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p75"R p75 neurotrophin receptor

PBS Phosphate buffer saline

PDK21 3-Phosphoinositide-dependent kinase 1
PH Pleckstrin homology

PI3K Phosphatidylinositol 3-kinase

PI(3,4) P2 Phosphatidylinositol (3, 4) bisphosphate
Pl (4,5) P2 Phosphatidylinositol (4,5) bisphosphate

Pl (3,4,5)P3 Phosphatidylinositol (3,4,5) trisphosphate

PKA Protein kinase A

PLCy Phospholipase C gamma

PMA Phorbol-12-myristate-13-acetate

PNS Peripheral nervous system

PS Phosphatidylserine

PSC Perisynaptic Schwann cell

PTB Phosphotyrosine binding domain containing proteins
PVDF Polyvinylidene difluoride
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gqRT-PCR Quantitative reverse transcriptase polymerase chain reaction
RACK Receptor for activated C-kinase

Rpm Revolutions per minute

SD Standard deviation

Ser Serine

SEM Standard Error of the Mean

SH2 Src homology 2

SODa Cu?*[Zn** superoxide dismutase 1

SPSS Statistical package for the social sciences

SR sarcoplasmic reticulum

TBE 2,2,2 tribromoethanol

TBST Tris-buffered saline-0.1% Tween-20

Thr Threonine

™ Turn-motif

TNF Tumor necrosis factor

TRICT Tetramethylrhodamine

TrkA Tropomyosin-related kinase A receptor

TrkB Tropomyosin-related kinase B receptor

TrkB.FL Tropomyosin-related kinase B receptor full length
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TrkB.Ta Tropomyosin-related kinase B receptor truncated isoform 1
TrkB.T2 Tropomyosin-related kinase B receptor truncated isoform 2
TrkC Tropomyosin-related kinase C receptor

VDCC Voltage-dependent calcium channel

o-BTX a-bungarotoxin

BIV5-3 Vi-containing cPKCRI inhibitor peptide

p-CgTx-GlIIB p-conotoxin GIIIB

Mg Microgram (10°%g)
pl Microliter (2071)
pm Micrometer (20°m)
pM Micromolar (10°M)
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ABSTRACT

The neuromuscular system is a complex and interconnected network in which
presynaptic motoneurons and Schwann cells “tell” skeletal muscle to grow, to
differentiate and how they should function. Conversely, skeletal muscle provides
signals, including neurotrophins, that regulates the survival and function of
motoneurons during development, maintenance and/or injury. Neurotrophins as
BDNF, are regulated by activity and binding to TrkB trigger different pathways that
impact on NMJ function, for example activating presynaptic PKCs. Thus, it is
important to address how operates pre- and postsynaptic activities in physiological
conditions to balance neuromuscular functionality through regulation of BDNF and
PKCsignalling. To address that, we stimulated the phrenic nerve of rat diaphragms
with or without contraction to differentiate the effects of synaptic activity from
that of muscle contraction. Then, we performed ELISA, Western Blot, qRT-PCR,
immunofluorescence and electrophysiological techniques. Results showed that
both synaptic activity and muscle contraction regulate cPKCBI maturation and
activation in a complex and balanced way through PDK1 and BDNF/TrkB signalling.
This regulation will determine NMJ functionality since our results also
demonstrated that cPKCBl is directly involved in neurotransmission enhancing ACh
release. However, what happens in a pathological context such us Amyotrophic
lateral sclerosis (ALS) where neuromuscular activity is decreased? Could therapies
as physical exercise, increasing activity, prevent the symptoms of ALS? To address
that, we performed running and swimming-based training protocols to analyse the
BDNF signalling in the plantaris muscle of SOD1-Gg3A mice by Western Blot.
Results showed thatin ALS disease where there is a loss of the connection between
nerve and muscle, BDNF signalling is impaired but could be prevented in a different
way depending on the nature and the intensity of the physical exercise imposed.
Altogether, these results provide a mechanistic insight into the coordinated role of

pre- and postsynaptic components to accurately preserve NMJ function.
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RESUMEN

El sistema neuromuscular es un complejo circuito interconectado en el cual las
motoneuronas presinapticas y células de Schwann indican al muUsculo esquelético
como crecer, diferenciarse y funcionar. Por otra parte, el musculo proporciona
sefiales, incluyendo las neurotrofinas, que regulan la supervivencia y las funciones
de las motoneuronas. Concretamente, la neurotrofina BDNF regulada por
actividad, al unirse a TrkB, puede activar diferentes vias incluyendo las PKCs. Por
consiguiente, es importante conocer cdmo opera la actividad pre- y post-sinaptica
en condiciones fisioldgicas para controlar la funcion neuromuscular a través de la
regulacion de BDNF y PKCs. Para realizarlo, se estimuld el nervio frénico del
diafragma de rata bloqueando o no la contraccion, para separar los efectos de la
actividad sinaptica y de la contraccion muscular. A continuacion, se realizaron las
técnicas ELISA, Western Blot, qRT-PCR, inmunofluorescencia y electrofisiologia.
Los resultados mostraron que tanto la actividad sindptica como la contraccion
muscular regulan la maduracion y la activacion de la ¢cPKCBI de una manera
compleja y balanceada a través de PDKa y BDNF/TrkB. Esto determinard la
funcionalidad de la sinapsis porque los resultados también mostraron que cPKCpI
potencia la liberacion de acetilcolina. Sin embargo, ;qué ocurre en la esclerosis
lateral amiotrofica (ELA) donde la actividad neuromuscular disminuye? ;Podria el
ejercicio fisico, incrementando la actividad neuromuscular, prevenir los sintomas?
Para abordar esto, se realizaron protocolos de entrenamiento basados en la
nataciony el running y se analizd |a via del BDNF en el muUsculo plantaris de ratones
SOD1-G93A mediante Western Blot. Los resultados mostraron que en ELA, la
sefializacion del BDNF estd alterada, pero se puede preservar este deterioro de
diferente manera en funcidon de la naturaleza y/o intensidad el ejercicio fisico
impuesto. En conjunto, aqui se muestra un planteamiento mecanicista del rol
coordinado entre los componentes pre- y post-sindpticos para preservar la funcion

sinaptica.
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RESUM

El sistema neuromuscular és un complex circuit interconnectat en el qual les
motoneurones presinaptiques i cél-lules de Schwann indiquen al muscul esquelétic
com créixer, diferenciar-se i funcionar. D’altra banda, el muscul proporciona
senyals, incloent les neurotrofines, que regulen la supervivénciailes funcions de les
motoneurones. En concret, la neurotrofina BDNF regulada per activitat, a l'unir-se
al TrkB, pot activar diferents vies incloent les PKCs. Per tant, és important conéixer
com opera l'activitat pre- i post-sinaptica en condicions fisioldgiques per controlar
la funcio neuromuscular a través de la regulacio del BDNF i PKCs. Per estudiar aixo,
es va estimular el nervi frénic del diafragma de rata amb o sense contraccio, per tal
de separar els efectes de I'activitat sinaptica i la contracciéo muscular. A continuacio
es van realitzar les técniques ELISA, Western Blot, qRT-PCR, immunofluorescéncia
i electrofisiologia. Els resultats van mostrar que tant I'activitat sinaptica com la
contraccié muscular regulen la maduracio i I'activacié de la cPKCBI d’una manera
complexa i equilibrada a través de la PDK1 y del BDNF/TrkB. Aixo determinara la
funcionalitat de la sinapsi ja que els resultats també van mostrar que la cPKCPI
potencia I'alliberament d’acetilcolina. No obstant, qué ocorre en I'esclerosi lateral
amiotrofica (ELA) on l'activitat neuromuscular disminueix? Podria |'exercici fisic,
incrementant I'activitat neuromuscular, prevenir els simptomes? Per abordar aixo,
es van realitzar protocols d’entrenament basats en la natacio i el running i es va
analitzar la via del BDNF en el muscul plantaris de ratolins SOD1-Gg3A mitjangant
Western Blot. Els resultats van mostrar que en I'ELA, la senyalitzacié del BDNF esta
alterada pero es pot prevenir aquesta afectacio de manera diferent en funcio de la
natura ifo intensitat de I'exercici fisic imposat. En conjunt, aqui es mostra un
plantejament mecanicista del rol coordinat entre els components pre- i post-

sinaptics per preservar la funcio sinaptica.
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INTRODUCTION

The vertebrate neuromuscular system is a complex and coordinate linkage of

muscles and nerves that includes:

- The skeletal muscles, which are generally attached to the skeletal system of bonds
and joints, and produce the forces needed for movements and the maintenance of
the body posture. The skeletal muscle is formed by fascicles of long contractile

tubular cells called myocytes or muscle fibres.

- The motoneurons (MNs), which can be split into two main classes: upper and
lower motor neurons. Upper MNs originate in the motor cortex in the brain and
project their axons into the spinal cord. Lower MNs cell bodies lie in the ventral horn
of the spinal cord, and are synapsed by upper MNs. The axons of lower MNs project
into the periphery where they form synapses. There are two main classes of lower
MNs: a-motor neurons and y-motor neurons. a-motor neurons have large cell
bodies and synapse extrafusal skeletal muscle, which is responsible for generating
tension by contracting (Kanning et al., 2010). y-motor neuron innervates intrafusal
skeletal muscle that comprises the muscle spindle (a sensory organ involved in
proprioception and monitoring muscle tension). y-motor neurons are not

responsible for eliciting muscle contraction (Kanning et al., 2010).

The specialised synaptic interface between a-motor neuron and the muscle fibre
they innervate is known as the motor endplate (because of its platter-shaped
outline) or neuromuscular junction (NMJ). This chemical synapse controls the
excitation of skeletal muscle and its mechanical response, which results in physical

movement.

Therefore, the neuromuscular system is comprised of individual motor units, each
of which features a single a-motor neuron and all the muscle fibres it innervates

(Baldwin et al., 2013). The MN and its muscle unit are inseparable in function
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because each action potential in the neuron activates all fibres of the muscle unit.

Thus, motor units are the indivisible quantal elements in all movements.

It is interesting to note that the nervous system and skeletal muscles are linked by

two important mechanisms of control:

(1) Synaptic control, by which muscle contraction is initiated by nerve impulses
generated in the brain cortex, the brainstem or through spinal cord neurons, and

continue by depolarization of the sarcolemma and electromechanical coupling.

(2) Neurotrophic control, which depends on the release of soluble factors that
regulate the development, differentiation, survival and function of neuromuscular
system components (Cisterna et al., 2014). Within the neuromuscular system, the
neurotrophic factors signalling at synapses involves MN and muscle fibres as well
as perisynaptic glia (Funakoshi et al., 1993, 1995; Matthews et al., 2009; Pitts et al.,

2006).

1. The neuromuscular junction

In the nervous system, information is propagated in networks of proper neuronal
connections. A NMJ is the essential specialized unit for communication between a
a-motor neuron, a target muscle cell, and surrounding Schwann cells. The position
of NMJs on the muscle fibre, the configuration of the nerve terminals within the
NMJ, and the extent of development of the postsynaptic region can vary according
to phylum and species, between different muscles in a given species, and between
different fibres in a given muscle. Despite these differences, all NMJs have four
principal components (Figure 1): 1. A Schwann cell that forms a cap above that
portion of the nerve terminal that does not face the postsynaptic region. 2. A nerve
terminal that contains the neurotransmitter. 3. A synaptic cleft lined with a basal
lamina. 4. A postsynaptic membrane that contains the receptors for the

neurotransmitter. In vertebrate voluntary muscle, the neurotransmitter is
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acetylcholine (ACh), the receptor is the nicotinic acetylcholine receptor (nAChR),

and the synaptic space contains acetylcholine esterase (AChE).

A
Dendrites
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Myelinated axon
Muscle fibre
B

Myelinic
Schwann cell

Nerve terminal

Mitochondria
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Figure 1. Motor neuron and neuromuscular junction structure. (A) Motor neuron, making
synaptic contact with several muscle fibres, together forming the motor unit. (B) In the NMJ,
the nerve terminal is positioned in the primary folds of the muscle fibre membrane and
covered with the perisynaptic Schwann cells (in blue). Nerve terminal contains synaptic
vesicles filled with ACh and upon arrival of a presynaptic action potential the vesicles fuse
with the presynaptic membrane at the active zones (releasing ACh in the synaptic cleft).
AChRs (in dark green) are located in the crests of the junctional folds and bind ACh,
triggering an ion current flow which underlies a depolarization that activates voltage gated
Na+ channels located in the depths of the folds. This results in a muscle action potential that
eventually induces contraction of the fibre. Adapted from Physiology of the Neuromuscular
Junction, Dr Clare Ackroyd and Dr C Gwinnutt by P. Cerezuela.

1.1. Schwann cells

In the Peripheral Nervous System (PNS), every neuron axon is wrapped by highly
specialised cells termed Schwann cells, which provide them with both structural
and metabolic support. Within a peripheral nerve, there are both myelinated and
non-myelinated axons, but all PNS axons interact with Schwann cells (Stevens and
Lowe, 2005). In a NMJ, the perisynaptic Schwann cell (PSCs; also known as terminal
Schwann cells), which wrap around the nerve terminal, contacts with the myocyte
and encloses the synaptic cleft, is amyelinic. On the other hand, the immediately
above Schwann cell wraps the axon in the typical myelinogenic manner (Figue 1;

Young et al., 2014).

PSCs have functional L-type voltage dependent calcium channels (VDCQ)
(Robitaille et al., 1996), muscarinic acetylcholine receptors (mAChR) (Georgiou and
Charlton, 1999; Jahromi et al., 1992; Robitaille et al., 1997), purinergic (Robitaille,
1995), and substance P (SP) receptors (Robitaille et al., 1996). PSCs express
receptors for neurotransmitters that have been identified at the NMJ (Ko and
Robitaille, 2015), such as ACh and adenosine triphosphate (ATP). Moreover, the
neurotrophins (NTs) and their receptors, are also found on PSCs (Belluardo et al.,
2001; Funakoshi et al., 1993; Koliatsos et al., 1993; Loeb et al., 2002). NT availability
at the NMJ is related to synapse activity, which is in agreement with the robust
changes in synapse structure associated with different activity levels. The

anatomical relationship between PSCs and the presynaptic and postsynaptic
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elements of the NMJ, as well as the presence of receptors capable of detecting
neurotransmission or substances able to modulate neurotransmission suggest that
synaptic activity is likely to provoke PSC responses that could modulate
subsequent synapse activity (Ko and Robitaille, 2015; Lin and Bennett, 2006;

Rochon et al., 2001; Todd et al., 2007, 2010).

1.2. Presynaptic region: the nerve terminal

Inside the target muscle (and, to some extent, in the nerve trunk) each motor axon
splits into many terminal branches. Normally, each adult twitch muscle fibre
receives only one terminal branch called nerve terminal, typically located in the
middle between the two ends of the fibre. In mammals, the presynaptic nerve
terminal splits up into several small twigs when contacting a muscle fibre called
synaptic end boutons. These final branches are thin (about 2um), unmyelinated,
and covered with Schwann cells but retains a rich concentration of membrane
associated voltage gated ion channels (Figure 1). The presynaptic nerve ending is
densely packed with small vesicles (synaptic vesicles) about 50-60 nm in diameter,
containing the neurotransmitter ACh. They also contain other compounds, such as
ATP, which are co-released with ACh and are thought to play a particularly
important signalling role during development. These vesicles are not present in a
random array; there are electron-dense guiding structures which leads vesicles
towards membrane sites, referred as active zones, at which their contents can be
released by exocytosis. In particular, active zones contain high levels of VDCC and
proteins involved in the fusion of synaptic vesicles with the terminal plasma
membrane (Zhai and Bellen, 2004). A queue of vesicles waits in front of each
release site, and these sites tend to be opposite to postsynaptic secondary clefts.
ACh is synthetized by choline acetyltransferase (ChAT), a transferase enzyme that
is produced in the body of the neuron and is transported to the nerve terminal,
where its concentration is highest. Both ACh production and loading of ACh into
synaptic vesicles depend (indirectly) on active transport processes that require

energy. To provide this energy, motor nerve terminals contain large numbers of
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mitochondria, located near the upper regions of the terminal, away from the
muscle-facing surface. In addition to the clear synaptic vesicles, a small number of
larger (70-100 nm) dense-core vesicles are also present. Although their function is
unknown; they may contain neurotrophic substances with an influence on muscle
(e.g. Calcitonin gene-related peptide; CGRP). Moreover, presynaptic terminal
contains neurotubuli, mMAChR which have functions in the maintenance and
synaptic efficacy (Abbs and Joseph, 1981; Caulfield, 1993; Ganguly and Das, 1979;
Nathanson, 2000; Parnas et al., 2000; Santafé et al., 2006), purinergic receptors
(Garcia et al., 2013) and NT receptors such as tropomyosin-related kinase B

receptor (TrkB) (Garcia et al., 2010a; Gonzalez et al., 1999).

1.3. Synaptic cleft lined with a basal lamina

A synaptic cleft separates the pre- and post-synaptic components of the NMJ,
spanning ~70 nm with the basal lamina, a highly specialized extracellular matrix
(ECM) made up of several molecules (Figure 1). AChE, the enzyme responsible for
the degradation of ACh, is found in high concentrations in these areas (Rotundo,
2003). Concretely, the catalytic subunits of AChE are anchored into the basal
lamina of the postsynaptic membrane by a collagen-like tail (Ohno et al., 2000).
Some experimental studies of muscle innervation in vitro indicate that both cells
contribute to AChE synthesis; most of the AChE comes from the muscle and a
smaller fraction from the MN (Jevsek et al., 2004). AChE activity is inhibited by high
concentrations of its substrate, ACh. Thus, only a small amount of ACh is
metabolized before it reaches the postsynaptic receptors. The synaptic basal
lamina plays an important role in NMJ development and regeneration, and in
specifying the molecular architecture and physiologic properties of the pre- and
postsynaptic membranes. Thus, the synaptic basal lamina contains factors that
guide regenerating nerve terminals to previously denervated NMlJs, induce
physiologic and morphologic maturation of the nerve terminal even in the absence
of the muscle fibre. Also, induce regeneration of the junctional folds and insertion

of AChR into the folds even in the absence of the nerve terminal (Burden et al.,
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1979; Glicksman and Sanes, 1983; Hall and Sanes, 1993; Sanes, 2003). The basal
lamina (20-15 nm thick) completely surrounds the external membrane
(plasmalemma) of the whole muscle fibre, extends throughout the central portions
of the primary and secondary synaptic clefts. Is comprised of arrays of laminin,
collagen, heparan sulfate proteoglycan (HSPG) to facilitate cell adhesion and
signalling processes. The short distance of the synaptic cleft in combination with
the high concentrations of neurotransmitter promote the rapid diffusion of ACh to
the opposite post-synaptic muscle membrane. Finally, AChE degrades ACh into 4
acetate and choline to terminate the signal efficiently and to halt the nerve impulse

(Rotundo, 2003).

1.4. Postsynaptic region: the muscle fibre

The skeletal muscle is formed by fascicles of long contractile tubular cells called
myocytes or muscle fibres. It is a cylindrical and multinucleated cell with a highly-
organized structure that is formed by the fusion of myoblast cells during
development. The resultant cell membrane is called sarcolemma and their fused

cytoplasm is called sarcoplasm.

The postsynaptic region of the muscle fibre consists of junctional folds in the
postsynaptic membrane and junctional sarcoplasm of the muscle fibre (Figure 1).
The postsynaptic region of the muscle fibre is specialized to respond efficiently and
rapidly to the neurotransmitter from the overlying nerve terminal. The post-
synaptic membrane is enriched with AChRs opposite the active zone, the density
of which (>10,000 receptors/umz2) is extremely high compared to the non-synaptic
area (~10 receptors/pmz2 in adults). The post-synaptic membrane invaginates to
form junctional folds beneath the nerve terminal. AChRs are concentrated at the
crests and upper parts of these folds. This organization ensures that acetylcholine
encounters a high concentration of AChRs within microseconds of release by the
nerve terminal, thereby facilitating membrane depolarization and favouring

efficient neuromuscular function. On the vertebrate skeletal muscle fibre, ACh
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binds to the AChRs to open the ligand-gated sodium channels, allowing sodium

influx to initiate muscle contraction.

Continuously with the base of the junctional folds, it is found the junctional
sarcoplasm. The amount of junctional sarcoplasm differs between different NMJs,
and even between different regions at a given NMJ. The junctional sarcoplasm
contains a varying complement of mitochondria, smooth and rough endoplasmic
reticulum, Golgi cisternae, lysosomal structures, small clear vesicles, microtubules,
intermediate filaments, and scattered glycogen granules. The region is traversed
by transverse tubules (T-tubules) that open into the secondary synaptic clefts. T-
tubules contact with sarcoplasmic reticulum (SR) and transmit the stimuli coming
from the neuron inside the myocyte. The known metabolic functions of the
junctional sarcoplasm include the synthesis and degradation of AChR, synthesis of
the end-plate specific species of AChE, and regulation of the subsynaptic ionic
environment. Multiple nuclei are adjacent to, or intermingle with, the junctional
sarcoplasm at each NMJ. At the mature NMJ, subsynaptic nuclei are specialized to
selectively transcribe mRNA for AChR subunits and for other NMJ-specific proteins

(Klarsfeld et al., 1991; Sanes et al., 1991; Simon et al., 1992).

2. Synaptic control

In all vertebrates, neuromuscular transmission involves the release of ACh from the
nerve terminal and its action on the muscle to trigger its excitation and contraction.
The NMJ is highly specialized to ensure that the main events in this complex

process take place within less than a millisecond.

2.1. From action potential to muscle contraction

As excitable cells, neurons can alter transitorily their membrane potential to

transmit electrical signals along their axons. This activity is achieved by significant
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influx or efflux of ions, thus modifying the typical charge gradient between intra-

and extracellular compartments.

When the motor neuron integrates the thousands of synaptic inputs that receives,
it sends an action potential to the distal nerve terminal. Within the cytoplasm of
the presynaptic nerve terminal ACh is contained in membrane-bound vesicles.
Each vesicle is believed to contain about 10.000 ACh molecules, which can be
released within 100 ms or so following a nerve impulse. These multi-molecular
packets are the elementary units of evoked ACh release. They are often referred to
as “quanta” of ACh, by analogy with the elementary units of electromagnetic
energy, and their release as “quantal” release. The action potential induces the
aperture of the VDCC, present on the presynaptic membrane, thereby causing an
increase in calcium influx which results in a significant increase in the rate of vesicle
fusion and exocytosis (Engel, 2008; Hughes et al., 2006; Robitaille et al., 1990;

Wood and Slater, 2001).

The mechanism for ACh release from the nerve is complemented by a high density
of AChRs in the postsynaptic membrane of the muscle fibre. These ligand-gated
ion channels open briefly when ACh binds to them. This causes an influx of positive
ions and a transient local depolarization of the muscle membrane. Since the NMJ
is sometimes referred to as the endplate, the signals associated with this charge
influx and subsequent depolarization are known as the endplate current (EPC), and
the endplate potential (EPP), respectively. The analogous much smaller signals
that result from the impact of spontaneously released single quanta of ACh are
known as miniature EPCs and EPPs. The EPP typically rises to a peak of some 25—
45 mV (from the resting potential of about 75 mV) in about 1 ms. As it does so, it
causes the opening of a second class of ion channels in the muscle fibre, the
voltage-gated Na* channels, thus initiating an action potential in the muscle fibre.
The action of the ACh is rapidly terminated by the action of the AChE associated
with the synaptic basal lamina, splitting ACh into acetate and choline. The choline
is subsequently transported by a high affinity uptake system into the nerve

terminal where it is eventually used to make more ACh.
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Muscle contraction

The muscle fibre is broken down into myofibrils and there are many myofibril units
in each muscle fibre or cell (Figure 2). Each myofibril consists of a series of
sarcomeres which are the smallest units of contraction (Clark et al., 2002). The
sarcomeres consist of highly organized protein assemblies that give the muscle
fibre a characteristic striated appearance. Contains longitudinal arrays of thick and
thin filaments (myofilaments) that are maintained in a hexagonal lattice by a
scaffolding network. The thin filaments consist of filamentous actin entwined by
tropomyosin and troponin, a calcium-binding protein. Thick filaments consist of
myosin, a large molecule with heavy and light chains. The myosin heavy chains
have a tail region and a globular head that can bind to the active sites on actin.
Myosin heads have ATPase activity, which is essential for the muscular contraction
process. Its ability to break up ATP to adenosine diphosphate (ADP) will allow it to
bind actin filaments and slide them. Thick filaments are formed by the assembly of
myosin monomers with their tails centrally and heads protruding outwards, with
an antiparallel orientation on opposite ends of the filament. The part dark stripe in
the middle of each sarcomere containing the thick myosin filaments with some
overlapping of the "loose" ends of the thinner actin filaments is called the A
band. The lighter | band contains only actin filaments. Itis the alternating pattern
of these A and | bands that gives skeletal muscle fibres their typical striated
appearance. The H bands represent the distance between the ends of the actin
fibres within the A band. The Z line is found at the other end of the actin fibres and

mark the border between two different sarcomeres (Figure 2; Lange et al., 2006).

When contraction is initiated by a muscle fibre action potential, calcium is released
from the SR binds troponin, uncovering binding sites on actin. This leads to the
formation of cross-bridges between actin and myosin. The ATPase activity of
myosin is enhanced by formation of cross-bridges, and when ATP is hydrolysed the
cross bridge is broken, freeing the myosin head to swivel to the next actin-binding

site. The repeated formation and cleavage of actomyosin cross-bridges produces
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Figure 2. Microscopic anatomy of a skeletal muscle fibre. (A) Photomicrograph of
portions of two isolated muscle fibres (700x). Notice the striations (alternating dark and light
bands). (B) Diagram of part of a muscle fibre showing the myofibrils. One myofibril extends
from the cut end of the fibre. (C) Small part of one myofibril enlarged to show the
myofilaments responsible for the banding pattern. Each sarcomere extends from one Z disc
to the next. (D) Enlargement of one sarcomere (sectioned lengthwise). Notice the myosin
heads on the thick filaments. (E) Cross-sectional view of a sarcomere cut through in different
locations. Adapted from Pearson Education by P. Cerezuela.
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the sliding action of thin and thick filaments that causes shortening of the
sarcomere and muscle contraction (Cooke, 2004; Huxley, 2000). The actomyosin
cross-bridges serve as the mechanical linkage between thick and thin filaments for
transmitting tension to the insertions of the muscle fibre. The amount of tension is
proportional to the number of cross-bridges, reaching a maximum at sarcomere
lengths when thick and thin filaments have the greatest overlap (Gordon et al.,

1966; Hill and White, 1968).

Histological and physiological studies have shown that most muscles contain a
mixture of muscle fibres with differing contraction speeds and force outputs. The
isoform of the myosin heavy chain (MHC) expressed in the muscle fibre is one of
the most important factors influencing the speed of contraction, because the rate
of ATP hydrolysis determines the speed of cross-bridge cycling and sarcomere
shortening (Bottinelli et al., 1996; Harridge et al., 1996). There are four major
isoforms of MHC expressed in mammalian skeletal muscles: MHC |, also called slow
myosin; and the three fast isoforms, MHC lIA and MHC I1X (also called MHCIID) and
MHCIIB. Type | muscle fibres have a slow twitch and use oxidative metabolism.
Type | fibres express MHC |, the slow isoform of myosin, and contain many
mitochondria. The metabolic profile and vascularization render Type | muscle
fibres highly resistant to fatigue, and thus suitable for sustained contraction under
aerobic conditions. Type Il muscle fibres are fast-twitch fibres, expressing fast
isoforms of myosin which exhibit strong ATPase activity at alkaline pH. Type lIA
fibres express the MHC IIA isoform of myosin and mitochondria are relatively
abundant. In addition, Type IIA fibres contain glycolytic enzymes, such as
phosphorylase, and have abundant glycogen stores. These metabolic properties
allow Type llA to function under aerobic and anaerobic conditions, and provide
them with a fairly high resistance to fatigue. Type IIX fibres express the fast isoform
of myosin, MHC IIX (also known as IID). Type lIX fibres have relatively sparse
mitochondria, but contain glycolytic enzymes and stores of glycogen. Type IIX
muscle fibres fatigue easily, but are suitable for short bursts of anaerobic exercise.

Type lIB fibres express a very fast form of myosin, the MHC IIB isoform, particularly
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in muscles with very fast speeds of contraction (Acevedo and Rivero, 2006; Rivero
et al., 1997, 1998; Rome, 2006). They produce ATP at a slow rate by anaerobic
metabolism and break it down very quickly. This results in short, fast bursts of

power and rapid fatigue.

Mammalian skeletal muscles are heterogeneous in nature and we can also find the
coexpression of different MHC isoforms in a fibre resulting in the formation of

hybrid fibres, which can be subdivided based on the predominant MHC isoform.

3. Neurotrophic control

Studies from mammalian NMJ have suggested that retrograde factors from muscle
fibres are vital for the stability of motor nerve terminals. Segments of nerve
terminal branches retracted rapidly after blockade of AChRs or removal of muscle
fibres (Balice-Gordon and Lichtman, 1994; Rich and Lichtman, 1989). Neurotrophic
control is responsible for the growth and survival of neurons and maintenance of
mature neurons and is mediated by the secretion of diffusible molecules in the
neuromuscular junction (Barde, 1990). Since the discovery of nerve growth factor
(NGF) by Levi-Montalcini, more than a dozen neurotrophic molecules have been
characterized (Levi-Montalcini, 1987; Poo, 2001; Sendtner et al., 2000). The group
of neurotrophic factors comprises the family of neurotrophins (NTs), the ciliary
neurotrophic factor (CNTF), leukemia inhibitory factor (LIF) family, the hepatocyte
growth factor (HGF) family, the family of insulin-like growth factors (IGFs), as well
as the family of glial-derived neurotrophic factors (GDNF) (Sendtner et al., 2000).
Among these neurotrophic factor families, the best studied group is NTs that

comprise small and closely related proteins (Bibel and Barde, 2000).

NTs can be broadly understood as any secreted factor that has nourishing,
sustaining and surviving effect on neurons and they are critical for the development
and maintenance of the nervous system (Skaper, 2012). They have emerged as a

key regulator of synaptic plasticity, supporting neuronal connectivity and
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protecting neurons from cell death in both, Central Nervous System (CNS) and PNS
(Chao et al.,, 2006; Kalb, 2005; Lewin and Barde, 1996; Oppenheim, 1991;
Reichardt, 2006; Riffault et al., 2014; Ruit et al., 1990). However, accumulating
evidence suggests that NTs play a more widespread role than originally thought.
Accordingly, they are the focus of study in numerous cell populations across
multiple tissue systems. Concretely, skeletal muscle acts as an abundant source of
neurotrophic support throughout development and expresses several NT receptors
(Gonzalez et al., 1999; Griesbeck et al., 1995; Ip et al., 2001; Kablar and Belliveau,
2005; Pitts et al., 2006; Sheard et al., 2002; Tessarollo et al., 1993). In adulthood,
there is well established a neurotrophic control interdependence between glial cells
and motor neurons (Ko and Robitaille, 2015; Michailov et al., 2004; Schulz et al.,
2014). However, more knowledge it is necessary to understand the relationship

between neurons, NTs and trophic actions on myofibres in vivo.

Currently the mammalian NT family consists of four structurally and functionally
similar members: Nerve Growth Factor (NGF), Brain-derived neurotrophic factor
(BDNF), Neurotrophin-3 (NT-3) and Neurotrophin-4/5 (NT-4/5), which share 50 %
similar amino acid sequence. They are dimeric ligands initially synthesized as
precursors or pro-neurotrophins, which are cleaved to produce the mature proteins
(Mowla et al., 2001). The actions of NTs depend on two different transmembrane-
receptor signalling systems: the Tropomyosin related kinase (Trk) receptor and p75
neurotrophin receptor (p75N™®) (Chao and Hempstead, 1995). NTs and their
receptors are expressed by all the cellular components of the neuromuscular
system (Funakoshi et al., 1993; Garcia et al., 2010b). Each proneurotrophin binds
p75N® which belongs to the Tumor Necrosis Factor (TNF) super family of receptors

and signals cell apoptosis (Lewin and Barde, 1996; McAllister et al., 1999).

Following maturation through proteolysis, each mature NT bind with low affinity
p75NTR (Kd=10° M) and the beneficial effects of NTs binding occur due to their
selective docking to the Trk receptors with high affinity (Kd=10"* M) (Dechant and

Barde, 2002; Kaplan and Miller, 2000).
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Figure 3. Neurotrophin-receptor interaction. Each proneurotrophin binds p75N™R and
following its maturation, each mature NT is able to bind and activate p75NTR, but with more
specificity to Trk receptors. NGF recognize specifically TrkA; BDNF and NT4 bind TrkB; NT3
activates TrkC. In some cellular contexts, NT3 is also able to activate TrkA and TrkB with less
efficiency. Trk receptors are transmembrane (TM) proteins with a tyrosine kinase (TK)
domain and an extracellular region. The extracellular region is composed by two cysteine-
rich motifs (CCa and CC2), a leucine-rich repeats (LRR) and two immunoglobulin-like
domains (IgC2). P75NR has an extracellular domain that includes four cysteine-rich motifs
(CR1-CRg), a single transmembrane domain and a cytoplasmic domain that includes a
‘death’ domain (DD). Adapted from Reichardt, 2006 by P. Cerezuela.

The function of these multiple receptors is complex since p75N™® and Trk receptors
can function independently, but in neurons that express both p75N™ and Trk, they

interact physically and functionally in ways that may alter the signalling properties
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of each (Bibel and Barde, 2000; Dechant and Barde, 2002; Roux and Barker, 2002).
Even though they are selective - NGF binds preferentially to tropomyosin-related
kinase receptor A (TrkA); BDNF and NT4/5 to TrkB; and neurotrophin 3 (NT3) to
tropomyosin-related kinase receptor C (TrkC) - they are not specific as for example
NT-3 can bind to TrkA (but with lower affinity than to TrkC) (Figure 3;
Pattarawarapan and Burgess, 2003). NT signalling through Trk receptors regulates
cell survival, proliferation, the fate of neural precursors, axon and dendrite growth
and patterning, and the expression and activity of functionally important proteins,

such as ion channels and neurotransmitter receptors (Huang and Reichardt, 2003).

In addition, each proneurotrophin preferentially binds p75N™?, rather than the Trk
receptors. For decades, proneurotrophins were thought to be biologically inactive;
the dogma was changed when in 2001, Hempstead and colleagues showed that

proneurotrophins binding to p75NTR

promote cell death (Beattie et al.,, 2002;
Hempstead, 2002; Lee et al., 2001). Thus, the interaction of mature NTs with Trk
receptors preferentially leads to cell survival, whereas binding of proneurotrophins
to p75NR leads to apoptosis (Beattie et al., 2002; Harrington et al.,, 2004;

Hempstead, 2002; Lee et al., 2001; Teng et al., 2005, 2010; Volosin et al., 2006).

This thesis is focused on BDNF signalling pathway that leads to protein kinase C
(PKC) activation. Therefore, following an overview of neurotrophic factors, BDNF

and its receptors will be further developed and discussed.

3.1 Brain-derived neurotrophic factor

BDNF was first purified from the mammalian brain based on its survival-promoting
action on dorsal root ganglion cells (Barde et al., 1982), and was classified as the

second member of the NT family of growth factors, after NGF (Cohen et al., 1954).
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Gene structure and regulation

The structural organization of the bdnf gene has been reviewed for mouse and rat
(Aid et al., 2007; Liu et al., 2006), and for human (Liu et al., 2005). Its structure and
regulation is complex: the bdnf gene produces 11 primary transcripts in rodents and
17 in humans, and each is characterized by a different 5-untranslated (UTR) exon
linked by alternative splicing to a common exon encoding the protein and the 3UTR
(Figure 4). Because the 3UTR contains two polyadenylation sites, each primary
transcript can exist in two forms, one with a short and the other with a long 3UTR,
producing a total of 22 (in rodents) or 34 (in humans) possible transcripts (Aid et al.,
2007; Pruunsild et al., 2007). All of transcripts are translated into an identical

mature dimeric protein, suggesting a multilevel regulation of expression (Aid et al.,

2007).
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Figure 4. Mouse and rat bdnf gene structure and transcripts. Schematic representation of
bdnf gene and its alternative transcripts. Adapted from Aid et al., 2007.

Bdnftranscripts are widely distributed, concretely, mouse and rat bdnf novel exons
I, V, VII, VIII, and IXA are differentially expressed in adult brain and in peripheral
tissues. In general, exons |, Il, and lll have brain-enriched expression patterns and

exons IV, V, and VI are widely expressed also in nonneural tissues (Aid et al., 2007).
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In addition, several studies show that the different BDNF mRNA isoforms are
localized to different subcellular areas (Calabrese et al., 2007; Chiaruttini et al.,

2008; Pattabiraman et al., 2005; Tongiorgi et al., 1997, 2004).

The complexity of the bdnf gene allows precise temporal and spatial regulation of
BDNF expression. The exons are controlled by distinct promoters that are
regulated by many stimuli depending on tissue-specificity and neural activity, age
as well as hormone exposure (Koibuchi et al., 1999; Lauterborn et al., 1996; Oliff et
al., 1998; Russo-Neustadt et al., 2000). These stimuli can activate different
transcription factors, which can then bind to different promoter regions of the bdnf

exons resulting in transcription of specific bdnf transcripts (West et al., 2014).

The best studied and probably the most potent BDNF transcription-inducing
stimulus is neuronal activity. It has been established that bdnf gene is strongly
regulated by neural activity through calcium-mediated pathways (Aid et al., 2007;
Mellstrom et al., 2004; Shieh and Ghosh, 1999; West et al., 2001). Specifically, the
expression of bdnf exons |, Il and IV is regulated in an activity-dependent manner
(West et al., 2014) and bdnf exon IV expression is strongly induced by elevations in
intracellular calcium concentration (Hong et al., 2008; Tao et al., 1998). Moreover,
kainic acid treatment induces a rise in intracellular Ca** levels and differential
activation of V, VII, VIII, and IXA BNDF mRNAs promoters in the hippocampus and
cerebral cortex of adult rat brain (Aid et al., 2007; Timmusk et al., 1993). In addition,
increased neuronal activity following physical exercise increase bdnf transcription
(Chen and Russo-Neustadt, 2009; Neeper et al., 1996; Russo-Neustadt et al., 2000).
The significance of this activity-requlated transcription of bdnf is emphasized by
the fact that BDNF is one of the major regulators of neuronal activity-dependent
neurotransmission and plasticity (Bramham and Messaoudi, 2005; Lu, 2003; Poo,

2001; Schinder and Poo, 2000).
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Processing, trafficking and secretion

Like all NTs, BDNF mRNA is translated into a precursor protein and then cleaved to
yield the mature form of the protein which consists of 118- 120 amino acids. BDNF
is synthesized as a pre-proBDNF, which enters into the endoplasmic reticulum (ER)
lumen through its N-terminal ‘pre’ sequence (signal peptide) (Greenberg et al,,
2009). The pre-sequence is removed by signal peptidases in the rough ER, resulting
in a 32-kDa proBDNF protein. The proBDNF isoform is then N-glycosylated and
glycosulfated (Mowla et al., 2001). The glycosylation increases the stability of
proBDNF during processing and subcellular trafficking. The pro-domain
participates in the proper folding and intracellular sorting of BDNF (Brigadski et al.,
2005; Lee et al,, 2001) and is not an inactive precursor of BDNF, but rather it is a
signalling protein in its own right (Pang et al., 2004). ProBDNF isoform can be
cleaved to produce the 14 kDa mature BDNF (mBDNF) inside the cell in trans-Golgi
network or post-Golgi compartments by pro-convertases and furin. Moreover,
proBDNF isoform can also be secreted as proBDNF without subsequent cleavage
or then cleaved outside the cell by matrix metalloproteinases (MMP-7 or MMP-9)
or plasmin (Lee et al., 2001; Lessmann et al., 2003; Pang et al., 2004; Seidah et al.,
1996). The mature proteins, which are about 14 kDa in size are form stable and non-

covalent dimers.

Nevertheless, both proBDNF and mBDNF are preferentially sorted and packaged
into secretory vesicles. BDNF can be secreted to the extracellular space in a
constitutive (i.e., spontaneous release) or regulated (i.e., in response to neural
activity) manner. This secretion is different between neuronal and non-neuronal
cells; Non-neuronal cell types (i.e., smooth muscle cells, fibroblasts) typically have
only the constitutive secretory pathway since they may not express molecular
components of the regulated secretory pathway (Kelly, 1985). However, neurons
and neuroendocrine cells have distinct reqgulated and constitutive secretory
pathways, although BDNF selectively traffics through the requlated, rather than
the constitutive, secretory pathway (related to its activity-dependent regulation)

(Farhadiet al., 2000; Griesbeck et al., 1999; Hibbert et al., 2003; Mowla et al., 1999).
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There are no studies reporting how NTs are sorted to either constitutive or
regulated pathways, but it is known that a polymorphism in the prodomain region
(BDNF val to met) reduces the activity-dependent secretion of BDNF through

interaction with sortilin (Bronfman et al., 2014; Chen et al., 2004, 2005).

It has been shown that NTs can be secreted not only by target tissues, which can
be postsynaptic neurons or other types of cells, such as muscle, but also by
presynaptic neurons, astrocytes, microglia, and glial cells, such as Schwann cells
and oligodendrocytes, having paracrine and autocrine actions on neurons and
other cell types (Bagayogo and Dreyfus, 2009; Bessis et al., 2007; Cao and Ko, 2007;
Dai et al., 2001; Lessmann et al., 2003; Ohta et al., 2010; Schinder and Poo, 2000;
Verderio et al., 2007; Yune et al.,, 2007). In the NMJ, the neurotrophic control
between Schwann cell, pre- and postsynaptic sites is crucial for the maintenance of
neuromuscular transmission (Gomez-Pinilla, 2011; Gomez-Pinilla et al., 2002;
Huang and Reichardt, 2001; Jiang et al., 2008; Lipsky and Marini, 2007; Mantilla and

Ermilov, 2012; Peng et al., 2003; Seeburger and Springer, 1993; Springer et al.,

1995).

3.2 Tropomyosin related kinase B (TrkB)

After secretion, BDNF binds its receptors (TrkB or p75N®), which can be located
along the axon, in the neuronal cell body, or at the NMJ (presynaptic neuron,

postsynaptic muscle cell and Schwann cell).

TrkB receptor was first cloned from mouse brain tissue because of its high sequence
homology to the NGF receptor TrkA (Klein et al., 1989). It is a high affinity receptor
for BDNF and NT- 4/5 and, in a lower affinity, NT-3.

Gene and structure
The TrkB gene (NTRK2) is located on chromosome g9q22, consists of 24 exons and
can produce multiple transcripts (Nakagawara et al., 1995; Stoilov et al., 2002;

Valent et al., 1997). TrkB exons can be grouped into six clusters (Figure 5); the first
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four exons contain G/C rich internal initiation entry sites (IRES) and recruit
transcription factors to transcription start sites (which are located in exon &)
(Dobson et al., 2005; Stoilov et al., 2002). The four most abundant gene products
are derived from translation start codon and alternative splicing: the full-length
TrkB (TrkB.FL; gp145), the C-terminal truncated receptor 1 (TrkB.T1; gpgs), a C-
terminal truncated Shc+ receptor (T-shcin humans; T2 in rat). And finally, the TrkB-
T-TK, a C-terminal truncated receptor lacking exon 23 and 24 but retaining tyrosine
kinase activity (Luberg et al., 2010). Exons 5—14 encode the extracellular domain
(ECD) of the TrkB receptor which contains a signal sequence for membrane
localization, post-translationally glycosylated cysteine and leucine rich regions,
and two immunoglobulin-like (IG-like) domains (Fenner, 2012; Schneider and
Schweiger, 1991; Shelton et al., 1995). The second IG-like domain is encoded by
exon 12 that has been postulated to be the region responsible for binding NTs
(Urfer et al., 1995). The transmembrane domain (TMD) of TrkB is encoded by exon
15 and exon 16 encodes the conserved intracellular domain (cICD) shared by
TrkB.T1 and TrkB.FL (and includes a stop codon that is part of the TrkB.Ta).
TrkB.FL has an extended intracellular domain encoded by exons 16—24, containing
exon 19 that is an alternative terminating exon which is used in the truncated
receptor form (TrkB-T-Shc). Finally, the sixth cluster contain exons 20—24 and

encode the tyrosine kinase domain (Middlemas et al., 1991).

The most abundantly expressed TrkB isoforms in the nervous system are
TrkB.FL and TrkB.T1 (Klein et al., 1989; Luberg et al., 2010; Stoilov et al., 2002).
TrkB.FLis generated from alternative splicing at exon 24, is a 140 kDa (~800
aminoacids) single-pass transmembrane receptor, with an extracellular ligand-
binding domain, a transmembrane domain and an intracellular tyrosine kinase
domain. TrkB.Ta (95 kDa) is generated from splicing at exon 16 with the same
extracellular ligand-binding domain, a transmembrane domain and lacks the
intracellular tyrosine kinase domain (Figure 5; Luberg et al., 2010; Stoilov et al,,

2002).
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Figure 5. Structure of TrkB gene. The TrkB gene encodes for at least 36 gene products due
to alternative splicing of its 24 exons. Exons 1—4 contain C/G-rich IRES. Exons 5-14 encode
the extracellular domain (ECD), exon 15 encodes the transmembrane domain (TMD), and
exon 16 encodes the conserved intracellular domain (cICD) shared by TrkB.T1 and TrkB.FL.
TrkB.FL has an extended intracellular domain encoded by exons 16—24, where exons 2024
encode the tyrosine kinase domain. Adapted from Barbara M. Fenner 2012.

The conserved extracellular domains of TrkB.T1 and TrkB.FL contains on the N-
terminus one cysteine-rich domain (CC1) separated from the second cysteine-rich
domain (CC2) by three consecutive leucine-rich regions (LRR). The LRR domain is
essential for high affinity binding and the immunoglobulin-like domain directs
ligand-binding specificity (See Figure 3; Haniu et al., 1997; Ninkina et al., 1997). The
cytoplasmic domains of TrkB.T1 and TrkB.FL are isotype specific after the first 12
intracellular amino acids. TrkB.FL contains a complex intracellular domain with a
tyrosine rich catalytic region (McCarty and Feinstein, 1998) and binding sites for
Shc and phospholipase C gamma (PLCy) among others (Huang and Reichardt,
2001). The short cytoplasmic tail of TrkB.T1 lacks the Shc, tyrosine kinase, and
PLCy regions (Luberg et al., 2010). The truncated cytoplasmic tail prevents TrkB.T1
from having catalytic activity, like TrkB.FL. While it is known that TrkB.T1 can
induce intracellular signalling the details of TrkB.T1 signalling are largely unknown

(Fenner, 2012).

In the neuromuscular system, both TrkB.FL and TrkB.T1 have been shown to be
expressed in neurons, muscle fibre membrane and Schwann cells (Armanini et al.,
1995; Funakoshi et al., 1993; Garcia et al., 2010b; Gonzalez et al., 1999). Developing
motor neurons express TrkB.FL (Escandon et al., 1994; McKay et al., 1996; Yan et

al., 1993), and expression persists into adulthood (Koliatsos et al., 1993; Yan et al,,
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1993). The expression of TrkB.T1 in motor neurons increases with age (Armanini et
al., 1995; Escanddn et al., 1994; Koliatsos et al., 1993), being the predominant

isoform expressed in the adult mammalian nervous system (Renn et al., 2009).

TrkB activation by BDNF and downstream signalling

Activation of downstream signalling cascades via TrkB receptor is a multi-phase
process. The extracellular domain of TrkB contains 12 consensus N-glycosylation
sites (Klein et al., 1989; Watson et al., 1999). N-glycosylation is an important
contributor to the structural stability and functionality of TrkB (Haniu et al., 1995)
that must be fully glycosylated for insertion into the cell membrane (Watson et al.,
1999). The TrkB receptors can be quickly translocated to the plasma membrane
from intracellular pools in response to BDNF stimulation or as a result of increased
neuronal activity (Du et al., 2000; Meyer-Franke et al., 1998). TrkB can also be
inserted to the cell membrane after intracellular transactivation (Puehringer et al.,
2013). In this way, BDNF activates TrkB on the cell surface, which leads to the

initiation of intracellular signalling cascades and different biological responses.

TrkB.FL

BDNF dimer binding to the TrkB extracellular region promotes receptor
dimerization, which activates the intrinsic tyrosine kinase domain, leading to
autophosphorylation on specific tyrosine residues in the activation loop (Y701,
Y706 and Y707; according to the sequence of TrkB in rat) (Reichardt, 2006). In
addition to activating the kinase domain, the phosphorylation of these residues can
lead to the transphosphorylation of others tyrosine residues (Cunningham et al.,
1997; Friedman and Greene, 1999): Ys5ig and Y816 an extensively studied
phosphorylation sites (Middlemas et al., 1994; Segal et al., 1996). This induce
conformational changes to create docking sites for different cytoplasmic
molecules and signalling enzymes triggering various parallel signal transduction
cascades, with distinct functions. Phosphorylated Y515 and Y816 (pY5i5 and

pY816, respectively) can serve as docking site for Src homology 2 (SH2) adaptor
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proteins and phosphotyrosine binding domain containing proteins (PTB)
(MacDonald et al., 2000; Qian et al., 1998). pY515 interacts with Shc or Frs2
adaptors and provides a mechanism for the activation of the (i) Ras—-mitogen-
activated protein kinase (Ras/MAPK) pathway and (ii) phosphatidylinositol-3
kinase —Akt pathway (PI3K/Akt). On the other hand, pY816 links Trk receptors to
the (iii) PLCy pathway (Figure 6; Obermeier et al., 1993). These downstream
signalling pathways mediate neuron outgrowth, neuronal differentiation or

survival (Pattarawarapan and Burgess, 2003).

The tyrosine phosphorylation that is in close proximity to the C-terminal region of
the TrkB receptor, Y816, leads to recruitment and activation of PLCy (Middlemas
et al., 1994; Obermeier et al., 1993) which hydrolyses phosphatidylinositol (4, 5)
bisphosphate (Pl (4,5) P2) into diacylglycerol (DAG) and inositol tris-phosphate
(IP3) (Carpenter and Ji, 1999). IP3 leads to release of calcium from intracellular
storages, which in turn activates Ca**-dependent enzymes such as
Ca**/calmodulin-reqgulated protein kinases (CaM kinases) and phosphatase
calcineurin. In addition, the CaMKII activate the cAMP response element-binding
protein (CREB), a transcription factor that recognizes regulatory elements in the
bdnf gene, activating its transcription (West et al., 2002). Thus, BDNF binding to
TrkB can regulate its own expression. Additionally, the release of Ca** and the
production of DAG also activate different PKC signalling pathways (Canossa et al.,
1997; Finkbeiner et al., 1997; West et al., 2001). BDNF acting via TrkB and PLCy IP3-
PKC signalling is important for regulating synaptic transmission, by increasing
intracellular calcium (Carmignoto et al., 1997; Levine et al., 1995; Li et al., 1998;

Sheng and Kim, 2002).

At the NMJ, TrkB.FL signalling in response to BDNF has been implicated in
neurotransmitter release (Garcia et al., 2010a; Kleiman et al., 2000; Knipper et al.,
1994; Lohof et al., 1993; Mantilla et al., 2004; Obermeier et al., 1993; Santafé et al.,
2001) and in the maintenance of presynaptic and postsynaptic apparatus

(Belluardo et al., 2001; Gonzalez et al., 1999; Loeb et al., 2002).
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Figure 6. Schematic representation of TrkB.FL signal transduction pathways. The
interaction between TrkB.FL and BDNF leads to phosphorylation of a number of tyrosines
(Y) in the tyrosine kinase domain. These phosphorylated residues serve as docking sites for
cytoplasmic proteins, such as Shc and PLCy, whose recruitment in turn leads to the
activation of the three main intracellular signalling pathways: PLCy, PI3K/Akt and
Ras/MAPK. Through these pathways, BDNF can induce neuronal survival, differentiation,
and proliferation. Although not represented in this model, there is extensive cross-talk
between these pathways. Adapted from Akil et al., 2016 by P.Cerezuela.

Moreover, contributes to the stabilization of polyinnervated NMJs during the
postnatal period of synaptic elimination (Garcia et al., 2010a). In addition, BDNF
has been shown to increase motor neuron survival (Henderson et al., 1993;
Sendtner et al., 1992; Yan et al., 1992) and promote the axonal growth of motor

(Braun et al., 1996) and sensory (Oudega and Hagg, 1999) neurons.
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TrkB.T1

The truncated TrkB.Ta1 receptor can bind and internalize BDNF with the same
affinity as TrkB.FL receptors. However, TrkB.T1 lacks the catalytic intracellular
tyrosine kinase domain and is therefore incapable of neurotrophic signalling, as

TrkB.FL can do it.

TrkB.T1 isoform inhibit the full length TrkB signalling in several ways: (1) function
as a dominant negative receptor when form heterodimers with the TrkB.FL (Eide
etal.,, 1996; Haapasalo et al., 2001), (2) sequester BDNF and thus limit and regulate
its availability in non-neuronal cells (Biffo et al., 1995; Fryer et al., 1997) and (3)
reduce the expression of the TrkB.FL on the membrane (Haapasalo et al., 2002).
However, the effects of TrkB.T1 are not just the regulation of TrkB.FL signalling,
they can also initiate intracellular signalling through their short intracellular domain
in astrocytes (Figure 7; Baxter et al.,, 1997; Fenner, 2012). TrkB.T1 domain interacts
with a Rho GDP dissociation inhibitor (GDI), and binding of BDNF to truncated
TrkB.T1 leads to the release of the Rho-GDI to inhibit Rho GTPases. This promotes
the rearrangement of the actin cytoskeleton, thus, initiating morphological
changes in astrocytic function (Fenner, 2012; Ohira et al., 2005). Moreover, it has
been reported an independent role of TrkB.T1 in glia Ca**signalling. BDNF
stimulation causes activation of a G protein that activate PLCy, IP3 signalling
(independently of TrkB.FL), and promotes Ca*'release from stores and Ca** entry
from the extracellular space (Rose et al.,, 2003). G protein also induce PKC
activation that drives cortical neural stem cells to adopt glial cell phenotypes,

regulating its morphology (Cheng et al., 2006).

