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1. Abstract

Peripheral nerve injuries triggers the process of Wallerian degeneration distal to
the injury zone, characterized by axonal degeneration, removal of myelin and axcnal
debris by Schwann cells and macrophages recruited into the damaged region. After
this, a process of axonal regeneration initiates in the proximal stump, where new
regenerated fibers extend and reinnervate their targets leading to locomotor recovery.
Accumulating evidence indicate that organelle function, in particular the endoplasmic
reticulum (ER) is altered after nerve damage. Alterations to ER proteostasis generate a
stress condition that engages an adaptive mechanism known as the unfolded protein
response (UPR) in order to restore cellular function. However, the impact of the UPR to
peripheral nerve damage remains poorly explored. Here, we investigated the possible
role of the UPR in the tissular changes after peripheral nerve damage and its impact in
peripheral nerve regeneration, Here we demonstrated that damage triggers a specific
activation of the IRE1a/XBP1 branch but not the PERK/ATF4 axis after injury. The
functional contribution of the UPR in axonal regeneration and locomotor recovery after
sciatic nerve injury was assessed using mice models with specific ablation of key UPR
components, including the transcriptional factors XBP1 and ATF4. Importantly, XBP1
ablation led to a significant impairment of locomotor recovery after nerve crush, but in
contrast, no changes in recovery rate were detected in ATF4-null animals. The
functional impairment in XBP1 knockout mice was associated with a reduced amount of
regenerated axons and myelin removal, and a decrease in macrophage infiltration in
the injury region. Remarkably, overexpression of XBP1s led to an increase in locomotor

recovery, associated with an increased in macrophage recruitment, faster myelin




clearance and enhanced axonal regeneration. Furthermore, local overexpression of
XBP1s to sensory neurons of the dorsal root ganglia using a gene transfer strategy with
adeno-associated viruses (AAV) also enhanced axonal regeneration, demonstrating an
important role of UPR activation in the neuronal-autonomous process of axonal
regeneration after sciatic nerve injury. Our results demonstrate for the first time a
functional role of specific components of the ER proteostasis network in the tissular

changes associated to regeneration and functional recovery after peripheral nerve

injury.

2. Resumen

La lesiébn a un nervio periférico desencadena un proceso denominado
degeneracion Walleriana en la regién distal al sitio de dafio. Este proceso esta
caracterizado por la degeneracidn del axén, la remocidn de los restos de mielina y de
axén por parte de las células de Schwann y macréfagos que infiliran en la zona de
dafio. Posteriormente, ocurre un proceso de regeneracion axonal en la zona proximal a
la lesidn, de donde se extienden las fibras regeneradas que finalmente reinervaran el
tejido blanco, permitiendo una recuperacién funcional exitosa. Existe evidencia que
indica que la funcidon de organelos subcelulares, y en particular del reticulo
endoplasmico (RE), se ven alterados luego de un dafic a un nervio. Alteraciones a la
proteostasis del RE generan una condicion de estrés que desencadena un mecanismo
adaptativo conocido como [a respuesta a proteinas mal plegadas (UPR por sus siglas

en inglés) que contribuye a restaurar la funcién celular. Sin embargo, el impacto de la




UPR luego de un dafio al nervio periférico alin es desconocido. En este estudio
investigamos el posible papel funcional de la UPR sobre los cambios tisulares locales
luego del dafio y el impacto que tiene sobre la regeneracion axonal periférica.
Demostramos que el dafio al nervio ciatico desencadena la activacion especifica de la
rama de la UPR mediada por IRE1a/XBP1 y no de la via PERK/ATF4 luego del dafio.
Para evaluar la contribucién funcional de la UPR en la regeneracién axonal y
recuperacion locomotora luego del dafio, utilizamos modelos murinos deficientes de
dos componentes claves de la UPR, los factores de transcripciéon XBP1 y ATF4. La
eliminacion genética de XBP1 en el sistema nervioso produjo un retraso en la
recuperacion locomotora luego del dafio. Sin embargo, no se observaron cambios en la
recuperacion funcional en los animales nulos para ATF4. El efecto funcional en los
ratones deficientes para XBP1 estuvo asociado a una menor cantidad de axones
regenerados, una disminucion en la remocién de mielina y una baja infiltracion de
macrofagos a la zona de dafio. Por otro lado, la sobreexpresion de la forma activa de
XBP1 en neuronas y glias produjo un aumento en la recuperacién locomotora,
asociado a un aumento en la remociéon de mielina, un mayor nimero de axones
regenerados y un aumento en la infiltracién de macréfagos. Ademas, el tratamiento de
ratones silvestres con virus adeno-asociados en las neuronas sensitivas que inervan al
nervio ciatico, para expresar la forma activa de XBP1, provocé un aumento en la
regeneracion axonal, demostrando un importante papel de la activacién auténoma-
neuronal de la UPR en la regeneracion axonal luego del dafio al nervio ciatico.
Nuestros resultados sugieren un papel clave de los componentes de la proteostasis del
RE en los cambios tisulares asociados a la regeneraciéon axonal y a una recuperacion

funcional exitosa.
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3. Introduction

3.1 Peripheral nervous system structure

The peripheral nervous system (PNS) is the region of the nervous system
composed by peripheral nerves and ganglia outside the brain and spinal cord. The
cranial and spinal nerves conduct impulses from the central nervous system (CNS) to
the periphery as well as sensory input toward the CNS. In the PNS, neuronal somas are
located in structures known as ganglia outside the CNS. Two principal cell types form
the PNS, neurons and glial cells. Neurons are categorized in sensory and motoneurons.
Sensory neurons transmit impulses from peripheral receptors to the CNS, and their
somas are located in dorsal root ganglia (DRG) located in pairs outside each vertebral
segment of the spinal cord and their axons project both to the PNS and CNS through
spinal nerves. Motoneurons transmit impulses from the CNS to effectors cells. These
neurons are located along the ventral horn of the spinal cord and project to spinal
nerves through the ventral roots, in the case of the somatic nervous system (Fig 1A and
B), and project their axons from the spinal cord in the case of the pre-ganglionic neuron,
and form the paravertebral ganglia, in the case of the postganglionic neuron of the

autonomic nervous system (White et al, 1952).

Schwann cells are the principal glial cell component in the PNS and are involved
in several processes including transmission of the action potential, guidance of growing
peripheral axons, clearance of debris after injury, production of extraceliular matrix and

modulation of neuromuscular synapses (Toy & Namgung, 2013; Pereira et al, 2012).
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Figure 1. Organization of the spinal nerve in the PNS. (A) Diagram of a spinal cord section showing
motoneurons (red) located in the ventral horn projecting to the spinal nerve and sensory neurons (blue)
located in the dorsal root ganglion, DRG (box) projecting to the dorsal horn in the spinal cord and to the
peripheral spinal nerve. (B) Scheme of the sciatic nerve showing sensitive neurons cell bodies from DRG of
lumbar vertebrae L4, L5 and L6 and peripheral axon surrounded by Schwann cells. (C) Cartoon of a
peripheral nerve and an electron microscope image showing the compact myelin surrounding the axon. (D)
Peripheral axon (yellow) surrounded by a myelin sheath (purple) produced by the Schwann cell. The inset
shows the molecular structure of myelin, including MBP, PO and PMP-22.




During development, Schwann cells originate from neural crest-derived
precursors and migrate along growing axons, which promote trophic, mitogenic and
differentiation effects on precursor cells. Then, Schwann cells extend processes to sort
large individual caliber axons to form myelinating fibers, and associate multiple small
axons to form non-myelinating fibers termed Remak bundles. Myelinating and Remak
Schwann cells differ not just in their morphological relationship to the axon, rather, they
are fundamentally distinct, characterized by expression of different transcription factors,
proteins and lipids. Most peripheral nerves consist of a mixture of myelinated and

Remak fibers (Salzer, 2012).

Each Schwann cell covers an axon of motor or sensitive neurons to form the
myelin sheath. This structure is a flattened extension of the Schwann cell that elongates
and repeatedly encircles the axon forming layers that are compacted together (Fig 1C).
In the compact myelin, it is possible to distinguish the major dense line, a thin layer of
cytoplasm bound by cell membrane, and the interperiod line, the extension of the
extracellular space between these cellular components (Fig 1D). The myelin sheath is
predominantly composed of cholesterol and sphingolipids, but certain proteins also play
a significant role in its structure. Protein 0 (P0) is a glycoprotein that accounts for over a
half of the total protein present in the compact PNS myelin and forms the interperiod
line by linking its immunoglobulin G (IgG)-like extracellular domains to form a complex
lattice (Quarles, 2002). Myelin basic protein (MBP) is a cytoplasmatic protein that forms
the major dense line of compact myelin. An additional glycoprotein, peripheral myelin
protein 22 (PMP22), constitutes 2-5% of total protein mass and participates in the
adhesion of apposing membranes for the maintenance of the compacted myelin sheath

(Fig 1D). The impact of these proteins on myelin structure is underscored by the severe




consequences of altering their expression or point mutations in its amineoacidic
structure, which triggers accumulation of this proteins in the Schwann cell leading to

severe demyelinating neuropathies (Han et al, 2013; Quarles, 2002).

3.2 Wallerian degeneration and axonal regeneration in the PNS

Injury to peripheral nerves results in loss of motor and sensory functions.
Damaged fibers distal to the lesion are disconnected from the neuronal body and
undergo a process known as Wallerian degeneration (Waller, 1850). In the PNS, this
process promotes a microenvironment that allows axonal regrowth, and elongation from
the proximal stump. The functional significance of axonal regeneration is to replace the
degenerated segment, favoring re-innervation of target organs and restitution of their

functions (Allodi et al, 2012).

