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Simplicity is the final achievement. After one has played a vast
quantity of notes and more notes, it is simplicity that emerges in all its

charm as the ultimate crowning reward of art.

—Frederic Chopin. From Madame Streicher's Recollections

— Aprendi... mirando por la ventana. Todos los miércoles cuando
ibais a clase, mirando por la ventana y me aprendi todos los pasos.
Para ensefiarselos a mi madre.

—Paquita Salas
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ABSTRACT IX

ABSTRACT

The neuromuscular junction (NM]) uses plastic mechanisms to adjust
the release of acetylcholine (ACh) to an incredibly dynamic environment.
Muscarinic acetylcholine receptors (mAChRs) participate as autoreceptors,
tuning neurotransmission. The M; subtype activates protein kinase C (PKC)
to enhance the release, whereas M, inhibits protein kinase A (PKA) to
decrease it. The captivating research in the past decade has provided
extensive electrophysiological knowledge about muscarinic signaling.
However, the molecular data accompanying this knowledge was limited; and
the role of some second messengers remained elusive. Therefore, the present
thesis aimed to characterize how M; and M, mAChRs regulate the multiple
PKA and PKC subunits, their scaffolds and exocytotic targets.

We analyzed the muscarinic cascade at the rat diaphragm muscle by
testing selective and general inhibitors of M; and M, mAChR, nPKCe,
cPKCBI, PKA and PDK1 and analyzed each alteration mainly by Western
blotting as well as subcellular fractionation and co-immunoprecipitation. We
also made use of immunohistochemical and confocal techniques to
corroborate the presynaptic location of our molecules of interest.

Our results show that M, receptors are downregulated by the M,
pathway. Regarding PKA signaling, M, inhibits PKA activity by
downregulating CB subunit, upregulating RITIo/p and liberating RIf3 and Rlla
to the cytosol, which reduces the phosphorylation of SNAP-25 on Thr'** and
CREB. M, signaling crosstalks with M,/PKA by recruiting R subunits to the
membrane. Regarding PKC signaling, both M; and M, mAChR activate the
master kinase PDK1, which promotes the priming of the presynaptic PKCfI
and PKCe isoforms. M; recruits both primed PKCs to the membrane and
promotes Munc18-1, SNAP-25 and MARCKS phosphorylation. In contrast,
M, downregulates PKCe through a PKA-dependent pathway, which inhibits
Munc18-1 synthesis and its PKC-phosphorylation.

The results demonstrate that M; and M, mAChRs perform a
coordinated and interdependent signaling to modulate neurotransmission at

the NMJ.
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ABSTRACT XI

RESUM

La uni6 neuromuscular utilitza mecanismes de plasticitat per adequar
Palliberament d’acetilcolina (ACh) dins d’un entorn molt dinamic. Els
receptors muscarinics d’acetilcolina  (mAChRs) participen com a
autoreceptors, ajustant la neurotransmissio. El subtipus M activa la proteina
quinasa C (PKC) per potenciar la transmissio, mentre que I’M, inhibeix la
proteina quinasa A (PKA) per reduir-la. En la passada decada, grans
descobriments ens han aportat un coneixement electrofisiologic extens sobre
la senyalitzacié muscarinica. Tanmateix, les dades moleculars segueixen sent
escasses i el rol d’alguns segons missatgers resta desconegut. Aixi doncs,
aquesta tesi es realitza amb IPobjectiu de caracteritzar com els receptors M; i
M, modulen les isoformes de PKA i PKC, les seves proteines reguladores i les
dianes d’exocitosi.

Hem analitzat la cascada muscarinica al muscul diafragma de rata
usant inhibidors selectius i generals de M1, M, nPKCe, ¢cPKCI, PKA i PDK1
i analitzant cada alteracié mitjan¢ant Western blot, aixi com fraccionament
subcel-lular i co-immunoprecipitacio. També hem fet us de tecniques
immunohistoquimiques i microscopia confocal per corroborar la localitzacio
presinaptica de les molecules d'interes.

Els resultats mostren que els nivells del receptor M son disminuits per
la via de I’M,. Respecte a la senyalitzacio de la PKA, I’M; inhibeix la seva
activitat regulant la subunitat Cf a la baixa, la subunitat RIla/f a I’alta i
alliberant RIB i Rlla al citosol, el que redueix la fosforilaci6 de SNAP-25
(Thr®) i CREB. L’M; s’interposa en la senyalitzacio My/PKA reincorporant
les subunitats R a la membrana. Respecte la senyalitzacié PKC, ambdos M; i
M; poden activar la quinasa mestra PDK1, que promou la maduraci6 de les
isoformes de PKC BI i € presinaptiques. L’M; recluta les dues PKC madures
a la membrana i promou la fosforilacié de Munc18-1, SNAP-25 i MARCKS.
Al contrari, I’M; regula a la baixa la PKCe de forma dependent de PKA, el
que inhibeix la sintesi de Munc18-1 i la seva fosforilacio.

El treball present contribueix a comprendre I’acci6 conjunta i

interdependent dels receptors My i M, per regular la neurotransmissio.
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ABSTRACT XIIHI

RESUMEN

La union neuromuscular utiliza mecanismos de plasticidad para
adecuar la liberacion de acetilcolina (ACh) a un entorno muy dinamico. Los
receptores muscarinicos de acetilcolina (mAChRs) participan como
autorreceptores, ajustando la neurotransmision. El subtipo M; activa la
proteina quinasa C (PKC) para potenciar la transmision, mientras que el M»
inhibe la proteina quinasa A (PKA) para reducirla. La interesante
investigacion de la pasada década nos ha aportado un extenso conocimiento
electrofisiologico sobre la sefializacion muscarinica. Aun asi, siguen siendo
escasos los datos moleculares y el rol de algunos segundos mensajeros
permanece desconocido. Asi pues, esta tesis tiene el objetivo de caracterizar
como los receptores M; y M, regulan las isoformas de PKA y PKC, sus
proteinas reguladoras y las dianas de exocitosis.

Para ello, hemos analizado la cascada muscarinica en el musculo
diafragma de rata usando inhibidores selectivos y generales de Mi, M,,
nPKCe, ¢cPKCI, PKA y PDK1 y analizando dichas alteraciones mediante
Western blot, fraccionamiento subcel-lular y co-inmunoprecipitacion.
También hemos hecho uso de técnicas inmunohistoquimicas y confocales
para corroborar la localizacion presinaptica de nuestras moléculas de interés.

Los resultados muestran que los niveles del receptor M; son
disminuidos por la via del M. Respecto a la sefializacion PKA, M, inhibe su
actividad total disminuyendo la subunidad C, aumentando las subunidades
RIlIo/B y liberando a RIB y RIla al citosol, lo que reduce la fosforilacion de
SNAP-25 (Thr'®) y CREB. El receptor M; se interpone en la sefializacion
M,/PKA reincorporando las subunidades R a la membrana. Respecto la
sefializacion PKC, ambos M y M, pueden activar la quinasa maestra PDK1,
que promueve la maduracion de las isoformas PKCBI y € presinapticas. M,
recluta las dos PKC maduras a la membrana y promueve la fosforilacion de
Munc18-1, SNAP-25 y MARCKS. Al contrario, el M, inhibe la PKCe de
forma dependiente de PKA, lo que también disminuye la sintesis de Munc18-
1y su fosforilacion. Este trabajo contribuye a comprender la accion conjunta

e interdependiente de los receptores M1y M2 sobre la neurotransmision.
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The complete chemical nomenclature of complex chemical compounds is

indicated in the Materials and Methods section.

4-DAMP 1,1-dimethyl-4-diphenylacetoxipiperidinium
AC Adenylyl cyclase

ACh Acetylcholine

AChE Acetylcholinesterase

AChR Acetylcholine receptor

AKAP A-kinase-anchoring proteins

ATP Adenosine triphosphate

Atr Atropine

BDNF Brain-derived neurotrophic factor

C PKA catalytic subunit

Ca PKA catalytic subunit o

CB PKA catalytic subunit 8

Cy PKA catalytic subunity

Ca* Calcium ion

CaC Calphostin C

cAMP 3’,5’-cyclic adenosine monophosphate
ChAT Choline acetyltransferase

CNS Central nervous system

COP1 Coat complex protein |

cPKC Conventional protein kinase C

CRE cAMP-response element
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XXII  ABBREVIATIONS

CREB CRE-binding protein

DAG Diacylglycerol

EDL Extensor digitorum longus muscle

EPP Evoked endplate potential

GPCR G protein-coupled receptor

GRK G protein-coupled receptor (GPCR) kinase
Hsp90 Heat shock protein 90

Hz Hertz

IHC Immunohistochemistry

IP; Inositol trisphosphate

kDa Kilodalton

LAL Levator auris longus

LTP Long-term potentiation

Mis Muscarinic acetylcholine receptor subtype 1-5
mAChR Muscarinic acetylcholine receptor

MARCKS Myristoylated Alanine-Rich protein Kinase C Substrate
MEPP Miniature endplate potential

Met Methoctramine

Mg** Magnesium ion

Munc18-1 Mammalian homologue of Uncoordinated-18
nAChR Nicotinic acetylcholine receptors

NM]J Neuromuscular junction

NSF N-ethylmaleimide-sensitive factor

PDE Phosphodiesterase

PDK1 3-phosphoinositide-dependent kinase 1
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ABBREVIATIONS  XXIII

PIP, Phosphatidylinositol-4,5-bisphosphate
PIP; Phosphatidylinositol (3,4,5)-trisphosphate
Pir Pirenzepine

PKA Protein kinase A

PKC Protein kinase C

PLC Phospholipase C

PMA Phorbol 12-myristate 13-acetate

mRNA messenger ribonucleic acid

PS Pseudosubstrate region

PTX Pertussis toxin

PVDF Polyvinylidene difluoride

R PKA regulatory subunit

Rla PKA regulatory subunit Ia

RIB PKA regulatory subunit I3

RIla PKA regulatory subunit ITa

RIIB PKA regulatory subunit II

RACK Receptor for activated C-kinase
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
Ser Serine

SM protein Sec1/Munc18-like proteins

SNAP Soluble NSF Attachment Protein

SNAP-25 Synaptosomal-associated protein of 25 kDa
SNAP-25B Isoform B of SNAP-25

SNARE Soluble NSF Attachment Protein Receptor

Thr Threonine
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XXIV  ABBREVIATIONS

TMD Transmembrane domain

TRICT Tetramethylrhodamine

TrkB Tropomyosin related kinase B

VAMP Vesicle-associated membrane protein
VGCC Voltage-gated calcium channels
VGSC Voltage-gated sodium channels

WB Western blot

aBTX a-bungarotoxin

BIVs; PKCBI translocation inhibitory peptide
eVi, PKCe translocation inhibitory peptide
ug Microgram (10 g)

ul Microliter (10 1)

um Micrometer (10 m)

uM Micromolar (10° M)
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INTRODUCTION

In Chapter One — Introduction, the context of the thesis is introduced in
five sections. Section 1 provides the context of the neuromuscular junction
and the molecules of interest in this thesis. Sections 2—4 review the existing
literature on muscarinic receptors and their downstream cascades. The

research objectives and questions have been identified.

The neuromuscular junction

The specialized interface between the nervous system and the skeletal
muscle is the neuromuscular junction (NM]), also known as neuromuscular
synapse or motor endplate because of its platter shape. This chemical synapse
controls the excitation and mechanical response of the skeletal muscle, which
generates physical movement. NMJs are classified as nicotinic cholinergic
synapses because acetylcholine (ACh) is the major neurotransmitter

operating at the skeletal neuromuscular junction of vertebrates.

To coordinate body movement, skeletal muscle fibers (also called
myocytes) are innervated by a motoneurons. The soma of these neurons rests
in the central nervous system (CNS), specifically, in the ventral horn of the
spinal cord. Their axon usually reaches long distances from the CNS through
the peripheral nerves until it arrives to the target muscle. Once inside the
muscle, their axon branches off in slight processes, the nerve terminals, only
innervating myocytes of a single muscle organ. One motoneuron and all the
muscle fibers that it innervates (in some cases up to one hundred) comprise a
motor unit. Even though a single neuron innervates various myocytes, each

adult myocyte is only innervated by one single neuron.
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1.1.The three cellular components

The NM] is comprised of three cellular components ( ). The
terminal ending of a motoneuron is the presynaptic component, the muscle
fiber area underneath the synaptic contact is the postsynaptic component
and Schwann cells are the perisynaptic component. The three cells form a
tripartite synapse, working together to activate, respond and regulate
neurotransmission. The space between the pre- and postsynaptic components
and enclosed by the terminal Schwann cells is known as the synaptic cleft. All
three cells are highly specialized at the most proximal site to the NM]J, having

organelles and molecules scarce or non-existent outside de synaptic zone.

The alpha motoneuron

Motoneurons are cells that convey commands coded as electrical
action potentials from the CNS to a muscle, a gland or another effector organ.
Structurally, motoneurons are comprised by a cell body, the soma; dendrites
and an axon, which are cellular processes extending from the soma. The cell
body is located at the ventral horn of the spinal cord and receives information
from the CNS through interneurons. Axons extend long distances from the
soma and ramify intramuscularly, contacting hundreds of muscle fibers to
form a motor unit. The most distal part of these axonal projections is called
the nerve terminal, a complex structure of even slender projections
specialized in neurotransmitter release through exocytosis ( ).

Organelles like the nuclei, endoplasmic reticulum, Golgi apparatus, or
lysosomes are confined in the soma of motoneurons. In contrast,
mitochondria are distributed both in the soma and along the axon, being
especially abundant in terminal boutons to supply the required energy for the
vesicle cycle, among other mechanisms. Ribosomes and mRNA pools are also
present in the synaptic terminal to quickly respond to demands of specific
synaptic proteins. The neuronal axon is rich in cytoskeletal fibers
microfilaments, microtubules and neurofilaments to maintain its architecture
and enhance cellular processes like vesicle transport. Neurofilaments are a
class of intermediate filaments that provide axonal structural support and

microtubules provide structural support and a platform for cell transport.
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Structure of the neuromuscular junction. The nerve terminal (in green)
contains many neurotransmitter vesicles, organelles and cytoskeletal molecules. Synaptic
vesicles cluster at the presynaptic membrane, forming active zones where exocytosis occurs.
The perisynaptic component is constituted by the terminal Schwann cells (in blue) which,
unlike axonal Schwann cells, they are not myelinogenic. Their function is to close the
synaptic cleft, the space between the nerve terminal and the junctional folds of the muscle
fiber. Finally, the opening area of each fold expresses nicotinic acetylcholine receptors (dark
red). |3 Confocal microscopy of a mouse NM] stained by immunohistochemistry. The nerve
terminal has been labelled with an anti-neurofilament antibody (green) and the postsynaptic
nicotinic acetylcholine receptors with a-bungarotoxin (red). [€ Schematic representation of
the microscopy for clarity. Source: Confocal image from Lanuza et al., (2010); Illustrations
of own elaboration.
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The cytoskeleton organizes the location of the vast number of synaptic
vesicles of the nerve terminal. These vesicles are concentrated near the
terminal membrane in the active zones, which are specialized regions where
acetylcholine release takes place. Finally, the membrane of nerve terminals is
rich in ion channels and metabotropic receptors. On the one hand, sodium,
potassium and calcium channels receive the signal of action potentials and
trigger the neurotransmitter release. On the other, metabotropic ligand
receptors present in the terminal integrate the external information and adapt

the neuromuscular activity to the ongoing environment.

The muscle fiber

Muscles are contractile organs that produce motor strength to carry
out movement. There are three different muscle types: smooth, cardiac and
skeletal. The first two are both involuntary and constitute the walls of viscera
and blood vessels (smooth), and the heart (cardiac). Skeletal muscles are part
of the locomotor system, attaching to bones through tendons and allowing
voluntary movement and position maintenance. The current thesis focuses
on the skeletal muscle.

Skeletal muscles are formed by fascicles of long contractile tubular
cells called myocytes or muscle fibers. These are originated from the fusion
of their progenitor myoblasts, hence their multiple nuclei and extended
shape.

The muscle’s plasma membrane is called sarcolemma. The small area
confronting the presynaptic nerve terminal at the endplate is specialized to
respond to ACh. It contains the junctional folds, which express nicotinic
acetylcholine receptors (nAChRs) at the area immediately surrounding the
opening of each fold, and voltage-gated sodium channels (VGSC) at the
bottom of the invagination among other molecules ( ). On the
other hand, the extrasynaptic membrane surrounds the rest of the muscle
fiber. It contains many ion channels and digital-like invaginations, the T-
tubules, that spread the stimulus from the neuron to the sarcoplasmic

reticulum and the contractile fibers inside the myocyte.
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Myofilaments are composed of myosin (thick) and actin (thin) protein
filaments, which are responsible of muscle contraction. Grouped in bundles,
myofilaments constitute myofibrils separated from each other by
mitochondria and the sarcoplasmic reticulum. Thick and thin filaments
alternate and give to the skeletal myocytes a striated appearance. Contraction
of the muscle occurs when as thick and thin filaments slide past each other

and cause the shrinkage of the muscle fiber length.

The Schwann cell

All the axons from the peripheral nervous system, myelinated and
non-myelinated, are wrapped by highly specialized cells called Schwann cells
( ). In general, axons with a low diameter are wrapped around only
by the cytoplasm and one layer of plasmatic membrane of Schwann cells,
designating them as amyelinic nervous fibers. Conversely, axons with a large
diameter are wrapped around by a variable number of concentric layers of
plasmatic membrane of Schwann cells, which generate a myelin sheath. This
feature is the reason why these fibers are described as myelinated. The nerve
terminals of NMJs are covered by Schwann cells that do not produce myelin
and contact the myocyte to enclose the synaptic cleft. However, the
immediately above Schwann cell wraps the axon in the typical myelinogenic
manner. In the CNS, myelination occurs in a similar way, despite the fact that
the cells which form the myelin sheaths are called oligodendrocytes.

Myelination of an axon is not continuous along its length, but occurs
in small units formed by an individual Schwann cell. The myelin segment
produced by each of these support cells is known as the internode. The small
space between each unit of myelin is the node of Ranvier and has an
important physiologic role in increasing the efficiency of nerve conduction.
The axon at the node of Ranvier is slightly thicker than in the intermodal
regions and contains most of the Na* gated channels of the axonal cell
membrane. These gated channels are anchored via the link protein ankyrin
to the cytoskeleton. On the contrary, there are no gated channels in the

intermodal region beneath the myelin sheath. Whereas in the CNS the nodes



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

34 The neuromuscular junction

of Ranvier are uncovered, those in the peripheral nervous system are partly
protected by tongue-like projections from adjacent Schwann cells.

One common characteristic of nervous cells is that conduction travels
proportionately faster to the extension of the axon diameter. In this regard,
myelination greatly increases the speed of conduction compared to non-
myelinated fibers of the same diameter.

Schwann cells provide both structural and metabolic support to
axons and NM]Js. Since the soma of motoneurons is extremely distant from
the processes, their homeostasis represents a great challenge. The signaling
pathways that occur in Schwann cells contribute to the maintenance of
healthy motoneuron activity and participate in the proliferation,
differentiation and reconnection of Schwann cells during disease (

; ). The long-term transport from the soma does not
explain the rapid plasticity of motoneurons in front of external factors.
Instead, there are pre- and postsynaptic mechanisms that tune the
neuromuscular function to the ongoing situation. These are enhanced by glial
cells, which provide the axon with nutrients, proteins and an mRNA pool, as
well as uptake and degrade their waste products ( ;

). Finding of proteins inside the synaptic bouton of motoneurons
should be considered as the result of anterograde transport and the neuron-
glia interaction ( ). It is known that terminal axons can
receive and gather a pool of mRNA from the surrounding glial cells (

), accelerating their adaptation to changes without depending on
the slow response from the soma. In this thesis, some findings about the levels
of presynaptic proteins can be due to changes in the translation of the

presynaptic terminal mRNA pool.
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1.2.Function of the neuromuscular junction
Neurotransmitter release and muscle contraction

Acetylcholine is synthesized in the cytoplasm of the presynaptic nerve
terminal and rapidly incorporated into small synaptic vesicles. The terminals
of a single endplate can gather up to 300,000 synaptic vesicles (

). When a nerve impulse reaches the neuromuscular junction, voltage-
dependent calcium channels open and calcium ions (Ca**) flow into the
presynaptic terminal and trigger a series of protein interactions which
culminates in the fusion of the membranes of synaptic vesicles and the
presynaptic terminals ( ; ).

Each nerve impulse causes the release 50-100 vesicles of acetylcholine
from the synaptic terminal ( ). This occurs at
specialized regions called active zones in the presynaptic terminal membrane.
ACh is released into the synaptic cleft and rapidly binds to the nAChRs.
These are receptors located at the tip of the postsynaptic folds, in close
apposition to the presynaptic active zones. Upon ligand binding, nAChRs
open their ion channel, which excites the muscle fiber membrane and
ultimately causes the contraction.

The presynaptic terminals of NM]Js release a greater amount of
neurotransmitter—in mammals three to five times more—than that required to
depolarize the postsynaptic membrane ( ). This is called
safety factor and ensures that muscle contraction remains reliable under
various physiological conditions. The surplus of ACh is recycled by
endocytosis to the nerve terminal ( ; ). The
new endosomes are transformed into synaptic vesicles, creating a synaptic
vesicle cycle that recovers ACh and protects from depletion during
stimulation. Finally, the action of ACh is terminated by acetylcholinesterase
(AChE), an enzyme that is present in large quantities in the synaptic cleft
which breaks acetylcholine a few milliseconds after it has been released from

the synaptic vesicles.
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Signaling pathways that modulate the neurotransmitter release

Presynaptic exocytosis is characterized by a rapid response, a short
delay between excitation and secretion ( ) and the limited
release, with only a small percentage of docked vesicles completing fusion
upon Ca*" influx ( ; ;

; ). These properties suggest that the activity of the
release machinery and the docking and fusion of synaptic vesicles are tightly
and finely regulated. These regulatory mechanisms require the existence of
signals that, together with specific presynaptic receptors, induce intracellular
signaling pathways in the nerve terminal capable of orchestrating the
functional fusion machinery ( ). Of special interest to
our laboratory is the regulation of the neurotransmitter release by ACh and
muscarinic receptors, the second messenger-activated protein kinases PKA
and PKC, adenosine triphosphate (ATP) and neurotrophins, which all have
been demonstrated as key regulators of the neurotransmitter release.

Acetylcholine per se autoregulates its release by binding to the
muscarinic acetylcholine receptors (mAChR) ( ;

). The neuromuscular junction expresses different subtypes of these
metabotropic receptors, which can potentiate or inhibit the neurotransmitter
release (see below).

Metabotropic receptors use downstream kinases to regulate the
synaptic function. For example, the nerve terminal expresses the protein
kinase A (PKA) and the protein kinase C (PKC), second messenger-activated
kinases capable of regulating the release machinery through phosphorylation.

The set of receptors, kinases and other molecules involved in the
synaptic release needs to be constantly maintained and refilled. Thus, the
nerve ending contains many organelles that regulate protein synthesis and
provide the energy source necessary for the neurotransmitter release. For
example, presynaptic ribosomes and mRNA pools allow a rapid cellular
adaptation to any change. This local translation at the presynaptic terminal

restores the protein levels of some kinases, like PKC, when the synaptic
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activity accelerates their turnover and degradation ( ;
5 5 )-

On the other hand, mitochondria supply ATP, which is required for
the synthesis of ACh, the phosphorylation activity and the release of vesicles
among other cellular processes ( ). ATP is secreted at the
NM]J and converted to adenosine in the synaptic cleft, where both molecules
are sensed by the presynaptic purinergic receptors ( ;

). In particular, the neuromodulatory role of
adenosine inhibits ACh release and preserves resources by avoiding the leak
of spontaneous quantal vesicles, protecting against synaptic depression after
repetitive activity at the NM]J ( ; , ).

Finally, the postsynaptic myocyte supports the neuromuscular
function by sending retrograde signaling molecules in an activity-dependent
manner. Neurotrophins like the brain-derived neurotrophic factor (BDNF)
are enhanced by muscle contraction ( ; )
and received by the presynaptic terminal with the tropomyosin related kinase
B (TrkB) receptor which modulates the presynaptic kinases, the proteins of

the release machinery and cooperates with other receptors like mAChRs

( 5 5 , 2019).
The study of the NMJ function

This thesis builds upon the previous knowledge on muscarinic
transmission at the NM]J and attempts to provide molecular cues to the rich
literature of NM]J physiology. Therefore, we considered important to briefly
explain how neuromuscular transmission is recorded to understand what we
know about the molecules of our interest.

The data of NM]J transmission is recorded under blocked contraction,
a requirement to record the depolarization of the myocyte membrane. When
a stimulus reaches the NM]J, many vesicles are released at the same time.
Then, ACh molecules bind to nAChRs and cause the depolarization of the
postsynaptic membrane, which is recorded as an evoked endplate potential
(EPP). Thus, when a molecule (e.g. a muscarinic receptor or a kinase)

increases (or decreases) the amplitude of the EPP, it generally means that they
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modify the release machinery in a way that increases (or decreases) the
number of vesicles recruited and released after the same stimulus (
)-

Occasionally, a single vesicle fuses spontaneously and releases a
packet of transmitter (called a “quanta”) in absence of any stimulation (

). The small postsynaptic response to that single-vesicle
exocytosis is measured as miniature endplate potentials (MEPPs). These
events are modulated postsynaptically by changing the response to
transmitter release, like changing the number of postsynaptic receptors or
changing the number of acetylcholine molecules inside the vesicle. On the
other hand, MEPP can also change the frequency in which they occur or the
number of quanta per EPP (the quantal content), indicating some regulation
of the release machinery. These parameters have revealed detailed knowledge
about how receptors, kinases and other molecules participate to
neurotransmission.

However, the molecular signaling pathways involved still need to be
specified. In particular, the signaling related to the modulation of the ACh
release by the muscarinic receptors through protein kinases A and C at the
NM]. In the following sections of this introduction, we show the state of art

of main molecules of this signaling pathway.
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Muscarinic signaling at the NMJ

2.1.The muscarinic receptors
Muscarinic classification and pathways

Acetylcholine release at the NM]J activates both the ionotropic
nicotinic receptor (nAChR) and the metabotropic muscarinic receptor
(mAChR). nAChRs are ligand-gated ion channels whereas mAChRs belong
to the superfamily of G protein-coupled receptors (GPCRs) and modulate the
action of a particular G-protein ( )-

Mammals express five subtypes of mAChRs, termed M—M; (

), and encoded in the genes CHRM1 to CHRMS (

). These five mAChR subtypes can be classified into two groups
according to their signaling: odd-numbered mAChRs (M;, M; and Mjs)
preferentially couple Gyii-type G-proteins; and even-numbered mAChRs (M»
and M,) activate Gyo-type G-proteins ( ). Because the Gijo protein
is affected by the pertussis toxin (PTX), sometimes the Mi, M3 and M;
subtypes are referred as PTX-insensitive, whereas M, and M, as PTX-
sensitive ( ). A common tool to classify and study the properties
of muscarinic receptors subtypes are muscarinic antagonists. Among them
stand out pirenzepine (Pir) for M; blockade; methoctramine (Met) for M,
blockade; 1,1-dimethyl-4-diphenylacetoxipiperidinium (4-DAMP) for M;
blockade; MT-3 and tropicamide for M4 blockade and atropine (Atr) for
general muscarinic blockade ( ).

Muscarinic receptors induce numerous signaling pathways that
confluence to the second-messenger kinases PKC and PKA ( ). My,
M; and M receptors activate the phospholipase C beta (PLCP) through the
alpha subunit of Ggi1 protein, mainly PLCB1 and B4 subtypes (

). It should be noted that muscarinic signaling is highly complex and that
other PLCP isoforms, namely PLCB2 and 33, can be recruited by M, and M4
subtypes through the Gpy subunit ( ). In turn, PLC selectively
hydrolyzes the membrane phospholipid phosphatidylinositol-4,5-
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bisphosphate (PIP,) and produces diacylglycerol (DAG) and inositol
trisphosphate (IP;). The latter path induces the mobilization of intracellular
calcium ions (Ca**) and activates PKC and the phosphorylation of its targets.
On the other hand, M, and Ms receptors inhibit adenylyl cyclase (AC)
through the Gi,-type protein ( ). This decreases the
intracellular concentration of 3°,5’-cyclic adenosine monophosphate (cAMP)
and inhibits PKA. Finally, the GBy subunit of mAChRs can also induce its
own signaling. For example, in portal vein myocytes, M, mAChR uses the
GBy subunit to activate the phosphoinositide 3-kinase (PI3K) (

; ). PI3K phosphorylates the membrane phospholipid
PIP, and produces phosphatidylinositol-3,4,5-bisphosphate (PIP;). In turn,
this molecule enhances the activity of 3-phosphoinositide dependent kinase 1
(PDK1) which is a master kinase controlling several others including PKC
( ; ; ; )-

In this thesis, we investigated the muscarinic signaling at the NM],
focusing on the role of PKC and PKA kinases and how they interact with their

respective regulatory proteins and substrates of the exocytotic machinery.

Receptor activation and regulation

In the periphery, the activity of muscarinic receptors mediates smooth
muscle contraction, glandular secretion, and modulation of cardiac rate and
force. In the CNS, muscarinic receptors are involved in motor control,
temperature regulation, cardiovascular regulation and memory.