In the neuromuscular system, the deletion of TrkB.T1 increases NT-dependent
activation of downstream signalling targets (e.g., Akt and p7o/ sk6) increasing
muscle contractility and improving neuromuscular function (Dorsey et al., 2012).
Moreover, overexpression of TrkB.T1 induces disassembly postsynaptic receptor
clusters at adult NMJ (Gonzalez et al., 1999). Because of their dominant negative
function over TrkB.FL, TrkB.T1 can negatively affect the survival role of BDNF
(Ninkina et al., 1997).
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Figure 7. TrkB.Tz intracellular signalling pathway in astrocytes. TrkB.T1 activates G
proteins to promote PKC signalling pathways that modulates gene expression and

astrocyte morphology (Cheng et al., 2006). G proteins also activates PLCy that results in
Ca>*release from stores and cytoskeletal changes (Rose et al., 2003). Moreover, TrkB.T1
domain interacts with a RhoGDI triggering RhoATPAse activity to induce cytoskeleton
rearrangement and filopodia output (Ohira et al., 2005). Adapted from Fenner, 2012 by P.
Cerezuela.

Trafficking and intracellular localization of the ligand-receptor complex

After ligation, the NT/receptor complex rapidly activates signalling pathways in the
plasma membrane and undergoes internalization. Both processes (insertion into
the cell membrane and the internalization of the receptors) are regulated by
neuronal activity and increase in intracellular calcium concentration (Du et al,,

2003).

The endocytosis of Trk receptors, which occurs by both clathrin dependent and -
independent mechanisms, as well as pinocytotic pathways (Shao et al., 2002), is a
crucial factor for the cellular localization of activated Trk receptor. NTs-Trk

complex is internalized into “signalling endosomes” that are associated with
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different signalling adaptors of the Ras-MAP kinase, PLC-y, and PI3-kinase
pathways (Delcroix et al., 2003). After endocytosis, the receptors are thought to
converge on peripheral early endosomes also named sorting endosomes (Doherty
and McMahon, 2009; Mayor and Pagano, 2007). From there, receptors enter into
recycling, retrograde transport, or degradation pathways (Howe and Mobley,
2004) depending on whether the receptors are targeted to recycling endosomes,
early endosomes or late endosomes/lysosomes (Di Fiore and De Camilli, 2001;
Sorkin and von Zastrow, 2002; Stenmark, 2009; van lJzendoorn, 2006). The
dynamics of intracellular trafficking, including through the endo-lysosomal system,
are coordinated by Rab GTPases, which are a large family of small GTPases that
control membrane identity and vesicle budding, uncoating, motility, and fusion
through the recruitment of different and diverse effector proteins (Stenmark,

2009).

TrkB.T1 and TrkB.FL receptors seem to be differentially recycled after BDNF-
induced endocytosis with TrkB.FL receptor degraded (targeted to the lysosomes)
more quickly than TrkB.T1 (Huang et al., 2009; Stenmark, 2009). In the peripheral
nervous system, early endosomes can be transported retrogradely along the axon
to the cell body to convey the survival signal. The first observation of retrograde
transport of activated Trk receptors was done using sciatic nerve injury, in which
the phosphorylated Trk receptors were accumulating in the distal side of the injury
indicating that the receptors were transported in clathrin-coated vesicles from the
axon terminal towards the soma (Bhattacharyya et al., 1997, 2002). In addition,
anterograde transport of TrkB following sciatic nerve injury has been reported

(Yano et al., 2001).

The efficiency of endocytosis and the recycling of the receptors back to the cell
surface is a mechanism that regulates the availability of the receptors for initiating
signalling. Finally, the efficiency of ligand/receptor degradation in late endocytic

pathways determine the duration of signalling inside the cell, thus having an
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important impact on cellular function (Bronfman et al., 2007, 2014; Miaczynska,

2013; Platta and Stenmark, 2011; Sorkin and von Zastrow, 2002, 2009).

3.3. P75NTR Receptor

In addition to Trk receptors all NTs bind to and activate p75N™® (encoded by NGFR)
(Rodriguez-Tébar et al., 1990; Rodriguez-Tébar et al., 1992). Most importantly,
proneurotrophins bind with much higher affinity than mature NT (Lee et al., 2001),
p75NTR is a transmembrane glycoprotein member of the TNF superfamily and
regulates a wide range of cellular functions depending with its interaction with co-
receptors or NTs. It includes programmed cell death, axonal growth and
degeneration, cell proliferation, myelination, and synaptic plasticity (Hempstead,
2002). But also, P75N™® as a monomer can interact with Trk receptors to increase
the specificity and the sensitivity to NTs (Bibel et al., 1999; Chao and Hempstead,
1995; Davies et al., 1993). Thus, increasing its signalling leading to neuronal

survival, neurite outgrowth, and axonal regeneration.

The receptor is expressed widely in nervous system, with expression in peripheral
neurons, in all the cellular components of the neuromuscular system (Cragnolini

and Friedman, 2008; Funakoshi et al., 1993; Garcia et al., 2010b).

p75VR is characterized by four cysteine-rich domains (CRDs) in its extracellular
region (See Figure 3; Baldwin and Shooter, 1995; Underwood and Coulson, 2008).
In the intracellular portion, in contrast to Trk receptors does not possess kinase
activities but comprises death domains that regulate apoptosis and cell death
through pro-apoptotic signalling in neurons, oligodendrocytes and Schwann cells,
linked to the binding of pro-neurotrophins (pro-NGF, pro-BDNF) (Beattie et al.,
2002; Chan et al., 2000; Gentry et al., 2004; Roux and Barker, 2002; Underwood

NTR can initiate

and Coulson, 2008). Indeed, proBDNF binding to Sortilin and to p75
programmed cell death by the association of these two receptors (Nykjaer et al.,
2005; Teng et al., 2005). ProBDNF has also been demonstrated to exert rapid

morphological effects on NMJ, where proBDNF secreted from myocytes induces
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retraction of motor neuron axons, as well as synaptic depression (Je et al., 2012;
Yang et al., 2009). In vivo experiments using mouse NMJ, showed that proBDNF
promotes the synapse elimination through p75N™Rand sortilin and mature BDNF
supports the survival of the synapses via TrkB (Je et al., 2013). Moreover, proBDNF
signalling via the p75N™® mediates the decreased transmission of synapses that
are activein an asynchronous manner compared to their neighbouring synapses

(Winnubst et al., 2015).

Hence, the cleavage process determines the functional fate of NTs, being able to
produce completely opposing functions. Uncleaved forms selectively triggering
p75N™R -mediated cell death and mature forms activating either p75N™® or Trk

receptors, depending upon the cellular context.

4. Protein Kinase C

PKC family, has emerged as essential for the control of aspects of higher-level
signal organization. PKC is a multigene family of serinefthreonine kinases that
comprises ~2% of the human kinome and are widely distributed in all cells (Lanuza
et al., 2014). These proteins can exist both in a soluble state in the cytosol and as a
membrane-anchored protein. PKC regulates many cellular processes and are
implicated in a wide range of G protein-coupled receptor as well as in other growth
factor-dependent cellular responses (Dempsey et al., 2000; Lanuza et al., 2014;

Tomas et al,, 2014).

PKC family are more than 14 isoforms and all contain a C-terminal catalytic domain
harbouring an ATP binding site (Pearce et al., 2010). The amino-terminal requlatory
domain is variable amongst the different isoforms and has a critical role for the

specific activity of each isozyme (Figure 8).
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Figure 8. Structure of PKC isoforms. PKC is composed of four conservatives (C1—C4) and
five variables (V1-Vs) regions. Ca region contains binding sites for DAG, phorbol ester,
phosphatidylserine, and the PKC antagonist calphostin C. C2 region contains the binding
site for Ca2*. C3 and C4 regions contain binding sites for ATP, some PKC antagonists, and
different PKC substrates. Adapted from Khalil, 2010 by P.Cerezuela.

The cloning of the first PKC isoform and its subsequent analysis revealed the
existence of four conservative domains (C1-C4, some regulatory and some
catalytic) d five variable regions (V1-V5). The regulatory region is like a functional
module to bind the membrane and includes the sequence of a pseudosubstrate (in
the N-terminal end of C1 domain), and the Ca and C2 domains. The catalytic region
contains the kinase domain, the catalytic domain, in which C3 and C4 contain the

ATP binding sites and the substrate recognition site to phosphorylate it.

PKCisoforms are classified into three structurally and functionally groups specified

by their divergent regulatory domains (Figure 8).

The conventional or classical PKCs (cPKCs). o, Bl, Bll, and y have the four
conserved regions (Ca—Cg4) and the five variable regions (V1-Vs). This family is
activated by a combination of DAG and phospholipid (as Phosphatidylserine; PS)

binding to their conserved region 1 (C1) which is presented duplicated as a tandem
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(C2A and CaB)in cPKC and nPKCisozymes. And moreover, by Ca**, a soluble ligand
that binds to the C2 domain. Both classic and novel PKC families are targets of the
tumour promoter PMA (phorbol-12-myristate-13-acetate) binding to the Ca

domain, which has been used extensively in the study of PKC function.

The novel PKCs (nPKCs), which include PKCS§, PKCe, PKCO and PKCn, are
activated by DAG and phospholipids (as PS) so they have the C1 domain. But they
do not respond directly to Ca** (Mellor and Parker, 1998) thus, lacking the C2

region.

The atypical PKCs (aPKCs) { and At have only one cysteine-rich zinc finger-like

motif and are dependent on PS, but not affected by DAG, phorbol esters, or Ca?*.

When inactive, PKC is auto-inhibited by a pseudosubstrate sequence (in the N-
terminal end of C1 domain), which occupies the substrate binding pocket (Pears et
al., 1990). PKC activation occurs when second messengers and/or allosteric
effectors bind to its regulatory domain, resulting in the release of the
pseudosubstrate sequence and the substrate binding and phosphorylation (Figure

9; Dutil et al., 2000).

Models of PKC activation have generally focused on the intramolecular interaction
between the pseudosubstrate domain and the catalytic pocket. However, there is
a second intramolecular interaction that is based upon PKC interactions with
receptors for activated C kinase (RACKs), a family of membrane-associated PKC
anchoring proteins. They act as molecular scaffolds to localize individual PKCs to
distinct membrane microdomains in close proximity with their allosteric activators
and unique intracellular substrates. It has been proposed that cells express a
unique RACK (with a distinct subcellular localization) for each PKC isoform and that
PKC-RACK interactions are essential for isoform-specific cellular responses (Daria

Mochly-Rosen et al. 1991; Mochly-Rosen & Gordon 1998).
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Figure 9. Mechanisms of PKC activation. In the inactive conformation, PKC is folded in
such a way to have an endogenous pseudosubstrate bind to the kinase region. PKC
activation takes place when PS, DAG or phorbol ester, and Ca?* allows PKC to be unfolded.
In this active conformation, the true substrate can bind to the kinase region. In the presence
of ATP, PKC causes phosphorylation of its substrate. Adapted from Khalil, 2010 by
P.Cerezuela.

4.1. Mechanisms of activation and inactivation of cPKC

The mechanisms involved in PKC activation have been extensively studied
(Newton, 2003, 2010; Parekh et al., 2000) and it is required different steps before is
able to phosphorylate its substrates. After activation, PKC is inactivated by

degradation.

Maturation process: transphosphorylation and autophosphorylation

PKCs undergo a process of maturation before the enzyme is able to become
activated (Newton, 2003; Parekh et al., 2000). PKC maturation includes a series of
phosphorylation steps that involves the three key phosphorylation sites on the C-
terminus known as the activation-loop (Aloop), the turn-motif (TM) and the

hydrophobic-motif (HM). All three sites are conserved in cPKCs and nPKCs, but the
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aPKCs do not contain an HM residue but instead possess a negatively charged
glutamic acid, perhaps mimicking a constitutively phosphorylated state (Keranen
et al., 1995). The first step is mediated by 3-phosphoinositide-dependent protein
kinase 1 (PDK1) and occurs at the Aloop site. After PDK1 phosphorylation, the TM
and the HM are exposed in the C-terminal domain and autophosphorylation takes
place leading to stabilization of the enzyme. However, other studies suggest that
after the phosphorylation of the Aloop by PDKi1, then TM and HM are
phosphorylated by mTORC2 (Facchinetti et al., 2008; lkenoue et al., 2008). The
mature PKC, now ‘primed’ for activation by DAG and Ca¥, is released into the
cytosol and kept in an inactive conformation by intramolecular interactions
between the N-terminal pseudosubstrate region and the kinase domain (Griner

and Kazanietz, 2007; Oancea and Meyer, 1998; Violin et al., 2003).

Recent finding shows that PKC phosphorylation on sites such as the Aloop may
occur much later during their life cycle and predominantly in response to cellular
stimulation. Therefore, PKCs can also exist in non/hypophosphorylated forms, with
cellular stimulation resulting in inducible phosphorylation at some or all of these
sites. For example, inducible phosphorylation has been reported for cPKCs
following stimulation (Freeley et al., 2011; Osto et al., 2008; Wang et al., 2007; Zhou

etal., 2003).

Activation process: binding of Ca** and DAG

Once that intracellular Ca?* and DAG increase, classical PKCs are tethered to the
membrane through calcium binding to the C2 domain, where it binds anionic
phospholipids. Once engaged on the membrane, DAG binding to the C1 domain
confers a high-affinity interaction between PKC and the membrane, an interaction
that is enhanced by stereospecific binding to PS. The coordinated engagement of
both the Ca and C2 domains on the membrane provides the energy to perform a
massive conformational change that releases the pseudosubstrate domain from
the substrate-binding site (Figure 9). This allows for substrate binding,

phosphorylation and the activation of downstream signalling effectors (Coldn-
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Gonzélez and Kazanietz, 2006; Griner and Kazanietz, 2007). Novel PKCs might
translocate to membranes slower than classical PKCs because they are not pre-
targeted by calcium, but this is compensated for by an increased affinity for DAG

(Giorgione et al., 2006).

Inactivation: proteolysis and degradation

After their activation, PKC is downregulated through a poorly understood
mechanism. The short half-life of DAG is probably key for reversing the activation
of PKC which results in the translocation of cPKCs-nPKCs back to the cytoplasm.
Prolonged PKC signalling that is promoted by phorbol esters or sustained DAG
signalling results in the downregulation of PKCs (Freeley et al., 2011; Lee et al.,
1996; Leontieva and Black, 2004; Lu et al., 1998; Newton, 2010). At least four
potential mechanisms that are not mutually exclusive have been proposed for the

down-regulation of PKC.

The first is a conformation-dependent protease sensitivity of PKC. Based on the in
vitro sensitivity of PKC to various proteases, Ca**-activated neutral proteases (such
as calpains) were hypothesized to degrade membrane-bound PKC (Pontremoli et
al., 1988). Down-regulation of PKCa and 6 in membrane fractions was partially
blocked by calpain inhibitor Il in muscle cells (Hong et al., 1995). The second
possibility is a vesicle-dependent, PKC activity-dependent PKC degradation. When
mammalian PKCs were expressed in fission yeast and activated with phorbol ester
treatment, increased vesicle traffic was noted (Goode et al., 1994). It has been
hypothesized that association of PKCs with the vesicles may lead to their targeting
to lysosomes or some other subcellular compartment where they are degraded
(Parker et al., 1995). The third potential mechanism is a proteasome-dependent
degradation involving ubiquitination. In human fibroblasts, PKCa and € were
ubiquitinated following activation with phorbol ester or with ligands for certain cell
surface receptors and then degraded by proteasomes (Lee et al., 1997). Finally,
proteolysis of PKC during apoptosis has suggested that PKC may be cleaved by a

caspase as part of an apoptosis pathway (Datta et al., 1997).
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4.2. PKC function at the NMJ

The specific cofactor requirements, tissue distribution and cellular
compartmentalization suggest differential functions and fine tuning of specific
signalling cascades for each isoform (Mochly-Rosen et al., 2012). Thus, specific
stimuli can lead to differential responses via isoform specific PKC signalling
regulated by their expression, localization and phosphorylation status in particular

biological settings.

Several PKC isoforms, differently regulated, have been localized at the NMJ
(Besalduch et al., 2010; Obis et al., 2015a). Specifically, PKCa, BI, €, 6, A,  are
localized in the motor nerve terminals; PKCa, Bll, 6, A, { are localized in the
postsynaptic component of the NMJ and PKCa, BlI, A, § are also localized in the
perisynaptic Schwann cells. This wide distribution of PKC isoforms at the NMJ, with
several isoforms present within a single cell, suggests that each mediates specific

intracellular functions.

Members of each group of PKC isoforms have been implicated in various cellular
phenomena (Besalduch et al., 2013; Hilgenberg and Miles, 1995; Lanuza et al.,
2000; Li et al., 2004; Perkins et al., 2001). During development, PKC activity is also
involved in synaptic elimination process due to the blockade of PKC by calphostin
C (CaQ) that increases the number of polyinnervated axons, allowing a delay in
synaptic elimination process. In the paradigmatic adult NMJ, whereas protein
kinase A (PKA) is tonically coupled to potentiate ACh release, PKC couples in a
regulated manner when several activity demands are imposed (Besalduch et al.,
2010; Santafé et al., 2005, 2006, 2009). In particular, it is known that nPKCe
coupling is clearly involved to maintain or potentiate ACh release in the NMJ in
several conditions (i.e. low frequency electrical stimulation-induced, high external
Ca** and inflow and PKA stimulation, among other; Obis et al., 2015). This isoform,
then, may be involved in the presynaptic function of maintaining and potentiating
transmitter release, probably by controlling the coupling of other PKC isoforms to

the ACh release.
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In the presynaptic membrane, mAChRs are an important self-control mechanism
of ACh release and PKC is also related with it. Specifically, blocking the muscarinic
mechanism results in a CaC-inhibitable PKC coupling and ACh release potentiation.
Thus, PKC become coupled on mAChR signalling inhibition (Santafé et al., 2006).
Moreover, there is also functional evidence indicating that there is an interaction
between TrkB receptors and PKC to modulate neurotransmission in NMJ (Santafé

etal., 2014).

Recently, in our laboratory it has been demonstrated that two exclusively PKC
isoforms located at the nerve terminal of the NMJ (cPKCPI and nPKCg) are
modulated by pre-synaptic and nerve-induced muscle contraction (Besalduch et
al., 2010; Obis et al., 2015a). The results suggest that the muscle cell contraction-
dependent increase in the presynaptic isoforms (Bl, o and €) in the synaptic zone
may require neurotrophic positive feedback from the postsynaptic component as a

result of the postsynaptic contractile activity.

5. Phosphoinositide-dependent protein kinase 1 (PDK1)

The discovery of the PDK1 as the upstream kinase for PKC represented an
important step to understand PKC regulation (Calleja et al., 2014; Cenni et al,,
2002; Chou et al., 1998; Dutil et al., 1998; Le Good et al., 1998). It was first purified
from tissue extracts as an enzyme that could phosphorylate the T-loop of PKB

(Thr3o8) in the presence of PI(3,4,5)P3 (Alessi et al., 1997a; Stokoe et al., 1997).

PDKazx is a Ser/Thr kinase with a catalytic domain near its N-terminal and a pleckstrin
homology (PH) domain at its C-terminal (Figure 10). PDK1 with its PH domain binds
to either PI(3,4,5)P3 and PI(3,4)P2 (produced by phosphatidylinositide 3-kinase;
PI3K) and to other phosphoinositides such us Pl(4,5)P2 (Alessi et al., 1997a; Currie
etal., 1999). This binding is necessary for targeting PDK1 to the plasma membrane.

Here, is optimal for activation (Yang et al., 20023, 2002b) to interact with and
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phosphorylate its substrates such as PKC (Balendran et al., 2000; Chou et al., 1998;

Dutil et al., 1998; Le Good et al., 1998).

S241 Ts513

L emw—vos IR s

Kinase domain PH domain

Figure 10. Schematic representation of PDKx structure. PDK1 protein containing a PH
domain C-terminal and its kinase domain. The major autophosphorylation sites critical for
PDKz activation are in red circles. Adapted from Calleja et al, 2014 by P. Cerezuela.

PDKz, like all other AGC kinases, requires phosphorylation at its Aloop residue
Ser241 in order to be activated (Casamayor et al., 1999; Wick et al., 2002). It is
ubiquitously expressed in cells and, surprisingly for an enzyme that regulates as
much as 23 agonist-stimulated AGC kinases, its own catalytic activity is not
stimulated by these agonists (Alessi et al., 1997b). Several regulatory mechanisms
and phosphorylation sites have been proposed to contribute to the regulation of
PDKz1 activity (Casamayor et al., 1999; Riojas et al., 2006; Wick et al., 2003; Yang et
al., 2008). The finding that bacterially expressed PDKz is fully active, indicated that
PDKa is autophosphorylated at its own Ser241 Aloop residue, perhaps explaining
why it is constitutively active in mammalian cells. Evidences indicated that PDK1
autophosphorylation at Ser241, is mediated by an intermolecular trans reaction,
rather than intramolecular cis reaction (Wick et al., 2003). Much research has
focussed on understanding how an enzyme that is always active is then capable of
phosphorylating in an inducible manner its myriad of substrates in response to

specific stimuli.

Different substrates of PDKi1 are phosphorylated and activated by distinct
regulatory mechanisms. The role of phosphorylation on the activity and stability of
cPKCs has been studied extensively and previously reviewed (Newton, 2003;
Parekh et al., 2000). The studies suggest that PKC Aloop phosphorylation is
necessary for activity and required for further phosphorylation of the TM and HM
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site, which are required for stability. A-loop phosphorylation by PDKz is, therefore,
indirectly required for the stability of conventional PKC isoforms. The activity of
PDKa toward conventional PKCs has been shown to be independent of
phosphoinositides (Sonnenburg et al., 2001). Rather, the conformation of PKCs
controls its phosphorylation by PDK1 (Newton, 2010): when PKC is in an open
conformation, the pseudosubstrate is removed from the substrate-binding cavity,
thus unmasking the Aloop site to allow phosphorylation by PDK1 (Dutil and
Newton, 2000). As described above, maturation of PKC requires priming
phosphorylation by PDKz1 at Aloop, but once PKC is further phosphorylated at the
TM and HM site, phosphorylation at Aloop becomes indispensable, at least for
cPKCBII (Dutil and Newton, 2000). Indeed, this site is dephosphorylated in a serum-
sensitive manner such that only about one-half of the pool of cPKC in cells cultured
in serum is phosphorylated on the Aloop, yet is quantitatively phosphorylated at

the TM and HM sites (Keranen et al., 1995; Newton, 2010; Sonnenburg et al., 2001).

A particular feature of cPKCs is that dephosphorylation causes aggregation, which,
in PKCa, parallels the neutral detergent insolubility of the dephosphorylated forms
that can accumulate in vivo (Bornancin and Parker, 1996; Parekh et al., 2000). The
instability of dephosphorylated PKC has also been verified in PDK1 knockout
embryonic cells, in which PKCs are not phosphorylated by PDKz1 and, as a result,
their levels are vastly reduced (Balendran et al., 2000; Williams et al., 2000). Taken
together, the results indicate that phosphorylation by PDKz is required for the

correct folding of PKCs in vitro and in vivo (Biondi, 2004).

Although the importance of PDK1 in PKC signalling has been well characterized,
the regulatory mechanism of PDKz1 activity is controversial and whether PDKz1 is

modulated by synaptic activity in the NMJ remains unknown.
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6. Neuromuscular disorders: Amyotrophic lateral sclerosis

Neuromuscular disorder is a broad term that encompasses many different
syndromes and diseases that either directly or indirectly impair the function of the

skeletal muscles.

One of the most common neuromuscular disorders is amyotrophic lateral sclerosis
(ALS) whose onset is in the adulthood, usually after the age of 5o. It has a
prevalence of about 2 people per 100.000 worldwide and is slightly more frequent
in men. ALS is a progressive neurodegenerative disorder characterized by the
selective degeneration of the upper motoneurons in the cerebral cortex and/or
lower motoneurons in the brainstem and spinal cord which causes muscular
weakness, atrophy and spasticity among other symptoms (Kiernan et al., 2013;
National Institute of Neurological Disorders and Stroke, 2017). It is a good example
in which the progressive interruption, at the neuromuscular junction level, of the
connection between nerve and muscle leads to the pathological non-

communication of the two tissues.

By the moment, despite of different new therapies based on stem cells, different
physical, nutritional and speaking therapies are the most useful techniques to
ameliorate life quality of ALS patients and further extensive research should be

done (National Institute of Neurological Disorders and Stroke, 2017).

About 9o% of ALS cases are sporadic and the remaining 10% of ALS cases are
familial (FALS). At least 10 different loci (ALS1-10) have been suggested to cause a
“pure” ALS phenotype by genetic linkage, and disease-causing mutations have
been described for seven of these (SODz1 [ALS1], Alsin [ALS 2], SETX [ALS 4], FUS
[ALS 6], VAPB [ALS 8], ANG [ALS 9] and TARDBP [ALS 10]; Valdmanis et al., 2009).
In about 20% of FALS cases, the cause can be attributed to a mutation in the
Cu**/Zn** superoxide dismutase 1 (SOD1), a ubiquitously-expressed free-radical
defence enzyme (Rosen et al., 1993). The mutations cause misfolding of this
normally stable homodimeric protein (Zheng et al., 2004) but the exact mode of
action of mutant SOD1 remains unclear. Multiple possibly interrelated mechanisms

have been postulated that cause MNs death: toxic intracellular aggregation of
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mutant SOD1, oxidative damage, mitochondrial dysfunction, RNA binding and
destabilization, alterations in axonal transport, growth factor deficiency, and
glutamate excitotoxicity (Rothstein, 2009). Overexpression of mutant forms of
human SODz such as SOD1 (Gg3A) in transgenic mice mimics human ALS disease
symptoms and progression (Gurney et al., 1994). To date, SOD1 (Gg3A) is one of

the best characterized mouse models to study ALS.

It is widely accepted that ALS is caused by MN degeneration. However, NMJ
degeneration precedes and may even directly cause MN loss. Many mechanisms
explaining NMJ degeneration have been proposed such as the disruption of
anterograde/retrograde axonal transport, irregular cellular metabolism, and
changes in muscle gene and protein expression (Cleveland and Williamson, 1999;
Zhang et al.,, 1997). A major hypothesis in the latest ALS research is the "distal
axonopathy" with pathological changes occurring at the NMJ, at very early stages
of the disease, prior to motoneurons degeneration and onset of clinical symptoms
(Moloney et al., 2014). Morphological alterations of NMJs are present since an
early-stage of the disease and may significantly contribute to functional motor
impairment in ALS patients that result in muscle atrophy and paralysis. Therefore,
the loss of normal NMJ may be the cause of motoneuron death due to the loss of
nerve-muscle contact and the resulting disruption of the neurotrophic and
neuromotor control. It has been demonstrated that neuromuscular transmission is
impaired in presymptomatic (4—6 weeks old) ALS mice compared to age-matched
controls (Rocha et al., 2013), which is a sign of NMJ destruction. Moreover, other
electrophysiological changes in electrical excitability or conduction velocity disrupt
the necessary interactions between the nerve terminals, muscle fibres and
perisynaptic Schwann cells required for appropriate NMJ formation and this leads
to a delay in maturation of the NMJ in presymptomatic animals (Blijham et al.,
2007; Caillol et al., 2012; van Zundert et al., 2008). Therefore, the abnormal NMJ
function of presymptomatic ALS mice could lead to a destabilization of it and

finally of MN. Because of that, maintaining neuromuscular activity in partially
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denervated muscles extends motor units survival time over the course of the

disease (Gordon et al., 2010).

Itisimportant to note that studies in the mouse model SOD1(Gg3A) has shown that
ALS disease preferentially involves specific MN and muscle fibre types. There is a
pattern of preferential loss of larger MNs innervating faster muscle fibres. Hegedus
and colleagues suggested that MNs innervating the slower muscle fibres are more
resistant than those innervating the faster ones (Hegedus et al., 2007, 2008).
Moreover, it is described that in the fast-twich muscles plantaris and tibialis, only
the fast IIB fibres were atrophied in ALS mice. In addition, these muscles suffered a
significant fast-to slow transition from fast-twitch type Il fibres to slow-twitch type
| fibres and, within the type Il fibre population, from type IIB/IIX to lIA fibres

(Deforges et al., 2009).

Training exercise has been proposed to provide a beneficial therapy during the
early or late stages of ALS (Drory et al., 2001; Pinto et al., 1999). The beneficial
effects are based on the cellular adaptations induced by training exercise in the
brain, spinal cord, and skeletal muscles that could counteract the oxidative stress
complication in ALS. For instance, training exercise increases the capacity of
antioxidant enzymes and reduces lipid peroxides in brain regions of rats (Husain
and Somani, 1997). In skeletal muscle, training reduces oxidative stress following
exercise (Miyazaki et al., 2001), increases the mitochondrial capacity (Holloszy et
al., 1970), and increases the expression of neurotrophic factors, as BDNF (Gomez-
Pinilla et al., 2001). The latter could be particularly beneficial in ALS because
neurotrophic factors could prevent MN degeneration, preserve muscle innervation,
and inhibit muscle atrophy (Acsadi et al., 2002; Elbasiouny and Schuster, 2011;
Manabe et al., 2002; Sun et al., 2002). However, over the last decades, several
evidences have supported the administration of neurotrophic factors to ameliorate
the ALS disease process, but with limited success, possible due to the consequent

NTR implicated in ALS (Henriques et al., 2010; Krakora et al., 2012).

activation of pys
There are also studies that refer that the practice of physical exercise has barely

effective (Drory et al., 2001) or even negative effects (Harwood et al., 2016) for ALS
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patients arguing that muscles affected by ALS do not have enough resistance to
oxidative stress and practicing physical exercise would even aggravate the
situation. Thus, it is important take into account the type of exercise and how it
impacts in ALS disease. Deforges et al. (2009) reported for the first time, that
exercise impacts on all neural cell distribution in ALS spinal cord with an efficiency

dependent on the nature of the exercise.

In summary, all the molecular changes occurring at the NMJ, independently of its
origin, influence the stability of the synapse during the course of ALS. For that
reason, it is essential to know how inducers of instability and protectors of NMJ
integrity are balanced to maintain the appropriate structure and function of the

NMJ.
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HYPOTHESIS AND OBJECTIVES

Bl HYPOTHESIS

Previous studies suggested the existence of a retrograde factor influenced by
synaptic activity-induced muscle contraction that could modulate presynaptic PKC

at the NMJ (Besalduch et al., 2010; Obis et al., 2015a).

We hypothesize that synaptic activity and muscle contraction are closely
coordinated to regulate: (1) BDNF/TrkB signalling pathway modulating
presynaptic cPKC isoforms (a, Bl) to balance synaptic function and (2) PDK1
activation to maturate cPKC in skeletal muscle. In concordance with that, a
decreased neuromuscular activity in ALS model mice, changes BDNF levels and
induces modifications in its receptors. Moreover, an increased neuromuscular
activity induced by exercise prevents the ALS-induced modifications in BDNF

signalling.
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OBJECTIVES CHAPTER|

M GENERAL OBJECTIVE

To investigate the involvement of synaptic activity and muscle contraction in
(1) BDNF/TrkB signalling pathway modulating presynaptic cPKC isoforms (o,
BI) to control neurotransmission and (2) PDKa activation to maturate cPKC in

skeletal muscle.

l SPECIFIC OBJECTIVES

1. To determine whether synaptic activity and muscle contraction affect

proBDNF and mBDNF protein levels in the skeletal muscle.

2. Todetermine whether BDNF receptors, TrkB.FL (and its phosphorylation),
TrkB.T1 and p75"™ are modulated by synaptic activity and muscle

contraction in the skeletal muscle.

3. Todetermine whether cPKCa and cPKCBI (and their phosphorylation), are
modulated by synaptic activity and muscle contraction in skeletal muscle.
Moreover, to determine whether they are regulated by the activity-induced

action of BDNF/TrkB signalling.
4. Tolocalize PDK1 in the NMJ.

5. To determine whether PDKz1 (and its phosphorylation) is modulated by

synaptic activity and muscle contraction in skeletal muscle.

6. To specify whether PDK1 and cPKCP (and their phosphorylation) are
modulated by synaptic activity and muscle contraction in the cytosol and

membrane fraction of skeletal muscle.

7. Todetermine whether cPKCBI is involved in neurotransmission.
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OBJECTIVES CHAPTERII

This Chapter has been done in collaboration with the Neuromuscular degeneration

and plasticity team (UMR-S 1124) in Paris Descartes University (France) and it was

possible thanks to Prof. Frédéric Charbonnier and Dr. Olivier Biondi. All training

protocols were carry out in their laboratory and then, plantaris muscles were sent

to Rovira i Virgili University where muscles were analysed by Western Blot.

Hl GENERAL OBJECTIVE

To characterize whether BDNF and its receptors (TrkB and p75"™®) are affected

in ALS disease and whether the modulation of neuromuscular activity by

exercise in a pathological context like ALS, could affect the levels of BDNF,

TrkB and p75N™R.

l SPECIFIC OBJECTIVES

To determine whether BDNF protein levels are affected in skeletal muscle
of ALS mice (SOD1Gg3A) and whether they could be modulated by two
different types of physical exercise (running and swimming-based
training).

To determine whether TrkB.FL (and its phosphorylation), TrkB.T1 and

NTR are affected in skeletal muscle of ALS mice (SOD1Gg3A) and

P75
whether they could be modulated by two different types of physical

exercise (running and swimming-based training).

To determine whether running and swimming-based training promotes

different effects in ALS mice.
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METHODOLOGY

Animals

Sprague-Dawley rats

To perform the first Chapter of this thesis, we used Sprague-Dawley rats of 40-50
days (Criffa, Barcelona, Spain). The animals were cared for in accordance with the
guidelines of the European Community Council Directive of 24 November 1986
(86/609/EEC) for the humane treatment of laboratory animals. All the procedures
realized were reviewed and approved by the Animal Research Committee of the
Universitat Rovira i Virgili (URV; Reference number: 0289) in accordance with Llei
5/1995 and Decret 214/1997 of Generalitat de Catalunya. All rats were maintained
on the animal facility in standard cages under standards conditions: constant
temperature (220+2°C), relative humidity (50+10%) and a 12-hour light/dark

schedule. Standard rodent chow and clean water were available ad libitum.

To carry out the experimental procedures, animals were anesthetized with 2%
tribromoethanol (TBE). Once the animal was deeply anesthetized (lacking the
reflexes), we proceeded to the handling and their sacrifice by making a cut in the
jugular vein. As fast as possible, started the dissection procedure avoiding the
degradation processes. At least five independent animals (n > 5) were used to

evaluate the following techniques.

SOD1 G93A mice model

The mouse line employed in the Chapter Il of the present work is the SOD1-Gg3A
transgenic mice (also called B6SJL.SOD1-Gg3A). It has been extensively
characterized to study ALS. These transgenic mice express high levels of the
transgene (up to 25 copies) composed of the human SODz1 gene carrying a glycine
to alanine transition in the position 93 (Gg3A mutation) (Chiu et al., 1995). The
mutation induces misfolded proteins that form aggregates with toxic proprieties

and cause the loss of function of other proteins. Moreover, those aggregates induce
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the collapse of the proteasome, the depletion of chaperones and the dysfunction
of organelles such as mitochondria which increases oxidative stress (Boillée et al.,
2006). Similar to ALS patients, SOD1-G93A mice, develop muscle weakness and
atrophy along with symptoms such as spasticity, limb-grasping and clonus.
According to Chiu and colleagues (1995) mice reached the humane end point at 136
days of age, which was defined as 10 % loss of body weight or inability to right
themselves within 30 seconds when placed on their side. Further pathological
studies revealed that, as occurs in ALS patients, these mice have a progressive loss
of MNs starting at 100 days of age. By end stage, a 50 % loss of MNs is detected in
the spinal cord and concretely, there is a pattern of preferential loss of larger MNs
innervating faster muscle fibres (Chiu et al., 1995; Fischer et al., 2004; Gould et al.,
2006; Hegedus et al., 2007, 2008). Electrophysiological studies confirmed the
behavioural data showing a loss of muscle strength from 40 days of age. Events of
denervation and reinnervation of skeletal muscles are detected from 47 days of
age, moreover evidence of axonal degeneration is present in ventral roots from 8o

days of age (Chiu et al., 1995; Fischer et al., 2004).

The SOD1 mouse model remained for ~15 years the primary rodent model used for
studying ALS, as SOD1 mutations represented until then the most frequent known

genetic cause of familial ALS (~20% of familial cases).

Transgenic male mice with the G93A human SOD1 mutation B6SJL-Tg (SODz1-
G93A) 1Gur/) (ALS mice) were purchased from The Jackson Laboratory (Bar
Harbor, ME, USA). B6SJL male mice (Janvier, le Genest, France) served as a control
for this mutant strain. Animals were cared in accordance with the Ministere de la
Recherche et de la Technologie (France) guidelines for the detention, use and ethical
treatment of laboratory animals. All mice were kept on the animal facility under
standards conditions: constant temperature (22°+2°C), relative humidity (50+10%)
and a 12-hour light/dark schedule. All experimental procedures which included
minimizing the number of animals used and their suffering were approved by the
policies of the French Agriculture and Forestry Ministry. Disease onset was defined

as the time corresponding to the first observation of myotonia symptoms in the

102



UNIVERSITAT ROVIRA I VIRGILI

COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero

Methodology

mice hind limb. Death was scored when mice were unable to stand on their feet 30

seconds after having been placed on their side. It is referred from now as ALS mice.

The study of NMJ: skeletal muscles

Skeletal NMJ have been used for many years for the study of neurotransmission,
synapsis structure and plasticity. It is an ideal model because they are highly
accessible, relatively simple, functionally uniform, and so much larger than central
synapses that their size and shape can be assessed light microscopically (Sanes and

Lichtman, 1999).

Levator auris longus

Levator auris longus (LAL) muscle was described by Denise Angaut-Petit et al.
(1987) and it is located under the dorsal skin in the area of the head and neck
allowing the movement of the ears (Figure 11). It contains cranial and caudal
portions that originate from the midline of the cranium and extend laterally to the
cartilaginous portion of each pinna. It is innervated by facial nerve and consists of
fast-twitch muscle fibres (Erzen et al., 2000) which are arranged in five or six layers

of cells in the cranial portion (5.25 + 0.78, Lanuza et al., 2001).

Figure 11. Schematic representation of levator auris longus muscle. (A) LAL muscle as it
appears when the skin is removed on the dorsal aspect of the head and neck. (B) Dissected
LAL muscle of adult rat placed in a Petri dish with Sylgard. (C) Whole mount preparation
showing the distribution of the nerve (silver impregnation). Bar represents 1.2 mm in (C). (A)
and (C), adapted from Angaut-Petit et al., 1987.
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We used LAL muscle to perform immunohistochemistry (IHC) technique offering
advantages to study the NMJ model because of its thinness and its superficial
location. First, offers a good visibility of the global facial nerve endings without
having to make sections (Lanuza et al., 2001, 2014). Second, antibodies can easily
penetrate the muscle allowing to perform high quality imaging in IHC technique.
Third, a small applied volume ("5opl) easily covers the entire muscle surface and
permits visualization and analysis of almost all the NMJs within the muscle. Last,
its easy removal and handling permits the maintenance of the physiological

conditions as long as possible.

Diaphragm muscle

The diaphragm is a thin, elliptically shaped muscular structure separating the
thoracic and abdominal cavities (Figure 12). It is the primary muscle of the
inspiratory pump and it can be anatomically divided into 2 hemidiaphragms (right
and left). Together with the rib cage and abdomen it gives rise to the chest wall. It
receives its entire innervation from the phrenic nerve and it is a slow muscle in large
mammals and a fast muscle in rat and mouse (predominantly type IIX fibres;
Schiaffino et al., 1989). Nerve stimulation simultaneously recruits all motor units
and uniforms the heterogeneous level of activity of the fibres. In this thesis,
diaphragm muscle was used to perform mRNA and protein analysis (qQRT-PCR,
ELISA and Western Blot after stimulation protocols), immunohistochemical (IHC)
and functional analysis (electrophysiology). It has been described as a useful model
of flat, thin muscle (typically 10-15 fibres thick) to study synaptic function
(Besalduch et al., 2010; Chand et al., 2015; Obis et al., 20153; Rosato Siri and
Uchitel, 1999; Urbano et al., 2003). The good visibility of the individual muscle
fibres, motor axons and terminals allows accurate electrophysiological studies of
presynaptic signals. The size of the muscle allows to collect a fairamount of sample
for WB procedures and its anatomic division in two hemidiaphragms allows to
perform the experimental condition in one hemidiaphragm and use the other as its

control. Moreover, the length of the phrenic nerve and its accessibility help to
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dissect and stimulate it and thus study independently synaptic activity and muscle

contraction.

Figure 12. Schematic representation of diaphragm muscle. (A) Rodent diaphragm
structure with the phrenic nerve distribution. (B) Two hemidiaphragms of adult rat placed
in a Petri dish with Sylgard with the phrenic nerve (arrows). (C) Whole mount preparation
showing the nerve branch supplying a band of motor end plates (cholinesterase-silver). Bar
represents 200 pm in (C). (A) and (C), adapted from Comerford and Fitzgerald, 1986.

Plantaris muscle

The plantaris muscle consists of a small, thin muscle belly, that courses along the
posterior aspect of the leg as part of the posterosuperficial compartment of the calf
(Figure 13). It is a two-joint muscle, meaning its action can influence both joints
involved. It contributes to ankle flexion if the foot is free, or to bending the knee if
the foot is fixed. Due to the high density of muscle spindles within the muscle, the
plantaris is thought to be an organ of proprioceptive function for the larger, more

powerful plantarflexors such as the triceps surae muscle (Spina, 2007).

We used plantaris muscle to perform Western Blot analysis after training protocols
in ALS mice. It is a fast-twich muscle that is comprised mostly of faster fibre types
(I1X = 41%, IIX/IIB = 28%, and IIB = 20% in mice; Denies et al., 2014). As ALS
preferentially involves loss of larger MNs innervating faster muscle fibres, plantaris
muscle is a good model to attempt a first approach at studying skeletal muscle

degeneration in ALS (Chapter Il).
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Gastrocnemius

Plantaris

> .
Fiber types: [1IB ]

Figure 13. Schematic representation of plantaris muscle. (A) Anatomical location of
plantaris muscle in mouse hindlimbs. (B) Dissected plantaris muscle of mouse placed in a
Petri dish with Sylgard. (C) Myofibrillar ATPase staining showing the different fibre types
in the plantaris muscle (containing a mixture of fast fibre types) (Denies et al., 2014). Bar
represents 100 pm in (C).

Antibodies

Table 1 provides an overview of the antibodies and neurotoxins used in this thesis

and the corresponding method.

Antigen Conjugate Host Dilution Source Method
AChR (a-BTX) TRITC 1/800 Molecular probes IHC
BDNF Rabbit 1/100 Santa Cruz wB
GAPDH Goat 1/200 Santa Cruz WB
Na/K-ATPase Mouse 1/100 DSHB WB
NF-200 Mouse 1/1.000 Sigma IHC
NT-4 Rabbit 1/500 Merck Millipore WB

106



UNIVERSITAT ROVIRA I VIRGILI

COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero

Methodology
p75NTR Goat 1/500 Merck Millipore WB
PDK21 Mouse 1/200 Santa Cruz WB

PDKa (ser 241) Rabbit 1/500 Cell Signalling WB
cPKCa Rabbit 1/800 Santa Cruz WB
PKCa (Ser657) Rabbit 1/1.000 Merck Millipore WB
cPKCBI Rabbit 1/800 Santa Cruz WB/IHC
cPKCBI (thr 642) Rabbit 1/500 Abcam WB
S-100 Mouse/Rabbit  1/1.000 Acris antibodies/ Dako  IHC
Syntaxin Mouse/ Rabbit  1/1.000 Sigma/ Cell Signalling  IHC
TrkB Rabbit 1/200 Santa Cruz WB
TrkB (tyr 816) Rabbit 1/500 Merck Millipore WB
IgG/Goat HRP Rabbit 1/10.000  Molecular probes WB
IgG/Mouse  Alexa 488/647 Donkey 1/400 Molecular probes IHC
IgG/Mouse HRP Rabbit 1/10.000 Sigma WB
IgG/Rabbit  Alexa 488/647 Donkey 1/400 Molecular Probes IHC
IgG/Rabbit HRP Donkey 1/10.000 J.Immunoresearch WB

DSHB: Developmental Studies Hybridoma Bank
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Reagents

Table 2 provides a list of reagents used in the different experimental procedures.

Working

Reagent Source Function

Solution

To inhibit sarcolemmal voltage-dependent
pu-CgTx-GlIIB Alomone 1.5uM sodium channels (VDSCs) without affecting
synaptic ACh release (Favreau et al., 1999)

TrkB antibody BD Transduction To inhibit the extracellular subdomains IgCa

|
clone 47/TrkB Laboratories 10 ug/m and IgC2 of TrkB.

h-BDNF Alomone 10mM To mimic the effect of endogenous BDNF.
Tyrosine )
) 100-fold To ensure protection of TrkB from
phosphatase Sigma dilution dephosphorylation
iluti ion.
inhibitor phosphory

To disrupt the interaction between cPKCBI
and its specific BI-RACK. This inhibits its
translocation to the membrane and its

BIV5-3 inhibitor Kindly provided by Dr.

tid Mochly-Rosen from 10 uM
peptide

Stanford University ivati
activation.

Presynaptic electrical stimulation of muscles

To study separately the effect of synaptic transmission from the effect of the

muscle cell contraction in Chapter |, we designed 3 main experiments as show table

3.
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Exp. Control treatment Treatment Outcome
No stimulation, blocked Stimulation, blocked contraction
contraction
1. Hemidiaphragm extraction. Effect of
1. Hemidiaphragm extraction. 2. p-conotoxin GlIIB preincubation. presynaptic
2. p-conotoxin GIIIB preincubation. 3. Phrenic nerve stimulation with stimulation
# 3. Incubation in Ringer solution contraction blocked.
without stimulation.
-
o s .
~___7 S
Stimulation, blocked contraction Stimulation, contraction
1. Hemidiaphragm extraction. 1. Hemidiaphragm extraction.
2. p-conotoxin GlIIB preincubation. 2. Preincubation in Ringer solution. Effect of muscle
3. Phrenic nerve stimulation with 3. Phrenic nerve stimulation with contraction
#2 contraction blocked. contraction.
~ 4
Qe VSN &
7 ~ ~
No stimulation, not blocked Stimulation, contraction
contraction Effect of
1. Hemidiaphragm extraction. presynaptic
1. Hemidiaphragm extraction. 2. Phrenic nerve stimulation with stimulation with
2. Incubation in Ringer solution contraction. contraction.
#3 without stimulation.
-
e PR s
~— ~— ~—

Table 3. Summary of the electrical stimulation experiments applied to extracted rat

diaphragms.

Diaphragm muscle was excised together with its nerve supply and was placed in

oxygenated Ringer solution (in nM: NaCl 137, KCl 5, CaCl2 2, MgSO4 1, NaH2PO4

1, NaHCO3 12 and glucose 12.2mM) continuously bubbled with 95% O2/5% CO2 at

room temperature. Finally, it was dissected into two hemidiaphragms, one for the

treatment condition and the other one was used as its control. The phrenic nerve

was stimulated ex vivo at 1 Hz by an A-M Systems 2100 isolated pulse generator (A-
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M System, Carlsborg, WA). The frequency of 1 Hz allows the maintenance of
different tonic functions (e.g., PKC activation) without promoting synaptic
plasticity (e.g., facilitation). To separate the effect of synaptic transmission from
the effect of the muscle cell contraction, we performed experiments in which
contractions were prevented using p-CgTx-GlIIB or not. Visible contractions of the
diaphragm muscle served to verify successful nerve stimulation. Phrenic nerves
were stimulated for 30 minutes unless otherwise noted. In all the cases, a minimum
of 5 animals were used. The experimental design of the treatments is shown in
table 3.

In Experiment #a, synaptic activity was assessed comparing presynaptically
stimulated muscles blocked by p-CgTx-GIIIB with non-stimulated muscles also
incubated with p-CgTx-GlIIB, to control for nonspecific effects of the blocker. In
Experiment #2, muscle contraction per se was determined comparing
stimulated/contracting muscles with stimulated muscles for which contraction was
blocked. In Experiment #3, the effect of complete synaptic activity with resulting
muscle contraction was assessed comparing stimulated/contracting muscles with

non-stimulated muscles.

Training protocol

To study the effects of exercise in ALS mice in Chapter ll, at 70 days of age, different
training protocols were carry out for 30 minutes a day, 5 days a week as performed
in previous studies (Gronard et al., 2008). Training was performed until 115 days of

age or until death (Figure 14).

Swimming training: this training is associated with high frequency and amplitude
hindlimb movements that preferentially activate a sub-population of fast
motoneurons (with soma area greater than 700 pumz2). Moreover, in plantaris
muscle of ALS mice, this training efficiently prevents the fast-to-slow transition of
fibres types that occurs during the disease, preserving the ALS muscle phenotype

close to the controls muscles (Deforges et al., 2009). In this study, animals were
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submitted to a swimming-based training program in an adjustable-flow swimming
pool. The mice swam in a narrow lane, against an adjustable current of water. This
swimming pool was specifically designed to train mice for an extended period of
time. The mice were forced to swim due to the need to keep the head above water
for breathing. They could not stop moving for more than a few seconds
(Charbonnier and Soude, 2006, Patent FR 06 53772). The water flow was increased
during 4 days up to 4 L min™. These trained animals are referred from now as

Swimming ALS mice.

Running training: this training is associated with low hindlimb movement amplitude
and frequency exercise, preferentially activating a sub-population of slow
motoneurons (with soma area less than 300 pm2). In plantaris muscle, this training
is associated with a fast-to-slow transition of fibres types, worsening the effects of
the disease in ALS mice (Deforges et al., 2009). Animals were submitted to a
moderate running-based training on a speed regulated treadmill. During of 4 days
the speed was progressively increased to 13m min-*. These trained animals are

referred from now as Running ALS mice.

A third and fourth group of ALS and control mice (Untrained ALS and Control mice)
were studied in parallel and only displayed an exploratory activity for the whole
duration of training of the previously described animal groups. Once the training
was finished, plantaris muscles were carefully dissected and frozen in liquid
nitrogen. Then, the muscles were sent from Paris Descartes University (France) to

our laboratory to perform Western Blot technique.

Figure 14. Different training protocols applied. (A) Swimming-based training, a high-

frequency and -amplitude exercise. (B) Moderate running-based training, a low-frequency
and -amplitude exercise.
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Sample processing

Total lysate

Following standard protocols of stimulation, diaphragm muscles with the phrenic
nerve were dissected, frozen in liquid nitrogen and stored at -80°C before use.
Moreover, after receiving plantaris muscles from Paris Descartes University,
samples were kept at -80°C until processed. They were both muscles homogenized
using a high-speed homogenizer (overhead stirrer, VWR International, Clarksburg,
MD) in ice-cold lysis buffer (in mM: NaCl 150, Tris-HCl (pH 7.4) 50, EDTA 1, NaF 5o,
PMSF 1, sodium orthovanadate 1; NP-40 1%, Triton X-100 0.1% and protease
inhibitor cocktail 1% (Sigma-Aldrich, Saint Louis, MO, USA). Protein lysates were
obtained collecting supernatants after removing insoluble materials by
centrifugation at 10009 for 10 minutes at 4°C and then at 150009 for 20 minutes at
4°C. Protein concentrations were determined by DC protein assay (Bio-Rad,
Hercules, CA, IL). Diaphragm samples were used to perform Western Blot and
BDNF ELISA assay in Chapter | and plantaris samples to carry out Western Blot in
Chapterl.

Membrane and cytosolic fractionation

To isolate the membrane and cytosolic fractions, after stimulation protocols,
dissected diaphragm muscles were directly homogenized in ice-cold lysis buffer
without detergents (in mM: NaCl 150, Tris-HCl (pH 7.4) 50, EDTA 1, NaF 50, PMSF
1 and sodium orthovanadate 1 and protease inhibitor cocktail (1/100)). The
homogenized samples were cleared with a centrifugation at 1.000g at 4°C for 10
minutes, and the resulting supernatant was further centrifuged at 130.000g at 4°C
for 1 hour. The supernatant corresponded to the cytosolic fraction and the pellet,
to the membrane fraction. The latter was resuspended in lysis buffer (in mM: NaCl
150, Tris-HCl (pH 7.4) 50, EDTA 1, NaF 5o, PMSF 1, sodium orthovanadate 1; NP-40
1%, Triton X-100 0.1% and protease inhibitor cocktail 1%). Validation of the purity
of the subcellular fractionation was determined by examining the presence of

fraction-specific housekeeping proteins like GAPDH for cytosol and Na/K-ATPase
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for membrane by Western blot. Protein concentrations were determined as

previously described. Samples were used to perform Western Blot in Chapter .

BDNF ELISA assay

The BDNF Emax ImmunoAssay System (Promega Cat# G7610) was used to
measure the amount of total BDNF (pro- and mature) in total lysates of stimulated
diaphragm muscles. The protocol was performed according to the manufacturer’s
instructions and using a Sunrise Tecan A-5082 microplate reader set to 450 nm.
Data was analysed with Magellan software (Tecan Group Ltd.) and the amount of
detected BDNF was normalized to a standard curve and to the total protein content

determined with the colorimetric assay (Bio-Rad).