Wallerian degeneration is a tissular reaction initiated distal to the injury site. This
process [s characterized by a marked increased in calcium into the axon from
extracellular and intracellular stores. Calcium influx leads to the activation of calpains,
proteases which are capable of cleave axcnal neurofilaments and microtubule-
associated components. These proteins induce cytoskeleton breakdown and axonal
fragmentation during the first 48 hours, leading to axona! degeneration (Wang et al,

2012; Court & Coleman, 2012).

Axonal degeneration alse leads to loss of contact between axons and Schwann
cells, triggering Schwann cell dedifferentiation and posterior proliferation around 3 days

after injury (Fig 2B). The reaction of Schwann cells to nerve injury includes profound




changes in gene expression leading to a dedifferentiated phenotype (Vargas & Barres,
2007). In the case of myelinating cells this changes involves a balance between two
opposing transcriptional programs, a group of cell-intrinsic transcription factors,
including Krox-20, Sox-10, Oct-6 and NFk-B, which regulates positively the myelination
process and the activation of another group of factor, which are described as negative
transcriptional regulators of myelination such as c-Jun, Notch, Sox-2, |d2, Pax-3, Krox-
24 and Egr-3. In addition, a large number of genes related to myelination are down
regulated, including enzymes that provide for cholesterol synthesis, structural proteins
such as PO, MBP, and membrane associated proteins such as myelin associated
glycoprotein (MAG) and periaxin. This switch-off is accompanied by the upregulation of
another group of molecules, most of which are normally found on immature cells prior to
myelination. This includes L1 and NCAM, p75 low affinity neurotrophin receptor
(P75NTR) and glial fibrillary acidic protein (GFAP) (Jessen & Mirsky, 2008; Arthur-Farraj

et al, 2012).

Schwann cells also participate actively in both breakdown of the myelin sheath
and the clearance of axonal and myelin debris. During the first days post injury,
Schwann cells are able to segment their myelin sheaths, forming myelin ovoids (Hirata
& Kawabuchi, 2002). At early stages of degeneration, Schwann cells secrete cytokines
and chemokines that stimulate the recruitment of immune cells, principally
macrophages, into the injured region contributing to the removal of myelin debris at late

stages (Fawcett & Keynes, 1990; Gaudet et al, 2011; Glen & Talbot, 2013).

Macrophages are recruited to the injured region between 5 and 7 days post-
injury (dpi) and reach the maximal infiltration at 14 dpi, leading to a fast clearance of

myelin debris (Fig 2C; Bruck, 1997). Efficient removal of myelin appears to be one of




the most important requirements for successful axonal regeneration after peripheral
nerve injury, due to the presence of myelin-associated growth inhibitors factors

(Duvoby, 2011; Gaudet et al, 2011).

The onset of regeneration is also associated with the expression of specific
genes and proteins in the injured neuron. The genes upregulated during the
regeneration process are denominated regeneration-associated genes (RAGs) and
several of them are also those associated with axonal growth during development
(Fancy et al, 2011). In addition, Schwann cells favor regeneration by providing
structural guidance and growth-promoting substrates to regenerating axons. After
injury, Schwann cells begin to proliferate and align in endoneural tubes known as bands
of Bungner, which guide the extending fibers (Allodi et al, 2012). Regenerating axons
grow in close association with these Schwann cell bands along their original pathways
to reinnervate their targets (Fawcett & Keynes, 1990). Also, Schwann cells secrete
trophic factors to promote the extension of regenerated axons (Madduri & Gander,
2010). Once the regenerating axons are extended, Schwann cells change their gene
expression pattern to re-differentiate again. Upregulation of myelin-associated genes
allows Schwann cells to remyelinate the new regenerated fibers in order to reestablish
glial function. Finally, regenerated fibers successfully reach their targets allowing a fully

successful locomotor recovery (Fig 2D).

Together, these tissular changes promote a permissive environment for efficient
axonal regeneration in the PNS (Chen et al, 2007). On the contrary, after CNS injury,
axonal degeneration proceeds but the clearance of myelin debris is limited and

oligodendrocytes die by apoptosis. In addition, reactive astrocytes, form the glial scar
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Figure 2. Mechanism of Wallerian degeneration after peripheral nerve injury. (A) After injury to

peripheral nerve, distal region disconnected from neuronal somas degenerate. (B) During the first 3 dpi
axonal cytoskeleton disintegrates causing fragmentation. Schwann cells dedifferentiate and play an early
role in clearance of myelin sheath and axonal debris. (C) In the next 3 to 7 dpi Schwann cells proliferate,
secreting trophic factors to promote axonal growth, and cytokines and chemokines to stimulate infiltration of
immune cells, principally macrophages to the injury region, which remove the remained myelin and axonal
debris. Local response also is supported by an autonomous neuronal component. Expression of RAGs
promotes axonal extension. (D) Finally, between 7 and 21 dpi, efficient clearance of axonal debris and
inhibitory factors of myelin and stimulation of axonal growth determinates axonal regeneration leading to
redifferentiation of Schwann cells, remyelination of the regenerated fibers, reinnervation to their targets and
successful locomotor recovery.
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and secrete growth-inhibitory molecules (Barrette et al, 2008), generating an
unfavorable environment for axonal regeneration (Vargas & Barres, 2007; Sofroniew,
2009; Gaudet et al, 2011; Ferguson & Son, 2011; Toy & Nargung, 2013). Therefore,
the cellular and tissular reaction to local stress condition, will partially determine the
regenerative capability of a damage neuron and therefore the functional outcome (Allen

& Barres, 2009; Lutz & Barres, 2014).

3.3 ER stress and unfolded protein response (UPR)

Alterations to organelle function, in particular the endoplasmic reticulum (ER)
and mitochondria, have been observed after damage in both the neuronal cell body and
its axon. Our laboratory had recently reported that local release of calcium from the ER
in damaged axons (Villegas et al, 2014) and the downstream activation of the
mitochondrial transition pore (Barrientos et al, 2011) are ceniral components of the
axonal destruction program. Accumulating evidence indicate that ER proteostasis is
altered after PNS or CNS injury, generating a protein folding stress reaction in both
neurons and glial cells (Li et al, 2013). The ER is a dynamic and interconnected tubular
network that spans through the neuronal cell body, dendrites and axons (Ramirez &
Couve, 2011; Villegas et al, 2014), contributing to the modulation of calcium-mediated
signaling, protein folding, secretion, and the biosynthesis of lipids. ER stress engages
an adaptive reaction known as the unfolded protein response (UPR) that operates as a

mechanism to restore cellular proteostasis (Walter and Ron, 2011).

In the first place, the UPR increases the protein folding capacity of the ER

upregulating the expression of several chaperones, such as BiP, calreticulin, calnexin

11




and protein disulfide isomerase (PDI) proteins (ERp57, ERp72 and PDI). Moreover, the
UPR increases the expression of genes involved in quality control, protein degradation
via ER-associated degradation (ERAD) and autophagy (Schroder and Kaufman, 2005).
When the adaptive mechanisms are insufficient to recover homeostasis, or when ER
stress is chronic and irreversible, activation of the UPR also leads to cell death by

apoptosis (Urra et al, 2013).

The UPR js initiated by the activation of three ER transmembrane proteins that
operate as stress sensors (Fig 3) (Hetz, 2012), The most conserved UPR sensor is
Inositol-Requiring Enzyme-1 alpha (IRE1a), an ER-located kinase and ribonuclease
that splice-out a 26 nucleotide intron of the mRNA encoding the transcription factor X-
box Binding Protein-1 (XBP1) (Shen et al, 2001; Yoshida et al, 2001 Calfon et al, 2002;
Lee et al, 2002). This processing event shifts the coding reading frame of the mRNA,
leading to the synthesis of an active transcription factor known as XBP1s that controls
the expression of a subset of UPR-targst genes involved in protein folding, ERAD,
phospholipid synthesis, among other processes (Lee et al, 2003; Acosta-Alvear et al,
2007). However, the universe of XBP1s target genes depends on the cell type affected
and the stimuli involved (Hetz et al, 2011). IRE1a also engages other signaling events
through the binding of adapter proteins, in addition to control the stability of certain

mRNAs and miRNAs (Maurel et al, 2014).

