIRT-1/HIF1a axis
e ATG5-promoted autophagy accelerates nerve regeneration after

peripheral nerve axotomy
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