Western Blot

To study BDNF/TrkB/PKC signalling pathway at the protein level, as well as PDKz,
we performed Western Blot analysis. Samples of 15 or 30 pg were separated by 8%
or 15% SDS-polyacrylamide electrophoresis and electrotransferred to
polyvinylidene difluoride (PVDF) membranes (Hybond™-P; Amersham, GE
Healthcare). The membranes were blocked in TBST containing 5% (W/V) nonfat
dry milk or 5% bovine serum albumin (BSA) and probed with the primary antibody
overnight at 4°C (Table 1 describes the information of each antibody used). The
membranes were incubated with the secondary antibody and visualized by
chemiluminescence with the ECL kit (Amersham Life Science, Arlington Heights,
IL). As a control, pre-treatment of a primary antibody with the appropriate blocking
peptide (between three- and eightfold by weight) in skeletal muscle tissue was

used to confirm its specificity preventing the immunolabelling.

The blots were imaged with the ChemiDoc XRS+Imaging System (Bio-Rad,
Hercules, CA). The densitometry of the resultant bands was analysed with the

Imagel software (Imagel). GAPDH and Na/K-ATPase proteins were used as loading
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controls, as well as total protein staining (Sypro Ruby protein blot stain, Invitrogen).
The integrated optical density of the bands was normalized with respect to (1) the
background values and to (2) the total protein transferred on PVDF membranes,
measured by total protein analysis (Aldridge et al., 2008). Specific phosphorylation
was determined as the ratio of phosphorylated protein to total protein content.
The relative variations between the experimental samples and the control samples
were calculated from the same membrane image. The data were taken from
densitometry measurements made in at least five separate experiments, plotted

against controls.

Gene expression analysis

Gene expression analysis was done in collaboration with Michigan State University
(United States). To determine changes in BDNF mRNA levels, four BDNF exons (IV,
VI, VIl and IX) were studied by qRT-PCR. After 30 minutes of treatment (Table 3),
diaphragm samples were frozen in RNase-free tubes in liquid nitrogen, sent to
Michigan State University (United States) and held at -80°C until processed.
Instruments used for dissection were cleaned with RNaseZap (Sigma-Aldrich)
between animal harvests. RNeasy Fibrous Tissue Mini Kit (Qiagen) was used to
extract RNA from muscle samples. Tissue was mechanically homogenized with a
PRO200 homogenizer (Pro Scientific). Following extraction, RNA was quantified on
a spectrophotometer (Beckman DU 530) by measuring 260 nm absorbance values.
Extracted RNA was then reverse transcribed using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems) with the following thermocycle: 25°C for 10
minutes, 37°C for 2 hours and 85°C for 5 minutes. Each qRT-PCR sample included
2.5 ng of cDNA, primers, and Power SYBR Green PCR Master Mix (Applied
Biosystems). Thermocycle for the quantitative step on the ABI PRISM 7000
Sequence Detection System was as follows: 50°C for 2 minutes, 95°C for 10
minutes, and 4o cycles of 95°C for 15 seconds and 60°C for 1 minute. A dissociation
curve was determined for each well to confirm that only one product was amplified.

Each sample was run in triplicate. Samples without reverse transcriptase during the
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cDNA conversion were also assessed to ensure that there was no DNA
contamination. The reference gene was 18S (400nM  primers:
GGAGCCTGCGGCTTAATTTG and CCACCCACGGAATCGAGAAA). In each
experiment, we confirmed that levels of the reference gene were equivalent
between treatment groups. Transcripts of four BDNF exons were quantified: IV
(activity-dependent; 200nM  primers:  ACTGAAGGCGTGCGAGTATT and
GGTGGCCGATATGTACTCCTG), VI (activity-dependent; 200nM  primers:
TCGCACGGTCCCCATTG and GGTCTCATCAAAGCCTGCCA), VI (activity-
independent;  400onM primers:  AAACAAATTCTGCCAGTCCTGC  and
TTGGATAACTGCTCTGCTCCG) and IX (total transcripts; 200nM primers:
GTCAAGTGCCTTTGGAGCCT and TGTTTGCGGCATCCAGGTAA). Optimal

concentrations and amplification efficiencies were calculated for each primer set.

Immunohistochemistry and confocal microscopy

Diaphragm and LAL muscles were processed by IHC to detect and localize cPKCpI
and PDKz1 at the NMJ. There are target proteins commonly used to detect NMJ
components: nerve by neurofilament or syntaxin, Schwann cell by S-100 and
nAChR by a-bungarotoxin conjugated with tetramethylrhodamine (TRICT) (Figure
15). The information of each antibody and toxin is described in the table above

(Table 2).

Whole muscle mounts were fixed with 4% paraformaldehyde for 30 minutes. After
fixation, the muscles were rinsed with PBS and incubated in 0.1 M glycine in
phosphate buffer saline (PBS). The muscles were permeabilized with 0.5-1% Triton
X-100 in PBS, and nonspecific binding was blocked with 4% BSA. Then, muscles
were incubated overnight at 4°C in mixtures of primary antibodies raised in
different species and then rinsed. The muscles were then incubated for 4 hours at
room temperature in a mixture of appropriate secondary antibodies. The
secondary antibody specificity was tested by incubation in the absence of primary

antibody. In multiple-staining protocols, omitting either one of the two primary
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antibodies completely abolished the corresponding staining and there was no
cross-reaction with the other primary antibodies. At least three muscles were used

as negative controls.

Figure 15. Example of neuromuscular junction (NMJ) labelled. (A) The conventional IHC

labelling the nerve terminal with neurofilament. (A1) Merge of neurofilament-200, S-100
and a-bungarotoxin (a-BTX). (A2) Nerve terminal labelled with neuroflament-200 (in
green). (A3) Schwann cell labelled with S-100 (in blue) and (A4) nAChRs labelled with a-BTX
(in red). (B) The conventional IHC labelling the nerve terminal with syntaxin. (B1) Merge of
syntaxin, S-100 and a-bungarotoxin (a-BTX). (B2) Nerve terminal labelled with syntaxin (in
green) (B3) Schwann cell labelled with S-100 (in blue) and (B4) nAChRs labelled with a-BTX
(in red). Scale bar =10 pm.

For improved localization of the cPKCPI isoform at the NMJ, the muscles were
processed to obtain semithin cross-sections from whole-mount multiple-
immunofluorescent stained muscles. This method provided a simple and sensitive
procedure for analysing the cellular distribution of molecules at the NMJ (Lanuza
et al., 2007). After conventional IHC, the muscles were visualized in an inverted
fluorescent microscope and the innervated areas were selected to obtain several
samples of the muscle containing multiple NMJs. After dehydration with increasing
concentrations of ethanol and acetone, the tissue fragments were embedded in
Spurr's resin (plastic) in transverse orientation. Sections 0.5—0.7 um thick were cut

with a Reichert Ultracut E microtome (Leica Microsystems, Bannockburn, IL) and
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flattened on glass slides by heating on a hotplate. The fluorescent serial sections

were mounted with paraphenyldiamine and mowiol to retard fading.

Immunolabelled NMJs from the whole-mount muscles and the semithin cross-
sections were viewed with a laser-scanning confocal microscope (Nikon TE2000-
E). Special consideration was given to the possible contamination of one channel
by another. In experiments involving negative controls, the photomultiplier tube
gains and black levels were identical to those used for a labelled preparation made
in parallel with the control preparations. At least 25 endplates per muscle were
observed, and at least five muscles were studied. Images were assembled using
Adobe Photoshop software (Adobe Systems, San Jose, CA) and neither the

contrast nor brightness were modified.

Electrophysiology

To study the involvement of cPKCBI in neurotransmission we performed
electrophysiological techniques. Diaphragm muscles were removed surgically and
incubated in a Sylgard-Petri dish containing normal Ringer solution (in mM): NaCl
135, KCl 5, CaCl2 2.5, MgSO4 1, NaH2PO4 1, NaHCO3 15, glucose 11 continuously
bubbled with 95% O2 and 5% CO2. Temperature and humidity were set to 26°C
and 50%, respectively. Spontaneous mEPPs and EPPs were recorded intracellularly
with conventional glass microelectrodes filled with 3 M KCl (resistance: 20-40 MW).
Recording electrodes were connected to an amplifier (Tecktronics, AMSo02), and a
distant Ag-AgCl electrode connected to the bath solution via an agar bridge (agar
3.5% in 137 mM NaCl) was used as a reference. The signals were digitized
(DIGIDATA 1322A Interface, Axon Instruments Inc, CA, USA), stored and
computer-analyzed with the software Axoscope g.0 (Axon Instruments Inc, CA,

USA).

Measures have to be taken to prevent muscle action potentials, since these obscure
the EPP and cause contraction which in general will disrupt the recording. So, to

prevent muscle contraction during EPP recordings, we used p-CgTx-GlIIB (See
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table 2). After a muscle fibre had been impaled, the phrenic nerve was continuously
stimulated (70 stimuli, 1Hz) using two platinum electrodes that were coupled to a
pulse generator (CIBERTEC CS-20) linked to a stimulus isolation unit. Thus, in
stimulated muscles, we recorded and measured control EPPs and then, we
incubated the muscle in BIV5-3 inhibitor peptide for one hour (to block cPKCRI
activation). The last 5o EPPs were recorded. We selected fibres with membrane
potentials of no less than -7omV and used only those results from preparations
which did not deviate by more than smV during the recording. The mean amplitude
(mV) per fibre was calculated and corrected for non-linear summation (EPPs were
usually more than 4 mV) (McLachlan and Martin, 1981) assuming a membrane
potential of -8o mV. We studied a minimum of 15 fibres per muscle and usually a

minimum of 5 muscles in each type of experiment.

Statistical analysis

Values are expressed as means + SEM. The statistical software SPSS© v17.0 (SPSS)
was used to analyse the results. The normality of the distributions was tested with
the Kolmogorov—Smirnov test or Shapiro-Wilk. Statistical significance of the
differences between groups was evaluated under the Wilcoxon test or the
Student’s t-test. For electrophysiology techniques, we used the two-tailed Welch’s
t-test. Statistical significance of results in Chapter Il was evaluated under 2-way

ANOVA.

Relative Expression Software Tool (REST) was used to assess statistical significance
and fold change of genes in gene expression analysis (Pfaffl et al., 2002).
Specifically, this software uses the non-parametric Pair-Wise Fixed Reallocation

Randomization Test.

The criterion for statistical significance was ***P < 0.001, **0.001 <P <0.01, *0.01

<P<o.05.
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BDNF/TrkB Signaling to Modulate
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The neurotrophin brain-derived neurotrophic factor (BDNF) acts via tropomyosin-
related kinase B receptor (TrkB) to regulate synapse maintenance and function in
the neuromuscular system. The potentiation of acetylcholine (ACh) release by BDNF
requires TrkB phosphorylation and Protein Kinase C (PKC) activation. BDNF is secreted
in an activity-dependent manner but it is not known if pre- and/or postsynaptic activities
enhance BDNF expression in vivo at the neuromuscular junction (NMJ). Here, we
investigated whether nerve and muscle cell activities regulate presynaptic conventional
PKC (cPKCa and Bl) via BDNF/TrkB signaling to modulate synaptic strength at the
NMJ. To differentiate the effects of presynaptic activity from that of muscle contraction,
we stimulated the phrenic nerve of rat diaphragms (1 Hz, 30 min) with or without
contraction (abolished by -conotoxin GllIB). Then, we performed ELISA, Western
blotting, gRT-PCR, immunofluorescence and electrophysiological techniques. We found
that nerve-induced muscle contraction: (1) increases the levels of mature BDNF
protein without affecting pro-BDNF protein or BDNF mRNA levels; (2) downregulates
TrkB.T1 without affecting TrkB.FL or p75 neurotrophin receptor (p75) levels; (3) increases
presynaptic cPKCa and cPKCBI protein level through TrkB signaling; and (4) enhances
phosphorylation of cPKCa and cPKCBI. Furthermore, we demonstrate that cPKCBlI,
which is exclusively located in the motor nerve terminals, increases activity-induced
acetylcholine release. Together, these results show that nerve-induced muscle
contraction is a key regulator of BDNF/TrkB signaling pathway, retrogradely activating
presynaptic cPKC isoforms (in particular cPKCBI) to modulate synaptic function.

Abbreviations: ACh, Acetylcholine; AChRs, acetylcholine receptors; BSA, bovine serum albumin; BDNF, brain-
derived neurotrophic factor; CNS, central nervous system; ¢PKC, conventional protein kinase C; cPKC ¢PKCa,
conventional protein kinase C alpha; ¢PKC BI, conventional protein kinase C beta I; BIV5-3, cPKCBI-
specific translocation inhibitor peptide; EPPs, evoked endplate potentials; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; HRP, horseradish peroxidase; LAL, levator auris longus; MAPK, mitogen-activated protein kinase;
MARCKS, myristoylated alanine-rich C-kinase substrate; NM]J, neuromuscular junction; NT-4, neurotrophin-4;
p75, p75 neurotrophin receptor; PI3K, phosphatidylinositol 3-kinase; PBS, phosphate buffer saline; PLC,
phospholipase C; PVDF, polyvinylidene difluoride; qRT-PCR, quantitative reverse transcriptase polymerase chain
reaction; RACK, receptor for activated C-kinase; MEPPs, spontaneous miniature endplate potentials; TSBT,
tris-buffered saline, Tween 20; TrkB, tropomyosin receptor kinase B; TrkB.FL, tropomyosin receptor kinase B full
length isoform; TrkB.T1, tropomyosin receptor kinase B truncated isoform 1; TrkB.T2, tropomyosin receptor kinase
B truncated isoform 2; a-BTX, a-bungarotoxin; j1-CgTx-GIIIB, j1-conotoxin GIIIB.
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These results indicate that a decrease in neuromuscular activity, as occurs in several
neuromuscular disorders, could affect the BDNF/TrkB/PKC pathway that links pre- and
postsynaptic activity to maintain neuromuscular function.
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INTRODUCTION

Nerves and skeletal muscles interact via two modes of
communication: electrical activity and neurotrophic regulation
(Baldwin et al., 2013; Cisterna et al., 2014). Nerve impulses
generated in the central nervous system (CNS) trigger muscle
contraction via electromechanical coupling. On the other hand,
neurotrophic control acts via the release of neurotrophic factors,
including the neurotrophins, and regulates the development,
differentiation, survival and function of the nerve terminal
(Wang et al, 1995; Mantilla et al., 2004). One of the most
studied neurotrophins is brain-derived neurotrophic factor
(BDNF; Hofer and Barde, 1988; Barde, 1990; Bibel and
Barde, 2000). BDNF is initially synthesized as a precursor
(proBDNF), which is cleaved to a mature isoform (mBDNF)
via intracellular or extracellular proteases. The two isoforms
induce different and even opposite functions by binding
preferentially to the low-affinity nerve growth factor receptor
(p75) or the tropomyosin-related kinase B receptor (TrkB;
Lu, 2003; Hempstead, 2006; Kermani and Hempstead, 2007;
Yang et al., 2009; Je et al, 2013). In addition, alternative
splicing of TrkB mRNA gives rise to a full-length TrkB
isoform (TrkB.FL) and two truncated TrkB isoforms T1 and
T2 (TrkB.T1 and TrkB.T2), which lack part of the intracellular
kinase domain (Middlemas et al, 1991; Reichardt, 2006).
TrkB.T1 is the main truncated isoform in the skeletal
muscle, being TrkB.T2 a variant more predominant in the
brain tissue (Stoilov et al, 2002). Evidence suggests that
heterodimers of TrkB.FL with the truncated isoforms inhibit
trans-autophosphorylation of TrkB.FL, reduce BDNF signaling
or even may signal independently (Eide et al., 1996; Baxter et al.,
1997; Rose et al., 2003; Dorsey et al., 2012; Wong and Garner,
2012).

Increasing evidence suggests that exercise training benefits
CNS health, including the improvement of synaptic function
(van Praag et al, 1999). BDNF seems to play a key role
in mediating the benefits of exercise (Neeper et al, 1995;
Vaynman et al., 2006; Gomez-Pinilla et al., 2008; Zoladz and
Pilc, 2010; Gomez-Pinilla and Hillman, 2013). In particular,
BDNF is secreted in an activity-dependent manner (Lu, 2003)
and its expression in rodent spinal cord and skeletal muscle
increases after exercise (Gomez-Pinilla et al., 2001, 2002; Cuppini
et al., 2007; Gomez-Pinilla et al., 2012). Likewise, basal levels of
neuromuscular activity are required to maintain normal levels of
BDNF in the neuromuscular system (Gomez-Pinilla et al., 2002).
Recently, it was shown that cultured myotubes release BDNF
when stimulated to contract, suggesting a postsynaptic origin
of this neurotrophin (Matthews et al., 2009). Unfortunately,
whether skeletal muscles in vivo increase their production and/or

release of BDNF by synaptic activity, muscle contraction or
some combination of the two, remains unclear. Furthermore,
exogenous BDNF increases evoked acetylcholine (ACh) release
at the neuromuscular junction (NMJ) and the TrkB receptor is
normally coupled to this process (Knipper et al., 1994; Mantilla
et al., 2004; Garcia et al., 2010; Santafé et al., 2014). Together,
this and other findings support the idea that neuromuscular
activity promotes BDNF/TrkB retrograde signaling to regulate
neuromuscular function (Kulakowski et al., 2011; Dorsey et al.,
2012), an idea we now test.

The potentiation of presynaptic vesicle released by BDNF
requires TrkB phosphorylation and phospholipase C (PLC)
activation (Middlemas et al., 1994; Kleiman et al., 2000). In turn,
PLCy activates Protein Kinase C (PKC) which interacts with
TrkB to modulate neurotransmission at the NMJ (West et al.,
1991; Numann et al., 1994; Byrne and Kandel, 1996; Catterall,
1999; Santafé et al., 2005, 2006, 2014). In the NM]J, synaptic
activity depends on the influx of calcium, and presynaptic
calcium-dependent PKC (cPKC) isoforms have been shown
to modulate neurotransmission (Santafé et al., 2005, 2006;
Besalduch et al., 2010). However, which ¢cPKC isoforms are
involved in ACh release remains unknown. The ¢cPKCBI and
cPKCu isoforms are good candidates because of their presynaptic
location, with PKCBI being present exclusively in the nerve
terminal of the NMJ (Besalduch et al., 2010). Recently, we have
shown that muscle contraction per se enhances the levels of
presynaptic PKC isoforms (a, BI and & Besalduch et al., 2010;
Obis et al., 2015a). This suggests that a retrograde signal induced
by muscle contractile activity can regulate presynaptic PKC
isoforms.

Here, we investigated the hypothesis that nerve-induced
muscle activity regulates BDNF/TrkB signaling pathway to
modulate synaptic function via activation of presynaptic cPKC
isoforms.

MATERIALS AND METHODS

Animals

Diaphragm and levator auris longus (LAL) muscles were
obtained from Sprague-Dawley rats (30-40 days; Criffa,
Barcelona, Spain). The animals were cared for in accordance with
the guidelines of the European Community Council Directive of
24 November 1986 (86/609/EEC) for the humane treatment of
laboratory animals. All the procedures realized were reviewed
and approved by the Animal Research Committee of the
Universitat Rovira i Virgili (URV; Reference number: 0289). At
least five independent animals (n > 5) were used to evaluate the
following techniques.
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Antibodies

Primary antibodies used for Western blot were rabbit anti-BDNF
(Cat# sc-20981), rabbit anti-PKCa (Cat# sc-208), rabbit anti-
PKCBI (Cat# sc-209), rabbit anti-TrkB (Cat# sc-8316) and goat
anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Cat#
sc-20358) polyclonal antibodies, purchased from Santa Cruz
Biotechnology. Rabbit anti-pPKCa (ser657; Cat# 07-790), goat
anti-p75 (Cat# ABI1554), rabbit anti-neurotrophin-4 (NT-4;
Cat# AB1781SP) and rabbit anti-pTrkB (tyr816; Cat# AB1381)
antibodies were purchased from Merck Millipore. Rabbit
anti-pPKCPI (thr 641; Cat# ab75657) polyclonal antibody was
purchased from Abcam. The secondary antibodies used were
donkey anti-rabbit conjugated to horseradish peroxidase (HRP)
from Jackson Immunoresearch Labs (Cat# 711-035-152) and
rabbit anti-goat conjugated to HRP from Molecular probes
(Cat# R21459). Immunohistochemistry was performed with
antibodies that are commonly used as markers to differentially
detect the components of the NMJ (syntaxin, neurofilament-200
and S100): mouse anti-syntaxin (Cat# S0664) and mouse anti-
neurofilament-200 (Cat# N2912) monoclonal antibodies were
purchased from Sigma. Mouse anti-S100 monoclonal antibody
(Cat# AMI10036FC-N) was from Acris Antibodies. Rabbit
anti-PKCBI polyclonal antibody was purchased from Santa Cruz
Biotechnology (Cat# sc-209). The secondary antibodies used
were donkey anti-rabbit or anti-mouse conjugated to Alexa Fluor
488 and Alexa Fluor 647 from Molecular Probes (Eugene, OR,
USA; Cat# A21206; Cat# A21202; Cat# A-31573; Cat# A-31571).
Postsynaptic AChRs were detected with a-bungarotoxin
(a-BTX) conjugated to tetramethylrhodamine (TRITC) from
Molecular Probes (Eugene, OR, USA; Cat# T1175). As a
control, primary antibodies were omitted from some muscles
during the immunohistochemical and Western blot procedures.
These control muscles never exhibited positive staining or
revealed bands of the appropriate molecular weight with the
respective procedures. In double-staining protocols, omitting
either one of the two primary antibodies completely abolished
the corresponding staining and there was no cross-reaction
with the other primary antibody. Pretreatment of a primary
antibody with the appropriate blocking peptide (between three-
and eight-fold by weight) in skeletal muscle tissue prevented
immunolabelling.

Reagents

In presynaptic stimulation treatments and electrophysiological
experiments, muscle contraction was blocked using
p-conotoxin  GIIIB  (u-CgTx-GIIIB, Alomone Labs Ltd,
Jerusalem, Israel). This toxin selectively inhibits sarcolemmal
voltage-dependent  sodium  channels (VDSCs)  without
affecting synaptic ACh release (Favreau et al, 1999). It
was supplied as lyophilized powder of >99% purity. The
working concentration was 1.5 WM in Ringer’s solution
(see below).

The anti-TrkB antibody clone 47/TrkB (BD Transduction
Laboratories Cat# 610101) was used for TrkB inhibition assays.
The working solution was 10 pg/ml. For BDNF exogenous
incubations we used h-BDNF (Alomone Labs; Cat# B-250)
10 mM.

Phosphatase inhibition experiments were performed using a
phosphatase inhibitor cocktail from Sigma-Aldrich (St. Louis,
MO, USA) in a 100-fold dilution.

To block cPKCI activity we used the specific translocation
inhibitor peptide BIV5-3 at 10 pM (kindly provided by
Dr. Mochly-Rosen from Stanford University). It is derived
from the V5 domain of ¢cPKCBI and binds to the anchoring
protein RACK (receptors for activated C-kinase), disrupting
the interaction between cPKCBI and its specific BI-RACK. This
inhibits its translocation to the membrane and its activation.

Presynaptic Electrical Stimulation of

Muscles

Diaphragm muscle—a typical model to study the development
and function of the NMJ (Yang et al., 2001; Li et al, 2008;
Wu et al,, 2010)—was excised together with its nerve supply
and dissected into two hemidiaphragms. One hemidiaphragm
underwent a treatment and the other one was used as its
control. The experimental design of the treatments is shown
in Table 1. The protocol of electrical stimulation followed
that of Besalduch et al. (2010) and Obis et al. (2015a).
Briefly, each hemidiaphragm muscle with the phrenic nerve
was placed in oxygenated Ringer solution (in nM: NaCl 137,
KCI 5, CaCl, 2, MgSO4 1, NaH,PO4 1, NaHCO; 12 and
glucose 12.1 mM) continuously bubbled with 95% 0,/5%
CO; at room temperature. The phrenic nerve was stimulated
ex vivo at 1 Hz by an A-M Systems 2100 isolated pulse
generator (A-M System, Carlsborg, WA, USA). The frequency
of 1 Hz allows the maintenance of different tonic functions
(e.g., PKC activation) without promoting synaptic plasticity
(e.g., facilitation). To study separately the effect of synaptic
transmission from the effect of the muscle cell contraction, we
performed experiments in which contractions were prevented
using p-CgTx-GIIIB or not. Visible contractions of the
diaphragm muscle served to verify successful nerve stimulation.
Three main experiments were performed to discern the effects
of synaptic activity from that of muscle activity (Table 1).
Each experiment involved a specific treatment and its control.
In Experiment #1, synaptic activity was assessed comparing
presynaptically stimulated muscles blocked by w-CgTx-GIIIB
with non-stimulated muscles also incubated with p-CgTx-
GIIIB to control for nonspecific effects of the blocker. In
Experiment #2, muscle contraction per se was determined
comparing stimulated/contracting muscles with stimulated
muscles for which contraction was blocked. In Experiment #3,
the effect of complete synaptic activity with resulting muscle
contraction was assessed comparing stimulated/contracting
muscles with non-stimulated muscles, without exposure to
Ww-CgTx-GIIIB. Phrenic nerves were stimulated for 30 min unless
otherwise noted. In all the cases, a minimum of five animals
were used.

BDNF ELISA Assay

Diaphragm muscles were dissected, frozen in liquid nitrogen and
homogenized using a high-speed homogenizer (overhead stirrer,
VWR International, Clarksburg, MD, USA) in ice-cold lysis
buffer (in mM: NaCl 150, Tris-HCI (pH 7.4) 50, EDTA 1, NaF 50,
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PMSEF 1, sodium orthovanadate 1; NP-40 1%, Triton X-100 0.1%
and protease inhibitor cocktail 1% (Sigma-Aldrich, St. Louis,
MO, USA). Protein lysates were obtained collecting supernatants
after removing insoluble materials by centrifugation at 1000 g for
10 min at 4°C and then at 15,000 g for 20 min at 4°C.

Protein concentrations were determined by DC protein
assay (Bio-Rad, Hercules, CA, USA). The BDNF Emax
ImmunoAssay System (Promega Cat# G7610) was used to
measure the amount of total BDNF (pro- and mature) in
each sample following standard protocols. Plates were coated
with a specific anti-BDNF monoclonal antibody and then
washed once using tris-buffered saline, 0.1% Tween 20 (TSBT).
Plates were blocked using 200 pL Promega 1x Block and
Sample buffer. After washing, diaphragm samples and BDNF
protein standards (0-500 pg BDNF protein) were added
in triplicate to the plates and incubated for 2 h at room
temperature. Plates were washed five times and anti-human
BDNF polyclonal antibody was added to each well. Plates
were washed again five times using TBST wash buffer. The
sandwich was completed by adding anti-IgY HRP conjugate.
Finally, plates were developed using stabilized chromogen
(tetramethylbenzidine) and the reaction was stopped using
1 N HCL Absorbance was read at 450 nm using a Sunrise
Tecan A-5082 microplate reader and data was analyzed with
Magellan software (Tecan Group Ltd.). Afterwards, the amount
of detected BDNF was normalized to a standard curve and to
the total protein content determined with the colorimetric assay
(Bio-Rad).

Western Blot
Diaphragm muscles with the phrenic nerve were dissected,
frozen in liquid nitrogen, and stored at —80°C before use.
Homogenization, lysate obtainment and determination of
protein concentration were performed with the same protocols
and solutions described previously for BDNF ELISA assay. The
linear and quantitative dynamic range for each target protein
and the appropriate dilutions of samples were determined for
accurate and normalized quantitation of densitometric analysis.

To isolate the membrane and cytosolic fractions, diaphragm
muscles were dissected and homogenized in ice-cold lysis buffer
without detergents (in mM: NaCl 150, Tris-HCI (pH 7.4) 50,
EDTA 1, NaF 50, PMSF 1 and sodium orthovanadate 1 and
protease inhibitor cocktail (1/100). The homogenized samples
were cleared with a centrifugation at 1000 g at 4°C for 15 min,
and the resulting supernatant was further centrifuged at 130,000 g
at 4°C for 1 h. The supernatant corresponded to the cytosolic
fraction and the pellet, to the membrane fraction. The latter
was resuspended in lysis buffer (in mM: NaCl 150, Tris-HCI
(pH 7.4) 50, EDTA 1, NaF 50, PMSF 1, sodium orthovanadate
1; NP-40 1%, Triton X-100 0.1% and protease inhibitor cocktail
1% (Sigma-Aldrich, St. Louis, MO, USA)). Fractionation was
assessed by blotting of GAPDH, a specific cytosolic protein.
GADPH immunoreactivity was never observed in the membrane
fraction. Protein concentrations were determined as previously
described.

Protein samples of 15 g or 30 g were separated by 8% or
15% SDS-polyacrylamide electrophoresis and electrotransferred

to polyvinylidene difluoride (PVDF) membranes (Hybond ™.-p;
Amersham, GE Healthcare). The membranes were blocked in
TBST containing 5% (W/V) nonfat dry milk or 5% bovine serum
albumin (BSA) and probed with the primary antibody overnight
at 4°C. The membranes were incubated with the secondary
antibody and visualized by chemiluminescence with the ECL kit
(Amersham Life Science, Arlington Heights, IL, USA).

The blots were visualized with the ChemiDoc XRS+Imaging
System (Bio-Rad, Hercules, CA, USA). The densitometry of the
resultant bands was analyzed with the Image]J software (Image]).
The integrated optical density of the bands was normalized
with respect to: (1) the background values; and to (2) the total
protein transferred on PVDF membranes, measured by total
protein analysis (Sypro Ruby protein blot stain, Bio-rad; Aldridge
et al,, 2008). In some cases, B-actin blotting and total protein
staining were used as a loading controls resulting in the same
normalization values. Specific phosphorylation was determined
as the ratio of phosphorylated protein to total protein content.
The relative variations between the experimental samples and the
control samples were calculated from the same membrane image.
The data were taken from densitometry measurements made in
at least five separate experiments, plotted against controls. Data
are mean values & SEM. Statistical significance of the differences
between groups was evaluated under the Wilcoxon test or the
Student’s t-test and the normality of the distributions was tested
with the Kolmogorov-Smirnov test. The criterion for statistical
significance was p < 0.05 vs. the control (*).

Gene Expression Analysis

Gene expression was analyzed via qRT-PCR in separate cohorts
of rats from the three stimulation treatments (see Table 1)
targeting four BDNF exons (IV, VI, VIII and IX), to determine
whether changes in BDNF mRNA levels might underlie the
changes in BDNF protein and whether this occurs preferentially
at known activity-dependent exons.

Each rat provided one hemidiaphragm for the control group
and the other hemidiaphragm for the experimental group
(n = 6-7 hemidiaphragms per group), as described above for
protein analysis. After 30 min of treatment (Table 1), tissue
samples were frozen in RNase-free tubes in liquid nitrogen, and
held at —80°C until processed. Instruments used for dissection
were cleaned with RNaseZap (Sigma-Aldrich) between animal
harvests.

RNeasy Fibrous Tissue Mini Kit (Qiagen) was used
to extract RNA from muscle samples. Tissue was
mechanically homogenized with a PRO200 homogenizer
(Pro Scientific). Following extraction, RNA was quantified on
a spectrophotometer (Beckman DU 530) by measuring 260 nm
absorbance values. Extracted RNA was then reverse transcribed
using the High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems) with the following thermocycle: 25°C
for 10 min, 37°C for 2 h and 85°C for 5 min. Each qRT-PCR
sample included 2.5 ng of cDNA, primers, and Power SYBR
Green PCR Master Mix (Applied Biosystems). Thermocycle
for the quantitative step on the ABI PRISM 7000 Sequence
Detection System was as follows: 50°C for 2 min, 95°C for
10 min, and 40 cycles of 95°C for 15 s and 60°C for 1 min.

Frontiers in Molecular Neuroscience | www.frontiersin.org

May 2017 | Volume 10 | Article 147



UNIVERSITAT ROVIRA I VIRGILI

COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero

Hurtado et al.

BDNF/TrkB Signaling Regulates cPKCa and cPKCBI

A dissociation curve was determined for each well to confirm
that only one product was amplified. Each sample was run
in triplicate. Samples without reverse transcriptase during
the cDNA conversion were also assessed to ensure that there
was no DNA contamination. The reference gene was 18S
(400 nM primers: GGAGCCTGCGGCTTAATTTG and
CCACCCACGGAATCGAGAAA). In each experiment,
we confirmed that levels of the reference gene were
equivalent between treatment groups. Transcripts of four
BDNF quantified: IV (activity-dependent;
200 nM primers: ACTGAAGGCGTGCGAGTATT and
GGTGGCCGATATGTACTCCTG), VI (activity-dependent;
200 nM primers: TCGCACGGTCCCCATTG and GGT
CTCATCAAAGCCTGCCA), VIII (activity-independent;
400 nM primers: AAACAAATTCTGCCAGTCCTGC and
TTGGATAACTGCTCTGCTCCG) and IX (total transcripts;
200 nM primers: GTCAAGTGCCTTTGGAGCCT and
TGTTTGCGGCATCCAGGTAA). Optimal concentrations and
amplification efficiencies were calculated for each primer set.
Relative Expression Software Tool (REST) was used to
assess statistical significance and fold change of genes (Pfaffl
et al,, 2002). Specifically, this software uses the non-parametric
Pair-Wise Fixed Reallocation Randomization Test to account
for amplification efficiencies when determining fold change. It
measures relative expression of a target gene (BDNF transcripts
IV, VI, VIII and total IX) between a control and sample group
following the normalization of the target gene to a reference gene
(18S). The criterion for statistical significance was p < 0.05 (*).

exons were

Immunohistochemistry and Confocal

Microscopy

Diaphragm and LAL muscles were processed by
immunohistochemistry to detect and localize the cPKCBI
isoform at the NM]J. LAL muscle permits a better imaging and
analysis of NMJs within the muscle. Whole muscle mounts
were fixed with 4% paraformaldehyde for 30 min. After
fixation, the muscles were rinsed with PBS and incubated in
0.1 M glycine in phosphate buffer saline (PBS). The muscles
were permeabilized with 0.5% Triton X-100 in PBS, and
nonspecific binding was blocked with 4% BSA. Then, muscles
were incubated overnight at 4°C in mixtures of three primary
antibodies raised in different species (anti ¢PKCPI isoform;
anti-syntaxin and anti-neurofilament-200 to label the axon
terminal; anti-S100 to label Schwann cells) and then rinsed. The
muscles were then incubated for 4 h at room temperature in
a mixture of appropriate secondary antibodies. Acetylcholine
receptors (AChRs) were detected with o-BTX conjugated
with TRITC. At least three muscles were used as negative
controls as described above. No crossover was detected between
antibodies. For improved localization of the cPKCBI isoform
at the NM]J, the muscles were processed to obtain semithin
cross-sections from whole-mount multiple-immunofluorescent
stained muscles. This method provided a simple and sensitive
procedure for analyzing the cellular distribution of molecules
at the NM]J (Lanuza et al., 2007). Immunolabeled NMJs from
the whole-mount muscles and the semithin cross-sections

were viewed with a laser-scanning confocal microscope (Nikon
TE2000-E). Special consideration was given to the possible
contamination of one channel by another. In experiments
involving negative controls, the photomultiplier tube gains
and black levels were identical to those used for a labeled
preparation made in parallel with the control preparations. At
least 25 endplates per muscle were observed, and at least six
muscles were studied. Images were assembled using Adobe
Photoshop software (Adobe Systems, San Jose, CA, USA) and
neither the contrast nor brightness were modified.

Electrophysiology

Diaphragm muscles were removed surgically and incubated
in a Sylgard-Petri dish containing normal Ringer solution (in
mM): NaCl 135, KCl 5, CaCl, 2.5, MgSO, 1, NaH,PO4 1,
NaHCOs3 15, glucose 11 continuously bubbled with 95% O,
and 5% CO,. Temperature and humidity were set to 26°C and
50%, respectively. Spontaneous miniature endplate potentials
(MEPPs) and evoked EPPs (EPPs) were recorded intracellularly
with conventional glass microelectrodes filled with 3 M KCI
(resistance: 20-40 MW). Recording electrodes were connected
to an amplifier (Tecktronics, AMS02), and a distant Ag-AgCl
electrode connected to the bath solution via an agar bridge (agar
3.5% in 137 mM NaCl) was used as a reference. The signals
were digitized (DIGIDATA 1322A Interface, Axon Instruments
Inc., Union City, CA, USA), stored and computer-analyzed. The
software Axoscope 9.0 (Axon Instruments Inc., Union City, CA,
USA) was used for data acquisition and analysis. To prevent
muscle contraction during EPP recordings, we used p-CgTx-
GIIIB (1, 5 wM). After a muscle fiber had been impaled, the
phrenic nerve was continuously stimulated (70 stimuli, 1 Hz)
using two platinum electrodes that were coupled to a pulse
generator (CIBERTEC CS-20) linked to a stimulus isolation
unit. Thus, in stimulated muscles, we recorded and measured
control EPPs and then, we incubated the muscle in BIVs_3
inhibitor peptide for 1 h. The last 50 EPPs were recorded.
We selected fibers with membrane potentials of no less than
—70 mV and used only those results from preparations which
did not deviate by more than 5 mV during the recording. The
mean amplitude (mV) per fiber was calculated and corrected
for non-linear summation (EPPs were usually more than
4 mV; McLachlan and Martin, 1981) assuming a membrane
potential of -80 mV. We studied a minimum of 15 fibers
per muscle and usually a minimum of five muscles in each
type of experiment. The statistical software SPSS© v17.0 (SPSS,
RRID:SCR_002865) was used to analyze the results. Values are
expressed as means = SEM. Only one hemidiaphragm was used
from each animal for a given experiment. We used the two-tailed
Welch’s t-test (for unpaired values and variances were not
assumed to be equal). Differences were considered significant at
p < 0.05 ().

RESULTS

To determine the relationship between neuromuscular activity
and neurotrophic control, we developed an in vivo experimental
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system in which we can distinguish the effects of synaptic activity
from that of muscle contraction (see Table 1). Synaptic activity
includes normal presynaptic stimulus, synaptic transmission and
endplate potential generation due to ACh signaling. Muscle
contraction includes membrane depolarization of the muscle
fiber involving voltage-dependent sodium channels and the
resulting myofiber contraction. Thus, the effects of synaptic
activity were determined by comparing muscles that had
contraction blocked (with p-CgTx-GIIIB), but the nerve was
stimulated in one case but not the other (referred to as the
Stimulation condition in the figures). The effects of muscle
contraction were determined by comparing muscles which
were both stimulated via their nerves, but in one case muscle
contraction was blocked (referred to as the Contraction condition
in the figures). Finally, presynaptic Stimulation with Contraction
treatment comprises the effects of synaptic activity and muscle
contraction, showing complete neuromuscular activity.

Both Synaptic Activity and Muscle
Contraction Enhance BDNF Protein Levels

in the Skeletal Muscle

Neuromuscular activity (e.g., through physical exercise)
increases BDNF expression in the skeletal muscle, CNS and
plasma (Gomez-Pinilla et al., 2001, 2002; Cuppini et al., 2007;
Zoladz and Pilc, 2010; Gomez-Pinilla et al., 2012). However,
it has been assumed that enhanced BDNF levels is caused by
muscle activity per se, but this has not been directly shown.
Therefore, our first objective was to determine whether synaptic
activity and/or muscle contraction regulate BDNF protein levels
in the skeletal muscle. Thus, we compare BDNF protein levels in
muscles stimulated via the nerve (1 Hz) for which contraction
was blocked or not. Each hemidiaphragm was compared to
a corresponding control from the same animal (see Table 1).
BDNF levels were measured using ELISA and results showed
that nerve stimulation significantly elevated BDNF levels, either
in the presence of contraction or when it was blocked. Synaptic
activity raised total BDNF levels in muscle by 72.8% =+ 8.6
(Figure 1A). Likewise, muscle contraction further increased
total BDNF levels by 38.9% =+ 6.5 (Figure 1A). In concordance,
combined synaptic and muscle activity increased BDNF levels by
104.0% =+ 19.9, indicating that the effects of synaptic vs. muscle
activity had additive effects in increasing significantly the level
of total BDNF protein in muscle. That nerve activity without
muscle contraction potently increases BDNF expression in
muscle is a novel finding. Altogether, these results indicate that
both synaptic activity and muscle contraction enhance BDNF
protein levels in skeletal muscle. Moreover, muscle contraction
per se increases the BDNF levels above the rise produced by
synaptic activity without contraction, significantly contributing
to the total protein amount in skeletal muscle.

Synaptic Activity and Muscle Contraction

each Increase Mature BDNF Protein Levels
Although results of the ELISA allowed us to quantify accurately
the total BDNF protein levels in muscle for each experiment,
this technique cannot tell us how the mBDNF and pro-BDNF

are modulated by activity. Because pro-BDNF and mBDNF
produce different, and even opposite, effects (Lu, 2003; Woo
et al, 2005, Hempstead, 2006; Yang et al, 2009; Je et al,
2013), we used Western blotting to analyze how activity
affected the level of mBDNF and pro-BDNF separately. We
used an anti-BDNF antibody raised against a peptide sequence
corresponding to the amino acids 130-247 of BDNF, a region
present in both pro-BDNF (32 kDa) and mBDNF (14 kDa;
Zheng et al., 2010). BDNF Western blotting (Figure 1B) shows
that both presynaptic stimulation and muscle contraction each
significantly increased mBDNF protein levels without affecting
pro-BDNF. In particular, presynaptic stimulation induced a
72.5% £ 12.4 (p < 0.05) increase in mBDNF levels with respect
to basal conditions whereas muscle contraction further increased
mBDNF levels by 45.2% =+ 7.5 (p < 0.05). Although the source of
this increased BDNF is not clear, our results show that activity in
either the synapse or the muscle increase mature BDNF without
affecting pro-BDNF protein levels in skeletal muscle.

That pro-BDNF levels were maintained in the face of
increases in mBDNF levels suggests that synthesis of this
isoform is tightly regulated, otherwise, pro-BDNF levels would
decrease after the upregulation of its cleavage into mature
BDNF. Thus, we examined gene expression via qRT-PCR to
determine whether BDNF mRNA levels were enhanced after
the different stimulation conditions. Surprisingly, no difference
was found in the expression of any of the four BDNF mRNA
transcripts (IV activity-dependent, VI activity-dependent, VIII
activity-independent and IX total transcripts) examined after
any condition (Figure 1C). Therefore, neither presynaptic
stimulation nor muscle contraction are able to significantly
increase bdnf mRNA transcription in skeletal muscle under our
activity stimulation treatments. These results suggest that the
maintenance of pro-BDNF could be due to an increase in BDNF
mRNA translation from mRNA pools in the cells.

Because both BDNF and NT4 bind TrkB receptors, we
also tested whether synaptic activity with or without muscle
contraction regulates NT4 protein level in the skeletal muscle.
Results showed that NT4 protein levels did not change under
these conditions (presynaptic stimulation: 2.46 & 1.34, p > 0.05;
muscle contraction: —7.23 + 5.84, p > 0.05; presynaptic
stimulation with contraction: —8.61 £ 5.34, p > 0.05), suggesting
that activity-dependent enhancement in TrkB-signaling is likely
mediated by BDNF.

Muscle Contraction Reduces TrkB.T1
Receptor without Affecting TrkB.FL or

p75 Protein Levels

Having established that muscle contraction driven by presynaptic
stimulation enhances mBDNF protein levels, we next sought
to analyze BDNF receptors that are expressed the most in the
skeletal muscle (TrkB.FL, TrkB.T1 and p75). In order to study
TrkB receptors, we used an anti-TrkB antibody raised against a
peptide sequence corresponding to the amino acids 160-340 of
TrkB, the extracellular domain shared by TrkB.FL (145-150 kDa)
and TrkB.T1 (95-100 kDa; Figure 2A). Furthermore, we
confirmed that TrkB.FL and TrkB.T1 bands were only found
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FIGURE 1| Synaptic activity and muscle contraction increases brain-derived neurotrophic factor (BDNF) protein levels in the diaphragm muscle of
rat. (A) ELISA assessment of total BDNF in presynaptic stimulation treatment, contraction treatment and presynaptic stimulation with contraction treatment at 1 Hz
stimulation for 30 min. Presynaptic stimulation has been simplified as Stimulation. Each column has been compared to its respective control (see Table 1). Data
show that both presynaptic stimulation and muscle contraction enhanced BDNF levels. Specifically, presynaptic stimulation significantly increased BDNF protein
levels but muscle contraction was able to increase them further. (B) Western blot bands and quantification of their optical density show that after stimulation
protocols with or without muscle contraction (1 Hz stimulation for 30 min), proBDNF (32 kDa) levels remained the same and mBDNF (14 kDa) increased.
(C) Quantitative real-time PCR did not show any difference in the expression of bdnf mRNA transcripts (IV and VI are activity-dependent, VIl is activity-independent,
and IX represents total transcripts) after any stimulation protocol (1 Hz stimulation for 30 min). mRNA data are mean fold change + SEM, protein data are mean
percentage + SEM, *p < 0.05. Abbreviations: mBDNF, mature BDNF; proBDNF, precursor BDNF.

in the membrane fraction, being absent in the cytosol. In
addition, no differences were found between the membrane
and total fraction samples (Figure 2A). Therefore, to minimize
the variability of sample processing, the following results
were obtained from total fraction samples. Both receptors were

expressed in skeletal muscle at basal conditions, TrkB.T1 being
the predominant form (ratio T1/FL = 10.59 & 0.41, Figure 2A).
To determine if BDNF receptors are affected by activity, we
analyzed how their protein levels were modulated under the
stimulation treatments (Table 1 and Figure 2B). We observed
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FIGURE 3 | Both synaptic activity and muscle contraction modulates TrkB phosphorylation at tyr816. Panels (A-E) show Western blot bands and their
quantification. (A) pTrkB.FL in presynaptic stimulation treatment, contraction treatment and presynaptic stimulation with contraction treatment at 1 Hz stimulation for
30 min. Presynaptic stimulation has been simplified as Stimulation. Each column has been compared to its respective control (see Table 1). pTrkB did not show any
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(Continued)
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FIGURE 3 | Continued

but declined significantly near baseline by 30 min of electrical stimulation. In
the presence of muscle contraction, pTrkB.FL levels decreased after 1 min
and increased back to baseline levels at 30 min of treatment. (C) Phosphatase
inhibition prevented the decrease of pTrkB.FL under presynaptic stimulation
with contraction at 1 and 10 min. (D) Effect of the sequestering antibody
47/TrkB (10 wg/ml) on pTrkB.FL under presynaptic stimulation and
presynaptic stimulation with contraction treatments (1 Hz stimulation for

30 min). After both treatments, pTrkB.FL levels decreased. (E) Effect of
exogenous BDNF (10 uM) on pTrkB.FL following 30 min under presynaptic
stimulation and presynaptic stimulation with contraction treatments (1 Hz
stimulation for 30 min). pTrkB.FL did not change under these conditions.
Specific phosphorylation was determined as the ratio of phosphorylated
protein to total protein content. Data are mean percentage + SEM, *p < 0.05.
Abbreviations: pTrkB.FL, phosphorylated TrkB.FL.

that muscle contraction decreased the level of TrkB.T1 protein
while presynaptic activity has no apparent effect (—36.13% = 3.5,
p < 0.05; —5.58% =+ 3.45, p < 0.05, respectively). Moreover,
none of the stimulation conditions affected TrkB.FL or p75 levels.
Thus, the basal FL:T1 ratio was ~1:11 and contraction treatment
elevated it to ~1:6. Furthermore, preincubation with exogenous
BDNF with contraction yielded similar results (TrkB.T1:
—24.18% =+ 4.3, p < 0.05; neither TrkB.FL nor p75 were affected).
Therefore, BDNF, which is enhanced by contraction, could
contribute to the contraction-dependent decrease of TrkB.T1.
However, presynaptic stimulation did not alter the level of
any BDNF receptor indicating that muscle contraction per se
is necessary for synaptic activity to reduce the amount of
TrkB.T1 protein.

Since TrkB signaling is known to be quick (Klein et al., 1991;
Suen et al., 1997; Takei et al., 1998; Aloyz et al., 1999), before
analyzing pTrkB (TrkB phosphorylation), we first analyzed the
time course of BDNF receptor levels at 1, 10 and 30 min of
stimulation (Figures 2C,D). We found that under presynaptic
stimulation with contraction, TrkB.FL and p75 protein levels
are maintained whereas TrkB.T1 levels start to decrease within
10 min, becoming significant at 30 min of neuromuscular activity
(Figure 2C). Presynaptic stimulation alone did not alter the levels
of any receptor (Figure 2D).

Altogether, these results demonstrate that synaptic activity is
not enough to modulate TrkB.FL, TrkB.T1 and p75 protein levels
even though synaptic activity potently regulates mBDNF levels
in the absence of muscle contraction. However, nerve-induced
muscle contraction is necessary to downregulate TrkB.T1 levels.

Both Synaptic Activity and Muscle
Contraction Modulate TrkB.FL

Phosphorylation
We next performed experiments to determine whether
TrkB.FL ~ shows enhanced  phosphorylation.  Specific

phosphorylation was determined as the ratio of phosphorylated

protein to total protein content (pTrkB.FL/TrkB.FL).
We used an antibody which specifically recognizes
the tyr816 phosphorylation of TrkB.FL, known to

trigger the PLCy signaling pathway that activates PKC.
Unexpectedly, we did not detect any change in TrkB.FL
phosphorylation in muscle after 30 min of nerve stimulation,

regardless of whether the muscle contracted or not
(Figure 3A).

This result led us to think that TrkB.FL phosphorylation
may be quick and transient. Therefore, we analyzed pTrkB.FL at
shorter times of stimulation with and without muscle contraction
(1 min and 10 min, 1 Hz). Presynaptic stimulation for 1 min
without muscle contraction significantly increased TrkB.FL
phosphorylation (46.06% =+ 13.36; Figure 3B, top), an effect
maintained after 10 min of stimulation but declined back to
near baseline by 30 min of electrical stimulation. These results
suggest that activation of TrkB.FL induced by synaptic activity is
very fast and only lasts for a short period of time. Surprisingly,
presynaptic stimulation with muscle contraction significantly
decreased pTrkB.FL after 1 min (—43.55% 4 —15.84; Figure 3B,
bottom). This reduction in TrkB phosphorylation was also
evident at 10 min but returned to baseline levels after 30 min
of neuromuscular activity. Interestingly, even shorter periods of
presynaptic stimulation with contraction (10 s and 30 s) also
significantly decreased pTrkB.FL levels (10 s: —33.49 £ 2.06,
p < 0.05; 30 s: —41.63 £ 6.49, p < 0.05). These results indicate
that while synaptic activity without muscle contraction positively
regulates TrkB.FL phosphorylation, muscle contraction has
the opposite effect, negatively regulating phosphorylation of
TrkB.FL on the tyr816 very rapidly, suggesting a quick sequence
of activation-phosphorylation-dephosphorylation for TrkB.FL.
Because several phosphatases are involved in regulating TrkB
signaling (Rusanescu et al., 2005; Ambjorn et al., 2013; Gatto
et al, 2013; Ozek et al., 2014), we analyzed whether this
decrease of the pTrkB.FL at short times (1 and 10 min) could
be prevented by inhibiting phosphatases. Preincubation with
a cocktail of phosphatase inhibitors prevented the decrease
of the pTrkB.FL (1 min: —1.07 £ 3.52, p > 0.05; 10 min:
—0.25 £ 5.37, p > 0.05; Figure 3C). This indicates that
phosphatases regulate TrkB.FL phosphorylation of the PLCy
site when muscle contraction occurs following short stimulation
periods.

To confirm that phosphorylation of TrkB.FL is ligand-
specific, we analyzed the effect of 47/TrkB, an anti-TrkB
antibody that extracellularly competes with the binding
of endogenous TrkB to any ligand. We found that this
inhibitor under presynaptic stimulation, with or without
muscle contraction significantly decreases pTrkB.FL after
30 min (—35.61% =+ 7.43, p < 0.05; —29.24% =+ 3.51, p < 0.05;
respectively, Figure 3D), indicating that pTrkB.FL levels
are ligand-dependent. Likewise, the increase in TrkB.FL
phosphorylation that occurs after 1 min of presynaptic
stimulation without muscle contraction was also ligand-
dependent, as 47/TrkB reduced significantly pTrkB.FL levels
(—32.67% =+ 4.84, p < 0.05). However, 47/TrkB did not
change pTrkB.FL levels after 1 min of presynaptic stimulation
with muscle contraction (—1.98% =+ 2.92 p > 0.05). Possibly,
phosphorylation of TrkB.FL in this condition is too low for
47/TrkB to decrease it further.

Similarly, we also determined the level of pTrkB.FL when
muscles are incubated in exogenous BDNF at 30 min of
stimulation. Unexpectedly, exogenous BDNF did not have any
effect on pTrkB level in any condition (presynaptic stimulation
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without muscle contraction: 4.70 & 4.38 p > 0.05; presynaptic
stimulation with muscle contraction: 0.99 £ 2.53 p > 0.05;
Figure 3E). 47/TrkB, which blocks endogenous BDNF binding,
is able to decrease pTrkB.FL but exogenous BDNF does not
increase it. This suggests that TrkB phosphorylation is only
induced by endogenous BDNF. However, we cannot discount the
possibility that exogenous BDNF could induce an effect through
the ratio FL/T1 without the need to induce phosphorylation.