Other UPR effects are mediated by the stress sensor protein kinase (PKR)-like
endoplasmic reticulum kinase (PERK), which inhibits general protein translation through
the inactivation of the eukaryotic translation initiation factor 2 a (elF2a) by

phosphorylation, alleviating ER stress by decreasing the overload of misfolded proteins

12
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Figure 3. ER stress and UPR signaling pathways. The accumulation of misfolded proteins in the ER
leads to the activation of the adaptive stress response known as the UPR through three sensors: IRE1q,
ATF6 and PERK, which triggers signaling cascades to restore cellular homeostasis or to activate the
pathway of cell death by apoptosis. Activation of IRE1a controls the processing of the mRNA encoding
XBP1, a transcription factor that upregulates many essential UPR genes involved in folding, organelle
biogenesis, ERAD, autophagy, and protein quality control. Activation of PERK decreases the general
protein synthesis rate through phosphorylation of the initiation factor elF2a. In contrast, this protein
increases the specific translation of the ATF4 mRNA, which encodes a transcription factor that induces the
expression of genes involved in amino acid metabolism, autophagy, antioxidant responses, and apoptosis.
ATF6 is a type Il ER transmembrane protein encoding a bZIP transcriptional factor in its cytosolic domain
that is localized at the ER in unstressed cells. Upon ER stress induction, ATF6 is processed at the Golgi
apparatus, releasing its cytosolic domain, which then translocates to the nucleus where it increases the
expression of some ER chaperones, ERAD-related genes.
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(Harding et al, 2000). However, elF2a phosphorylation triggers the specific translation
of selective mRNAs where the most studied is the activating transcription factor 4
(ATF4), which is essential for the upregulation of redox status, protein metabolism and
autophagy (Harding et al, 2003; Walter & Ron, 2011). However, under sustained or
chronic ER stress ATF4 activates a pro-apoptotic program mediated in part by the
upregulation of CCAAT/Enhancer-Binding Protein (C/EBP, CHOP), BCL-2 family
members, and the enhancement of oxidative stress (Tabas & Ron, 2011). Another UPR
pathway is mediated by activating transcription factor 6 (ATF8), this protein is
synthesized as an inactive precursor, retained at the ER by a transmembrane spanning
segment. Under ER stress conditions, ATF6 translocates to the Golgi where it is
processed, first by site-1 protease and then in an intramembrane region by site-2
protease. This proteolytic processing releases its cytoplasmic domain, ATF6f (a
fragment of ATF6), which operates as a transcriptional activator that upregulates many
UPR genes related to ERAD and protein folding, among other processes (Haze et al,
1999; Chen et al, 2002; Shoulders et al, 2013). Overall, the UPR integrates information
about the intensity and duration of the stress stimuli to determine cell fate toward

recovering proteostasis or eliminating damaged cells by apoptosis.

3.4 The UPR in peripheral nerve injury

ER stress is emerging as a relevant factor driving both neurodegeneration and
cell survival on a context-specific manner as reported for the most common brain

diseases (Hetz & Mollereau, 2014). Mechanical injury to the CNS has been shown to

engage an ER stress reaction, possibly having detrimental consequences to motor




recovery (Li et al, 2013). We have recently reported that the UPR is rapidly activated
along the spine a few hours after spinal cord injury (SCI), and is maintained for several
days (Valenzuela et al, 2012). Genetic ablation of ATF4 or XBP1 dramatically reduced
locomotor recovery after SCI, whereas local delivery of XBP1s to the injury zone
improved oligodendrocyte survival and enhanced locomotor recovery (Valenzuela et al,
2012). Other studies have also proved a functional impact of the UPR after SCI using
genetic or pharmacological manipulation of the pathway (see examples in Ohri et al,
2012, 2013, 2014; Zhang et al, 2013, 2014). In contrast, only a few correlative reporis
are available linking ER stress with peripheral nerve damage. For example, distal
sciatic nerve injury triggers a transient ER stress response in ventral horn motoneuron,
and spine root avulsion generates a stronger UPR reaction in the same neuronal
population (Saxena et al, 2009; Penas et al, 2011). A functional study suggested that
overexpression of the ER chaperone BiP can increase the survival of root-avulsed
motoneurons (Penas et al, 2011). In the nerve, Schwann cells also upregulate BiP
expression after sciatic nerve injury during their dedifferentiation process (Mantuano et
al, 2011). In vitro studies demonstrated that the elF2o/CHOP axis is a central mediator
of apoptosis in Schwann cell exposed to pro-inflammatory signals {Mantuano et al,
2011). Furthermore, in models of Charcot-Marie-Tooth-1B disease, a pathology
involving the misfolding and ER-retention of a mutated form of the PO myelin
glycoprotein, genetic targeting of Chop fully rescues motor deficits and reduced
demyelination (Pennuto et al, 2008; D'Antonio et al, 2013). Similarly, ER stress has
been implicated in other myelin-related disorders affecting oligodendrocytes such as
multiple sclerosis and Pelizaeus-Merzbacher disease (Lin & Popko, 2009).
Nevertheless, the functional contribution of ER stress to the degenerative and

regenerative process observed after peripheral nerve injury remains to be determined,
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and direct manipulation of proximal UPR components is required to address this

essential question.

3.5 Research approach

Despite the evidence demonstrating an early activation of UPR in neuronal cell
bodies and Schwann cells after peripheral nerve injury, the role of the UPR in axonal
degeneration and their contribution to the regenerative response and functional

recovery after nerve damage has not been studied so far.

In this study, using genetic manipulation of the UPR, we have systematically
investigated the impact of targeting the pathway in the tissular changes that follows a
peripheral nerve injury and its impact in peripheral nerve regeneration. We evaluated
the upregulation of two UPR branches at different times post-injury in the sciatic nerve
to characterized UPR kinetic in the injury zone and in adjacent regions. To evaluate the
functional contribution of the UPR to axonal regeneration, locomotor recovery was
assessed after sciatic nerve injury in models of loss and gain-of-function for key UPR
components. Furthermore, to determine the specific cell-types responding to ER stress
during axonal regeneration, we have developed a gene therapy strategy to deliver the
active form of XBP1 in sensitive neurons using AAV. Our general aim is to determine
the possible functional contribution of the UPR after peripheral nerve injury to axonal
regeneration and locomotor recovery. We plan to identify specific components of the
proteostasis network that may operate as possible therapeutic targets for the future
treatment to peripheral neuropathies and neurodegenerative conditions in the PNS or

CNS.
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4. Hypothesis

The activation of the unfolded protein response (UPR) is involved in the process of
Wallerian degeneration, promoting axonal regeneration and locomotor recovery after
peripheral nerve injury.

5. Objectives

5.1 General Objective

To study the possible contribution of specific components of the unfolded protein

response to axonal regeneration and locomotor recovery after sciatic nerve injury.

5.2 Specific Objectives

1. To characterize the activation of ER stress markers and UPR signaling

components in the sciatic nerve after injury.

2. To determine the rate of locomotor recovery of ATF4 deficient animals and a
conditional XBP1 knockout mice, in addition to an XBP1 transgenic mice in the

nervous system.

3. To define and compare the possible effects of the genetic manipulation of the
UPR after sciatic nerve injury in the extent of axonal degeneration, myelin

removal and axonal regeneration responses after sciatic nerve injury.

4. To assess the contribution of UPR in the intrinsic neuronal mechanism of axonal

regeneration.

17




6. Materials and Methods

6.1 Experimental animals

Animals of 8 weeks of age, with body weight between 20 and 25 g, were kept
under standard conditions of light and temperature and feed with food and water ad
libitum. XBP1 conditional knockout mice (XBP1"*") and ATF4 full knockout mice
(ATF4™) have been previously described (Hetz et al, 2008; Masuoka & Townes, 2002).
Briefly, for the generation of XBP1Ye** mice, XBP1™*"* mice were crossed with animals
expressing the Cre recombinase under the control of the Nestin promoter to specifically
delete xbp? in the nervous system. The ATF4" mice were generated by crossing
heterozygous mice and the model was generated by replacing 2 exons that constitute
the entire ATF4 coding region after the first codon, as well as the polyadenylation signal
with the neomycin phosphotransferase gene. To generate the XBP1s transgenic mice
(Tg"*""), the mouse XBP1s cDNA was subcloned into the Xho1 site of the MoPrP.Xho
vector (Borchelt et al, 1996) to drive XBP1s expression by the PrP promoter in the
nervous system. The plasmid was linearized and microinjected into CBA-C57BL/6
mouse-derived pronuclei of fertilized oocytes using standard assays. The presence of
the transgene was confirmed by PCR of genomic DNA from the tail (forward primer: 5'-
ACACGCTTGGGAATGGACAC-3'; reverse: 5'-CCATGGGAAGATGTTCTGGG-3). Line
3 was used in this study based on the intensity and tissue-specificity of the expression
of the transgene after comparative analysis (Centro de Estudios Cientificos, Valdivia,
Chile). The founder line was then backcrossed onto the C57BL/6 background for more

than 15 generations to obtain the experimental group (Non-Tg and Tg*®"*® mice) (PhD

thesis, Gabriela Martinez, unpublished).




6.2 Surgical procedures

6.2.1 Tunicamycin injection

For tunicamycin (Tm) treatments, animals were intraperitoneally injected at a
dose of 1 ug/g body weight of a 0.05 mg/ml suspension dissolved in 150 mM sucrose
(Rodriguez et al, 2012). As control, animals were injected with a same dose of dimethyl
sulfoxide (DMSO). 16 h after injection, animals were euthanized by an overdose of
anesthesia (1 ml of 2-2-2 tribromoethanol 330 mg/Kg) for tissue extraction. Liver,

cerebral cortex and sciatic nerve were removed for biochemical analysis.