The first mechanism that controls the activation of muscarinic
receptor subtypes is their affinity for their ligand, acetylcholine. Muscarinic
affinity is studied using orthosteric muscarinic compounds like tritiated
quinuclidinyl benzylate [PH]JQNB or N-methylscopolamine [PH]NMS
( ; ). For example, on membranes from CHO cells
that express a particular muscarinic receptor subtype, [P"H]NMS has higher
affinity for M, and M,-NMS complexes are highly inhibited by acetylcholine
( ). At the neuromuscular junction, the sensitivity to ACh
has been classically measured with functional experiments.

determined that the
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Figure 2. Acetylcholine receptors and muscarinic signaling. Nicotinic acetylcholine
receptors (nAChRs) induce their intracellular signaling through membrane depolarization.
E Muscarinic receptors (mAChRs) are a family of five subtypes: My, M5 and M; couple to
Gyu-type G proteins, whereas M, and M. couple Gio-type G proteins. Muscarinic
receptors induce numerous signaling pathways that confluence to the second-messenger
kinases PKC and PKA. The details of the signaling are explained in the text. Source: own
elaboration.
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M;-M; balance at the NM]J is sensitive to the ACh levels by modulating
acetylcholine esterase. They showed that at normal/low neurotransmission
levels at the NM]J, muscarinic receptors inhibit neurotransmission because
muscarine decreases the quantal content ( ). Using specific
blockers, they could determine that M, was responsible for this action.
Additionally, increasing ACh concentration in the synaptic cleft unmasked
the effect of My muscarinic receptor, which increased the quantal content,
indicating a lower affinity for ACh ( ). Similar approaches are
concordant: the overall muscarinic signaling inhibits neurotransmission (M»
overcomes M) because the general inhibitor atropine increases the quantal
content ( : ). Thus, radiolabeling experiments
and in vivo findings indicate that M, has more affinity for ACh than M; and
that M, inhibitory signaling predominates under standard conditions and low
impulse frequencies.

Muscarinic receptors are also regulated by phosphorylation, which
leads to desensitization in some cases. The phosphorylation occurs on

Ser/Thr residues of their cytoplasmic portion, corresponding to the third

cytoplasmic loop and C-terminus ( ). The kinases
able to phosphorylate mAChRs are GPCR kinases (GRKSs), casein kinase 1ot
and PKC ( ; ). GRKs are the main

modulators of muscarinic internalization. They only phosphorylate agonist-
occupied mAChRs ( ), leading to the B-arrestin/dynamin
dependent internalization and termination of the signal ( )(

; ). At basal conditions, GRKs are cytosolic kinases
that are recruited to the plasma membrane by binding to the GBy subunit and
PIP; in response to agonist activation ( ; ).
On the other hand, the casein kinase la phosphorylates M; mAChRs
receptors and seems to promote the Ms-mediated activation of the mitogen-
activated protein kinase pathway ( ). Of particular interest for
this thesis are PKA and PKC. Most studies have failed to show the
involvement of PKA and mAChR internalization. Treatments with PKA
inhibitors, activators or forskolin (adenylyl cyclase stimulator) do not induce

mAChHR internalization ( ). In regard to PKC, it is known to
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phosphorylate M; and M3 but not M, mAChRs ( ;

). PKC likely phosphorylates the residues Thr** and Ser** of
the third cytoplasmic loop and Ser®', Thr*S and Ser*” of the C-terminus of
M; mAChR ( ). However, these PKC phosphorylations do not
demonstrate activation or induce receptor internalization. This is because
PKC-mediated mAChR phosphorylation is independent of agonist,
independent of GBy and does not affect surface or total muscarinic receptor
number in most cell systems ( ). Instead,
phosphorylated mAChRs seem more linked to their inhibition, as phorbol
esters block mAChR-mediated calcium increase, PIP, turnover and inhibition
of cAMP accumulation in several nervous cell cultures ( :

; ).

Finally, muscarinic receptors can be regulated in the long term by
modulating their synthesis. mAChRs undergo down-regulation in response
to agonist-induced sustained activation ( ). Therefore,
therapeutic effectiveness decreases during continuous use. In cell cultures, M,
receptor number is upregulated through a c¢cAMP pathway-mediated
stimulation of gene transcription ( ). On the other hand,
methoctramine and other muscarinic antagonists upregulate the levels of M,

and other subtypes of mAChRs ( ;
).

2.2.Muscarinic receptors at the neuromuscular junction
Muscarinic expression at the NMJ

The three cellular components of the neuromuscular junction work

hand in hand to achieve a proper synaptic function. Each of these cells has a

specialized set of proteins and mediators. This unique environment explains

how one protein can play different roles depending on the cellular context

where it is found. Thus, the expression and distribution of muscarinic
receptors is important to understand their function. In our laboratory,

did the first immunohistochemical localization of muscarinic

receptors at the NM]Js of Levator auris longus (LAL) muscles from newborn
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and adult rats. In adult muscles, M, M, M3 and M4 mAChR subtypes were
expressed in the vicinity of NM]Js (Ms was not investigated) ( ).

The first evidence of M; location at the NM]J was the use of
fluorescent-conjugated MT-7 (M; blocker), suggesting the presence of
presynaptic M; mAChRs in the synaptic area, without distinguishing whether
the receptors were localized in motor nerve terminals and/or perisynaptic
Schwann cells ( ). Using immunohistochemistry, M; receptors
were mainly found in the axon and the nerve terminal of adult rat NMJs,
colocalizing with syntaxin ( ). Furthermore, M,
immunoreactivity appeared outside the borders of nAChRs and syntaxin,
suggesting the presence of the receptor in the teloglial Schwann cells (

). A similar M; distribution was demonstrated at the rat diaphragm
through electron microscopy by . M; muscarinic
receptors were found at the presynaptic membrane of the nerve terminal and
at the postsynaptic membrane of skeletal muscle, mostly in the depths of
postsynaptic folds (Malomouzh et al., 2011). However, in that study M;
immunoreactivity was not detected perisynaptically or outside the synaptic
contact. These observational differences of M; immunoreactivity at teloglial
cells and the postsynaptic muscle may be due to the different primary
antibodies used, the type of muscle and the low density of muscarinic
receptors (Malomouzh et al., 2011). Overall, M; receptors can be found in all
three components of the NM]J.

Regarding M, mAChRs, its expression is concentrated around the
NM]J endplates from adult LAL muscles ( ). Unlike M, anti-
M, labelling (Alomone) does not stain the preterminal axon. Instead, M, area
extends beyond the borders of syntaxin and nAChRs, suggesting teloglial cell
labeling. In particular, oval areas of low mAChR intensity were observed,
most likely occupied by Schwann cells nuclei ( ). A subsequent
immunohistochemistry study found that M, mAChRs are expressed
selectively in motoneurons ( ). In particular, their research
found that an anti-M; antibody (also Alomone, distinct from the one used in
the present thesis) labels the three NM]J cell components and, in M,”~

knockout mice, only the nerve terminal labelling disappears.
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Location of the muscarinic receptors at the NMJ
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Location of muscarinic receptors at the NM]J. In the adult neuromuscular

PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION

junction, all muscarinic receptors are enriched near the synaptic area. The M receptors
(green) have been localized in the presynaptic terminal with three methods (fluorescent-
conjugated MT-7, fluorescent-conjugated antibodies and electron microscopy) (Minic et al.
2002; Garcia et al., 2005; Malomouzh et al., 2011). Besides the nerve terminal labelling, the
first two papers observed perisynaptic labelling—Schwann cells—and the third observed M;
labelling in the depths of postsynaptic folds. The M, receptor (red) is concentrated around
NM] endplates but it is not present in the axon branch. Two studies confirm presynaptic
expression with fluorescent immunolabelling (Garcia et al., 2005; Wright et al., 2009).

Perisynaptic location is unlikely as genetic studies reject M, labelling from Schwann cells.
The M; receptors (sky blue) have been found in the synaptic area and axons whereas My
receptors (pink) are only present near the presynapse (Garcia et al, 2005). Source: own

elaboration.

Muscarinic signaling at the NMJ

In the last decades, our laboratory studied in detail the function of

mAChRs at the NM]J. Table 1 summarizes the main electrophysiological

findings of muscarinic modulators alone. The M; and M, mAChRs are the

major muscarinic subtypes involved in the enhancement and inhibition,

respectively, of ACh release at the adult NM]J (frog;: , mouse:

and rat:

). In these studies, M; and M-

selective antagonists did not modify ACh release. Instead, M; and M,

subtypes only modulated neurotransmission during the developmental stage

of newborn NMJs (

bl )'
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Double-inhibitor experiments showed that the inhibition of
neurotransmitter release by pirenzepine (M inhibitor) can be recovered if
methoctramine (M, inhibitor) is added to the media, raising back the
amplitude of the release ( ). The same happens vice versa,
which demonstrates that M; and M, pathways use, in general, different
independent mechanisms ( ). Therefore, the presynaptic co-
expression of both mAChRs and their ability to cancel each other out creates
a regulatory platform that can be balanced through multiple pathways (

; ).

In multiple synapse models, the function specificity of mAChRs was
classically simplified as the Mi, M3 and M;s receptors activating PLCB/PKC
whereas M, and My receptors inhibiting AC/PKA ( ).
However, the current vision knows that muscarinic signaling is complex and
interconnected at several kinases ( ). At the NM], our
laboratory demonstrated by electrophysiology techniques that both M, and
M; mAChRs involve PKC to modulate transmitter release ( ).
In particular, My, M3 and M;s action on PKC is directly mediated by PLC
activation; and M, and M, action is indirectly mediated by inhibition of
AC/PKA, which also results in PKC inhibition ( ). Other
experiments at the NM]J also find connections between both mAChR
subtypes. For example, when the media contains a high concentration of
magnesium ions (Mg** 5 mM) or exogenous AChE, M, shifts to potentiate
ACh release like M; ( ). The high Mg** concentration
interferes with calcium/PKC signaling, and thus may uncover an underneath
M, pathway.

Besides kinases, voltage-gated calcium channels (VGCC) also
participate in the muscarinic modulation of transmitter release (

, ). At the adult NMJ, M; mAChR enhances acetylcholine release
through a P/Q-type VGCC-dependent mechanism, whereas M, mAChR
inhibits the release and depends on the availability of sufficient internal

calcium, rather than involving VGCCs ( ).
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Table 1. Muscarinic electrophysiology at the adult NM]J. Current knowledge from electrophysiology
experiments in frog (Slutsky er al., 1999) and rat muscle preparations (Santafé et al., 2003; 2004; 2007)
testing muscarinic modulators. Abbreviations: EPP, evoked endplate potential.

Pretreatment Muscarinic modulator

(B0iminutes) (subtype target) Effect on EPP amplitude Reference

Slutsky (1999)

(
Decrease. M enhances the release. Santafé (2003)
MT-7 (My) Santafé (2004)

Slutsky (1999)

Increase. M> inhibits the release. Santafe (2003
AF-DX 116 (M>) Santafé (2004

Pirenzepine (M)

Methoctramine (Ma) \
)
No effect. M3 does not modulate

4-DAMP (M Santafé (2003
None (M:) the release at the adult NM]J. antafe (2003)

(physiological ) . ,
condition) Tropicamide (M) No effect. M4 does not modulate Santafe (2003)
MT-3 (M) the release at the adult NM]J. Santafé (2004)
Decrease. Overall muscarinic
Muscarine (Mi-Ms) potentiation inhibits the release Slutsky (1999)
(i.e. Mo > My).
Increase. Overall muscarinic
Atropine (Mi-Ms) inhibition enhances the release Santafé (2003)
(t.e. M2 > My).
P - No effect. M1 and Mz receptors are
irenzepine
v i Muscarine the major subtypes modulating the Slutsky (1999)
Methoctramine
release.
Decrease. M uses th
Pirenzepine Methoctramine eerease 18es @ pathway Santafé (2007)

independent of M.

Increase. M1 uses th
Methoctramine  Pirenzepine HeEe SRIREE & Py Santafé (2007)

independent of M.

D se. M si tes with

B ecreaqe z-ign-eq-lum competes Wi Santafé (2007)
calcium and inhibits the release.

Decrease. In low release conditions,

Pir i Santafé (2007
[renzepine M still potentiates the release. antafe ( )
High Mg** Methoctramine Decrease. In low release conditions, , Santafé (2007)
affects the Mz pathway.
Decrease. High magnesium media
Atropine affects the overall muscarinic Santafé (2007)
signaling.
B De;re-ase. AChE degrades ACh and Santafé (2007)
inhibits the release.
Decrease. In low release conditions
Pi i ’ Santafé (2007
Exogenous frenzepine M still potentiates the release. antafe ( )
AChE

Decrease. Low ACh shifts M t
Methoctramine egrea'qe ow shttts Y to Santafé (2007)
potentiate the release.

Atropine Decrease Santafé (2007)
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Protein kinase A and cAMP signaling

The 3°,5-cyclic adenosine monophosphate (cAMP) modulates
numerous cellular processes such as cell growth and differentiation, the
synaptic release of neurotransmitters, ion channel conductivity and gene
transcription. The principal intracellular target for cAAMP in mammalian cells

is the cAAMP-dependent protein kinase (PKA).

3.1.The protein kinase A

The cAMP-dependent protein kinase is a serine/threonine kinase also
known as protein kinase A, cAPK or PKA. It is one of the most important
kinases and performs a central role in the signaling pathway of many cell
types ( ). In neuromuscular cells, its actions include the activation
of neurotransmission in motoneurons, the regulation of metabolic rate in the

skeletal myocyte and, more in general, the control of gene expression.

PKA is a tetramer of two catalytic and two regulatory subunits

As its name suggests, cAMP-dependent protein kinase is controlled by
the levels of cAMP in the cell. When cAMP levels are low, PKA stays in its
inactive state, a protein tetramer of two catalytic subunits (C) associated
with two regulatory subunits (R)( )( ). When the
cAMP levels rise, two cAMP molecules bind to each R subunit and cause a
conformational change which dissociates the complex. Then, the C subunits
are liberated and start their catalytic activity whereas the R subunits remain
as a dimer ( ; ; ).

Murine models express four R subunit isoforms (RIa, RIf, Rlla,
RIIB) and two C subunit isoforms (Ca, CB); whereas the Cy gene is only
found in primates ( )( ; ). R
subunits homodimerize through interactions at their N-terminus, generating
the holoenzymes RIo,C,, RIB,C,, RIIaC; or RIIB,C; ( ). Generally,
there is no preference of association between certain R and C subunits
( ). Ca and CB subunits display essentially the same

activation properties in in vitro purified complexes ( ).
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PKA subunit structure
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The PKA kinase. |2\ Protein kinase A (PKA) has two classes of subunits: regulatory
(RIa, RIB, RIloe and RIIB) and catalytic (Coe and CB), very similar in sequence between them.
Regulatory subunits have one docking and dimerization domain (D/D) which induces their
homodimerization, an inhibitory site (IS) to block PKA activity and two cyclic nucleotide
binding (CNB) domains. Catalytic subunits have two main lobes surrounding their active
site. ||5) PKA subunits interact with each other to form a tetramer, where regulatory subunits
inhibit the activity of catalytic subunits. The PKA pathway is activated by adenylyl
cyclase, which produces cAMP and triggers PKA complex dissociation and catalytic activity.
This signal is terminated by phosphodiesterases. Abbreviations: ATP, adenosine
triphosphate; cAMP, 3°,5’-cyclic adenosine monophosphate. Source: Adapted from Newton
et al. (2008).

Regarding type-I subunits, holoenzymes containing the neural RIf are more
sensitive to cAMP-evoked activation than RIa-containing holoenzymes (

). Also, although RII holoenzymes seem more prone to dissociate
than RI, probably due to structural differences, RI are more efficient than RII

in inducing CREB response regardless of the C subunit ( ;

; ).
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PKA activation and regulation

After binding cAMP, PKA catalytic subunits phosphorylate the next
protein to continue the cAMP signaling cascade ( ). This kinase
usually phosphorylates peptides that contain two consecutive basic residues
(arginine or lysine) at positions 2 and 3 from the N-terminal site of a serine

(Ser) or a threonine (Thr):
-Arg-Arg-X-Ser-X- -Arg-Arg-X-Thr-X-

The first residue termed “X” is usually a small amino acid, whereas
the second “X” residue is usually hydrophobic ( ). The presence
of this consensus site can be used to identify possible PKA targets. In this
thesis we studied the PKA targets CREB, whose PKA sequence lies around
serine 133 (Ser'®), and SNAP-25, around threonine 138 (Thr'®).

PKA phosphorylation regulates gene expression by activating
transcription factors such as the CRE-binding protein (CREB) (

). When PKA phosphorylates CREB at serine 133 (Ser'), pCREB
becomes active and binds to CRE (cAMP-response element) regions of the
DNA ( ). Some genes containing consensus CREB-binding sites
in their upstream promoter encode for neuropeptides such as the brain-
derived neurotrophic factor (BDNF) ( ) and the
neurotransmission-related proteins such as synapsin-1 ( )-

The attenuation of ¢cAMP/PKA effect is coordinated by cyclic
nucleotide phosphodiesterases (PDEs). In skeletal muscle, PDE4 appears to
contribute to the majority of cAMP hydrolysis, accounting for >80% of the
total PDE activity in the tissue ( ). On the other hand, PKA can also
be regulated by changes in its own concentration through synthesis and
degradation ( ; ) and by crosstalk with the PKC
pathway at the NM]J ( ) and with other systems (

5 ; ; )>
although the molecular signaling involved is unknown. Finally, PKA activity
and specificity is also modulated through the subcellular location of the

subunits, which is controlled by scaffold proteins ( ).
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PKA scaffolding: role of AKAP150

Time and cellular location of enzymes are crucial to either amplify or
decrease their signal transduction pathway. Scaffold proteins are
polypeptides whose function is to anchor target proteins (usually kinases and
phosphatases) to the right subcellular environment. Even though scaffold
proteins may not have inherent activity, they provide a temporal and spatial
regulation by concentrating enzymes near neighboring substrates (

; ).

The A-kinase-anchoring proteins (AKAPs) are a family of scaffolding
proteins that compartmentalize PKA and other enzymes. Subtle differences
between family members direct each AKAP to distinct cell compartments
( ). In rodents, AKAP150 (equivalent to the human
homologue AKAP79) is anchored to the plasma membrane through
sequences that bind phospholipids. AKAP150 participates in neuronal
function, as it is both present in postsynaptic density fractions of neuronal
lysates and in the dendritic spines of neurons. AKAP150 maintains PKA,
PKC, and protein phosphatase 2B at the postsynaptic density of mammalian
synapses ( ; ).

Therefore, PKA activity is regulated by subcellular targeting besides
cAMP activation ( ; ). Both PKA C
subunits ( ) and R subunits ( ; )
translocate between cytosol and membrane to regulate their activity. When
inactive, most PKA tetramers are anchored to the membrane by the
interaction of R subunits with AKAPs. These AKAPs contribute to PKA
specificity by recruiting the PKA holoenzyme to distinct subcellular
compartments near specific substrates ( ;

; ). R subunits have different subcellular location,
RI being present mainly in the cytosol, whereas RII mainly in the particulate
fraction, associated with the nuclei, nucleoli, Golgi complex and

microtubules ( ; ).
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3.2.PKA at the neuromuscular junction
PKA location at the neuromuscular junction

The PKA R subunits are differently expressed across tissues and exert
distinct roles in cell differentiation and growth control (

; ). Unfortunately, the localization of specific PKA
subunits at the NM]J remains elusive due to their sequence similarity and the
ubiquity of PKA expression. Therefore, localization experiments depend on
the species, the muscle studied and the specificity of the antibodies or the
probes used. The summarizes the location of PKA regulatory subunits
at the NM]J.

The Rla subunit is widely expressed. It is found enriched in the
cytosolic fraction of different muscle groups studied ( ;

). Histologically, RIa expression concentrates around NM]Js. In the
postsynaptic component, Rla colocalizes with nAChRs (

; ) and directly interacts with nAChRs in the tibialis
anterior muscle ( ). This labelling expands further than the
NM]J and, within the myocyte, Rla remains associated with actin
microfilaments (I-band) and mitochondria ( ;

). However, Rla is also present at the presynaptic component, being
colocalized with the presynaptic vesicle marker synaptophysin, and also
observed in other vicinities of the presynapse ( ). In the rat
tibialis anterior and extraocular muscles, the mRNA of Rla was found
enriched at the NM] in comparison to the nearby NM]J-free fiber regions
( )-

The expression of the regulatory RIB subunit is more restricted to
nervous tissues such as the spinal cord and the brain ( ;

). The first localization of the RIB subunit at the
neuromuscular junction has been done recently in our laboratory, finding RIf8
close to the synapse and present in all three cells of mice NM]Js during
development ( ).

The regulatory RIla subunit is abundant and widely expressed,

predominantly in cardiac muscle fibers ( ). In the rat
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Location of the PKA regultory subunits at the NMJ
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Location of PKA R subunits at the NM]J. The regulatory Rla subunit (yellow) is
ubiquitously expressed in the three cell components of the NM]. In the postsynaptic
component, it associates with nicotinic acetylcholine receptors and mitochondria. The RIf
subunit (green) is generally predominant in the nervous tissue. Data from NM] has only been
obtained in development stage, where it is observed in all the three components of the NM]s.
RIla (blue) is abundant and concentrated in the postsynaptic region and colocalizes with
mitochondria, m-lines and z-lines, but not with nicotinic acetylcholine receptors. Finally,
RIIB is scarce and sometimes not detected in muscle. At the NM]J, RIIf has been located at
the cytosolic fraction and associated with a broader area of the postsynaptic region but
absent in the rest of the muscle fiber. Source: own elaboration.

intercostal muscle, RIla concentrates around the postsynaptic regions of
NM]Js, colocalizing with mitochondria but not with nAChRs (

). Outside the NM]J, Rlla labels the z-lines and m-lines from muscle
fibers, regions where mitochondria are present ( ;

; ). Further studies are needed to clarify if the abundant
RIla is also present in the presynaptic site.

The regulatory RIIB is probably the scarcest PKA subunit in the
muscle tissue. One study reported no expression in the soleus and extensor
digitorum longus muscles ( ) whereas another found it in rat
intercostal muscle ( ), possibly due to the presence of

adipocytes and nerve fibers where it is prevalent ( ). At
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the cellular level, RIIf is present in the membrane and the cytosolic fractions,
but mostly associated with the latter ( ). Histologically, RIIf3
immunoreactivity is observed in the postsynaptic component near the NM]J,
associated with a broader area, which does not overlap with nAChRs (

). Besides the synapses, Perkins and cols. found a lack of labelling
of RIIB in the rest of the muscle fiber. This is in agreement with the scarcity
and lack of RIIB mRNA hybridization in the skeletal muscle (

). However, due to the lack of high-resolution studies, RII3

presence in the presynaptic site cannot be ruled out.

The localization of PKA Ca and Cp catalytic subunits at the NM] has
not been explored and is part of the objectives of this thesis. Nevertheless,
data from the CNS suggests that PKA CB subunit is a good candidate to
mediate muscarinic signaling, as it is primarily expressed in brain regions and

linked to neuronal functions. ( ).

PKA modulation of acetylcholine release

The PKA enhances the release at the adult NM]J at basal conditions
( ). This can be concluded because the PKA inhibitor H-89
decreases the amplitude of the evoked endplate potentials, whereas the
activator Sp-8-Br-cAMP increases it (Table 2). Nevertheless, there seems to be
more than one mechanism by which PKA increases the synaptic release
( ; ). This has been explored by studying
how the kinase affects the exocytosis of single synaptic vesicles i.e., MEPPs
(See Section The study of the NM]J function).
The first studies at the frog NM]J found that cAMP and other PKA
analogues increased the amount of ACh being released in each vesicle (
). The outcome was different in mammalian NM]Js.
Our laboratory found that stimulating PKA at the rat LAL muscle with Sp-8-
Br-cAMP (10 uM) did not increase the quantal size after 1 and 3 hours (
). This indicates that the action of PKA does not affect postsynaptic
nAChRs or vesicle filling over the timescale studied at the rat NMJ. However,
PKA stimulation increased MEPP frequency, showing that PKA modifies the

presynaptic neurotransmission machinery to make it more prone to release.
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Table 2. PKA action on the release of the adult NM]J. Current knowledge of from electro-

physiological experiments testing PKA modulators. Abbreviations: EPP, evoked endplate potential.

(P1r)etreatment g;A treatment  pecoct on EPP amplitude (2 vs 1) Reference
Control H-89 Decrease. PKA promotes ACh release. Santafé (2009)
hysiological
P R Sp-8-Br-cAMP  Increase. PKA promotes ACh release. Santafé (2009)
conditions)
H.89 Deérégse. PKA is still active after PKC Santafé (2009)
CaC (PKC inhibition.
blockade) $p-8-Br-cAMP Increase. PKA does not need PKC activity to Santafé (2009)
promote ACh release.
H.89 Deg‘ealse. PKA is still active after Ca**/PKC Santafé (2007)
High Ca®* activation.
None. PKA ¢ t be further stimulated
Sp-8-Br-cAMPs - CAnnOn e Arer stmuate Santafé (2007)
after high Ca®*.
.89 DeFrea~se. PKA is still active after PKC Santafé (2009)
PMA (PKC activation.
activation) Increase. PKA can promote ACh release
-8-Br-cAMP fé (2
Sp-8-Br-c independently of PKC activation. Santafe (2009)
CaC Decrease. PKA couples PKC to ACh release.  Santafé (2009)
Sp-8-Br-cAMP None. PKA-mediated PK‘C activity cannot /
PMA be further increased by direct PKC Santafé (2009)
activation.
PMA None. PKA is necessary for PKC activation. Santafé (2009)
-89 None. PKA is necessary for PKC activation
CaC (Table 2: CaC per se does not affect EPP Santafé (2009)

amplitude).

On the other hand, PKA blockade per se does not reduce the amount
of ACh inside single vesicles in mammal NM]s. The inhibitor H-89 does not
modify the amplitude or the frequency of MEPPs in the rat LAL muscle (5uM,
1h and 3h) (

( )

regulation of ACh loading into synaptic vesicles in mice motor synapses. In

) and neither in the mice diaphragm (1uM, 1h)

). Interestingly, presynaptic PKA participates in the

this regard, although H-89 per se does not affect quantal size, the PKA
blockade prevents several presynaptic molecular cascades from increasing it
( ; , ). Additionally, the
actions of PKA are not limited to the presynaptic component of the NMJ. On
a longer time scale (7-8 hours), the activation of PKA largely prevents the
removal of recycled nAChRs from postsynaptic membrane in mice NM]Js

( ).

postsynaptic receptors is probably controlled by postsynaptic PKA.

This stability and quantity of

In conclusion, PKA at the NM] promotes the loading of ACh inside
synaptic vesicles, their release susceptibility and the number of postsynaptic
nAChRs. All these findings demonstrate that PKA is one of the most

important kinases that regulate the dynamics of synaptic release at the NM]J.
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Muscarinic signaling and PKA at the NMJ

Classically, M, and M4 mAChR subtypes are known to inhibit PKA
through the Gaio protein pathway ( ). At the NM]J,
muscarinic receptors use PKA to modulate neurotransmission (Table 3)
( ). For example, pirenzepine (Mi), which downregulates the
endplate potential, prevents any further decrease by the PKA inhibitor H-89.
Therefore, the block of M results in a reduction in PKA activity (

). Under the same M; blockade conditions, the PKA activator Sp-Br-
cAMPs is not able to enhance the release anymore ( ). This
indicates that PKA is linked to the M; signaling and that it requires an active
M, signaling to enhance neurotransmission. The same occurs after the
treatment with methoctramine (M,), which abolishes the effect of PKA
activators and inhibitors ( ). Overall, it appears that both M;
and M, blocking treatments uncouple PKA from the neurotransmission
cascade and render it inactive and unresponsible to activation (

). Interestingly, the treatment with atropine (unspecific blocker) did not
influence the PKA signaling ( ). In other words, in atropine-
treated preparations both H-89 and Sp-Br-cAMPs can inhibit and enhance,
respectively, the synaptic release.

Besides the direct cAMP signaling, mAChRs could also modulate PKA
through PKC signaling. At the adult NM]J, a previous treatment with the
PKCe inhibitor €Vi, abolishes the effect of Sp-8-Br-cAMPs ( ).
Therefore, without nPKCe, PKA cannot be enhanced to potentiate the
synaptic release. On the other hand, H-89 can still decrease
neurotransmission after nPKCe inhibition, suggesting that the basal activity
of PKA is still present and independent of PKCe ( ). Thus, the
nPKCe isoform appears to be linked to an upstream position of PKA,
enhancing its activity but being less important to initiate it.

As to PKA is required or not for muscarinic signaling, there is no data
showing whether a preincubation of a PKA drug affects the result of

pirenzepine, methoctramine or atropine over the EPP amplitude. In this
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thesis, we designed a set of the experiments to study whether muscarinic

receptors need PKA to affect the phosphorylation of the release machinery.