Altogether, these results show that activity modulates
BDNF/TrkB signaling in a time-dependent manner. At short
times (1-10 min), synaptic activity and muscle contraction
regulate phosphorylation of TrkB.FL and, at longer times
(30 min), the regulation involves altering the level of
TrkB.T1 without effects on TrkB.FL phosphorylation. Within
10 min, presynaptic stimulation induces phosphorylation of
TrkB.FL whereas muscle contraction decreases it by the action
of phosphatases. These results suggest that muscle contraction
performs a regulatory control on the TrkB.FL signaling. After
30 min of stimulation, neither synaptic activity nor muscle
contraction has any effect over TrkB.FL phosphorylation.
However, this prolonged postsynaptic activity regulates
BDNF/TrkB signaling via a reduction of TrkB.T1. Next, we
focused on the effects of decreased TrkB.T1 after 30 min of
stimulation on the PKCs.

Muscle Contraction Promotes Changes in
cPKC Isoforms o and 8l through TrkB

Receptor

Once we had evaluated how BDNF and its receptors are
modulated by activity, we proceeded to examine how this
regulation extends to the two presynaptic cPKC isoforms (cPKCa
and cPKCBI). TrkB tyr816 phosphorylation directly activates
PLCyl (Middlemas et al., 1994) which, in turn, activates cPKC
through DAG and Ca?". Moreover, Besalduch et al. (2010)
demonstrated that these isoforms are modulated by activity and
that muscle contraction has a key role in their upregulation.
Our results indicate that presynaptic stimulation resulted in a
statistically significant decrease of cPKCa and cPKCRI protein
levels (Figure 4A, newly reproduced data from Besalduch et al.,
2010). This reduction in PKC levels could be due to its activation,
and its subsequently degradation (Lee et al., 1996; Lu et al., 1998;
Kang et al., 2000; Gould and Newton, 2008; Gould et al., 2009).
Thus, we tested whether calcium-dependent PKC is affected by
high (5 mM) extracellular Ca?>* when combined with presynaptic
stimulation. As expected, high Ca’" significantly decreased
the level of cPKCa protein (—52.36 + 2.02, p < 0.05) and
cPKCBI (—29.15 + 3.86, p < 0.05). Furthermore, we previously
demonstrated that MARCKS phosphorylation (PKC’s substrate)
is increased after presynaptic stimulation (Obis et al., 2015b).
These results reinforce the fact that the reduction in ¢cPKCa
and cPKCBI promoted by synaptic activity could be due to PKC
activation.

Conversely, muscle contraction significantly increased both
cPKC isoforms, possibly to provide a pool ready to be activated
(Figure 4A). These results suggest that a retrograde factor
from the muscle cell could influence these isoforms in the

nerve terminal. Thus, we proceeded to determine if this
modulation is related to BDNF/TrkB signaling. We found
that under basal conditions of no stimulation, incubation of
exogenous BDNF significantly enhanced cPKCa and cPKCBI
protein levels (Figure 4A), mimicking the effect of muscle
contraction.

Exogenous BDNF decreased ¢cPKCa and cPKCPI protein
levels (—41.96% =+ 3.66 p < 0.05; —34.21% =+ 7.77 p < 0.05;
respectively) under presynaptic stimulation (Figure 4B). This
result may indicate that TrkB signaling reduces total cPKC
levels in this condition, possibly due to an increase in their
activation and subsequent degradation. In concordance, 47/TrkB
preincubation reversed the effects of presynaptic stimulation,
increasing cPKCo and cPKCBI protein levels a 49.10% =+ 6.90 and
a69.10% == 15.6, respectively (p < 0.05; Figure 4B). This increase
could be explained because 47/TrkB inhibits TrkB signaling and
decreases cPKC activation and their subsequent degradation.

On the other hand, under presynaptic stimulation with
muscle contraction, exogenous BDNF further enhanced the
increase of cPKCo and cPKCRI protein levels (30.83% =+ 17.60,
p < 0.05; 21.78% =+ 11.09, p < 0.05, respectively; Figure 4C).
In concordance, incubation with 47/TrkB completely reversed
the effects produced by presynaptic stimulation with contraction,
decreasing cPKCa and cPKCBI protein levels (—44.40% =+ 10.0,
p < 0.05; —=37.60% =+ 11.10, p < 0.05, respectively; Figure 4C).
Thus, these results indicate that muscle contraction can
enhance the levels of cPKCa and cPKCBI through BDNF/TrkB
signaling, reverting the synaptic-induced downregulation of
cPKC isoforms. Interestingly, at this point, muscle contraction
significantly decreases TrkB.T1 levels without changing TrkB.FL.
Therefore, the balance between TrkB.FL/TrkB.T1 could enhance
cPKC synthesis or, alternatively, could inhibit its activity-
induced degradation, increasing the total levels to revert the effect
of synaptic activity.

Altogether, these results demonstrate a direct link between
activity, BDNF/TrkB signaling and cPKCa and cPKCBI
protein levels. In brief, BDNF regulation is directed by both
synaptic activity and muscle contraction in opposite directions,
emphasizing a key role of nerve-induced muscle contraction
in the modulation of presynaptic cPKCa and cPKCI isoforms
through TrkB.

Phosphorylation of cPKC Isoforms (cPKC«
and cPKCBI) is Regulated by Neuro-

muscular Activity and TrkB

Activation of PKC isoforms requires phosphorylation (Newton,
2003). Therefore, our next objective was to determine whether
neuromuscular activity affects phosphorylation of ¢cPKCa and
cPKCPI isoforms. Measurements of a protein’s phosphorylation
status may change through modification of the individual
proteins phosphorylation level (Tremblay et al., 2007) and/or
by alterations within the total amount of protein available
(Yung et al., 2011). As such, we show specific phosphorylation
determined as the ratio of phosphorylated protein to total
amount of protein available, but also as the individual proteins
phosphorylation level (Figure 5).
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FIGURE 4 | Synaptic activity and muscle contraction modulates cPKC isoforms through BDNF/TrkB signaling. Panels (A-C) show Western blot bands
and their quantification. (A) cPKC isoforms « and Bl in presynaptic stimulation treatment and contraction treatment at 1 Hz stimulation for 30 min. cPKC « and Bl in
basal conditions with exogenous BDNF for 30 min. Presynaptic stimulation has been simplified as Stimulation. Each column has been compared to its respective
control (see Table 1). Results show that presynaptic stimulation decreased the levels of cPKC « and Bl whereas muscle contraction increased them. In basal
conditions, exogenous BDNF increased the levels of cPKC a and Bl. (B) Effect of exogenous BDNF (10 uM) and 47/TrkB (10 pg/ml) on cPKC isoforms « and Bl in
presynaptic stimulation treatment. BDNF enhanced the effects of presynaptic stimulation, decreasing cPKC levels, and conversely, 47/TrkB increased them.

(C) Effects of exogenous BDNF (10 M) and 47/TrkB (10 pg/ml) on cPKCa and cPKCBI in presynaptic stimulation with contraction treatment. BDNF enhanced the
effects of presynaptic stimulation with contraction treatment, increasing cPKC levels, and conversely, 47/TrkB decreased them. Data are mean percentage + SEM,
*p < 0.05. Abbreviations: cPKCa, conventional Protein Kinase C (PKC) a; cPKCBI, conventional PKC BI.

Presynaptic ~ stimulation without muscle contraction  36.95% =+ 8.13, p < 0.05; pPKCBI 42.98% =+ 6.17, p < 0.05;
resulted in a statistically significant increase of the ratio of  Figure 5A) similarly than cPKCo and cPKCPI (Figure 4).
phosphorylated forms of cPKCa (98.47% =+ 4.33, p < 0.05) In this condition, where total cPKC are increased, muscle
and cPKCBI (72.26% =+ 2.07, p < 0.05; Figure 5A). This contraction would inhibit activity-dependent degradation
increase in pPKC levels indicates that presynaptic stimulation  or, alternatively, enhance cPKC synthesis, establishing a
enhances directly phosphorylation of cPKC. Moreover, this  larger pool of ¢PKCs isoforms ready to be phosphorylated
increase in pPKC levels reaffirms the fact that the total PKC  and activated. This may indicate that muscle contraction
decrease described above is caused by an activation-induced  enhances phosphorylation of ¢PKCs by means of increase
degradation. Furthermore, muscle contraction does not change  of total protein PKC protein level. Moreover, we found that
the ratio of pPKC/PKC either cPKCa or cPKCPI (Figure 5A).  under basal conditions of no stimulation with exogenous
However, the individual phosphorylated ¢cPKCa and ¢cPKCBI ~ BDNF, pPKCa and pPKCPI protein levels remain the same
levels are increased after muscle contraction (pPKCa  (Figure5A).
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FIGURE 5 | Phosphorylation of cPKC isoforms is regulated by activity and TrkB. Panels (A-C) show Western blot bands and their quantification. (A) pPKCa
and pPKCBI in presynaptic stimulation treatment and contraction treatment at 1 Hz stimulation for 30 min. pPKCa and pPKCBI in basal conditions with exogenous
BDNF for 30 min. Presynaptic stimulation has been simplified as Stimulation. Each column has been compared to its respective control (see Table 1). Results show
that presynaptic stimulation increases the ratio of phosphorylated forms of cPKCa and cPKCBI. However, muscle contraction does not change the ratio of
pPKC/PKC but increases the individual phosphorylated cPKCa and cPKCBI. Furthermore, the ratio of phosphorylated forms of cPKCa and cPKCBI did not show any
change under basal conditions of no stimulation with exogenous BDNF. (B) Effect of exogenous BDNF (10 M) and 47/TrkB (10 pug/ml) on pPKC isoforms a and gl in
presynaptic stimulation treatment. Incubation with exogenous BDNF led to a significant increase of the ratio of pPKCa and pPKCBI (due to a decrease in the total
amount of total cPKCa and cPKCBI). Incubation with 47/TrkB does not affect the ratio because the increase in the individual phosphorylated PKC is a consequence
of the increase in total PKC. (C) Effects of exogenous BDNF (10 uM) and 47/TrkB (10 jug/ml) on pPKCa and pPKCBI in presynaptic stimulation with contraction
treatment. Incubation with exogenous BDNF slightly decreases pPKC/PKC for either cPKCa and cPKCBI (with an accompanied increase in the total amount of PKC
and the maintenance of pPKCa and pPKCBI). Incubation with 47/TrkB significantly increases the ratio of cPKCa and cPKCBI phosphorylation. In concrete, the
decrease in total PKC is accompanied by an increase in the individual phosphorylation of PKC. Specific phosphorylation was determined as the ratio of
phosphorylated protein to total protein content, but also as the individual protein phosphorylation level. Data are mean percentage + SEM, *p < 0.05. Abbreviations:
cPKCa, conventional- PKC a; cPKCBI, conventional- PKC Bl; pPKCa, phosphorylated PKC «; pPKCBI, phosphorylated PKC Bl.

BDNF does not promote PKC phosphorylation. Moreover,
47/TrkB does not affect the ratio because the increase in
the individual phosphorylated PKC is a consequence of
the increase in total PKC (Figure 5B). On the other hand,
under presynaptic stimulation with muscle contraction,
exogenous BDNF slightly decreases pPKC/PKC either cPKCa
and cPKCPI. These decreases are due to an increase in the
total amount of PKC with an accompanied maintenance

We next determined the involvement of BDNF/TrkB
pathway on pPKC levels. Preincubation with exogenous
BDNF under presynaptic stimulation increases the ratio
of pPKCa (66.32% =+ 9.53, p < 0.05) and pPKCPI protein
levels (56.50% =+ 10.47, p < 0.05; Figure 5B). However,
the increase in the ratio is due to a decrease in the total
amount of total c¢PKCa and cPKCBI, indicating that
the phosphorylated pool is maintained and exogenous
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of pPKCa and pPKCPI (Figure 5C). Thus, confirming
that the contraction thought BDNF increase PKC synthesis
rather than PKCs phosphorylation. However, incubation with
47/TrkB significantly increases the ratio of cPKCa and cPKCBI
phosphorylation (149.01% =+ 10.11, p < 0.05; 105.22% =+ 8.86,
p < 0.05, respectively; Figure 5C). In concrete, the decrease
in total PKC is accompanied by an increase in the individual
phosphorylation of PKC (38.32% =+ 6.05, p < 0.05) and
PKCPI (28 £ 4.92, p < 0.05). This might indicate that the
activity-dependent ratio FL/T1 could decrease pPKCs due to an
activity-dependent pPKC translocation, action and subsequent
degradation.

So, an increase of the synaptic activity results in an
increase of the phosphorylation of cPKCa and cPKCpI isoforms,
whose activity would be enhanced by TrkB/PLCy signaling
pathway, decreasing total cPKCa and cPKCBI levels due to
their subsequent degradation. Muscle contraction, through an
increase in TrkB FL/T1 ratio would inhibit PKC degradation or
enhance their synthesis, increasing the total PKC levels ready
to be phosphorylated to revert the downregulating effect of the
synaptic activity.

cPKCBl Is Involved in ACh Release in the
NMJ

PKC is an important family of kinases that regulates
neurotransmission at the NMJ (Hori et al, 1999; Santafé
et al, 2005, 2006). In particular, PKC is activated and
regulates the release of ACh when electrical stimulation
is applied to the nerve (Besalduch et al, 2010). However,
it is unknown which isoform of PKC is involved in this
regulation. cPKCa and cPKCPI are differently distributed
in the NMJ with cPKCa located in the nerve terminal,
muscle cell and terminal Schwann cells but cPKCBI is
exclusively located in the nerve terminal (Besalduch et al,
2010). When we examine the expression of cPKCPI based
on immunofluorescent labeling of semithin cross-sections of
LAL muscles (Figure 6A), we find cPKCBI fine granular green
immunofluorescence located over the postsynaptic line of the
nicotinic acetylcholine receptor (nAChR) site (in red) and
colocalized with the neurofilament and syntaxin (NF+Synt,
in blue top image 1) in the nerve terminal. cPKCBI is not
colocalized with labels for either Schwann cells (5100, in blue
bottom image 2) or AChRs postsynaptically (in red). These
results confirm the exclusive presynaptic localization of cPKCBI
and makes it a good candidate to regulate neurotransmitter
release.

To test this idea directly, we used an isozyme-selective
translocation peptide inhibitor (BIV5-3; Liu et al, 1999;
Zhang et al, 2015) to inhibit cPKCPI activity. Western
blotting confirmed that BIV5-3 decreases the ratio of
phosphorylated ¢cPKCBI levels (—36.95% =+ 7.60, p < 0.05;
Figure 6B) in the membrane fraction of rat diaphragm muscles.
Electrophysiological experiments in presynaptic stimulated
muscles (contraction blocked) incubated with BIV5-3 in the
dose range commonly used (1, 5, and 10 pM, 1 h incubation)
revealed a significant reduction of EPP amplitude, indicating

significantly less ACh release (Figure 6C). Altogether, these
results highlight the key role of cPKCBI in neurotransmission
in NMJ.

DISCUSSION

In the neuromuscular system, evidence supports BDNF/TrkB
signaling as a regulator of neuromuscular function. However, it
remained unknown if nerve-induced muscle contraction per se
can modulate crucial aspects of neuromuscular synaptic function
through BDNF and its receptor, TrkB. The results of the
present study demonstrate that nerve induced-muscle activity
is a key regulator of BDNF/TrkB signaling pathway, activating
presynaptic cPKC isoforms (in particular cPKCBI) to modulate
synaptic function.

Diaphragm muscle has been described as a useful model
of flat skeletal muscle to study synaptic function (Rosato
Siri and Uchitel, 1999; Urbano et al., 2003; Besalduch et al.,
2010; Chand et al, 2015; Obis et al., 2015b). Accessibility to
the phrenic nerve helps to dissect and stimulate it and thus
enhance independently synaptic activity and muscle contraction.
Diaphragm is in a way unusual because only a subset of muscle
fibers is active with a prolonged duty cycle as compared to
other skeletal muscles (Mantilla et al., 2004, 2014; Seven et al.,
2014). However, nerve stimulation simultaneously recruits all
motor units and uniforms the heterogeneous level of activity
of the fibers.

Nerve-Induced Muscle Contraction
Enhances the Activity-Dependent Increase
of mBDNF and Downregulates

TrkB.T1 Levels in Skeletal Muscle

Exercise training increases BDNF expression in spinal cord and
in skeletal muscle in rodents (Gomez-Pinilla et al., 2001, 2002;
Cuppini et al., 2007; Zoladz and Pilc, 2010; Gomez-Pinilla et al.,
2012) and basal levels of neuromuscular activity are required to
maintain normal levels of BDNF in the neuromuscular system
(Gomez-Pinilla et al, 2002). However, previous studies did
not explore if BDNF expression in muscle was enhanced by
synaptic activity independent of muscle contraction or whether
muscle contraction was also necessary. Here we show that
both activities can increase muscle BDNF levels, with muscle
contraction being able to increase levels over and above what
nerve transmission alone can enhance. Several findings suggest
the muscle cell as a source of BDNF. Although BDNF is
found in the three cells at the NMJ (Garcia et al., 2010), bdnf
mRNA is only located inside myocytes (Liem et al., 2001),
and not in the presynaptic region of the axon. Moreover,
BDNEF is produced by contracting myotubes in vitro (Matthews
et al, 2009). By using p-CgTx-GIIIB we are able to block
myofibril contraction without altering ACh signaling. We show
here that the increase of BDNF levels induced by presynaptic
stimulation could arise from the presynaptic region (due to the
electrical stimulus) and/or in the postsynaptic region (due to
local ACh signaling). However, the greater increase of BDNF
levels when both nerve and muscle are active compared to
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FIGURE 6 | cPKCBI is involved in ACh release in the neuromuscular junction (NMJ). (A) Semithin cross-sections from whole-mount multiple-
immunofluorescent stained levator auris longus (LAL) muscles. (A, top) Triple staining labeled cPKCBI (in green), AChRs (fluorescent a-BTX in red) and nerve terminal
(with anti-syntaxin and anti-neurofilament antibodies in blue). (A, bottom) Triple staining labeled cPKCBI in green, AChRs in red and Schwann cell (with an anti
S100 antibody in blue). The images show the cPKCBI immunolabel located only between Schwann cell and muscle cell and well colocalized with the nerve terminal,
indicating that cPKCBI is exclusively located at the presynaptic component. The scale bars indicate 2.5 pm. (B) Western blot bands and their quantification show the
effect of the selective translocation peptide inhibitor (BIV5-3, 10 uM) on pPKCBI in the membrane fraction in presynaptic stimulation treatment. Incubation with
pIV5-3 decreased the phosphorylated cPKCBI in the membrane fraction, thus confirming its inhibitory effect. Data are mean percentage + SEM, *p < 0.05.
(C) Intracellular recordings show evoked Endplate potentials (EPPs) in basal conditions (1 Hz) and after incubation with pIV5-3. Raw data indicate that ACh release is
reduced by incubation with BIV5-3, highlighting the involvement of cPKCBI in neurotransmitter release. Abbreviations: LAL, levator auris longus;
a-BTX, a-bungarotoxin; cPKCBI, conventional-PKC gl; pPKCBI, phosphorylated PKC Bl; EPP, end-plate potential.

when only the synapse is active strongly suggests a postsynaptic
origin through bdnf mRNA translation that is directly linked
to myofibril contraction (represented as via 2 in Figure 7).
Moreover, evidence indicates that neurotrophins are released
acutely following neuronal depolarization (Griesbeck et al., 1999;
Mowla et al., 1999; Goggi et al., 2003). In fact, direct activity-
dependent pre- to post-synaptic transneuronal transfer of BDNF
has recently been demonstrated using fluorescently-labeled
BDNF (Kohara et al., 2001). Moreover, electrical stimulation
can activate Schwann cells (SCs) to secrete BDNF, which
requires the involvement of calcium influx (Luo et al., 2014).
Because the well-known interactions between Schwann cell
and the nerve terminal (Todd et al., 2007), some involvement
of the glial cell in the responses we observed would be
not discarded. Thus, although the source and the realize of
BDNF is not clear, our results show that activity in either
the synapse or the muscle increase mature BDNF in skeletal
muscle.

Previous results indicate that bdnf mRNA increases in
skeletal muscle after several days of increased physical activity
(Gémez-Pinilla et al., 2001, 2002; Cuppini et al, 2007;
Zoladz and Pilc, 2010; Gomez-Pinilla et al., 2012). However,
we find that 30 min of synaptic activity with or without
contraction was not sufficient to increase bdnf mRNA in

muscle, suggesting that short-term acute neuromuscular activity
enhances muscle BDNF levels by promoting its translation
and/or maturation (e.g., through increased protease activity),
allowing a build-up of mBDNF and leaving net pro-BDNF levels
unchanged.

BDNF isoforms, pro-BDNF and mBDNF, bind distinct
receptors to mediate divergent neuronal actions (Lu, 2003; Woo
et al, 2005; Hempstead, 2006; Yang et al, 2009; Je et al,
2013). Pro-BDNF interacts preferentially with p75, whereas
mBDNF selectively binds and activates its specific receptor
TrkB. There are several alternatively spliced isoforms of TrkB
with the same affinity to neurotrophins, including TrkB.FL
and two truncated TrkB isoforms T1 and T2 (TrkB.T1 and
TrkB.T2), which lack part of the intracellular kinase domain
(Middlemas et al., 1991; Reichardt, 2006). Evidence suggests
that heterodimers of TrkB.FL with the truncated isoforms
inhibit trans-autophosphorylation of TrkB.FL, reducing BDNF
signaling (Eide et al., 1996; Baxter et al., 1997; Rose et al., 2003;
Dorsey etal., 2012; Wong and Garner, 2012). TrkB.T2 is a variant
mainly predominant in the brain tissue and does not appear to
have individual signaling ability (Stoilov et al., 2002). TrkB.T1 is
the main truncated isoform in the skeletal muscle and some
studies suggest unique signaling roles for TrkB.T1, for example,
by modulating Ca?* signaling mechanisms (Rose et al., 2003).
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FIGURE 7 | Retrograde communication from myocytes to axon terminals through BDNF/TrkB signaling. (A) Graphical representation of BDNF signaling
outcomes observed under presynaptic stimulation without muscle contraction and presynaptic stimulation with muscle contraction. Presynaptic activity (1) promotes
cPKC phosphorylation and (2) increases BDNF levels. BDNF acts presynaptically through (3) TrkB/PLCy/PKC pathway to complete the activation of pPKC and thus
enhance synaptic vesicle fusion and ACh release. Once PKC have executed their action, they are typically degraded thus decreasing its protein levels. (B) Graphical
representation of BDNF signaling outcomes observed under presynaptic stimulation with contraction. The presence of contraction (2) further increases BDNF protein
levels and (4) decreases TrkB.T1 protein levels, ultimately increasing the ratio TrkB.FL/T1. Even though this ratio still enhances (3) cPKC activity and its subsequent
degradation, it promotes the increase in total PKC protein levels (5). Presumably, this might be due to an increase in PKC synthesis or alternatively, to a decrease in
their activity-induced degradation. Consequently, pPKC levels are enhanced. The influence of TrkB.FL/T1 ratio over cPKC in both conditions is demonstrated by the
sequestering antibody 47/TrkB. Therefore, muscle contraction could modulate BDNF/TrkB signaling to promote a retrograde regulatory feedback from the myocyte
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that maintains the levels of presynaptic cPKC. This may have an impact in NMJ functionality since cPKCBI activity is required for acetycholine release.

Other evidence suggests that TrkB.T1 acts in a dominant negative
fashion to decrease signaling through TrkB.FL (Eide et al,
1996; Gonzalez et al., 1999; Haapasalo et al., 2001; Dorsey
et al,, 2012). In concordance with previous findings (Dorsey
et al, 2012), we show that TrkB.T1 levels predominate over
TrkB.FL isoform 11:1 in the resting NMJ (Figure 2A). We
also found that muscle contraction downregulates TrkB.T1
(decreasing the ratio to 6:1) without changing TrkB.FL or
p75 levels (represented as via 4 in Figure 7). Therefore, it
appears that the ratio between TrkB.FL and TrkB.T1 could
determine the net effect of BDNF signaling at neuromuscular
system.

BDNF binding to the TrkB.FL activates the intrinsic tyrosine
kinase domain, leading to autophosphorylation in the activation
loop (tyr701, tyr706 and tyr707; Guiton et al., 1994; Reichardt,
2006). The phosphorylation of these residues can leads to the
transphosphorylation of others tyrosine residues (Cunningham
et al, 1997; Friedman and Greene, 1999) being tyr515 and
tyr816 the most extensively studied phosphorylation sites
(Middlemas et al., 1994; Segal et al., 1996). pTyr515 interacts
with Shc or Frs2 and provides a mechanism for the activation

of the: (i) Ras-mitogen-activated protein kinase (Ras/MAPK)
pathway; and (ii) phosphatidylinositol-3 kinase—Akt pathway
(PI-3K/Akt). On the other hand, pTyr816 links TrkB receptors to
the (iii) phospholipase Cy gamma (PLC-y) pathway (Obermeier
et al,, 1993). Although the other signal transduction pathways
activated by TrkB could be involved in BDNF response (e.g., due
to phosphorylation of tyr515), activation of PLCy is one
attractive candidate to mediate synaptic potentiation by PKC
because its activation would result in intracellular Ca>* release
via the second messenger IP3 (Obermeier et al., 1993). Moreover,
it is known that, in most cells, M; A;, (autoreceptors of
the principal transmitter and cotransmitter product adenosine)
and TrkB receptors among others, cooperate by stimulating
PLCy pathway. In this regard, it should also take into account
the possible involvement of M;, A; in PKC activation in
the NMJ.

Neuronal activity has been shown to rapidly activate TrkB
and potentiate its signaling, an effect attributed to activity-
dependent secretion of BDNF (Meyer-Franke et al, 1998;
Aloyz et al., 1999; Patterson et al., 2001). However, Du et al.
(2003) reported that the activity-dependent enhancement of
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TrkB tyrosine kinase in cultured hippocampal neurons is
not due to elevated BDNF secretion. Moreover, it has been
demonstrated that the responsiveness of TrkB phophorylation
to BDNF is reduced after the 2nd week postnatally in rat
brain microslices at sites tyr816, tyr515 and tyr705/6 (Di
Lieto et al,, 2012). In our experiments, exogenous BDNF did
not increase the tyr816 phosphorylation of TrkB.FL, known
to trigger the PLCy signaling pathway that activates PKC.
Nevertheless, we found that presynaptic stimulation induces
a quick increase in pTrkB.FL after 1-10 min but returned
to baseline by 30 min (Figure 3B). On the one hand,
the rapid phosphorylation of TrkB (1 min) that we found,
suggests that the action of BDNF is particularly fast. This
could be due to a quick extracellular diffusion of BDNF
or to a site of release close to the NMJ. Both possibilities
could explain the short time course of presynaptic TrkB
activation. On the other hand, the subsequent decrease in
the phosphorylation of TrkB could be caused by a decrease
in the phosphorylation process or by phosphatase activity.
We found support for enhanced phosphatase activity: muscle
contraction at short times decreases phosphorylation of TrkB.FL
by increasing phosphatase activity (Figures 3B,C). Previous work
revealed the complexity of phosphatase control and showed that
endogenous protein-tyrosine phosphatases negatively control
BDNF sensitivity, antagonizing tyrosine phosphorylation of
TrkB (Rusanescu et al, 2005; Ambjorn et al, 2013; Gatto
et al, 2013; Ozek et al, 2014). The mechanism by which
muscle contraction decreases TrkB phosphorylation (tyr 816)
at short times at the NMJ needs further investigation. This
mechanism could exert a retrograde regulatory control over the
BDNF/TrkB.FL signaling to modulate presynaptic BONF/TrkB
action. In conclusion, the modulation of BDNF/TrkB signaling
by neuromuscular activity is time-dependent at the NM]J. At
short times (1-10 min), synaptic activity and muscle contraction
regulate phosphorylation of TrkB.FL (tyr816) and, at longer
times (30 min), the regulation is mediated by an effect on
TrkB.T1.

Muscle Contraction Induced by Nerve
Electrical Activity Promotes Changes in
cPKC Isoforms through BDNF/TrkB
Pathway

Several studies demonstrated that BDNF-induced potentiation of
presynaptic vesicle release requires TrkB phosphorylation and
PLC activation (Kleiman et al., 2000), which activates PKC.
When PKCs are activated (phosphorylated and anchored to the
membrane) they enhance vesicle fusion and ACh release (West
et al., 1991; Numann et al., 1994; Byrne and Kandel, 1996;
Besalduch et al., 2010; Lanuza et al., 2014).

Recently, we reported that synaptic activity induces changes
in the presynaptic expression of the novel PKCe through
TrkB receptor at the NMJ (Obis et al., 2015a). As previously
published (Besalduch et al., 2010), here we also show that cPKCa
and cPKCPI are downregulated by presynaptic stimulation
(represented as via 3 in Figure 7). In this presynaptic stimulation
condition, MARCKS phosphorylation levels (PKC’s substrate)

are increased, an indicator of PKC activation (Obis et al.,
2015b). Once PKCs are activated and have executed their action,
PKCs are down-regulated in an activation-dependent manner,
a process mediated by the proteasome (Lee et al, 1996; Lu
et al,, 1998; Kang et al., 2000; Gould and Newton, 2008; Gould
et al,, 2009). As we show here, high Ca?* conditions induce
a decrease in calcium dependent cPKCa and c¢PKCBI protein
levels, indicating that they are activated and then degraded
without being replaced by newly synthesized cPKCs.

In contrast, muscle contraction increases cPKCo and ¢cPKCBI
protein levels through TrkB and reverses the downregulation
induced by the synaptic activity. This could be associated with an
increased protein synthesis (represented as via 5 in Figure 7) or
decreased protein degradation (represented as via 3 in Figure 7).
As far as we know, the mechanism of the synthesis of cPKC has
not been extensively studied. However, it is known that BDNF
has effects on the proteome and it may be due to changes in
transcription activity (e.g., activating CREB; Finkbeiner et al.,
1997; Groth and Mermelstein, 2003; Caldeira et al., 2007).
Moreover, it may be due to a direct regulation of the translation
machinery through the mammalian target of rapamycin (mTOR)
pathway (Takei et al., 2001). A plausible hypothesis could be that
some of these signaling pathways could be also involved in the
BDNF induced-enhancement of presynaptic cPKC at the NM]J.

cPKCa and cPKCBI are presynaptically located, with cPKCPI
being exclusively located at the nerve terminal (Besalduch et al.,
2010). Hence, the modulation of presynaptic cPKCo and cPKCBI
may require a neurotrophic positive feedback generated by
the postsynaptic contractile activity, BDNF being a possible
mediator. It has been suggested that neuromuscular activity
increases retrograde transport of BDNF from the muscle to the
spinal cord (Yan et al., 1992; Koliatsos et al., 1993; Curtis et al.,
1998; Sagot et al., 1998).

Moreover, our results demonstrate that synaptic activity and
muscle activity have opposite effects on cPKC protein level
and these effects are mediated by the increased endogenous
BDNF (induced by pre- and postsynaptic activities) through
TrkB. This suggests distinct roles of presynaptic vs. postsynaptic
induced-BDNF. Moreover, exogenous BDNF enhances the
opposite effects of presynaptic and postsynaptic activities on
cPKC protein levels through a different ratio of TrkB.FL/T1.
Muscle contraction increases TrkB.FL/T1 ratio and the reduction
of the T1 dominant negative fashion over FL signaling
upregulates presynaptic cPKCs. Therefore, the apparent distinct
roles of the pre- and postsynaptic BDNF are consequence
of the muscle contraction-induced decrease of TrkB.T1. This
TrkB.T1 downregulation could be related with the recycling
events of the receptor. TrkB isoforms seem to be differentially
recycled after BDNF-induced endocytosis with TrkB.FL receptor
degraded (targeted to the lysosomes) more quickly than TrkB.T1
(Huang et al., 2009). Moreover, TrkB.T1 regulates extracellular
BDNF levels in the brain and binds, internalizes and presents
BDNF to neurons via a spatial- and temporal-dependent
mechanism (Biffo et al., 1995; Fryer et al., 1997; Alderson et al.,
2000). Some event related with TrkB.T1 mediated sequestration
and recycling of BDNF may be involved in the distinct roles of
presynaptic vs. postsynaptic BDNF.
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cPKCB8l is Involved in ACh Release at the
NMJ

PKC isoforms need to be phosphorylated to be active (Newton,
2003). It is well documented that PKCs play an important
role in the regulation of transmitter release (West et al,
1991; Numann et al.,, 1994; Byrne and Kandel, 1996; Catterall,
1999; Santafé et al, 2005, 2006). Our results show that
presynaptic stimulation directly increases cPKCa and cPKCp
phosphorylation (represented as via 1 in Figure 7), to regulate
neurotransmission release. However, after muscle contraction
cPKCa and ¢PKCB phosphorylation is may further increased
due to the increase of their synthesis (represented as via 5 in
Figure 7). There is also functional evidence indicating that
TrkB regulates ACh release via the PKC pathway (Santafé
et al., 2014). Our data show that cPKCBI isoform is decisively
involved in regulating ACh release induced by electrical
stimulation.

Together, the data support a regulatory mechanism
which has been represented in Figure 7. Presynaptic
activity (1) directly promotes cPKC phosphorylation and
(2) increases BDNF levels. BDNF acts presynaptically through
(3) TrkB/PLCy/PKC pathway to complete the activation
of pPKC and thus enhance synaptic vesicle fusion and
ACh release. Once PKC have executed their action, they
are typically degraded thus decreasing its protein levels.
The presence of contraction (2) further increases BDNF
protein levels and (4) decreases TrkB.T1 protein levels,
ultimately increasing the ratio TrkB.FL/T1. Even though
this ratio still enhances (3) ¢cPKC activity and its subsequent
degradation, it promotes the increase in total PKC protein
levels (5). Presumably, this might be due to an increase in PKC
synthesis or alternatively, to a decrease in their activity-induced
degradation. Thus, pPKC levels are enhanced. Consequently,
presynaptic PKCs are enhanced in the nerve terminal and this
establishes a larger pool of ¢cPKC isoforms ready to promote
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Synaptic Activity and Muscle
Contraction Increases PDK1 and
PKCgI Phosphorylation in the
Presynaptic Membrane of the
Neuromuscular Junction

Erica Hurtado, Victor Cilleros, Laia Just, Anna Simd, Laura Nadal, Marta Tomas,
Neus Garciat, Maria A. Lanuza*' and Josep Tomas**

Unitat d’Histologia i Neurobiologia (UHNEUROB), Facultat de Medicina i Ciencies de la Salut, Universitat Rovira i Virgili,
Reus, Spain

Conventional protein kinase C Bl (cPKCBI) is a conventional protein kinase C
(PKC) isoform directly involved in the regulation of neurotransmitter release in the
neuromuscular junction (NMJ). It is located exclusively at the nerve terminal and both
synaptic activity and muscle contraction modulate its protein levels and phosphorylation.
cPKCBI molecular maturation includes a series of phosphorylation steps, the first of
which is mediated by phosphoinositide-dependent kinase 1 (PDK1). Here, we sought
to localize PDK1 in the NMJ and investigate the hypothesis that synaptic activity
and muscle contraction regulate in parallel PDK1 and cPKCgI phosphorylation in
the membrane fraction. To differentiate the presynaptic and postsynaptic activities,
we abolished muscle contraction with p-conotoxin GlIIB (u-CgTx-GllIB) in some
experiments before stimulation of the phrenic nerve (1 Hz, 30 min). Then, we analyzed
total and membrane/cytosol fractions of skeletal muscle by Western blotting. Results
showed that PDK1 is located exclusively in the nerve terminal of the NMJ. After
nerve stimulation with and without coincident muscle contraction, total PDK1 and
phosphorylated PDK1 (pPDK1) protein levels remained unaltered. However, synaptic
activity specifically enhanced phosphorylation of PDK1 in the membrane, an important
subcellular location for PDK1 function. This increase in pPDK1 coincides with a
significant increase in the phosphorylation of its substrate cPKCBI also in the membrane
fraction. Moreover, muscle contraction maintains PDK1 and pPDK1 but increases
cPKCBI protein levels and its phosphorylation. Thus, even though PDK1 activity is
maintained, pcPKCBI levels increase in concordance with total cPKCBI. Together, these
results indicate that neuromuscular activity could induce the membrane targeting of
pPDK1 in the nerve terminal of the NMJ to promote the phosphorylation of the cPKCBlI,
which is involved in ACh release.

Keywords: PDK1, cPKCgIl, phosphorylation, neuromuscular junction, PKC, muscle contraction

Abbreviations:  ACh, acetylcholine; AChRs, acetylcholine receptors; a-BTX, a-bungarotoxin; BDNF, Brain-derived
neurotrophic factor; BSA, bovine serum albumin; DAG, diacylglycerol; GAPDH, glyceraldehyde 3-phosphatedehydrogenase;
HRP, horseradish peroxidase; LAL, levator auris longus; jL-CgTx-GIIIB, p-conotoxin GIIIB; neurotrophic factor; NMJ,
neuromuscular junction; PBS, phosphate buffer saline; PDK1, phosphoinositide-dependent kinase 1; PKC, Protein kinase
C; PVDF, polyvinylidene difluoride; Ser, serine; Thr, threonine; TRITC, Tetramethylrhodamine; TrkB, tyrosine receptor
kinase B; TSBT, Tween 20.
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PDK1 and cPKCBI Phosphorylation in the Membrane

INTRODUCTION

Protein kinase C (PKC) is a common signaling node of
many cellular processes, being a crucial regulator of neuronal
excitability, neurotransmitter release and synaptic transmission
in the nervous system (Dempsey et al, 2000; Lanuza et al,
2014; Tomas et al., 2014). Several PKC isoforms are expressed
and differently regulated in the skeletal muscle and, particularly,
at the neuromuscular junction (NMJ; Hilgenberg and Miles,
1995; Lanuza et al., 2000; Perkins et al, 2001; Li et al,
2004; Besalduch et al., 2010, 2013; Obis et al, 2015a,b).
Specifically, the conventional PKC BI (cPKCBI) has been
involved in the regulation of diverse cellular functions including
neurotransmission (Hurtado et al., 2017). It is located exclusively
at the nerve terminals of NMJ] and muscle contraction
retrogradely enhances its levels through the brain-derived
neurotrophic factor (BDNF)/tropomyosin receptor kinase B
(TrkB) signaling (Hurtado et al., 2017).

PKC subcellular location is closely related with its activity.
Different evidence show that PKC undergoes a process of
maturation before catalytic competence (Parekh et al., 2000;
Newton, 2003). In order to mature, PKC undergo a series
of three phosphorylations, the first of which is mediated by
phosphoinositide-dependent kinase 1 (PDK1). Membrane
location confers to PKC a permissive change that enables
PDK1 to access and phosphorylate its activation loop. The
mature cPKCs, now “primed” for activation, are released
into the cytosol and kept in an inactive conformation
(Oancea and Meyer, 1998; Violin et al., 2003; Griner and
Kazanietz, 2007). In the presence of intracellular calcium,
diacylglycerol (DAG) and phosphatidylserine, c¢PKCs are
tethered to the membrane ready for substrate binding,
phosphorylation and the activation of downstream signaling
effectors (Colon-Gonzédlez and Kazanietz, 2006). After their
activation, PKC is downregulated through a poorly understood
mechanism. In particular, the short half-life of DAG could
be important for cPKC signaling termination. However, a
ubiquitin-proteasome-dependent pathway for PKC isoforms
has also been described (Lee et al., 1996; Lu et al., 1998; Leontieva
and Black, 2004). Recent findings show that PKCs might
also be present in non/hypophosphorylated forms being their
phosphorylation inducible after cellular stimulation (Zhou
et al., 2003; Wang et al.,, 2007; Osto et al., 2008; Freeley et al.,
2011). Consistent with these authors, we recently found that
synaptic activity enhances the phosphorylation of c¢PKCBI
(Hurtado et al., 2017). As stated above, cPKCPI has a key
role in the regulation of neurotransmission in the presynaptic
component of the NM]J. Therefore, the mechanisms involved
in maturation and activation of ¢PKCPI must be identified
if the physiological functions of this isoform are to be better
understood.

The discovery of PDK1 as the upstream kinase for PKCs
represented an important step towards understanding PKC
regulation. PDKI1 is a serine (Ser)/threonine (Thr) kinase which
needs to be targeted to the plasma membrane to interact with and
phosphorylate its substrates such as PKC (Chou et al., 1998; Dutil
etal., 1998; Le Good et al., 1998; Balendran et al., 2000). Although

the action of PDK1 on PKC signaling has been extensively
studied, how PDKI1 activity is regulated is still controversial and
whether PDK1 is modulated by synaptic activity in the NMJ
remains unknown.

In the current study, we localized PDK1 at the NM]J
and we investigated the hypothesis that synaptic activity and
muscle contraction regulates PDK1 and its substrate cPKCBI
phosphorylation in the membrane fraction.

MATERIALS AND METHODS

Animals

“Diaphragm and levator auris longus (LAL) muscles of Sprague-
Dawley rats (45-50 days; Criffa, Barcelona, Spain; RRID:
RGD_5508397) were used to perform stimulation experiments,
Western Blot and Immunohistochemistry. The animals were
cared for in accordance with the guidelines of the European
Community Council Directive for the humane treatment of
laboratory animals. At least five independent animals (n > 5)
were used to evaluate the following techniques” (Hurtado et al.,
2017).

Antibodies

Primary antibodies used for Western blotting were mouse
monoclonal anti-PDK1 (Cat# sc-17765 RRID: AB_626657),
rabbit anti-PKCBI (Cat# sc-209 RRID: AB_2168968) and
goat anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH);
(Cat# sc-20358 RRID: AB_641101) polyclonal antibodies,
purchased from Santa Cruz Biotechnology. Mouse monoclonal
anti-Na/K-ATPase antibody was purchased from Developmental
Studies Hybridoma Bank. Rabbit anti-pPKCPBI (Thr642; Cat#
ab75657 RRID: AB_1310586) polyclonal antibody was purchased
from Abcam. Rabbit anti-phosphorylated PDK1 (pPDKI;
Ser241; Cat# 3061S RRID: AB_2161919) polyclonal antibody was
purchased from Cell Signaling Technology.

The secondary antibodies used were donkey anti-rabbit
conjugated to horseradish peroxidase (HRP) from Jackson
Immunoresearch Labs (Cat# 711-035-152 RRID: AB_10015282).
Rabbit anti-goat conjugated to HRP from Molecular probes
(Cat# R21459 RRID: AB_11180332). Rabbit anti-mouse
conjugated to HRP from Sigma (Cat# A9044 RRID: AB_258431).

To immunolabel the Schwann cell, the presynaptic
component of the NMJ and the target protein PDK1 we
used: rabbit polyclonal anti-S100 antibody (Cat# Z0311 RRID:
AB_10013383), from Dako. Rabbit monoclonal anti-syntaxin-
6 antibody (Cat# C34B2 RRID: AB_10829116), from Cell
Signaling Technology. PDK1 localization was performed with the
same antibody used for Western blotting (Cat#sc-17765 RRID:
AB_626657). The secondary antibodies used were donkey
anti-mouse or anti-rabbit conjugated to Alexa Fluor 488 and
Alexa Fluor 647 from Molecular Probes (Eugene, OR, USA; Cat#
A21202 RRID: AB_141607; Cat# A31573 RRID: AB_2536183).

Postsynaptic  nicotinic acetylcholine receptors (AChRs)
were detected with o-bungarotoxin (a-BTX) conjugated to
Tetramethylrhodamine (TRITC) from Molecular Probes

(Eugene, OR, USA; Cat# T1175 RRID: AB_2313931).

Frontiers in Molecular Neuroscience | www.frontiersin.org

August 2017 | Volume 10 | Article 270



UNIVERSITAT ROVIRA I VIRGILI

COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero

Hurtado et al. PDK1 and cPKCBI Phosphorylation in the Membrane

In Immunohistochemical and Western blot techniques,

jol

o o %}

=3 = <

the absence of staining or bands when primary antibodies 2 o %_: 8
. . . c - c ~

were omitted, served as a negative control. The appropriate z ] 23 -

. . . o ) 5 e 0 2 = S
blocking peptide was used to confirm the antibody specificity. 55 ES 8556 E
Moreover, in double-staining protocols, one of the two 5 g 53 5 % g S

g g

primary antibodies were omitted to serve as a negative g é,g E‘E é,g € f,()

control 3 ik o8 5% 8 <

- : §

. . . . = S

Presynaptic Electrical Stimulation of £ ©

=4 N 0 |2

Muscles 1) 5

Diaphragm muscle was dissected with the phrenic nerve S

into two hemidiaphragms and placed in oxygenated Ringer 2
solution (in nM: NaCl 137, KCl 5, CaCl, 2, MgSOy 1, \ \ 5
NaH,POy 1, NaHCOj3 12 and glucose 12.1 mM) continuously g £
bubbled with 95% O,/5% CO, at room temperature. One 2 2
hemidiaphragm was used as the experimental condition and 5. 5 . - £8
the other one as its control. Muscles were stimulated ex vivo, ¢ g S ¢ % S = 3 ,S
through their phrenic nerve at 1 Hz during 30 min by 2256 2256 25 S %
an A-M Systems 2100 isolated pulse generator (A-M System, 5 £ gé 3 g _DE:’ é £ é Eg é
. . . o o K= () =4 o C K
Carlsborg, WA, USA). The main objective was to study 2 25 Ech £% 25
. . L s 90 ¢ 2 Soco 5 2 o % S
independently the effect of synaptic transmission and the £ £cc2 gLfoc. g fL£cgo S o
effect of the muscle cell contraction. To prevent muscle .| 8 _§ £5% 8 _§ : it B § 5% 33
contraction, we used -conotoxin GIIIB (-CgTx-GIIIB, é 2 £ g g £ 8 E = g £ 8 E g £ 52
Alomone Labs Ltd, Israel; working solution 1.5 pwM) that %8 T =228 gIaads ¢ LTSI 2 g

. R . Q3 ~ao L~ am K] — o o =
selectively inhibits sarcolemmal voltage-dependent sodium Fle & & g §
channels (VDSCs) without affecting synaptic ACh release '% g g § §
(Favreau et al., 1999). Visible contractions of the diaphragm E ) ) i S =
muscle indicated the successful nerve stimulation resulting & § 2
in contraction. Table 1 show the experimental design of i IS
the treatments. The protocol of electrical stimulation applied g §
was described in Besalduch et al. (2010); Hurtado et al. K ; S
(2017) and Obis et al. (2015a). Briefly “In Experiment S g

2
#1, synaptic activity effects were assessed by comparing o s
presynaptically stimulated muscles blocked by p-CgTx-GIIIB g g S
with non-stimulated muscles also incubated with p-CgTx-GIIIB &5 - g £ z 5 <2
(referred to as the Stimulation condition in the figures). In £33 235§ s 23 S8
Experiment #2, muscle contraction per se was assessed by s§ £8¢ - £ g%’ s 3 g3 B 5 8
comparing stimulated/contracting muscles to presynaptically g 22 DE; s % 258 E g h&: g 53
. = & e} i) 3
stimulated muscles blocked by j1-CgTx-GIIIB (referred to as the «|5 29 < El .E 2% ¢ 2 8 gc 2 g 8

< = < < = 3
Contraction condition in the figures). In Experiment #3, to assess S0 5883 85858 ¥ 5§83 58
the complete effect of synaptic activity with the resulting muscle s 8| % 2583 32558 8 283 Ts
b e i & £/ 85835 £582% 3 53 |z¢
contraction, we compared stimulated/contracting muscles with g % s T2E£% 8 I -.zﬁ 8 3§ ITEX ° q§)
non-stimulated muscles, without incubate with w-CgTx-GIIIB g e 5 Y° TN = 22
(referred to as the Stimulation with Contraction condition in é 3 s -% -% = f;’
the figures). At least five animals were used” (Hurtado et al., S E 3 E S =

g S £ = O
2017) 3 1] £ £ 5«

. [ ° 7] ] 0

3 % 2 S 3

Western Blot g 53 S
. . . b 355 [0}

We obtained the samples as described in Hurtado et al. (2017). % 2% g{; L
In brief, “diaphragm muscles were dissected, frozen in liquid 2 N 3 S’
nitrogen, and stored at —80°C before use. The muscles were S o g
homogenized using a high-speed homogenizer (overhead stirrer, g - 8 £
VWR International, Clarksburg, MD, USA) in ice-cold lysis £ -j_,i 5 -% z @ §
- = >

buffer (in mM: NaCl 150, Tris-HCl (pH 7.4) 50, EDTA 1, 2RI g5 8 €55 . g
NaF 50, PMSF 1, sodium orthovanadate 1; NP-40 1%, Triton E E §§ E g’f’% 'g ]S
X-100 0.1% and protease inhibitor cocktail (1/100; Sigma- @ 8 [ o o EE o &
< < - = o M s 0 < E

[ w *= 0 * #*: 0 O = <

Aldrich, St. Louis, MO, USA). Insoluble material was removed
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by centrifugation at 1000 g for 10 min at 4°C. The supernatants
were collected and centrifuged at 15,000 g for 20 min at 4°C.
Finally, the resulting supernatants (total protein lysates) were
collected. Protein concentrations were determined by using
the Bio-Rad DC protein assay (Bio-Rad, Hercules, CA, USA).
Experimental procedures were performed to determine the linear
and quantitative dynamic range for each target protein and the
appropriate dilutions of samples were used for accurate and
normalized quantitation by means of densitometric analysis.
To isolate the membrane and cytosolic fractions, diaphragm
muscles were dissected and homogenized using a high-speed
homogenizer in ice-cold lysis buffer without detergents (in mM:
NaCl 150, Tris-HCl (pH 7.4) 50, EDTA 1, NaF 50, PMSF 1,
sodium orthovanadate 1 and protease inhibitor cocktail (1/100).
The homogenized samples were cleared at 1000 g for 15 min, and
the resulting supernatant was further centrifuged at 130,000 g
for 1 h. The supernatant was the cytosolic fraction and the
pellet, the membrane fraction. The pellet was resuspended
in lysis buffer (in mM: NaCl 150, Tris-HCl (pH 7.4) 50,
EDTA 1, NaF 50, PMSF 1, sodium orthovanadate 1; NP-40
1%, Triton X-100 0.1% and protease inhibitor cocktail (1/100).
Protein concentrations were determined in the same way as
total protein lysates (see above). Validation of the purity of
the subcellular fractionation was determined by examining the
presence of fraction-specific housekeeping proteins like GAPDH
for cytosol and Na/K-ATPase for membrane by Western
blotting”.

Protein samples of 30 g were separated through 8%
SDS-polyacrylamide gels. After electrophoresis, the gels
were transferred to a polyvinylidene difluoride (PVDEF)
membrane (Hybond™-P; Amersham, GE Healthcare) using
Trans-Blot Turbo Transfer System (Bio-Rad, Hercules, CA,
USA). For immunodetection, the membrane was blocked
with Tris-buffered saline 0.1% Tween 20 (TBST) containing
5% (W/V) bovine serum albumin (BSA) for phosphorylated
proteins and nonfat dry milk for non-phosphorylated proteins
for an hour. Membranes were incubated with the primary
antibody (specific for the interest protein) overnight at
4°C and then incubated with the corresponding secondary
antibody linked to a HRP for 1 h. Finally, membranes
were revealed with the Bio-Rad ECL kid and imaged with
the ChemiDoc XRS+ Imaging System (Bio-Rad, Hercules,
CA, USA).

Western Blot quantification between the experimental sample
and the control was realized from the same blot image with
the Image] software (Image], RRID: SCR_003070). GAPDH
and Na/K-ATPase proteins were used as loading controls,
as well as total protein staining (Sypro Ruby protein blot
stain, Invitrogen). The quantification values were normalized
to: (1) the background and to (2) total protein quantification.
Data are mean values & SEM. Statistical significance of
the difference between groups was evaluated under the
Wilcoxon test or the Student’s t-test and the normality of
the distributions was tested with the Shapiro-Wilk test. The
criterion for statistical significance was p < 0.05 vs. the
control (*) and at least five animals were evaluated in any
condition.

Immunohistochemistry and Confocal

Microscopy

To localize PDK1 at the NMJ we performed
immunohistochemistry in LAL muscle and diaphragm. Muscles
were fixed for 30 min using 4% paraformaldehyde, then rinsed
with phosphate buffer saline (PBS) and incubated in 0.1 M
glycine in PBS. Then, muscles where incubated with goat serum
overnight at 4°C, rinsed with PBS, and then incubated with
1% Triton X-100/4% BSA in PBS overnight at 4°C. Incubation
with the primary antibodies, was done overnight at 4°C (anti
PDKI; anti syntaxin to label the axon terminal; anti-S100
to label Schwann cells) and then rinsed with PBS. Finally,
muscles were incubated in a mixture of appropriate secondary
antibodies, overnight at 4°C. To detect AChRs we used a-BTX
conjugated with TRITC. The appropriate negative controls were
done in at least three muscles as described above. Moreover,
there was not cross over between antibodies. For imaging, a
laser-scanning confocal microscope (Nikon TE2000-E) was
used and images were assembled using Adobe Photoshop
software without modifying the contrast or brightness (Adobe
Systems, San Jose, CA, USA; RRID: SCR_014199). Care was
taken to the possible contamination of one channel by another.
For negative controls imaging, the photomultiplier tube gains
and black levels were not modified. At least 25 endplates
per muscle were observed, and at least five muscles were
studied.

RESULTS
PDK1 in the Skeletal Muscle

Western blot analysis of PDK1 was carried out to determine
its presence in the skeletal muscle. The anti-PDKI1 antibody
was raised against a peptide corresponding to the residues
229-556 of PDKI. This antibody revealed a major band
of the predicted molecular weight (68 kDa), suggesting the
monospecificity of the antibody (Figure 1). Phosphorylation of
PDK1 was analyzed using an antibody raised against a peptide
corresponding to the residues surrounding the Ser241 of human
PDKI, a region identical to the rat PDK1 (Uniprot sequences
015530 and 055173, respectively). This antibody reacted with
a unique band that is consistent with the PDKI predicted
molecular weight (Figure 1). Western blotting results revealed
significant amounts of PDK1 and pPDK1 in the skeletal muscle
in basal conditions (Figure 1). Subsequently, we sought to
identify the cellular distribution of PDKI1 at the NMJ by
immunofluorescence.