6.2.2 Sciatic nerve injury

For sciatic nerve injury, mice were intraperitoneally injected with 330 mg/Kg 2-2-
2 tribromoethanol (Sigma, St. Louis, MO, USA) and with 30 mg/Kg of Tramadol for
anesthetic and analgesic treatment, respectively. Then, the right sciatic nerve was
exposed at the level of the sciatic notch after surgical dissection of skin and muscle.
The sciatic nerve was crushed (crush injury) three times for 5 seconds with Dumont #5
forceps (Fine Science Tools INC. CA, USA) and then skin was suture with mouse metal
clips. The left sciatic nerve was subjected to the same intervention without nerve crush
to use as sham control group. During recovery, mice were placed in a temperature-
controlled chamber. At different days post surgery, animals were euthanized by
overdose of anesthesia and the sciatic nerve and DRGs were removed for different

analysis.
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6.2.3 AAV injection in Dorsal Root Ganglia (DRG)

The production and quantification of recombinant AAV2.XBP1s/GFP (2.9x10"
DRP/ml) and control AAV2.GFP (1.22x10"2 DRP/ml) was previously described
(Valenzuela et al, 2012; Zuleta et al, 2012; Valdés et al, 2014). Briefly, the whole Xbp-1
expression cassette was excised from pcDNA3-XBP-1S and inserted into a pro-viral
plasmid pAAVsp70 containing AAV2-inverted terminal repeats (ITRs). The vector also
carries a GFP expression cassette that serves as a fluorescent marker for transduced
cells. Recombinant AAV2.XBP1S was produced by triple transfection of 293 cells and
then purified by column affinity chromatography. For DRG injection, mice were
anesthetized and an incision was made in the skin just to the right of the spinous
process in the dorsal midline. The muscular fascia was incised and the paraspinal
muscles were separated exposing the lateral region of the right third lumbar (L3) and L4
vertebrae and the dorsal region transverse processes. To expose DRGs from L3 and
L4 a right hemilaminectomy was performed to removed the transverse processes. AAV
injections were performed using a 2 pl Hamilton syringe fitied with 2 34 G needle. The
syringe was held in a micromanipulator. For each DRG, 1 pl of a solution with the AAV
mixed with 0.3% fast green was injected at a constant flow of 0.01 plfs, using a
microinjector (Neurostar InjectoMate, IM1A193). After injection the wound was closed
by suturing the paraspinal muscles using 4-0 polyamide monofilament non-absorbable
suture and the skin was closed using mouse metal clips. 7 days after injection, the
sciatic nerve was injured at the notch level. To evaluate axonal regeneration, a 3 mm
segment located 3 mm distal and 6 mm proximal to the injury were removed at 14 dpi

for immunohistochemical analysis.
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6.3 Western blot analysis

A 5-mm sciatic nerve tissue containing the injury region (medial; M), in addition
to adjacent proximal (P) and distal (D} regions of the same size were collected (Fig 4)
and homogenized using a plastic Dounce homogenizer in extraction buffer (95 mM
NaCl, 25 mM Tris-HCI, pH 7.4, 10 mM EDTA pH 8.0, 1% SDS, 1 mM NaF, 1mM
NazVO, and 1% Protease Inhibitor Cocktail (PIC, Sigma-Aldrich, #P8340). 10l of this
buffer was used per mm of sciatic nerve. Lysates were sonicated, centrifuged at 13,000
rpm for 10 min at 4°C and then supernatant was used for protein analysis. For liver and
cortex protein extraction, tissue was extracted and homogenized in RIPA buffer (20mM
Tris pH 8.0, 150mM NaCl, 0.1% SDS, 0.5% DOC, 0.5% Triton X-100) containing a
protease inhibitor cocktail (Roche, Basel, Switzerland). Western blot was performed
using SDS-PAGE and polyvinylidene difluoride (PVDF, Pierce) membranes as
previously described (Barrientos et al, 2011). The following antibodies and dilutions
were used; anti-Hsp90, 1:5000 (sc-7947, H114, Santa Cruz, CA, USA), anti-BiP, 1:1000
(8PA-826, Stressgen), and anti-ERp57 1:3000 (SPA-585, Stressgen). Band intensities
were normalized to Hsp90 used as a loading control. Densitometry analysis of the

bands was performed using Image-J software (NIH, Bethesda, MD, USA).
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6.4 RNA extraction and RT-PCR

A 5 millimeter (mm) segment of the sciatic nerve obtained 3 mm distal to injury,
DRGs from L3 and L4 vertebrae and cerebellum were collected and homogenized in
600 pl of Trizol (Invitrogene, USA) for total RNA extraction using standard protocols (Fig
4). cDNA was synthesized with a High Capacity ¢cDNA Reverse Transcription kit
{(Applied Biosystems). Quantitative real time PCR (gPCR) was performed using SYBR
Green fluorescent reagent and an Mx3005P QPCR System (Strategene) and the
following primers: Xbp1s (forward: 5-TGCTGAGTCCGCAGCAGGTG-3', reverse: 5'-
GACTAGCAGACTCTGGGGAAG-3), Alf3 {(forward: 5'-
TTGACGGTAACTGACTCCAGC-3', reverse: 5-GAGGATTTTGCTAACCTGACACC-
3. Chop (forward: 5-TGGAGAGCGAGGGCTTTG-3', reverse: 5'-
GTCCCTAGCTTGGCTGACAGA-3), Gadd34 (forward: 5-
TTACCAGAGACAGGGGTAGGT-3, reverse: 5-GAGGGACGCCCACAACTTC-3%),
Wis1 (forward.: 5-CCATCAACATGCTCCCGTTC-3, reverse: 5'-
GGGTAGGCCTCGCCAT-3), B-actin (forward: 5'-
CTCAGGAGGAGCAATGATCTTGAT-3, reverse; 5-TACCACCATGTACCCAGGCA-3")
and Cre (forward: 5-ATCGCTCGACCAGTTTAGTT-3', reverse: 5-
CTGACGGTGGGAGAATGTTA-3). The relative amount of mRNA was calculated by
the comparative threshold cycle method with $-actin as control. Primer sequences were
obtained from PrimerBank. XBP1 mRNA splicing assay was performed as previously
described (Rodriguez et al, 2012) using Pstl digestion of PCR products using the
following primers: mXBP1.3S (5-AAACAGAGTAGCAGCGCAGACTGC-3) and

mXBP1.2AS: (5'-GGATCTCTAAAACTAGAGGCTTGGTG-3').

22




6.5 Locomotor function analysis

Locomotor recovery was evaluated using the sciatic functional index (SFl) as
described previously (Inserra et al, 1998). Animals underwent a pre and post surgery
walking track analysis. Pawprints were recorded by moistening the hindlimbs of each
animal with black ink and having them walk unassisted along an 11 X 56 c¢m white
paper corridor, Tracks were obtained before surgery (0 day), and 1, 3, 7, 9, 14 and 21
days after right nerve injury. Prints for analysis were chosen for clarity and consistency
at a point when the animal was walking at a moderate pace and if necessary, mice
were walked at most 3 times to obtain measurable prints. All tracks were obtained and
analyzed in a blinded fashion. The tracks were evaluated for two different parameters:
toe spread (TS), the distance between the first and fifth toes, and print length (PL), the
distance between the third toe and the hind pad. Measurements of all parameters were
made for the right injured (experimental; E) and the left control {normal; N) paw prints

and the SF| were calculated according to the formula;

SFl=118.9 (M) 51.2(M)_ 75
NTS NPL

where ETS and NTS are experimental and normal TS and EPL and NPL are

experimental and normal PL, respectively.




6.6 Electron microscopy and immunofluorescence analysis

Sciatic nerves were extracted at 11 and 14 days after injury. A 3 mm region
located 3 mm distal to crush site was removed for electron microscopy; the contiguous
3-mm region located 6 mm distal to injury was removed for immunofluorescence

analysis (Fig 4).

For electron microscopy (EM) analysis, sciatic nerves were fixed overnight with
2.5% glutaraldehide, 0.01% picric acid and 0.05 M cacodylate buffer, pH 7.3. Nerves
were incubated in the same buffer with 1% OsO, for 1 h and then immersed in 2%
uranyl acetate for 1 h, dehydrated in a gradient of ethanol and acetone, and infiltrated in
Epon (Ted Pella) as previously described (Villegas et al, 2014). Transversal semithin
and ultrathin sections were obtained using an ultramicrotome (Reichert). Thin 80 nm
sections were obtained and mounted in copper grids and contrasted using 1% uranyl
acetate and lead citrate. Observations of the grids were made using a Phillips Tecnai
12 (Eindhoven, Netherlands) at 80 KV and photographed by a Mega view G2 camera

(Olympus, Japan).

For immunofluorescence analysis, nerves and DRGs were fixed by immersion
for 1 h in 4% paraformaldehyde in 0.1 M PBS (1X PBS, pH 7.4), followed by three 10
min washes in 1X PBS. Nerves were then subjected to a sucrose gradient (10%, 20%
and 30% sucrose in 1X PBS) and included in optimal cutting temperature compound
(OCT, Sakura Finetek) and fast frozen in liquid nitrogen. Tissue was transversally
sectioned (10 um thickness) using a cryostat (Leica, Nussloch, Germany) and mounted
on Superfrost Plus slides (Thermo Fisher Scientific). Sections were

blocked/permeabilized with 0.1% Triton X-100 and 2% fish skin gelatin (Sigma-Aldrich)
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in 1X PBS for 1 h at room temperature (RT) and incubated with primary antibodies in
the same solution overnight at 4°C. After 3x 10 min washes with 1X PBS, nerves were
incubated in secondary antibodies for 2 h at RT, the washed with 1X PBS and mounted
in Fluoromont-G (Electron Microscopy Sciences) with 0.75% DAPI as previously
described (Valenzuela et al, 2012). Sections were immunostained using the following
antibodies: chicken anti-neurofilament medium chain (NF-M) 1:1000 (#AB5753,
Millipore Bioscience Research Reagents), rabbit anti-myelin basic protein (MBP) 1:500
(M3821, Sigma) and rat anti-Cd11b 1:500 (MCA74G, Serotec). Images of tissue
sectioning were obtained in an inverted Qlympus IX7! flucrescent microscope equipped

with a 40X objective (Olympus LUCPIanFLN NA 0.60 Ph2, Olympus, Japan).