Table 3. PKA influence over muscarinic signaling. Current knowledge from electrophysiological
experiments in frog and rat muscle preparations muscarinic and PKC modulators. Data of single drug
experiments has been added in the first rows to aid interpretation. Abbreviations: EPP, evoked endplate

potential.
Zr;: treatment g;A treatment  pecoct on EPP amplitude (2 vs 1) Reference
H.89 Decrease. PKA promotes ACh release in Santafé (2006)
basal conditions.
Increase. PKA pr tes ACh release 1
Sp-8-BrcAMPs | e TR PIOMOtes AL fefease m Santafé (2006)
Control basal conditions.
( En 'rol al Pirenzepine D Mi enh the rel Slutsky (1999)
siologica ecrease. M1 enhances the release.
e (M) : Santafé (2003)
conditions) .
Methoctramine Increase. Mo inhibits the release Slutsky (1999)
crease. Mz inhibi ase.
(M) Santafé (2003)
Atropine (M- Increase. Overall muscarinic inhibition R
Santafé (2003
M) enhances the release (i.e. M2 > M;). antafe (2003)
H-89 None. Mi blockade reduces PKA activity. Santafé (2006)
Pirenzepine N M, blockad ts further PKA
Sp-8-Br-cAMPs o prockade prevents further Santafé (2006)
activation.
H-89 None. My blockade reduces PKA activity. Santafé (2006)
Methoctramine N M, blockad ts further PKA
Sp-8-Br-cAMPs o prockade prevents Hurthet Santafé (2006)
activity.
H.89 Decrease. PKA‘cz‘m-be -in-h-ibited after Santafé (2006)
. overall muscarinic inhibition.
Atropine I PKA can be enhanced after
ncrease.
Sp-8-BrcAMPs e can e e Santafé (2006)
overall muscarinic inhibition.
H.89 De(frf?%se. PKA can be inhibited after PKCe Obis (2015b)
inhibition.
eVia

Sp-8-Br-cAMPs

None. PKA cannot be activated after PKCe
inhibition.

Obis (2015b)
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Protein kinase C and calcium signaling

The inflow of calcium ions (Ca?*) inside the nerve ending is one of the
most crucial events for synaptic function. This occurs when axon potentials
arrive to the nerve ending, decrease the membrane potential and open
voltage-dependent calcium channels. In adult neuromuscular junctions, the
muscarinic receptor M; subtype contributes to the entrance of calcium
through the coupling with Gagi proteins. The high intracellular Ca**
concentration modulates several calcium-sensitive proteins, but one of them

stands out as the major coordinator of the cascade: the protein kinase C.

4.1.The protein kinase C
Members of the PKC family

The Ca**-dependent protein kinase is a serine/threonine kinase also
known as protein kinase C or PKC. This enzyme is activated by allosteric
binding to several second messengers and membrane phospholipids (

).

PKC isoforms are classified in accordance with their domain
composition, which dictates their requirement for catalytic activation
( ). All PKC isoforms have two regions, regulatory and catalytic,
joined by a hinge region ( ). In the regulatory moiety or region, the
pseudosubstrate domain (PS) imitates the sequence of a PKC substrate to bind
the catalytic region and inhibit kinase activity. To unfold this domain and
activate the kinase, the other domains in the regulatory region need to bind
the appropriate second messenger and change the molecular conformation of
the enzyme. PKC isoforms are classified in three families based on their
activation requirements. Conventional or classical PKCs (cPKCa, -B1, -BII
and -y) need to bind DAG and phosphatidylserine to their C1 regulatory
domain and Ca?* to their C2 regulatory domain to activate their kinase
function. Novel PKCs (nPKCS8, -g, -1 and -0) lack the Ca**-binding domain
in C2 and, therefore, only require DAG and phosphatidylserine for their
activation. Finally, atypical PKCs (aPKC( and -UA, being t the human

isozyme and A the murine) lack the entire C2 domain and one cysteine-rich
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m Structure of the PKC isoforms
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Figure 6. The PKC superfamily. [ ;| Protein kinase C (PKC) isoforms are classified in three
families based on their activation requirements. Classical or conventional PKC («, BI, BII
and v), novel PKC (8, €, 1, and 0) and atypical PKC (¢ and vVk). The figure also depicts the
pseudosubstrate region (PS) at the regulatory moiety and the priming phosphorylation sites

A

at the catalytic moiety. [5] Mechanism of classical PKC activation. Newly synthesized PKC
are unphosphorylated and associate with the cytoskeleton (far left). These products depend
on heat shock proteins (Hsp90) to avoid degradation. The 3-phosphoinositide-dependent
kinase 1 (PDK1) phosphorylates PKC on the activation loop and causes the subsequent
autophosphorylations in the turn motif and the hydrophobic motif. Once mature, PKC
becomes sensitive to the different stimuli that can activate it and change the cellular location.
Calcium ions and diacylglycerol (DAG) promote PKC translocation to the membrane and its
activity. Finally, PKC activity triggers its dephosphorylation and degradation. Source:
Adapted from Newton et al. (2008).
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loop in the C1 domain (atypical C1), thus being sensitive to lipid molecules
like phosphatidylserine, phosphatidylinositol (3,4,5)-trisphosphate (PIP;) and
ceramides but not to DAG or Ca’*. Phosphatidylserine and DAG are
components of cellular membranes, so the binding of the C1 and C2 domains
to these ligands targets PKC to the membrane ( ). In
consistence with that, Ca’* ionophores induce the translocation to the plasma
membrane of green fluorescent protein fused to full-length PKCa (

) and PKCy ( ). Once activated, PKC preferentially
phosphorylates a polypeptide on a residue found in close proximity to a C-
terminal basic residue:

-Ser-X-Arg/Lys- - Thr-X-Arg/Lys-

Finally, after PKC has participated in the signaling cascade, it
undergoes a strong turnover process known as activity-dependent

degradation ( ; ; ; ).

PKC maturation: role of PDK1

Conventional and novel PKCs are phosphorylated on three
serine/threonine residues (two for atypical PKCs) over their catalytic moiety
( ). This event is known as PKC maturation or priming and it is
necessary for their catalytic competence and correct subcellular location in
the resting state as well as represents a rate-limiting step for PKC activation
( ; )-

The earliest translation products of PKCs are unphosphorylated and
remain associated with the cytoskeleton ( ) ( ). These
products are open, unstable, and depend on heat shock proteins (Hsp90) to
avoid degradation. The 3-phosphoinositide-dependent kinase 1 (PDK1)

500 (

starts the first maturation step: the reversible phosphorylation of Thr’" (for

conventional isoforms) in the activation loop, a region in the catalytic domain

of PKC but outside the active site ( : ). This
causes the subsequent PKC autophosphorylations on Thr®*! in the turn motif
and Ser® in the hydrophobic motif ( ). These Ser/Thr residues

are conserved across the PKC family, suggesting that all PKC isoforms
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undergo a similar maturation pathway. After this series of phosphorylations,
PKC becomes sensitive to the different stimuli that can activate them and
changes cellular location. For example, PKC isoform is initially anchored to
the cytoskeleton and, after maturation, it is released into the cytosol (
5 )-

Although PKC maturation is constitutive, some PKC isoforms exist in
a non-phosphorylated or hypo-phosphorylated state, and cellular stimulation
can induce their phosphorylation and activation ( ;

; ). At the neuromuscular junction, we found that both
presynaptic stimulus and muscle contraction enhance the phosphorylation of
PKCBI ( ).

PDK1 is a master kinase that modulates as many as 23 other protein
kinases, including PKC ( ; ; 5
). At the skeletal muscle, PDK1 is exclusively expressed at presynaptic
nerve terminals of both rodent and Drosophila NM]Js ( ;
). PDK1 is autophosphorylated on multiple serine residues:
Ser®, Ser?*!, Ser*”, Ser*® and Ser*'’ ( ). Among them, Ser**! is the
only that, when mutated, abolishes PDK1 activity ( ).
These phosphorylations were firstly described as constitute but subsequent
studies identified pathways that modulate PDK1 phosphorylation (
; ; ). Our laboratory determined that
PDK1 Ser*!' phosphorylation is not affected by presynaptic activity or muscle
contraction ( ). However, presynaptic activity translocates
phospho-PDK1 from the cytosol to the membrane fraction (
). PDK1 needs to be in the plasma membrane to interact with PKC and
phosphorylate it ( ; ; ;

) and, at the NM]J, the recruitment of PDK1 to the membrane
coincides with an enhancement of phospho-PKCI ( ).
Studying the upstream kinase PDK1 could help us understand how
muscarinic pathways confluence over the second-messenger kinase PKC,
coordinating its maturation ( ). Thus, we investigated the role of

PDK1 in muscarinic signaling at the NM]J.
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PKC location and scaffolding: role of RACKT

The cellular location of PKC is regulated by anchoring proteins like
the receptors for activated C-kinase (RACKs) and AKAPs. These scaffolds
poise PKC isoforms to certain intracellular locations to respond rapidly to
second messengers and facilitate access to their substrates (

)-

RACK has seven equal protein-protein interaction motifs (

) that allow it to interact with at least two proteins at a time (

). Several regions in the sequence of PKCs contain RACK-
binding sites, mainly C2 but also C1A and C1B ( ). These sites
are specific to the PKC signaling, and RACK does not bind to other kinases
like the PKA RII subunit or Ca*/calmodulin-dependent protein kinase
(CaMKII) ( ). However, the C2 domain can be found in enzymes
like PLC, which RACK can anchor close to PKC. By this mechanism, the
presence of RACKs increases PKC phosphorylation by several folds
although not being PKC substrates ( ).

RACKs only bind the active conformation of PKC ( )
( : ). This is because PKC
needs to bind to second messengers and open its structure to expose the
RACK bindingsite. Indeed, PKC and RACK only co-immunoprecipitate after
PMA stimulation or the activation of a receptor coupled to DAG generation
( )-

On the other hand, RACKs are isoform-selective. Some members of
the RACK family are RACK1, selective for the conventional PKC (

), and RACK2, selective for the novel PKCe ( ) (

). RACK1 enhances PKC activity by binding PLCy. The RACK1-PLCy
interaction increases after PLCy phosphorylation and after cells have been
activated with epidermal growth factor ( ). Thus, RACK1
provides an efficient mean of receptor-induced activation of PKC (

). On the other hand, RACK scaffolds also bring
together a PKC to its substrates. For example, one of the earliest reports of

PKCe interaction with a protein of vesicle trafficking was through RACK2
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m PDK1: 3-phosphoinositide-dependent kinase 1
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Figure 7. Proteins that modulate PKC. The 3-phosphoinositide-dependent kinase 1
(PDK1) is a master kinase. It has two regions: the kinase domain and a pleckstrin-homology
(PH) domain. The PH domain binds phosphoinositides (PIPs, PIP,) and regulates the kinase
activity by interacting with the protein GBy subunit and PKC. PDK1 is autophosphorylated
on multiple serine residues: Ser®, Ser**!, Ser’®, Ser®® and Ser*"’. Among them, Ser**' at the
activation loop is required for PDK1 activity. E The receptors for activated C-kinase
(RACKSs) are a family of PKC scaffolds. RACKs have seven equal protein-protein interaction
motifs to bind PKC and other molecules like phospholipase C (PLC). € RACKs only anchor
active PKCs, because PKC requires binding to second messengers to open its structure and
expose the RACK binding sites. [2] Each PKC isoform has a specific RACK. PKC positioning
is central to respond efficiently to second messengers and to have ready access to substrates.
Source: Own elaboration.
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( ). RACK2, also called B’COP or eRACK, is part of the coat
complex (COP I), which associates with vesicles from the Golgi apparatus to
the endoplasmic reticulum. This explains why PKCe is recruited to Golgi
membranes after activation in cardiac myocytes ( ). Therefore,
peptides based on the RACK binding site from PKC can disrupt the activity
of a specific PKC isoform ( ; ;

; ). As explained in the Methods
section, in this thesis we used RACK-inhibitory peptides to study the action
of PKCPI and PKCe.

Finally, two other mechanisms should be considered to understand
PKC location and movement between the cytosol and membrane. On the one
hand, newly synthetized PKC per se can bind to the cytoskeleton and stay
associated with the particulate fraction (membranes) ( ). For
example, PKCBII-but not PKCBI-binds to actin through the C-terminus
( ) and PKCe binds to actin through a sequence between the
C1A-C1B domains ( ) and to cytoskeletal components
through the hinge and pseudosubstrate regions ( ). On the other
hand, other scaffolds like AKAP79—AKAP150 rodent homologue—can also

target PKC isoforms alongside other enzymes like PKA and calcineurin

( ; ).

4.2.PKC at the neuromuscular junction
PKC location at the neuromuscular junction

Since each PKC isoform requires a particular combination of second
messengers, the presence of multiple isoforms in the same cell provides a fine
mechanism of isotype-specific regulation, where each isozyme may have
functional specificity ( ; ). At the NM]J,
PKC isoforms are differently expressed in the presynaptic terminal, the
postsynaptic myocyte and Schwann cells ( ).

The conventional PKCa isoform is the major PKC isoform present in
muscle and can be found in all three cellular components of the NM] (

; ). The first reports of PKC immunoreactivity
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Location of the PKC isoforms at the NMJ

Legend: Co> @GP G €& @

®
Neuromuscular

Axon terminal x - junction
e ' Terminal Schwann cell
Muscle cell /
® ° @ o S o
)y S e g oQile (

7 Nicotinic acetylcholine receptors

Current knowledge of the location of PKC isoforms at the NM]J. The classical
PKCa isoform (yellow) can be found in all three components of the neuromuscular junction.
The PKCI (green) is exclusively expressed in the presynaptic nerve terminals, whereas the
PKCBII isoform {orange) is concentrated at the postsynaptic site of NMJs and Schwann cells,
but not within the nerve terminal. The novel PKCe (blue) is exclusively expressed in the nerve
terminal of NMJs. Finally, the PKCB isoform (magenta) is mainly found postsynaptically
and it can be detected in the sarcolemma of skeletal muscle and in the axon of some synapses.
Source: own elaboration.

(without discerning between PKCPI and PKCBII) were consistently found in
the presynaptic terminals of NM]Js from several rat muscles (

; ). Afterwards, found PKCP in both
pre- and postsynaptic regions of the NM]J. They observed a background of
diffuse cytosolic staining with two stronger cytoskeleton-associated bands,
one in the presynaptic region and the other co-distributing with nAChRs.
Later, our laboratory discerned PKCBI and BII isoforms and found that
cPKCpI is exclusively expressed in the presynaptic nerve terminal (

). In concordance, phosphorylated PKCI is also exclusively found
at the nerve terminals of NM]J from mice in development ( ).
On the other hand, cPKCBII is concentrated at the postsynaptic site of NM]s,
partially overlies with Schwann cells, but it is not detected within the nerve

terminal ( ).
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The novel nPKCe isoform is exclusively expressed in the nerve
terminal of NM]Js from rat LAL muscles ( ) and mice
semitendinous muscles ( ). Triple staining of NM]
cross-sections show that PKCe label is punctate over postsynaptic AChR
gutters, colocalizes with the presynaptic terminal and is absent in Schwann
cells and the myocyte ( ). On the other hand, nPKC® staining
at the NM]J persists after denervation, showing that the enzyme is distributed
postsynaptically ( ). This isoform is found associated
with the sarcolemma of skeletal muscle, enhanced at the neuromuscular
junction and, in some synapses, it could be detected in the axon of
motoneurons ( ; ).

Finally, PDK1 is exclusive of the presynaptic terminal of NM]Js, being
detected in pre-terminal axons and concentrated at the presynaptic area over
the postsynaptic gutters ( ).

In this thesis, we have worked with PKCa, -BI, and -g; but special
effort has been made to study the conventional PKCI and the novel PKCe
isoforms, due to their presynaptic location and their role in neurotransmitter

release ( : : ).

PKC modulation of acetylcholine release

Several agonists and antagonists have been used to study the role of
PKC on ACh release at the NM]J. Phorbol 12-myristate 13-acetate (PMA) is
a classic activator that mimics DAG and induces PKC translocation to the
membrane ( ; ). Calphostin C
(CaQC) is an inhibitor that interacts with the regulatory diacylglycerol binding
site and phorbol ester binding site of PKC, blocking both conventional and
novel PKC isoforms ( ).

PKC promotes ACh release at the NM]J, but requires several
conditions to bring out its effect, something also referred as “couple” its
activity to neurotransmission. This is because, under physiological
conditions, the neuromuscular transmission does not have a PKC-dependent

component that can be inhibited with calphostin C ( ).
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However, PKC activity at the NM] flourishes after any event that
modifies its second messengers or its upstream membrane receptors (Table 4).
Treatments that enhance PKC second messengers, like high Ca*
concentration or synaptic stimulation, activate PKC and make CaC able to
downregulate the neurotransmitter release ( ;

). PKC can also be coupled by muscarinic receptors, which has been
described in the following section (Table 5).

Nerve-induced stimulus (1 Hz, 30 minutes) triggers multiple
mechanisms at the NM]J: the direct calcium inflow into the presynaptic
terminal, the cholinergic signaling and neurotrophic signaling, all of them
connecting to PKC (Slutsky et al., 1999; Besalduch et al., 2010; Hurtado et al.,
2017a). Therefore, synaptic activity recruits PKC to cooperate with
neurotransmission. All this evidence suggests that PKC may be necessary to
maintain acetylcholine release once the process is activated.

PKC coupling to ACh release also occurs after PKA stimulation. For
example, the PKA agonist Sp-8-Br-cAMP enhances neurotransmission and
makes CaC able to decrease ACh release ( ). In fact, PKC
activity depends on PKA, and even the potent PKC activator PMA cannot
increase neurotransmission if PKA is previously inhibited with H-89.
Interestingly, it should be noted that PKA does not depend on PKC, so
activating or blocking PKC does not affect PKA action over ACh release
( ).

Specific inhibitor peptides have been designed to study PKC isoforms
( ; ). In this thesis we have studied
the presynaptic cPKCBI and nPKCe isoforms, respectively, with the BIVs.;
peptide (BIVs3) ( ; ) and the €V, peptide (€Vi2)
( ). These peptides derive from the sequence that a specific
PKC isoform uses to interact with its RACK scaffold. Therefore, the peptide
competes with just one PKC isoform and disrupts its cellular targeting and
activity. The ¢PKCBI isoform directly promotes the activity-dependent
neurotransmitter release at the NM]J. In particular, 1 Hz stimulation triggers
a PKC activity with a ¢cPKCBI-component that can be detected and blocked
with BIVs; (Hurtado et al., 2017a). On the other hand, nPKCe does not have
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a direct influence on acetylcholine release: €V, per se does not change the
EPP size. Even other treatments that would normally activate PKC, like high
Ca’* or 1 Hz stimulation, do not trigger a PKCe activity that can be detected
with €V, (Obis et al., 2015b). However, nPKCe influences other PKC
isoforms. For example, when nPKCe is blocked, PMA is not able to increase
the release anymore. Similarly, if €V is present in the media, neither a high
concentration of Ca** nor 1 Hz synaptic stimulus can recruit PKC, and
general PKC activity cannot be inhibited with CaC anymore (Obis et al.,
2015b). This indicates that nPKCe facilitates the activation of the other PKC
isoforms.

The functional data from electrophysiology can be complemented
with molecular studies determining which targets does PKC phosphorylate at
the NM]J. PKC has been involved in the regulation of ligand-gated ion
channels ( : ). The SNARE regulator Munc18-
1 (Ser®") is phosphorylated by PKCBI and PKCe at the NM]J ( ).
On the other hand, the synaptosomal-associated protein 25 (SNAP-25) is
controlled by PKCe but not PKCPI ( ). PKCe also
phosphorylates the PKC substrate Myristoylated Alanine-Rich protein
Kinase C Substrate (MARCKS) (Obis et al., 2015a). Altogether, these results
suggest that the presynaptic ¢cPKCBI and PKCe are good candidates to
transduce mAChR signaling.
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Table 4. PKC coupling to the release of the adult NM]J. Current knowledge from electrophysiological
experiments in rat muscle preparations (Santafé et al., 2009; 2006; 2007; Obis er al., 2015b; Besalduch
et al., 2010; Hurtado et al., 2017a) testing PKC modulators. Abbreviations: EPP, evoked endplate

potential.

Pretreatment

(1)

Control
(physiological
conditions)

PMA

1 Hz

High Ca**

High Mg**

eV

Sp-8-Br-cAMP

H-8§9

PKC treatment

(2)

CaC

PMA

High Ca®*

High Mg**

1 Hz

PMA

CaC

CaC

BIVss

Vi

PMA

CaC

PMA

@)
0
@)

PMA

CaC

PMA

CaC

PMA

Effect on EPP amplitude (2 vs 1)

None. PKC is not coupled to ACh release in
basal conditions.

Increase. Phorbols promote ACh release.

Increase. Calcium potentiates ACh release.

Decrease. Magnesium, which competes with
calcium, blocks ACh release.

None. Synaptic activity at 1 Hz does not
induce facilitation or depression.

None. CaC antagonizes the effect of PMA

None. After PKC activation with PMA, CaC
does not reduce ACh release

Decrease. Synaptic activity couples PKC to
ACh release.

Decrease. Synaptic activity couples PKCBI
to ACh release.

None. Synaptic activity does not couple
PKCe to ACh release.

None. PMA cannot increase further the

release.

Decrease. PKC partly mediates the increased
release in high Ca?*.

None. Magnesium, which competes with
calcium, prevents PKC activation
with PMA.

None. CaC has no effect on the low Ca?*
entry produced in high Mg?*.

None. PKCe is essential to couple PKC
(isoforms) to ACh release.

Decrease. PKA activation couples PKC to
ACh release.

None. PKA-mediated PKC activity cannot
be further increased by PKC
activation.

None. When PKA is blocked, the release
cannot be inhibited by CaC.

None. Without PKA, PKC cannot be
coupled to ACh release.

Reference

Santafé (2006)
Santafé (2007)

Santafé (2006)
Santafé (2007)

Santafé (2007)

Santafé (2007)

Besalduch (2010)
Obis (2015b)

Obis (2015b)

Obis (2015b)

Besalduch (2010)

Hurtado (2017a)

Obis (2015b)

Santafé (2007)

Santafé (2007)
Besalduch (2010)

Santafé (2007)

Obis (2015b)

Obis (2015b)

Santafé (2009)

Santafé (2009)

Santafé (2009)

Santafé (2009)
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Muscarinic signaling and PKC at the NMJ

Classically, My, M; and Ms mAChR subtypes are known to activate
PKC through the Gagii protein pathway ( ). At the
NM]J, muscarinic imbalance is one of the conditions that couple PKC
activity to neurotransmitter release (Table 5) ( R ). For
example, the treatment with pirenzepine (M), which downregulates the
endplate potential, allows the PKC inhibitor CaC to further reduce the
amplitude of synaptic impulses. Under the same M; blockade conditions, the
PKC activator PMA can still increase the release ( ). This
indicates that the PKC pathway is downstream of the signaling and can be
recruited independently of the M; pathway. The same occurs after the
treatment with methoctramine (M,) or atropine (unspecific) at the NM]J.
Both treatments increase the synaptic release and couple PKC and allow CaC
to inhibit the synaptic release ( ).

On the other hand, PKC is essential for muscarinic signaling. This was
first demonstrated with a preincubation of CaC, which abolishes the effect
of pirenzepine, methoctramine and atropine over the EPP amplitude (

). Afterwards, our laboratory proceeded to study the specific
blockade of nPKCe isoform translocation. The treatment with €V,
abolished again the effect of any following muscarinic blocker (Obis et al.,
2015b). This demonstrated that nPKCe is required for the M; and M, mAChR
signaling. Unlike CaC, muscarinic imbalance does not enhance the effect of
PKCe inhibition. This indicates that after any muscarinic blockade, the
neurotransmission cannot be affected by the nPKCe blockade. Thus, the
nPKCe isoform appears to be in an upstream position of the muscarinic
pathway, allowing the signaling at the first steps and being less needed once
stablished ( ).

Besides their classic G protein pathway, mAChRs also modulate PKC
through the concentration of calcium ions in the presynaptic terminal. At the
adult NM]J, mAChRs are functionally linked to voltage-dependent calcium
channels ( ). Therefore, experiments modifying the calcium

pathway reveal changes in muscarinic signaling. For example, a low concen-
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Table 5. PKC influence over muscarinic signaling. Current knowledge from electrophysiological
experiments combining muscarinic and PKC modulators. Data of single drug tests have been added in
the first rows to aid interpretation. Abbreviations: EPP, evoked endplate potential.

Pretreatment Muscarinic .
(1) treatment.(2) Effect on EPP amplitude (2 vs 1) Reference
CaC None. PKC is not coupled to ACh Santafé (2006)
a
release in basal conditions. Santafé (2007)
] Santafé (2006
PMA Increase. Phorbols promote ACh release. antd , ( )
C | Santafé (2007)
ontro
. . . . Slutsky (1999)
(physiological Pirenzepine (M) Decrease. M1 enhances the release. . ,
. Santafé (2003)
conditions) . .
Methoctramine I M inhibits the rel Slutsky (1999)
ncrease. Mo inhibits the release. . ,
(M>) © Santafé (2003)
Increase. Overall muscarinic inhibition
Atropine (Mi-Ms . Santafé (2003
R re ki) enhances the release (i.e. M2 > My). antafe ( )
Decrease. Any muscarinic imbalance
i i CaC ) Santafé (2006
Pirenzepine, } N couples PKC to the release anta¢ ( )
Methoctramine I PKC be furtl divated
or Atropine PMA ncrease. ‘ca‘n‘ e. urther activate Santafé (2006)
after any muscarinic imbalance.
None. Without PKC, M t enh
Pirenzepine one. Withot | CANNOLEMMANCE o nrafe (2006)
the release.
None. Without PKC, Ma ¢ t inhibit
CaC Methoctramine one. Withot s cannot by Santafé (2006)
the release.
Airopine .No'ne'. Without PKC, overall muscarinic Santafé (2006)
inhibition cannot modulate the release.
Pirenzepine None. Mi requires PKCe. Obis (2015b)
eVia Methoctramine None. Mz requires PKCe. Obis (2015b)
) None. Overall muscarinic signaling )
At ) Obis (2015b
ropine requires PKCe to inhibit the release. is ( )
Pirenzepine . .
> None. After - dulation,
Methoctramine €Vi on‘e e musearmic modu ation Obis (2015b)
i PKCe does not enhance the release.
or Atropine
Decrease. External calcium does not
Pir i Santafé (2007
SR affect the M1 outcome. antafe ( )
I . External calcium d t
High Ca** Methoctramine perease. Bxternal caiam does no Santafé (2007)
affect the M outcome.
e Increase. Externa‘l c.alcium does not Santafé (2007)
affect the muscarinic outcome.
D .M till enh EPP aft
Pirenzepine ecrfias)e' 1can st enhance atter Santafé (2007)
low Ca®* inhibition.
Decrease. M. shifts to enhance EPP after
Mett i . B S fé (2007
Low Ca’* cthoctramimne low Ca?* inhibition. antafe { )
Decrease. Overall muscarinic signaling
Atropine shifts to enhance EPP after low Ca’?* Santafé (2007)
inhibition.
. . Decrease. M can still enhance EPP after ,
Pirenzepine high Mg®* inhibition. Santafé (2007)
Decrease. M shifts to enhance EPP after
Methoctrami p Santafé (2007
High Mg2* CHIOCHAMIAE 1ok Mg?* inhibition. anate (2007)
Decrease. Overall muscarinic signaling
Atropine shifts to enhance EPP after high Mg?* Santafé (2007)
inhibition.
High Mg** + CaC None. With high Mg**, Mz il.nbalance Santafé (2007)
Methoctramine does not promote PKC activity.
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-tration of Ca** or a high concentration of Mg?*, which competes with Ca**
and reduces the release, induces pirenzepine, methoctramine and atropine to
reduce the EPP potential ( ). This represents a remarkable
finding for both M; and M, signaling. First, the results show a change in M,
signaling, now potentiating the release in low Ca** media and high Mg**
media ( ). Further tests indicated that methoctramine was not
promoting PKC activity in those conditions anymore (CaC had no effect after
Mg** + methoctramine) ( ). On the other hand, it is surprising
that M, can still enhance neurotransmitter release after a Ca?* signaling
blockade. In the present thesis, we analyzed the potential link of M; mAChR
with the Ca**-independent PKCe and the kinase PKA.

Altogether, these results offer solid evidence of functional crosstalk
between both M; and M, mAChRs and PKC at the NM]J. Therefore, in this
thesis we further explored this interesting feature by obtaining molecular data
about maturation, membrane translocation and activity of the presynaptic
PKCBI and PKCe isoforms and their associated kinases and targets and how

they respond to muscarinic blockade.
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Molecules of the release machinery

The synaptic vesicles interact with the neural membrane thanks to a
set of proteins referred as the release machinery, which sense calcium and
regulate membrane fusion.

The most fundamental release machinery is the SNARE pin (Soluble
NSF Attachment Protein Receptor) or core, formed by three proteins:
synaptobrevin, syntaxin and SNAP-25 (synaptosomal-associated protein of
25 kDa)( ). The second universally required component of the
release machinery are the SM proteins (Sec1/Munc18-like proteins), which
play a complementary role in membrane fusion ( ).
These proteins are equally important as SNAREs and fusion in vivo cannot
take place without them ( ). Finally, the release machinery
has plenty of regulatory members that embed the SM/SNARE fusion

machinery into the physiological context ( ).