Localization of PDK1 in the Nerve

Terminals of the NMJ

The localization of PDK1 in the NM]J is essential to elucidate its
function. Therefore, immunofluorescence coupled with confocal
microscopy was carried out to stain PDK1 and the three cellular
elements of the NMJ (n = 5; 25-30 endplates per muscle).
Images in Figure 2 show intense immunoreactivity for PDK1
(in green) in the synaptic area identified with AChR labeling (in
red). Figures 2A,B (cross-view confocal section) show a double
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FIGURE 1 | PDK1 is expressed in skeletal muscle in basal conditions.
Determination of the specificity of anti-phosphorylated PDK1 (pPDK1)
S241 antibody (CS-3061) and anti-PDK1 antibody (sc-17765) by
immunoblotting. Thirty microgram of protein from total lysate were size
fractionated by SDS-PAGE on 8% acrylamide minigels and transferred to
polyvinylidene difluoride (PVDF) membranes. The antibodies used only
recognized the corresponding protein, reacting with a band consistent with its
predicted molecular weight. Western blot analysis revealed significant
amounts of PDK1 and pPDK1 in the skeletal muscle in basal conditions.
Abbreviations: PDK1, phosphoinositide-dependent kinase 1; pPDK1,
phosphorylated phosphoinositide-dependent kinase 1.

labeled NM]J: AChRs (marked with fluorescently labeled a-BTX,
in red) and PDKI1 in green. These figures show PDK1-positive
green immunolabeling concentrated at the presynaptic position
over the red postsynaptic gutters, without immunoreactivity for
muscle cells. Moreover, the pre-terminal axon was also PDK1-
positive.

We also performed a triple staining in which we
co-localized PDK1 (in green), muscle cell (AChR, in red),
nerve terminal (labeled with syntaxin, in blue) and/or Schwann
cells (labeled with S100, in blue; Figures 2C,D). The fine
granulated label for PDKI colocalized with syntaxin in the
presynaptic nerve terminal position (over the AChRs-positive
postsynaptic red gutters). The inset in Figure 2C shows a
good colocalization between PDKI and syntaxin indicating the
presynaptic localization of PDK1 in the nerve terminal of the

NM]J. Moreover, PDK1 was not colocalized with the Schwann
cell (Figure 2D, see arrows). Altogether, these results indicate
that PDK1 is exclusively located at the presynaptic component
of NM]J.

Total PDK1 Levels and Its Phosphorylation
Are Unaltered after Synaptic Activity and

Muscle Contraction
PDK1 is an upstream regulator of numerous protein kinases
of the AGC kinase superfamily, including conventional PKC
isoforms (Dutil et al., 1998). Previous results showed that pre-
and postsynaptic neuromuscular activities regulate specifically
cPKCBI protein levels (Besalduch et al, 2010) and its
phosphorylation (Hurtado et al., 2017) in skeletal muscle total
lysates. Therefore, our first objective was to determine whether
synaptic activity and/or muscle contraction modulate PDK1 and
its phosphorylation (pPDK1) in the skeletal muscle. In our in vivo
experimental system, we can distinguish the effects of synaptic
activity from those of muscle contraction. As described in
Hurtado et al. (2017) “Synaptic activity includes the presynaptic
events related with nerve stimulation (1 Hz, 30 min), synaptic
transmission and endplate potential generation due to ACh
signaling (referred to as the Stimulation condition in the figures).
Muscle contraction includes membrane depolarization of the
muscle fiber involving voltage-dependent sodium channels and
the resulting myofiber contraction (referred to as the Contraction
condition in the figures). Finally, presynaptic Stimulation with
Contraction treatment includes the effects of synaptic activity and
muscle contraction, showing complete neuromuscular activity”.
We analyzed by Western blotting how activity affects the
level of PDKI1 and its phosphorylation (pPDK1) in total lysates.
Results revealed that PDK1 and pPDKI1 levels, as well as
pPDKI1/PDKI ratio, remained unaltered after nerve stimulation
with and without coincident muscle contraction (Stimulation
n = 7, Contraction n = 6 and Stimulation with Contraction
n = 6; Figure 3). This indicates that there is a stable pool
of PDK1 at the NM]J catalytically competent during synaptic
activity. However, although neuromuscular activity does not
affect total PDK1 levels nor its phosphorylation, we recently
determined that it induces the phosphorylation of its target
cPKCBI. Therefore, PDKI1 activation might be promoted by
neuromuscular activity through PDKI translocation to the
plasma membrane.

Synaptic Activity Increases Phosphorylated
PDK1 and PCK@Il in the Membrane Fraction

of Skeletal Muscle

Several lines of evidence show that PDK1 targeting to the plasma
membrane is determinant for its activation (Yang et al., 2002a,b),
leading to the phosphorylation of PKC, as it is also located
in the plasma membrane. Thus, we proceeded to analyze how
synaptic activity and/or muscle contraction modulate PDK1 and
cPKCPI protein levels and their phosphorylation in the cytosol
and membrane fractions. The purity of membrane and cytosol
fractionation was confirmed by immunoblotting of Na/K-
ATPase and GAPDH as specific protein markers. Results showed
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S100

FIGURE 2 | PDK1 is localized in the nerve terminals of the neuromuscular junction (NMJ). (A,B) Double staining labeled PDK1 (in green) and AChRs (fluorescent
«-BTX in red). The images show PDK1-positive green immunolabeling concentrated at the presynaptic area over the red postsynaptic gutters. (C) Triple staining
labeled PDK1 (in green), AChRs (in red) and nerve terminal (with anti-syntaxin antibody in blue, Syntx). The fine granulated label for PDK1 was well colocalized with
syntaxin in the presynaptic nerve terminal position (over the AChRs-positive postsynaptic red gutters). (D) Triple staining labeled PDK1 (in green), AChRs (in red) and
Schwann cell (with anti-S100 antibody in blue) showed that PDK1 was not colocalized with Schwann cell (see arrows). Thus, indicating that PDK1 is exclusively
located at the presynaptic component of NMJ (n = 5; 25-30 endplates per muscle). The scale bars indicate 10 um. Abbreviations: PDK1, phosphoinositide-
dependent kinase 1; AChRs, Acetylcholine receptors; Syntx, syntaxin; S100, S100 protein; a-BTX, a-bungarotoxin.

that the cytosolic protein GAPDH was in the cytosol fractionand ~ component, and undetectable in the cytosol fraction. Keranen
essentially undetectable in the membrane fraction. As expected, et al. (1995) determined that only 50% of PKC species retain the
the Na/K-ATPase was highly enriched in the membrane  PDKI-induced phosphate in their activation loop, being mature

Frontiers in Molecular Neuroscience | www.frontiersin.org 6 August 2017 | Volume 10 | Article 270



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero

AND MUSCLE CONTRACTION ON CPKC REGULATION

PDK1 and cPKCBI Phosphorylation in the Membrane

Hurtado et al.
20 -
Stimulation + * + - g5
Contraction - - + - + 8 10
=)
pPDK1 SR B B B e e § APPDKI
S 0
POKI e AR e e mPDKI
Ri
secry N N DR | o
Stimulation Contraction  Stimulation
with
220 A Contraction

FIGURE 3 | Total PDK1 levels and its phosphorylation are unaltered after synaptic activity and muscle contraction. PDK1 and pPDK1 in presynaptic stimulation
treatment, Contraction treatment and Presynaptic stimulation with contraction treatment at 1 Hz stimulation for 30 min. Presynaptic stimulation has been simplified
as Stimulation. Each column has been compared to its respective control (see Table 1). Results showed that PDK1 and pPDK1 levels, as well as pPDK1/PDK1 ratio,
remained unaltered after nerve stimulation with and without muscle contraction. Data are mean percentage + SEM, (Stimulation n = 7, Contraction n = 6 and
Stimulation with Contraction n = 6). Abbreviations: PDK1, phosphoinositide-dependent kinase 1; pPDK1, phosphorylated phosphoinositide-dependent kinase 1.
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FIGURE 4 | Membrane and cytosol distribution of PDK1 and cPKCBI in basal conditions. Western Blot analysis of the distribution of PDK1 and cPKCBI in membrane
and cytosol fraction of skeletal muscle. Results showed that in basal conditions, pPDK1 and PDK1 were found predominantly in the cytosol fraction while pcPKCBI
and cPKCBI were present similarly in both cytosol and membrane fractions. Moreover, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was found in the
cytosol fraction and essentially undetectable in the membrane fraction. As expected, the membrane protein Na/K-ATPase was highly enriched in this cellular
component, and undetectable in the cytosol fraction. Data are mean percentage + SEM, *p < 0.05 (n = 5). Abbreviations: phosphoinositide-dependent kinase 1;
pPDK1, phosphorylated phosphoinositide-dependent kinase 1; cPKCBI, conventional protein kinase C pl; pPKCBI, phosphorylated conventional protein kinase C .

Our results showed that, in basal conditions, pPDK1 and

cPKCs quantitatively autophosphorylated at their turn-motif
PDK1 were found predominantly in the cytosol fraction

and hydrophobic loop. Therefore, to avoid the interference of

dephosphorylation, we analyzed the phosphorylation of cPKCBI
with an antibody against Thr642 turn-motif phosphorylation,
which is the subsequent phosphorylation induced by PDK1 and
it is required for kinase activity (Zhang et al, 1994).

(cytosol:membrane, pPDK1: 74.95:25.05% =+ 12.02, p < 0.05;
PDKI1: 84.00:16.00% = 1.84, p < 0.05; n = 5) while pcPKCPBI and
cPKCBI were present similarly in both cytosol and membrane
fractions (cytosol:membrane, pcPKCBI: 54.21:45.79% =+ 3.78,
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p > 0.05; cPKCBI: 48.28:51.72% =+ 1.88; p > 0.05 n = 5;
Figure 4).

Next, we determined how synaptic activity without
contraction affects the levels and the phosphorylation of
PDK1 and cPKCBI in the cytosol and membrane fractions
(n = 5; Figure 5). Results showed that synaptic activity does
not affect significantly the level of any considered protein in
the cytosol although the levels of PDK1, pPDK1 and pcPKCBI
tended to decrease. Therefore, the ratios pPDKI1/PDK1 and
pcPKCBI/cPKCPI  remained unchanged. However, synaptic
activity significantly increased both pPDKI and its substrate,
pcPKCBI in the membrane (pPDK1: 37.31% =+ 4.75, p < 0.05;
pcPKCBI: 26.11% =+ 4.15, p < 0.05). In addition, total protein
levels of PDK1 were maintained and cPKCBI were significantly
decreased (cPKCPIL: —72.73% =+ 3.12, p < 0.05; Figure 5). Thus,
the increase in both pPDKI/PDK1 and pcPKCPI/cPKCBI
ratios (35.88% £ 0.59, p < 0.05 and 362.95% =+ 3.44,
p < 0.05; respectively) indicate that synaptic activity enhances
phosphorylation of PDK1 and cPKCBI. Together, these results
show that presynaptic activity increases the levels of pPDK1 in
the membrane fraction, a subcellular location known to
be important for PDKI function. Because this increase of
pPDK1 coincides with a significant increase of pcPKCBI in the
membrane fraction, this might indicate that synaptic activity
increases PDK1 function to phosphorylate cPKCBI.

Muscle Contraction Maintains PDK1 and
pPDK1 Levels but Increases cPKCgl and
pcPKCgI Levels in the Membrane Fraction

of Skeletal Muscle

Because muscle activity per se has a critical role to enhance
presynaptic cPKCBI (Besalduch et al., 2010; Hurtado et al., 2017),
we analyzed the role of muscle contraction over PDKI and
cPKCBI protein levels and their phosphorylation in the cytosolic
and membrane fraction (n = 5; Figure 6). We observed
that muscle contraction increased cPKCPI protein levels in
the cytosolic fraction (cPKCPI: 41.22% =+ 10.29, p < 0.05)
without altering pPDK1, PDK1 and pcPKCRI levels. Thus, the
ratio pPDK1/PDK1 was maintained while pcPKCPI/cPKCBI
decreased due to the increase of the total cPKCPI levels
(—43.09% =+ 1.62, p < 0.05). So even though PKCBI is increased,
muscle contraction does not promote its phosphorylation in
the cytosol. Regarding the membrane fraction, pPDK1 and
PDK1 levels did not change after contraction but both
pcPKCPBI and cPKCPI were significantly increased (pcPKCBI:
38.19% =+ 4.35 p < 0.05; cPKCBI: 37.23% =+ 3.50, p < 0.05).
Thus, the ratio pcPKCBI/cPKCBI in the membrane fraction
remained the same indicating that muscle contraction enhances
phosphorylation of ¢cPKCs due to an increase of total protein
PKC protein level.

These results together suggest that muscle contraction might
induce the synthesis of cPKCBI, increasing total protein levels in
both cytosol and membrane fractions. The increased amount of
pcPKCBI in the membrane might be explained by an increase
of total PKC protein level, as PDKI1 activity is maintained (see
Figure 6).

To reinforce the previous results, we assessed the complete
neuromuscular activity (synaptic activity with muscle
contraction; n = 5). In the membrane fraction, pPDKI was
increased (achieved by synaptic activity; pPDK1: 40.77% =+ 9.27,
p < 0.05) but without altered PDKI1 protein levels (PDKI1:
11.37% =+ 1.58, p > 0.05). Moreover, total cPKCPI and pcPKCBI
levels were also increased in the membrane fraction due to
muscle contraction (cPKCBI: 31.88% = 8.59, p < 0.05; pcPKCBI:
30.42% =+ 8.19, p < 0.05).

Altogether, these results suggest that synaptic activity induces
the phosphorylation of ¢cPKCBI through the translocation of
pPDK1 to the membrane. Furthermore, contraction increases the
synthesis of cPKCPBI and consequently the amount of pcPKCBI
even maintaining PDK activity.

DISCUSSION

PDKI is a crucial Ser/Thr kinase which activates as many
as 23 protein kinases of the AGC family, including PKC,
by phosphorylating their T-loop sites (Toker, 2003; Mora
et al, 2004; Bayascas, 2010; Pearce et al, 2010). Although
the importance of PDKI1 in PKC signaling has been well
characterized (Chou et al., 1998; Dutil et al., 1998; Le Good
et al., 1998; Balendran et al,, 2000), its synaptic localization
and function in the nervous system has not been fully
determined. Thus, in this study, we localized PDK1 at the
neuromuscular synapse and we investigated the hypothesis that
synaptic activity and muscle contraction regulates PDK1 and
cPKCBI phosphorylation in the membrane fraction. Our results
support that PDKI1 is localized in the nerve terminals of the
NMJ. Moreover, synaptic activity increases pPDK1 levels in the
membrane. Because the increase of pPDKI1 coincides with a
significant increase of pcPKCBI in the membrane fraction, this
might indicate that synaptic activity increases PDK1 function
to phosphorylate cPKCBI. Furthermore, when contraction is
present, the total amount of c¢PKCPI is increased in both
cytosol and membrane fraction, suggesting an activation of its
synthesis.

Synaptic Activity Increases Phosphorylated
PDK1 and pcPKCgI in the Membrane

Fraction of the Skeletal Muscle

In the skeletal muscle, PDK1 is mainly present in the cytosolic
fraction in basal conditions and the confocal microscopy shows
that it is only expressed in the nerve terminal of the rat
NMJ. Consistent with that, PDK1 has been located also in the
nerve terminals at the Drosophila NMJ (Cheng et al,, 2011). It
is surprising that while several PKC isoforms are located in the
different cells of the rat NM]J (Perkins et al., 2001; Besalduch
etal., 2010, 2013; Lanuza et al., 2014; Obis et al., 2015a), PDK1 is
located exclusively in the nerve terminal. This fact may be
related with a specific role of this protein in priming presynaptic
kinases (such nPKCe and cPKCBI) selectively involved in the
rapid and complex exocytotic process of transmitter release.
Due to its presynaptic location, PDK1 activation could be
susceptible to synaptic activity influence. Different studies
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FIGURE 5 | Synaptic activity increases pPDK1 and PCKgI in the membrane fraction of skeletal muscle. Western Blot of PDK1 and pPDK1 after isolation of
membrane and cytosol fractions in presynaptic stimulation treatment at 1 Hz stimulation for 30 min. Presynaptic stimulation has been simplified as Stimulation. Each
column has been compared to its respective control (see Table 1). Results showed that synaptic activity does not affect significantly the level of any protein in the
cytosol. Therefore, the ratios pcPKCBI/cPKCBI and pPDK1/PDK1 remain the same. However, both pPDK1 and its substrate, pcPKCBI were significantly increased in
the membrane fraction. Thus, both ratios pcPKCBI/cPKCBI and pPDK1/PDK1 were increased indicating that synaptic activity specifically enhances phosphorylation
of PDK1 and cPKCBI. Data are mean percentage + SEM, *p < 0.05 (n = 5). Abbreviations: phosphoinositide-dependent kinase 1; pPDK1, phosphorylated
phosphoinositide-dependent kinase 1; cPKCBI, conventional protein kinase C gl; pPKCBI, phosphorylated conventional protein kinase C Bl.
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FIGURE 6 | Muscle contraction maintains PDK1 and pPDK1 levels but increase cPKCBI and pcPKCBI levels in the membrane fraction of skeletal muscle. PDK1 and
pPDK1 after isolation of membrane and cytosol fractions in Contraction treatment at 1 Hz stimulation for 30 min. Each column has been compared to its respective
control (see Table 1). We observed that muscle contraction increased cPKCBI protein levels in the cytosolic fraction but pPDK1, PDK1 and pcPKCBI levels remained
the same. Thus, the ratio pPDK1/PDK1 was maintained while pcPKCBI/cPKCBI decreased due to the increase of the total protein. Moreover, in the plasma
membrane, pPDK1 and PDK1 were also not modified but pcPKCBI and cPKCBI were significantly increased. Thus, the ratio pPDK1/PDK1 and pcPKCBI/cPKCBI in
the membrane fractions remained the same. Data are mean percentage + SEM, *p < 0.05 (n = 5). Abbreviations: phosphoinositide-dependent kinase 1; pPDK1,
phosphorylated phosphoinositide-dependent kinase 1; cPKCBI, conventional protein kinase C l; pPKCBI, phosphorylated conventional protein kinase C fl.

have shown that PDKI1 is constitutively phosphorylated on  that PDKI is constitutively phosphorylated in the S241 site

at least five serine residues (S25, S241, S393, S396 and S410;
Casamayor et al,, 1999). However, other studies suggest that
signaling pathways activated by insulin-like growth factor 1
(IGF-1) can further increase the degree of PDK1 phosphorylation
on these sites (Scheid et al, 2005). Our results suggest

after synaptic activity and muscle contraction in total skeletal
muscle lysates. However, we demonstrated that the subcellular
localization of pPDKI is inducible by synaptic activity. Activity
is able to translocate pPDKI to the plasma membrane where
PDKI1 is in the optimal situation to interact with and
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phosphorylate its substrates (Chou et al., 1998; Dutil et al., 1998;
Le Good et al., 1998; Balendran et al., 2000; Yang et al., 2002a,b).
It should be noted that pPDKI is slightly, but not significantly,
reduced in the cytosol fraction and it may be because PDKI is
mainly present in the cytosol fraction. Thus, small decreases
in their protein levels might not be significantly appreciated,
but enough to detect a significant increase in the membrane
fraction. PI3-kinase (PI3K) activity recruits PDK1 to membranes,
leading to phosphorylation of downstream substrates (Alessi
et al., 1997). Here we show that this recruitment to membrane
is promoted by the synaptic activity at the NMJ and this
mechanism may be Ca>* dependent. PDK1 with its PH domain
binds to either PIP3 or PIP2 and is translocated to the plasma
membrane. Evidence show that PDKI1 does not have any
domain that directly interacts with calcium. However, recent
evidence shows that in central nerve terminals an increase of
intracellular calcium promotes PI3K activity by an unknown
calcium sensor (Nicholson-Fish et al., 2016). Therefore, calcium
influx may increase PIP3 production (by enhancing PI3K)
which, in turn, could promote PDKI translocation to the
membrane. It has been evidenced that PDKI is the upstream
kinase which directly phosphorylates the activation loop of
PKC isoforms (Dutil and Newton, 2000). Although PDK1 is
constitutively active (Casamayor et al., 1999) the translocation
to the membrane induced by synaptic activity may provide an
important mechanism for prolonged activation of PKCs.

PKC family has emerged as essential for the control of
aspects of higher-level signal organization. It is a multigene
family of Ser/Thr kinases that comprises ~2% of the human
kinome. In the nervous system, synaptic transmission (Dempsey
et al, 2000; Lanuza et al, 2007; Tomas et al, 2014) is
decisively modulated by the involvement of several PKC
isoforms differently localized and regulated (Hilgenberg and
Miles, 1995; Lanuza et al., 2000; Perkins et al., 2001; Li
2004; Besalduch et al, 2010, 2013; Obis et al,
2015a,b). For instance, the novel nPKCO has several roles
which include the neuromuscular system development (Li
et al.,, 2004; Lanuza et al., 2006, 2010; Besalduch et al., 2011)
and differentiation and homeostasis of the skeletal muscle
(Tokugawa et al., 2009; Madaro et al, 2011, 2012). nPKC8
may regulate excitability and muscle contraction through the
modulation of chloride channel activity (Camerino et al,
2014). In addition, the novel nPKCe coupling is clearly
involved to maintain or potentiate ACh release in the NM]J
(Obis et al, 2015b). Interestingly, conventional cPKCBI is
exclusively located in the presynaptic component, is modulated
by both synaptic activity and muscle contraction and, in turn, is
directly involved in transmitter release in the NM]J (Besalduch
et al,, 2010; Hurtado et al., 2017). It is interesting to note that
PDK1, as well as ¢cPKCBL is exclusively located in the nerve
terminal at the NM]J.

To become competent and able to respond to second
messengers, PKCs undergo a previous process of maturation
(Parekh et al, 2000; Newton, 2003) and its activation
requires translocation of the enzyme to membrane (Kraft
et al., 1982). Conventional cPKC maturation involves three
phosphorylation steps at specific sites, the first of which is

et al,

mediated by PDK1 in the catalytic domain activation loop.
In contrast, the two carboxy-terminal phosphorylations in the
turn and hydrophobic motifs have been shown to undergo
autophosphorylation events subsequent to the PDK1 mediated
phosphorylation (Cazaubon and Parker, 1993; Keranen et al.,
1995; Dutil et al, 1998). Membrane location confers to
PKC a permissive change that promotes activation loop
phosphorylation by PDK1. Mature cPKCs, are released into
the cytosol and kept in an inactive conformation ready to
be activated (Oancea and Meyer, 1998; Violin et al., 2003;
Griner and Kazanietz, 2007). However, recent findings show
that PKCs can also exist in non/hypophosphorylated forms,
with cellular stimulation resulting in inducible phosphorylation
and activation (Zhou et al, 2003; Wang et al, 2007; Osto
et al., 2008). Obis et al. (2015a) described that synaptic activity
modulates phosphorylation of nPKCe at the NMJ. Moreover,
presynaptic cPKCPI phosphorylation is enhanced by synaptic
activity and muscle contraction (Hurtado et al.,, 2017). Here,
our results showed that phosphorylation of cPKCBI is inducible
by synaptic activity and specifically increased in the plasma
membrane. Thus, at the membrane fraction, the significant
increase of pPDK1 described above, coincides with a significant
increase of pcPKCPIL. Because PDKI1 directly interacts with
cPKCBI, among other PKC isoforms, through the kinase
domain of the enzyme (Dutil et al, 1998; Le Good et al,
1998), this might indicate that synaptic activity increases
PDK1 function to phosphorylate cPKCBI allowing for its
substrate binding, phosphorylation and the activation of
downstream signaling effectors. The increase of pcPKCPI
in the membrane after synaptic activity is accompanied by
a significant decrease of the total cPKCPI indicating the
described downregulation of the PKC after activation. This
result was also previously demonstrated (Hurtado et al., 2017)
and here we specifically found that is in the membrane
where the downregulation occurs. Furthermore, total but not
phosphorylated ¢cPKCBI protein levels depends on synaptic
activity-induced BDNF/TrkB signaling at the NMJ (Hurtado
et al, 2017) indicating that PDKI activity phosphorylating
cPKCBI would be not modulated by the BDNF/TrkB signaling
pathway.

Muscle Contraction Maintains PDK1 and
pPDK1 Levels but Increases cPKCgl and
pcPKCgI Levels in the Membrane Fraction

of Skeletal Muscle

PDKI1 has been related with cell contraction and cell migration.
Some studies suggest that the kinase activity of PDK1 was not
required for the regulation of cortical subplasmalemic actin
or cell contraction (Pinner and Sahai, 2008); this contrasts
with previous reports suggesting that PDK1 regulates actin
organization through PKB/Akt, PAK or integrinB3 (Lim et al,,
2004; Weber et al., 2004; Xie et al., 2006; Primo et al.,
2007). However, whether PDK1 activity is related with muscle
contraction in vivo in the skeletal muscle is still unknown. Here
we show that muscle contraction does not modify pPDK1 and
PDKI1 levels either in the cytosol or the membrane fraction,
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FIGURE 7 | Overview of PDK1 function and cPKCBI phosphorylation at the NMJ. (A) Summary of the results of this work. Columns represent the total protein levels
of PDK1 (in orange), pPDKT1 (in dark orange), cPKCBI (in blue) and pcPKCBI (in dark blue) in the membrane and cytosol compartments (indicated with a horizontal
line) *p < 0.05. (B) Proposed model of the action of PDK1 on cPKCBI phosphorylation at the NMJ. Total PDK1 protein and phosphorylation levels are maintained
throughout all conditions. (#1) Synaptic activity induces the translocation of pPDK1 to the membrane. Consistent with the increased pPDK1 in the membrane,
synaptic activity also (#2) increases the phosphorylation of cPKCBI in the same compartment. Once catalytically competent, pcPKCBI activation through synaptic
activity (#3) reduces the total amount of cPKCBI in the membrane due to an increase in its activation-induced degradation. Muscle contraction (#4) increases the total
amount of cPKCBI in both cytosol and membrane, suggesting an activation of its synthesis. In previous work, we determined that this enhancement is retrogradely
regulated through BDNF/TrkB signaling (Hurtado et al., 2017). After muscle contraction, PDK1 activity remains unaltered and, therefore, pcPKCBI levels increase in
concordance with total cPKCBI (#2). Abbreviations: phosphoinositide-dependent kinase 1; pPDK1, phosphorylated phosphoinositide-dependent kinase 1; cPKCBI,
conventional protein kinase C Bl; pPKCBI, phosphorylated conventional protein kinase C l; BDNF, brain-derived neurotrophic factor; TrkB.FL, tropomyosin-related

kinase B full-length, TrkB.T1, tropomyosin-related kinase B truncated isoform 1.

suggesting that its activity is mainly determined only by
presynaptic activity. This result is consistent with the exclusive
location of the PDK1 that we found, in the nerve terminal of
the NM]J and suggests that it is not retrogradely regulated by the
muscular activity.

However, PKC isoforms are differently regulated in the
skeletal muscle (Hilgenberg and Miles, 1995; Lanuza et al,
2000; Perkins et al, 2001; Li et al, 2004; Besalduch et al,,
2010, 2013; Obis et al, 2015ab). Especially, our results
show that conventional cPKCPBI is modulated by muscle
contraction in both cytosol and membrane fractions, as
previously demonstrated (Besalduch et al., 2010; Hurtado
et al., 2017). Specifically, we observed that muscle contraction
increased cPKCPI protein levels in the cytosolic fraction
suggesting that it is thus promoting its synthesis or alternatively
decreasing its degradation. In addition, in the plasma
membrane both pcPKCPI and cPKCBI were significantly
increased suggesting that PKC synthesis, its translocation to
the membrane and its phosphorylation are enhanced after
muscle contraction. Thus, these results indicate that muscle
contraction induces the synthesis of cPKCPIL, increasing
total protein levels in both cytosol and membrane fractions.
Furthermore, it has been shown that presynaptic cPKCBI

levels are enhanced by muscle contraction through the
BDNEF/TrkB signaling suggesting a retrograde regulation of
this isoform (Hurtado et al., 2017). However, even though
pPDK1 activity is maintained, pcPKCPI is enhanced due
to the increased amount of total ¢cPKCPI caused by muscle
contraction.

Figure 7A summarizes our results. Thus, this study
demonstrates that PDK1 is exclusively located in the nerve
terminal of the NMJ and that synaptic activity enhances
the location of its phosphorylated form in the membrane
(Figure 7-#1), the optimal place to be active. This increment of
the levels of pPDK1 in the membrane coincides with increases of
its substrate pcPKCBI in the membrane (Figure 7-#2), suggesting
that synaptic activity increases PDK1 function to phosphorylate
cPKCBI. Synaptic activity reduces the total amount of cPKCBI
in the membrane due to an increase in its activation-induced
degradation (Figure 7-#3). The resulting muscle contraction may
play a retrograde control over presynaptic cPKCPI to activate
its synthesis (or alternatively decreasing its degradation), thus
increasing the amount of cPKCPI (Figure 7-#4, Hurtado et al.,
2017). This might explain the increase in pcPKCBI (Figure 7-#2).
The diagram in Figure 7B shows this proposed mechanism
of the action of PDK1 on c¢PKCBI phosphorylation at the
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NM]J. Importantly, pcPKCPI has a critical role in regulating
transmitter release (Hurtado et al., 2017). Thus, both pre-
and postsynaptic activities are needed to modulate PDK1 and
cPKCBI function, ensuring an accurate neurotransmission
process.
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RESULTS

Diverse evidence shows that BDNF and its receptor are involved in
neurodegenerative disease as ALS. BDNF has strong pro-survival effects in
developing and injured motoneurons (Mantilla et al., 2013; Peng et al., 2003) and
these effects are mediated by its binding to TrkB receptors and p75NTR. Moreover,
there is a complex BDNF signalling output balanced by the negative regulation of
TrkB.T1 over TrkB.FL (Dorsey et al., 2011). As BDNF signalling has been shown to
be activity dependent, physical exercise has been proposed to provide benefits in

ALS disease, but with contradictory results.

1. Swimming training efficiently prevented the ALS-induced increase of
mBDNF levels in the skeletal muscle of ALS mice

To investigate how the BDNF/TrkB signalling pathway is affected in the skeletal
muscle of ALS mice (SOD1-Gg3A), we first analysed the mature BDNF (mBDNF)
and proBDNF proteins levels in WT (Control) and ALS mice. As in Chapter |, we used
the anti-BDNF antibody, raised against a peptide sequence corresponding to the
amino acids 130—247 of BDNF, a region present in both proBDNF (32 kDa) and
mBDNF (14 kDa) (Zheng et al., 2010). Western blot results showed that mBDNF
protein level was significantly increased in ALS mice (3.01 * 0.29; p<0.001) without

affecting proBDNF levels (Figure 16).

It is known that the increase of BDNF due to physical exercise has beneficial effects
in the central nervous system (Cuppini et al., 2007; Zoladz and Pilc, 2010). To know
whether physical exercise can modulate BDNF levels in skeletal muscles, we next
compared the impact of two physical exercises (running and swimming) in ALS
mice. Western blot results showed that proBDNF levels were maintained after both
exercises (Figure 16). However, after the running-based training, mBDNF levels

decreased but were still increased compared to control (1.82 + 0.21; p<0.001) while
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the swimming-based training was able to maintain the mBNDF levels close to the

control (1.06 + 0.06; p>0.05).

Therefore, ALS disease increase the mBDNF and, both exercises significantly
reversed the ALS-induced increase of mBDNF levels but only the swimming-based
training efficiently preserved the mBDNF levels in ALS mice close to the

corresponding control muscles (Figure 16).
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Figure 16. Swimming training efficiently prevented the ALS-induced increase of MBDNF
levels in the skeletal muscle of ALS mice. Western blot bands and their quantification
show that mBDNF protein levels were significantly increased in ALS mice without affecting
proBDNF levels. Both exercises significantly reversed the ALS-induced increase of mBDNF
levels but only the swimming-based training efficiently preserved the mBDNF levels in ALS
mice close to the corresponding control. Data are represented as means + SD. *Control
versus ALS mice, # Untrained ALS versus trained ALS groups or + Swimming ALS versus
Running ALS.
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2. Physical exercise prevented the dysregulation of BDNF receptors in
the skeletal muscle of ALS mice

Next, we proceed to analyse how BDNF receptors are modulated in ALS disease.
For p75N™® (75kDa), the anti-p75NR antibody was raised against the amino acids
274425 of the intracellular domain of the rat protein. Results showed that p75NTR
protein levels were significantly decreased (0.53 + 0.13; p<0.001) in skeletal muscle

of ALS mice (Figure 17).

To study TrkB.FL and TrkB.T1, we used the anti-TrkB antibody raised against a
peptide sequence corresponding to the amino acids 37-75 of TrkB, which belongs
to the extracellular domain shared by both TrkB.FL (145-150 kDa) and TrkB.T1 (95-
100 kDa). In Chapter |, we confirmed that both receptors are expressed in wild type
skeletal muscle, being TrkB-T1 the predominant form. Results showed that
TrkB.FL and TrkB.T1 receptors were affected in a different way in skeletal muscle
of ALS mice. In particular, we observed that TrkB.T1 levels were significantly
increased while TrkB.FL were significantly decreased (2.06 + 0.08; p<o.oo1and 0.58

+0.19; p<0.01; respectively), thus decreasing FL:T1 ratio (Figure 17).

Since TrkB signalling is known to start by phosphorylation of the TrkB.FL
(Middlemas et al., 1994) we next determined whether TrkB.FL phosphorylation
levels were altered in ALS mice. Specific TrkB.FL phosphorylation was detected
with the antibody that specifically recognizes the phosphorylation in the Tyr816 of
TrkB.FL (145 kDa), which is known to trigger the PLCy signalling pathway and
sequentially activates PKC (Eide et al., 1996). Phosphorylated TrkB.FL (pTrkB.FL)
levels were found to be decreased (0.52 + 0.13; p<0.01) compared to control mice
(Figure 17). However, the ratio of phosphorylated and total protein
(pTrkB.FL/TrkB.FL) was not affected due to TrkB.FL decrease in a similar

proportion.

We next analysed how these receptors were affected in trained ALS mice (Figure
17). We found that running exercise efficiently preserved p75N'™® levels close to the

control muscles (1.09 + 0.12; p>0.05). However, after swimming protocol, p75N™®
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levels were still decreased compared to the control similar to untrained ALS mice

(0.68 £ 0.02; p<0.01).
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Figure 17. Physical exercise prevented the dysregulation of BDNF receptors in the
skeletal muscle of ALS mice. P75NTR and TrkB isoforms were affected in a different way in
ALS mice and after exercise. P75NTRand TrkB.FL, as well as pTrkB.FL were decreased in ALS
mice. On the contrary, TrkB.T1 was enhanced in ALS mice. Running-based training
preserve p75NTR and TrkB.T1 close to the control levels while swimming-based training
preserve pTrkB.FL levels. Both training protocols efficiently prevent the downregulation of
TrkB.FL protein levels. Data are represented as means = SD. *Control versus ALS mice, #
Untrained ALS versus trained ALS groups or + Swimming ALS versus Running ALS.

Regarding TrkB isoforms, results showed that only the running-based training
prevented the ALS-induced increase of TrkB.T1 levels (1.04 + 0.19; p>0.05).
However, after swimming protocol TrkB.T1 levels were still increased compared to

the control similar to untrained ALS mice (2.43 + 0.12; p<o0.001). Therefore, ALS

170



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
Results. Chapter ||

disease increased TrkB.T1 levels and, only the running-based training efficiently
preserved the TrkB.T1 levels in ALS mice close to the corresponding control
muscles (Figure 17). On the other hand, TrkB.FL protein levels were significantly
increased in trained ALS mice compared to ALS mice. Thus, both protocols of
exercise significantly prevented the ALS-induced significant decrease of TrkB.FL
(running: 1.03 = 0.29; p>0.05; swimming: 1.22 * 0.07; p>0.05) (Figure 17). However,
only the running-based training was able to achieve a ratio FL:Ta1 similar to the

control.

Finally, after analysing TrkB phosphorylation (Figure 17), we have found that only
the swimming-based training was able to preserve pTrkB levels close to the control
(0.82 + 0.04; p>0.05). The running-based training didn't prevent the decrease of its
levels since pTrkB was still significantly decreased compared to control muscles

(0.64 + 0.17; p<0.05).

Altogether, these results demonstrate that physical exercise prevents the effect of
ALS disease over the BDNF signalling pathway in a different way depending on the
nature of the exercise. P75N™ and TrkB.FL, as well as pTrkB.FL levels are decreased
in favour of increased TrkB.Tx levels in ALS mice. Running-based training is able to
preserve p75NTR and TrkB.T1 close to the control levels and swimming-based
training preserves pTrkB.FL levels. Both training protocols efficiently prevent the

downregulation of TrkB.FL protein levels that occurs in ALS mice.

In conclusion, ALS disease that causes a reduced neuromuscular activity has the
BDNF signalling pathway impaired. Physical exercise is able to prevent these
modifications and could have a key role in preventing and ameliorating

neuromuscular disorders.
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DISCUSSION

Enhancement of BDNF signalling has a great potential in therapy for neurological
disorders. BDNF not only reduces cell death but also promotes neuronal plasticity,
survival and function. However, intrathecally administered BDNF in patients of ALS
did not show significant effects on motor function and survival (Ochs et al., 2000)
or autonomic nervous system function (Beck et al., 2005). The point is that most
neurological disorders not only show a dysregulation of BDNF but also an
impairment of its receptors. Thus, an important challenge to this approach is the
persistence of aberrant neurotrophic signalling due to a defective function of the

TrkB, p75NTR

or downstream effectors. Here we demonstrate that BDNF signalling
is impaired in ALS skeletal muscle and physical exercise prevents the effect of ALS
disease over the BDNF signalling pathway in a different way depending on the

nature of the exercise.

BDNF signalling pathway is affected in the skeletal muscle of ALS mice

In ALS patients, BDNF mRNA and protein levels are dramatically upregulated in
muscle (Kust et al., 2002) and total TrkB mRNA is increased in the spinal cord, yet,
phosphorylation of the TrkB receptor is reduced (Mutoh et al., 2000). Also, a latest
study has found that truncated TrkB.Ta deletion significantly slows the onset of
motoneuron degeneration in a mouse model of ALS (Yanpallewar et al., 2012).
Moreover, p75 NTR appears to be involved in ALS pathophysiology (Dupuis et al.,

NTR

2008; Lowry et al., 2001). When p75 is not bound to Trk receptors, it might

induce apoptosis in both animal models of ALS and patients. Turner et al. (2004)

showed that an antagonist for pyg NTR

slows progression of ALS in SOD1 animals.
Altogether, this suggests that BDNF signalling impairments in ALS are not caused
by insufficient NT supply but rather by a mechanism affecting the TrkB response to
BDNF. In concordance with that, here we demonstrate an increase of BDNF in the
plantaris skeletal muscle from the hind limb of ALS mice. Regarding its receptors,

our results show that py75 N levels are decreased, suggesting a reduced apoptotic
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signalling but also reducing the possibility to form heterodimers with TrkB to
enhance survival pathways. In addition, both TrkB.FL and its phosphorylation are
also decreased in skeletal muscle in favour of increased TrkB.T1 levels. Thus, there
is a dysregulation of TrkB isoforms leading to an imbalance between TrkB.T1 and
TrkB.FL levels that may be a primary cause or a consequence of impaired
neuromuscular function and motoneuron loss. Because of that, it can be suggested
that the increase of BDNF in ALS mice could be a compensatory mechanism that is
not sufficient to promote neuronal survival of injured motoneurons because of the
lack of TrkB.FL available, as it has been already proposed in other studies

(Yanpallewar et al., 2012).

One importantissue to consider is whether these alterations in BDNF signalling are
a cause or a consequence of the disease. It has been shown that in ALS mice there
is a pattern of preferential loss of larger MNs innervating faster muscle fibres. It is
described that in the fast-twich muscles plantaris and tibialis, only the fast II1B fibres
were atrophied in ALS mice. In addition, these muscles suffered a significant fast-
to slow transition (Deforges et al., 2009). However, it is not well determined the
pattern of expression of BDNF and its receptors depending on the muscle fibre
type. So far, Funakoshi et al. (1995) reported greater NT-4 mRNA expression in the
predominantly slow soleus muscle compared with the mixed gastrocnemius
muscle and localized NT-4 immunoreactivity to slow muscle fibres in adult rats.
Gonzalez and Collins (1997) observed a similar differential distribution of BDNF
mMRNA expression in rat triceps surae muscle (J. E. Dixon, D. McKinnon, M.
Gonzalez, and W.F. Collins, unpublished observations). These observations
suggest that muscle-derived BDNF and NT-4 are expressed predominantly by slow
muscle fibre. Although these conclusions should be confirmed, concerning our
results this may indicate that the remaining slow muscle fibres in ALS mice increase
the BDNF levels by a compensatory mechanism due to the dysregulation of the
BDNF receptors. Also, it may indicate that the fast-to slow transition of muscles
fibres that occurs in ALS disease could be related with a transition in the pattern of

expression leading to the new converted slow fibres to express BDNF. Further
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experiments in our laboratory will be focused to study in detail how BDNF, p75N™®
and TrkB isoforms are expressed in fast and slow muscle fibres. That, could help to
elucidate the link between the preferential loss of larger MNs and the impaired

BDNF signalling in ALS disease to improve targeted therapies

Different training protocols preserve BDNF signalling pathway in the skeletal
muscle of ALS mice

In the last few years, there has been increasing evidence of the benefits of physical
activity/exercise on the health of the nervous system (van Praag et al., 1999).
Increased physical activity has been shown to improve neuromuscular function and
alter the structure of the NMJ. Exercise increases the effectivity of the NMJ
(Andonian and Fahim, 1987; Tomas et al., 1993, 1997), the total area of both pre-
and postsynaptic elements (Deschenes et al., 1993), and the amount of ACh
released (Dorldchter et al., 1991). Thus, as another therapeutic approach, training
exercise has been proposed to provide benefits during the early or late stages of
ALS. The potential positive effect of physical activity on ALS has been tested in
mouse models of ALS but conflicting results have clouded the role of physical
exercise. Regular moderate intensity exercise has been reported to have
neuroprotective effects delaying the onset of the disease and/or its progression
with a modest increase in the survival of transgenic mice (Kaspar et al., 2005;
Kirkinezos et al., 2003; Veldink et al., 2003). When regular moderate intensity
exercise was combined with insulin-like growth factor (IGF-1) treatment, a strong
synergistic effect was reported (Kaspar et al., 2005). Lifetime exposure of
transgenic ALS mice to vigorous physical activity based on a 10h/day on a motor-
driven running wheel showed that exercise did not promote hasten the progression
of motor neuron degeneration (Liebetanz et al., 2004) however, in the same
transgenic ALS mice (SOD1Gg3A), high intensity endurance treadmill exercise for
45 min/day, 5 times/week progressive increased from g to 22 m/min hastened the
onset of weakness and death (Mahoney et al., 2004). Given these contradictory

results, it is important to address how different levels of exercise could affect to
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motor neuron viability. In addition, several clinical studies in ALS patients have
demonstrated the value of moderate exercise in ameliorating disease symptoms

and improving functionality (Bello-Haas et al., 2007; Drory et al., 2001; Pinto et al.,

1999).

Although the molecular mechanism(s) underlying the exercise-induced effects is
stillunknown, it could be a link between the motoneuron activation, the adaptation
of neuron intrinsic properties and neuroprotection. Deforges et al. (2009)
presented the differential effect of a running based and a swimming based exercise
protocols in ALS mice due to the activation of different sub-population of MN.
Hence, here we analyse these two types of exercise: (1) swimming-based training,
which can be described as a high movement amplitude and frequency exercise that
preferentially activates large MNs, belonging to fast motor units. Moreover, in
plantaris muscle of ALS mice, swimming protocol efficiently prevents the fast-to-
slow transition of fibres types that occurs during the disease, preserving the ALS
muscle phenotype close to the controls muscles. (2) running-based training, which
can be described as a low movement amplitude and frequency exercise that
preferentially activates small MNs belonging to slow motor units. However, this
protocol is associated with a fast-to-slow transition of fibres types in plantaris
muscle, worsening the effects of the disease in ALS mice (Deforges et al., 2009).
Here we show that both training protocols significantly reversed the ALS-induced
increase of mBDNF levels but only the swimming-based training efficiently
preserved the mBDNF levels in ALS mice close to the corresponding control
muscles. As described above, BDNF seems to be preferentially expressed in slow
muscle fibres. The fact that swimming protocol preserve mBDNF close to the
control could be link to the prevention of the fast-to-slow transition of muscles
fibres that occurs with this training in ALS disease. Swimming protocol preventing
the transition, would stop that a new converted slow muscle fibres population
starts to express BDNF, thus balancing BDNF expression.

On the contrary, only the running-based training efficiently preserved the p75NTR

and TrkB.Tz1 levels in ALS mice close to the corresponding control muscles.
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Regarding TrkB.FL and its phosphorylation, both training protocols significantly
prevent the ALS-induced decrease of TrkB.FL and pTrkB levels, but only the
swimming-based training preserve pTrkB levels close to the control. It is interesting
that running protocol impacts more efficiently over “negative” receptors as p75N™®
and TrkB.T1 but swimming protocols is more efficient to regulate “positive”
receptors, TrkB.FL and its phosphorylation. This could be associated with the
different MN and muscle fibre survival in each exercise and/or the ratio of
expression of these receptors depending on the fibre type. However, further

experiments will be done in our laboratory to study in detail how BDNF, p75N™® and

TrkB isoforms are expressed in fast and slow muscle fibres.

The results of this Chapter Il are summarized in Figure 18. Therefore, here we
demonstrate the impairment of BDNF signalling pathway in skeletal muscle of ALS
disease. These alterations could be prevented by physical exercise but in a different
way depending on the intensity and nature of exercise. Thus, there is a needed to
further define what type, intensity, and duration of exercise may prove truly

beneficial in ALS.
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Figure 18. Graphical overview of BDNF signalling in ALS disease. (A) BDNF signalling at
the neuromuscular junction in Control mice; (B) Untrained ALS mice; (C) Running mice and
(D) Swimming mice. (B) mBDNF levels are increased in ALS disease and its receptors are
dysregulated. P75NTR (in orange), TrkB.FL (in green) and its phosphorylation are decreased
while TrkB.Ta levels are increased (in red) in ALS disease. (C) After running training,
mBDNF levels decreased compared to the ALS situation but they were still increased
compared to the control. Regarding its receptors, the reduction of P75N™R and TrkB.FL
levels that happened in ALS, was prevented after running training, keeping the levels close
to the control. Similarly, running training prevented the ALS-induced increase of TrkB.T1
levels. However, TrkB phosphorylation was still significantly decreased compared to the
control after running protocol. (D) The swimming-based training was the only that
efficiently preserved mBDNF and TrkB.FL phosphorylation levels close to the control, in
addition to preserve TrkB.FL total protein levels. However, after swimming training, P75N™R
and TrkB.T1 levels were still altered by the disease compared to the control mice.
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GENERAL DISCUSSION

The neuromuscular system is a complex and interconnected network that links the
nervous system with muscles located throughout the body. It is important to
address how it is modulated to increase the knowledge about some diseases, such
as ALS, in which the progressive interruption, at the neuromuscular junction level,
of the connection between nerve and muscle leads to the pathological non-

communication of the two tissues.

Skeletal muscle differentiation and function is controlled by a variety of signals
from different sources. Innervating MNs and contacting Schwann cells “tell”
skeletal muscle cells to grow, to differentiate and how they should function, as a
postsynaptic component. Conversely, skeletal muscle provides signals, including
neurotrophins (NTs), that regulates in the presynaptic component the survival and
function of MNs during development, maintenance andjor injury (Huang and
Reichardt, 2001). It is well known that NTs as BDNF, are widely regulated by
neuromuscular activity and binding to its receptors activates many different
pathways that could impact on NMJ functionality, for example activating
presynaptic PKCs signalling. But which could be the mechanisms that
coordinates pre- and postsynaptic activities to modulate neuromuscular

function through regulation of BDNF and PKC signalling?

In the last few years, there has been increasing evidence of the benefits of physical
activity/exercise on the health of the nervous system (van Praag et al., 1999).
Increased physical activity has been shown to improve neuromuscular function and
alter the structure of the NMJ. Exercise increases the effectivity of the NMJ
(Andonian and Fahim, 1987; Tomas et al., 1993, 1997), the total area of both pre-
and postsynaptic elements (Deschenes et al., 1993), and the amount of ACh
released (Dorlochter et al., 1991). These effects could be conducted by NTs since
increased exercise training has also been shown to have effects on NTs expression
in mammalian skeletal muscle (Sakuma and Yamaguchi, 2011). Specifically, it is

well-accepted the preponderance of BDNF in mediating these benefits. In the
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neuromuscular system, however, whether skeletal muscle in vivo increases its
production and/or release of BDNF by synaptic activity, muscle contraction or some

combination of the two, remained unclear.

Muscle contraction enhances the activity-dependent increase of mBDNF and
downregulates TrKB.Tx levels in skeletal muscle

BDNF is strongly expressed in the brain (Huang and Reichardt, 2003) and to a lesser
extentin skeletal muscle (Matthews et al., 2009) and it plays a key role in regulating
survival, growth and maintenance of neurons (Snider, 1998). It is initially
synthesized as a precursor protein (proBDNF) and subsequently cleaved into

mBDNF.

It is established that BDNF transcription, translation and secretion is strongly
regulated by neural activity. Specifically, exercise training increases BDNF
expression in spinal cord and skeletal muscle in rodents (Cuppini et al., 2007;
Gomez-Pinilla et al.,, 2001, 2002, 2012; Zoladz and Pilc, 2010) and basal
neuromuscular activity is required to maintain normal levels of BDNF in the NMJ
(Gomez-Pinilla et al., 2002). But does synaptic activity and/or muscle contraction
per se modulate BDNF mRNA and protein levels in skeletal muscle? Liem et al.
(2001) showed that mRNA is only located inside myocytes and Matthews et al.
(2009) demonstrated that BDNF mRNA and protein expression is increased in
muscle cells that are electrically stimulated. In this thesis, we have demonstrated
that BDNF mRNA expression (IV, VI, VIIl and IX activity dependent exons) is not
affected after 30 minutes of synaptic activity or muscle contraction. However, both
synaptic activity and muscle contraction increase mBDNF protein levels without
alter proBDNF. Specifically, muscle contraction per se is able to increase mBDNF
levels over and above what nerve transmission alone can enhance. This, suggests a
postsynaptic origin through BDNF mRNA translation that is directly linked to
myofibril contraction. Other evidences showed that following exercise, BDNF
MRNA expression is consistently increased in the CNS and PNS in a dose-

dependent manner (Adlard et al., 2004; Gomez-Pinilla et al., 2002). In Sprague-
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Dawley rats exercised on a treadmill, BDNF mRNA expression is enhanced in soleus
muscle following 5 days but not 10 days of exercise. NT-4/5 and TrkB mRNA levels
are not affected at either time point (Gomez-Pinilla et al., 2001). Other study of the
same authors, after voluntary exercise, BDNF mRNA expression and protein levels
are enhanced in soleus muscle of rats following 3 and 7 days of exercise (Gomez-
Pinilla et al., 2002). Our results suggest that the stimulation protocol used is not
sufficient to increase BDNF mRNA in muscle. Thus, here we show that short-term
acute neuromuscular activity enhances muscle BDNF protein levels by promoting
its translation and/or maturation (e.g., through increased protease activity)

allowing a build-up of mBDNF and leaving net pro-BDNF levels unchanged.

BDNF and NT-4 can initiate intracellular signalling through the same cell surface
receptor, TrkB (Klein et al., 1991, 1992). NT-4 expression is also dependent on the
activity of neuromuscular synapses. Electrical stimulation of motor nerves
enhances NT-4/5 expression in skeletal muscle, and a blockade of neuromuscular
endplates with bungarotoxin lead to reduced NT-4/5 expression (Funakoshi et al.,
1995). However, it is of interest that NT-4/5 has not been evaluated accurately
following similar exercise. One study has addressed the issue of exercise-induced
NT-4/5 expression, finding no significant elevation of NT-4/5 protein levels in the
vastus lateralis of two aerobically trained individuals. In concordance with that, our
results show that after 30 minutes of electrical stimulation with and without

resulting muscle contraction, NT4 protein levels are not affected.

BDNF isoforms, pro-BDNF and mBDNF, bind distinct receptors to mediate
divergent neuronal actions (Hempstead, 2006; Je et al., 2013; Lu, 2003; Yang et al.,
2009). Pro-BDNF interacts preferentially with p75N™®, whereas mBDNF selectively
binds and activates its specific receptor TrkB. Having demonstrated that BDNF
expression is modulated by synaptic activity and muscle contraction per se, it brings
us to the next question: Are BDNF receptors modulated by activity? TrkB has
been implicated in the maintenance of the synaptic function and the structural
integrity in adult muscular synapses (Mantilla et al., 2014). There are several

alternatively spliced isoforms of TrkB with the same affinity to NTs, including
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TrkB.FL and two truncated TrkB isoforms T2 and T2 (TrkB.T1 and TrkB.T2), which
lack part of the intracellular kinase domain (Middlemas et al., 1991; Reichardt,
2006). Evidence suggests that heterodimers of TrkB.FL with the truncated
isoforms inhibit trans-autophosphorylation of TrkB.FL, reducing BDNF signalling
(Baxter et al., 1997; Dorsey et al., 2012; Eide et al., 1996; Rose et al., 2003; Wong
and Garner, 2012). TrkB.T2 is a variant mainly predominant in the brain tissue and
does not appear to have individual signalling ability (Stoilov et al., 2002). TrkB. Tz is
the main truncated isoform in the skeletal muscle and some studies suggest unique
signalling roles for TrkB.T1, for example, by modulating Ca** signalling
mechanisms in astrocytes (Rose et al., 2003). Other evidence suggests that
TrkB.T1acts in a dominant negative fashion to decrease signalling through TrkB.FL
(Eide et al., 1996; Gonzalez et al., 1999; Haapasalo et al., 2001). Dorsey et al, (2012)
demonstrated that the deletion of TrkB.T1 increases neurotrophin-dependent
activation of downstream signalling targets (e.g., Akt and p70/sk6) and increases

contractibility.