For quantifications, at least 3 images were captured per sciatic nerve. Then, a
mean value of each parameter to evaluate was obtained of these 3 pictures, and finally
it was averaged with the mean value of the animals in each condition. A representative
image is shown in every figure. All images were analyzed using Image-J software {NIH,

Bethesda, MD, USA).

For electron microscopy analysis, quantifications of semi-thin slides were made
by parameters of morphology to identify intact fibers and remyelinated axons by size,
axoplasm content, and condensed myelin. Degenerated myelins were identified by

decompacted myelin and aberrant compaction of myelin morphology (Fig 4).

6.7 Statistical analysis

Data are shown as mean + SEM. Statistical analysis were performed using two-
way ANOVA, followed by a Bonferroni post test and Student's t-test and analyzed using

GraphPad Prim 5 software.
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Figure 4. Experimental designs. Sciatic nerves were crushed and at different times post injury a 5 mm
section of tissue was extracted in the injury region (medial, M) and adjacent proximal (P) and distal (D)
regions for biochemical analysis of protein and mRNA (blue). For histological analysis sciatic nerves were
removed at 11 and 14 dpi. A 3 mm region located 3 mm distal to crush site was removed for electron
microscopy, the contiguous 3-mm region located 6 mm distal to injury was removed for
immunofluorescence analysis (green). To quantify EM parameters we determine criteria for intact axons in
uninjured conditions and for remyelinated axons and degenerated myelins in inured nerves. Contralateral
nerve was used as uninjured sham control.
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7. Results

7.1 Sciatic nerve injury triggers a local uprequlation of selective UPR

responses.

In order to define the activation of the UPR in the peripheral nervous system, we
analyzed the expression of the ER stress-responsive chaperones in the sciatic nerve.
To assess the dynamic range of the system to respond to ER stress, wild-type (WT)
animals were intraperitoneally injected with tunicamycin (Tm), which inhibits protein N-
glycosylation and leads to accumulation of proteins in the ER, causing stress
(Kozutsumi et al, 1988). After 16 h of Tm injection, the protein level of the chaperones
BiP and ERp57 were monitored in the sciatic nerve, liver and brain cortex (Dioufa et al,
2012; Zhang & Kaufman, 2008). We observed an increase in the expression of ER
chaperones in all tissues analyzed compared to conirol conditions. Specifically, Tm
induced an increase of 1.52 and 1.38 fold in BiP and ERp57 expression in the sciatic
nerve, respectively (Supplementary Fig $1), suggesting that the UPR can be

pharmacologically induced in the peripheral nerve.

Then, to characterize the temporal activation of the UPR after sciatic nerve
crush, we performed a kinetic analysis and monitored the expression of ER chaperones
in sciatic nerve segments containing the crushed region {medial, M), a proximal (P) and
distal (D) fragment to the injured zone (Fig 4). After sciatic nerve crush, a progressive
increase in BiP and ERp57 levels was detected at early time points, at 12 hours post-
injury (hpi) in the medial region compared to contralateral (C) uninjured nerves (Fig 5A
and Supplementary Fig S2A) and more markedly at 24 hpi (Fig 5B and Supplementary

Fig S2B). At 8 days post-injury (dpi), we detected a peak of BiP expression in the distal
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region compared to uninjured nerves (Fig 5C), which corresponds to the nerve region
(D) and time (8 dpi) in which axonal regeneration is taking place (Fawcett & Keynes,
1990). Finally, at 21 dpi, when Wallerian degeneration is complete and remyelination of
new fibers is underway, BiP protein levels return to basal levels similar to the uninjured

condition (Fig 5D).

We also monitored the activation of the ER stress sensor IRE1qa, assessed by
the quantification of XBP1 mRNA splicing. Kinetic analysis using real time PCR from
samples of the distal region at 2, 8 and 14 dpi revealed a significant increase in XBP1
mRNA splicing at 14 dpi (Fig 5E). This resuit was then corroborated using another
XBP1 mRNA processing assay based in the Pstl digestion of a RT-PCR reaction, which
resolves both the spliced (XBP1s) and unspliced (XBP1u) forms (Fig 5F). In agreement
with the previous results, we observed a significant upregulation of the UPR-target
genes Wfs7 and Atf3 at 14 dpi (Fig 5G). In contrast, analysis of downstream markers of
the PERK pathway revealed no induction in the mRNA levels of the proapoptotic ATF4
effectors Chop and Gadd34 at 2 and 14 dpi (Supplementary Fig S2C and Fig 5H). In
summary, our results support the occurrence of an ER stress reaction that specifically

engages the IRE1a/XBP1 axis upon sciatic nerve injury.

We next evaluated locomotor behavior of WT mice in order to characterize
functional locomotor recovery using the SFI (for details see Material and Methods,
section 6.5) after unilateral sciatic nerve crush. In the control condition (uninjured, day
0), animals have a locomotor index around 0, represented by a normal footprint in the
uninjured condition (Fig 6A, uninjured), which change to a negative value near -120, 24
hours after injury determined by an increase in the length (PL parameter) of the paw

footprint and a decrease in the width (TS parameter) of the injured limb (Fig. 6A, day 1).
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As locomotor recovery proceeds, SFI index returned to value near 0 and footprints are
restored to basal conditions at day 21 (Fig 6A and B, day 21). This process is
characterized by a reestablishment of the paw prints and has been shown to be partially
associated to axonal regeneration. In summary, we were able to characterize a
locomotor recovery response after injury as regeneration proceeds, allowing us to
determine a possible functional association between UPR activation and a regenerative

process.
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Figure 5. Unfolded protein response is activated after sciatic nerve injury. WT mice were injured and
at different days post-injury (dpi) a 5 mm region of the sciatic nerve was removed in the injured region
(medial, M) and adjacent proximal (P) and distal (D) for posterior analysis. BiP protein levels were
evaluated at (A-B) 12 and 24 hours post injury (hpi) and at (C-D) 8 and 21 days post injury (dpi) in P, M
and D regions and compared to contralateral uninjured nerves (label as C). Protein levels were quantified
by densitometry and normalized with Hsp90 expression (bottom panel). (E) Xbp7s mRNA expression was
quantified by real-time PCR in the D region at 2, 8 and 14 dpi. (F) Xbp1 spliced (Xbp1s) and unspliced
(XBP1u) forms mRNA levels were analyzed in D region at 14 dpi by RT-PCR followed by Pstl digestion.
Actin levels were measured as loading control. (G) Wfs1, Atf3, (H) Chop and Gadd34, expression was
analyzed from sciatic nerves by real-time PCR in uninjured conditions and at 14 dpi in D regions. For
panels C to H, data is expressed as mean + S.E.M.; * p < 0.05, *** p < 0.001. Statistical differences were

analyzed using student’s t-test; n = 3 animals per group.
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Figure 6. Locomotor recovery in wild-type mice after sciatic nerve injury. A) WT animals were injured
in the right sciatic nerve and sham operated in the left sciatic nerve. Locomotor recovery was evaluated
using the SFI analysis before (0 day) and until 21 days after nerve injury. B) Representative footprints of
the damaged hindlimb at different times post-injury. Data are shown as mean + S.E.M.; n = 7 animals.
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7.2 XBP1 deficiency decreases locomotor recovery, myelin removal and

axonal regeneration after sciatic nerve injury.

To evaluate the relevance of the UPR to locomotor recovery and tissular
changes associated to nerve damage, we performed genetic manipulation of fwo key
UPR ftranscription factors in mice. First, we investigated the functional contribution of
XBP1 to axonal degeneration and regeneration using the Nestin-Cre LoxP system to
specifically ablate XBP1 expression in the nervous system (XBP1"**"} using a mouse
model we have previously characterized (Hetz et al, 2008). We confirmed the
expression of Cre and the deletion of exon Il of the Xbp1 gene in the dorsal root ganglia
(DRG) and sciatic nerve, in addition to cerebellum (positive control; Supplementary Fig
S3A and S3B), suggesting the xbp? deficiency in neurons and Schwann cells,
principally. After sciatic nerve crush, locomotor function was estimated using the sciatic
nerve functional index (SFI, Inserra et al, 1998). Analysis of this behavioral test over
time indicated a delay in locomotor recovery after nerve crush in XBP1M*" mice
compared to XBP1"7 littermate control animals (Fig 7A). The differences in locomotor
capacity between genotypes were significant as a group and at intermediate stages of

recovery, but in both strains a complete recovery was reached at 21 dpi.