5.1.SNARE proteins

Each component of the SNARE core has a specific location:
Synaptobrevin is anchored to the membrane of the vesicle (hence classified
as a ‘v-SNARE’), Syntaxin-1 is anchored to the target neural membrane (‘t-
SNARE’) and SNAP-25 is a soluble factor anchored to the target membrane
through palmitoyl side chains ( ; ).

The SNARE superfamily is very diverse, with only a 25% of protein
sequence identity ( ). However, all members share
at least one SNARE motif ( ), responsible for self-associating
between proteins and creating a four-helix bundle complex. Most
SNARE proteins contain a single SNARE motif and are anchored to the
membrane by a transmembrane domain (TMD) at their C-terminal tail.
The SNAP-class of SNARE:s is particular in which contains two motifs and

is anchored by palmitoylation.
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SNARE complex formation and neurotransmitter release

At first, individual SNARE proteins are unfolded and expose their a-
helix domain containing the SNARE motif to the media. When SNARE
motifs become close to each other, they spontaneously assemble into an
exceptionally stable four-helix bundle ( ), which unites the
vesicle and the target membrane. This assembly is controlled by SM proteins
like Munc18-1, which will be described in the following section. The first
interaction is between Syntaxin and SNAP-25 and it is a rate-limiting step in
SNARE complex assembly ( ). In turn, this provides
a high affinity binding site for the vesicular Synaptobrevin. The union of the
three molecules between separate membranes is known as the trans-SNARE
complex or SNARE pin ( ). As the helices zipper up, they force the
membranes closely together and catalyze their fusion. Usually,
neurotransmitter release does not require the complete fusion of the vesicle
but just a transient opening of the vesicle’s lumen to the outside. This
mechanism is known as kiss-and-run, and after part of the acetylcholine
content has escaped through the pore, the vesicle is then internalized by
endocytosis ( ). However, this kiss-and-run mechanism has
been investigated at CNS nerve terminals that are highly active and may not
be as prominent at the majority of neuromuscular junctions that fire at a
different rate ( ). When vesicle fusion is fully complete, the
assembled SNARE pin is left in the merged membrane. This complex is
known as ‘cis-SNARE complex’. Finally, an ATPase will unfold it and return
it to the initial state for the next vesicle cycle ( ). This

ATP-dependent mechanism is described in the following text.

Synaptobrevin

Synaptobrevin, also called vesicle-associated membrane protein
(VAMP), is a small integral membrane protein that, as its name implies, is
anchored to synaptic vesicles. Two isoforms are known: Synaptobrevin-1 and
-2, being the latter the most well-known. Synaptobrevin-2 catalyzes fusion
reactions and stabilizes fusion intermediates, but it is not absolutely required

for synaptic fusion ( ). This is because in mice lacking the gene
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Figure 9. SNARE and SM proteins. Sequence of Synaptobrevin (green), Syntaxin-1
(magenta) and SNAP-25 (blue). Syntaxin-1 and Synaptobrevin anchor to membranes with a
transmembrane domain (TMD) whereas SNAP-25 through palmitoylated cysteines (C). 2]
SNARE:s spontaneously assemble into an exceptionally stable 4-helix bundle called SNARE
pin. The assembly of SNARE complex links vesicle and target membranes. Once

assembled, kinases can phosphorylate it and optimize fusion. m Sequence of the SM protein
Munc18-1. [Z Munc18-1 ‘hair claw’-shaped structure binds 4-helix bundles. [5 Munc18-1
has three ways of binding SNAREs. (1) It can hold Syntaxin-1 in a “closed” conformation,
binding the Habc domain and SNARE motif. (2) To promote exocytosis, Munc18-1 binds
the N-terminal region of Syntaxin, acquiring an “open” conformation. (3) Munc18-1 can
bind the 4-helix bundle and mechanically enhance exocytosis. Source: own elaboration
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Synaptobrevin-2 both spontaneous and Ca’**-triggered vesicle fusion are
decreased 10- and 100-fold but not totally abolished ( ). This
molecule is phosphorylated by the kinases CaMKII and casein kinase II
( ). Lastly, Synaptobrevin also participates in slow,
clathrin-dependent endocytosis, retrieving exocytosed vesicles for recycling.
This mechanism is critical for the maintenance of synaptic transmission and

the normal structure of nerve terminals ( ).

Syntaxin-1

The SNARE member Syntaxin-1 has three domains: the N-terminal
Habc domain, a SNARE motif and a C-terminal transmembrane region. Of
particular interest is the Habc domain, comprised of three a-helices. When
Syntaxin-1 is not participating in a SNARE complex, the Habc domain (3
helices) folds back with the SNARE motif (1 helix), creating a 4-helix bundle
known as the ‘closed’ conformation of Syntaxin-1 ( ). As

described below, the Syntaxin-1 closed conformation is clamped by SM

proteins to avoid the formation of SNARE pins ( ; ).
SNAP-25
The third SNARE core component is SNAP-25 ( ). This

molecule has two SNARE motifs connected through a loop, which contains
cysteine residues palmitoylated for membrane targeting ( ).
These two SNARE motifs interact with the other SNARE domains from
Syntaxin-1 and Synaptobrevin to form a four-helix SNARE pin. SNAP-25 is
essential for exocytosis. In mice lacking SNAP-25, calcium-triggered
exocytosis is totally abolished ( ). On the other hand, SNAP-

25 participates in the organization of vesicles, being necessary for the filling

of the pool of primed vesicles for release ( ). SNAP-25 is a
substrate of PKC at Ser'? ( ; ) and PKA at
Thr' ( : ),

PKC phosphorylation of SNAP-25 is low in resting cells, but can be
induced through PKC-activating treatments like Ca** increase (

); phorbol esters and nerve growth factor in PC12 cells (
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; ); and long-term potentiation (LTP) in hippocampal
neurons ( ). PKC phosphorylation of SNAP-25 promotes the
refilling after the pools have been emptied ( ). In particular, the

unphosphorylatable S187A mutants inhibits the rate of vesicle refilling. On
the other hand, in vitro phosphomimetic S187E mutations of SNAP-25
increase the exocytosis of the highly Ca’*sensitive pool of vesicles and
increase the binding of recombinant SNAP-25 with syntaxin ( ).
PKA phosphorylation of SNAP-25 produces confusing results
between exocytosis at the cellular level and SNARE complex formation at the
molecular level. Constitutive PKA activity on SNAP-25 enhances Ca**-
dependent exocytosis and maintains the releasable and primed vesicle pools
in chromaffin cells ( ). Chromaffin cells have two characterized
releasable and primed vesicle pools: the slowly releasable pool (SRP) and the
ready-releasable pool (RRP), which are released in slow and fast exocytotic
burst upon stimulation ( : ).
PKA maintains those pools because the SNAP-25 mutant T138A causes a 2-
fold decrease in fast and slow exocytotic burst components. However, the
mutant T138D, which mimics a phosphorylated Thr'**, does not modify
secretion significantly. Thus, tonic PKA activity on SNAP-25 Thr'#
‘maintains’ —rather than ‘promotes’— the primed slowly releasable pool and,
as a consequence, it also retains the release-ready vesicle pool (
). However, unlike PKC phosphorylation, PKA phosphorylation of
SNAP-25 plays a less significant role in SNARE complex formation. Initial
studies showed that PKA-dependent phosphorylation of SNAP-25 does not

138 is not essential for the

regulate ternary SNARE complex assembly and Thr
complex formation or stability ( ). Quite the opposite,
a study in vitro reported that PKA activity on SNAP-25 at Thr'*® inhibits the
formation of SNARE complexes, decreasing the intensity of Western blot
bands higher than the molecular weight of the native SNARE proteins (

).

In conclusion, SNAP-25 phosphorylation by PKA and PKC contribute

in different ways to the formation of the SNARE complex and provide

remarkable data to understand the regulation of exocytosis.



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

78 Molecules of the release machinery

SNAP-25 at the neuromuscular junction

SNAP-25 is a neural protein and is exclusively found in presynaptic
terminals. dSTORM imaging at the mouse NM] revealed a punctate
distribution of SNAP-25 coincident with active zone proteins ( )
( ). We corroborated this observation with a confocal microscopy
analysis. In adult rat diaphragm and LAL muscles, SNAP-25 is concentrated
at the end of nerve terminals in areas close to active zones, without
colocalization with Schwann cells ( ). The levels of both SNAP-
25 and pSNAP-25 (Ser™) in the diaphragm muscle were much more lower
than in the CNS, remarkably high in the rat brain cortex ( ).

Subcellularly, total and phospho-Ser'®™ SNAP-25 are predominantly
located in the membrane fraction ( ). The complete
neuromuscular activity —presynaptic activity and muscle contraction— does
not appear to affect SNAP-25 ( ). However, our results showed
that synaptic activity alone enhances SNAP-25 Ser'™ and that muscle
contraction per se retrogradely inhibits this mechanism. In addition, the
enhancement of SNAP-25 by presynaptic stimulation is located at the
membrane fraction, suggesting an enhancement of the pool of primed vesicles
and, by extension, over neurotransmission ( ).

Regarding the kinases responsible for such regulation, the PKCe
isoform is essential to enhance both SNAP-25 phosphorylation and protein
levels at the NM]J. This was studied using the €V, inhibitor and phorbol
esters. On the other hand, we did not find cPKCI activity and TrkB signaling
involved in the activity regulation of SNAP-25 ( ). This
prompted us to explore the input of other signaling pathways like the

purinergic and muscarinic, the latter studied in this thesis.

5.2.SM proteins: role of Munc18-1

SM (Sec1/Munc18-like) proteins are, together with SNARE proteins,
the two universally required components of the intracellular membrane

fusion machinery ( ). They have been associated with
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Location of the SNAP-25 and Munc18-1 at the NMJ
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Location of SNAP-25 and Munc18-1 at the NM]J. SNAP-25 (turquoise) is
exclusively found in punctate regions at the end of nerve terminals, coincident with active
zones. The SM protein Munc18-1 is also found exclusively in motoneurons, present in nerve

terminals and along axons. Source: own elaboration.

membrane fusion since the isolation of Mammalian homologue of
Uncoordinated-18 (Munc18) bound to the t-SNARE syntaxin-1 (
). The family of SM proteins has very specific vesicle/target functions.
The major member of the SM proteins in synapses is Munc18-1 (
).

SM proteins are composed of a conserved ~600 amino acid sequence
with repetitive domains that folds into an arch or a ‘hair claw’-shaped
structure ( and 9-t). The fundamental function of SM proteins is
to clasp a four-helix bundle. This structure can be found in either the four-
helix bundle of a zippering SNARE core, or in Syntaxin-1 alone under a
‘closed’ conformation ( ).

In the first stage of neurotransmission, Munc18-1 binds to an
individual Syntaxin-1 from the membrane, folding together the four helices
of Syntaxin-1 ( ). One of these helix domains contains the
SNARE motif, so Munc18-1 hides and disables the spontaneous assemble of
the core complex ( ; ). The Syntaxin-1 conformation

with all its four helices clasped together by the SM protein is known as the
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‘closed’ conformation ( ). The early discovery of this mode
of binding to the closed conformation of Syntaxin-1, incompatible with
SNARE complex assembly, led to the idea that SM proteins were negative
regulators. However, the genetic deletion Munc18-1 blocks exocytosis
( ) more completely than the already strong effect of deleting
the SNARE synaptobrevin ( ). Indeed, Munc18-1 knockout
mice are embryonically lethal and individual neurons lacking Munc18-1 die
( )-

The question was resolved when a second, distinct mechanism of
interaction between SM and SNARE proteins was found ( ),
explaining how SM proteins could promote fusion. In that, the SM protein is
anchored to a specific N-terminal peptide sequence of the syntaxin (

). This binding allows Syntaxin-1 to form a SNARE core, whose
four helices are then clasped together by the SM protein (Munc18-1) near the
membrane ( ). Once clasped around a SNARE pin, exactly how SM
proteins cooperate with SNARE complexes for fusion is not yet known
( ). A kinetic role has been proposed in which SM
proteins assemble SNAREs into a productive topology at the interface of the
two membranes (such as a ring-like arrangement), possibly by restricting the
diffusion of SNAREs into the space between fusing membranes (

).

Munc18-1 is an essential PKC substrate, being phosphorylated at
serines 306, 312 and 313 (Ser’") ( ; ). It is still
not clear how this PKC phosphorylation influences neurotransmission.
Molecularly, the PKC phosphorylation of Munc18-1 Ser’® and Ser*" in vitro
reduces the ability to bind Syntaxin-1 ( ). This generally causes
a potentiation of neurotransmission. However, the functional result depends
on the system: when Munc18-1 is replaced by a PKC-insensitive version

(S306A, S313A), it abolishes post-tetanic potentiation in cultured

hippocampal synapses ( ), strongly decreases it at the calyx of
Held ( ) but does not affect particular synapses from
hippocampal and cerebellar slices ( ). On the other hand,

stimulation induces Munc18-1 dispersion from hippocampal synapses and its
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reclustering requires PKC and calcium influx (and not Syntaxin-1 binding)
( ). This enhances synaptic strength, as synapses that recruit
more Munc18-1 after stimulation also have a larger releasable vesicle pool
( )-

Overall, Munc18-1 and the other SM proteins are essential to
cooperate and organize spatially and temporally the assembly of the SNARE

complex, being an important PKC substrate to stimulate fusion (

).
Munci8-1 at the neuromuscular junction

In recent years, our research team has been studying the function
of Munc18-1 at the adult NM]J. We found that Munc18-1 and pMunc18-1

313)

(pSer®®) are present in basal conditions at the diaphragm, spinal cord and
brain samples ( ). Munc18-1 is enriched in the particulate
fraction, in correspondence with its association with membranes and
synaptic vesicles ( ).

Regarding the expression in neuromuscular junctions, Munc18-1
immunoreactivity is exclusively found in motoneurons ( ), from
their axons to the final presynaptic terminals, and it is absent in Schwann
cells and postsynaptic myocytes ( ).

Munc18-1 levels are greatly influenced by neuromuscular activity.
On the one hand, presynaptic stimulus increases both Munc18-1

313 ( ). In contrast,

expression and phosphorylation at Ser
postsynaptic muscle contraction retrogradely inhibits total and phospho-
Munc18-1. Several treatments can reproduce these changes. For example,

the PKC activator PMA increases Munc18-1 levels and high calcium media

enhances Munc18-1 phosphorylation and downregulates its levels (

).

5.3.Regulatory proteins of the release machinery

The release machinery has many accessory proteins that ensure the
specificity of the fusion process, adapting the universal fusion machinery to

the physiological context ( ).
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Synaptotagmin and complexin are two of the most prominent
membrane fusion regulators, working together to regulate Ca**-triggered
fusion ( ). Complexin (also known as synaphin) acts
upstream of membrane fusion by clamping the SNARE core complex like a
clasp that blocks the complete zippering of SNARE complexes (

; ). On the other hand, Synaptotagmin is an integral
protein from synaptic vesicles that contains two PKC-like C2 domains,
allowing it to sense the calcium concentration in the media. Synaptotagmin
competes with complexin for binding to assembled SNARE pins, releasing
complexin in a Ca’*-dependent manner ( ). Therefore,
SNARE pins are first locked by complexin right after being formed. When an
action potential arrives in the nerve terminal, Ca** flows into it and binds
synaptotagmin, which reverses the action of complexin (

). This results in the complete fusion of the two membranes and the
release of the content of the synaptic vesicle into the synaptic cleft.

The fusion of synaptic vesicles to the plasma membrane requires a
previous vesicular trafficking to bring vesicles and target membrane into
apposition. The Myristoylated Alanine-Rich protein Kinase C Substrate
(MARCKS) is required in the trafficking of vesicles along the neurites (

) due to its activity rearranging the cytoskeleton and interacting
with membranes ( ). MARCKS Ser?'5¢ is a major, specific
substrate of PKC that is phosphorylated during neurosecretion (

). MARCKS is also a calmodulin-binding protein and binding of
calmodulin inhibits phosphorylation of the protein by PKC (

). MARCKS is located at the points of insertion of actin filaments to the
plasma membrane ( ). MARCKS is released to the
cytoplasm after PKC activation or calmodulin binding in macrophages (

). Thus, MARCKS represents a platform for PKC and
calmodulin signaling pathways to control the interaction of membranes with
the actin cytoskeleton.

Finally, another important regulatory protein is the ATPase NSF (N-
ethylmaleimide Sensitive Factor) and its adaptor protein SNAP (soluble NSF

attachment protein, which is a different protein from SNAP-25). Once
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exocytosis has occurred, NSF and SNAP bind directly to the SNARE pin in
the membrane and NSF uses 3 to 6 ATPs to disassemble the complex for each
catalytic cycle ( ; ). Thus, NSF and SNAP
contribute to the recycling of SNARE core components for the following

release events.

MARCKS at the neuromuscular junction

As a major PKC target, MARCKS has been of interest to our
laboratory to report the activity of the kinase. Our research showed that
MARCKS is associated with motoneurons in the muscle tissue (Obis et al.,
2015a). In particular, anti phospho-MARCKS labelling disappears in
denervated Extensor digitorum longus muscle (EDL) together with Syntaxin
labelling ( ).

In basal conditions, the presynaptic nPKCe isoforms phosphorylate
this substrate, as pMARCKS levels can be decreased by applying the specific
nPKCe inhibitor €V, (Obis et al., 2015a). Because PKC is subject to activity-
dependent degradation ( ; ; 5

), the detection of MARCKS phosphorylation is very convenient to
report PKC activity. For example, phospho-MARCKS levels increase after a
presynaptic stimulus treatment at the rat diaphragm, helping to identify PKC
activity in that condition even though nPKCe becomes activity-dependent
degraded (Obis et al., 2015a). On the other hand, muscle contraction per se
enhances MARCKS phosphorylation further over the presynaptic stimulus,
an action involving the TrkB signaling cascade.

In the CNS, MARCKS protein expression has been related to
behavioral impairments ( ) and its PKC-mediated
phosphorylation occurs during learning and long-term potentiation
( ). Thus, we expect MARCKS at the neuromuscular
junction to be implicated in the synaptic plasticity triggered by muscarinic
signaling. In this thesis we used MARCKS as a PKC activity indicator and
studied the influence of the M; and M, muscarinic receptors as well as the

kinases PKCBI, PKCe and PKA.
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HYPOTHESIS AND OBJECTIVES

Justification

The neuromuscular junction uses muscarinic acetylcholine receptors
to auto-regulate neurotransmission. In the adult rodent skeletal muscle there
are two functionally active subtypes, M; and M. M; classically enhances
PKC and acetylcholine release whereas M, inhibits PKA and the release.
However, the latest electrophysiological findings started to show complex
cross-talking between muscarinic pathways. Thus, further molecular data of
muscarinic signaling is now necessary to comprehend what happens
underneath the extensive functional literature.

Therefore, the present thesis has been structured to characterize,
firstly, how M; and M> mAChRs regulate the PKA pathway and secondly,
how M; and M, mAChRs regulate the presynaptic PKC pathway.

Hypothesis
Therefore, the hypothesis of this thesis is:
The muscarinic receptors M; and M, regulate specific protein kinase

A subunits and protein kinase C isoforms to modulate the phosphorylation

of exocytotic proteins at the skeletal muscle neuromuscular junction.
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Objectives of Publication 1

Main objective

To analyze how muscarinic receptors modulate the PKA pathway

over exocytotic proteins at the neuromuscular junction.

Specific objectives

To determine whether there is interplay between M; and M,
muscarinic acetylcholine receptor (mAChRs) subtypes in the skeletal

muscle.

To determine the specificity of antibodies against PKA catalytic

subunits (Ca, CB) and regulatory subunits (RIa, RIB, RIla, RIIB).

To determine whether the PKA catalytic (Ca, CB) and regulatory
(RIB, RIB, RIla, RIIP) subunits are modulated by M; and M,
mAChRs in the skeletal muscle. Moreover, to determine whether PKA
catalytic subunits are regulated by synaptic activity-induced

stimulation.

To determine whether M; and M, mAChRs modulate the subcellular

translocation of PKA subunits in the skeletal muscle.

To determine whether M; and M, mAChRs modulate the protein

levels and the subcellular translocation of the scaffold AKAP150.

To determine the PKA subunits that are enriched in the synaptic
region of the diaphragm. Moreover, to analyze whether M, mAChR

affects the interaction between the RIf3 subunit and the Ca and Cp.

To determine whether M; and M, mAChRs modulate the
phosphorylation of the PKA substrates CREB and SNAP-25 and the

involvement of PKA.
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Objectives of Publication 2

Main objective

To analyze how muscarinic receptors modulate the PKC pathway

over exocytotic proteins at the neuromuscular junction.

Specific objectives

To determine whether the M; and M, muscarinic acetylcholine
receptors subtypes modulate the protein levels and phosphorylation
of the presynaptic PKCBI and PKCe isoforms in the skeletal muscle.

Moreover, to determine the effect over the widely expressed PKCa.

To determine whether M; and M, mAChRs modulate the subcellular
translocation of PKCBI and PKCe and their phosphorylated forms at
the NM]J.

To determine whether PDK1 phosphorylation is induced by M, and
M, mAChRs and whether PDK1 activity is linked to PKCBI and PKCe

maturation and the phosphorylation of their substrates at the NM]J.

To determine whether M; and M, mAChRs modulate the protein
levels and phosphorylation of the PKC substrates Munc18-1, SNAP-
25 and MARCKS.

To determine the role of PKCBI, PKCe and PKA in each modulation
of Munc18-1, SNAP-25 and MARCKS by M; and M, muscarinic

receptors subtypes.

To determine whether M; and M, mAChRs modulate the
translocation of Munc18-1, SNAP-25 and MARCKS at the NM]J.

To determine whether the signaling of M, mAChR over PKCBI,
PKCe, Munc18-1 and SNAP-25 protein level and phosphorylation

occurs at the synaptic region of the rat diaphragm.

To corroborate the location of NM]J nerve terminal of the PKCeg,

PKCBI, PDK1, Munc18-1 and SNAP-25.
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MATERIALS AND METHODS

Animal care and tissue isolation

1.1.Animal care

The animals were cared for following the European Community
Council Directive guidelines for the humane treatment of laboratory animals.
Animal handling and treatments were approved by the Comité Etic
d’Experimentacio Animal from Facultat de Medicina i Ciéncies de la Salut
(Universitat Rovira i Virgili) in accordance with the Llei 5/1995 and Decret
214/1997 de la Generalitat de Catalunya and the Real Decreto Espaiiol
53/2013 (published in BOE 34, 08/02/13) which establishes the canons of
animal protection to follow in experimentation and other scientific purposes.

This thesis used adult male and female Sprague-Dawley rats (Criffa,
Barcelona, Spain). The animals were maintained on the animal facility of the
Facultat de Medicina i Ciéncies de la Salut (Universitat Rovira i Virgili) in a
standard cage of Makrolon (23 x 46 x 14 cm®) and were housed at constant
temperature (22 * 2°C), relative humidity (50 £ 10%) and automatic light
cycles (12h light/dark). Food (Panlab rodent chow, Barcelona, Spain) and tap

water were offered ad libitum throughout the study.

1.2.Tissue dissection

Adult male and female Sprague-Dawley rats (40-80 days; Criffa,
Barcelona, Spain) were ecuthanized for tissue harvest and analysis.
Unconsciousness was induced by an intraperitoneal injection of
tribromoethanol 2% (0.15 ml/10 g body weight) and afterwards euthanasia
was performed through anesthetic overdose. As indicated in the Directive
2010/63/EU and the Real Decreto 53/2013, death was confirmed by
exsanguination. This method prevents the formation of blood clots during
the dissection. The muscle tissues, diaphragm and LAL, were harvested

immediately after euthanasia.
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The diaphragm as a neuromuscular junction model

The diaphragm is a classic model to study the neuromuscular
junction. It is composed of mixed muscle fibers (55% slow twitch fibers; 25%
fast twitch oxidative-glycolytic fibers; and 20% fast twitch glycolytic fibers
( ). The contraction of these fibers is controlled by the left and
right phrenic nerves ( ), which supply each hemidiaphragm from
the C3, C4 and C5 ventral roots in rodents ( ). The phrenic
nerve also contains many sensory nerve fibers that supply the fibrous
pericardium, the mediastinal pleura, and central areas of the diaphragmatic
pleura. Sympathetic postganglionic nerve fibers also travel with this nerve.
The coordination of the diaphragm relies on the central control of lower
motoneuron firing through dendrite bundles in the spinal cord. The
diaphragm consists of a muscular component and a central tendon (

). The muscle can be subdivided in the costal and the crural (crus)
diaphragms. In rodents, the costal region has well distinguished left and right
parts called hemidiaphragms ( ). In the experiments of this
thesis, the diaphragm was excised together with the phrenic nerves. We took
special care to isolate the same nerve length (maximum length of ~1 ¢m from
the muscle contact). At the end of the dissection, nerve connectivity was

checked by pinching the tip of each nerve and observing a muscle twitch.

The Levator auris longus (LAL) as a neuromuscular junction model

The Levator auris longus (LAL) muscle was described by
. It is located at the back of the neck, underneath the skin. The LAL
consists in two muscles, left and right, which emerge from the midline and
extend towards the base of the auricles ( ). Each of these muscles
is subdivided into two fascia, cranial and caudal, which respectively insert to

the anterior and posterior parts of the pinna. The LAL myocytes are mainly

fast-twitch muscle fibers ( ) and are controlled by the posterior
auricular branch of the facial nerve ( ). Motoneurons enter into
the LAL from its lateral edges ( ). The LAL is very thin,

constituted by just five to six layers of muscle cells. This flat shape and

thinness facilitates the observation of motor endplates without tissue sections

( ; ; ).
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Rodent diaphragm and phrenic nerves Axial view of rodent diaphragm

Ventral
Right Left
phrenic J \ phrenic
nerve nerve
Trachea Esophagus
Z 8
{ £ 5
3 g g
. =
7 s v g B e §
Right /LSS gh 2 N o €
| 3 | { ()
ung | / o £
S B 5
g = e’ ('
W\ Ribs
\ / Crus
‘W muscle
; ¢ a
% £
Diaphragm ——
Dorsal
Rodent Levator auris longus )| Anterior view
Base of the Base of the
right auricle Midline left auricle
Midline H
1
¥
Levator 3 i" \
auris Levator auris i ¥ Facial nerve
longus longus 90" (Posterior
(three fascia) b F auricular branch)
Scapulae \/
Anatomy of the rodent’s diaphragm and Levator auris longus. | | Thoracic

wall, lungs and mediastinum. The left and right phrenic nerves descend inside the
mediastinum and supply both sides of the diaphragm. In rats, the right phrenic nerve travels
more in contact with the pericardium, has pericardial branches and thus has to be isolated
more carefully from the surrounding tissues. In contrast, the rat left phrenic nerve is only
attached to a loose layer of thin of connective tissue and can be more easily dissected. |2} The
rat diaphragm consists of two left and right hemidiaphragms, joined by the central tendon.
The phrenic nerves makes contact with the diaphragm at the central region, where they
branch out throughout the muscle’s length. In our dissection procedure, we eliminate
asymmetric regions like the crus muscle, the openings of the vena cava (¢), the esophagus (e)
and the aorta (a). €| The rat Levator auris longus (LAL) is located just underneath the skin
and is the most superficial muscle at the back of the neck. It emerges from the midline and
extends towards the base of the auricles. The rat LAL consists of two left and right
muscles separated by the midline. The motoneurons supplying the LAL derive from the
posterior auricular branch of the facial nerve. They enter the muscle from its lateral edge

towards the medial part. Source: own elaboration based on ( ;

; )
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Treatments and sample processing

2.1.Chemicals

Isolated nerve-muscle diaphragm preparations were immersed in
Ringer’s solution (mM: NaCl 137, KCI 5, CaCl, 2, MgSO, 1, NaH,PO;, 1,
NaHCO; 12, glucose 12.1). This solution was oxygenated with carbogen 95 %
oxygen and 5% carbon dioxide (95:5 0,:CO,) and maintained at 26°C.

All chemicals (Table 6) were applied diluted in Ringer’s solution and
both control and drug-containing solutions contained dimethyl sulfoxide
(DMSO) at final concentration 0.1% (v/v). DMSO dissolves polar and non-

polar compounds and is commonly used as a vehicle both in vivo and in vitro.

Muscarinic inhibitors

Pirenzepine dihydrochloride (Pir), from Tocris, was stored in a 10
mM stock in milli-Q water and used at 10 uM in Ringer’s solution (

). Pir is a muscarinic receptor antagonist with high affinity for M,
muscarinic receptors. It displays a 57-fold greater affinity for the M, than for
the M, subtype in in vitro assays ( ; ).

Methoctramine tetrahydrochloride (Met), from Sigma, was stored in
a 1 mM stock in milli-Q water and used at 1 uM in Ringer’s solution (

). Met is a muscarinic receptor blocker with high affinity for M,
muscarinic receptors. In in vitro assays, Met shows a 4.4-fold greater affinity
for the M, receptor subtype than for the M; subtype ( ;

).

Atropine (Atr), from Sigma, was stored in 200 uM stock in milli-Q

water and used at 2 uM in Ringer’s solution ( ). Atr is a well-
referenced pan-muscarinic blocker used in clinical practice ( ;
; ; ). This drug has

been extensively used to study muscarinic activity in previous
electrophysiological studies ( , ; ). The
affinity of Atr for M is 9.0-9.7 (log affinity constant or pKg value) and for

M, 9.0-9.3, which is practically the same for both mammalian subtypes

( ).
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Table 6. Chemicals and treatment information.