In addition, physical activity has been reported to increase TrkB.FL mRNA levels in
skeletal muscles and spinal cord (Gomez-Pinilla et al., 2002; Skup et al., 2002;
Zoladz and Pilc, 2010). In this thesis, we demonstrate in concordance with previous
results, that there is a predominance of TrkB.T1 levels over TrkB.FL in skeletal
muscle. Moreover, as a novel finding we found that muscle contraction per se
downregulates TrkB.T1 (decreasing the ratio to FL:T1) without changing TrkB.FL
or p75N™R levels. Therefore, it appears that the ratio between TrkB.FL and TrkB.T1

could determine the net effect of BDNF signalling at the neuromuscular system.

BDNF binds to the TrkB.FL and activate the intrinsic tyrosine kinase domain,
leading to autophosphorylation in the activation loop (tyryoz, tyr7o6 and tyryoz;
Guiton et al.,, 1994; Huang and Reichardt, 2003). The phosphorylation of these
residues can lead to the transphosphorylation of others tyrosine residues
(Cunningham et al., 1997; Friedman and Greene, 1999) being tyrsis and tyr816 the
most extensively studied phosphorylation sites (Middlemas et al., 1994; Segal et

al., 1996). Neuronal activity has been shown to rapidly activate TrkB and
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potentiate its signalling, an effect attributed to activity dependent secretion of
BDNF (Meyer-Franke et al., 1998; Aloyz et al., 1999; Patterson et al., 2001). Here
we show that synaptic activity induces a quick increase in pTrkB.FL after 1—10 min
but returned to baseline by 30 min. However, muscle contraction decreases
phosphorylation of TrkB.FL after 1-10 min by increasing phosphatase activity, but
returned to baseline after 30 min. These results suggest a complex mechanism
regulating phosphorylation of TrkB.FL and it needs further investigation in the

future.

Altogether, our results indicate that mBDNF levels are enhanced by synaptic
activity and muscle contraction per se, the latter further enhancing the synaptic
activity-dependent increase of mBDNF. It is a novel finding that synaptic activity
enhances BDNF levels that may act as a paracrine or endocrine signal. Moreover, it
seems that when muscle contraction is present, BDNF signalling output is, to a
great extent, caused by a mechanism affecting the TrkB ratio (FL:T1) rather than
BDNF expression. Here we also demonstrate that the modulation of BDNF
signalling by neuromuscular activity is determined by its receptor in a time-
dependent at the NMJ. At short times (2—10 min), synaptic activity and muscle
contraction regulate phosphorylation of TrkB.FL (tyr816) and, at longer times (30

min), the regulation is mediated by an effect on TrkB.Tx.

BDNF/TrkB signalling pathway is impaired in the skeletal muscle of ALS mice
and physical exercise can prevent it

We have concluded that BDNF/TrkB signalling is highly regulated by synaptic
activity and muscle contraction in the NMJ. Thus, could BDNF/TrkB signalling
represent a new opportunity for intervention across neuromuscular diseases
that are characterized by deficits in presynaptic activity and muscle
contractility such as ALS? Therefore, first, it is important to address how is
modulated the activity-dependent BDNF/TrkB signalling pathway in ALS disease,
in which muscle contraction is decreased. ALS is a progressive neurodegenerative

disorder characterized by the selective degeneration of motoneurons and NMJ
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which causes muscular weakness, atrophy and spasticity among others symptoms
(Kiernan et al., 2011; National Institute of Neurological Disorders and Stroke, 2017;
Moloney et al., 2014). Despite substantial number of approaches have been tested
clinically, therapeutic options are limited. As neurotrophic factors are known to
promote survival of neurons, they have been investigated pre-clinically and

clinically for the treatment of ALS, without success.

Different evidence has shown that BDNF has strong pro-survival effects with
promising results on rescuing axotomized motoneurons (Giménez y Ribotta et al.,
1997; Sendtner et al., 1992; Yan et al., 1992) and on improving the phenotype of
wobbler mutant mice (an ALS mice model; Ikeda et al., 1995). In addition, BDNF
protects neurons from in vivo excitotoxicity (Bemelmans et al., 2006), a mode of
action of relevance to ALS (Henriques et al., 2010). However, in ALS patients, BDNF
is significantly increased in skeletal muscle and spinal cord (KUst et al., 2002). One
of the reasons that could explain the failure of BDNF in clinical trials is due to its
binding to p75NTR, that it appears to be involved in ALS pathophysiology (Dupuis et

al., 2008; Lowry et al,, 2001). It is known that pyg NTR

can induce proapoptotic
signals but can also form heterodimers with Trk receptors to enhance neurotrophin
response, thus increasing survival signalling (Bibel et al., 1999; Chao and
Hempstead, 1995; Davies et al., 1993). Thus, when p75 NR is not bound to Trk
receptors, it might induce apoptosis in both animal models of ALS and patients.

Turner et al. (2004) showed that an antagonist for p75 NTR

slows progression of ALS
in SOD1 animals. Moreover, experiments in mutant SOD1Gg3A mice where TrkB-
T1is deleted showed that the onset of the disease is delayed and the motoneuron
loss is slowed down. In addition, these mice perform better in mobility tests at the
end stage of the disease in relation with normal mutant SOD1Gg3A mice

(Yanpallewar et al., 2012). Also, in ALS patients TrkB.FL phosphorylation is

dramatically decreased in the spinal cord (KUst et al., 2002; Mutoh et al., 2000).

In this thesis, we confirm the increase of BDNF in the plantaris skeletal muscle from

the hind limb of ALS mice. Surprisingly, our results show that p75 NR levels are
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decreased, suggesting a reduced apoptotic signalling but also a reduced chance to
binding to TrkB to enhance survival pathways. Moreover, we demonstrate that
phosphorylated TrkB.FL is also decreased in skeletal muscle (due to a loss of total
TrkB.FL protein levels). In addition, TrkB-Ta is strongly increased in ALS mice,
which suggests that a dysregulation of the balance between TrkB.T1 and TrkB.FL
levels may lead to an impaired neuromuscular function and motoneuron loss. In
concordance with our previous results discussed above in which muscle contraction
decreases TrkB. Tz levels, in a context where muscle contraction is reduced by the
disease, it is not able to reduce TrkB.T1 levels. It seems that TrkB signalling
impairments in ALS are not caused by insufficient NT supply but rather by a
mechanism affecting the TrkB response to BDNF, similar to our previous results
(see above). Therefore, over-presence of TrkB.T1 may limits the pro-survival
effects of BDNF, decreasing TrkB.FL phosphorylation and activation causing a
direct impact on the signal transduction. Because of that, it can be suggested that
the increase of BDNF in ALS model mice could be a compensatory mechanism that
is not sufficient to promote neuronal survival of injured motoneurons because of
the lack of TrkB.FL available, as it has been already proposed in other studies

(Yanpallewar et al., 2012).

It is interesting to note that studies in ALS mice has shown that there is a patternin
ALS disease of preferential loss of larger MNs innervating faster muscle fibres.
Thus, MNs innervating the slower muscle fibres are more resistant in the
SOD1Gg3A mouse model of ALS than those innervating the faster ones (Hegedus
et al., 2007, 2008). It is described that in the fast-twich muscles plantaris and
tibialis, only the fast IIB fibres were atrophied in ALS mice. In addition, these
muscles suffered a significant fast-to slow transition from fast-twitch type Il fibres
to slow-twitch type | fibres and, within the type Il fibre population, from type IIB/IIX
to IIA fibres (Deforges et al., 2009). Importantly, our studies have been performed
in plantaris muscle, a good model to attempt a first approach at studying skeletal
muscle degeneration in ALS. So far, Funakoshi et al. (1995) reported greater NT-4

mMRNA expression in the predominantly slow soleus muscle compared with the
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mixed gastrocnemius muscle and localized NT-4 immunoreactivity to slow muscle
fibres in adult rats. Gonzalez and Collins (1997) observed a similar differential
distribution of BDNF mRNA expression in rat triceps surae muscle (J. E. Dixon, D.
McKinnon, M. Gonzalez, and W.F. Collins, unpublished observations). These
observations suggest that muscle-derived BDNF and NT-4 are expressed
predominantly by slow muscle fibre. Although these conclusions should be
confirmed, concerning our results this may indicate that the remaining slow muscle
fibres in ALS mice increase the BDNF levels by a compensatory mechanism due to
the dysregulation of the BDNF receptors. Also, it may indicate that the fast-to slow
transition of muscles fibres that occurs in ALS disease could be related with a
transition in the pattern of expression leading to the new converted slow fibres to
express BDNF. Further experiments in our laboratory will be focused to study in
detail how BDNF, p75N™R and TrkB isoforms are expressed in fast and slow muscle
fibres. That, could help to elucidate the link between the preferential loss of larger
MNs and the impaired BDNF signalling in ALS disease to improve targeted

therapies.

As another therapeutic approach, training exercise has been proposed to provide
benefits during the early or late stages of ALS (Drory et al., 2001; Pinto et al., 1999).
It promotes cellular adaptations in the brain, spinal cord, and skeletal muscles that
could counteract the oxidative stress complication in ALS (Husain and Somani,
1997). In skeletal muscle, training reduces oxidative stress following exercise
(Miyazaki et al., 2001), increases the mitochondrial capacity (Holloszy et al., 1970)
and increases the expression of neurotrophic factors (Gomez-Pinilla et al., 2001)
that could prevent motoneuron degeneration, preserve muscle innervation and
inhibit muscle atrophy (Acsadi et al., 2002; Manabe et al., 2002; Sun et al., 2002).
Several clinical studies in ALS patients have demonstrated the value of moderate
exercise in ameliorating disease symptoms and improving functionality (Bello-

Haas et al., 2007; Drory et al., 2001; Pinto et al., 1999).

Although the molecular mechanism(s) underlying the exercise-induced effects is

still unknown, it could be a link between the motoneuron activation, the adaptation
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of neuron intrinsic properties and neuroprotection. Thus, how could be modulated
BDNF signalling by exercise in ALS mice? It could prevent the BDNF/TrkB
signalling impairment that occurs in ALS skeletal muscle? Could different type
of exercise with different intensity differentially impact over BDNF signalling in

ALS mice?

Deforges et al. (2009) reported for the first time, that exercise impacts on all neural
cell distribution in ALS spinal cord with an efficiency dependent on the nature of
the exercise. Moreover, different types of exercise can be related with specific MN
and muscle fibre types survival. In this thesis, we have analysed two types of
exercise: (1) swimming-based training, which can be described as a high movement
amplitude and frequency exercise that preferentially activates large MNs,
belonging to fast motor units and (2) running-based training, which can be
described as a low movement amplitude and frequency exercise that preferentially
activates small MNs belonging to slow motor units (Gronard et al., 2008). Taken
together, in the same way that neurons and muscle fibres are selectively activated
by physical exercise, they are also differentially protected against cell death. In
plantaris muscle of ALS mice, swimming protocol efficiently prevents the fast-to-
slow transition of fibres types that occurs during the disease, preserving the ALS
muscle phenotype close to the controls muscles (Deforges et al., 2009). However,
running protocol is associated with a fast-to-slow transition of fibres types in
plantaris muscle, worsening the effects of the disease in ALS mice (Deforges et al.,

2009).

Here we show that both training protocols significantly reversed the ALS-induced
increase of mMBDNF levels but only the swimming-based training efficiently
preserved the mBDNF levels in ALS mice close to the corresponding control
muscles. However, are the swimming training effects, preserving BDNF
expression, only a consequence related with the protection of fast fibres and
large MN? Could be these molecular changes the primary cause of this pattern
of protection? As described above, BDNF seems to be preferentially expressed in

slow muscle fibres. The fact that swimming protocol preserve mBDNF close to the
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control could be link to the prevention of the fast-to-slow transition of muscles
fibres that occurs with this training in ALS disease. Swimming protocol preventing
the transition, would stop that a new converted slow muscle fibres population
starts to express BDNF, thus balancing BDNF expression.

On the contrary, only the running-based training efficiently preserved the p75N™?
and TrkB.T1 levels in ALS mice close to the corresponding control muscles.
Regarding TrkB.FL and its phosphorylation, both training protocols significantly
prevent the ALS-induced decrease of TrkB.FL and pTrkB levels, but only the
swimming-based training preserve pTrkB levels close to the control. It is interesting
that running protocol impacts more efficiently over “negative” receptors as p75N'R
and TrkB.T1 but swimming protocols is more efficient to regulate “positive”
receptors, TrkB.FL and its phosphorylation. This could be also associated with the
different MN and muscle fibre survival in each exercise and/or the ratio of
expression of these receptors depending on the fibre type. Thus, as stated above,
it is necessary to know with more detail how BDNF, p75N™® and TrkB are
differentially express in slow and fast muscles and MNs. This may help to elucidate
if these changes in TrkB/BDNF expression in ALS mice are due to the preferentially
loss of fast fibres and large MN or if these molecular changes could be the primary
cause of this lost. So far, here we demonstrate an altered expression pattern of
mBDNF and its receptors in ALS disease that could be prevented with physical
exercise. Thus, BDNF and mainly its receptors, represent a new opportunity for

intervention across neuromuscular diseases that are characterized by deficits in

presynaptic activity and muscle contractility such as ALS.

Muscle contraction enhances cPKC isoforms (a, B) through BDNF/TrkB pathway
One of the most important signalling pathways that triggers BDNF binding to TrkB,
is PLCy, which produces DAG and IP3 (Carpenter and Ji, 1999). IP3 leads to release
of Ca2+, as a result, mature PKCs are tethered to the membrane leading to a
massive conformational change, allowing for substrate binding, phosphorylation

and the activation of downstream signalling effectors (Colon-Gonzéalez and
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Kazanietz, 2006; Griner and Kazanietz, 2007). PKCisoforms are different requlated
and localized in the NMJ. nPKCe and cPKCPI are located exclusively in the nerve
terminal and PKCa is present in the three components of the NMJ (Besalduch et al.,
2010; Obis et al., 2015a). Obis et al. (2015) showed that both synaptic activity and
muscle contraction can induce changes in the expression of the presynaptic nPKCe.
As previously published (Besalduch et al., 2010), our results show that cPKCa and
cPKCBI, are similarly regulated by neuromuscular activity. Synaptic activity
decreases cPKCa and cPKCBI by an activation-induced degradation mechanism
and muscle contraction increases its protein levels. The latter, could be associated
with an increased cPKCa and cPKCPI protein synthesis or a decreased protein
degradation. As a new finding, in this thesis we demonstrate that also PKC
phosphorylation is regulated by synaptic activity. Synaptic activity directly
increases cPKCa and cPKCBI phosphorylation probably linked to the regulation of
neurotransmission process. However, muscle contraction further increases cPKCa
and cPKCBI phosphorylation due to the increase of their synthesis.

That muscle contraction impact over proteins that are exclusively located in the
nerve terminal (nPKCe and cPKCBI) suggest the existence of a retrograde factor
influenced by neuromuscular activity that could modulate presynaptic PKC at the
NMJ. Could be BDNF this retrograde factor that binding to TrkB regulate cPKCa
and cPKCBI and its phosphorylation at the NMJ? Several studies demonstrated
that BDNF-induced potentiation of presynaptic vesicle release requires TrkB
phosphorylation and PLC activation (Kleiman et al., 2000), in turn activating PKC.
It has been suggested that neuromuscular activity increases retrograde transport
of BDNF from the muscle to the spinal cord (Curtis et al., 1998; Koliatsos et al.,
1993; Sagot et al., 1998; Yan et al., 1992). Moreover, previous studies in our
laboratory suggested that TrkB is involved in the activity-dependent modulation of
presynaptic nPKCe (Obis et al., 2015a). However, there was lack of knowledge of
BDNF/TrkB modulation regarding PKCa and Bl. Here we demonstrate that BDNF
reqgulation over these PKCs is directed by both synaptic activity and muscle
contraction in opposite directions, suggesting distinct roles of presynaptic vs.

postsynaptic induced-BDNF. The apparent distinct roles are consequence of the
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muscle contraction-induced decrease of TrkB.T1. Muscle contraction increases
TrkB.FL/Ta ratio and the reduction of the T1 dominant negative fashion over FL
signalling upregulates presynaptic cPKCs (increasing its synthesis or decreasing the
activation-induced degradation). In this way, our data provide new evidence
indicating the essential role that synaptic activity-induced muscle contraction plays
in the regulation of PKCa and Bl isoforms through BDNF/TrkB signalling pathway.
However, our results also show that PKC phosphorylation is not directly linked to
BDNF/TrkB pathway. This suggests that BDNF/TrkB is involved in PKC activation

once they are phosphorylated and mature.

The complex mechanisms involved in cPKC activation have been extensively
studied (Newton, 2003, 2010; Parekh et al., 2000) and it is required different steps
before is able to phosphorylate its substrates. First, new synthetized PKCs
undergoes a process of maturation (Newton, 2010; Parekh et al., 2000) that
includes a series of phosphorylation steps in the Aloop, TM and the HM. The first
phosphorylation is mediated by PDK1 and occurs at the Aloop site. Then, the TM
and the HM are exposed in the C-terminal domain and are autophosphorylated
leading to stabilization of the enzyme. The mature PKC is now ‘primed’ for
activation (by DAG and Ca?*) and is released into the cytosol and kept in an inactive
conformation (Griner and Kazanietz, 2007; Oancea and Meyer, 1998; Violin et al.,
2003). However, recent finding showed that PKC phosphorylation (in Aloop, HM
and TM), may occur much later during their life cycle and predominantly in
response to cellular stimulation. Growth factor-dependence HM phosphorylation
is reported in nPKCe, whereas other reports showed that HM phosphorylation of
cPKCa, nPKCS and nPKCe are rapamycin sensitive (Behn-Krappa and Newton,
1999; Cenni et al., 2002; Parekh et al., 1999; Ziegler et al., 1999). Therefore, PKCs
can also exist in non/hypophosphorylated forms, with cellular stimulation resulting
in inducible phosphorylation (Freeley et al., 2011; Osto et al., 2008; Wang et al.,
2007; Zhou et al., 2003). In this thesis, we demonstrate that phosphorylation of
PKCa and Bl is not a constitutive mechanism because it can be induced by synaptic

activity. Once intracellular calcium and DAG increase, mature PKCs are tethered to
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the membrane leading to a massive conformational change that releases the
pseudosubstrate domain from the substrate-binding site, allowing for substrate
binding, phosphorylation and the activation of downstream signalling effectors
(Colon-Gonzalez and Kazanietz, 2006; Griner and Kazanietz, 2007). Finally, after
their activation, PKCs are downregulated through a poorly understood
mechanism.

Since PDKz is the main upstream kinase for PKC that mediates its phosphorylation
and maturation, could be PDKx also modulated by synaptic activity? The action
of PDK1 on PKC signalling has been extensively studied but how PDK1 activity is

regulated in the NMJ remained unknown.

Synaptic activity translocates presynaptic PDK1 and cPKCPI to the plasma
membrane of skeletal muscle

PDKa is a serine and threonine kinase that belongs to the AGC superfamily of
protein kinases and it was identified as the upstream kinase of Akti and PKC,
among others (Balendran et al., 2000; Chou et al., 1998; Downward, 2004; Keranen
et al,, 1995; Le Good et al., 1998; Sonnenburg et al., 2001). This establishes PDKa
as a central activator of multiple signalling pathways coupled to a large number of
growth-promoting stimuli. PDK1 contains a carboxyl-terminal PH domain that
binds to the lipid products of PI3K, PI(3,4,5)P3 and PI(3,4) and to other
phosphoinositides such us Pl(4,5)P2 (Alessi et al., 1997a; Currie et al., 1999). Its
activation is dependent on its PH domain binding to plasma membrane Pl (3,4,5)P3,
where is able to autophosphorylate itself and to phosphorylate its substrates. In
PDKa, Ser2s, Ser241, Ser3g3, Ser3g6 and Sergio were first shown to be
phosphorylated in vivo, but their phosphorylation level is not modulated by growth
factor stimulation (Alessi et al., 1997b). Therefore, PDK1 seems to be constitutively
active, owing to the autophosphorylation ability of the Ser241 residue
(Vanhaesebroeck and Alessi, 2000). However, it is still controversial, since other
studies suggest that signalling pathways activated by IGF-1 can further increase the

degree of PDK1 phosphorylation on these sites (Scheid et al., 2005). Alessi et al.
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(1997) as well as Wick et al. (2003) showed that only Ser241 (in the kinase domain)
isindispensable for PDK1 activity, and phosphorylation of PDK1in S241 is catalysed
by an autophosphorylation reaction in trans (Wick et al., 2003). Surprisingly, Ser241
phosphorylation is resistant to dephosphorylation by protein phosphatase2A
(PP2A), indicating that it was not accessible by phosphatases (Casamayor et al.,
1999). Here we show that neuromuscular activity does not affect total PDKz1 levels
nor its phosphorylation in Ser241 site, in skeletal muscle total lysates. This indicates
that there is a stable pool of PDK1 at the NMJ probably related with the constitutive
activation of this enzyme. Later, other major autophosphorylation site (Thrs1) in
the PH domain appeared to be significant for PDKa phosphorylation and activity,
in the presence of PI(3,4,5) P3 (Gao and Harris, 2006). This implied a strong
regulatory role for the PH domain in the activation of PDK1 upon PI(3,4,5)P3

binding, importantly to take into account.

Different substrates of PDKi1 are phosphorylated and activated by distinct
regulatory mechanisms. But how can a constitutive kinase as PDKz, dictate the
function of so many different downstream kinases? In Newton (2003) is
described an efficient mechanism: the substrate dictates when it needs to be
phosphorylated by PDK1. PDKz substrates need to be at the right location and in
the right conformation before they can be phosphorylated by PDK1, whose
intrinsic activity appears to be constitutive. For example, Akt needs to be in the
membrane through binding to IP(3,4,5)P3 via its PH domain, and it is subsequently
phosphorylated at its residue Thr3o8 and activated by PDK1, which itself is also
associated to the membrane via PH domain-dependent binding to PI(3,4,5)P3
(Hemmings and Restuccia, 2012). It is the most significant example of PI(3,4,5)P3-
dependent protein activation. However, for other substrates of PDKx lacking a PH
domain, such as PKCs, the interaction and subsequent activation was shown to be
independent of phosphoinositides (Sonnenburg et al., 2001). Rather, PKC becomes
a substrate for PDK1 when itis membrane-bound and in an *open’ conformation in
which the pseudosubstrate is removed from the substrate-binding cavity, thus

unmasking the activation loop site to allow phosphorylation by PDK-1 (Dutil and
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Newton, 2000). Therefore, it is important to detail our previous results and to know
how cPKCBlis modulated in the membrane fraction. Moreover, could be PDK1 and
cPKCBI regulated in connection by neuromuscular activity in the membrane

fraction of skeletal muscle?

Here we demonstrate that PDKz is located exclusively in the nerve terminal at the
NMJ. Itis surprising that while several PKC isoforms are located in the different cells
of the rat NMJ (Besalduch et al., 2010, 2013; Lanuza et al., 2014; Obis et al., 20153;
Perkins et al., 2001), PDKz is located exclusively in the nerve terminal. This fact may
be related with a specific role of this protein in priming presynaptic kinases, such
cPKCBI. Moreover, our results demonstrate that synaptic activity promotes a
significant increase of pPDK1 in the membrane fraction, coincident with a
significant increase of pcPKCBI also in the membrane fraction. This might indicate
that synaptic activity increases PDKz1 function to phosphorylate cPKCBI, priming
PKC for its substrate binding, phosphorylation and the activation of downstream
signalling effectors. Ikenoue et al. (2008) suggested also an essential physiological
function of mTORC2 in the regulation of PKC by promoting phosphorylation and
maturation of the kinases. So, it is important to consider the possible role of
mTORC in the regulation of pPKCs. The increase of pcPKCBIin the membrane after
synaptic activity is accompanied by a significant decrease of the total cPKCpI
indicating that mature PKC is downregulated after its activation. This is in
concordance with our previous results in skeletal muscle total lysate, detailing that
is in the membrane where the downregulation occurs. Furthermore, our previous
results described above showed that total but not phosphorylated cPKCPI protein
levels depends on synaptic activity-induced BDNF/TrkB signalling at the NMJ
indicating that PDKz1 activity phosphorylating cPKCBI would be not modulated by
the BDNF/TrkB signalling pathway. On the other hand, muscle contraction induces
the synthesis of cPKCBI, increasing total protein levels in both cytosol and
membrane fractions. As described above, cPKCPI levels are enhanced by muscle
contraction through the BDNF/TrkB signalling suggesting a retrograde regulation

of this isoform. However, PDKz1 levels and pPDKa activity is maintained after

197



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero )
General discussion

muscle contraction, suggesting that pcPKCBI is enhanced due to the increased

amount of total cPKCBI caused by muscle contraction.

cPKCBI is directly involved in neurotransmission at the neuromuscular junction
After deepening the understanding of the mechanisms that maturate, activate and
compartmentalize cPKCBI, it is important to determine its physiological functions.
PKCis an important family of kinases that are usually involved in the modulation of
neurotransmission since ACh increases when PKC is highly activated by PMA (Hori
et al., 1999; Obis et al., 2015b; Santafé et al., 2005, 2006). The block of all PKC
isoforms with CaC reduces approximately 40% of the evoked release in stimulated
muscles, suggesting the involvement of PKC in neurotransmission. But PKC is
usually uncoupled from ACh release mechanism at rest conditions because CaC, a
potent inhibitor of PKC, is not able to reduce release in these conditions (Santafé
et al., 2006). Nevertheless, PKC couples to ACh release when continuous electrical
stimulation imposes moderate activity on the NMJ (Besalduch et al. 2010).
Moreover, there is also functional evidence indicating that there is an interaction
between TrkB receptors and PKC to modulate neurotransmission (Santafé et al.,
2014). Considering all these evidence, could be the presynaptic cPKCBI an

isoform involved in the modulation of neurotransmission process?

It has been suggested that at least one calcium-dependent PKC isoform might be
involved in modulating ACh release in conditions in which PKC is active. That is
because an increase of external calcium increases EPP size; this effect may be due
partly to the involvement of the coupling of PKC to neurotransmission, because in
the presence of high calcium, the blocking of the kinase with CaC reduces evoked
release. These results suggest that the process could be mediated by a calcium-
dependent PKC (Lanuza et al., 2014; Santafé et al., 2005). However, it is unknown
which isoform of cPKC is involved in this requlation. In this thesis, we demonstrate
that cPKCBI is directly involved in neurotransmission when a presynaptic stimulus
is applied, enhancing ACh release at the NMJ. So far, previous results in our

laboratory showed that nPKCg, another exclusively presynaptic PKC, is clearly
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involved to maintain or potentiate ACh release in the NMJ but only in several
conditions. For example, under stimulation conditions, its specific inhibitor is not
able to decrease ACh release but after nPKCe inhibition, PKCs cannot be stimulated
with PMA (Obis et al., 2015). These results suggest an indirect involvement of
nPKCe helping transmitter release, probably by controlling the coupling of other
PKCisoforms to the ACh release. In addition, PKC interacts with mAChRs and PKA
to modulate neurotransmission in the NMJ, suggesting a complex and extensive
mechanism of ACh release regulation (Santafé et al., 2006, 2009). Here we
demonstrate that cPKCBI is directly linked to ACh release increasing
neurotransmission and being a key factor in the maintenance of NMJ function.
Thus, all mechanisms involved in cPKCBI synthesis, maturation, phosphorylation
and activation have as one of their goals, modulate the neurotransmission process

in the NMJ.

CONCLUDING REMARKS

The overall results of this thesis regarding the Chapter | are summarized in Figure
19. Synaptic activity and muscle contraction develop critical and coordinated roles
to determine the complex modulation of cPKCBI by PDK1 and BDNF/TrkB at the
NMJ:

Synaptic_activity is involved in two important steps in the requlation of PKC

function: priming of PKC by PDKa and activation of PKC through BDNF/TrkB.

Regarding the priming mechanism, synaptic activity translocates pPDKz1 to the
membrane fraction (#1) to (#2) increase the phosphorylation of cPKClin the same
compartment. Once catalytically competent, pcPKCPI is activated through

synaptic activity induced-BDNF/TrkB pathway (#3) to enhance ACh release.
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Muscle contraction has a key role ensuring a pool of cPKCBI ready to be

phosphorylated by PDK1. Consequently, muscle contraction further enhances the

synaptic activity-induced increase of BDNF and decreases TrkB.T1 protein levels,
ultimately increasing the ratio TrkB.FL/T1. It promotes the increase in total PKC
protein levels (#4) in both cytosol and membrane, suggesting an activation of
its synthesis or a decreasing of its degradation. This, results in an increased pool of
total cPKCBI ready to be phosphorylated by PDKz, and then, activated by

BDNF/TrkB to be involved in neurotransmission.
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AcCh release

BDNF
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iew of cPKCpI regulation at the neuromuscular junction.

The overall results of Chapter Il show that in ALS context, where muscle
contraction is decreased, BDNF signalling is impaired mainly due to the
dysregulation of its receptors. mBDNF levels increase while p7sN™®, TrkB.FL,

pTrkB.FL levels decrease and TrkB.Tz1 levels increase. However, when different
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physical exercise is imposed in ALS mice (running or swimming-based training),
and muscle contraction is increased, the impairment of BDNF signalling is
prevented in a different way depending on the nature and intensity of the exercise.
Future experiments are needed to understand how impaired BDNF/TrkB pathway

can impact on PKCs and PDKa function in ALS disease.

Thus, in this thesis we demonstrate that both synaptic activity and muscle
contraction are closely coordinated and regulated in a complex and balanced way
to preserve NMJ function. Further basic research is needed to understand the way
that NMJ works and why it matters. It will provide the foundation of knowledge for
the applied clinical science that follows. Thus, it will allow us a better understanding
of neuromuscular disorders such as ALS, in which there is a progressive loss of the

connection between nerve and muscle with an impaired NMJ function.
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CONCLUSIONS

CHAPTERI

OBJECTIVE 1: To determine whether synaptic activity and muscle contraction

affect proBDNF and mBDNF protein levels in the skeletal muscle.

- Both synaptic activity and muscle contraction increase mature

BDNF protein levels without altering proBDNF levels.

OBJETIVE 2: To determine whether BDNF receptors TrkB.FL (and its
phosphorylation), TrkB.T1 and p75N™ are modulated by synaptic activity and

muscle contraction in the skeletal muscle.

- Synaptic activity does not affect the protein levels of BDNF

receptors.

- Muscle contraction reduces TrkB.Ta receptor without affecting

TrkB.FL (thus, increasing TrkB FL/Ta ratio) or P75N'R protein levels.

- Both synaptic activity and muscle contraction differently modulate
TrkB.FL phosphorylation at short times of activity. Synaptic
activity increases TrkB.FL phosphorylation but muscle contraction
decreases it. An effect declined back to near baseline after 30

minutes.
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OBJECTIVE 3: To determine whether cPKCa and cPKCBlI (and their
phosphorylation), are modulated by synaptic activity and muscle contraction in
skeletal muscle. Moreover, to determine whether they are regulated by the
activity-induced action of BDNF/TrkB signalling.
Synaptic activity:
- Decreases cPKCa and cPKCpI total protein levels through BDNF/TrkB
pathway, caused by an activation-induced degradation.

- Enhances cPKCa and cPKCI phosphorylation but this mechanism is
independent of BDNF/TrkB signalling.

Muscle contraction:
- Increases cPKCa and cPKCBI protein levels through an increase in TrkB
FL/Ta ratio, by inhibiting PKC degradation or enhancing their

synthesis. This may due to provide a pool ready to be activated.

- Consequently, enhances cPKCa and cPKCBI phosphorylation but this
step is independent of BDNF/TrkB signalling.

OBJECTIVE 4: To localize PDK1 in the NMJ.

- PDKa is located exclusively in the nerve terminal of the NMJ.

OBJECTIVE 5: To determine whether PDKz1 (and its phosphorylation) is modulated

by synaptic activity and muscle contraction in skeletal muscle.

- Neither PDK21 protein levels nor its phosphorylation are modulated by

neuromuscular activity.
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OBJECTIVE 6: To specify whether PDK1 and ¢cPKCP are modulated by synaptic
activity and muscle contraction in the cytosol and membrane fraction of skeletal

muscle.
Synaptic activity:
- Enhances pPDKz translocation to the plasma membrane in parallel

with an increase of its substrate pcPKCBI also in the membrane

fraction.

Muscle contraction:
- Has not effect over PDK1 and pPDKax levels. However, increases cPKCPI
total protein in both cytosol and membrane fraction and pcPKCpI

levels exclusively in the membrane fraction.

OBJECTIVE 7: To determine the involvement of cPKCpI in neurotransmission.

- Presynaptic cPKCBI enhances ACh release in skeletal muscle.
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CHAPTERII

OBJECTIVE 1: To determine whether BDNF protein levels are affected in skeletal
muscle of ALS mice (SOD1Gg3A) and whether they could be modulated by two
different types of physical exercise (running and swimming-based training).
ALS mice (SOD1Gg3A):

- mBDNF protein levels are increased while proBDNF levels are not

affected.

Trained ALS mice (SOD1Gg3A):

- proBDNF levels are not modify by exercise.

- Both swimming and running protocols reverse the ALS-induced
increase of mBDNF levels. However, only the swimming-based training

efficiently preserves the mBDNF levels close to the control.

OBJECTIVE 2: - To determine whether TrkB.FL (and its phosphorylation),
TrkB.T2 and p75V'R are affected in skeletal muscle of ALS mice (SOD1Gg3A) and
whether they could be modulated by two different types of physical exercise
(running and swimming-based training).

ALS mice (SOD1Gg3A):

- p75""R protein levels are reduced.

- TrkB Ta protein levels are increased and TrkB.FL reduced, thus

decreasing FL:Ta ratio.

- TrkB.FL phosphorylation levels are decreased.
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Trained ALS mice (SOD1Gg3A):

Only the running-based training efficiently preserves the p75N™®

protein
levels in ALS mice close to the control. p75N™® levels are not affected by

the swimming-based training, thus keeping its protein levels decreased.

Similarly, only the running-based training efficiently preserves the
TrkB.Ta levels in ALS mice close to the control, not being affected by

the swimming-based training, thus keeping its protein levels increased.

Both training protocols efficiently preserve TrkB.FL protein levels close

to the control.

Both swimming and running protocols reverse the ALS-induced
decrease of pTrkB. However, only the swimming-based training

efficiently preserve the pTrkB levels close to the control.

OBJECTIVE 3: To determine whether running and swimming-based training

promotes different effects in ALS mice.
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Swimming-based training is more efficient to preserve mBDNF and
pTrkB levels close to the control mice. Whereas only running-based

NTR and TrkB.T1 levels close to the control.

training maintains p7s5
Regarding TrkB.FL, both trainings are efficient to preserve TrkB.FL

levels.



UNIVERSITAT ROVIRA I VIRGILI

COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero



UNIVERSITAT ROVIRA I VIRGILI

COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero



UNIVERSITAT ROVIRA I VIRGILI

COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero

G. REFERENCES



UNIVERSITAT ROVIRA I VIRGILI

COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

REFERENCES

Abbs, E. T., and Joseph, D. N. (1981). The effects of atropine and oxotremorine on
acetylcholine release in rat phrenic nerve-diaphragm preparations. Br. J. Pharmacol.

73, 481-3.

Acevedo, L. M., and Rivero, J.-L. L. (2006). New insights into skeletal muscle fibre types in
the dog with particular focus towards hybrid myosin phenotypes. Cell Tissue Res. 323,
283—303. d0i:10.1007/500441-005-0057-4.

Acsadi, G., Angueloyv, R. A,, Yang, H., Toth, G., Thomas, R., Jani, A., et al. (2002). Increased
survival and function of SOD1 mice after glial cell-derived neurotrophic factor gene
therapy. Hum. Gene Ther. 13, 1047-59. d0i:10.1089/104303402753812458.

Adlard, P. A, Perreau, V. M., Engesser-Cesar, C., and Cotman, C. W. (2004). The timecourse
of induction of brain-derived neurotrophic factor mRNA and protein in the rat
hippocampus  following voluntary exercise. Neurosci. Lett. 363, 43-48.
doi:10.1016/j.neulet.2004.03.058.

Aid, T., Kazantseva, A., Piirsoo, M., Palm, K., and Timmusk, T. (2007). Mouse and ratBDNF
gene structure and expression revisited. J. Neurosci. Res. 85, 525-535.
doi:10.1002/jnr.21139.

Aldridge, G. M., Podrebarac, D. M., Greenough, W. T., and Weiler, I. J. (2008). The use of
total protein stains as loading controls: An alternative to high-abundance single-
protein controls in semi-quantitative immunoblotting. J. Neurosci. Methods 172, 250—
254. doi:10.1016/j.jneumeth.2008.05.003.

Alessi, D. R., Deak, M., Casamayor, A., Caudwell, F. B., Morrice, N., Norman, D. G., et al.
(1997a). 3-Phosphoinositide-dependent protein kinase-1 (PDK1): structural and
functional homology with the Drosophila DSTPK61 kinase. Curr. Biol. 7, 776-89.

Alessi, D. R., Deak, M., Casamayor, A., Caudwell, F. B., Morrice, N., Norman, D. G., et al.
(1997b). 3-Phosphoinositide-dependent protein kinase-1 (PDKz): structural and
functional homology with the Drosophila DSTPK61 kinase. Curr. Biol. 7, 776-89.

Andonian, M. H., and Fahim, M. A. (1987). Effects of endurance exercise on the morphology
of mouse neuromuscular junctions during ageing. J. Neurocytol. 16, 589-99.

Angaut-Petit, D., Molgo, J., Connold, A. L., and Faille, L. (1987). The levator auris longus
muscle of the mouse: A convenient preparation for studies of short- and long-term
presynaptic effects of drugs or toxins. Neurosci. Lett. 82, 83—88. d0i:10.1016/0304-

3940(87)90175-3.

Armanini, M. P., McMahon, S. B., Sutherland, J., Shelton, D. L., and Phillips, H. S. (1995).
Truncated and Catalytic Isoforms of trkB are Co-expressed in Neurons of Rat and
Mouse CNS. Eur. J. Neurosci. 7, 1403-1409. doi:10.1111/j.1460-9568.1995.tb0o1132.X.

Bagayogo, I. P., and Dreyfus, C. F. (2009). Regulated release of BDNF by cortical
oligodendrocytes is mediated through metabotropic glutamate receptors and the

217



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

PLC pathway. ASN Neuro 1. doi:10.1042/AN20090006.

Baldwin, A. N., and Shooter, E. M. (1995). Zone mapping of the binding domain of the rat
low affinity nerve growth factor receptor by the introduction of novel N-glycosylation
sites. J. Biol. Chem. 270, 4594—602.

Baldwin, K. M., Haddad, F., Pandorf, C. E., Roy, R. R., and Edgerton, V. R. (2013). Alterations
in muscle mass and contractile phenotype in response to unloading models: role of
transcriptional/pretranslational mechanisms. Front. Physiol. 4, 284.
doi:10.3389/fphys.2013.00284.

Balendran, A., Hare, G. R., Kieloch, A., Williams, M. R., and Alessi, D. R. (2000). Further
evidence that 3-phosphoinositide-dependent protein kinase-1 (PDK1) is required for
the stability and phosphorylation of protein kinase C (PKC) isoforms. FEBS Lett. 484,
217-23. d0i:10.1016/50014-5793(00)02162-1.

Balice-Gordon, R. J., and Lichtman, J. W. (1994). Long-term synapse loss induced by focal
blockade of postsynaptlc receptors. Nature 372, 519—524. doi:10.1038/37251930.

Barde, Y.-A. (1990). The nerve growth factor family. Prog. Growth Factor Res. 2, 237-48.

Barde, Y. A., Edgar, D., and Thoenen, H. (1982). Purification of a new neurotrophic factor
from mammalian brain. EMBO J. 1, 549-53.

Baxter, G. T., Radeke, M. J., Kuo, R. C., Makrides, V., Hinkle, B., Hoang, R., et al. (1997).
Signal transduction mediated by the truncated trkB receptor isoforms, trkB.T1 and
trkB.T2. J. Neurosci. 17, 2683—90.

Beattie, M. S., Harrington, A. W., Lee, R., Kim, J. Y., Boyce, S. L., Longo, F. M., et al. (2002).
ProNGF induces p75-mediated death of oligodendrocytes following spinal cord injury.
Neuron 36, 375-86.

Beck, M., Flachenecker, P., Magnus, T., Giess, R., Reiners, K., Toyka, K. V., et al. (2005).
Autonomic dysfunction in ALS: A preliminary study on the effects of intrathecal
BDNF. Amyotroph. Lateral Scler. 6, 100-103. d0i:10.1080/14660820510028412.

Behn-Krappa, A., and Newton, A. C. (1999). The hydrophobic phosphorylation motif of
conventional protein kinase C is regulated by autophosphorylation. Curr. Biol. 9, 728—

37

Bello-Haas, V. D., Florence, J. M., Kloos, A. D., Scheirbecker, J., Lopate, G., Hayes, S. M., et
al. (2007). A randomized controlled trial of resistance exercise in individuals with ALS.
Neurology 68, 2003—2007. d0i:10.1212/01.wnl.0000264418.92308.24.

Belluardo, N., Westerblad, H., Mudo, G., Casabona, A., Bruton, J., Caniglia, G., et al. (2001).
Neuromuscular junction disassembly and muscle fatigue in mice lacking
neurotrophin-4. Mol. Cell. Neurosci. 18, 56—67. doi:10.1006/mcne.2001.1001.

Bemelmans, A.-P., Husson, I., Jaquet, M., Mallet, J., Kosofsky, B. E., and Gressens, P. (2006).
Lentiviral-mediated gene transfer of brain-derived neurotrophic factor is
neuroprotective in a mouse model of neonatal excitotoxic challenge. J. Neurosci. Res.
83, 50—60. doi:10.1002/jnr.20704.

218



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

Besalduch, N., Lanuza, M. A., Garcia, N., Obis, T., Santafe, M. M., Tomas, M., et al. (2013).
Cellular localization of the atypical isoforms of protein kinase C (aPKC{/PKM( and
aPKCMy) on  the neuromuscular synapse. Neurosci. Lett. 556, 166—9.
doi:10.1016/j.neulet.2013.10.006.

Besalduch, N., Tomas, M., Santafé, M. M., Garcia, N., Tomas, J., and Lanuza, M. A. (2010).
Synaptic activity-related classical protein kinase C isoform localization in the adult rat
neuromuscular synapse. J. Comp. Neurol. 518, 211—28. doi:10.1002/cne.22220.

Bessis, A., Béchade, C., Bernard, D., and Roumier, A. (2007). Microglial control of neuronal
death and synaptic properties. Glia 55, 233—238. doi:10.1002/glia.20459.

Bhattacharyya, A., Watson, F. L., Bradlee, T. A., Pomeroy, S. L., Stiles, C. D., and Segal, R.
A. (1997). Trk Receptors Function As Rapid Retrograde Signal Carriers in the Adult
Nervous System. J. Neurosci. 17.

Bhattacharyya, A., Watson, F. L., Pomeroy, S. L., Zhang, Y. Z., Stiles, C. D., and Segal, R. A.
(2002). High-resolution imaging demonstrates dynein-based vesicular transport of
activated trk receptors. J. Neurobiol. 51, 302—312. d0i:10.1002/neu.10062.

Bibel, M., and Barde, Y.-A. (2000). Neurotrophins: key regulators of cell fate and cell shape
in the vertebrate nervous system. Genes Dev. 14, 2919-37.

Bibel, M., Hoppe, E., and Barde, Y.-A. (1999). Biochemical and functional interactions
between the neurotrophin receptors trk and p75 NTR. EMBO J. 18, 616-622.

Biffo, S., Offenhauser, N., Carter, B. D., and Barde, Y. A. (1995). Selective binding and
internalisation by truncated receptors restrict the availability of BDNF during
development. Development 121.

Biondi, R. M. (2004). Phosphoinositide-dependent protein kinase 1, a sensor of protein
conformation. Trends Biochem. Sci 29, 136—142. d0i:10.1016/j.tibs.2004.01.005.

Blijham, P. J., Schelhaas, H. J., ter Laak, H. J., van Engelen, B. G. M., and Zwarts, M. J. (2007).
Early diagnosis of ALS: The search for signs of denervation in clinically normal
muscles. J. Neurol. Sci. 263, 154—157.

Boillée, S., Vande Velde, C., and Cleveland, D. W. (2006). ALS: A Disease of Motor Neurons
and Their Nonneuronal Neighbors. Neuron 52, 39-59.
doi:10.1016/j.neuron.2006.09.018.

Bornancin, F., and Parker, P. J. (1996). Phosphorylation of threonine 638 critically controls
the dephosphorylation and inactivation of protein kinase Calpha. Curr. Biol. 6, 1114—

23.

Bottinelli, R., Canepari, M., Pellegrino, M. A., and Reggiani, C. (1996). Force-velocity
properties of human skeletal muscle fibres: myosin heavy chain isoform and
temperature dependence. J. Physiol., 573-86.

Bramham, C. R., and Messaoudi, E. (2005). BDNF function in adult synaptic plasticity: The

synaptic  consolidation  hypothesis. ~ Prog.  Neurobiol. 76,  99-125.
doi:10.1016/j.pneurobio.2005.06.003.

219



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

Braun, S., Croizat, B., Lagrange, M.-C.,, Warter, J.-M., and Poindron, P. (1996).
Neurotrophins increase motoneurons’ ability to innervate skeletal muscle fibers in rat
spinal cord-human muscle cocultures. J. Neurol. Sci. 136, 17-23. doi:10.1016/0022-
510X(95)00315-S.

Brigadski, T., Hartmann, M., and Lessmann, V. (2005). Differential Vesicular Targeting and
Time Course of Synaptic Secretion of the Mammalian Neurotrophins. J. Neurosci. 25,
7601~7614. doi:10.1523/JNEUROSCI.1776-05.2005.

Bronfman, F. C., Escudero, C. A, Weis, J., and Kruttgen, A. (2007). Endosomal transport of
neurotrophins: Roles in signaling and neurodegenerative diseases. Dev. Neurobiol. 67,
1183-1203. doi:10.1002/dneu.20513.

Bronfman, F. C., Lazo, O. M., Flores, C., and Escudero, C. A. (2014). Spatiotemporal
intracellular dynamics of neurotrophin and its receptors. Implications for
neurotrophin signaling and neuronal function. Handb. Exp. Pharmacol. 220, 33-65.
doi:10.1007/978-3-642-45106-5_3.

Burden, S. J., Sargent, P. B.,, and McMahan, U. J. (1979). Acetylcholine receptors in
regenerating muscle accumulate at original synaptic sites in the absence of the nerve.
J. Cell Biol. 82, 41225,

Caillol, G., Vacher, H., Musarella, M., Bellouze, S., Dargent, B., and Autillo-Touati, A. (2012).
Motor endplate disease affects neuromuscular junction maturation. Eur. J. Neurosci.
36, 2400-2408.

Calabrese, F., Molteni, R., Maj, P. F., Cattaneo, A., Gennarelli, M., Racagni, G., et al. (2007).
Chronic Duloxetine Treatment Induces Specific Changes in the Expression of BDNF
Transcripts and in the Subcellular Localization of the Neurotrophin Protein.
Neuropsychopharmacology 32, 2351-2359. d0i:10.1038/sj.npp.1301360.

Calleja, V., Laguerre, M., de las Heras-Martinez, G., Parker, P. J., Requejo-Isidro, J., and
Larijani, B. (2014). Acute regulation of PDK1 by a complex interplay of molecular
switches. Biochem. Soc. Trans. 42, 1435-1440. d0i:10.1042/BST20140222.

Canossa, M., Griesbeck, O., Berninger, B., Campana, G., Kolbeck, R., and Thoenen, H. (1997).
Neurotrophin release by neurotrophins: implications for activity-dependent neuronal
plasticity. Proc. Natl. Acad. Sci. U. S. A. 94, 13279-86.

Cao, G., and Ko, C.-P. (2007). Schwann Cell-Derived Factors Modulate Synaptic Activities at
Developing  Neuromuscular ~ Synapses.  J.  Neurosci. 27, 6712-6722.
doi:10.1523/JNEUROSCI.1329-07.2007.

Carmignoto, G., Pizzorusso, T., Tia, S., and Vicini, S. (1997). Brain-derived neurotrophic
factor and nerve growth factor potentiate excitatory synaptic transmission in the rat

visual cortex. J. Physiol. 498 (Pt 1), 153-64.

Carpenter, G., and Ji, Q. (1999). Phospholipase C-y as a Signal-Transducing Element. Exp.
Cell Res. 253, 15—24. d0i:10.1006/excr.1999.4671.

Casamayor, A., Morrice, N. A., and Alessi, D. R. (1999). Phosphorylation of Ser-241 is
essential for the activity of 3-phosphoinositide-dependent protein kinase-1:

220



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

identification of five sites of phosphorylation in vivo. Biochem. J., 287-92.
doi:10.1042/bj3420287.

Caulfield, M. P. (1993). Muscarinic receptors--characterization, coupling and function.
Pharmacol. Ther. 58, 319-79.

Cenni, V., Doppler, H., Sonnenburg, E. D., Maraldi, N., Newton, A. C., and Toker, A. (2002).
Regulation of novel protein kinase C epsilon by phosphorylation. Biochem. J. 363, 537—

45.

Chan, F. K., Chun, H. J.,, Zheng, L., Siegel, R. M., Bui, K. L., and Lenardo, M. J. (2000). A
domain in TNF receptors that mediates ligand-independent receptor assembly and
signaling. Science 288, 2351—.

Chand, K. K., Lee, K. M., Schenning, M. P, Lavidis, N. A., and Noakes, P. G. (2015). Loss of
B2-laminin alters calcium sensitivity and voltage-gated calcium channel maturation
of neurotransmission at the neuromuscular junction. J. Physiol. 593, 245-65.
doi:10.1113/jphysiol.2014.284133.

Chao, M. V, and Hempstead, B. L. (1995). p75 and Trk: a two-receptor system. Trends
Neurosci. 18, 321-6.

Chao, M. V, Rajagopal, R., and Lee, F. S. (2006). Neurotrophin signalling in health and
disease. Clin. Sci. 110, 167-173. d0i:10.1042/C520050163.

Chen, M. J., and Russo-Neustadt, A. A. (2009). Running exercise-induced up-regulation of
hippocampal brain-derived neurotrophic factor is CREB-dependent. Hippocampus 19,
962-972. doi:10.1002/hipo.20579.

Chen, Z.-Y., leraci, A., Teng, H., Dall, H., Meng, C.-X., Herrera, D. G., et al. (2005). Sortilin
controls intracellular sorting of brain-derived neurotrophic factor to the regulated
secretory pathway. J. Neurosci. 25, 6156—66. doi:10.1523/JNEUROSCI.1017-05.2005.

Chen, Z.-Y., Patel, P. D., Sant, G., Meng, C.-X., Teng, K. K., Hempstead, B. L., et al. (2004).
Variant Brain-Derived Neurotrophic Factor (BDNF) (Met66) Alters the Intracellular
Trafficking and Activity-Dependent Secretion of Wild-Type BDNF in Neurosecretory
Cells and Cortical Neurons. J. Neurosci. 24, 4401—4411. doi:10.1523/JNEUROSCI.0348-
04.2004.

Cheng, A., Coksaygan, T., Tang, H., Khatri, R., Balice-Gordon, R. J., Rao, M. S., et al. (2006).
Truncated tyrosine kinase B brain-derived neurotrophic factor receptor directs
cortical neural stem cells to a glial cell fate by a novel signaling mechanism. J.
Neurochem. 100(6), 1515-30. d0i:10.1111/j.1471-4159.2006.04337.X.

Chiaruttini, C., Sonego, M., Baj, G., Simonato, M., and Tongiorgi, E. (2008). BDNF mRNA
splice variants display activity-dependent targeting to distinct hippocampal laminae.
Mol. Cell. Neurosci. 37, 11—19. doi:10.1016/j.mcn.2007.08.011.

Chiu, A. Y., Zhai, P., Dal Canto, M. C., Peters, T. M., Kwon, Y. W., Prattis, S. M., et al. (1995).
Age-Dependent Penetrance of Disease in a Transgenic Mouse Model of Familial
Amyotrophic  Lateral  Sclerosis.  Mol.  Cell.  Neurosci. 6, 349-362.
doi:10.1006/mcne.1995.1027.

221



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

Chou, M. M., Hou, W., Johnson, J., Graham, L. K., Lee, M. H., Chen, C. S,, et al. (1998).
Regulation of protein kinase C zeta by PI 3-kinase and PDK-1. Curr. Biol. 8, 1069-77.
doi:10.1016/50960-9822(98)70444-0.

Cisterna, B. A., Cardozo, C., and Saez, J. C. (2014). Neuronal involvement in muscular
atrophy. Front. Cell. Neurosci. 8, 405. doi:10.3389/fncel.2014.00405.

Clark, K. A., McElhinny, A. S., Beckerle, M. C., and Gregorio, C. C. (2002). Striated Muscle
Cytoarchitecture: An Intricate Web of Form and Function. Annu. Rev. Cell Dev. Biol.
18, 637—706. doi:10.1146/annurev.cellbio.18.012502.105840.

Cleveland, D. W., and Williamson, T. L. (1999). Slowing of axonal transport is a very early
event in the toxicity of ALS-linked SOD1 mutants to motor neurons. Nat. Neurosci. 2,
50-56. doi:10.1038/4553.