To investigate morphological changes associated to the regeneration process of
nerve fibers upon nerve crush, we studied tissue sections by electron microscopy (EM).
Since a significant difference in locomotor recovery was found at 14 dpi, we used this
time point for EM analysis. In uninjured conditions we observed no differences in the
axonal morphology in either myelinating (Fig 7B, white arrowhead) or unmyelinating

(Fig 7B, asterisk) fibers and in myelin sheath compaction (Fig 7B, black arrowhead)
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between genotypes. At 14 dpi, we noticed an augmented content of degenerated
myelins (Fig 7B, black arrows) and decreased number of remyelinated fibers in
XBP1Nes* compared to XBP1"T control mice (Fig 7B, white arrows). Quantitative
analysis of these morphological parameters was then performed in semi-thin nerve
cross sections, observing a slight increase in the number of degenerated myelins and a
significant reduction in axonal regeneration in XBP1"*" mice compared to control
animals (Fig 7C). Together these results suggest that XBP1 expression modulates the

axonal regenerative process and locomotor recovery after sciatic nerve crush.
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Figure 7. XBP1 deficiency decreases myelin removal, axonal regeneration and locomotor recovery
after sciatic nerve injury. (A) XBP1"" and XBP1"**" mice were crush injured in the right sciatic nerve and
sham operated in the left sciatic nerve. Locomotor recovery was evaluated using the SF| analysis before (0
day) and at indicated time points. (B) Electron microscopy of uninjured and distal regions of 14 days injured
sciatic nerves from XBP1"" and XBP1"**”" mice. White arrowheads indicate intact myelinated axons, black
arrowheads, intact myelins and asterisks indicate unmyelinated axons. Black arrows point to degenerated
myelins and white arrows, to remyelinated axons. (C) Transversal semi-thin sections of sciatic nerves
stained with toluidine blue from uninjured and at 14 dpi XBP1"" and XBP1"**"" mice. Sections were
obtained 3 mm distal to crush region. Black and white arrows indicate demyelinated and regenerated
fibers, respectively (left panel). Quantification of degenerated myelins and remyelinated fibers density is
presented (right panel). Data are shown as mean + SEEM.; *, p < 0.05; **, p < 0.01. SFI data were
analyzed by a two-way ANOVA followed by Bonferroni post test; n = 7 animals per group. Morphological
data was analyzed at each time point by student's t-test; n = 3 animals per group.
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7.3 Ablation of ATF4 does not affect Wallerian degeneration and locomotor

recovery after nerve injury.

To define if the effects of XBP1 were specific to this UPR signaling branch, we
next assessed the contribution of ATF4 to locomotor recovery aiter nerve damage. To
this end, ATF4 full knockout (ATF4™) mice (Masuoka & Townes, 2002) were subjected
to a sciatic nerve crush and locomotor recovery was monitored using the SFl.
Surprisingly, despite previous in vitro observation suggesting a proapoptotic role of this
pathway in Schwann cells (Mantuano et al, 2011), the lacomotor recovery of ATF4™ and
control wild-type animals was virtually identical at all time points, reaching full recovery
at 21 dpi (Fig 8A). Evaluation of morphological parameters by EM revealed no basal
differences in the nerve ultrastructure between genotypes in uninjured conditions. Also,
EM analysis in the distal stump of crushed sciatic nerves at 14 dpi showed no changes
in the clearance of degenerated myelins and remyelination of regenerated axons
between ATF4" and confrol mice as measured using quantitative morphometric
analysis (Fig 88 and C). These results are consistent with the small induction of ATF4
target genes (Fig 5H), suggesting that the XBP1-UPR branch is specifically activated
after nerve injury, impacting axonal regeneration and locomotor recovery after

peripheral nerve damage.
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Figure 8. ATF4 deficiency does not affect Wallerian degeneration after peripheral nerve injury. (A)
ATF4” and WT mice were injured in the right sciatic nerve and sham operated in the left sciatic nerve.
Functional recovery of the damaged hindlimb was estimated using the SFI over time. (B) Electron
microscopy of sciatic nerves from WT and ATF4™ mice in uninjured conditions and at 14 dpi. In uninjured
conditions white arrowheads point intact myelinated axons and black arrowheads, intact myelins. At 14 dpi,
black arrows indicate degenerated myelins and white arrows, remyelinated axons. (C) Toluidine blue-
stained transversal semithin sections in control-uninjured nerves and at 14 dpi from WT and ATF4” mice.
Black arrows points degenerated myelins and white arrows, remyelinated axons. Measurement of
degenerated myelins and remyelinated fibers density is presented from transverse semi-thin sections from
each mouse strain (right panel). Data is shown as mean = S.E.M.; SFI data were analyzed by a two-way
ANOVA followed by Bonferroni post test; n = 7 animals per group. Morphological data were analyzed by
student’s t-test at each time point; n = 3 animals per group.
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7.4 Overexpression of XBP1s in the nervous system accelerates myelin

removal, axonal regeneration and locomotor recovery after nerve injury.

We then generated a genetic strategy to pre-adapt the proteostasis network and
reduce ER stress levels in the nerve by forcing UPR-transcriptional responses in
neurons and Schwann cells and then test the consequences on Wallerian degeneration
and axonal regeneration. To this end, we generated a mouse model that overexpresses
spliced XBP1 under the control of the prion promoter (Tg*®"*) in the nervous system.
These animals are viable and born on a mendelian rate, and did not show any
spontaneous motor phenotype. We confirmed the overexpression of XBP1s in DRGs,
cerebellum and sciatic nerve using real time PCR {Supplementary Fig S3C). We first

XBP1s

evaluated locomotor recovery after nerve crush in Tg and non-transgenic

XBP1s

littermates (Non-Tg). Remarkably, SFl analysis revealed that Tg mice have a

significant increase in locomotor recovery at 8 and 14 days after nerve crush compared
to littermate control mice (Fig 9A). Consistent with these results, Tg*®F* nerves
exhibited a reduction in the content of degenerated myelins and increased number of
remyelinated axons compared to control sciatic nerves at 14 dpi (Fig 9B and C). Similar

results were obtained when axonal and myelin morphology was analyzed at 11 dpi

(Supplementary Fig S4). These results suggest that artificial enforcement of XBP1s

increases the regenerative capabilities of injured peripheral nerves.
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Figure 9. Overexpression of XBP1s increases myelin removal, axonal regeneration and locomotor

recovery after peripheral nerve injury. (A) Tg**"'®

and Non-Tg mice were damaged in the right sciatic
nerve and sham operated in the left sciatic nerve. Locomotor performance was evaluated using the SFI
analysis before (0 day) and at the indicated time points. (B) Uninjured and distal regions of 14 days injured

5 i P
sciatic nerves from Tg*®"'®

and Non-Tg mice were analyzed by electron microscopy. In control conditions
black arrowheads indicate compact myelin, white arrowheads, myelinated axons and asterisk,
unmyelinated axons. At 14 dpi, white and black arrows point remyelinated fibers and degenerated myelins,

respectively. (C) Tg™®"'®

and Non-Tg sciatic nerves from uninjured and at 14 dpi. Transversal semi-thin
sections were obtained 3 mm distal to the crush region and stained with toluidine blue. Quantification of the
number of degenerated myelins and remyelinated fibers was performed per area from transverse semi-thin
sections of each mouse strain (right panel). Data are shown as mean + S.E.M.; *, p < 0.05; **, p < 0.01. SFI
data were analyzed by a two-way ANOVA followed by Bonferroni post test; n = 7 animals per group.

Morphological data were analyzed by student’s t-test at each time point; n = 3 animals per group.
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7.5 XBP1 modulates macrophage infiltration after sciatic nerve injury.

Removal of myelin debris after nerve damage is mediated early on by Schwann
cells and later by macrophages that are recruifed to the injured region (Hirata &
Kawabuchi, 2002), contributing to axonal regeneration by eliminating inhibitory factors
associated to myelin debris (Stoll et al, 2002). We therefore evaluated the impact of
XBP1 to the recruitment of Cd11ib-positive (Cd11b") macrophages in damaged
peripheral nerves from animals with manipulated levels of XBP1. A low density of
macrophages was observed in both XBP1"*" and wild-type animals in uninjured
conditions (Fig 10A, upper panel). A significant increase in the density of Cd11b*
macrophages was observed in XBP1"" but not in XBP1*** mice at 14 dpi (Fig 10A and
B). Importantly, in XBP1"**" mice macrophage density after injury was comparable to
the density measured in uninjured conditions (Fig 10A and B). We then analyzed the

XBP1s

extent of macrophage infiltration in Tg mice. Consistent with our previous results,

analysis of Tg 8"

mice revealed a significant enhancement in macrophage recruitment
compared to Non-Tg littermate control animals at 14 dpi (Fig 11A and B). Of note, the
extent of macrophage infiltration observed in the controls of both groups after nerve
crush was different, probably reflecting slight changes in genetic background of both

mice strains. Thus, XBP1 expression in the nervous system improves pro-regenerative

process that may directly or indirectly result in improved macrophage recruitment to the

damaged nerve.
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Figure 10. XBP1 deficiency decreases macrophage infiltration after sciatic nerve injury. (A) XBP 1"
" and control XBP1"'" nerves were processed by immunofluorescence in uninjured conditions (upper panel)
and 14 dpi (lower panel). Sciatic nerves were analyzed for Cd11b (green) to stain macrophages (left panel)
and MBP (red) to evaluate the myelin sheath (center panel). Nuclei were stained with DAPI (blue). (B) The
density for Cd11b+ staining was quantified 14 days after injury in XBP1"**" and XBP1"" mice. Data are
expressed as mean + S.E.M. ** p < 0.01. Student’s t-test; n = 3 animals per group.
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Figure 11. Overexpression of XBP1s increases recruitment of macrophages after injury. (A) Tg"®"'*

and Non-Tg sciatic nerves were processed by immunofluorescence for Cd11b (green) to immunolabel
macrophages (left panel), MBP (red) to evaluate the myelin sheath (center panel), and DAPI to stain nuclei
(blue) in uninjured conditions (upper panel) and at 14 dpi (lower panel). (B) The density for Cd11b+ cells

XBP1s

was quantified 14 days after injury in Tg and Non-Tg mice. Data are expressed as mean + S.EM. ** p

< 0.01. Student's t-test; n = 3 animals per group.




7.6 Local XBP1s gene transfer to DRGs enhances axonal regeneration

after peripheral nerve damage.