Target Chemical Abbreviation \S’Y)?JE'::? Source
Mi mAChR Pirenzepine Pir 10 uM Tocris
M: mAChR Methoctramine Met 1uM Sigma
M and Ma Atropine Atr 2uM Sigma
PKA H-89 H-89 5 uM Calbiochem
PKCBI  PKCPI inhibitor peptide BIVs.s 10 uM Dr. f\jgz}‘l‘f;dl{zcn
PKCe PKCe inhibitor peptide eVia 100 pM MERCK
PDK1 GSK2334470 GSK-470 2uM Sigma
VGSC p-conotoxin GIIIB u-CTX 1.5uM Alomone

ﬂ PKA inhibitor H89

No substrate
phosphorylation

cAMP-bound Free PKA
regulatory subunits catalytic subunits

E PKC inhibitors based on RACK-PKC disruption

Physiological response Treatment with a PKC peptide inhibitor

: P RS, PKC peptide
PLC RACK Active PKC RACK A inhibitor (BIVs:)

% @ No substrate
DAG or iphosphorylation:
PMA : :

DAG or
PMA

Inactive PKC Inactive PKC %

BIVs.3: Specific peptide sequence
from the PKCBI isoform.

Figure 12. PKA and PKC blockers used in the study. | 4| H-89 is a PKA inhibitor which
competes to bind the ATP-binding site from catalytic subunits. This blocks the source of
phosphoryl groups and, thus, kinase activity. [5] The PKC inhibitors compete with the
isoforms to bind RACK1 protein. This blocks their targeting to the correct subcellular
location and therefore their activation. Source: own elaboration.
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PKA inhibitors

PKA activity was blocked with N-[2-((p-Bromocinnamyl)amino)
ethyl]-5-isoquinolinesulfonamide dihydrochloride (H-89), from Calbiochem.
H-89 was stored in a 5 mM stock in milli-Q water and used at 5 uM (

). This drug blocks kinase activity through competitive inhibition

for the ATP-binding site of PKA catalytic subunits ( ).

PKC inhibitors

PKC activity was blocked with PKC-derived peptides which compete
for RACK1 binding and disrupt the cellular targeting of PKC isoforms
( ). Because each peptide derives from a particular PKC isoform,
it only competes with that particular RACK-PKC isoform interaction. The
PKCBI was blocked with the PKCBI inhibitor BIVs3 peptide (BIVs.) (

; ), from Dr. Mochly-Rosen from Stanford University,
and PKCe was blocked with the PKCg inhibitor €V1., peptide (eV1.) (

) from MERCK. Both peptides are <40 amino acids (BIVs.s,
CKLFIMN; €Vy,, EAVSLKPT). Briefly, studies show that blocking PKCfI
with BIVs; did not affect PKCBII ( ) and
blocking PKCe with €V, did not affect the novel PKCS8 or classical PKC
isoforms ( ; ; ).
Furthermore, €V, peptide has been validated with PKCe knockout mice
( ; ). Also, multiple sequence alignment by
ClustalW reveals that BIVs; peptide shares 100% identity with PKCI
(Uniprot ID: P68403-1) and 0% identity with PKCe (Uniprot ID: P09216) or
PKCBII (Uniprot ID: P68403-2). Additionally, €V, peptide shares 0%
identity with PKCBI and 100% identity with PKCe. Working concentration
was optimized to 10 pM for BIVs; ( ) and 100 uM for €V,
( ). The difference in concentration is due to BIVs; peptide

being connected to a deliverer peptide to enhance cell penetration.
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PDKT1 inhibition

PDK1 activity was blocked with GSK2334470, also known as GSK-
470 (#SML0217 Sigma MERCK). This inhibitor is highly specific: it has an
IC50 of ~10 nM for PDK1, but does not suppress the activity of 93 other
protein kinases, including PKC and PKA, at 500-fold higher concentrations
( ). Higher concentrations have been tested in cell lines and
mice ( ; ; ). As for treatment
duration, the maximal inhibition of GSK2334470 in HEK293 cultures is
observed within 10 min and sustained for at least 2 h, longest point examined.
Based on the literature, GSK2334470 was made as 5§ mM and we applied a

concentration of 2 uM for 30 minutes on excised diaphragm muscles.

Contraction inhibition

In Chapter 1 — Objective 3 we studied the muscarinic signaling and
PKA expression under phrenic nerve stimulation. Our aim was to understand
if the phrenic nerve stimulation does per se affect the protein levels for Ca
and CB. Therefore, postsynaptic contraction was blocked to allow the
comparison of our results with the previous electrophysiological data and,
furthermore, to avoid the multiple retrograde changes that muscle
contraction induces over the signaling and protein expression in nerve
terminals ( ; ).

Muscle contraction was blocked using p-conotoxin GIIB (#C-270,
Alomone Labs Ltd, Jerusalem, Israel). This toxin selectively inhibits
sarcolemmal voltage-gated sodium channels (VGSCs) without affecting the
synaptic ACh release and has been used extensively for electrophysiology
studies at the diaphragm ( ; , ;

). u-conotoxin GIIIB was acquired as lyophilized powder of >99%

purity and the working solution was 1.5 uM.
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2.2. Treatments

We used selective and non-selective blockers to study the muscarinic
signaling pathway at the diaphragm neuromuscular junction. These
treatments were applied to freshly excised diaphragm preparations under
oxygenated Ringer’s solution. Thanks to the following pairwise experimental
design, we were able to control interindividual variation. Each diaphragm
was divided into two hemidiaphragms, right and left ( ). One of
them underwent the treatment while the other served as a paired control. The
assignment of the treatment to the right or left hemidiaphragm was random
and annotated to ensure homogeneity between groups. No left—right
difference was observed during this work.

In single-inhibitor treatments, the treated preparation was incubated
in Ringer’s solution containing the appropriate inhibitor, whereas the control
preparation was incubated without it (sham incubation) ( ). The
first 30 minutes after the drug was added to the media were considered
preincubation time. After that, the treatment was applied for 30 minutes.
Both treated and control experiments lasted a total of 60 minutes. This period
allows (1) cell penetration of the chemicals, (2) homogeneity of the time
variable between stimulated and non-stimulated experimental setups and (3)
the comparison with previous studies in the same model including
clectrophysiological studies (Santafé¢ et al., 2003; Obis et al., 2015b; Hurtado
et al., 2017a).

Double-inhibitor treatments were performed to study if a muscarinic
signaling response required a specific kinase (PKA, cPKCBI or nPKCg). In this
kind of experiments, the treated hemidiaphragm was first preincubated for
30 minutes in Ringer’s solution containing a kinase blocker —Drug 1— and
afterwards for further 30 minutes in Ringer’s solution containing the kinase
blocker plus the muscarinic inhibitor specified —-Drug 1 and 2— ( ).
The corresponding paired control was incubated for 60 minutes in Ringer’s
solution containing just the kinase blocker to discard the effects of the kinase
inhibitor. Therefore, this experimental setup allows the observation of the

muscarinic signaling without the activity of a particular kinase.
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Treatment setup. | 2| The experimental design was pairwise: control and treated

preparations derive from the same animal. One hemidiaphragm is treated whereas the other
serves as control. Left and right muscles were assigned randomly to the treatment in each
experiment replicate. |2 In the single-inhibitor treatments the drug (Drug 1, in blue) was
preincubated for 30 minutes and then the treatment applied for 30 minutes more. The control
sham incubation contained Ringer’s solution without drug. The double-inhibitor
treatments were used to determine if a previous incubation with one drug (Drug 1, in blue)
modified the effect of a second drug (Drug 2, in pink). The control contains Drug 1 for
normalization. Treatments with presynaptic stimulation were similar to (B): the drug
(Drug 1, in blue) was preincubated together with p-conotoxin GIIIB for 30 minutes and then
stimulated for 30 minutes more (Nerve stimulation, in orange). The pair control was
incubated with p-conotoxin GIHIB and stimulated for normalization. Source: own
elaboration.

Thirdly, we also studied muscarinic blockers under the effect of
presynaptic stimulation of the phrenic nerve ( ). In this kind of
experiments, the treated preparation is preincubated for 30 minutes in
Ringer’s solution containing a specific blocker —Drug 1- and p-conotoxin
GIIIB, a muscle contraction inhibitor. Afterwards, the phrenic nerve of the
hemidiaphragm is stimulated for 30 minutes. The corresponding pair control
is preincubated with p-conotoxin GIIIB and stimulated without the blocker

to study to discard the effect of presynaptic stimulation per se.
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2.3.Tissue homogenization and fractionation
Whole cell lysates

After being treated, the muscles were immediately frozen in liquid
nitrogen. Homogenization was performed with an overhead stirrer (VWR
International, Clarksburg, MD) in ice-cold lysis buffer (in mM: NaCl 150,
Tris-HCI 50 (pH 7.4), EDTA 1, NaF 50, PMSF 1, Na;VOs 1; NP-40 1%,
Triton X-100 0.1% and protease inhibitor cocktail 1% (Sigma, Saint Louis,
MO, USA)). Insoluble materials were removed with two centrifugations at
4°C: 1000g for 10 minutes and 15000g for 20 minutes. The final supernatant

contained the whole cell fraction lysate.

Membrane/cytosol fractionated lysates

Unlike whole cell lysates, membrane-cytosol fractionation requires
non-frozen samples without detergent-free lysis buffer. This is because both
steps (freezing samples and detergent lysis) damage lipid membranes and
prevent the correct fractionation. Thus, these samples were immediately
homogenized after treatment (without a freezing step) and with a detergent-
free lysis buffer (in mM: NaCl 150, Tris-HCI 50 (pH 7.4), EDTA 1, NaF 50,
PMSF 1, Na;VOs 1; and protease inhibitor cocktail 1%). Insoluble materials
were removed by centrifugation at 1000g for 15 minutes at 4°C. The resulting
supernatant was further centrifuged at 130000g for 1 hour. The new
supernatant corresponded to the cytosolic fraction while the pellet to the
membrane fraction. The latter was resuspended in detergent-containing lysis
buffer (same composition as the whole cell lysis buffer described before). The
purity of the subcellular fractionation was validated by Western blotting of
the fraction-specific proteins GAPDH for cytosol and Na+/K+-ATPase for

membrane.

Synaptic and extrasynaptic lysates.

Some experiments required to study the synaptic and extrasynaptic
areas of the diaphragm. The phrenic nerve usually innervates the center of

the myotubes, creating in the medial line across the hemidiaphragm a region
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Synaptic and extrasynaptic Single-inhibitor treatment

regions
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i Preincubation
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: ¢ : Time (minutes) -30 0 30
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Synaptic and extrasynaptic regions of a rat hemidiaphragm. .| The phrenic

nerve innervation is concentrated in the medial line of the hemidiaphragm, making it possible
to separate the NMJ-enriched synaptic region (light blue) from the extrasynaptic regions
(orange). Experimental setup for the synaptic and extrasynaptic experiments. One
hemidiaphragm is treated whereas the other serves as control. The last 5 minutes of
treatment, a-BTX conjugated with TRICT is added to the media, which marks NM]Js and
allows the dissection under the microscope. NMJ, neuromuscular junction; o-BTX, a
bungarotoxin. Source: own elaboration.

rich in NMJs—the synaptic region—and two side regions where NM]J are very
rare —the extrasynaptic region— ( ).
This separation was performed as indicated in

First, the experiment is carried out as usual: one hemidiaphragm undergoes
the treatment whereas the other serves as control ( ). The
preincubation and treatment are applied for 30 minutes and, in the last 10
minutes, 1/800 a-bungarotoxin (a-BTX) conjugated to tetramethyl-
rhodamine (TRICT) (Molecular Probes) is added to the media. This short
time allows to slightly mark NM]Js and minimize the time a-BTX is present.
Afterwards, the tissue is observed under a fluorescent light microscope and
dissected. The separation is carried out at the end of the treatment to avoid
the effects of slicing the tissue. Once separated, synaptic and extrasynaptic
regions are immediately frozen with liquid nitrogen and lysed as whole cell
samples (see the previous Whole cell lysates section for the buffer
composition and procedure). We performed control experiments to check
that our separation protocol was accurate by incubating some diaphragms
with a-BTX and staining the nerves with an anti-neurofilament antibody. We

did not detect any nerve or postsynaptic area in the extrasynaptic region.
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2.4.0ther samples - Knockout cell lines

We validated the anti-PKA antibodies against knockout lysates to
guarantee the discrimination between isoforms. The knockout lysates were
acquired from Novus Bio (Bio-techne). Each knockout lysate came with a
control vial of the parental non-knocked cell lysate. The lyophilized lysates
were resuspended in 100 uL sample buffer (2% SDS, 60 mM Tris-HCI pH 6.8,
10% glycerol, 60 mM B-mercaptoethanol and ~0.02% bromophenol blue).
The volume was aliquoted and stored at —80°C to avoid freeze-thawing

cycles. The details of these samples are summarized in Table 7.

Table 7. PKA knockout cell lines.

Sample (Ref.) Gene Cell line Preparation method
Ca knockout Knockout achieved by using CRISPR/Cas9.
PRKACA 293T
(NBP2-65840) 2 bp insertion in exon 4.
Knockout achieved by using CRISPR/Cas9.
CB knockout
PRKACB Hela 2 bp deletion in exon 1 and 1 bp insertion in
(NBP2-64806)
exon 1.

Knockout achieved by using CRISPR/Cas9.
RlIa knockout

PRKARIA 293T 22 bp deletion in exon 1; 5 bp deletion in
(NBP2-65698)
exon 1 and 1 bp insertion in exon 1.
Knockout achieved by using CRISPR/Cas9.
RIla knockout
PRKAR2A Hela 4 bp deletion in exon 1 and 1 bp
(NBP2-65316)

deletion in exon 1.

Western blotting

3.1.General procedure

First, the protein content of the samples was determined by the DC
protein assay (Bio-Rad, CA, USA). Volumes containing 30 pg of protein were
loaded in an 8% SDS-PAGE gel (10% to detect SNAP-25), separated for 10
min at 90V and 60 min at 110V, and electrotransferred to PVDF membranes
(Bio-Rad, CA, USA).

Next, membranes were stained with Sypro Ruby protein blot stain

(Bio-Rad, CA, USA) to assess the total protein transference (



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

CHAPTER 3 + MATERIALS AND METHODS 105

). This stain provides a loading control highly reflective of quantitative
differences in protein concentration. Additionally, it is compatible with the
following blocking steps. Recent evidence demonstrate that total protein
staining is more linear and reliable than high-abundance loading controls like
B-actin ( ; ; ;

). In particular, common housekeeping proteins are
sometimes differentially expressed in some conditions due to their activity-
or age-dependent expression ( ;

; ; ; )

Blocking solutions were TBST containing 5% of either nonfat dry
milk, BSA (Sigma) or phosphoBlocker (AKR-103, Cell Biolabs). The primary
antibodies were diluted in blocking solution and incubated overnight at 4°C.
The HRP-conjugated secondary antibodies were incubated for 1 hour.
Chemiluminescence was revealed with an ECL kit (GE Healthcare Life
Sciences, UK) and imaged with the ChemiDoc XRS+ Imaging System (Bio-
Rad, CA, USA). We used Image] to calculate the optical density of the bands,
always from the same blot image. Differences were normalized against (1)
background values and (2) the total protein transferred on the PVDF
membranes, analyzed with Sypro Ruby protein blot stain ( ).

The ratios between the experiment and control were calculated from
the same membrane image. All presented data derive from densitometry
measurements made of 3-10 separate replicates, plotted against controls. For

Western blot design no blinding was performed.

3.2.Antibodies and specificity tests

Table 8 lists the antibodies used in this thesis and their specifications.
These antibodies presented bands of the predicted molecular weight without
near prominent unspecific bands. The anti-M; and anti-M, antibodies were
tested by subcellular fractionation and antigen preincubation. The
corresponding bands of these GPCRs were enriched in the membrane
fraction, absent in the cytosolic fraction and antigen preincubation strongly

reduced them. We determined the specificity of the anti-SNAP-25 antibody in
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. In this thesis we tested the specificity of anti-PKA subtypes
antibodies with knockout cell lines (Results, Chapter 1); the PKA
responsiveness of anti-pSNAP-25 Thr'*® antibody with H-89 (Chapter 1); and
the PDK1 responsiveness of anti-pPDK1 with GSK234470 (Chapter 2).

Immunohistochemistry

Several proteins were localized at the NM]J of diaphragm and LAL
muscles by immunohistochemistry with identical results. The thinness of
LAL muscles improved the imaging and analysis of NM]Js. 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 PBS.
Afterwards, PBS supplemented with 1% Triton X-100 and 4% BSA was used
for permeabilization and blockade of nonspecific binding. Then, muscles
were incubated overnight at 4°C in a mixture of primary antibodies raised in
different species (anti-CP subunit and anti-S100 to label Schwann cells) and
then rinsed. The muscles were then incubated for four hours at room
temperature in a mixture of appropriate secondary antibodies. nAChRs were
detected with a-BTX conjugated with TRITC. Finally, whole muscles were
mounted in Mowiol medium (from Calbiochem), which required overnight
curing before observation. At least three muscles were used as negative
controls and no cross-reaction was detected between antibodies. In some
muscles, plastic embedded semithin sections (0.5 um) were obtained for high-
resolution immunofluorescence analysis of the neuromuscular junction
molecules as previously described ( ). Immunolabelled NM]Js
from the whole-mount muscles 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. Images were assembled using Adobe Photoshop
software (Adobe Systems, San Jose, CA) and neither the contrast nor

brightness were modified.
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Table 8. Antibodies. List of antibodies used in this thesis and specifications. Abbreviations: Hu,
human; THC, immunohistochemistry; Dil, dilution; Dk, donkey; Rb, rabbit; Ms, mouse; mAb,
monoclonal antibody; pAb, polyclonal antibody; WB, Western blot.

Target
AKAP150
ATPasc
CREB
CREB
(pSer')
GAPDH

Mi mAChR
M:; mAChR

MARCKS

MARCKS
<pserlﬁl/1§6)

Munc18-1

Munc18-1
(pSer’™)

PDK1

PDK1
(pSer*)

PKA Ca
PKA CB
PKA Rlx
PKA RIB
PKA Rl
PKA RITIB

PKCa
PKCa
(pSer®)
PKCBI
PKCBI
(pThr**?)
PKCe
PKCe
(pSer’™)
SNAP-25

SNAP-25
(pSer'?)

SNAP-25
(pThr')

S-100

Secondary
antibodies

Immunogen

Rat AKAP150 residucs 428—449.
Chicken ATPasc residucs 27-55
Hu CRERB synthetic peptide.

Hu CREB residues around pSer'®
Rb GAPDH

Hu Mi mAChR residues 227-353
Hu M2 mAChR residues 168-192

Hu MARCKS residucs 2-66

Rat MARCKS residues around
pSer!¥156

Hu Munc18-1 residues around Tyr'Y’
Hu Munc18-1 residues 307-319

Hu PDK1 residues 229-556

241

Hu PDK1 residues around pSer

Hu Ca C-terminus.

Hu CB C-terminus.

Hu Rla residues 1-381.
Hu RIB C-terminus.

Ms Rlla C-terminus.

Hu RII residues 21-110.

Hu PKCa C-terminus

Hu pPKCa residues 654-663

Hu PKCBI C-terminus

Hu pPKCBI residues 640-644

Hu PKCe C-terminus

Hu PKCe residues around pSer’
Hu SNAP-25 residues around Gln''®
Rat SNAP-25 residues around pSer'®
Hu SNAP-25 residues around Thr'*®

Purified bovine S100 protein
Anti-Rb conjugated HRP
Anti-Ms conjugated HRP

Anti-Rb conjugated Alexa Fluor 488

Anti-Ms conjugated Alexa Fluor 488

Origin

Rb pAb
Ms mAb
Rb pAb
Rb pAb
Ms mAb
Ms mAb
Ms mAb
Ms mAb
Rb pAb
Rb mAb
Rb pAb
Ms mAb
Rb pAb
Rb pAb
Rb pAb
Ms mAb
Rb pAb
Rb pAb
Ms mAb

Rb pAb
Rb pAb
Rb pAb
Rb pAb
Rb pAb
Rb pAb
Rb mAb
Rb pAb
Rb pAb

Rb pAb
Dk pAb
Rb pAb

Dk pAb

Dk pAb

Company (Ref.)
Millipore (07-210)
DSHB (aé6f)

CST (9192)

CST (91918)

Santa Cruz (sc-32233)
Alomone (AMR-001)
Abcam (ab90805)
Santa Cruz (sc-100777)
Sigma (07-1238)

CST (13414)

Abcam (ab138687)
Santa Cruz (sc-17765)
CST (3061)

Santa Cruz (sc-903)
Santa Cruz (sc-904)
Santa Cruz (sc-136231)
Santa Cruz (sc-907)
Santa Cruz (sc-909)
Santa Cruz (sc-376778)
Santa Cruz (sc-209)
Upstate (06-822)

Santa Cruz (sc-209)
Abcam (ab75657)
Santa Cruz (sc-214)
Santa Cruz (sc-12355)
CST (5309)

Abcam (ab169871)

Biorbyt (orb163730)

Dako (Z20311)
Jackson (711-035-152)
Sigma (A9044)

Molccular Probes (A-
31573)
Molecular Probes (A-
21202)

WB Dil.
1/1000
1/2000
1/1000

1/1000

1/2000
1/2000
1/2000
1/1000

1/1000
1/1000
1/1000
1/1000
1/1000

1/1000
1/1000
1/1000
1/1000
1/1000
1/1000
1/1000

1/1000
1/1000
1/1000
1/1000
1/1000
1/1000

1/1000

1/1000

1/10000
1/10000

IHC Dil.

1/5000

1/1000

1/1000

1/1000

1/1000

1/1000

1/300

1/300

JUNCTION
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Co-Immunoprecipitation

Co-Immunoprecipitation (co-IP) is used to study interactions
between proteins. This technique isolates protein complexes from a lysate
using an antibody specific against one of the proteins. To precipitate and
obtain the complex, the antibody needs to be bound to a solid substrate or
resin ( ), allowing to separate the protein from the solution. The
“co” in co-immunoprecipitation experiments refers to the mild conditions
(pH, temperature, salt concentration) used in the experimental assay to
preserve other proteins tightly bound to the antibody-specific protein.
Therefore, the antibody will not only precipitate its specific protein, but will
also “pull down” those proteins that are interacting with it. In co-IP terms,
the protein specifically captured with the antibody is called bait protein (or
simply bait) and any protein co-precipitated with it is called prey protein (or
simply prey).

We used the Pierce Co-Immunoprecipitation (Co-IP) Kit #26149 from
Termofisher. First, the spin columns are inserted above typical collection
tubes (1.5 or 2 ml) ( ). These tubes collect the volume that passes
through the filters of the columns after each centrifugation. The flow-through
volume should not exceed ~600 pl when using a 2 ml collection tube and ~300
ul when using a 1.5 ml collection tube to avoid surpassing the column filter,
which causes incomplete washing or elution. Antibody-bead covalent
coupling is achieved with an amine-reactive resin. We crosslinked 5 pg of
antibody to  cyanogen bromide-activated resin  with  sodium
cyanoborohydride (NaBH;CN) for 1.5 hours. This step binds covalently the
antibodies to the A/G beads and prevents them from eluting together with
the purified protein complex. Afterwards, the beads were quenched with 1M
Tris-HCI supplemented with NaBH;CN and washed multiple times to
remove non-bound antibodies. The principle of protein complex recovery
from the sample mixture is represented in . Sample volumes were
normalized to contain 250 pg of protein and were immobilized to the
antibody-linked resin with a gentile end-over-end mixing overnight at 4°C.

Non-bound proteins were discarded through multiple spin
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Antibody-bound resin bead

Co-IP column assembly
Spin column

Collection tube
(1.50r2ml)

Antibody

2
©
2
Beads %
5
AJ/G protein g
Small filter
Pore size = 10 ym @
........................................................... vV
i Co-immunoprecipitation principle
1. Cell lysate 2. Incubation with Ab-resin 3. Elution of the complex
Contains a mixture of proteins. Antibodies link the target complex. The beads retain the complex until

the elution buffer is added.

Elution of
the complex

®)
Q

a B

o

¥ o
14

o

L4 »
O W

o a4 920

Co-immunoprecipitation setup. Co-Immunoprecipitation allows to isolate
specific protein complexes from a lysate. 4] Antibodies are covalently linked to the resin,
made of beads, through a covalent bond with A/G protein. |2} The co-IP assembly consists
of a spin column inserted over a collection tube. The spin column contains a small filter with
pores of 10 um in size. € Principle of co-IP. The cell lysate contains an intricate mixture of
proteins. When the sample and the antibody-linked resin are incubated together, antibodies
bind to the specific protein. Several centrifugation steps wash the resin, eluting away
unspecific proteins from the sample. The beads cannot pass through the 10 um pore and are
retained in the column. Finally, an elution wash with an acidic pH separates the complex
from the antibody and the target is collected to further analysis. Source: own elaboration.

and washing steps and bait-prey complexes were eluted with a low-pH
elution buffer and immediately neutralized 1M Tris pH 9.5. In parallel, we
performed mock co-IPs to control antibody fragment co-elution (using PBS
instead of sample) and to control unspecific protein binding to the beads
(using PBS instead of antibody). The eluted complexes were evaluated by
SDS-PAGE electrophoresis and Western blotting. None of the negative

controls showed immunoreactivity (see Results). The used antibodies (anti-
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Ca, anti-CB and anti-RIB) were suitable for IP according to the manufacturer
and did not interfere with bait-prey interaction as they were raised against
the C-terminal tail of the proteins, which does not participate in R-C subunit

interaction.

5.1.Controls for co-I1P

Co-Immunoprecipitation can be validated through positive and
negative controls (Table 9). Analyzing the input sample confirms that the
target protein is present before the co-IP and that each immunoprecipitation
starts from the same amount of target protein. A possible problem during the
elution step is that antibodies can detach from the beads and co-elute with
the complex, contaminating the purified sample with the heavy (50 kDa) and
light (25 kDa) chains of the antibodies. In Western blot, these fragments can
co-migrate with relevant bands, react with the secondary antibody and mask
important results. Antibody co-elution can be screened by Western blotting
with a negative control for antibodies, where the antibody alone should not
elute from the beads nor give signal. To avoid this artifact, the co-IP kit used
in this thesis crosslinked antibodies to the beads, generating a covalent bond
that minimizes antibody elution. Another problem during co-IP is that
agarose beads are porous and unspecific proteins can enter inside and co-elute
with the target protein. In Western blot, these proteins can migrate and
appear as they were part of the complex with the target protein. Protein
attachment to the beads can be screened by Western blotting a negative
control for beads, where beads without antibody should not bind any protein
nor give any signal in Western blot. This artifact is avoided by increasing the

number of centrifugation washes, changing buffer conditions or the material

of the beads.
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Table 9. Co-immunoprecipitation controls.

Control Diagram Interpretation

Normal sample -Ab-B The is mixed with antibody-linked beads.
Positive control O) The input is used to confirm that the contains the
“Input” target protein before any immunoprecipitation.

ColP without sample. Any bands appearing in the Western blot

Negative control ()-Ab-B are due to the antibody, which co-elute. Primary antibodies
for antibodies contamination gives a 50 kDa band (heavy chain) and 25 kDa
band (light chain).

Negative control colP without antibody. If the target protein appears, it means

for beads that the proteins adhere unspecifically to the beads.

Statistical analysis

Three animals at least (n=3) were used as biological replicates for
every experiment. All experiments were carried out at least in triplicate and
are representative of at least three separate experiments. The results are
presented as ratios or percentages of treatment to control (mean + SEM). We
used the Shapiro-Wilk test to test sample normality. Then, a paired Student
t-test or its non-parametric alternative Wilcoxon test were used to determine
the statistical significance of the ratios (considered as p value <0.05). The

calculations were elaborated using R 3.4.3 statistical package.
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Abstract

Muscarinic acetylcholine receptor 1 subtype (M;) and muscarinic acetylcholine
receptor 2 subtype (M,) presynaptic muscarinic receptor subtypes increase and
decrease, respectively, neurotransmitter release at neuromuscular junctions. M, in-
volves protein kinase A (PKA), although the muscarinic regulation to form and in-
activate the PKA holoenzyme is unknown. Here, we show that M, signaling inhibits
PKA by downregulating Cp subunit, upregulating RIIo/f and liberating RIf} and RIlx
to the cytosol. This promotes PKA holoenzyme formation and reduces the phos-
phorylation of the transmitter release target synaptosome-associated protein 25 and
the gene regulator cAMP response element binding. Instead, M, signaling, which is
downregulated by M,, opposes to M, by recruiting R subunits to the membrane. The
M, and M, reciprocal actions are performed through the anchoring protein A kinase
anchor protein 150 as a common node. Interestingly, M, modulation on protein ex-
pression needs M, signaling. Altogether, these results describe the dynamics of PKA
subunits upon M, muscarinic signaling in basal and under presynaptic nerve activity,
uncover a specific involvement of the M; receptor and reveal the M;/M, balance to
activate PKA to regulate neurotransmission. This provides a molecular mechanism
to the PKA holoenzyme formation and inactivation which could be general to other
synapses and cellular models.