Cohen, S., Levi-Montalcini, R., and Hamburger, V. (1954). A NERVE GROWTH-
STIMULATING FACTORISOLATED FROM SARCOM AS 37 AND 180. Proc. Natl. Acad.
Sci. U. S. A. 40, 1014-8.

Colon-Gonzaélez, F., and Kazanietz, M. G. (2006). C1 domains exposed: from diacylglycerol
binding to protein-protein interactions. Biochim. Biophys. Acta 1761, 827-37.
doi:10.1016/j.bbalip.2006.05.001.

Comerford, T., and Fitzgerald, M. J. (1986). Motor innervation of rodent diaphragm. J. Anat.
149, 171-5.

Cooke, R. (2004). The sliding filament model: 1972-2004. J. Gen. Physiol. 123, 643-56.
doi:10.1085/jgp.200409089.

Cragnolini, A. B., and Friedman, W. J. (2008). The function of p75NTR in glia. Trends Neurosci.
31, 99—104. d0i:10.1016/j.tins.2007.11.005.

Cunningham, M. E., Stephens, R. M., Kaplan, D. R, and Greene, L. A. (1997).
Autophosphorylation of activation loop tyrosines regulates signaling by the TRK
nerve growth factor receptor. J. Biol. Chem. 272, 10957-67.

Cuppini, R., Sartini, S., Agostini, D., Guescini, M., Ambrogini, P., Betti, M., et al. (2007). Bdnf
expression in rat skeletal muscle after acute or repeated exercise. Arch. Ital. Biol. 145,
99-110.

Currie, R. A., Walker, K. S., Gray, A., Deak, M., Casamayor, A., Downes, C. P., et al. (1999).
Role of phosphatidylinositol 3,4,5-trisphosphate in regulating the activity and
localization of 3-phosphoinositide-dependent protein kinase-1. Biochem. J. 337 (Pt 3),

575-83.

Curtis, R., Tonra, J. R,, Stark, J. L., Adryan, K. M., Park, J. S., Cliffer, K. D., et al. (1998).
Neuronal injury increases retrograde axonal transport of the neurotrophins to spinal
sensory neurons and motor neurons via multiple receptor mechanisms. Mol. Cell.
Neurosci. 12, 105-18. doi:10.1006/mcne.1998.0704.

Dai, X., Qu, P., and Dreyfus, C. F. (2001). Neuronal signals regulate neurotrophin expression
in oligodendrocytes of the basal forebrain. Glia 34, 234-9.

222



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING
Erica Hurtado Caballero
References

Datta, R., Kojima, H., Banach, D., Bump, N. J., Talanian, R. V, Alnemri, E. S., et al. (1997).
Activation of a CrmA-insensitive, p35-sensitive pathway in ionizing radiation-induced
apoptosis. J. Biol. Chem. 272, 1965-9.

Davies, A. M., Lee, K.-F., and Jaenisch, R. (1993). p75-Deficient trigeminal sensory neurons
have an altered response to NGF but not to other neurotrophins. Neuron 11, 565-574.
doi:10.1016/0896-6273(93)90069-4.

Dechant, G., and Barde, Y.-A. (2002). The neurotrophin receptor p75NTR: novel functions
and implications for diseases of the nervous system. Nat. Neurosci. 5, 1131—-1136.
doi:10.1038/nn1102-1131.

Deforges, S., Branchuy, J., Biondi, O., Grondard, C., Pariset, C., Lécolle, S., et al. (2009).
Motoneuron survival is promoted by specific exercise in a mouse model of
amyotrophic lateral sclerosis. J. Physiol. 587, 3561-3572.
doi:10.1113/jphysiol.2009.169748.

Delcroix, J.-D., Valletta, J. S., Wy, C., Hunt, S. J., Kowal, A. S., and Mobley, W. C. (2003). NGF
Signaling in Sensory Neurons. Neuron 39, 69-84. d0i:10.1016/S0896-6273(03)00397-
0.

Dempsey, E. C., Newton, A. C., Mochly-Rosen, D., Fields, A. P., Reyland, M. E., Insel, P. A,,
et al. (2000). Protein kinase C isozymes and the regulation of diverse cell responses.
Am. J. Physiol. - Lung Cell. Mol. Physiol. 279.

Denies, M. S., Johnson, J., Maliphol, A. B., Bruno, M., Kim, A., Rizvi, A., et al. (2014). Diet-
induced obesity alters skeletal muscle fiber types of male but not female mice.
Physiol. Rep. 2, €00204. doi:10.1002/phy2.204.

Deschenes, M. R., Maresh, C. M., Crivello, J. F., Armstrong, L. E., Kraemer, W. J., and Covault,
J. (1993). The effects of exercise training of different intensities on neuromuscular
junction morphology. J. Neurocytol. 22, 603-15.

Di Fiore, P. P., and De Camilli, P. (2001). Endocytosis and signaling. an inseparable
partnership. Cell 106, 1—4.

Dobson, T., Minic, A., Nielsen, K., Amiott, E., and Krushel, L. (2005). Internal initiation of
translation of the TrkB mRNA is mediated by multiple regions within the 5’ leader.
Nucleic Acids Res. 33, 2929—2941. doi:10.1093/nar/gki6os.

Doherty, G. J., and McMahon, H. T. (2009). Mechanisms of Endocytosis. Annu. Rev. Biochem.
78, 857—-902. doi:10.1146/annurev.biochem.78.081307.110540.

Dorléchter, M., Irintchev, A., Brinkers, M., and Wernig, A. (1991). Effects of enhanced activity
on synaptic transmission in mouse extensor digitorum longus muscle. J. Physiol. 436,
283-92.

Dorsey, S. G., Lovering, R. M., Renn, C. L., Leitch, C. C,, Liy, X,, Tallon, L. J., et al. (2011).
Genetic deletion of trkB.T1 increases neuromuscular function. Am. J. Physiol. - Cell
Physiol. 302, 141-153.

Dorsey, S. G., Lovering, R. M., Renn, C. L., Leitch, C. C,, Liu, X., Tallon, L. J., et al. (2012).

223



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

Genetic deletion of trkB.T1 increases neuromuscular function. Am. J. Physiol. Cell
Physiol. 302, C141-53. doi:10.1152/ajpcell.00469.2010.

Downward, J. (2004). Pl 3-kinase, Akt and cell survival. Semin. Cell Dev. Biol. 15, 177-82.

Drory, V. E., Goltsman, E., Goldman Reznik, J., Mosek, A., and Korczyn, A. D. (2001). The
value of muscle exercise in patients with amyotrophic lateral sclerosis. J. Neurol. Sci.
191, 133-137. d0i:10.1016/50022-510X(01)00610-4.

Du, J,, Feng, L., Yang, F., and Lu, B. (2000). Activity- and Ca2+-Dependent Modulation of
Surface Expression of Brain-Derived Neurotrophic Factor Receptors in Hippocampal
Neurons. J. Cell Biol. 150.

Du, Y., Fischer, T. Z., Lee, L. N., Lercher, L. D., and Dreyfus, C. F. (2003). Regionally specific
effects of BDNF on oligodendrocytes. Dev. Neurosci. 25, 116—26. doi:72261.

Dupuis, L., Pehar, M., Cassina, P., Rene, F., Castellanos, R., Rouaux, C., et al. (2008). Nogo
receptor antagonizes p75NTR-dependent motor neuron death. Proc. Natl. Acad. Sci.
U. S. A. 105, 740-5. d0i:10.1073/pnas.0703842105.

Dutil, E. M., and Newton, A. C. (2000). Dual role of pseudosubstrate in the coordinated
regulation of protein kinase C by phosphorylation and diacylglycerol. J. Biol. Chem.
275, 10697—701. d0i:10.1074/JBC.275.14.10697.

Dutil, E. M., Toker, A., and Newton, A. C. (1998). Regulation of conventional protein kinase
C isozymes by phosphoinositide-dependent kinase 1 (PDK-1). Curr. Biol. 8, 1366—75.
doi:10.1016/50960-9822(98)00017-7.

Eide, F. F., Vining, E. R,, Eide, B. L., Zang, K., Wang, X. Y., and Reichardt, L. F. (1996).
Naturally occurring truncated trkB receptors have dominant inhibitory effects on
brain-derived neurotrophic factor signaling. J. Neurosci. 16, 3123—9.

Elbasiouny, S. M., and Schuster, J. E. (2011). The Effect of Training on Motoneuron Survival
in Amyotrophic Lateral Sclerosis: Which Motoneuron Type is Saved? Front. Physiol. 2,
18. doi:10.3389/fphys.2011.00018.

Engel, A. G. (2008). Chapter 3 The neuromuscular junction. Handbook of Clinical Neurology,
91, 103-148. d0i:10.1016/S0072-9752(07)01503-5.

Erzen, I., Cvetko, E., Obreza, S., and Angaut-Petit, D. (2000). Fiber types in the mouse
levator auris longus muscle: A convenient preparation to study muscle and nerve
plasticity. J. Neurosci. Res. 59, 692-697. doi:10.1002/(SICl)1097-
4547(20000301)59:5<692::AlD-JNR13>3.0.CO;2-W.

Escandodn, E., Soppet, D., Rosenthal, A., Mendoza-Ramirez, J. L., Szonyi, E., Burton, L. E., et
al. (1994). Regulation of neurotrophin receptor expression during embryonic and
postnatal development. J. Neurosci. 14, 2054—68.

Facchinetti, V., Ouyang, W., Wei, H., Soto, N., Lazorchak, A., Gould, C., et al. (2008). The
mammalian target of rapamycin complex 2 controls folding and stability of Akt and
protein kinase C. EMBO J. 27, 1932—1943. d0i:10.1038/embo0j.2008.120.

224



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

Farhadi, H. F., Mowla, S. J., Petrecca, K., Morris, S. J., Seidah, N. G., and Murphy, R. A. (2000).
Neurotrophin-3 sorts to the constitutive secretory pathway of hippocampal neurons
and is diverted to the regulated secretory pathway by coexpression with brain-derived
neurotrophic factor. J. Neurosci. 20, 4£059-68.

Favreau, P., Le Gall, F., Benoit, E., and Molgd, J. (1999). A review on conotoxins targeting ion
channels and acetylcholine receptors of the vertebrate neuromuscular junction. Acta
Physiol. Pharmacol. Ther. Latinoam. drgano la Asoc. Latinoam. Ciencias Fisioldgicas y
[de] la Asoc. Latinoam. Farmacol. 49, 257-67.

Fenner, B. M. (2012). Truncated TrkB: Beyond a dominant negative receptor. Cytokine
Growth Factor Rev. 23, 15—24. doi:10.1016/j.cytogfr.2012.01.002.

Finkbeiner, S., Tavazoie, S. F., Maloratsky, A., Jacobs, K. M., Harris, K. M., and Greenberg,
M. E. (1997). CREB: a major mediator of neuronal neurotrophin responses. Neuron 19,

103147.

Fischer, L. R., Culver, D. G., Tennant, P., Davis, A. A., Wang, M., Castellano-Sanchez, A., et
al. (2004). Amyotrophic lateral sclerosis is a distal axonopathy: evidence in mice and
man. Exp. Neurol. 185, 232—40.

Freeley, M., Kelleher, D., and Long, A. (2011). Regulation of Protein Kinase C function by
phosphorylation on conserved and non-conserved sites. Cell. Signal. 23, 753—762.
doi:10.1016/j.cellsig.2010.10.013.

Friedman, W. J.,, and Greene, L. A. (1999). Neurotrophin Signaling via Trks and p75. Exp. Cell
Res. 253, 131-142. doi:10.1006/eXcr.1999.4705.

Fryer, R. H., Kaplan, D. R., and Kromer, L. F. (1997). Truncated trkB Receptors on
Nonneuronal Cells Inhibit BDNF-Induced Neurite Outgrowthin Vitro. Exp. Neurol. 148,
616—627. doi:10.1006/exnr.1997.6699.

Funakoshi, H., Belluardo, N., Arenas, E., Yamamoto, Y., Casabona, A., Persson, H., et al.
(1995). Muscle-derived neurotrophin-4 as an activity-dependent trophic signal for
adult motor neurons. Science 268, 1495—9.

Funakoshi, H., Frisén, J., Barbany, G., Timmusk, T., Zachrisson, O., Verge, V. M., et al. (1993).
Differential expression of MRNAs for neurotrophins and their receptors after axotomy
of the sciatic nerve. J. Cell Biol. 123, 455-65.

Ganguly, D. K., and Das, M. (1979). Effects of oxotremorine demonstrate presynaptic
muscarinic and dopaminergic receptors on motor nerve terminals. Nature 278, 645—
646. doi:10.1038/278645a0.

Gao, X. and Harris, T. K. (2006). Role of the PH domain in regulating in vitro
autophosphorylation events required for reconstitution of PDK1 catalytic activity.
Bioorg. Chem. 34, 200—223. doi:10.1016/].bioorg.2006.05.002.

Garcia, N., Priego, M., Obis, T., Santafe, M. M., Tomas, M., Besalduch, N., et al. (2013).
Adenosine A; and A,A receptor-mediated modulation of acetylcholine release in the
mice neuromuscular junction. Eur. J. Neurosci. 38, 2229-41. doi:10.1111/ejn.12220.

225



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

Garcia, N., Tomas, M., Santafé, M. M., Besalduch, N., Lanuza, M. A., and Tomas, J. (2010a).
The interaction between tropomyosin-related kinase B receptors and presynaptic
muscarinic receptors modulates transmitter release in adult rodent motor nerve
terminals. J. Neurosci. 30, 16514—22. doi:10.1523/JNEUROSCI.2676-10.2010.

Garcia, N., Tomas, M., Santafe, M. M., Lanuza, M. A., Besalduch, N., and Tomas, J. (2010b).
Localization of brain-derived neurotrophic factor, neurotrophin-4, tropomyosin-
related kinase b receptor, and p75 NTR receptor by high-resolution
immunohistochemistry on the adult mouse neuromuscular junction. J. Peripher. Nerv.
Syst. 15, 40—9. d0i:10.1111/j.1529-8027.2010.00250.X.

Gentry, J. J., Barker, P. A., and Carter, B. D. (2004). "The p75 neurotrophin receptor: multiple
interactors and numerous functions,” in Progress in brain research, 25-39.
doi:10.1016/S50079-6123(03)46002-0.

Georgiou, J., and Charlton, M. P. (1999). Non-myelin-forming perisynaptic schwann cells
express protein zero and myelin-associated glycoprotein. Glia 27, 101—9.

Giménez y Ribotta, M., Revah, F., Pradier, L., Loquet, |., Mallet, J., and Privat, A. (1997).
Prevention of motoneuron death by adenovirus-mediated neurotrophic factors. J.
Neurosci. Res. 48, 281-285. doi:10.1002/(SIC1)1097-4547(19970501)48:3<281::AID-
JNR11>3.0.CO;2-4.

Giorgione, J.R., Lin, J.-H., McCammon, J. A., and Newton, A. C. (2006). Increased membrane
affinity of the Ca domain of protein kinase Cdelta compensates for the lack of
involvement of its C2 domain in membrane recruitment. J. Biol. Chem. 281, 1660—9.
doi:10.1074/jbc.M510251200.

Glicksman, M. A., and Sanes, J. R. (1983). Differentiation of motor nerve terminals formed in
the absence of muscle fibres. J. Neurocytol. 12, 661—671. doi:10.1007/BF01181529.

Gomez-Pinilla, F. (2011). The combined effects of exercise and foods in preventing
neurological and cognitive disorders. Prev. Med. (Baltim). 52, S75-S8o0.
doi:10.1016/j.ypmed.2011.01.023.

Gomez-Pinilla, F., Ying, Z., Opazo, P., Roy, R. R., and Edgerton, V. R. (2001). Differential
regulation by exercise of BDNF and NT-3 in rat spinal cord and skeletal muscle. Eur. J.
Neurosci. 13, 1078-1084.

Gomez-Pinilla, F., Ying, Z., Roy, R. R., Molteni, R., and Edgerton, V. R. (2002). Voluntary
exercise induces a BDNF-mediated mechanism that promotes neuroplasticity. J.
Neurophysiol. 88, 2187—95. doi:10.1152/jn.00152.2002.

Gomez-Pinilla, F., Ying, Z., and Zhuang, Y. (2012). Brain and spinal cord interaction:
Protective effects of exercise prior to spinal cord injury. PLoS One 7, 1-8.

doi:10.1371/journal.pone.0032298.

Gonzalez, M., and Collins, W. F. (1997). Modulation of Motoneuron Excitability by Brain-
Derived Neurotrophic Factor. J. Neurophysiol. 77.

Gonzalez, M., Ruggiero, F. P., Chang, Q., Shi, Y. J.,, Rich, M. M., Kraner, S., et al. (1999).
Disruption of Trkb-mediated signaling induces disassembly of postsynaptic receptor

226



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

clusters at neuromuscular junctions. Neuron 24, 567-83.

Goode, N. T., Hajibagheri, M. A., Warren, G., and Parker, P. J. (1994). Expression of
mammalian protein kinase C in Schizosaccharomyces pombe: isotype-specific
induction of growth arrest, vesicle formation, and endocytosis. Mol. Biol. Cell 5, 9o7—
20.

Gordon, A. M., Huxley, A. F., and Julian, F. J. (1966). The variation in isometric tension with
sarcomere length in vertebrate muscle fibres. J. Physiol. 184, 170-92.

Gordon, T., Tyreman, N, Li, S., Putman, C. T., and Hegedus, J. (2010). Functional over-load
saves motor units in the SOD1-Gg3A transgenic mouse model of amyotrophic lateral
sclerosis. Neurobiol. Dis. 37, 412—422.

Gould, T. W,, Buss, R. R,, Vinsant, S., Prevette, D., Sun, W., Knudson, C. M., et al. (2006).
Complete Dissociation of Motor Neuron Death from Motor Dysfunction by Bax
Deletion in a Mouse Model of ALS. J. Neurosci 26, 8774-8786.
doi:10.1523/JNEUROSCI.2315-06.2006.

Greenberg, M. E., Xy, B., Ly, B., and Hempstead, B. L. (2009). New insights in the biology of
BDNF synthesis and release: implications in CNS function. J. Neurosci. 29, 12764-7.
doi:10.1523/JNEUROSCI.3566-09.2009.

Griesbeck, O., Canossa, M., Campana, G., Gartner, A., Hoener, M. C., Nawa, H., et al. (1999).
Are there differences between the secretion characteristics of NGF and BDNF?
Implications for the modulatory role of neurotrophins in activity-dependent neuronal
plasticity. ~ Microsc.  Res. Tech. 45,  262-275.  doi:10.1002/(SICl)1097-
0029(19990515/01)45:4/5<262::AID-JEMT10>3.0.CO;2-K.

Griesbeck, O., Parsadanian, A. S., Sendtner, M., and Thoenen, H. (1995). Expression of
neurotrophins in skeletal muscle: Quantitative comparison and significance for
motoneuron survival and maintenance of function. J. Neurosci. Res. 42, 21-33.
doi:10.1002/jnr.490420104.

Griner, E. M., and Kazanietz, M. G. (2007). Protein kinase C and other diacylglycerol effectors
in cancer. Nat. Rev. Cancer 7, 281-94. doi:10.1038/nrc2110.

Gronard, C., Biondi, O., Pariset, C., Lopes, P., Deforges, S., Lécolle, S., et al. (2008). Exercise-
Induced Modulation ofCalcineurin  Activity Parallels theTime Course of
MyofibreTransitions. J. Cell. Physiol. 2008, 126—135.

Guiton, M., Gunn-Moore, F. J., Stitt, T. N., Yancopoulos, G. D., and Tavare, J. M. (1994).
Identification of in vivo brain-derived neurotrophic factor-stimulated
autophosphorylation sites on the TrkB receptor tyrosine kinase by site-directed
mutagenesis. J. Biol. Chem. 269, 30370—30377.

Gurney, M. E., Py, H., Chiu, A. Y., Dal Canto, M. C,, Polchow, C. Y., Alexander, D. D., et al.
(1994). Motor neuron degeneration in mice that express a human Cu,Zn superoxide
dismutase mutation. Science 264, 1772-5.

Haapasalo, A., Koponen, E., Hoppe, E., Wong, G., and Castrén, E. (2001). Truncated trkB.T1
Is Dominant Negative Inhibitor of trkB.TK+-Mediated Cell Survival. Biochem. Biophys.

227



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

Res. Commun. 280, 1352-1358. doi:10.1006/bbrc.2001.4296.

Haapasalo, A., Sipola, I., Larsson, K., Akerman, K. E. O, Stoilov, P., Stamm, S., et al. (2002).
Regulation of TRKB Surface Expression by Brain-derived Neurotrophic Factor and
Truncated TRKB Isoforms. J. Biol. Chem. 277, 43160-43167.
doi:10.1074/jbc.M205202200.

Hall, Z. W., and Sanes, J. R. (1993). Synaptic structure and development: The neuromuscular
junction. Cell 72, 99—121. d0i:10.1016/S0092-8674(05)80031-5.

Haniu, M., Montestruque, S., Bures, E. J., Talvenheimo, J., Toso, R., Lewis-Sandy, S., et al.
(1997). Interactions between brain-derived neurotrophic factor and the TRKB
receptor. Identification of two ligand binding domains in soluble TRKB by affinity
separation and chemical cross-linking. J. Biol. Chem. 272, 25296-303.
doi:10.1074/JBC.272.40.25296.

Haniu, M., Talvenheimo, J., Le, J., Katta, V., Welcher, A., and Rohde, M. F. (1995).
Extracellular Domain of Neurotrophin Receptor trkB: Disulfide Structure, N-
Glycosylation Sites, and Ligand Binding. Arch. Biochem. Biophys. 322, 256-264.
doi:10.1006/abbi.1995.1460.

Harridge, S. D., Bottinelli, R., Canepari, M., Pellegrino, M. A., Reggiani, C., Esbjornsson, M.,
et al. (1996). Whole-muscle and single-fibre contractile properties and myosin heavy
chain isoforms in humans. Pflugers Arch. 432, 913—20.

Harrington, A. W., Leiner, B., Blechschmitt, C., Arevalo, J. C., Lee, R., Morl, K., et al. (2004).
From The Cover: Secreted proNGF is a pathophysiological death-inducing ligand after
adult CNS injury. Proc. Natl. Acad. Sci. 101, 6226-6230. d0i:10.1073/pnas.0305755101.

Harwood, C. A., Westgate, K., Gunstone, S., Brage, S., Wareham, N. J., McDermott, C. J., et
al. (2016). Long-term physical activity: an exogenous risk factor for sporadic
amyotrophic lateral sclerosis? Amyotroph. Lateral Scler. Frontotemporal Degener. 17,

377-384.

Hegedus, J., Putman, C. T., and Gordon, T. (2007). Time course of preferential motor unit
loss in the SOD1G93A mouse model of amyotrophic lateral sclerosis. Neurobiol. Dis.
28, 154-164. doi:10.1016/j.nbd.2007.07.003.

Hegedus, J., Putman, C. T., Tyreman, N., and Gordon, T. (2008). Preferential motor unit loss
in the SOD1 934 transgenic mouse model of amyotrophic lateral sclerosis. J. Physiol.

586, 3337—3351. doi:10.1113/jphysiol.2007.149286.

Hemmings, B. A., and Restuccia, D. F. (2012). PI3K-PKB/Akt pathway. Cold Spring Harb.
Perspect. Biol. 4, a011189. doi:10.1101/cshperspect.a011189.

Hempstead, B. L. (2002). The many faces of p75NTR. Curr. Opin. Neurobiol. 12, 260-7.

Hempstead, B. L. (2006). Dissecting the diverse actions of pro- and mature neurotrophins.
Curr. Alzheimer Res. 3, 19-24.

Henderson, C. E., Camu, W., Mettling, C., Gouin, A., Poulsen, K., Karihaloo, M., et al. (1993).
Neurotrophins promote motor neuron survival and are present in embryonic limb

228



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

bud. Nature 363, 266—270. doi:10.1038/363266a0.

Henriques, A., Pitzer, C., and Schneider, A. (2010). Neurotrophic growth factors for the
treatment of amyotrophic lateral sclerosis: where do we stand ? Front. Neurosci. 4, 1—

14.

Hibbert, A. P., Morris, S. J., Seidah, N. G., and Murphy, R. A. (2003). Neurotrophin-4, Alone
or Heterodimerized with Brain-derived Neurotrophic Factor, Is Sorted to the
Constitutive ~ Secretory  Pathway. J.  Biol. Chem. 278, 48129-48136.
doi:10.1074/jbc.M300961200.

Hilgenberg, L., and Miles, K. (1995). Developmental regulation of a protein kinase C isoform
localized in the neuromuscular junction. J. Cell Sci. 108 (Pt1), 51-61.

Hill, T. L., and White, G. M. (2968). On the sliding-filament model of muscular contraction,
IV. Calculation of force-velocity curves. Proc. Natl. Acad. Sci. U. S. A. 61, 889—96.

Holloszy, J. O., Oscai, L. B., Don, I. J., and Molé, P. A. (1970). Mitochondrial citric acid cycle
and related enzymes: Adaptive response to exercise. Biochem. Biophys. Res. Commun.
40, 1368-1373. d0i:10.1016/0006-291X(70)90017-3.

Hong, D. H., Huan, J,, Ou, B. R, Yeh, J. Y., Saido, T. C., Cheeke, P. R,, et al. (1995). Protein
kinase C isoforms in muscle cells and their regulation by phorbol ester and calpain.
Biochim. Biophys. Acta 1267, 45-54.

Hong, E. J., McCord, A. E., and Greenberg, M. E. (2008). A Biological Function for the
Neuronal Activity-Dependent Component of Bdnf Transcription in the Development
of Cortical Inhibition. Neuron 60, 610—-624. doi:10.1016/j.neuron.2008.09.024.

Hori, T., Takai, Y., and Takahashi, T. (1999). Presynaptic mechanism for phorbol ester-
induced synaptic potentiation. J. Neurosci. 19, 7262—7.

Howe, C. L., and Mobley, W. C. (2004). Signaling endosome hypothesis: A cellular
mechanism for long distance communication. J. Neurobiol. 58, 207-216.
doi:10.1002/neu.10323.

Huang, E. J., and Reichardt, L. F. (2001). Neurotrophins: Roles in Neuronal Development and
Function. Annu. Rev. Neurosci. 24, 677—736. doi:10.1146/annurev.neuro.24.1.677.

Huang, E. J., and Reichardt, L. F. (2003). Trk receptors: roles in neuronal signal transduction.
Annu. Rev. Biochem. 72, 609—42. doi:10.1146/annurev.biochem.72.121801.161629.

Huang, S.-H., Zhao, L., Sun, Z.-P., Li, X.-Z., Geng, Z., Zhang, K.-D., et al. (2009). Essential
Role of Hrs in Endocytic Recycling of Full-length TrkB Receptor but Not Its Isoform
TrkB.T1. J. Biol. Chem. 284, 15126-15136. doi:10.1074/jbc.M80g763200.

Hughes, B. W., Kusner, L. L., and Kaminski, H. J. (2006). Molecular architecture of the
neuromuscular junction. Muscle Nerve 33, 445—461. doi:10.1002/mus.20440.

Husain, K., and Somani, S. M. (1997). Interaction of Exercise Training and Chronic Ethanol
Ingestion on Hepatic and Plasma Antioxidant System in Rat. J. Appl. Toxicol. 17, 189—
194. doi:10.1002/(S1Cl)1099-1263(199705)17:3<189::AID-JAT431>3.0.CO; 2-7.

229



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

Hussein Akil, Aurélie Perraud, Marie-Odile Jauberteau, M. M. (2016). Tropomyosin-related
kinase B/brain derived-neurotrophic factor signaling pathway as a potential
therapeutic target for colorectal cancer. World J. Gastroenterol. 22, 490.
doi:10.3748/wjg.v22.i2.490.

Huxley, A. F. (2000). Cross-bridge action: present views, prospects, and unknowns. J.
Biomech. 33, 1189—95.

Ikeda, K., Klinkosz, B., Greene, T., Cedarbaum, J. M., Wong, V., Lindsay, R. M., et al. (1995).
Effects of brain-derived neurotrophic factor on motor dysfunction in wobbler mouse
motor neuron disease. Ann. Neurol. 37, 505-511. d0i:10.1002/ana.410370413.

Ikenoue, T., Inoki, K., Yang, Q., Zhou, X., and Guan, K.-L. (2008). Essential function of TORC2
in PKC and Akt turn motif phosphorylation, maturation and signalling. EMBO J. 27,
1919—-31. doi:10.1038/emboj.2008.119.

Ip, F. C., Cheung, J., and Ip, N. Y. (2001). The expression profiles of neurotrophins and their
receptors in rat and chicken tissues during development. Neurosci. Lett. 301, 107-10.

Jahromi, B. S., Robitaille, R., Charlton, M. P., Dutton, G. R., Murphy, S., and Camilli, P. De
(1992). Transmitter release increases intracellular calcium in perisynaptic Schwann
cells in situ. Neuron 8, 1069—77. d0i:10.1016/0896-6273(92)90128-Z.

Je, H. S., Yang, F., Ji, Y., Nagappan, G., Hempstead, B. L., and Lu, B. (2012). Role of pro-
brain-derived neurotrophic factor (proBDNF) to mature BDNF conversion in activity-
dependent competition at developing neuromuscular synapses. Proc. Natl. Acad. Sci.
U.S. A. 109, 15924—9. doi:10.1073/pnas.1207767109.

Je,H. S, Yang, F., Ji, Y., Potluri, S., Fu, X.-Q., Luo, Z.-G., et al. (2013). ProBDNF and mature
BDNF as punishment and reward signals for synapse elimination at mouse
neuromuscular junctions. J. Neurosci. 33, 9957-62. doi:10.1523/JNEUROSCI.0163-
13.2013.

Jevsek, M., Mars, T., Mis, K., and Grubic, Z. (2004). Origin of acetylcholinesterase in the
neuromuscular junction formed in the in vitro innervated human muscle. Eur. J.
Neurosci. 20, 2865-2871. d0i:10.1111/j.1460-9568.2004.03752.X.

Jiang, X., Tian, F., Du, Y., Copeland, N. G., Jenkins, N. A, Tessarollo, L., etal. (2008). BHLHB2
Controls Bdnf Promoter 4 Activity and Neuronal Excitability. J. Neurosci. 28, 1118—
1130. doi:10.1523/JNEUROSCI.2262-07.2008.

Kablar, B., and Belliveau, A. C. (2005). Presence of neurotrophic factors in skeletal muscle
correlates with survival of spinal cord motor neurons. Dev. Dyn. 234, 659-669.
doi:10.1002/dvdy.20589.

Kalb, R. (2005). The protean actions of neurotrophins and their receptors on the life and
death of neurons. Trends Neurosci. 28, 5—11. d0i:10.1016/j.tins.2004.11.003.

Kanning, K. C., Kaplan, A., and Henderson, C. E. (2010). Motor Neuron Diversity in

Development  and Disease.  Annu. Rev. Neurosci. 33, 409—440.
doi:10.1146/annurev.neuro.051508.135722.

230



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

Kaplan, D. R., and Miller, F. D. (2000). Neurotrophin signal transduction in the nervous
system. Curr. Opin. Neurobiol. 10, 381-91.

Kaspar, B. K., Frost, L. M., Christian, L., Umapathi, P., and Gage, F. H. (2005). Synergy of
insulin-like growth factor-1 and exercise in amyotrophic lateral sclerosis. Ann. Neurol.
57, 649-655. doi:10.1002/ana.20451.

Kelly, R. B. (1985). Pathways of protein secretion in eukaryotes. Science 230, 25—32.

Keranen, L. M., Dutil, E. M., and Newton, A. C. (1995). Protein kinase C is regulated in vivo
by three functionally distinct phosphorylations. Curr. Biol. 5, 1394-1403.
doi:10.1016/50960-9822(95)00277-6.

Khalil, R. A. (2010). Regulation of Vascular Smooth Muscle Function. Morgan & Claypool Life
Sciences.

Kiernan, M. C., Vucic, S., Cheah, B. C., Turner, M. R, Eisen, A., Hardiman, O., et al. (2011).
Amyotrophic lateral sclerosis. Lancet 377, 942—955.

Kirkinezos, I. G., Hernandez, D., Bradley, W. G., and Moraes, C. T. (2003). Regular exercise is
beneficial to a mouse model of amyotrophic lateral sclerosis. Ann Neurol 53, 804—807.

Klarsfeld, A., Bessereau, J. L., Salmon, A. M., Triller, A., Babinet, C., and Changeux, J. P.
(1991). An acetylcholine receptor alpha-subunit promoter conferring preferential
synaptic expression in muscle of transgenic mice. EMBO J. 10, 625—32.

Kleiman, R. J., Tian, N., Krizaj, D., Hwang, T. N., Copenhagen, D. R., and Reichardt, L. F.
(2000). BDNF-Induced potentiation of spontaneous twitching in innervated myocytes
requires calcium release from intracellular stores. J. Neurophysiol. 84, 472—-83.

Klein, R., Lamballe, F., Bryant, S., and Barbacid, M. (1992). The trkB tyrosine protein kinase
is a receptor for neurotrophin-4. Neuron 8, 947-956. doi:10.1016/0896-
6273(92)90209-V.

Klein, R., Nanduri, V., Jing, S., Lamballe, F., Tapley, P., Bryant, S., et al. (1991). The trkB
tyrosine protein kinase is a receptor for brain-derived neurotrophic factor and
neurotrophin-3. Cell 66, 395—403. d0i:10.1016/0092-8674(91)90628-C.

Klein, R., Parada, L. F., Coulier, F., and Barbacid, M. (1989). trkB, a novel tyrosine protein
kinase receptor expressed during mouse neural development. EMBO J. 8, 3701—9.

Knipper, M., da Penha Berzaghi, M., Blochl, A., Breer, H., Thoenen, H., and Lindholm, D.
(1994). Positive feedback between acetylcholine and the neurotrophins nerve growth
factor and brain-derived neurotrophic factor in the rat hippocampus. Eur. J. Neurosci.
6, 668-71.

Ko, C.-P., and Robitaille, R. (2015). Perisynaptic Schwann Cells at the Neuromuscular
Synapse: Adaptable, Multitasking Glial Cells. Cold Spring Harb. Perspect. Biol. 7,
2020503. doi:10.1101/cshperspect.a020503.

Koibuchi, N., Fukuda, H., and Chin, W. W. (1999). Promoter-Specific Regulation of the Brain-
Derived Neurotropic Factor Gene by Thyroid Hormone in the Developing Rat

231



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

Cerebellum . Endocrinology 140, 3955-3961. doi:10.1210/end0.140.9.6997.

Koliatsos, V. E., Clatterbuck, R. E., Winslow, J. W., Cayouette, M. H., and Prices, D. L. (1993).
Evidence that brain-derived neurotrophic factor is a trophic factor for motor neurons
in vivo. Neuron 10, 359—367. d0i:10.1016/0896-6273(93)90326-M.

Krakora, D., Macrander, C., and Suzuki, M. (2012). Neuromuscular Junction Protection for
the Potential Treatment of Amyotrophic Lateral Sclerosis. Neurol. Res. Int. 2012, 1-8.

Kist, B. M., Copray, J. C. V. M., Brouwer, N., Troost, D., and Boddeke, H. W. G. M. (2002).
Elevated Levels of Neurotrophins in Human Biceps Brachii Tissue of Amyotrophic
Lateral Sclerosis. Exp. Neurol. 177, 419—427. doi:10.1006/exnr.2002.8011.

Lange, S., Ehler, E., and Gautel, M. (2006). From A to Z and back? Multicompartment
proteins in the sarcomere. Trends Cell Biol. 16, 11-18. doi:10.1016/j.tcb.2005.11.007.

Lanuza, M. A,, Besalduch, N., Garcia, N., Sabaté, M., Santafé, M. M., and Tomas, J. (2007).
Plastic-embedded semithin cross-sections as a tool for high-resolution
immunofluorescence analysis of the neuromuscular junction molecules: Specific
cellular location of protease-activated receptor-1. J. Neurosci. Res. 85, 748-56.
doi:10.1002/jnr.21192.

Lanuza, M. A,, Garcia, N., Santafe, M., Nelson, P. G., Fenoll-Brunet, M. R., and Tomas, J.
(2001). Pertussis toxin-sensitive G-protein and protein kinase C activity are involved
in normal synapse elimination in the neonatal rat muscle. J. Neurosci. Res. 63, 330—
340. d0i:10.1002/1097-4547(20010215)63:4<330::AlD-JNR1027>3.0.CO;2-W.

Lanuza, M. A,, Li, M. X,, Jia, M., Kim, S., Davenport, R., Dunlap, V., et al. (2000). Protein
kinase C-mediated changes in synaptic efficacy at the neuromuscular junction in vitro:
the role of postsynaptic acetylcholine receptors. J. Neurosci. Res. 61, 616—25.
doi:10.1002/1097-4547(20000915)61:6<616::AlD-JNR5>3.0.CO;2-N.

Lanuza, M. A, Santafe, M. M., Garcia, N., Besalduch, N., Tomas, M., Obis, T., et al. (2014).
Protein kinase C isoforms at the neuromuscular junction: localization and specific
roles in neurotransmission and development. J. Anat. 224, 61-73.
doi:10.1111/j0a.12106.

Lauterborn, J. C,, Rivera, S., Stinis, C. T., Hayes, V. Y., Isackson, P. J., and Gall, C. M. (1996).
Differential effects of protein synthesis inhibition on the activity-dependent
expression of BDNF transcripts: evidence for immediate-early gene responses from
specific promoters. J. Neurosci. 16, 7428-36.

Le Good, J. A,, Ziegler, W. H., Parekh, D. B., Alessi, D. R., Cohen, P., and Parker, P. J. (1998).
Protein kinase Cisotypes controlled by phosphoinositide 3-kinase through the protein
kinase PDKz1. Science 281, 2042-5. doi:10.1126/science.281.5385.2042.

Lee, H. W., Smith, L., Pettit, G. R., and Smith, J. B. (1997). Bryostatin 1 and phorbol ester
down-modulate protein kinase C-alpha and -epsilon via the ubiquitin/proteasome
pathway in human fibroblasts. Mol. Pharmacol. 51, 439-47.

Lee, H. W., Smith, L., Pettit, G. R., Vinitsky, A., and Smith, J. B. (1996). Ubiquitination of
protein kinase C-alpha and degradation by the proteasome. J. Biol. Chem. 271, 20973—

232



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

6. d0i:10.1074/JBC.271.35.20973.

Lee, R., Kermani, P., Teng, K. K., and Hempstead, B. L. (2001). Regulation of Cell Survival by
Secreted Proneurotrophins. Science (8o-. ). 294, 1945-1948.
doi:10.1126/science.1065057.

Leontieva, O. V, and Black, J. D. (2004). Identification of two distinct pathways of protein
kinase Calpha down-regulation in intestinal epithelial cells. J. Biol. Chem. 279, 5788—
801. doi:10.1074/jbc.M308375200.

Lessmann, V., Gottmann, K., and Malcangio, M. (2003). Neurotrophin secretion: current
facts and future prospects. Prog. Neurobiol. 69, 341~74.

Levi-Montalcini, R. (1987). The nerve growth factor 35 years later. Science (8o-. ). 237, 1154~
1162. doi:10.1126/science.3306916.

Levine, E. S., Dreyfus, C. F., Black, I. B., and Plummer, M. R. (1995). Brain-derived
neurotrophic factor rapidly enhances synaptic transmission in hippocampal neurons
via postsynaptic tyrosine kinase receptors. Proc. Natl. Acad. Sci. U. S. A. 92, 8074—7.
Available at: http://www.ncbi.nlm.nih.gov/pubmed/7644540 [Accessed August 7,
2017].

Lewin, G.R., and Barde, Y.-A. (1996). Physiology of the Neurotrophins. Annu. Rev. Neurosci.
19, 289-317. doi:10.1146/annurev.ne.19.030196.001445.

Li, M.-X,, Jia, M., Yang, L.-X., Jiang, H., Lanuza, M. A, Gonzalez, C. M., et al. (2004). The role
of the theta isoform of protein kinase C (PKC) in activity-dependent synapse
elimination: evidence from the PKC theta knock-out mouse in vivo and in vitro. J.
Neurosci. 24, 3762—9. doi:10.1523/JNEUROSCI.3930-03.2004.

Li, Y.X., Zhang, Y., Lester, H. A., Schuman, E. M., and Davidson, N. (1998). Enhancement of
neurotransmitter release induced by brain-derived neurotrophic factor in cultured
hippocampal neurons. J. Neurosci. 18, 10231—40.

Liebetanz, D., Hagemann, K., Von Lewinski, F., Kahler, E., and Paulus, W. (2004). Extensive
exercise is not harmful in amyotrophic lateral sclerosis. Eur. J. Neurosci. 20, 3115-3120.
doi:10.1111/j.1460-9568.2004.03769.X.

Lin, Y. Q., and Bennett, M. R. (2006). Schwann cells in rat vascular autonomic nerves
activated via purinergic receptors. Neuroreport 17, 531-535.
doi:10.1097/01.WNR.0000209001.09987.77.

Lipsky, R. H., and Marini, A. M. (2007). Brain-Derived Neurotrophic Factor in Neuronal
Survival and Behavior-Related Plasticity. Ann. N. Y. Acad. Sci. 1122, 130-143.
doi:10.1196/annals.1403.009.

Liv, Q.-R,, Ly, L., Zhy, X.-G., Gong, J.-P., Shaham, Y., and Uhl, G. R. (2006). Rodent BDNF
genes, novel promoters, novel splice variants, and regulation by cocaine. Brain Res.
1067, 1—12. doi:10.1016/j.brainres.2005.10.004.

Liv, Q.-R., Walther, D., Drgon, T., Polesskaya, O., Lesnick, T. G., Strain, K. J., et al. (2005).
Human brain derived neurotrophic factor (BDNF) genes, splicing patterns, and

233



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

assessments of associations with substance abuse and Parkinson’s Disease. Am. J.
Med. Genet. Part B Neuropsychiatr. Genet. 134B, 93—103. doi:10.1002/ajmg.b.30109.

Loeb, J. A, Hmadcha, A., Fischbach, G. D., Land, S. J., and Zakarian, V. L. (2002). Neuregulin
Expression at Neuromuscular Synapses Is Modulated by Synaptic Activity and
Neurotrophic Factors. J. Neurosci. 22.

Lohof, A. M., Ip, N. Y., and Poo, M. M. (1993). Potentiation of developing neuromuscular
synapses by the neurotrophins NT-3 and BDNF. Nature 363, 350-3.
doi:10.1038/363350a0.

Lowry, K. S., Murray, S.S., McLean, C. A, Talman, P., Mathers, S., Lopes, E. C., et al. (2001).
A potential role for the py5 low-affinity neurotrophin receptor in spinal motor neuron
degeneration in murine and human amyotrophic lateral sclerosis. Amyotroph. Lateral
Scler. Other Motor Neuron Disord. 2, 127-34.

Lu, B. (2003). Pro-region of neurotrophins: role in synaptic modulation. Neuron 39, 735-8.

Ly, Z., Liy, D., Hornia, A., Devonish, W., Pagano, M., and Foster, D. A. (1998). Activation of
protein kinase C triggers its ubiquitination and degradation. Mol. Cell. Biol. 18, 839—
45.

Luberg, K., Wong, J., Weickert, C. S., and Timmusk, T. (2010). Human TrkB gene: Novel
alternative transcripts, protein isoforms and expression pattern in the prefrontal
cerebral cortex during postnatal development. J. Neurochem. 113, 952-964.
doi:10.1111/j.1471-4159.2010.06662.X.

MacDonald, J. I. S., Gryz, E. A., Kubuy, C. J., Verdi, J. M., and Meakin, S. O. (2000). Direct
Binding of the Signaling Adapter Protein Grb2 to the Activation Loop Tyrosines on
the Nerve Growth Factor Receptor Tyrosine Kinase, TrkA. J. Biol. Chem. 275, 18225—
18233. doi:10.1074/jbc.Mo01862200.

Mahoney, D. J., Rodriguez, C., Devries, M., Yasuda, N., and Tarnopolsky, M. A. (2004).
Effects of high-intensity endurance exercise training in the Gg3A mouse model of
amyotrophic lateral sclerosis. Muscle Nerve 29, 656—662.

Manabe, Y., Nagano, I., Gazi, M. S. A., Murakami, T., Shiote, M., Shoji, M., et al. (2002).
Adenovirus-mediated gene transfer of glial cell line-derived neurotrophic factor
prevents motor neuron loss of transgenic model mice for amyotrophic lateral
sclerosis. Apoptosis 7, 329-34.

Mantilla, C. B., and Ermilov, L. G. (2012). The novel TrkB receptor agonist 7,8-
dihydroxyflavone enhances neuromuscular transmission. Muscle Nerve 45, 274—6.
doi:10.1002/mus.22295.

Mantilla, C. B., Gransee, H. M., Zhan, W.-Z., and Sieck, G. C. (2013). Motoneuron BDNF/TrkB
signaling enhances functional recovery after cervical spinal cord injury. Exp. Neurol.
247, 101-109.

Mantilla, C. B., Stowe, J. M., Sieck, D. C., Ermilov, L. G., Greising, S. M., Zhang, C., et al.
(2014). TrkB kinase activity maintains synaptic function and structural integrity at
adult  neuromuscular  junctions. J.  Appl Physiol. 117,  910-20.

234



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING
Erica Hurtado Caballero
References

doi:10.1152/japplphysiol.01386.2013.

Mantilla, C. B., Zhan, W.-Z., and Sieck, G. C. (2004). Neurotrophins improve neuromuscular
transmission in the adult rat diaphragm. Muscle Nerve 29, 381-6.
doi:10.1002/mus.10558.

Matthews, V. B., Astrom, M.-B., Chan, M. H. S., Bruce, C. R., Krabbe, K. S., Prelovsek, O., et
al. (2009). Brain-derived neurotrophic factor is produced by skeletal muscle cells in
response to contraction and enhances fat oxidation via activation of AMP-activated
protein kinase. Diabetologia 52, 1409—-18. d0i:10.1007/500125-009-1364-1.

Mayor, S., and Pagano, R. E. (2007). Pathways of clathrin-independent endocytosis. Nat.
Rev. Mol. Cell Biol. 8, 603—612. doi:10.1038/nrm2216.

McAllister, A. K., Katz, L. C., and Lo, D. C. (1999). NEUROTROPHINS AND SYNAPTIC
PLASTICITY. Annu. Rev. Neurosci. 22, 295-318. doi:10.1146/annurev.neuro.22.1.295.

McCarty, J. H., and Feinstein, S. C. (1998). Activation loop tyrosines contribute varying roles
to TrkB autophosphorylation and signal transduction. Oncogene 16, 1691-1700.
doi:10.1038/sj.0nc.1201688.

McKay, S. E., Garner, A., Caldero, J., Tucker, R. P., Large, T., and Oppenheim, R. W. (1996).
The expression of trkB and p75 and the role of BDNF in the developing neuromuscular
system of the chick embryo. Development 122, 715-24.

McLachlan, E. M., and Martin, A. R. (2981). Non-linear summation of end-plate potentials in
the frog and mouse. J. Physiol. 311, 307-24.

Mellor, H., and Parker, P. J. (1998). The extended protein kinase C superfamily. Biochem. J.,
281-92.

Mellstrom, B., Torres, B., Link, W. A, and Naranjo, J. R. (2004). The BDNF gene:
exemplifying complexity in Ca2+ -dependent gene expression. Crit. Rev. Neurobiol. 16,
43-9.

Meyer-Franke, A., Wilkinson, G. A., Kruttgen, A., Hu, M., Munro, E., Hanson, M. G., et al.
(1998). Depolarization and cAMP elevation rapidly recruit TrkB to the plasma
membrane of CNS neurons. Neuron 21, 681-93.

Miaczynska, M. (2013). Effects of membrane trafficking on signaling by receptor tyrosine
kinases. Cold Spring Harb. Perspect. Biol. 5, 2009035.
doi:10.1101/cshperspect.a009035.

Michailov, G. V., Sereda, M. W., Brinkmann, B. G., Fischer, T. M., Haug, B., Birchmeier, C., et
al. (2004). Axonal Neuregulin-1 Regulates Myelin Sheath Thickness. Science (8o-. ).
304, 700—703. doi:10.1126/science.1095862.

Middlemas, D. S., Lindberg, R. A., and Hunter, T. (1991). trkB, a neural receptor protein-
tyrosine kinase: evidence for a full-length and two truncated receptors. Mol. Cell. Biol.

11, 14353,

Middlemas, D. S., Meisenhelder, J., and Hunter, T. (1994). ldentification of TrkB

235



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

autophosphorylation sites and evidence that phospholipase C-gamma 1 is a substrate
of the TrkB receptor. J. Biol. Chem. 269, 5458-66.

Miyazaki, H., Oh-ishi, S., Ookawara, T., Kizaki, T., Toshinai, K., Ha, S., et al. (2001).
Strenuous endurance training in humans reduces oxidative stress following
exhausting exercise. Eur. J. Appl. Physiol. 84, 1-6. d0i:10.1007/5004210000342.

Mochly-Rosen, D., Das, K., and Grimes, K. V. (2012). Protein kinase C, an elusive therapeutic
target? Nat. Rev. Drug Discov. 11, 937—-957. doi:10.1038/nrd3871.

Moloney, E. B., de Winter, F., and Verhaagen, J. (2014). ALS as a distal axonopathy:
molecular mechanisms affecting neuromuscular junction stability in the
presymptomatic  stages of the disease. Front. Neurosci 8, 252.
doi:10.3389/fnins.2014.00252.

Mowla, S. J., Farhadi, H. F., Pareek, S., Atwal, J. K., Morris, S. J., Seidah, N. G., et al. (2001).
Biosynthesis and Post-translational Processing of the Precursor to Brain-derived
Neurotrophic Factor. J. Biol. Chem. 276, 12660-12666. doi:10.1074/jbc.M008104200.

Mowla, S. J., Pareek, S., Farhadi, H. F., Petrecca, K., Fawcett, J. P., Seidah, N. G., et al. (1999).
Differential sorting of nerve growth factor and brain-derived neurotrophic factor in
hippocampal neurons. J. Neurosci. 19, 2069-80.

Mutoh, T., Sobue, G., Hamano, T., Kuriyama, M., Hirayama, M., Yamamoto, M., et al.
(2000b). Decreased phosphorylation levels of TrkB neurotrophin receptor in the spinal
cords from patients with amyotrophic lateral sclerosis. Neurochem. Res. 25, 239—45.

Nakagawara, A., Liu, X. G., Ikegaki, N., White, P. S., Yamashiro, D. J., Nycum, L. M., et al.
(1995). Cloning and chromosomal localization of the human TRK-B tyrosine kinase
receptor gene (NTRK2). Genomics 25, 538-46.

Nathanson, N. M. (2000). A multiplicity of muscarinic mechanisms: enough signaling
pathways to take your breath away. Proc. Natl. Acad. Sci. U. S. A. 97, 6245—7.

National Institute of Neurological Disorders and Stroke (2017). Amyotrophic Lateral
Sclerosis.

Neeper, S. A., Gdmez-Pinilla, F., Choi, J., and Cotman, C. W. (1996). Physical activity
increases MRNA for brain-derived neurotrophic factor and nerve growth factor in rat
brain. Brain Res. 726, 49-56.

Newton, A. C. (2003). Regulation of the ABC kinases by phosphorylation: protein kinase C as
a paradigm. Biochem. J. 370, 361—71. d0i:10.1042/BJ20021626.

Newton, A. C. (2010). Protein kinase C: poised to signal. Am. J. Physiol. Endocrinol. Metab.
298, E395-402. doi:10.1152/ajpendo.00477.2009.

Ninkina, N., Grashchuck, M., Buchman, V. L., and Davies, A. M. (1997). TrkB variants with
deletions in the leucine-rich motifs of the extracellular domain. J. Biol. Chem. 272,

13019-25.

Nykjaer, A., Willnow, T. E., Petersen, C. M., Dodd, J., and Kolodkin, A. L. (2005). p75 NTR —

236



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

live or let die This review comes from a themed issue on Development Edited. Curr.
Opin. Neurobiol. 15, 49-57. d0i:10.1016/j.conb.2005.01.004.

Oancea, E., and Meyer, T. (1998). Protein kinase C as a molecular machine for decoding
calcium and diacylglycerol signals. Cell 95, 307-18. d0i:10.1016/S0092-8674(00)81763-
8.

Obermeier, A., Halfter, H., Wiesmller, K. H., Jung, G., Schlessinger, J., and Ullrich, A. (1993).
Tyrosine 785 is a major determinant of Trk--substrate interaction. EMBO J. 12, 933—
41..

Obis, T., Besalduch, N., Hurtado, E., Nadal, L., Santafe, M. M., Garcia, N., et al. (2015a). The
novel protein kinase C epsilon isoform at the adult neuromuscular synapse: location,
regulation by synaptic activity-dependent muscle contraction through TrkB signaling
and coupling to ACh release. Mol. Brain 8, 8. d0i:10.1186/513041-015-0098-X.

Obis, T., Hurtado, E., Nadal, L., Tomas, M., Priego, M., Simon, A., et al. (2015b). The novel
protein kinase C epsilon isoform modulates acetylcholine release in the rat
neuromuscular junction. Mol. Brain 8, 8o. doi:10.1186/513041-015-0171-5.

Ochs, G., Penn, R. D., York, M., Giess, R., Beck, M., Tonn, J., et al. (2000). A phase /Il trial of
recombinant methionyl human brain derived neurotrophic factor administered by
intrathecal infusion to patients with amyotrophic lateral sclerosis. Amyotroph. Lateral
Scler. Other Motor Neuron Disord. 1, 201-6.