Our previous results are indicative of a functional role of XBP1 in the
regenerative response observed in the PNS after nerve injury. Since both mouse
models used to perform XBP1 gain- and loss-of-function target neurons and possibly
other cell types, including glial cells, and the genetic manipulation is active since
embryonic development, we next evaluated the consequences of delivering an active
form of XBP1 selectively to neurons of adult animals to assess a possible ceil-
autonomous contribution of XBP1 to axonal regeneration. We developed a neuronal
serotype 2 Adeno-Associated Viruses (AAV) to overexpress XBP1s specifically in
sensory neurons in addition to green fluorescent protein (EGFP) to identify transduced
axons as we recently reporied (Valenzuela et al, 2012; Valdés et al, 2014). We then
injected DRGs with AAVs to deliver XBP1s (AAV XBP1s/EGFP)} or EGFP alone (AAV
EGFP) in 2 month-old mice. Injections were performed in DRGs from lumbar vertebrae
3 (L3) and 4 (L4) as the neurons located in these DRGs project their axons to the
sciatic nerve (Fig 12A). The efficiency of viral transduction was confirmed by inspection
of EGFP signal 7 days after AAV injection, observing that both neuronal somas at

DRGs and axons in the sciatic nerve were positive for EGFP (Fig 12B and C).

Then, the sciatic nerve was crushed and regenerated EGFP-positive axons
were quantified in the distal nerve stump at 14 dpi. Axonal regeneration was evaluated
by quantifying the number of EGFP-positive axons co-labeled with the axonal marker
neurofilament medium chain (NF-M) in cross sections at 3 mm distal to the crush region

(Fig 12D). Regenerated axons were normalized to the number of EGFP- and NF-M-
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positive axons at 6 mm proximal to the crush region of the same nerve, to control for
possible differences in AAV-transduction efficiency between animals. Remarkably, we
observed a significant 1.5 fold increase in the number of double-positive regenerated
axons when XBP1s was expressed in comparison to control axons expressing EGFP
alone (Fig 12E). These results suggest that forced expression of active XBP1s in
sensory neurons can enhance the intrinsic regenerative capabilities of neurons after

peripheral nerve damage.
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Figure 12. XBP1s overexpression in neurons enhances axonal regeneration in vivo. (A) Schematic
representation of the experimental design. WT mice were injected with 1 pl of AAV EGFP or AAV
XBP1s/EGFP in L3 and L4 DRGs. EGFP expression was used to identify transduced neurons. At 7 days
post injection the sciatic nerve was crushed at the sciatic notch level (yellow light bolt) and at 14 dpi the
nerves were dissected and analyzed in transverse sections 3 mm distal to the injury (black arrow, distal)
and normalized to EGFP-positive axons proximal to the crush (black arrow, proximal). (B) EGFP
expression of infected neurons from DRGs (B box), 7 days after injection in uninjured nerves. NF-M
immunostaining was used to identify neuronal somas and axons. (C) Cross section of an uninjured nerve 7
days after AAV injection (C box). EGFP fluorescence in green, immunostained for NF-M (red) and
counterstained using DAPI (blue). Transduced somas and axons are indicated with white arrowheads in
the insets of B and C. (D) Axonal regeneration in the sciatic nerve was evaluated in AAV EGFP (upper
panel) and AAV XBP1/EGFP (lower panel) injected DRGs at 14 dpi (E) Quantification of mean EGFP+/NF-
M+ axons in distal region normalized to proximal EGFP+/NF-M+ axons of the same sciatic nerve from AAV
EGFP and AAV XBP1s/EGFP injected mice. Data are expressed as mean + S.E.M.; *, p < 0.05. Student’s

t-test was performed for statistical analysis; n = 3 per condition.
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8. Discussion

Alteration to the proteostasis network is emerging as a relevant player in most
common neurodegenerative diseases involving protein misfolding (Hetz & Mollereau,
2014). Although extensive reports are available describing the impact of the UPR to
neuronal degeneration, no studies have determined the functional impact of ER stress

to peripheral axonal degeneration and regeneration.

Recent correlative studies have associated an early activation of ER stress and
UPR markers, specifically in the neuronal cell body and in Schwann cells, as well after
different models of peripheral nerve injury (Saxena et al, 2009; Mantuano et al, 2011:
Penas et al, 2011). Since the UPR has dual roles in both cell survival and cell death,
the impact of this pathway to peripheral nerve injury has remains undefined. In this
study, we confirmed a progressive and local activation of the UPR after sciatic nerve
damage. Importantly, we demonstrated for the first time a functional and selective role
of the IRE1a/XBP1 pathway in locomotor recovery and axonal regeneration after sciatic

nerve injury using gain- and loss-of-function approaches.

In addition, an increase in the expression of ER chaperones, specifically BiP,
was observed in the injury region at early stages and in distal region at later stages,
where axonal degeneration and regeneration takes place, indicating the possibility of a
propagating stress signal which would initiate in the injury region and then spreads to
distal axonal domains as degeneration proceeds, activating a stress response in
Schwann cells along the tissue, as it has been proposed previously (review in Taylor et

al, 2013) for tumor cell lines (Mahadevan et al, 2011; Mahadevan et al, 2012) and in

systemic conditions in C. efegans (Richardson et al, 2010; Taylor & Dillin, 2013).




Using genetic manipulation of specific key UPR components, we demonstrated
for the first time a functional role of this pathway in locomotor recovery and axonal
regeneration after sciatic nerve injury. A delay in locomotor recovery was observed in
XBP1"**" mice, associated with a slight decrease in myelin removal and axonal
regeneration. Unexpectedly, genetic deletion of atf4 had no effect in the clearance of
myelin debris, extension of regenerating axons or in locomotor recovery in comparison
to confrol animals, demonstrating a differential role of these two UPR pathways.
Consistent with these findings, previous evidence revealed that elF2a phosphorylation
and CHOP expression are repressed in dedifferentiating Schwann cells following nerve
injury (Mantuano et al, 2011). We also observed that although XBP1 mRNA splicing
was significantly induced after nerve crush, Chop and Gadd34 remained unchanged. In
contrast, in vitro studies using Chop deficient Schwann cells revealed an important
proapoptotic activity of this factor upon pro-inflammatory challenges (Mantuano et al,
2011) and i.n Charcot-Marie-Tooth-1B disease (Pennuto et al, 2008; D’'Antonio et al,
2013). Finally, another study indicated that sciatic nerve injury does not activate the
PERK signaling branch in motoneurons with injured axons (Penas et al, 2011).
Therefore, based on these reports and the comparison presented here using XBP1 and
ATF4 deficient animals, we speculate that selective activation of IRE1a pathway, but
not the PERK axis, may operate as an adaptive response allowing successful

regeneration and locomotor recovery after neuronal damage.

Accumulating studies in models of neurodegeneration support the idea that the
contribution of each UPR signaling branch to the disease process is complex and highly
dependent on the disease-triggering mechanisms and the cell type affected (Hetz &

Mollereau, 2014). For example, we have shown that targeting either XBP1 or ATF4 in
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SCl models actually diminishes locomotor recovery after mechanical damage to the
spine, possibly associated to reduced oligodendrocyte survival (Valenzuela et al, 2012).
Besides, other reports have shown that expression of CHOP exacerbates tissue
damage after SC! (Ohri et al, 2013). In contrast, XBP1 deficiency does not have an
effect after optic nerve injury, whereas CHOP expression operates as a relevant
proapoptotic factor in retinal neurons (Hu et al, 2012). In ALS, XBP1 or ATF4 deficiency
are protective through the control of autophagy or apoptosis, respectively (Hetz et al,
2009; Matus et al, 2013), whereas in Huntington's disease only XBP1 deficiency has
beneficial effects (Vidal et al, 2012). In contrast, in prion related disorders, XBP1 is
irrelevant (Hetz et al, 2008), whereas PERK has a pro-degenerative activity (Moreno et
al, 2012, 2013). Based on these results, we speculate that the distinctive UPR
responses triggered in the PNS versus the CNS might help explaining the differential

regenerative capabilities of each nervous system compartments.

Remarkably, overexpression of XBP1s in mice produced an enhancement of
locomotor recovery after injury, associated to faster myelin degeneration, an increase in
axonal regeneration and an enhanced recruitment of macrophages after injury,
suggesting a pro-regenerative mechanism associated to IRE1a/XBP1 signaling. XBP1
expression may have a functional consequence during tissular remodeling activity after
injury possibly associated with myelin removal. Interestingly, the importance of the UPR
in other tissues also involves activities beyond the control of protein folding, quality
control and lipid synthesis, where this pathway modulates cell differentiation and
dedifferentiation programs (Cornejo et al, 2013), a phenomena we predict will be
relevant also in the context of Schwann cell biology. XBP1 expression is fundamental

for the differentiation of many distinct cell types, including B lymphocytes (Zhang et al,
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2005; Reimold et al, 2001; Iwakoshi et al, 2003), zymogenic cells in the gastric
epithelium (Huh et al, 2010), exocrine pancreas and salivary glands (Lee et al, 2005),
among other cell types {Hetz et al, 2011). In chondrocytes, ER stress reprogram the cell
towards a dedifferentiation process into non-secreting cells, probably operating as a
protective response (Tsang et al, 2007); and a similar concept was recently validated in
cancer models (Del Vecchio et al, 2014). Differentiated myelin-forming Schwann cells
produce massive amounts of lipids and proteins, with transmembrane proteins
trafficking through the ER accounting for near 20-50% of total proteins (Patzig et al,
2011). Based on this fundamental aspect of Schwann cell physiology, it is feasible to
propose that this specific cell type may be more prompt to undergo ER stress after
sciatic nerve damage. In agreement with this concept, ER stress has been extensively
reported to drive oligodendrocyte death in models of multiple sclerosis (Lin & Popko,

2009).