KEYWORDS

muscarinic receptors, neuromuscular junction, PKA, SNAP-25

Abbreviations: ACh, acetylcholine; AKAP150, A kinase anchor protein 150; AT, atropine; C, catalytic subunit; cAMP, cyclic adenosine monophosphate;
co-IP, co-immunoprecipitation; CREB, cAMP response element binding; CSP, cysteine string protein; Ca, catalytic subunit isoform o; Cp, catalytic subunit
isoform f; ExS, extrasynaptic region; H-89, N-[2-((p-bromocinnamyl)amino)ethyl]-5-isoquinolinesulfonamide 2 HCI; HRP, horseradish peroxidase; KO,
Knockout; M, muscarinic acetylcholine receptor 1 subtype: M,, muscarinic acetylcholine receptor 2 subtype; mAChR, muscarinic acetylcholine receptor;

MET, methoctramine; nAChR, nicotinic acetylcholine receptor; NMJ, neuromuscular junction; PBS, phosphate-buffered saline; PIR, pirenzepine; PKA,
protein kinase A; PKC, protein kinase C; R, regulatory subunit; Rla, regulatory type I subunit a; RIf, regulatory type I subunit B; RIla, regulatory type IT
subunit a; RIIP, regulatory type II subunit f; RIM1a, Rab3 interacting protein la; SEM, standard error of the mean; SNAP-25, synaptosome-associated
protein 25; a-SNAP, N-ethylmaleimide-sensitive factor attachment protein alpha; Stx, syntaxin; Syn, synaptic region.
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CILLEROS-MANE ET AL.
1 | INTRODUCTION PKA is also regulated by subcellular targeting.*®* In par-

Synapses use plastic mechanisms to adjust the strength of
the neurotransmitter release to any situation. At the neuro-
muscular junction (NMJ), muscarinic acetylcholine receptors
(mAChR) participate in synaptic plasticity as presynaptic au-
toreceptors sensing and controlling the release of acetylcho-
line (ACh)."* The five subtypes of mAChR are classified by
their downstream signaling pathway. M;, M3, and M use the
protein Gy, to activate phospholipase C and protein kinase
C (PKC), whereas M, and M, use Goq to inhibit adenylyl
cyclase and protein kinase A (PKA). Even though mamma-
lian NMJ express all five mAChR subtypes,® evidence shows
that in the adult synapse mainly M; and M, orchestrate the
muscarinic signaling, M, increasing ACh release, whereas
M, decreasing it."*’

The PKA pathway has been extensively implicated in
synaptic plasticity,®® facilitating the probability of release
at many synapses.'*'* This includes the NMJ, where PKA
constitutively promotes normal ACh release.">'® In part,
PKA could enhance the release by phosphorylating the syn-
aptosome-associated protein-25 (SNAP-25) at Thr'** 718
which has never been investigated at the NMJ. SNAP-25
phosphorylation by PKA is necessary to maintain the re-
lease-ready and primed pool of vesicles.'” Thus, the PKA
phosphorylation of SNAP-25 could be responsible for some
effects of muscarinic signaling. In addition, mAChR-PKA
role in synaptic plasticity could also be transduced through
the cyclic adenosine monophosphate (CAMP) response el-
ement binding protein (CREB), a master regulator of gene
expression, whose activity has been linked to synaptic plas-
ticity at the NMJ as well as in the central nervous system.”**!

PKA exists as an inactive tetramer formed by two reg-
ulatory (R) and two catalytic (C) subunits which interact
among a pseudosubstrate domain. When cAMP binds to the
R subunits, the C subunits are liberated and their catalytic
activity starts.”>* Murine models express four R subunit
isoforms (RIa, RIP, RIle, RIIP) and two C subunit iso-
forms (Ca, CP), whereas the Cy gene is only found in pri-
mates.”>*® Ca and Cp subunits display essentially the same
activation properties, whereas RIf-containing holoenzymes
show increased sensitivity to cAMP-evoked activation than
RIx-containing holocnzymcs.27 Also, although RII holoen-
zymes seem more prone to dissociate than RI, probably due
to structural differences, RI are more efficient than RII in
inducing CREB response regardless of the C subunit.”*

R subunits are differently expressed across tissues and
exert distinct roles in cell differentiation and growth con-
trol.*"* Rl and Rlla are widely expressed, RIp is highly
expressed in the nervous tissue and RIIp in the adipose and
hepatic tissues.”* Moreover, few studies have located
RlIa, RIIoc and RIIP at the synaptic area of the skeletal mus-
cle.™ Besides cAMP activation and tissue expression,

ticular, the translocation between cytosol and membrane
of both PKA C* and R subunits*"** regulates their ac-
tivity. When inactive, most PKA are anchored by binding
R subunits to scaffold proteins called A-kinase anchor-
ing proteins (AKAPs). These AKAPs contribute to PKA
specificity by recruiting the PKA holoenzyme to distinct
subcellular compartments near specific substrates.**> R
subunits differ in their subcellular localization, RI being
found mainly in the cytosol, whereas RII to the particulate
fraction, associated to the nuclei, nucleoli, Golgi complex,
and microtubules.***® Additionally, PKA can also be regu-
lated by changes in its concentration through synthesis and
degradation*”** and by crosstalk with the PKC pathway at
the NMJ'® as well as in other systems***! although the
molecular signaling involved is unknown.

The present work characterizes at the NMJ how M, and
M, muscarinic signaling regulates the protein expression, sub-
cellular distribution, and membrane-cytosol translocation of
specific PKA subunits and whether this regulation extends to
the phosphorylation of its targets SNAP-25 and CREB. The
main results show that M, receptor reduces the Cf protein
level and increases the expression and liberation of R subunits
to the cytosol, resulting in the decrease of CREB and SNAP-
25 phosphorylation. The downregulation of Cp also occurs
under presynaptic nerve activity. Moreover, a balance M,;/M,
in the regulation of the PKA is evidenced as some M,-induced
changes need the cooperation of M receptor and also because
M, receptor produces several changes which oppose to M,
like recruiting RIa, RIP, and Rllx to the membrane fraction.
Therefore, here we show that M; and M, muscarinic recep-
tors cooperate at the NMJ to regulate the PKA subunit ex-
pression, translocation, and activity on SNAP-25 and CREB
phosphorylation. This would be relevant to better understand
the molecular regulation of mAChR-PKA signaling over the
neurotransmitter release and synaptic plasticity mechanisms.

2 | MATERIALS AND METHODS

21 | Animal care

The animals were cared for in accordance with the European
Community Council Directive guidelines for the humane
treatment of laboratory animals. Male and female adult
Sprague Dawley rats (40-80 days; Criffa, Barcelona, Spain;
RRID:RGD_5508397) were euthanized for tissue harvest
and analysis. No sex-related differences were found when
studying the treatments presented in this work. At least three
animals (n > 3) were used as biological replicates for every
experiment detailed below. All animal work was approved
by the Ethics Comitee of Animal Experimentation of the
Universitat Rovira i Virgili.
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2.2 | Antibodies

The antibodies used for western blotting and their dilution
are listed in Table 1. These antibodies presented bands of the
predicted molecular weight without near prominent unspe-
cific bands. The anti-M,; and anti-M, antibodies were tested
by subcellular fractionation and antigen preincubation. The
corresponding bands of these GPCRs were enriched in the
membrane fraction, absent in the cytosolic fraction and anti-
gen preincubation strongly reduced them. The specificity of
anti-SNAP-25 antibody was carefully determined in Simé et
al, 2019 and we tested the recognition of its cCAMP-dependent
phosphorylation by anti-pSNAP-25 Thr'*® antibody with H-89.

2.3 | Knockout cell lines

Anti-PKA antibodies were validated against knockout lysates
to guarantee discrimination between isoforms. We used the fol-
lowing CRISPR/Cas-9 knockout controls: Co knockout 293T
cell lysate (#NBP2-65840), Cp knockout HeLa cell lysate
(#NBP2-64806), Rla knockout 293T cell lysate (#NBP2-
65698), and Rlla knockout HelLa cell lysate (#NBP2-65316).

24 | Chemicals

2.4.1 | Muscarinic inhibition

Pirenzepine dihydrochloride (Tocris): 10 mM stock and used
at 10 pM. Methoctramine tetrahydrochloride (Sigma): 1 mM

TABLE 1 Primary antibodies
Target Epitope
M, mAChR Hu M; mAChR residues 227-353
M, mAChR Hu M, mAChR residues 168-192
Ca Hu Ca C-terminus
Cp Hu Cp C-terminus
Rl Hu Rlw residues 1-381
RIp Hu RIP C-terminus
RITo Ms Rlla C-terminus
RIIP Hu RIIP residues 21-110
CREB Hu CREB synthetic peptide
pCREB (Ser'®) Hu CREB residues around pSerm
SNAP-25 Hu SNAP-25 residues around Gln''®
PSNAP-25 (Thr'*) Hu SNAP-25 residues around Thr!™®
AKAP150 Rat AKAP150 residues 428-449
Na/K ATPase Chicken ATPase residues 27-55
GAPDH Rb GAPDH

Note: Antibodies used in this study and procedure specifications.

stock and used at 1 pM. Atropine (Sigma): 200 uM stock and
used at 2 pM.!

24.2 | PKA inhibition

PKA activity was blocked with N-[2-((p-Bromocinnamyl)
amino)ethyl]-5-isoquinolinesulfonamide dihydrochloride
(H-89, Calbiochem). H-89 was made as 5 mM stock and used
at 5 pM.

In the experiments involving nerve stimulation treatment,
muscle contraction was blocked using p-conotoxin GIIIB
(#C-270, Alomone Labs Ltd, Jerusalem, Israel). This toxin
selectively inhibits sarcolemmal voltage-dependent sodium
channels (VDSCs) without affecting synaptic ACh release
and has been used extensively for electrophysiology studies
at the diaphragm.'®**>* It was supplied as lyophilizesd pow-
der of >99% purity and used at 1.5 pM.

All chemicals were diluted in Ringer's solution and both
control and drug-containing solutions contained 0.1% di-
methyl sulfoxide (DMSO) as the vehicle.

2.5 | Tissue dissection and treatment
Diaphragm muscles from adult Sprague Dawley rats was
dissected with special care to preserve phrenic nerve connec-
tivity. Isolated nerve-muscle preparations were immersed in
Ringer's solution (mM: NaCl 137, KClI 5, CaCl, 2, MgSO,
1,NaH,PO, 1, NaHCO; 12, glucose 12.1, and DMSO 0.1%),
oxygenated with 0,:CO, (95:5), and maintained at 26°C.

Source Company (#cat) Dilution
Ms mAb Alomone (AMR-001) 172000
Ms mAb Abcam (ab90805) 1/2000
Rb pAb Santa Cruz (sc-903) 1/1000
Rb pAb Santa Cruz (sc-904) 1/1000
Ms mAb Santa Cruz (sc-136231) 1/1000
Rb pAb Santa Cruz (sc-907) 1/1000
Rb pAb Santa Cruz (sc-909) 171000
Ms mAb Santa Cruz (sc-376778) 1/1000
Rb pAb CST (9192) 1/1000
Rb pAb CST (9191S) 1/1000
Rb mAb CST (5309) 1/1000
Rb pAb Biorbyt (orb163730) 1/1000
Rb pAb Millipore (07-210) 1/1000
Ms mAb DSHB (a6f) 172000
Ms mAb Santa Cruz (sc-32233) 172000

Abbreviations: Dk, donkey: Hu, human: mAb, monoclonal antibody; Ms, mouse; pAb, polyclonal antibody; Rb, rabbit.
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All treatments were performed ex vivo on excised dia-
phragm muscles. The experimental design was pairwise: one
hemidiaphragm underwent the treatment, while the other
served as its paired untreated control. Single-inhibitor treat-
ments were applied for 60 minutes, a period which allows the
comparison with previous studies in the same model >’
Double-inhibitor treatments were performed to study the
implication of PKA in muscarinic signaling. In these,
the treated hemidiaphragms were first preincubated for
30 minutes in Ringer solution containing H-89 and after-
ward for further 30 minutes in Ringer solution containing
H-89 plus the muscarinic inhibitor specified. The controls
of the doubly inhibited preparations were incubated for
60 minutes in Ringer solution containing H-89 to discard
the effects of the PKA inhibitor.

2.6 | Phrenic nerve stimulation

In some experiments, we studied the muscarinic signaling
under the presence of centrifugal input, that is, with phrenic
nerve stimulation (previously described in 58). In these ex-
periments, the diaphragm was stimulated through the phrenic
nerve with a pulse generator (CIBERTEC Stimulator CS 20)
linked to a stimulus isolation unit (CIBERTEC ISU 165).
Visible contractions served to verify successful nerve dis-
section before applying the contraction blocker p-conotoxin
GIIIB. After the preincubation of p-conotoxin GIIIB (30 min-
utes), phrenic nerves were stimulated at 1 Hz for 30 minutes,
a protocol which allows the maintenance of tonic functions
without depleting synaptic vesicles. To study muscarinic
signaling, treated hemidiaphragm preparations contained
muscarinic inhibitors during the preincubation and stimula-
tion, whereas control preparations did not contain muscarinic
inhibitors.

2.7 | Sample processing and fractionation

2.7.1 | Whole cell lysates

After being treated as indicated, the muscles were im-
mediately frozen in liquid nitrogen. Homogenization was
performed with an overhead stirrer (VWR International,
Clarksburg, MD) in ice-cold lysis buffer (in mM: NaCl 150,
Tris-HC1 50 (pH 7.4), EDTA 1, NaF 50, PMSF 1, Na;VO, 1;
NP-40 1%, Triton X-100 0.1%, and protease inhibitor cock-
tail 1% (Sigma, Saint Louis, MO, USA)). Insoluble materi-
als were removed with two centrifugations at 4°C: 1000g for
10 minutes and 15 000g for 20 minutes. The final supernatant
contained the whole cell fraction lysate.
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2.7.2 | Membrane/cytosol
fractionated lysates

Unlike whole cell lysates, for membrane-cytosol fractiona-
tion, we homogenized the samples immediately after treat-
ment (without a freezing step) and with a detergent-free lysis
buffer (in mM: NaCl 150, Tris-HCI 50 (pH 7.4), EDTA 1,
NaF 50, PMSF 1, Na;VOy, 1, and protease inhibitor cocktail
1%). Insoluble materials were removed by centrifugation at
1000g for 15 minutes at 4°C. The resulting supernatant was
further centrifuged at 130 000g for 1 hour. The new super-
natant corresponded to the cytosolic fraction, while the pel-
let to the membrane fraction. The latter was resuspended in
detergent-containing lysis buffer (see above). The purity of
the subcellular fractionation was validated by western blot-
ting of the fraction-specific proteins GAPDH for cytosol and
Na*/K*-ATPase for membrane.

2.7.3 | Synaptic/Extrasynaptic
fractionated lysates

After treating the muscles, we separated the synaptic and
extrasynaptic regions as indicated in Figure 6A and previ-
ously stated.”® We performed control experiments to check
that our separation protocol was accurate by incubating some
diaphragms with TRITC conjugated w«-bungarotoxin and
staining the nerves with an antibody against antineurofila-
ment-200. We did not detect any nerve nor postsynaptic area
in the extra-synaptic region. Once separated, synaptic and
extrasynaptic regions were processed equally.

2.8 | Western blotting

The protein content of the samples was determined by the DC
protein assay (Bio-Rad, CA, USA). Sample volumes contain-
ing 30 pg of protein were loaded in an 8% SDS-PAGE gel
(10% to detect SNAP-25), separated for 10 min at 90V and
60 min at 110 V, and electrotransferred to PVDF membranes
(Bio-Rad, CA, USA). Blocking solutions were TBST con-
taining 5% nonfat dry milk or 5% BSA. The primary antibod-
ies were incubated overnight at 4°C and the HRP-conjugated
secondary antibodies for 1 hour. Chemiluminescence was
revealed with an ECL kit (GE Healthcare Life Sciences, UK)
and imagined with the ChemiDoc XRS+ Imaging System
(Bio-Rad, CA, USA).

Imagel software was used to calculate the optical density
of the bands, always from the same immunoblot image. The
values were normalized to (a) the background values and
(b) the total protein transferred on the PVDF membranes,



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

CHAPTER 4 - RESULTS 121

CILLEROS-MANE Er AL.

M?ASEBJOURNAL

analyzed with Sypro Ruby protein blot stain, (Bio-Rad, CA,
USA).% Ratios between the experimental and control were
calculated from the same membrane image. All presented
data derive from densitometry measurements made of 3-10
separate replicates, plotted against controls. For western blot
desing no blinding was performed. Data quantification was
performed blindly.

2.9 | Immunohistochemistry

The PKA Cp subunit was localized at the NMJ of dia-
phragm and levator auris longus (LAL) muscles by im-
munohistochemistry with identical results. The thinness
of LAL muscles improved the imaging and analysis of
NMIJs. Whole muscle mounts were fixed with 4% para-
formaldehyde for 30 minutes. After fixation, the muscles
were rinsed with PBS and incubated in 0.1 M glycine
in PBS. Afterward, PBS supplemented with 1% Triton
X-100 and 4% BSA was used for permeabilization and
blockade of nonspecific binding. Then, muscles were
incubated overnight at 4°C in a mixture of primary an-
tibodies raised in different species (anti-Cf subunit and
anti-S100 to label Schwann cells) and then rinsed. The
muscles were then incubated for 4 hours at room tem-
perature in a mixture of appropriate secondary antibod-
ies. AChRs were detected with a-BTX conjugated with
TRITC. At least three muscles were used as negative
controls and no cross-reaction was detected between an-
tibodies. In some muscles, plastic embedded semithin
sections (0.5 um) were obtained for high-resolution im-
munofluorescence analysis of the neuromuscular junc-
tion molecules as previously described.®' Immunolabeled
NMIJs from the whole-mount muscles were viewed with a
laser-scanning confocal microscope (Nikon TE2000-E).
Special consideration was given to the possible contami-
nation of one channel by another. In experiments involv-
ing negative controls, the photomultiplier tube gains and
black levels were identical to those used for a labeled
preparation made in parallel with the control prepara-
tions. Images were assembled using Adobe Photoshop
software (Adobe Systems, San Jose, CA) and neither the
contrast nor brightness were modified.

210 | Co-immunoprecipitation

Co-immunoprecipitation was performed with the Pierce
Co-IP kit (Thermo Scientific, USA). Briefly, 5 pg of anti-
body were crosslinked to cyanogen bromide-activated resin
with sodium cyanoborohydride (NaBH;CN) for 1.5 hours.
Afterward, the beads were quenched with 1 M Tris HCI sup-
plemented with NaBH3CN and washed multiple times to

remove nonbound antibodies. Sample volumes were normal-
ized to contain 250 pg of protein and were immobilized to
the appropriate antibody-resin with a gentile end-over-end
mixing overnight at 4°C. Nonbound proteins were discarded
through multiple washing steps and bait-prey complexes
were eluted with a low-pH elution buffer and immediately
neutralized 1 M Tris pH 9.5. In parallel, we performed mock
co-IPs to control antibody fragment co-elution (using PBS
instead of sample) and to control unspecific protein bind-
ing to the beads (using PBS instead of antibody). The eluted
complexes were evaluated by SDS-PAGE and western blot-
ting. None of the negative controls showed immunoreactiv-
ity (see Results). The used antibodies (anti-Ca, anti-Cf3, and
anti-RIP) were suitable for IP according to the manufacturer
and did not interfere with bait-prey interaction as they were
raised against the C-terminal tail of the proteins, which does
not participate in R-C subunit interaction.

2.11 | Statistical analysis

The sample size was calculated as described in.** All ex-
periments were carried out at least in triplicate and are
representative of at least three separate experiments. The
results are presented as ratios or percentages of treatment to
control (mean + SEM). Shapiro-Wilk test was used to test
sample normality. Paired Student t test or its nonparametric
alternative Wilcoxon test were used to determine the statis-
tical significance of the ratios (considered as P value <.05).
The calculations were elaborated using R 3.4.3 statistical
package.

3 | RESULTS

3.1 | M, inhibits M, protein levels

To study the interplay between mAChR subtypes, we
asked whether the inhibition of M; and M, affected their
own and mutual expression. Selective muscarinic inhi-
bition was carried out with the M;-inhibitor pirenzepine
(PIR), the M,-inhibitor methoctramine (MET) and the M,/
M, pan-inhibitor atropine (AT). Figure 1A shows that M,
blockade did not affect the protein levels of any receptor
(M;: 0.8 +£0.1; M5: 1.0 + 0.2). On the contrary, M, block-
ade increased the levels of M, receptor (1.7 # 0.2) without
altering the own M, (1.0 + 0.1). This indicates that M,
signaling constitutively reduces M, levels. Additionally,
M,/M, inhibition (AT) did not modify any receptor (M;:
0.8 + 0.1; M,: 1.0 + 0.1). The difference between the ef-
fects of MET and AT suggests that M, blockade needs M;
mAChHR activity. We also identified this M, regulation pat-
tern dependent of M, active in other findings of this work
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involving PKA subunits regulation (see the following sec-
tions). In addition to AT, we used a mixture of PIR and
MET (PIR+MET) to also check the implication of both M,
and M, mAChRs. This muscarinic blockade is more selec-
tive for M; and M, than AT and reduces the likelihood of
alteration of other mAChR subtypes. Although expressed
at the adult NMJ, M5 and especially M, subtypes only par-
ticipate in the development of newborn NMJ,*** and only
M, and M, subtypes orchestrate the release at the adult
NMJ.26*% As expected, we found that PIR+MET mim-
icked the effect of atropine in all the conditions tested, re-
inforcing the participation of solely the M; and M, mAChR
subtypes. This in line with reports showing that the mixture
of PIR+MET fully mimicks the effect of atropine on ACh
release at the frog NMJ and also mimicks the effect of the
pan-muscarinic inhibitor scopolamine.*’

3.2 | Muscarinic modulation of PKA
catalytic and regulatory subunits protein levels

To study the protein levels of the PKA C and R subunits, we
selected the antibodies which showed high specificity for
the corresponding protein at the predicted molecular weight
(in kDa): Ca 40, Cp 40, RIa 48, RIp 51, RIlx 50, and RIIB
53 in the rat diaphragm (Figure IAB) S Antibody speci-
ficity was validated through knockout cell lysates (Figure
2A). The anti-Ca antibody was reactive against the con-
trol and CB-KO lysates but negative against the Ca-KO.
Inversely, anti-Cp} antibody was reactive against the control
and Cuo-KO lysates but negative against the CB-KO. This
confirmed that anti-Ca and -Cp antibodies do not cross-re-
act between C subunits. Regarding the anti-RIx and -RITo
antibodies, their ~50 kDa band was positive in the con-
trol, abolished in their respective KO cells and unaffected

— PR — MET — AT

— MET
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by the KO of the other R subunit. To our knowledge, no
RIB-KO and RIIB-KO cells are commercially available to
perform a similar validation on the corresponding antibod-
ies. Alternatively, antibodies can be validated with cell lines
which do not express the target protein. We found no de-
tectable levels of RIp and RIIP in the 293T and HeLa cell
lysates, consistent with reports of no detectable expression
in these cell lines”® and minimal expression in comparable
human tissues.* Furthermore, multiple sequence alignment
with Clustal2.1 indicated that the antigens of anti-RIf and
-RIIp antibodies are identical to the corresponding subunits
and disparate from the other PKA subunits. Some anti-R
antibodies showed an unspecific 30-kDa band which did not
correspond to the predicted molecular weight and was not
affected by any KO.

Once the anti-PKA antibodies were validated, we stud-
ied whether muscarinic signaling regulates the protein
levels of C and R subunits. M, inhibition (Figure 2C) de-
creased the protein levels of the regulatory subunit RIIp
(0.6 + 0.1), without affecting any other PKA subunit (Cx
1.2 +0.1,Cp 1.1 £ 0.1, RIoe 1.0 +£ 0.1, RI 1.2 + 0.2, and
RlIlx 1.3 + 0.1). This suggests that M; pathway could con-
stitutively reduce PKA activity through the increase of
RIIB levels. M, inhibition (Figure 2D) caused a twofold
increase in CP (1.9 + 0.4) without altering Cax (1.2 +0.1).
In addition, M, blockade decreased the regulatory subunits
RIlx (0.7 + 0.1) and RIIP (0.7 + 0.1), but not RIx or RIP
(respectively: 1.0 + 0.02 and 1.1 + 0.2). The downregula-
tion of Cp and upregulation of Rl and RIIP is consistent
with the well-known role of M, signaling as inhibitor of
PKA activity. M;/M, inhibition with atropine (Figure 2E)
or a mixture of PIR and MET (Figure 2F) only reduced the
protein levels of RIIP (0.8 + 0.04), while the other subunits
remained unchanged after the treatment. RIIf downregu-
lation could be linked to the activity of both M; and M,

20

PIR+ 15

M, [ ] [ - | [ ]

(to control)
=]

M ][ ][ | [

oroten I (I (N [
FIGURE 1

Relative protein levels

o
2]

0.0

PIR MET AT

PIR+MET

M, signaling inhibits the protein levels of M;. Representative western blot and data quantification of M; and M, protein levels

in the diaphragm muscle after M,-inhibition (PIR, 10 uM), M,-inhibition (MET, 1 uM), and M,/M, inhibition by atropine (AT. 2 pM) and by a
mixture of PIR and MET (PIR+MET:; PIR, 10 pM + MET, 1 pM). Data are fold changes vs basal condition values: mean + SEM. **P < .01 n = 3;
>3 repeats per n. AT, atropine; M, muscarinic receptor subtype 1; M,, muscarinic receptor subtype 2;: MET, methoctramine; nAChR, nicotinic
acetylcholine receptor; PIR, pirenzepine; Stx, syntaxin



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

CHAPTER 4 + RESULTS 123

4940 CILLEROS-MANE £t AL.
_J—FASEBJOURNAL —

Total
Protein

A
(A) Ca CB Rla Rila RIB RIIB
50 250 250 - X 50 ] ]
2] 120 130 7881 1% %]
100 100 4 100 - 100 - 100 100
75 75 75 ] 75 J 75 75
50 50 | s = 50
50 504 ——— ( o ( i (
37 | - e (37 | ——— < - <
37 57 - 374 Bl
25+ 25 1 ‘ e - -— —— .-
20 20 25 251 55 25
20 20
154 15 20
15 151 203 15
15
ENEN EEEE E==E
[e]
X

52 3¢ R BEE 2 %3 T EE 5 ¢3¢
& 3 I @ & 3 I 2 & 3 I 3B & 83 I3 & 5 £ 3 & 5 T 8
g~ @ B~ 9 E ¥z x Tz T F
g 3 g 3 5 3 5 3 5 & 5 5
< f & % &3 &z Rg § 0§
(B) Ca CB Ria RIB Rila RIB (©) — PR i
75 1 - 75 25
| Go ]
N ol el ™l oo ]
|- - g
S 15
|— ?
Al Lo RIB [ ]
g *
o
i i
25 4 L 25 F ' =
i 00
20 2 protein Ca CB Rla RIB Rila RIB
E
Methoctramine ( ) = AL Atropine
T 20 _I_ CB g 20
@ 1.5 = 45
: Lz RI [ ] £ *
c < T I
§ 1011 -1 § 1o/l it
Q Q
2 2
£ ]
I - oo LI
. 0.0 H 0.0
protein Ca CB Rla RIB Rila RIB protein Ca CB Ria RIB Rila RIB
Phrenic nerve stimulation
— o+ + + + + + +
(F) (G) — — — PR — MET — AT
PIR+ (ol P e [ S [ SR
— MET PIR + MET CB | e | |- | | — —
° o I (D (DS [
Cor [ ] proten
3 -
a L o
2 15 225
2 22
RIp [gm W] £ - § 20
£ 10f= -TF 4 - - - *
° ° - Y
RIIB 5 05 s 1T 7
] £ 05
: 00 00
protein Ca CB Ria RIB Rila RIB Ca CB Ca CB Ca CB Ca CB



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

124

Publication 1

CILLEROS-MANE ET AL.

L 4941
FASEB{OURNALJ_

FIGURE 2 Muscarinic signaling modulates PKA C and R subunits protein levels. A, Knockout validation of the specificity of the anti-Ca,

-Cp. -Rla. -RIP, -RIla, and -RIIP antibodies by immunoblotting. B, Western blot analysis of diaphragm samples showing that bands are consistent

with their predicted molecular weight. C-G, Western blot analysis and data quantification of PKA C and R protein levels in the diaphragm muscle
after (C) M-inhibition (pirenzepine, 10 pM), (D) My-inhibition (methoctramine, 1 pM) and (E) M,/M, inhibition by atropine (AT, 2 pM), and
(F) by a mixture of pirenzepine and methoctramine (PIR+MET: PIR, 10 pM + MET, 1 uM). G, Western blot analysis and data quantification

of PKA Ca and CP protein levels in the diaphragm muscle under nerve stimulation. Data are expressed as fold change vs basal condition

values: mean + SEM. *P < .05; n = 3; >5 repeats per n. AT, atropine; Ca/p. protein kinase A catalytic subunit o/p; MET, methoctramine; PIR,
pirenzepine; RIo/RIB/RIIo/RIIB, protein kinase A regulatory subunit Io/Ip/Io/IIB

subtypes, because their selective inhibition induced the
same effect. Interestingly, the pan-inhibitor AT and the
mixture PIR+MET did not mimick the effect of MET on
Cp and RlIlo. Similarly to the M; downregulation, this is
another node where M, effect needs M, active. Finally, we
also studied whether the muscarinic modulation of cata-
lytic subunits in presence of cholinergic input from phrenic
nerve (Figure 2G). Phrenic nerve stimulation per se did not
affect the levels of Ca (1.0 £ 0.1) and increased those of
Cp (1.5 £ 0.1). Similarly to basal conditions, M, blockade
increased Cp levels (2.9 + 0.2) but not M; or M;/M, inhibi-
tion (respectively: 1.0 +0.1; 1.2 + 0.1). This indicates that
M, mAChR signaling opposes to the Cp-enhancing action
of nerve stimulation.