Ohira, K., Shimizu, K., Yamashita, A., and Hayashi, M. (2005). Differential expression of the
truncated TrkB receptor, Tz, in the primary motor and prefrontal cortices of the adult
macaque monkey. Neurosci. Lett. 385, 105-109. doi:10.1016/j.neulet.2005.05.033.

Ohno, K., Engel, A. G., Brengman, J. M., Shen, X. M., Heidenreich, F., Vincent, A., et al.
(2000). The spectrum of mutations causing end-plate acetylcholinesterase deficiency.
Ann. Neurol. 47, 162—70.

Ohta, K., Kuno, S., Inoue, S., lkeda, E., Fujinami, A., and Ohta, M. (2010). The effect of
dopamine agonists: The expression of GDNF, NGF, and BDNF in cultured mouse
astrocytes. J. Neurol. Sci. 291, 12—16. d0i:10.1016/].jns.2010.01.013.

Oliff, H. S., Berchtold, N. C., Isackson, P., and Cotman, C. W. (1998). Exercise-induced
regulation of brain-derived neurotrophic factor (BDNF) transcripts in the rat
hippocampus. Brain Res. Mol. Brain Res. 61, 147-53.

Oppenheim, R. W. (1991). Cell Death During Development of the Nervous System. Annu.
Rev. Neurosci. 14, 453-501. doi:10.1146/annurev.ne.14.030191.002321.

Osto, E., Kouroedov, A., Mocharla, P., Akhmedov, A., Besler, C., Rohrer, L., et al. (2008).
Inhibition of Protein Kinase C Prevents Foam Cell Formation by Reducing Scavenger
Receptor A  Expression in  Human Macrophages. Circulation  118.
doi:10.1161/CIRCULATIONAHA.108.789537.

Oudega, M., and Hagg, T. (1999). Neurotrophins promote regeneration of sensory axons in

the adult rat spinal cord. Brain Res. 818, 431—438. doi:10.1016/S0006-8993(98)01314-
6.

237



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

Pang, P. T., Teng, H. K., Zaitsev, E., Woo, N. T., Sakata, K., Zhen, S., et al. (2004). Cleavage
of proBDNF by tPA/Plasmin Is Essential for Long-Term Hippocampal Plasticity.
Science (80-. ). 306, 487-491. doi:10.1126/science.1100135.

Parekh, D. B., Ziegler, W., and Parker, P. J. (2000). Multiple pathways control protein kinase
C phosphorylation. EMBO J. 19, 496-503. doi:10.1093/emboj/19.4.496.

Parekh, D., Ziegler, W., Yonezawa, K., Hara, K., and Parker, P. J. (1999). Mammalian TOR
controls one of two kinase pathways acting upon nPKCdelta and nPKCepsilon. J. Biol.
Chem. 274, 34758-64.

Parker, P. J., Bosca, L., Dekker, L., Goode, N. T., Hajibagheri, N., and Hansra, G. (1995).
Protein kinase C (PKC)-induced PKC degradation: a model for down-regulation.
Biochem. Soc. Trans. 23, 153-5.

Parnas, H., Segel, L., Dudel, J., and Parnas, |. (2000). Autoreceptors, membrane potential
and the regulation of transmitter release. Trends Neurosci. 23, 60-68.
doi:10.1016/S0166-2236(99)01498-8.

Pattabiraman, P. P., Tropea, D., Chiaruttini, C., Tongiorgi, E., Cattaneo, A., and Domenici,
L. (2005). Neuronal activity regulates the developmental expression and subcellular
localization of cortical BDNF mRNA isoforms in vivo. Mol. Cell. Neurosci. 28, 556—570.
doi:10.1016/j.mcn.2004.11.010.

Pattarawarapan, M., and Burgess, K. (2003). Molecular Basis of Neurotrophin-Receptor
Interactions. doi:10.1021/jmo30221gq.

Pearce, L. R., Komander, D., and Alessi, D. R. (2010). The nuts and bolts of AGC protein
kinases. Nat. Rev. Mol. Cell Biol. 11, 9—22. doi:10.1038/nrm2822.

Pears, C. J., Kour, G., House, C., Kemp, B. E., and Parker, P. J. (1990). Mutagenesis of the
pseudosubstrate site of protein kinase C leads to activation. Eur. J. Biochem. 194, 89—

94.

Peng, H.B., Yang, J.-F., Dai, Z., Lee, C. W., Hung, H. W., Feng, Z. H., et al. (2003). Differential
effects of neurotrophins and schwann cell-derived signals on neuronal
survival/growth and synaptogenesis. J. Neurosci. 23, 5050—60.

Perkins, G., Wang, L., Huang, L., Humphries, K., Yao, V., Martone, M., et al. (2001). PKA,
PKC, and AKAP localization in and around the neuromuscular junction. BMC Neurosci.
2, 17. doi:10.1186/1471-2202-2-17.

Pfaffl, M. W., Horgan, G. W., and Dempfle, L. (2002). Relative expression software tool
(REST®©) for group-wise comparison and statistical analysis of relative expression
results in real-time PCR. Nucleic Acids Res. 30.

Pinto, A. C., Alves, M., Nogueira, A., Evangelista, T., Carvalho, J., Coelho, A., et al. (1999).
Can amyotrophic lateral sclerosis patients with respiratory insufficiency exercise? J.
Neurol. Sci. 169, 69—75. d0i:10.1016/50022-510X(99)00218-X.

Pitts, E. V., Potluri, S., Hess, D. M., and Balice-Gordon, R. J. (2006). Neurotrophin and Trk-
mediated Signaling in the Neuromuscular System. Int. Anesthesiol. Clin. 44, 21-76.

238



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

d0i:10.1097/00004311-200604420-00004.

Platta, H. W., and Stenmark, H. (2011). Endocytosis and signaling. Curr. Opin. Cell Biol. 23,
393—403. doi:10.1016/j.ceb.2011.03.008.

Pontremoli, S., Melloni, E., Damiani, G., Salamino, F., Sparatore, B., Michetti, M., et al.
(1988). Effects of a monoclonal anti-calpain antibody on responses of stimulated
human neutrophils. Evidence for a role for proteolytically modified protein kinase C.
J. Biol. Chem. 263, 1915-9.

Poo, M. (2001). Neurotrophins as synaptic modulators. Nat. Rev. Neurosci. 2, 24-32.
d0i:10.1038/35049004.

Pruunsild, P., Kazantseva, A., Aid, T., Palm, K., and Timmusk, T. (2007). Dissecting the
human BDNF locus: Bidirectional transcription, complex splicing, and multiple
promoters. Genomics 9o, 397—406. doi:10.1016/j.ygeno0.2007.05.004.

Puehringer, D., Orel, N., Liningschror, P., Subramanian, N., Herrmann, T., Chao, M.V, et al.
(2013). EGF transactivation of Trk receptors regulates the migration of newborn
cortical neurons. Nat. Neurosci. 16, 407-15. doi:10.1038/nn.3333.

Qian, X., Riccio, A., Zhang, Y., and Ginty, D. D. (1998). Identification and characterization of
novel substrates of Trk receptors in developing neurons. Neuron 21, 1017-29.

Reichardt, L. F. (2006). Neurotrophin-regulated signalling pathways. Philos. Trans. R. Soc.
Lond. B. Biol. Sci. 361, 1545—64. d0i:10.1098/rstb.2006.1894.

Renn, C. L., Leitch, C. C., and Dorsey, S. G. (2009). In vivo evidence that truncated trkB.T1
participates in nociception. Mol. Pain 5, 61. d0i:10.1186/1744-8069-5-61.

Rich, M., and Lichtman, J. W. (1989). Motor nerve terminal loss from degenerating muscle
fibers. Neuron 3, 677-88.

Riffault, B., Medina, I., Dumon, C., Thalman, C., Ferrand, N., Friedel, P., et al. (2014). Pro-
brain-derived neurotrophic factor inhibits GABAergic neurotransmission by
activating endocytosis and repression of GABAA receptors. J. Neurosci. 34, 13516—34.
doi:10.1523/JNEUROSCI.2069-14.2014.

Riojas, R. A., Kikani, C. K., Wang, C., Mao, X., Zhoy, L., Langlais, P. R., et al. (2006). Fine
Tuning PDK1 Activity by Phosphorylation at Ser 3. J. Biol. Chem. 281, 21588-21593.
doi:10.1074/jbc.M600393200.

Rivero, J. L., Talmadge, R. J., and Edgerton, V. R. (1997). A sensitive electrophoretic method
for the quantification of myosin heavy chain isoforms in horse skeletal muscle:
histochemical and immunocytochemical verifications. Electrophoresis 18, 1967-72.
doi:10.1002/elps.1150181115.

Rivero, J. L., Talmadge, R. J., and Edgerton, V. R. (1998). Fibre size and metabolic properties
of myosin heavy chain-based fibre types in rat skeletal muscle. J. Muscle Res. Cell
Motil. 19, 733-42.

Robitaille, R. (1995). Purinergic receptors and their activation by endogenous purines at

239



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

perisynaptic glial cells of the frog neuromuscular junction. J. Neurosci. 15, 7121-31.

Robitaille, R., Adler, E. M., and Charlton, M. P. (1990). Strategic location of calcium channels
at transmitter release sites of frog neuromuscular synapses. Neuron 5, 773-779.
doi:10.1016/0896-6273(90)90336-E.

Robitaille, R., Bourque, M. J., and Vandaele, S. (1996). Localization of L-type Ca2+ channels
at perisynaptic glial cells of the frog neuromuscular junction. J. Neurosci. 16, 148-58.

Robitaille, R., Jahromi, B. S., and Charlton, M. P. (1997). Muscarinic Ca2+ responses resistant
to muscarinic antagonists at perisynaptic Schwann cells of the frog neuromuscular
junction. J. Physiol., 337—47.

Rocha, M. C., Pousinha, P. A., Correia, A. M., Sebastido, A. M., and Ribeiro, J. A. (2013). Early
Changes of Neuromuscular Transmission in the SOD1(G93A) Mice Model of ALS Start
Long before Motor Symptoms Onset. PLoS One 8, 1-11.

Rochon, D., Rousse, |., and Robitaille, R. (2001). Synapse-glia interactions at the mammalian
neuromuscular junction. J. Neurosci. 21, 3819-29.

Rodriguez-Tébar, A., Dechant, G., and Barde, Y. A. (1990). Binding of brain-derived
neurotrophic factor to the nerve growth factor receptor. Neuron 4, 487-92.

Rodriguez-Tébar, A., Dechant, G., Gotz, R., and Barde, Y. A. (1992). Binding of neurotrophin-
3 to its neuronal receptors and interactions with nerve growth factor and brain-
derived neurotrophic factor. EMBO J. 11, 917-22.

Rome, L. C. (2006). Design and function of superfast muscles: new insights into the
physiology ~of skeletal muscle. Annu. Rev. Physiol. 68, 193—221.
doi:10.1146/annurev.physiol.68.040104.105418.

Rosato Siri, M. D., and Uchitel, O. D. (1999). Calcium channels coupled to neurotransmitter
release at neonatal rat neuromuscular junctions. J. Physiol., 533-40.
doi:10.1111/J.1469-7793.1999.533AE.X.

Rose, C.R., Blum, R., Pichler, B., Lepier, A., Kafitz, K. W., and Konnerth, A. (2003). Truncated
TrkB-T1 mediates neurotrophin-evoked calcium signalling in glia cells. Nature 426,
74—-8. doi:10.1038/nature01983.

Rosen, D. R., Siddique, T., Patterson, D., Figlewicz, D. A., Sapp, P., Hentati, A., et al. (1993).
Mutations in Cu/Zn superoxide dismutase gene are associated with familial
amyotrophic lateral sclerosis. Nature 362, 59-62. doi:10.1038/362059a0.

Rothstein, J. D. (2009). Current hypotheses for the underlying biology of amyotrophic lateral
sclerosis. Ann. Neurol. 65, S3—-S9. doi:10.1002/ana.21543.

Rotundo, R. L. (2003). Expression and localization of acetylcholinesterase at the
neuromuscular junction. J. Neurocytol. 32, 743-766.
doi:10.1023/B:NEUR.0000020621.58197.d4.

Roux, P. P., and Barker, P. A. (2002). Neurotrophin signaling through the p75 neurotrophin
receptor. Prog. Neurobiol. 67, 203-33.

240



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

Ruit, K. G., Osborne, P. A., Schmidt, R. E., Johnson, E. M., and Snider, W. D. (1990). Nerve
growth factor regulates sympathetic ganglion cell morphology and survival in the
adult mouse. J. Neurosci. 10, 2412-9.

Russo-Neustadt, A. A., Beard, R. C., Huang, Y. M., and Cotman, C. W. (2000). Physical
activity and antidepressant treatment potentiate the expression of specific brain-
derived neurotrophic factor transcripts in the rat hippocampus. Neuroscience 101,
305-12.

Sagot, Y., Rossé, T., Vejsada, R., Perrelet, D., and Kato, A. C. (1998). Differential effects of
neurotrophic factors on motoneuron retrograde labeling in a murine model of
motoneuron disease. J. Neurosci. 18, 1132—41.

Sakuma, K., and Yamaguchi, A. (2011). The recent understanding of the neurotrophin’s role
in skeletal muscle adaptation. J. Biomed. Biotechnol. 2011, 201696.
doi:10.1155/2011/201696.

Sanes, J. R. (2003). The basement membrane/basal lamina of skeletal muscle. J. Biol. Chem.
278, 12601—4. doi:10.1074/jbc.R200027200.

Sanes, J. R., Johnson, Y. R., Kotzbauer, P. T., Mudd, J., Hanley, T., Martinou, J. C.,, et al.
(1991). Selective expression of an acetylcholine receptor-lacZ transgene in synaptic
nuclei of adult muscle fibers. Development 113, 1181-91.

Sanes, J. R, and Lichtman, J. W. (1999). DEVELOPMENT OF THE VERTEBRATE
NEUROMUSCULAR  JUNCTION.  Annu. Rev. Neurosci. 22, 389—442.
doi:10.1146/annurev.neuro.22.1.389.

Santafé, M. M., Garcia, N., Lanuza, M. A., Tomas, M., and Tomas, J. (2009). Interaction
between protein kinase C and protein kinase A can modulate transmitter release at
the rat neuromuscular synapse. J. Neurosci. Res. 87, 683—90. doi:10.1002/jnr.2188s.

Santafé, M. M., Garcia, N., Lanuza, M. A,, Uchitel, O. D., and Tomas, J. (2001). Calcium
channels coupled to neurotransmitter release at dually innervated neuromuscular
junctions in the newborn rat. Neuroscience 102, 697-708.

Santafé, M. M., Garcia, N., Tomas, M., Obis, T., Lanuza, M. A, Besalduch, N., et al. (2014).
The interaction between tropomyosin-related kinase B receptors and serine kinases
modulates acetylcholine release in adult neuromuscular junctions. Neurosci. Lett. 561,
171-5. doi:10.1016/j.neulet.2013.12.073.

Santafé, M. M., Lanuza, M. A,, Garcia, N., and Tomas, J. (2005). Calcium inflow-dependent
protein kinase C activity is involved in the modulation of transmitter release in the
neuromuscular junction of the adult rat. Synapse 57, 76—84. doi:10.1002/syn.20159.

Santafé, M. M., Lanuza, M. A,, Garcia, N., and Tomas, J. (2006). Muscarinic autoreceptors
modulate transmitter release through protein kinase C and protein kinase A in the rat
motor nerve terminal. Eur. J. Neurosci. 23, 2048-56. doi:10.1111/j.1460-
9568.2006.04753.X.

Scheid, M. P., Parsons, M., and Woodgett, J. R. (2005). Phosphoinositide-dependent
phosphorylation of PDKa regulates nuclear translocation. Mol. Cell. Biol. 25, 2347-63.

241



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

doi:10.1128/MCB.25.6.2347-2363.2005.

Schiaffino, S., Gorza, L., Sartore, S., Saggin, L., Ausoni, S., Vianello, M., et al. (1989). Three
myosin heavy chain isoforms in type 2 skeletal muscle fibres. J. Muscle Res. Cell Motil.
10, 197—205.

Schinder, A. F., and Poo, M. (2000). The neurotrophin hypothesis for synaptic plasticity.
Trends Neurosci. 23, 639—45.

Schneider, R., and Schweiger, M. (1991). A novel modular mosaic of cell adhesion motifs in
the extracellular domains of the neurogenic trk and trkB tyrosine kinase receptors.
Oncogene 6, 1807—11.

Schulz, A, Kyselyova, A., Baader, S. L., Jung, M. J,, Zoch, A., Mautner, V.-F., et al. (2014).
Neuronal merlin influences ERBB2 receptor expression on Schwann cells through
neuregulin 1 type Il signalling. Brain 137, 420-432. doi:10.1093/brain/awt327.

Seeburger, J. L., and Springer, J. E. (1993). Experimental Rationale for the Therapeutic Use
of Neurotrophins in Amyotrophic Lateral Sclerosis. Exp. Neurol. 124, 64—72.
doi:10.1006/exnr.1993.1176.

Segal, R. A, Bhattacharyya, A., Rua, L. A., Alberta, J. A., Stephens, R. M., Kaplan, D. R., et
al. (1996). Differential Utilization of Trk Autophosphorylation Sites*. J. Biol. Chem. 271
(33), 20175-81.

Seidah, N. G., Benjannet, S., Pareek, S., Chrétien, M., and Murphy, R. A. (1996). Cellular
processing of the neurotrophin precursors of NT3 and BDNF by the mammalian
proprotein convertases. FEBS Lett. 379, 247-50.

Sendtner, M., Holtmann, B., Kolbeck, R., Thoenen, H., and Barde, Y.-A. (1992). Brain-derived
neurotrophic factor prevents the death of motoneurons in newborn rats after nerve
section. Nature 360, 757—759. doi:10.1038/360757a0.

Sendtner, M., Pei, G., Beck, M., Schweizer, U., and Wiese, S. (2000). Developmental
motoneuron cell death and neurotrophic factors. Cell Tissue Res. 301, 71-84.

Shao, Y., Akmentin, W., Toledo-Aral, J. J., Rosenbaum, J., Valdez, G., Cabot, J. B,, et al.
(2002). Pincher, a pinocytic chaperone for nerve growth factor/TrkA signaling
endosomes. J. Cell Biol. 157, 679—91. doi:10.1083/jcb.200201063.

Sheard, P. W., Musaad, K., and Duxson, M. J. (2002). Distribution of neurotrophin receptors
in the mouse neuromuscular system. Int. J. Dev. Biol. 46, 569-75.

Shelton, D. L., Sutherland, J., Gripp, J., Camerato, T., Armanini, M. P., Phillips, H. S., et al.
(1995). Human trks: molecular cloning, tissue distribution, and expression of

extracellular domain immunoadhesins. J. Neurosci. 15, 477-91.

Sheng, M., and Kim, M. J. (2002). Postsynaptic Signaling and Plasticity Mechanisms. Science
(80-. ). 298, 776—780. doi:10.1126/science.1075333.

Shieh, P. B., and Ghosh, A. (1999). Molecular mechanisms underlying activity-dependent
regulation of BDNF expression. J. Neurobiol. 41, 127-134. doi:10.1002/(SICl)1097-

242



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

4695(199910)41:1<127::AID-NEU16>3.0.CO; 2-J.

Simon, A. M., Hoppe, P., and Burden, S. J. (1992). Spatial restriction of AChR gene
expression to subsynaptic nuclei. Development 114, 545-53.

Skaper, S. D. (2012). “The Neurotrophin Family of Neurotrophic Factors: An Overview,” in
Methods in molecular biology (Clifton, N.J.), 1-12. d0i:10.1007/978-1-61779-536-7_1.

Skup, M., Dwornik, A., Macias, M., Sulejczak, D., Wiater, M., and Czarkowska-Bauch, J.
(2002). Long-term locomotor training up-regulates TrkB(FL) receptor-like proteins,
brain-derived neurotrophic factor, and neurotrophin 4 with different topographies of
expression in oligodendroglia and neurons in the spinal cord. Exp. Neurol. 176, 289—

307.

Snider, W. D. (1998). How do you feel? Neurotrophins and mechanotransduction. Nat.
Neurosci. 1, 5-6. doi:10.1038/199.

Sonnenburg, E. D., Gao, T., and Newton, A. C. (2001). The Phosphoinositide-dependent
Kinase, PDK-1, Phosphorylates Conventional Protein Kinase C lIsozymes by a
Mechanism That Is Independent of Phosphoinositide 3-Kinase. J. Biol. Chem. 276,
45289-45297. doi:10.1074/jbc.M107416200.

Sorkin, A., and von Zastrow, M. (2002). Signal transduction and endocytosis: close
encounters of many kinds. Nat. Rev. Mol. Cell Biol. 3, 600-614. doi:10.1038/nrm883.

Sorkin, A., and von Zastrow, M. (2009). Endocytosis and signalling: intertwining molecular
networks. Nat. Rev. Mol. Cell Biol. 10, 609—22. doi:10.1038/nrm2748.

Spina, A. A. (2007). The plantaris muscle: anatomy, injury, imaging, and treatment. J. Can.
Chiropr. Assoc. 51, 158-65. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/17885678 [Accessed August 7, 2017].

Springer, J. E., Seeburger, J. L., He, J., Gabrea, A., Blankenhorn, E. P., and Bergman, L. W.
(1995). cDNA sequence and differential MRNA regulation of two forms of glial cell
line-derived neurotrophic factor in Schwann cells and rat skeletal muscle. Exp. Neurol.

131, 47-52.

Stenmark, H. (2009). Rab GTPases as coordinators of vesicle traffic. Nat. Rev. Mol. Cell Biol.
10, 513-525. doi:10.1038/nrm2728.

Stevens, A., and Lowe, J. S. (2005). Human Histology. 3rd ed. Elsevier.
Stoilov, P., Castren, E., and Stamm, S. (2002). Analysis of the Human TrkB Gene Genomic
Organization Reveals Novel TrkB Isoforms, Unusual Gene Length, and Splicing

Mechanism. Biochem. Biophys. Res. Commun. 290, 1054—1065.
doi:10.1006/bbrc.2001.6301.

Stokoe, D., Stephens, L. R., Copeland, T., Gaffney, P. R., Reese, C. B., Painter, G. F., et al.
(1997). Dual role of phosphatidylinositol-3,4,5-trisphosphate in the activation of

protein kinase B. Science 277, 567—70.

Sun, W., Funakoshi, H., and Nakamura, T. (2002). Overexpression of HGF retards disease

243



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

progression and prolongs life span in a transgenic mouse model of ALS. J. Neurosci.
22, 653748

Tao, X., Finkbeiner, S., Arnold, D. B., Shaywitz, A. J., and Greenberg, M. E. (1998). Ca2+ influx
regulates BDNF transcription by a CREB family transcription factor-dependent
mechanism. Neuron 20, 709—26.

Teng, H. K., Teng, K. K., Lee, R., Wright, S., Tevar, S., Almeida, R. D., et al. (2005). ProBDNF
Induces Neuronal Apoptosis via Activation of a Receptor Complex of p75NTR and
Sortilin. J. Neurosci. 25, 5455-5463. doi:10.1523/JNEUROSCI.5123-04.2005.

Teng, K. K., Felice, S., Kim, T., and Hempstead, B. L. (2010). Understanding proneurotrophin
actions: Recent advances and challenges. Dev. Neurobiol. 70, 350—9.
doi:10.1002/dneu.20768.

Tessarollo, L., Tsoulfas, P., Martin-Zanca, D., Gilbert, D. J., Jenkins, N. A., Copeland, N. G.,
etal. (1993). trkC, a receptor for neurotrophin-3, is widely expressed in the developing
nervous system and in non-neuronal tissues. Development 118, 463—75.

Timmusk, T., Palm, K., Metsis, M., Reintam, T., Paalme, V., Saarma, M., et al. (1993).
Multiple promoters direct tissue-specific expression of the rat BDNF gene. Neuron 10,

475-89.

Todd, K. J., Auld, D. S., and Robitaille, R. (2007). Neurotrophins modulate neuron-glia
interactions at a vertebrate synapse. doi.org 25, 1287-1296. doi:10.1111/j.1460-
9568.2007.05385.X.

Todd, K. J., Darabid, H., and Robitaille, R. (2010). Perisynaptic Glia Discriminate Patterns of
Motor Nerve Activity and Influence Plasticity at the Neuromuscular Junction. J.
Neurosci. 30, 11870-11882. doi:10.1523/JNEUROSCI.3165-10.2010.

Tomas, J., Batlle, J., Fenoll, M. R., Santafé, M., and Lanuza, M. A. (1993). Activity-dependent
plastic changes in the motor nerve terminals of the adult rat. Biol. cell 79, 133-7.

Tomas, J., Santafé, M., Lanuza, M. A, and Fenoll-Brunet, M. R. (1997). Physiological activity-
dependent ultrastructural plasticity in normal adult rat neuromuscular junctions. Biol.
Cell 89, 19—28. d0i:10.1016/50248-4900(99)80078-1.

Tomas, J., Santafé, M. M., Garcia, N., Lanuza, M. A., Tomas, M., Besalduch, N., et al. (2014).
Presynaptic membrane receptors in acetylcholine release modulation in the
neuromuscular synapse. J. Neurosci. Res. 92, 543-54. doi:10.1002/jnr.23346.

Tongiorgi, E., Armellin, M., Giulianini, P. G., Bregola, G., Zucchini, S., Paradiso, B., et al.
(2004). Brain-Derived Neurotrophic Factor mRNA and Protein Are Targeted to
Discrete Dendritic Laminas by Events That Trigger Epileptogenesis. J. Neurosci. 24,
6842-6852. doi:10.1523/JNEUROSCI.5471-03.2004.

Tongiorgi, E., Righi, M., and Cattaneo, A. (1997). Activity-Dependent Dendritic Targeting of
BDNF and TrkB mRNAs in Hippocampal Neurons. J. Neurosci. 17.

Turner, B. J., Murray, S. S., Piccenna, L. G, Lopes, E. C,, Kilpatrick, T. J., and Cheema, S. S.
(2004). Effect of p75 neurotrophin receptor antagonist on disease progression in

244



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

transgenic amyotrophic lateral sclerosis mice. J. Neurosci. Res. 78, 193-199.
doi:10.1002/jnr.20256.

Underwood, C. K., and Coulson, E. J. (2008). The p75 neurotrophin receptor. Int. J. Biochem.
Cell Biol. 4,0, 1664—1668. doi:10.1016/j.biocel.2007.06.010.

Urbano, F. J., Piedras-Renteria, E. S., Jun, K., Shin, H.-S., Uchitel, O. D., and Tsien, R. W.
(2003). Altered properties of quantal neurotransmitter release at endplates of mice
lacking P/Q-type Ca2+ channels. Proc. Natl. Acad. Sci. U. S. A. 100, 3491-6.
doi:10.1073/pnas.0437991100.

Urfer, R., Tsoulfas, P., O’Connell, L., Shelton, D. L., Parada, L. F., and Presta, L. G. (1995). An
immunoglobulin-like domain determines the specificity of neurotrophin receptors.
EMBO J. 14, 2795-805.

Valdmanis, P. N., Belzil, V. V., Lee, J., Dion, P. A., St-Onge, J., Hince, P., et al. (2009). A
Mutation that Creates a Pseudoexon in SOD1 Causes Familial ALS. Ann. Hum. Genet.
73, 652-657. d0i:10.1111/j.1469-1809.2009.00546.X.

Valent, A., Danglot, G., and Bernheim, A. (1997). Mapping of the tyrosine kinase receptors
trkA (NTRKz), trkB (NTRK2) and trkC(NTRK3) to human chromosomes 1q22, 9q22
and 15q25 by fluorescence in situ hybridization. Eur. J. Hum. Genet. 5, 102—4.

Van lJzendoorn, S. C. D. (2006). Recycling endosomes. J. Cell Sci. 119, 1679-1681.
doi:10.1242/jcs.02948.

Van Praag, H., Kempermann, G., and Gage, F. H. (1999). Running increases cell proliferation
and neurogenesis in the adult mouse dentate gyrus. Nat. Neurosci. 2, 266—70.
doi:10.1038/6368.

Van Zundert, B., Peuscher, M. H., Hynynen, M., Chen, A., Neve, R. L., Brown, R. H., et al.
(2008). Neonatal Neuronal Circuitry Shows Hyperexcitable Disturbance in a Mouse
Model of the Adult-Onset Neurodegenerative Disease Amyotrophic Lateral Sclerosis.
J. Neurosci. 28, 10864-10874.

Vanhaesebroeck, B., and Alessi, D. R. (2000). The PI3K-PDK1 connection: more than just a
road to PKB. Biochem. J. 346 Pt 3, 561—76.

Veldink, J. H., Bar, P.R., Joosten, E. A. J., Otten, M., Wokke, J. H. J., and van den Berg, L. H.
(2003). Sexual differences in onset of disease and response to exercise in a transgenic
model of ALS. Neuromuscul. Disord. 13, 737—43.

Verderio, C., Bianco, F., Blanchard, M. P., Bergami, M., Canossa, M., Scarfone, E., et al.
(2007). Cross talk between vestibular neurons and Schwann cells mediates BDNF
release and neuronal regeneration. Brain Cell Biol. 35, 187—201. d0i:10.1007/511068-
007-9011-6.

Violin, J. D., Zhang, J., Tsien, R. Y., and Newton, A. C. (2003). A genetically encoded
fluorescent reporter reveals oscillatory phosphorylation by protein kinase C. J. Cell

Biol. 161, 899—909. doi:10.1083/jcb.200302125.

Volosin, M., Song, W., Almeida, R. D., Kaplan, D. R., Hempstead, B. L., and Friedman, W. J.

245



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

(2006). Interaction of Survival and Death Signaling in Basal Forebrain Neurons: Roles
of Neurotrophins and Proneurotrophins. J. Neurosci. 26, 7756-7766.
doi:10.1523/JNEUROSCI.1560-06.2006.

Wang, X., Yan, Q., Sun, P., Liu, J.-W., Go, L., McDaniel, S. M., et al. (2007). Suppression of
Epidermal Growth Factor Receptor Signaling by Protein Kinase C-a Activation
Requires CD82, Caveolin-1, and Ganglioside. Cancer Res. 67. doi:10.1158/0008-
5472.CAN-07-1300.

Watson, F. L., Porcionatto, M. A., Bhattacharyya, A., Stiles, C. D., and Segal, R. A. (1999).
TrkA glycosylation regulates receptor localization and activity. J. Neurobiol. 39, 323—
336. d0i:10.12002/(S1Cl)1097-4695(199905)39:2<323::AID-NEU15>3.0.CO; 2-4.

West, A. E., Chen, W. G., Dalva, M. B., Dolmetsch, R. E., Kornhauser, J. M., Shaywitz, A. J.,
etal. (2001). Calcium regulation of neuronal gene expression. Proc. Natl. Acad. Sci. 98,
11024-11031. d0i:10.1073/pNas.191352298.

West, A. E., Pruunsild, P., and Timmusk, T. (2014). Neurotrophins: transcription and
translation. Handb. Exp. Pharmacol. 220, 67-100. d0i:10.1007/978-3-642-45106-5_4.

Wick, M. J., Ramos, F. J., Chen, H., Quon, M. J., Dong, L. Q., and Liy, F. (2003). Mouse 3-
Phosphoinositide-dependent Protein Kinase-1 Undergoes Dimerization and trans-
Phosphorylation in the Activation Loop. J. Biol. Chem. 278, 42913-42919.
doi:10.1074/jbc.M304172200.

Wick, M. J., Wick, K. R., Chen, H., He, H., Dong, L. Q., Quon, M. J,, et al. (2002). Substitution
of the autophosphorylation site Thr516 with a negatively charged residue confers
constitutive activity to mouse 3-phosphoinositide-dependent protein kinase-1in cells.
J. Biol. Chem. 277, 16632-8. doi:10.1074/jbc.M112402200.

Williams, M. R., Arthur, J. S., Balendran, A., van der Kaay, J., Poli, V., Cohen, P., et al. (2000).
The role of 3-phosphoinositide-dependent protein kinase 1 in activating AGC kinases
defined in embryonic stem cells. Curr. Biol. 10, 439-48.

Winnubst, J., Cheyne, J. E., Niculescu, D., and Lohmann, C. (2015). Spontaneous Activity
Drives Local Synaptic Plasticity In Vivo. Neuron 87, 399—410.
doi:10.1016/j.neuron.2015.06.029.

Wong, J., and Garner, B. (2012). Evidence that truncated TrkB isoform, TrkB-Shc can
regulate phosphorylated TrkB protein levels. doi:10.1016/j.bbrc.2012.02.159.

Wood, S. J., and Slater, C. R. (2001). Safety factor at the neuromuscular junction. Prog.
Neurobiol. 64, 393—429.

Yan, Q., Elliott, J. L., Matheson, C., Sun, J.,, Zhang, L., My, X, et al. (1993). Influences of
neurotrophins on mammalian motoneuronsin vivo. J. Neurobiol. 24, 1555-1577.
doi:10.1002/neu.480241202.

Yan, Q., Elliott, J., and Snider, W. D. (1992). Brain-derived neurotrophic factor rescues spinal

motor neurons from axotomy-induced cell death. Nature 360, 753-755.
doi:10.1038/360753a0.

246



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

Yang, F., Je,H.-S., Ji, Y., Nagappan, G., Hempstead, B., and Lu, B. (2009). Pro-BDNF-induced
synaptic depression and retraction at developing neuromuscular synapses. J. Cell Biol.
185, 727—41. d0i:10.1083/jcb.200811147.

Yang, J., Cron, P., Good, V. M., Thompson, V., Hemmings, B. A., and Barford, D. (2002a).
Crystal structure of an activated Akt/Protein Kinase B ternary complex with GSK3-
peptide and AMP-PNP. Nat. Struct. Biol. 9, 940-944. doi:10.1038/nsb870.

Yang, J., Cron, P., Thompson, V., Good, V. M., Hess, D., Hemmings, B. A,, et al. (2002b).
Molecular mechanism for the regulation of protein kinase B/Akt by hydrophobic motif
phosphorylation. Mol. Cell 9, 1227-40. d0i:10.1016/S1097-2765(02)00550-6.

Yang, K.-J., Shin, S., Piao, L., Shin, E., Li, Y., Park, K. A., et al. (2008). Regulation of 3-
Phosphoinositide-dependent Protein Kinase-1 (PDK1) by Src Involves Tyrosine
Phosphorylation of PDK1 and Src Homology 2 Domain Binding. J. Biol. Chem. 283,
1480-1491. doi:10.1074/jbc.M706361200.

Yano, H., Lee, F. S., Kong, H., Chuang, J., Arevalo, J., Perez, P., et al. (2001). Association of
Trk neurotrophin receptors with components of the cytoplasmic dynein motor. J.
Neurosci. 21, RCa25.

Yanpallewar, S. U., Barrick, C. A., Buckley, H., Becker, J., and Tessarollo, L. (2012). Deletion
of the BDNF truncated receptor TrkB.T1 delays disease onset in a mouse model of
amyotrophic lateral sclerosis. PLoS One 7, €39946. doi:10.1371/journal.pone.0039946.

Young, B., O'Dowd, G., and Woodford, P. (2014). Wheater. Histologia funcional: Texto y atlas
en color. 6th ed. Travessera de Gracia, 17-21 - 08021 Barcelona, Spain: Elsevier.

Yune, T.Y., Lee, J.Y., Jung, G. Y., Kim,S.J., Jiang, M. H., Kim, Y. C., et al. (2007). Minocycline
Alleviates Death of Oligodendrocytes by Inhibiting Pro-Nerve Growth Factor
Production in Microglia after Spinal Cord Injury. J. Neurosci. 27, 7751-7761.
doi:10.1523/JNEUROSCI.1661-07.2007.

Zhai, R. G., and Bellen, H. J. (2004). The Architecture of the Active Zone in the Presynaptic
Nerve Terminal. Physiology 19, 262—270. doi:10.1152/physiol.00014.2004.

Zhang, B., Ty, P., Abtahian, F., Trojanowski, J. Q., and Lee, V. M. (1997). Neurofilaments and
orthograde transport are reduced in ventral root axons of transgenic mice that
express human SOD1 with a G93A mutation. J. Cell Biol. 139, 1307-15.

Zheng, C., Nennesmo, |., Fadeel, B., and Henter, J.-I. (2004). Vascular endothelial growth
factor prolongs survival in a transgenic mouse model of ALS. Ann. Neurol. 56, 564—
567. doi:10.1002/ana.20223.

Zheng, Z., Sabirzhanov, B., and Keifer, J. (2010). Oligomeric Amyloid- Inhibits the
Proteolytic Conversion of Brain-derived Neurotrophic Factor (BDNF), AMPA Receptor
Trafficking, and Classical Conditioning. J. Biol. Chem. 285, 34708-34717.

Zhou, J., Fariss, R. N., and Zelenka, P. S. (2003). Synergy of epidermal growth factor and

12(S)-hydroxyeicosatetraenoate on protein kinase C activation in lens epithelial cells.
J. Biol. Chem. 278, 5388-98. doi:10.1074/jbc.M209695200.

247



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
References

Ziegler, W. H., Parekh, D. B., Le Good, J. A., Whelan, R. D., Kelly, J. J., Frech, M., et al. (1999).
Rapamycin-sensitive phosphorylation of PKC on a carboxy-terminal site by an
atypical PKC complex. Curr. Biol. 9, 522—9.

Zoladz, J. A., and Pilc, A. (2010). The effect of physical activity on the brain derived
neurotrophic factor: from animal to human studies. J. Physiol. Pharmacol. 61, 533—541.

248



UNIVERSITAT ROVIRA I VIRGILI

COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero



UNIVERSITAT ROVIRA I VIRGILI

COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero



UNIVERSITAT ROVIRA I VIRGILI

COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero

H. SCIENTIFIC
CONTRIBUTIONS



UNIVERSITAT ROVIRA I VIRGILI

COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING
Erica Hurtado Caballero
Scientific contributions. Articles

SCIENTIFIC CONTRIBUTIONS

Scientific articles belonging to this doctoral thesis:

Hurtado E, Cilleros V, Just L, Simo A, Nadal L, Tomas M, Garcia N Lanuza
MA, Tomas J. (2017). “Synaptic activity and muscle contraction increases PDKz1 and
PKCBI phosphorylation in the presynaptic membrane of the neuromuscular
junction”. Frontiers in Molecular Neuroscience, 10:147. DOIl:

10.3389/fnmol.2017.00270.

Hurtado E, Cilleros V, Nadal L, Simd A, Obis T, Garcia N, Santafé MM,
Tomas M, Halievski K, Jordan C, Lanuza MA, Tomas J. (2017). “Muscle contraction
regulates BDNF/TrkB signalling to retrogradely modulate synaptic function
through presynaptic cPKCa and cPKCPI”. Frontiers in Molecular Neuroscience, 10:

270. DOI: 10.3389/fnmol.2017.00147.

Other scientific articles:

Tomas J, Garcia N, Lanuza MA, Nadal L, Tomas M, Hurtado E, Cilleros V,
Simd A. (2017). Membrane receptor-induced changes of the protein kinases A and
C activity may play a leading role in promoting developmental synapse elimination
at the neuromuscular junction. Frontiers in Molecular Neuroscience. DOI:

10.3389/fnmol.2017.00255.

Tomas J, Garcia N, Lanuza MA, Santafé MM, Tomas M, Nadal L, Hurtado
E, Simd A, Cilleros V. (2017). “Presynaptic membrane receptors modulate ACh
release, axonal competition and synapse elimination during neuromuscular
junction development”. Frontiers in  Molecular Neuroscience, DOI:

10.3389/fnmol.2017.00132.

253



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
Scientific contributions. Articles

Nadal L, Garcia N, Hurtado E, Simd A, Tomas M, Lanuza MA, Cilleros V,
Tomas J. (2017). “Presynaptic muscarinic acetylcholine receptors and TrkB receptor
cooperate in the elimination of redundant motor nerve terminals during
development”. Frontiers in Aging Neuroscience, 9:24. DOI:

10.3389/fnagi.2017.00024.

Nadal L, Garcia N, Hurtado E, Simd A, Tomas M, Lanuza MA, Cilleros V,
Tomas J. (2017). “Synergistic action of presynaptic muscarinic acetylcholine
receptors and adenosine receptors in developmental axonal competition at the
neuromuscular junction”. Developmental Neuroscience, 38(6):407-419. DOI:

10.1159/000458437.

Nadal L, Garcia N, Hurtado E, Simd A, Tomas M, Lanuza MA, Santafé MM,
Tomas J. (2016). “Presynaptic muscarinic acetylcholine autoreceptors (M1, M2 and
Mg subtypes), adenosine receptors (A1 and A2A) and tropomyosin-related kinase
B receptor (TrkB) modulate the developmental synapse elimination process at the
neuromuscular junction”. Molecular Brain, 23;9(1):67. DOI: 10.1186/513041-016-

0248-9.

Obis T, Hurtado E, Nadal N, Tomas M, Simén A, Garcia N, Santafé MM,
Lanuza MA, Tomas J. (2015). “The novel protein kinase C epsilon isoform
modulates acetylcholine release in the rat neuromuscular junction”. Molecular

Brain, 8(1):80. DOI: 10.1186/513041-015-0171-5.

Obis T, Besalduch N, Hurtado E, Nadal L, Santafé MM, Garcia N, Tomas
M, Lanuza MA, Tomas J. (2015). “The novel protein kinase C epsilon isoform at the
adult neuromuscular synapse: Location, regulation by synaptic activity-dependent
muscle contraction through TrkB signalling and coupling to ACh release”.

Molecular Brain, 8:8. DOI: 10.1186/513041-015-0098-X.

254



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero ) " ) ) .
Scientific contributions. Articles

Garcia N, Priego M, Hurtado E, Obis T, Santafé MM, Tomas M, Besalduch
N, Lanuza MA, Tomas J. (2014). “Adenosine A2B and A3 receptors in the mice
neuromuscular  junction”. Journal of Anatomy, 225(1):109-17. DOI:

10.1111/j0a.12188.

Tomas J, Santafé MM, Garcia N, Lanuza MA, Tomas M, Besalduch N, Obis
T, Priego M, Hurtado E. (2014). “Presynaptic membrane receptors in acetylcholine
release modulation on neuromuscular synapse”. Journal of Neuroscience Research,

92(5):543-54. DOI: 10.12002/jnr.23346.

255



UNIVERSITAT ROVIRA I VIRGILI

COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
Scientific contributions. Congresses

Participation in national and international congresses

Congress: 17" National Congress of the Spanish Society for Neuroscience (SENC).
Date and Place: 27-30 September 2017; Alicante (Spain).

Authors: Erica Hurtado, Laia Just, Victor Cilleros, Anna Simd, Laura Nadal, Olivier
Biondi, Frédéric Charbonnier, Neus Garcia, Maria Angel Lanuza, and Josep Tomas.
Title: Physical exercise improves BDNF/TrkB/PKCBI signalling pathway in a
mouse model of amyotrophic lateral sclerosis.

Format: Poster.
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Date and Place: 27-30 September 2017; Alicante (Spain).

Authors: Victor Cilleros, Erica Hurtado, Anna Sim¢, Laia Just, Laura Nadal, Manel
Santafé, Marta Tomas, Neus Garcia, Maria Angel Lanuza, Josep Tomas.

Title: PKA and PKC isoforms are differentially modulated by M1 and M2 muscarinic
autoreceptor subtypes to influence SNAP25 and Munca8-1 phosphorylation in the
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Manel Santafé, Marta Tomas, Maria Angel Lanuza and Josep Tomas.

Title: nPKCe and cPKCPI modulate the synaptic activity induced phosphorylation
of the exocytic protein MUNCa8-1 at the adult neuromuscular junction.
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Congress: X Symposium of Neurobiology.
Date and Place: 6-7 October 2016; Barcelona (Spain).
Authors: Erica Hurtado, Victor Cilleros, Laura Nadal, Teresa Obis, Anna Simo,

Neus Garcia, Manel Santafé, Marta Tomas, Maria Angel Lanuza and Josep Tomas.
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Title: Synaptic activity-modulated BDNF-TrkB pathway enhances presynaptic
cPKCBI to control neuromuscular synaptic function.

Format: Poster.
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Date and Place: 6-7 October 2016; Barcelona (Spain).

Authors: Anna Simo, Erica Hurtado, Victor Cilleros, Laura Nadal, Neus Garcia,
Manel Santafé, Marta Tomas, Maria Angel Lanuza and Josep Tomas.

Title: BDNF-TrkB-PKC signalling modulated by synaptic activity controls the
phosphorylation of the exocytotic proteins Munci8-1 and SNAP25 at the
neuromuscular junction.
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Date and Place: 6-7 October 2016; Barcelona (Spain).

Authors: Victor Cilleros, Erica Hurtado, Laura Nadal, Teresa Obis, Anna Simo,
Neus Garcia, Manel Santafé, Marta Tomas, Maria Angel Lanuza and Josep Tomas.
Title: Synaptic activity-modulated BDNF-TrkB pathway enhances presynaptic
cPKCBI to control neuromuscular synaptic function.

Format: Oral communication (Victor Cilleros)

Congress: X Symposium of Neurobiology.

Date and Place: 6-7 October 2016; Barcelona (Spain).

Authors: Laura Nadal, Neus Garcia, Erica Hurtado, Anna Simo, Victor Cilleros, Laia
Just, Marta Tomas, Maria Angel Lanuza, Manel Santafé, and Josep Tomas.

Title: Adenosine receptors, mAChRs and TrkB modulate the developmental
synapse elimination process at the neuromuscular junction.

Format: Poster.

Congress: 10" FENS Forum of Neuroscience.

Date and Place: 2-6 July 2016; Copenhagen (Denmark).
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Title: BDNF-TrkB-PKC signalling modulated by synaptic activity controls the
phosphorylation of the exocytotic proteins Munci8-1 and SNAP25 at the
neuromuscular junction.
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Congress: 10" FENS Forum of Neuroscience.

Date and Place: 2-6 July 2016; Copenhagen (Denmark).

Authors: Laura Nadal, Neus Garcia, Erica Hurtado, Anna Sim¢, Victor Cilleros,
Marta Tomas, Maria Angel Lanuza, Manel Santafé, and Josep Tomas.

Title: Muscarinic acetylcholine autoreceptors, adenosine receptors and
tropomyosin-related kinase B receptor (TrkB) cooperate in the developmental
axonal loss and synapse elimination process at the neuromuscular junction.

Format: Poster.

Congress: Society for Neuroscience (SfN)

Date and Place: 17-21 October 2015; Chicago (USA).

Authors: Maria Angel Lanuza, Erica Hurtado, Laura Nadal, Teresa Obis, Anna
Simo, Victor Cilleros, Neus Garcia, Manel M. Santafé, Marta Tomas, Josep Tomas.
Title: BDNF and TrkB are regulated by both pre- and postsynaptic activity and
enhance presynaptic cPKCI to modulate neuromuscular synaptic function.

Format: Poster.
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Congress: 16" National Congress of the Spanish Society for Neuroscience (SENC).
Date and Place: 23-25 September 2015; Granada (Spain).

Authors: Erica Hurtado, Laura Nadal, Teresa Obis, Anna Simo, Victor Cilleros,
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Title: BDNF and TrkB are regulated by both pre- and postsynaptic activity and
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Congress: 16" National Congress of the Spanish Society for Neuroscience (SENC).
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Authors: Anna Simo, Erica Hurtado, Laura Nadal, Victor Cilleros, Neus Garcia,
Manel Santafé, Marta Tomas, Maria Angel Lanuza, and Josep Tomas.

Title: Synaptic activity and PKC-TrkB signalling modulates the phosphorylation of
the exocytotic proteins SNAP-25 and Munc18-1 at adult neuromuscular junction.

Format: Poster.

Congress: 16" National Congress of the Spanish Society for Neuroscience (SENC).
Date and Place: 23-25 September 2015; Granada (Spain).

Authors: Laura Nadal, Neus Garcia, Erica Hurtado, Anna Simd, Marta Tomas,
Maria Angel Lanuza, Manel Santafé, and Josep Tomas.

Title: Presynaptic muscarinic acetylcholine autoreceptors (M;, M. and M,
subtypes) modulate the developmental synapse elimination process on the
neuromuscular junction.

Format: Poster.

Congress: Society for Neuroscience (SfN)

Date and Place: 15-19 November 2014; Washington (USA).

Authors: Maria Angel Lanuza, Erica Hurtado, Nuria Besalduch, Teresa Obis, Laura
Nadal, Neus Garcia, Manel M. Santafé, Mercedes Priego, Marta Tomas, Josep

Tomas.
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Title: The novel protein kinase C epsilon isoform at the neuromuscular synapse:
location, synaptic activity-related expression, phosphorylation function and
coupling to ACh release.

Format: Poster.

Congress: IX Symposium of Neurobiology.

Date and Place: 22-23 October 2014; Barcelona (Spain).

Authors: Erica Hurtado, Laura Nadal, Teresa Obis, Neus Garcia, Mercedes Priego,
Manel Santafé, Marta Tomas, Nicolas Ortiz, Maria Angel Lanuza, Josep Tomas.
Title: Blockade of tyrosine kinase receptor B prevents muscle contraction-induced
presynaptic nPKCe, cPKCBI and cPKCa increases.

Format: Poster.

Congress: IX Symposium of Neurobiology.

Date and Place: 22-23 October 2014; Barcelona (Spain).

Authors: Laura Nadal, Erica Hurtado, Teresa Obis, Neus Garcia, Manel Santafé,
Marta Tomas, Mercedes Priego, Maria Angel Lanuza, Josep Tomas.

Title: Activity-dependent changes of the nPKCe isoform through TrkB function in
the adult rat neuromuscular synapse.

Format: Oral communication (Laura Nadal)

Congress: 9" FENS Forum of Neuroscience.

Date and Place: 5-9 July 2014; Milan (Italy).

Authors: Erica Hurtado, Teresa Obis, Mercedes Priego, Laura Nadal, Neus Garcia,
Manel M. Santafé, Marta Tomas, Nicolas Ortiz, Maria Angel Lanuza and Josep
Tomas.

Title: Colocalization of protein kinase A (PKA) subunits and the A kinase anchoring
proteins (AKAPS g and 150) in the neuromuscular synapse.

Format: Poster.
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Congress: 9" FENS Forum of Neuroscience.

Date and Place: 5-9 July 2014; Milan (ltaly).

Authors: Laura Nadal, Erica Hurtado, Teresa Obis, Neus Garcia, Mercedes Priego,
Manel M. Santafé, Marta Tomas, Nicolas Ortiz, Maria Angel Lanuza and Josep
Tomas.

Title: Blockade of tyrosine kinase receptor B prevents muscle contraction-induced
presynaptic nPKCe, cPKCBI and cPKCa increases.

Format: Poster.

Congress: 9" FENS Forum of Neuroscience.

Date and Place: 5-9 July 2014; Milan (ltaly).

Authors: Teresa Obis, Nuria Besalduch, Manel M. Santafé, Marta Tomas, Neus
Garcia, Mercedes Priego, Erica Hurtado, Laura Nadal, Maria Angel Lanuza and
Josep Tomas.

Title: Activity-dependent changes of the novel protein kinase C epsilon isoform in
the neuromuscular synapse and its coupling to ACh release.

Format: Poster.

Congress: 9" FENS Forum of Neuroscience.

Date and Place: 5-9 July 2014; Milan (ltaly).

Authors: Manel M. Santafé, Mercedes Priego, Teresa Obis, Neus Garcia, Marta
Tomas, Maria Angel Lanuza, Nicolas Ortiz, Erica Hurtado, Laura Nadal and Josep
Tomas.

Title: Purinergic adenosine receptors and cholinergic muscarinic receptors
cooperate in acetylcholine release modulation on neuromuscular synapse.

Format: Poster.

Congress: 15" National Congress of the Spanish Society for Neuroscience (SENC).
Date and Place: 25-27 September 2013; Oviedo (Spain).
Authors: Erica Hurtado, Neus Garcia, Manel Santafé, Mercedes Priego, Teresa

Obis, Marta Tomas, Nuria Besalduch, Maria Angel Lanuza, and Josep Tomas.
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Title: Adenosine A2B and A3 receptors in the mice neuromuscular junction

Format: Poster.

Congress: 15" National Congress of the Spanish Society for Neuroscience (SENC).
Date and Place: 25-27 September 2013; Oviedo (Spain).

Authors: Teresa Obis, Mercedes Prieto, Manel Santafé, Neus Garcia, Maria Angel
Lanuza, Marta Tomas, Nuria Besalduch, Erica Hurtado and Josep Tomas.

Title: Involvement of serine kinases in the modulation of ACh release in the
neuromuscular synapse

Format: Poster.

Congress: 15" National Congress of the Spanish Society for Neuroscience (SENC).
Date and Place: 25-27 September 2013; Oviedo (Spain).

Authors: Mercedes Prieto, Teresa Obis, Manel Santafé, Neus Garcia, Maria Angel
Lanuza, Marta Tomas, Nuria Besalduch, Erica Hurtado and Josep Tomas.

Title: Presynaptic membrane receptors in acetylcholine release modulation on
neuromuscular synapse

Format: Poster.

263



UNIVERSITAT ROVIRA I VIRGILI

COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero



UNIVERSITAT ROVIRA I VIRGILI
COORDINATED EFFECTS OF SYNAPTIC ACTIVITY AND MUSCLE CONTRACTION ON CPKC REGULATION
BY PDK1 AND BDNF/TRKB SIGNALLING

Erica Hurtado Caballero
Scientific contributions. Mobility

Mobility

Institution: Neuromuscular degeneration and plasticity (Team 9). Toxicology,
Pharmacology and Cell Signalling. Paris Descartes University.

Supervisors: Dr. Olivier Biondi and Prof. Frédéric Charbonnier.

Project: Effects of physical exercise in a mouse model of Amyotrophic Lateral
Sclerosis: role of PKCPI.

Length: 4 months (March-July 2017).
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