In the same way, ER stress could be mediating adaptive mechanisms related to
changes in the differentiation stage of Schwann cells after nerve injury, having a
correlative effect on myelin degeneration, secretion of cytokines and chemokines and
possibly in the secretion of trophic factors that enhances regeneration, affecting directly
the recruitment of macrophages and the extension of regenerated axons. According to
this, XBP1 has also a relevant function in the innate immune system, controlling
cytokine production in macrophages (Martinon & Glimcher, 2011). Since IL-6 is
expressed by dedifferentiated Schwann cells and is involved in macrophage recruitment
(Tofaris et al, 2002), the possible contribution of the UPR to the inflammatory
microenvironment remains to be determined. Additional experiments in Schwann cells

of XBP1N* or Tg*®F'¢ mice, including the evaluation of myelinated-associated genes
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like PO, MBP or periaxin versus dedifferentiated markers (e.g. p75, krox24), together
with the expression of cytokines (LIF, TNF-a, MCP-1 and interleukins) will be required.
These experiments will help us to demonstrate the role of the UPR pathway in the local

events associated with the progression of the Wallerian degeneration mechanism.

Finally, we tried to differentiate the implications of UPR activation specifically in
the different cell types involved in axonal regeneration. We developed a gene therapy
approach for XBP1s using AAV treatment. Overexpression of the active form of XBP1
in sensory neurons demonstrated a remarkable increase in axonal regeneration,
suggesting that overexpression of the UPR machinery could enhance axonal
regeneration in a cell-autonomous manner. Since retrograde injury signals contributes
to the transition into a regenerative state (Jung et al, 2012; Rishal & Fainzilber, 2014),
local activation of IRE1a and XBP1 mRNA splicing may provide an axonal-ER signal
proximal to the site of nerve injury to engage a regenerative program in the neuronal
soma. A similar concept was recently reported for the ATF6 family member
LUMAN/CREBS (Ying et al, 2014). Local cleavage of LUMAN after axonal injury leads
to the retrograde transport of the basic leucine zipper transcription factor domain to the
nucleus, contributing to axonal regeneration (Ying et al, 2014). Importantly, LUMAN
also controls ER stress genes (Liang et al, 2006; DenBoer et al, 2005). Since XBP1s
and ATF6 heterodimerizes to control a subset of UPR target genes (Shoulders et al,
2013), and ATF6 can upregulate XBP1 mRNA (Yoshida et al, 2001), it will be
interesting to study if both LUMAN and XBP1s cooperatively modulate gene expression
programs associated to axonal regeneration. In addition, previous evidence
demonstrated that XBP1 promote neurite outgrowth and axonal branching in the

presence of the neurotrophic factor BDNF in culture CNS neurons (Hayashi et al,
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2007), providing evidence that suggest that in the PNS, overexpression of XBP1 in the
presence of injury-induced BDNF release (Zhang et al, 2008; Yao et al, 2013) might

enhance axonal regeneration.

Additional experiments including analysis of xbp7s in vitro in neurites of DRGs
explants by qPCR, specific measure of axonal XBP1s using a novel transgenic mice
model (XBP1s-GFP mice) by histochemical analysis and the analysis of the expression
of xbp1s in DRGs /n vivo after injury are being developed at the time in the lab to test

the idea of a retrograde injury signal in the neuronal-autonomous response.

To determine the specific role of Schwann cells in axonal regeneration, we tried
to exclusively transduce glial cells with XBP1s. Nevertheless, technical problems
precluded the completion of these experiments, including the AAV serotype used that
was directed to infect mainly neurons (AAV2.XBP1s/EGFP). In addition, using in vivo
electroporation a small fraction of Schwann cells were transduced. However, it will be
important to determine the role of UPR activation in Schwann cells and its contribution
to the process of axonal regeneration. Possible experiments would include the
development of specific AAV with glial serotype, the use of lentivirus particles or to
generate a conditional knockout mice for XBP1 using a glial promoter (XBP1™") to
target Schwann cells. This will help defining the specific impact of Schwann cells on

myelin removal and axonal growth.

Together, with all these results we proposed that after sciatic nerve damage, ER
stress is initiated in the Injury region triggering a UPR response, which then spreads
this signal to proximal regions through the axon to the neuronal soma, and distal along

Schwann cells. Previous evidence, in accordance with our results indicate a differential
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activation of the UPR pathways in which the PERK/ATF4 branch is not activated in
neurons and Schwann cells after this type of damage, while the IRE1/XBP1 pathway
has an important contribution in the local events of Wallerian degeneration, probably
related to the dediiferentiation of Schwann cells, secretion of cytokines and chemokines
and the recruitment of macrophages, significantly affecting the removal of myelin and
axonal debris. In addition, activation of XBP1s in the neuronal soma has a considerable
role in the extension of new regenerated fibers, probably related to the regulation of
regenerated associated genes, enhancing axonal growth. This, concomitant to the
clearance of distal debris and inhibitory factors promote axonal regeneration, and more
importantly, functional locomotor recovery, demonstrating for the first time a functional
impact of the UPR in Wallerian degeneration. Since new small molecules and gene
therapy strategies are available to target the UPR (Hetz et al, 2013), manipulation of the
ER proteostasis network might emerge as a new avenue for future therapeutic

intervention to improve axonal regeneration.
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9. Conclusions

We have demonstrated for the first time the relevance of the UPR in the events
of Wallerian degeneration and addressed the impact of this response in axonal

regeneration and locomotor recovery after peripheral nerve injury.

We observed that injury to the sciatic nerve triggers an increasing and sustained
UPR activation, specifically mediated by the IRE1a/XBP1 branch. Also, modulation of
XBP1 in neurons and glial cells has an effect in the clearance of myslin debris, axonal
regeneration and locomotor recovery after damage. We did not observed an effect in
ATF4 null animals, corroborating the specific impact of the XBP1 pathway. These
results suggest that UPR activation is related to the modulation of the local environment
near to the damaged area. Specifically, ER stress may be acting as an adaptive
mechanism of Schwann cells response to promote cell dedifferentiation, secretion of
trophic factors and cytokines to induce an efficient clearance of myelin and axonal

debris, key events for successful regeneration and locomotor recovery.

We also demonstrated that forced overexpression of XBP1s specifically in
neurons through gene therapy is sufficient to enhance axonal regeneration, suggesting
that the UPR might be also involved in other neuronal changes associated to
regeneration, like an early or more sustained expression of regenerating associated
genes. Importantly, these results suggest that similar therapies can be used as a
therapeutic strategy for peripheral neuropathies and neurodegenerative conditions in

the PNS or CNS.
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Further experiments are required to describe the precise mechanism of action of

the UPR in axonal injury, including the characterization of cytokines profile after injury

and the modulation of gene expression of key UPR components to demonstrate a

specific role of Schwann cells in this process.
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11. Supplementary data
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Supplementary Figure S1. Pharmacological UPR activation in sciatic nerve. (A) WT mice were
intraperitoneally injected with Tm or DMSO. After 16 hours, sciatic nerve, liver and brain cortex were
extracted for protein expression analysis. The ER chaperones BiP and ERp57 were evaluated and (B)
quantified by densitometry, normalized against the loading control Hsp90 and compared with control
treatments with DMSO.
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Supplementary Figure S2. Sciatic nerve damage triggers UPR activation. WT mice were injured and at
different days post-injury (dpi) a 5 mm region of the sciatic nerve was removed in the injured region
(medial, M) and adjacent proximal (P) and distal (D) for posterior analysis. ERp57 protein levels were
evaluated at (A) 12 and (B) 24 hours post injury (hpi). (C) Chop and Gadd34, expression was analyzed
from sciatic nerves by real-time PCR in uninjured conditions and at 2 dpi in distal nerve regions. For C),

data are expressed as mean + S.E.M.; Student's t-test; n = 3 animals per group.
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Supplementary Figure S3. Cre, Xbp1A and Xbp1s mRNA expression in XBP1"**" and Tg*®"'* mice,

respectively. (A) Cre recombinase expression was analyzed in cerebellum, DRGs and sciatic nerves of
XBP1"**" and XBP1"" mice by real-time PCR in uninjured conditions. (B) The deleted exon |l of the Xbp1
gene was measured by real time PCR in DRGs and sciatic nerves of XBP1"**" and XBP1"" mice by real-
time PCR in uninjured conditions. (C) Xbp7s mRNA expression was analyzed by real-time PCR in Tg*®"'®
and non-Tg mice in uninjured conditions. Data are shown as mean + S.EM,; *, p < 0.05; **, p< 0.01; ***, p

< 0.001. Statistical differences were analyzed by student's t-test; n = 3 animals per group.
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Supplementary Figure S4. Overexpression of XBP1s increases myelin removal and axonal

1 i o . .. 0
*8P1% and non-Tg mice were injured in the sciatic nerve and 11

regeneration at 11 days after injury. (A) Tg
days after damage nerves were extracted and stained with toluidine blue. Uninjured nerves were used as
control. Transversal sections of distal region were analyzed for degenerated myelins and remyelinated
fibers. (B) Quantification of degenerated myelins and remyelinated fibers showed in A. Data are shown as
mean + S.E.M. * p < 0.05. Data were analyzed by two-way ANOVA followed by Bonferroni post test; n = 3

animals per group.
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