In summary, both M, and M, receptors constitutively pro-
mote increased levels of RIIP protein, which suggests some
impairment of PKA activity. In comparison with M;, M,
would further reduce PKA activity by decreasing Cp and in-
creasing Rlla, actions which need the activity of M.

3.3 | Regulation of cytosol-membrane PKA
subunits translocation by mAChR

Because neurotransmission relies on membrane trafficking
and PKA action is regulated by subcellular distribution, we
next examined how muscarinic signaling redistributes the
PKA subunits between the membrane and cytosol fraction.
Figure 3 shows the percentage of each PKA subunit in the
cytosol and membrane fraction before and after muscarinic
blockade in the diaphragm muscle. Line plots represent the
cytosol/total ratio (ie, both control and treatment values de-
fined as 100%), whereas bars represent the relative percent-
ages (ie, control defined as 100% and treatment calculated in
relation to control); the last is only discussed when protein
levels change. Additionally, all data were normalized to the
total protein loaded. We used Na*/K*-ATPase and GAPDH
as markers to confirm the purity of the subcellular fractiona-
tion. Na*/K*-ATPase and GAPDH were highly enriched in
their fraction and essentially undetectable in the counterwise.
Both C subunits were predominantly located in the cytosol
fraction (% cytosol/total: Ca 79.8 + 0.02; Cp 78.7 + 1.6)
although also identifiable in the membrane (Figure 3A-C).
Muscarinic imbalance did not induce the translocation of

any C subunit. Similarly, in basal conditions, all R subunits
were predominantly found in the cytosol (% cytosol/total:
Rl 74.7 + 3.2, RIP 75.7 + 7.6, Rl 57.8 + 4.4, and RIIP
71.3 + 3.2; Figure 3A-C). In line with previous studies, we
found RII type subunits more linked to the membrane frac-
tion than RI type.”'46 Contrary to C subunits, muscarinic
signaling modulated the location of R subunits. Particularly,
M, blockade translocated Rlw, RIp, and RIloe from the mem-
brane to the cytosol (% cytosol/total: Rlx +7.4 + 2.7; RIp
+11.8 + 2.8; Rllx +11.9 + 4.8) (Figure 3A). Pirenzepine
decreased RIIP protein levels in the cytosol and membrane
(% cytosol: =29.3 + 7.3; % membrane: —10.4 + 2.9) without
changing the translocation ratio between these compartments
(% cytosol/total —=5.1 + 2.9). Conversely, M, blockade trans-
located RIP and Rllx from the cytosol to the membrane (%
cytosol/total; RIp —9.5 + 4.5; Rllax —30.4 + 6.0) without af-
fecting Rl and RIIP (% cytosol/total; RIx —2.9 + 2.4; RIIB
—4.5 +3.4) (Figure 3B). The treatment with the pan-inhibitor
AT and the mixture PIR+MET did not change any regulatory
subunit position, suggesting that the operativity of both re-
ceptors is needed to accomplish the membrane-cytosol trans-
location events (Figure 3C).

After determining that muscarinic imbalance affects
the association of PKA to the cytosol and membrane com-
partments, we wondered whether their anchor protein
AKAP150 could be involved because it participates in neu-
ronal processes and muscarinic sig11aling.7° We used an an-
ti-AKAP150 antibody which reacted with a unique band of
the predicted 150 kDa molecular weight (Figure 4A). This
antibody was raised against the peptide sequence correspond-
ing to the amino acids 428-449 of rat AKAP150. Blasting
this sequence against a rat database showed 100% identity
with AKAP150 (Uniprot sequence P24587), whereas the
other hits presented gaps, less than 60% identity and their
molecular weight did not correspond to the observed band
(40-86 kDa vs the observed 150 kDa). In the total fraction
(Figure 4B), M, inhibition decreased AKAP150 protein
levels (0.3 + 0.1), whereas M, inhibition increased them
(14 + 0.2). Probably due to their balance, M;/M, inhibi-
tion did not induce any change (1.1 + 0.2). When analyzing
membrane and cytosol fractions, we found that AKAP150 is
majorly located in the membrane in basal conditions (mem-
brane/total: AKAP150 88.2% + 6.3) (Figure 4C). In con-

cordance with the previous results, the pirenzepine-induced
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FIGURE 3

mAChR modulate the cytosol/membrane translocation of PKA R subunits. Western blot analysis and data quantification of

the protein levels of PKA Ca, CB, Rla, RIB, RIla, RIIP, ATPase, and GAPDH in the membrane and cytosol fractions of the diaphragm muscle
after (A) M,;-inhibition (pirenzepine, 10 pM), (B) M,-inhibition (methoctramine, 1 pM), and (C) M;/M, inhibition by atropine (AT, 2 pM) and
by a mixture of PIR and MET (PIR+MET; PIR, 10 pM + MET, 1 pM). Data in line plots are percentages of immunoreactivity in the cytosol

vs immunoreactivity in the cytosol and membrane (% cytosol/total). Data in bars represent the percentages of immunoreactivity in the cytosol
and membrane (ie, control defined as 100% and treatment calculated in relation to control). All data have been normalized to the total amount of
loaded protein: mean + SEM. *P < .05 **P < .01: n = 3; >5 repeats per n. AT, atropine; Ca/B, protein kinase A catalytic subunit o/B; GAPDH,

Iip

decrease of Rla, RIB, and Rllx in the membrane fraction
was accompanied by a significant decrease in its anchor-
ing protein AKAP150 in the same fraction (% membrane:

glyceraldehyde-3-phosphate dehydrogenase; MET, methoctramine; PIR, pirenzepine; RIo/Ip/IIo/IIB, protein kinase A regulatory subunit Io/Ip/Ila/

—67.1% + 4.8). The methoctramine-induced increase in RIp
and RIlo protein levels in the membrane fraction was accom-
panied by a significant increase of AKAP150 in the same



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A,
Victor Cilleros Mané

PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION

126 Publication 1
CILLEROS-MANE ET AL. 4943
FI'ASEBJQURNAL'J_
Total fracti
A AKAP150 (B) S e
555 — PR — MET — AT  — yer

e, [ [ o] .
20

171 .
“ AKAP150
117 - *%
ié’\ts
71— .gg
§§1.0- —
£
55— 2 05
31—
0.0 -
PIR MET AT PIR+MET
(C) Membrane Cytosol Membrane Cytosol Membrane Cytosol
— PR — PR — MET — MET . AT - AT
o) TN 0 LT R

n EE
Total protein 75

120 - o 200
g g
£100 1 5 150
5 80 - 5
= kkk =
< 60 2100
17
S 40 - 2 50
® 20 - 2

0_
ctrl PR

I Membrane fraction

— - 250
HE=-T. =

Cytosol fraction

T e
3 e 75

* 200 -
5

£ 150
5]
=

~ 100 A
2

3 50 -
B

0 -

Ctrl  MET Ctrl AT

—@— Ratio Cytosol / Total fraction

FIGURE 4 Both M, and M, modulate AKAP150 protein levels. A, Representative band of the anti-AKAP150 antibody at the diaphragm
showing its corresponding 150kDa band. B, Western blot analysis and data quantification of AKAP150 protein levels in the diaphragm muscle
after M -inhibition (PIR), My-inhibition (MET) and M;/M,-inhibition (AT and PIR+MET). Data are fold change vs basal condition values:
mean + SEM. C, Western blot analysis and data quantification of AKAP150 in the membrane and cytosol fractions of the diaphragm. Data in

line plots are percentages of immunoreactivity in the cytosol vs cytosol and membrane (% cytosol/total). Data in bars represent the percentages
of immunoreactivity in the cytosol and membrane (ie, control defined as 100% and treatment calculated in relation to control). All data have been
normalized to the total amount of loaded protein: *P < .05 **P < .01 ***P < .001; n = 3; >5 repeats per n. AKAP150, A kinase anchor protein

150; AT, atropine; MET, methoctramine: PIR, pirenzepine

fraction (% membrane: +51.2 + 18.3). Finally, atropine did
not change AKAP150 in the membrane fraction in concor-
dance with the previous results in the total fraction (% mem-
brane: +28.7 + 9.6).

In summary, mAChRs modulate the cytosol-membrane
translocation of PKA regulatory rather than catalytic sub-
units. The constitutive action of M, receptor seems to recruit
RlIw, RIP, and RIlx to the membrane fraction whereas the
constitutive effect of M, mAChR might inhibit the action
of M, and release RIp and RlIlwx to the cytosol, increasing
the probability to assemble the holoenzyme. This balance
involves the anchoring protein AKAP150, whose levels are
regulated to recruit PKA subunits or release them to the
cytosol.

34 | M, regulates the interaction between
synaptic-enriched PKA subunits

To further prove if the translocation of R subunits to the
membrane was accompanied by a release of the cytosolic C
subunits, we investigated their interaction after M, inhibition
(Figure 5). Due to the wide cellular and tissue distribution of
PKA subunits, we detected them in the synaptic (Syn) and ex-
trasynaptic (ExS) regions (Figure 5A). We studied Ca and Cp
and focused on their relation with RIf because (a) its levels do
not change after muscarinic inhibition, but (b) it translocates
after treatment possibly modulating the cytosolic C subunits
and (c) it is specifically expressed in the nervous system.*'3*
Figure 5B shows that Cp} and RIp are enriched in the synaptic
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area of nontreated diaphragms (Cp: 1 Syn; 0.6 + 0.1 ExS;
RIB: 1 Syn; 0.4 + 0.03 ExS), while C was almost equally
distributed between synaptic and extrasynaptic (Co: 1 Syn;
0.96 + 0.02 ExS). In concordance with the results in the total
lysate (see Figure 2), the treatment with MET increased Cj
in both synaptic and extrasynaptic regions (Cf: +0.2 + 0.2
Syn+MET; +0.2 + 0.1 ExS+MET) without changing RIf
(RIp: =0.09 + 0.1 Syn+MET; +0.01 + 0.1 ExS+MET).
Next, to precisely locate Cp in the NMJ, we used fluo-
rescent immunohistochemistry and confocal microscopy.
Plastic-embedded semithin sections (0.5 um) were used for
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high-resolution immunofluorescence analysis of neuromus-
cular junction molecules.®! Figure 5C shows a NMJ stained
with triple labeling: Cp in green, AChRs in red, and Schwann
cells (S100) in blue. The PKA Cp subunit label is clearly
present in granular form on the S100-positive teloglial cells.
The muscle cell also presents a very faint general labeling
on the sarcoplasm, which is higher in a band (arrow) around
2 um below the AChR-delineated postsynaptic gutters. Also,
remarkable Cp labeling can be observed in the space occu-
pied by the nerve terminal between the blue S100-positive
Schwann cell and the red postsynaptic gutters (arrowhead). In
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FIGURE 5

M, increases the interaction of PKA Ca and CP with the synaptic region enriched-RIP. A, Schematic representation of the

synaptic and extrasynaptic regions of the rat diaphragm. B, Western blot analysis and data quantification of the protein levels of Ca, CB, and RIp
in the synaptic and extrasynaptic regions of the diaphragm before and after M,-inhibition (methoctramine, 1 uM). C, Plastic-embedded semithin
sections (0.5 pm) of the neuromuscular junctions of LAL muscle visualized at the confocal microscope. NMJ with triple labeling: CP in green,
S$100 in blue, and nicotinic AChRs in red. Cp is present in the three cell components of the neuromuscular synapse. Scale bars = 10 pm. D, Co-
immunoprecipitation analysis and data quantification of the effect of M, inhibition on the interaction between the RIp with Ca and CP. Data are
expressed as fold change vs basal condition: mean + SEM. The signal for the immunoprecipitated protein has been normalized to that in the input.
*P <.05; n = 3: >5 repeats per n. Ca/p, protein kinase A catalytic subunit o/p; MET, methoctramine; nAChR, nicotinic acetylcholine receptors;

PIR, pirenzepine; RIp, protein kinase A regulatory subunit IB [Color figure can be viewed at wileyonlinelibrary.com|
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FIGURE 6 M, inhibits the PKA-phosphorylation of CREB and SNAP-25. Western blot analysis and data quantification of the protein
levels and phosphorylation of (A-C) CREB and (D-F) SNAP-25 in the diaphragm muscle after M;-inhibition (PIR), M,-inhibition (MET) and M,/
M,-inhibition by atropine (AT) and by a mixture of PIR and MET (PIR+MET: PIR, 10 pM + MET, 1 pM) with and without PKA inhibition with
H-89. All data are expressed as fold change vs basal condition values: mean + SEM. *P < .05; ns P > .05; n = 3; >5 repeats per n. Abbreviations:
PIR, pirenzepine; MET, methoctramine: AT, atropine; CREB, cAMP response element binding: pCREB, Ser!® phosphorylated c AMP response
element binding: pPSNAP-25, Thr”s—phosphorylated synaptosomal-associated protein 25; SNAP-25, synaptosomal-associated protein 25

conclusion, Cp is present in the three cell components of the  mediator of M, signaling to modulate the PKA phosphoryla-

neuromuscular synapse. tion of SNAP-25 Thr'*® (see next section) at nerve terminals
Co-immunoprecipitation of RIf in the total lysate rescued  of the NMJ.

both Cax and Cp in the diaphragm at basal conditions, indicat-

ing that RIP interacts with the two C subtypes (Figure 5D).

Additionally, M, inhibition with MET decreased the ability 3.5 | Muscarinic modulation of CREB and

of RIp antibody to rescue Ca and Cf, indicating a weaker as-  SNAP-25 phosphorylation by PKA

sociation between RIf} and Cor and Cp. This is in concordance

with M, being a Goyy-coupled GPCR, whose inhibition in- ~ To complete the analysis of the mAChR-PKA coupling, we

creases CAMP and results in the disassembling of the PKA  evaluated PKA activity after each mAChR subtype inhibi-

R:C holoenzyme. Because RIf is enriched at the synaptic re- tion by determining the phosphorylation of the PKA sub-

gion of the diaphragm, neuronally expressed, and its interac- strates CREB and SNAP-25 (Figure 6A-F). CREB serine

tion with C subunits is modulated by M,, RIf is one potential 133 (Ser'®) is a well-known PKA target that regulates gene



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

CHAPTER 4 + RESULTS 129

26 | EASEB o

CILLEROS-MANE Er AL.

transcription. SNAP-25 is a SNARE component that is cru-
cial for neurotransmission and it is phosphorylated by PKA
on threonine 138 (Thr'*®),

Figure 6A shows that M, inhibition does not affect CREB
protein level and phosphorylation (pCREB: 1.1 + 0.2; CREB:
0.8 +0.1). On the contrary, M, inhibition increased the phos-
phorylation of CREB (1.4 + 0.2) without altering its protein
levels (0.9 + 0.1). This result indicates that M, inhibits CREB
phosphorylation, probably by reducing PKA phosphorylating
activity. Additionally, the M;/M, muscarinic inhibition did
not affect CREB phosphorylation (p0CREB: 0.8 + 0.2; CREB:
1.0 + 0.2) further indicating the need of the M,. Moreover,
to ensure that muscarinic action on CREB is conveyed
through PKA, we studied the effect of muscarinic inhibitors
after PKA blockade with H-89. H-89 is a cell-permeable,
potent, and reversible ATP-competitive inhibitor of PKA
(Ki =48 nM). As expected, PKA downregulation with H-89
reduced phospho-CREB level (Figure 6B; pCREB: 0.7 + 0.1;
CREB: 1.0 + 0.2). Figure 6C shows the previous incubation
with H-89 abolishes the MET effect on pCREB (pCREB:
1.2 + 0.2; CREB: 1.0 £ 0.1). This demonstrates that M, inhi-
bition of pCREB requires PKA activity. Moreover, after PKA
blockade, PIR continued without affecting pPCREB (pCREB:
0.8 +£0.1; CREB: 1.1 + 0.2) and the same for AT (pCREB:
1.0 £0.2; CREB: 1.1 + 0.3), which indicates that the absence
of M, action on CREB is not modified by PKA blockade.

Next, we measured the influence of muscarinic signaling
on SNAP-25 Thr'**, a protein involved in the NMJ neurotrans-
mitter release. Similarly to CREB, Figure 6D shows that M;
inhibition does not affect pPSNAP-25 Thr'*® phosphorylation
(pSNAP-25:1.0 + 0.1; SNAP-25:1.0 + 0.04). However, M,
inhibition induced an increase in phospho-SNAP-25 Thr'*®
(1.2 % 0.1) without altering its protein levels (0.8 + 0.05).
Additionally, M;/M, inhibition did not affect SNAP-25 phos-
phorylation (pSNAP-25:1.0 + 0.1; SNAP-25:1.1 + 0.1). We
studied the effect of H-89 on SNAP-25 Thr'** phosphoryla-
tion and how this inhibitor influenced muscarinic signaling.
Figure 6E shows that H-89 reduces SNAP-25 phosphoryla-
tion without affecting its protein level (pSNAP-25:0.75 +0.1;
SNAP-25:1.1 + 0.03). Finally, Figure 6F shows also that the
MET effect on pSNAP-25 can be abolished by a previous
incubation with H-89, demonstrating that M, inhibition of
PSNAP-25 requires PKA activity (pSNAP-25:1.1 + 0.7;
SNAP-25:1.0 + 0.04).

4 | DISCUSSION

Since long time ago, PKA has been implicated in synaptic
plasticity, enhancing the probability of release in the nerve
terminal®**’" as well as controlling the postsynaptic re-
sponse.n'74 This kinase promotes ACh release at the NMJ,
remarkably via the phosphorylation of the release machinery

and its regulatory components (reviewed in Leenders and
Sheng, 2005). At the NMJ, the M, mAChR subtype inhibits
PKA through the reduction of CAMP levels, a mechanism
which decreases ACh release."” However, the dynamics of
PKA at the NMJ upon activation remain unknown. On the
other hand, the M; subtype couples PKC isoforms to potenti-
ate AChrelease"” and PKA and PKC are also interconnected
in regulating neurotransmitter release at the NMJ 16 In the
present study, we focused on the role of mAChR regulating
PKA, and we found how M, pathway regulates PKA subu-
nit levels, translocation and interaction in the rat diaphragm
to phosphorylate representative transmitter release targets,
like SNAP-25, and the PKA-dependent CREB. Moreover,
we demonstrate a crosstalk between M; and M, inhibition at
the molecular level that would impact in the functionality of
the NMJ. Figure 7 provides a summary of the main results.

41 | M, and M, mutual influence

M, and M, muscarinic signaling pathways converge to an-
tagonistically regulate ACh release at the NMJ: M, increases
whereas M, decreases ACh release.” This muscarinic signal-
ing is present both in basal conditions and under synaptic ac-
tivity, caused by the constitutive G protein-coupled receptors
activity,” the spontaneous ACh release,’®’”” and the evoked
ACh release. Overall, M, signaling predominates over M,
evidenced by M;/M, inhibition increasing the quantal con-
tent similar to M, inhibition alone.™* Here, we found that
M, decreases the protein levels of My, providing a molecular
explanation to previous findings of M, overcoming func-
tionaly M;. The downregulation of M, protein levels by M,
might be caused by internalization and degradation’® or by a
decrease in PKA/pCREB-induced synthesis.” On the other
hand, the downregulation of M; protein levels (and activity)
by M, and not M, by M; might be due to different pathways
of internalization and degradation. In particular, M; mAChR
is internalized in a f-arrestin/dynamin-dependent manner,
whereas sequestration of M, is largely independent of these
proteins.***! Interestingly, we found that M, needs M; ac-
tivity to reduce the own M, levels, because the effect does
not happen when both receptors are blocked. This receptor
downregulation could be linked to PKC, as downstream ki-
nase of M; mAChR which promotes GPCR kinase (GRK)
activity and p-arrestin/dynamin-dependent internaliza-
tion.®*® In fact, we found that all the M,-induced changes in
PKA subunits expression and translocation need nonblocked
M, receptors, favoring the idea of a direct influence between
M, and M,. Furthermore, the results showing that while
M, inhibits activity (and protein levels) of M;, and that M,
has no direct influence on M, could also be explained by a
stronger tonic activation of M, than M, receptors. The mus-
carinic signaling observed in this study could be caused by
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Summary of the main findings. Model of the muscarinic-PKA regulation resulted from this study. The protein kinase A (PKA) is

a ubiquitous enzyme involved in neurotransmission and synaptic plasticity. The muscarinic receptor subtype M, is the major pathway as it reduces

M, protein levels (1). Additionally, M, inhibits PKA activity by (2) downregulating the catalytic Cp subunit, upregulating the regulatory RIla/p and

(3) liberating RIp and RIlx to the cytosol, which promotes (4) the interaction between the synaptic-enriched RIp and Cot/p subunits and reduces (5)
CREB and SNAP-25 phosphorylation. On the other hand, M, signaling (2) upregulates RIIp but (3) recruits Rla, RIB, and RIl« to the membrane,
opposed regulations which end up not affecting PKA substrates. M; and M, signaling on R subunit translocation seems similarly orchestrated

through the anchoring protein AKAP150. The M2 modulations which need an active M; receptor are marked as “needs M;” [Color figure can be

viewed at wileyonlinelibrary.com]

the constitutive G protein-coupled receptors activity’ or by
the spontaneous ACh release.”®’” In line with this, radiola-
beling assays show that ACh has higher affinity for the pons,
medulla, and heart atria, which are tissues rich in M, mus-
carinic receptors.g“'85 Additionally, functional assays at the
adult neuromuscular junction indicate that M,/M, signaling
is sensitive to ACh concentrations at the murine NMJ and
that M, inhibition of neurotransmitter release overcomes the
signaling of M, under normal conditions."*”** Our results
also showed that the mixture PIR+MET fully mimicked the
effect of atropine in all the conditions tested. The mix of in-
hibitors would yield results with less participation of other
mAChHR subtypes. However, it has been determined that the
M, and especially M, subtypes only participate in the devel-
opment of newborn NMJ,**® and that M, and M, subtypes
orchestrate the release at the adult NMJ.>**% The present
results are a complementary evidence of this. Slutsky et al*
also showed that the mixture of PIR+MET fully mimicked
the effect of atropine in the frog NMJ. Also, Brazhnik et al®’
compared the effect of the pan-muscarinic inhibitor scopola-
mine (a drug almost identical to atropine except for an epox-
ide group with the effect of a PIR+MET mixture and showed
that effects of scopolamine were mimicked by the mixture.

4.2 | Muscarinic modulation of PKA
catalytic and regulatory subunits protein level

Besides cAMP availability, PKA activity is also regu-
lated by its concentration through transcriptional or

posttranscriptional changes in the synthesis or degrada-
tion of its subunits.*”7>%¢ In this work, we found that
both M;-PKC and M,-PKA pathways regulate the pro-
tein levels of specific PKA subunits. The unexpected role
of M;-PKC pathway could be related to the few studies
finding that both PKC and PKA activities can modify the
expression of PKA subunits (particularly Cox and RIIB)
in cultured cells.*” ¥’ Despite being generally considered
G, specific, M, has also been linked to PKA stimulation
via G, alpha subunit in cell cultures.®®%° Additionally,
another cross-link between M; and M, pathways could
be through a calcium-induced reduction of cAMP.”*"!
Regarding M, upregulation of RIIf and M, downregu-
lation of Cp and upregulation of RIIa/p, both receptors
could apparently be associated to a decrease in PKA cat-
alytic activity because increased turnover of C subunits
or elevated levels of R subunits results in reduced cata-
lytic activity.*® The downregulation of Cp might affect
the synaptic machinery, because Cp is highly expressed
in the nervous system”>”> and we found it abundant in the
synaptic region of the diaphragm and present at the nerve
terminal of the NMJ (and also in the other two synaptic
cell components) like SNAP-25.% Interestingly, we also
found this M, effect over the Cp subunit when the phrenic
nerve is stimulated. Moreover, phrenic nerve stimulation
by itself increases Cp levels indicating that M, mAChR
signaling opposes to the Cp-enhancing action of nerve
stimulation. Both M; and M, increase RIIp levels, which
is a link between M, and M, pathways that could inhibit
PKA activity and allowing M; to indirectly influence
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M, signaling. Interestingly, the downregulation of RIIf
by AT or the mixture PIR+MET seems to be less that
that observed when M1 and M2 are inhibited separately.
This inability to further inhibit the levels of RIIf with AT
or PIR+MET might be explained by mechanisms other
than muscarinic receptors which could be buffering and
protecting the synapse from an excessive decrease of the
subunit. At the NMJ, muscarinic and neurotrophic sign-
aling pathways confluent downstream in PKA and PKC
to regulate ACh release indicating the possible crosslink-
ing of these signals.”* We know that exogenous BDNF
increases RIIp (unpublished result) suggesting that the
BDNF/TrkB pathway could be preventing RIIf levels
from falling excessively. In addition, M, blockade also
decreases the regulatory subunit RIIa. This indicates that
the two isoforms of RII are involved in the muscarinic
downregulation of the PKA activity. In addition, the reg-
ulation of Cp by M, also occurs in presence of cholin-
ergic input from phrenic nerve, demonstrating a general
mechanism of regulation, both tonicaly and in physiologi-
cal condition. In fact, it has been described that constitu-
tive activity of neurotransmitter GPCRs may provide a
tonic support for basal neuronal activity (reviewed by 75).
Here, we show that tonic and activated muscarinic signal-
ing largely modulates proteins responsible of regulating
synaptic transmission and plasticity, suggesting that the
signaling pathway elicited by muscarinic receptors works
in transmission of NMJ. Interestingly, both Cp and Rllx
changes by M, need M, activity, indicating the coopera-
tion of both mAChR pathways to control PKA activity. In
summary, M; and M, receptors regulate the protein level
of several PKA subunits. This presumably reduces PKA
activity as it has been described that increased levels of R
subunits reduce catalytic activity.*®

4.3 | PKA subunits membrane-cytosol
translocation is modulated by mAChR

The PKA distribution between the membrane and cytosolic
compartments has implications in their kinase activity and
spccificity.z“’41 In our model, C subunits are mainly located
in the cytosol and the presence of R subunits in the cytosol
is required for the negative regulation of the PKA catalytic
activity. We detected that PKA Ca, Cp and Rla, RIp, and
RIIP subunits are mainly associated to the cytosol fraction
(~75% cytosol/total) and only RIlx had less presence in the
cytosol (60%). This is consistent with reports that PKA RI
type is diffused in the cytoplasm of cells, whereas RII type
is usually associated to membrane compartments™>3#1:4¢
due to their higher affinity to PKA-anchoring proteins.43
PKA activity can be regulated by cytosol/membrane trans-
location of both C** and R subunits.*’*? In the adult rat

diaphragm, we found that mAChR signaling regulates the
translocation of PKA R subunits rather than C subunits.
Our results indicate that M, receptors constitutively recruit
RIa, RIP, and RIIa to the membrane, whereas M, receptors
liberate RIP and RIlw to the cytosol. Also, the absence of
effect when both M, and M, are blocked with AT could be
because their opposed actions cancel each other out or, al-
ternatively, because one subtype is necessary for the other.
We speculate that the coexistence of both mAChR subtypes
may balance the presence of RIf and RIlx in the cytosol to
finely control PKA C activity. RI subunits are known to as-
sociate with membrane fractions when they are not associ-
ated with C subunits.*! In this regard, a similar mechanism
was proposed by Stefan et al,”” where a GPCR-mediated
CAMP elevation promotes dissociation of the PKA hetero-
tetramer and recruitment of R subunits to Gay, proteins at
the membrane. Thus, the recruitment to the membrane of
RIP and RIIa produced by the M, inhibitor methoctramine
could be linked with the increase in cAMP produced by the
inhibitor. Also, the eventual prevalence of M, downstream
signaling in basal conditions at the NMJ' as well as the
M,-induced decrease of M; would promote the release and
presence of R subunits in the cytosol. The close associa-
tion of the regulatory and catalytic subunits prevents the
phosphorylating activity of the catalytic ones (Reviewed in
24), and we show that M, signaling tonically maintains RIf
strongly associated with Cp and Cu at the synaptic areas of
the skeletal muscle. However, further experiments about
the interaction between subunits will be needed to better
understand the mechanism of inhibition of the C subunit
by the R ones.

Therefore, M; receptor constitutively maintains PKA
RIa, RIP, and RIlx in the membrane fraction, whereas the
tonic effect of M, mAChR might inhibit the action of My,
enhancing the release of PKA RIp and RIlwx to the cytosol.
This mAChR-modulated balance of the membrane-cytosol
position of these subunits involves a mechanism that in-
clude the anchoring protein AKAP150 and may be relevant
in PKA activity regulation and specificity. The mechanisms
that regulate AKAP150 expression and degradation remain
unclear. Here, we demonstrate that M; mAChR, known to
potentiate ACh release, upregulates AKAP150. Contrarily,
we found that M, mAChR downregulates AKAP150.
Changes in AKAP150 expression have been determined
in other systems.”” In particular, impaired Ca®* cycling
in a heart failure model®” or induced by PIR (our results)
has been linked to AKAP150 downregulation. On the other
hand, exercise training in rats” and ACh release upregula-
tion by MET (our results) increases AKAP150 indicating
that M; can increase the association PKA R subunits to
the membrane, thus increasing the cytosolic activity of C
subunits. Targeting of PKA to specific sites within the cell
is largely achieved by AKAPs.***® Also, R translocation to
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the membrane aside from AKAP150 could also been related
to Gayg association.*” Additionally, AKAP150 has been
shown to be also an anchoring protein for PKC*'®" and
it could be possible that the M, upregulation of AKAP150
affects PKC contributing thus to the functional and molec-
ular relation between PKC and PKA to regulate neurotrans-
mission at the NMJ. Results using kinase blockers indicate
that the PKC isoform epsilon (PKCe), the PKC isoform
beta I (PKCpI) and PKA promote AKAP150 protein lev-
els and their action is involved in the M;-upregulation and
the M,-downregulation of AKAP150 (results not shown).
It is stimulating to think that multiprotein complexes or-
chestrated by AKAPs create presynaptic membrane sites
where in signaling pathways converge and are regulated to
optimize the functionality of the NMJ. Thus, at the NMJ,
a cross-linking between M; and M, could include PKA
and PKC actions through direct attach to AKAP150 in the
membrane close to the PKA and PKC targets to modulate
neurotransmission release (see Figure 8A). This would be

(A) Some M, / M, pathway interactions
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in concordance with the functional connection of PKA and
PKC to regulate neurotransmitter release at the NMJ.'

44 | M, inhibits PKA activity on CREB and
SNAP-25 phosphorylation

PKA phosphorylates many molecular targets related with
immediate transmitter release or with long-lasting regula-
tion of neurotransmission. Some PKA targets directly in-
volved in transmitter release are N-ethylmaleimide-sensitive
factor attachment protein alpha (x-SNAP),'* the cysteine
string protein (CSP),'® synapsin 1,'* snapin,'®® syntaphi-

n,'% rabphilin,'”” Rab3 interacting protein 1ot (RIM1ax),'®
and SNAP-25."718 SNAP-25, together with synaptobrevin
and syntaxin are the three SNARE proteins of the core fu-
sion vesicle complex, which is involved in vesicle docking,
priming, and triggering fast exocytosis.'*!' It has been
proposed that PKA phosphorylation of SNAP-25 at Thr'*®*

—
(B) Nerve terminal ( )

Ca C —> | SNAP-25
Thr138
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Acetylcholine
release
(D) Myocyte

Release modulation
(ACh, others)
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FIGURE 8 Hypothesis of muscarinic M,/M, interaction (A) and cell-specific action at the neuromuscular junction (B-D). (A) Although

the classic vision of M, and M, muscarinic signaling divides their signaling in G¢/PKC and Gj,/PKA, respectively, recent findings show these
GPCR share multiple downstream effectors to finely regulate ACh release in an opposed manner at the NMJ. (B-D) Cell-specific models of
the muscarinic-PKA regulation in (B) the nerve terminal, (C) the Schwann cell, and (D) the postsynaptic myocyte notated based on the current
knowledge. AKAP150, A kinase anchor protein 150; CREB, Serl33—phosphorylated cAMP response element binding; Ca/B, protein kinase A
catalytic subunit a/p; M;, muscarinic receptor subtype 1; M,, muscarinic receptor subtype 2; RIo/RIB/RIIov/RIIp, protein kinase A regulatory

subunit Ioe/IP/ATo/11B; SNAP-25, synaptosomal-associated protein 25 [Color figure can be viewed at wileyonlinelibrary.com)]
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controls the size of the releasable vesicle pools, whereas the
novel PKCe phosphorylation of SNAP-25 at Ser'™ is in-
volved in regulating refilling after the pools have been emp-
tied.>>>'!! Here, we found that M, inhibition does not affect
SNAP-25 Thr'*® phosphorylation but M, inhibition induced
an important increase which can be abolished by a previous
incubation with H-89, demonstrating that M, inhibition of
PSNAP-25 involves the modulation of the PKA activity. We
previously determined that M1/M2 inhibition by atropine in-
creases the quantal release.'> However, the block of both M1
and M2 receptors with AT and the mixture PIR+MET did not
affect SNAP-25 Thr'*® and CREB Ser'® phosphorylation,
indicating that M2 needs M1 operativity. This is in line with
biochemical studies showing that PKA-dependent phospho-
rylation of SNAP-25 does not regulate ternary SNARE com-
plex assembly and that Thr'*® is not an essential residue for
complex formation or its stability.'” The absence of effect
on SNAP-25 Thr'* indicates that atropine effect on quantal
ACh release should be understood by other PKA and PKC
substrates, including SNAP-25 Ser'®” (PKC),'®!'? Munc18-
1,%% synaptotagmin,'* N-ethylmaleimide-sensitive factor
(NSF),'"*!'® N_type calcium channels, voltage-gated Na™
channels,'**"** and the myristoylated alanine-rich C-kinase
substrate (MARCKS).'?

CREB is a long-lasting master regulator of gene expres-
sion, whose activity has been linked to synaptic plasticity at
the NMIJ as well as in the central nervous system.20 CREB is
phosphorylated by various kinases, for instance, CAMP/PKA,
ERK1/2, and PI3K/Akt (reviewed by 9,117) and we selec-
tively analyzed the PKA/CREB signaling pathway. Similarly
to SNAP-25 phosphorylation, M, inhibition does not affect
CREB phosphorylation but M, inhibition increased it indicat-
ing that M, normally inhibits PKA phosphorylating activity
on CREB. The M, inhibition effect on pCREB can be mark-
edly reduced by a previous incubation with H-89, indicating
that M, inhibition of pCREB requires PKA activity. Our ex
vivo approach maintains the architecture of synapses as the in
vivo conditions and allows to study an accurate version of the
behavior and function of the neuromuscular system. However,
PKA is widely expressed and some mechanisms described
here could occur in different cell types. For example, CREB
expression and phosphorylation at the skeletal muscle occurs
in nuclei of myocytes and is differentially activated in synaptic
and extrasynaptic regions of fast- and slow-twitch muscles.”!

The mAChR M; and M, subtypes are present at the
nerve terminal but also at the perisynaptic glial cell,® sug-
gesting that mAChR signaling could be initiated in both
cells (Figure 8B,C). However, although it has been demon-
strated the presence of mAChR in rat cultured skeletal mus-
cle membrane and developing muscle fibers, the innervated
adult skeletal myocytes do not express mAChRs 5¢-118:119:121
Therefore, in case that some of the mAChR effects on PKA
subunits and/or the phosphorylation of its targets might

occur in the postsynaptic cell, it would be an evidence
of the communication between cells through the signal-
ing and indicate the complexity of the mAChR regulation
(Figure 8D). Stabilization of the nAChR at the postsynaptic
membrane is related with PKA activity'' #1012 anq in
particular by the Rla subunit®*®'>!' and we could think
that this mechanism might be anterogradely regulated by
mAChR signaling.

The block of bothM; and M, receptors with AT and the mix-
ture PIR+MET did not affect SNAP-25 and CREB phosphor-
ylation indicating that M, needs M; operativity. M; modulates
also the translocation to the membrane of several R subunits
and the protein level of RIIP though without consequences in
CREB and SNAP-25 phosphorylation. This suggests that the
M, inhibition of Cp and translocation of R subunits to the cy-
tosol could be responsible for the reduced phosphorylation of
SNAP-25 and CREB although needs M, active.

5 | CONCLUDING REMARKS

It is known that the activation of M, subtype mAChR be-
gins a Gi protein-coupled downstream signal that inhibits
adenylyl cyclase, CAMP levels and PKA activity with the
subsequent decrease in ACh release at the NMJ. In the pre-
sent work, we determined the dynamics of PKA subunits
at the NMJ providing a molecular mechanism of the PKA
holoenzyme formation and inactivation upon constitutive
and activated muscarinic signaling that could be general to
other synapses and cellular models. The M, action reduces
the Cp protein level, increases RIIoa and RIIP, and trans-
locates RIP and RIlw to the cytosol with the involvement
of the anchoring protein AKAP150. This coincides with a
decrease in the phosphorylation level of the master regula-
tor of gene expression CREB and SNAP-25 that are PKA
targets and with a decrease in the neurotransmission.! Some
of the M,-induced changes need an active M, receptor (re-
duction of the CP and increase of the Rlla), while some
other M,-induced change can be additionally produced also
by M, receptor action (the increase of the RIIp protein and
their release to the cytosol). On the other hand, M, receptor
seems to produce several changes that would be interpreted
as opposed to M, by holding RIw, RIf, and RIlw in the mem-
brane fraction. Reciprocally, M, reduces M; protein level.
Altogether, these results reveal the complexity of PKA ex-
pression and regulation by muscarinic signaling and points
to the operation of a balance M,/M, in the regulation of the
PKA activation that could be orchestrated by AKAP150.
At the nerve terminal of the NMJ, the tonic action of the
M, receptor to decrease ACh release would stabilize the
holoenzymes formed by Ca and Cp with at least RIp. This
coincides with the final reduction in the phosphorylation
level of the essential exocytotic protein SNAP-25.
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Abstract

Neuromuscular junctions (NMJ) regulate cholinergic exocytosis through the My and
M, muscarinic acetylcholine autoreceptors {mAChR), involving the crosstalk be-
tween receptors and downstream pathways. Protein kinase C (PKC) regulates neu-
rotransmission but how it associates with the mAChRSs remains unknown. Here, we
investigate whether mAChRs recruit the classical PKCPI and the novel PKCe iso-
forms and modulate their priming by PDK1, translocation and activity on neurose-
cretion targets. We show that each M; and M, mAChR activales the master kinase
PDK1 and promotes a particular priming of the presynaptic PKCpI and ¢ isoforms.
M, recruits both primed-PKCs (o the membrane and promotes Munc18-1, SNAP-
25, and MARCKS phosphorylation. In contrast, M, downregulates PKCe through a
PKA-dependent pathway, which inhibits Munc18-1 synthesis and PKC phosphoryla-
tion. In summary, our results discover a co-dependent balance between muscarinic
autoreceptors which orchestrates the presynaptic PKC and their action on ACh re-
lease SNARE-SM mechanism. Altogether, this molecular signaling explains previ-
ous functional studies at the NMJ and guide toward potential therapeutic targets.

KEYWORDS

muscarinic receptors, neuromuscular junction, PDK1, PKC, SNAP-25

Abbreviations: ACh, acetylcholine: Atr, atropine; Ca®*, calcium; ¢cPKC. classic PKC isoform; Dk, donkey; M, muscarinic acetylcholine receptor 1
subtype: M,. muscarinic acetylcholine receptor 2 subtype: mAChR. muscarinic acetylcholine receptor; MARCKS. myristoylated alanine-rich C-kinase
substratc: Met, methoctramine: Ms, mouse: Munc18-1, mammalian homologue of UNC-18: NMJ, neuromuscular junction: nPKC, novel PKC isoform: Pir,
pirenzepine; PKC, protein kinase C:; PKCPI, protein kinase C isoform Bi: PKCe, protein kinase C isoform ¢; RACK1, receptor for activated C-kinase 1: Rb,
rabbit; SNAP-25, synaptosome-associaled protein 25; PIV sy, PKCPI inhibitor peplide; ¢V, PKCe inhibitor peptide.
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1 | INTRODUCTION

Neuromuscular junctions (NMIJ) express muscarinic ace-
tylcholine receptors (mAChR) to sense how much acetyl-
choline is released and tune exocytosis in feedback. This
coordination is achieved through the potentiating and in-
hibitory actions of M; and M; mAChR subtypes, respec-
tively." In general, the M; mAChR is classically associated
10 Gaq proteins and protein kinase C (PKC), whereas the
M, mACHR is linked to Go proteins and protein kinase
A (PKA) inhibition. However, this essential signaling is
highly complex because it involves multiple downstream
transduction pathways and the crosstalk between receptor
subtypes. An example of this complexity at the NMJ is that
the M, muscarinic receptor needs the association to M, (o
regulate the neuromuscular PKA molecular dynamics.’
Also, the selective inhibition of both mAChR subtypes
induce PKC action on NMJ neurotransmission’ in which
PKC plays an cssential role.™* At the adult NMJ, PKC
coupling to ACh release requires a stimulus like calcium,
presynaptic stimulation or the modulation of mAChR.*?
However, the molecular PKC signaling coupled to the ACh
release associated to these signals, including the mAChR
regulation, remains to be elucidated.

Previously to its activation, PKC undergoes a pro-
cess ol maturation (priming) (o become competent (o re-
spond to second messengers.*” PKC maturation involves
three phosphorylation steps: the lirst is mediated by the
phosphoinositide-dependent kinase 1 (PDK1) in the activa-
tion loop of the catalytic domain and the second and third
arc PKC autophosphorylations in the turn and hydrophobic
molifs ol the carboxy-lerminal region.‘s‘9 Once matured, PKC
stays in the cytosol in an inactive conformation ready (o be
activated.” " Although PKC maturation was initially scen as
constitutive, further studies found several stimuli which can
induce it.'>1 Finally, PKC activation requires its recruitment
Lo the membrane, which is driven by binding to calcium, di-
acylglycerol and phosphatidylserine for classical PKC iso-
forms (¢PKCs) and diacylglycerol and phosphatidylscrine for
novel PKC isoforms (nPKCs)."® To end their signal, active
PKCs are prone to be ubiquitinated and undergo activation-
induced degradation.'” "

PKC phosphorylales many targets, which participate in
general intracellular processes as well as neurotransmitter
release. However, little is known about the role of cach
PKC isoform. Determining how extracellular receptors re-
cruit specilic PKC isolorms is crucial (o predict how cells
respond to extracellular signals. The cell components of
the NMJ express dilferent PKC isolorms, which likely help
10 finely regulate ACh release.”'** Of particular interest
arc PKCpI and PKCe, which are exclusive of the presyn-
aptic nerve terminal and essential for ACh release.”*** For
example, PKC phosphorylates the Ser’™ and Ser®'? of the

accessory SNARE protein Munc18-1 (mammalian homo-
logue ol UNC-18), an essential, neuron-specilic protein
involved in neurotransmitter release”>® o prime vesicle
fusion and increase the pool available for release.””" At
the NMJ, PKCpI and PKCe isolorms coordinately regulate
Munc18-1 activity-dependent phosphorylal.ion.51 Another
PKC substrate is SNAP-25 (synaptosome-associated pro-
tein 25), a component ol the SNARE core complex. PKC
phosphorylates SNAP-25 on Ser'® a critical residue for
calcium-triggered exocytosis.”>***® This phosphoryla-
tion occurs alter synaptic activity and high intracellular
calcium and promotes vesicle pool refilling.****" A( the
NMI, PKCe regulates its activity-dependent phosphor-
ylation.*® Another example is MARCKS (myristoylated
alanine-rich C-kinase substrate), a widely distributed PKC
substrate which rearranges actin in the cytoskeleton in
response to extracellular signals. Its phosphorylation is a
marker of PKC activation in vivo®® and it is also implicated
in cholinergic ncurosecrction and membrane Lral'l'icking.‘w
Al the NMJ, MARCKS phosphorylation has been linked
with PKCe activity.”?

Although PKC plays an cssential role at the neurotrans-
mission at the NMJ,! it is unknown the molecular PKC sig-
naling coupled to the ACh release associated o its inducer
signals, including the mAChR regulation. In the present
work, we investigate whether M, and M, mAChRs regulate
the PDK1-induced priming and recruit the classical PKCpI
and the novel PKCe isoforms and modulate their matura-
tion, membrane translocation and the phosphorylation of
Munc18-1, MARCKS, and SNAP-25, crucial targets for neu-
rosecretion. To analyze it, we studied the elfect of muscarinic
blockade on PDKI1, PKCfI, and PKCe isoforms and their
targets. Our results show a novel link between M, and M,
signaling and the master kinase PDK1 and highlight the rele-
vance ol the balance between the presynaplic muscarinic au-
torcceptors My and M, to influence a pool of PKC isoforms,
which linely wned the AChrelease SNARE-SM mechanism.

2 | MATERIALS AND METHODS

2.1 | Animal welfare

The animals were cared lor in accordance with the European
Community Council Dircctive guidelines for the humane
trcatment of laboratory animals. Adult Sprague-Dawley
rats (40-80 days; Crilfa, Barcelona, Spain) were euthanized
for tissuc harvest and analysis. Animals were randomly as-
signed (o the different treatments and at least three animals
(n > 3) were used as biological replicales [or every experi-
ment detailed below. All animal work was approved by the
Ethics Comitee of Animal Experimentation ol the Universitat
Rovira i Virgili.
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2.2 | Chemicals

Muscarinic inhibition. Pirenzepine dihydrochloride (Tocris):
10 mM stock and vsed at 10 pM. Methoctramine tetrahydro-
chloride (Sigma): 1 mM stock and used at 1 pM. Atropine
{Sigma): 200 pM stock and used at 2 pM.

PKC inhibition. The activity of PKC isoforms was blocked
with PKC-derived peptides which compete [or the receptor
for activated C-kinase 1 (RACKT1) binding and disrupt the
cellular targeting of PKC isoforms. The PKCpI inhibitor
BIVs.4 peptide™* was kindly provided by Dr Mochly-Rosen
from Stanford University and the PKCe inhibitor €V, pep-
tide* from MERCK. Both peptides are <40 amino acids
(B1Vs.3, CKLFIMN; €V,.,, EAVSLKPT). Brielly, blocking
PKCPI with PIVss did not affect PKCPIT* and blocking
PKCe with €V, did not affect the novel PKC9 or classical
PKC isoforms.”**>* Furthermore, £V, peptide has been
validated with PKCe knockout mice.*™* Also, multiple se-
quence alignment reveals that 1V, peptide shares 100%
identity with PKCpI (Uniprot ID: P68403-1) and 0% identity
with PKCe (Uniprot ID: P09216). Additionally, ¢V, pep-
tide shares 0% identity with PKCpIL and 100% identity with
PKCe. Working concentrations were optimized to 10 uM lor
PIVs_4*% and 100 pM for £V ...>* The difference in concentra-
tion was duc 1o 1V_3 peptide being connected o a deliverer
peptide to enhance cell penetration.

PDK1 inhibition. PDK1 activity was blocked with
GSK2334470, (rom MERCK. This highly specilic inhibi-
tor, only inhibited PDKT1 activity without allecting 93 other
kinases screened, including PKC and PKA.* GSK2334470
was made as 5 mM stock in DMSO and used at 2 pM on
excised diaphragm muscles.

PKA inhibition. PKA activity was blocked with N-[2-({p-
bromocinnamyl)amino)ethyl |-3-isoquinolinesullonamide di-
hydrochloride (H89, Calbiochem). H89 was made as 5 mM
stock and uscd at 5 pM.

All chemicals were diluted in Ringer as specilied and both
control and drug-containing solutions contained dimethyl
sulfoxide as vehicle at a final concentration of 0.1% (v/v).

2.3 | Treatments

The treatments were perlormed ex-vivo on excised diaphragm
muscles. The experimental design was pairwisc: one hemidi-
aphragm underwent the treatment while the other served as
its paired control. In single-inhibitor treatments, the treated
preparation was incubated for 60 minutes in Ringer solution
conlaining the inhibitor. We used double-inhibitor treatments
Lo study the implication of PKC in muscarinic signaling. In
these, the treated hemidiaphragms were first preincubated for
30 minutes in Ringer solution containing a kinase inhibitor
(PIVs.a; £V .5 or H89) and afterwards for further 30 minutes

:::‘ASEB)OURNAL;

in Ringer solution containing the kinase inhibitor plus the
muscarinic inhibitor indicated. The control pairs of the dou-
bly inhibited preparations were incubated for 60 minutes in
Ringer solution containing the appropriate kinase inhibitor to
normalize its ellects.

24 | Sample processing and fractionation
The diaphragm muscle was obtained from adult Sprague-
Dawley rals (P40-60) immediately alter euthanasia.
Unconsciousness was induced by an intraperitoneal injec-
tion of tribromoethanol 2% (0.15 mI./10 g body weight) and
alterwards euthanasia was performed through anaesthesic
overdose. As indicated in the Directive 2010/63/EU and the
Real Decreto 53/2013, death was confirmed by exsanguina-
tion. Diaphragms were excised with the phrenic nerve, taking
special care to isolate the same nerve length and avoid con-
nectivity damage.

Whole cell lysale. Aller treatment, muscles were im-
mediately frozen in liquid nitrogen. Homogenization was
performed with an overhead stirrer (VWR International,
Clarksburg, MD) in ice-cold lysis bufler (in mM: NaCl 150,
Tris-HCI (pH 7.4) 50, EDTA 1, NaF 50, PMSF 1, Na,VO, 1;
NP-40 1%, Triton X-100 0.1%, and protcase inhibitor cock-
tail 1% (Sigma, Saint Louis, MO, USA)). Insoluble materi-
als were removed with two centrifugations at 4°C: 1000g for
10 minutes and 15000¢g for 20 minutes. The linal supernatant
contained the whole cell [raction lysate.

Membrane/cytosol fractionated lysates. For membrane-
cytosol [ractionation, samples were immediately homog-
enized without [reezing Lo avoid membrane damage belore
purification. The lysis buffer did not contain detergents (in
mM: NaCl 150, Tris-HC1 (pH 7.4) 50, EDTA 1, NakF 30,
PMSF 1, Na,VO, 1; and protease inhibitor cocktail 1%).
Insoluble materials were removed by centrifugation at 1000 ¢
for 15 minutes at 4°C. The resulling supernatant was further
centrifuged at 130 000 g [or 1 hour. The new supernatant
corresponded to the cytosolic fraction while the pellet to the
membrane fraction. The latter was resuspended in lysis bul-
fer (in mM: NaCl 150, Tris-HCI (pH 7.4) 50, EDTA 1, NaF
50, PMSF 1, Na,VO, 1; NP-40 1%, Triton X-100 0.1%, and
protease inhibitor cocktail 1%). The purity ol the subcellu-
lar fractionation was determined with the cytosol-specilic
GAPDH and the membrane-specific Nat/K*-ATPasc.

2.5 | Antibodies

The primary and secondary antibodies used are listed in
Table 1. The anti-PKCe and anti-PKCpI antibodics were
raised against their C-terminal region (human peptide),
which share a low identity percentage (45%) between each
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Target
PDK1

pPDK1 (pSer*!)
PKCPL

pPKCPI (pThr™?)
PKCe

pPKCe (pSern‘))
PKCa

pPKCa (pScr“?)

Mune18-1

pMunel8-1
(pSer™™)
SNAP-25

pSNAP-25
(pserIST)
MARCKS

PMARCKS
(pserls‘j 156 )

GAPDH
ATPase

Secondary
antibodies

CILLEROS-MANE g1 ai.

Limunogen

Hu PDKI residues
229-556
Hu PDK residues

2
around pSer"“

Hu PKCpL
C-terminus

Hu PKCPI residues
640-644

Hu PKCe
C-lerminus

Hu PKCe residues
around pScrn"

Hu PKCu
C-lerminus

Phosphopeptide
corresponding
to the residucs
654-663

Hu Munc18-1
residues around
Tyr' 57

Hu Munc18-1
residucs 307-319

Hu SNAP-25
residues around
Gln''®

Rat SNAP-25
residues around
pSe o157

Hu MARCKS
residues 2-66

Rat MARCKS
residues around

pgerlﬂ/liﬁ

Rb GAPDH

Chicken ATPase
residues 27-35

Anti-Rb conjugated
HRP

Anti-Ms conjugated
HRP

Origin
Ms mAb

Rb pAb

Rb pAb

Rb pAb

Rb pAb

Rb pAb

Rb pAb

Rb pAb

Rb mAb

Rb pAb

Rb mAb

Rb pAb

Ms mAb

Rb pAb

Ms mAb

Ms mAb

Dk pAb

Rb pAb

Anti-goat conjugated DX pAb

Alcxa fluor 568

Note: Antibodies used in this study and procedure specifications.

Company (ref)

Santa Cruz
(se-17765)

CST (3061)

Santa Croz (sc-209)

Abcam (ab75657)

Santa Cruz (sc-214)

Santa Cruz
(sc-12355)

Santa Cruz (sc-209)

Upstate (06-822)

CST (13414)

Abcam (ab138687)

CST (5309)

Abcam (ab169871)

Santa Cruz
(sc-100777)

Sigma (07-1238)

Santa Cruz
(sc-32233)

DSHB (a6f)

711-035-152

A9044

A-11057

Dilution
1/1000

171000

171000

1/1000

1/1000

171000

171000

171000

171000

1/1000

171000

171000

171000

171000

172000

172000

1/10000

1710000

1/500

Abbreviations: Dk, donkey: Hu, human; mAb, monoclonal antibody; Ms, mouse: pAb. polyclonal antibody:

Rb. rahbit.

other. These antibodies were validated in Hurtado et al and
Simé ct al.**" In bricf, the incubation with the £V _; pep-
tide for 30 minutes decrcases PKCe and pPKCe levels and
the incubation with the pIVsy peptide decreases PKCPI

TABLE 1

Primary antibodies

and pPKCpI levels. The anti-Munc18-1 antibody epitope,
the residucs surrounding Tyr'®’, is not conserved in other
Munc18 isolorms, and the anti-pMunc18-1 Scr
was raised against a synthetic peptide corresponding to the

12 antibody
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human Munc18-1 region 307-319, around the PKC target.
The anti-SNAP-25 antibody was raised against the human
peptide surrounding residues of GIn''®, which are not con-
served in other SNAP family members (identity percent-
ages in ral: SNAP-25 100%; SNAP-23 63%; SNAP-47
25%; SNAP-29 13%). SNAP-25 antibody showed the typi-
cal pattern of tissue expression previously known, differ-
ent [rom SNAP-23,%° making cross-reactivity less likely.
On the other hand, phosphorylated SNAP-25 (pSNAP-23)
at Ser'™ was detected with an antibody raised against
the residues 182-192 ol the protein. This sequence dillers
from SNAP-23 (identity percentage in rat: 73%); SNAP-47
{9%), and SNAP-29 (27%). Sequences were aligned using
ClustalW  (hup://www.ebi.ac.uk/clustalw).>!  Moreover,
the phosphospecificity was proven by the absence of sig-
nal after incubation with the antigen phosphopeptide®* and
after treaiment with lambda phosphatase (manulacturer's
datasheet).

As a control for western blot, when primary antibodics
were omitled, the membranes never revealed staining due to
the secondary antibody. Pretreatment of a primary antibody
with the appropriate blocking peptide (between three- and
eightfold by weight) in skeletal muscle tissue prevented im-
munolabeling. The incubation with the specilic €V ., peptide
for 30 minutes decreases PKCe and pPKCe levels, whereas
the incubation with the pIVs. peptide decreases PKCpI and
pPKCPI levels.”’ As a control for immunohistochemistry,
several muscles were incubated omilting the primary anti-
body, which always abolished any positive staining.

2.6 | Western blotting

Sample protein content was determined with the DC protein

assay (Bio-Rad, CA, USA). Volumes containing 30 pg ol

protein were separated at 110 V through 8% SDS-PAGE gcels
(10% to detect SNAP-25) and clectrotransterred 10 PVYDF
membranes (Bio-Rad, CA, USA). Blocking solutions were
tris-buffered saline with Tween-20 containing 5% nontat dry
milk or 5% BSA. Primary antibodics were incubated over-
night at 4°C and HRP-conjugated secondary antibodies for
1 hour. Chemiluminescence was revealed with an ECL kit
(GE Healthcare Lile Sciences, UK) and imagined with the
ChemiDoc XRS+Imaging System (Bio-Rad, CA, USA).

The optical density of the bands was calculated with
Imagel software, always [rom the same immunoblot image.
The values were normalized (o the background value and to
the total protein transferred, analyzed with SYPRO Ruby pro-
tein blot stain, (Bio-Rad, CA, USA). Foldchanges between
treatment and control were always calculated [rom the same
immunoblot image. All presented data derive from densitom-
ctry measurcments made ol 3-10 scparate replicates, plotted
against controls.

:::‘ASEB)OURNAL;

2.7 | Immunohistochemistry

The NMI of diaphragm and levator auris longus (ILAL.) mus-
cles were analyzed by immunohistochemistry with identical
outcomes. The thinness of LAL muscles improves image
quality and analysis of NMJs. Whole muscle mounts were
fixed with 4% paraformaldehyde for 30 minutes. After fix-
ation, the muscles were rinsed with PBS and incubated in
0.1 M glycine in PBS. The following incubations were per-
formed overnight at 40°C: first, permeabilization with 1%
Triton X-100 in PBS. Then, blocking ol nonspecilic bind-
ing with 4% BSA in PBS. Next, muscles were incubated also
overnight with the appropriate primary antibody. After five
washing steps, the muscles were incubated at 4°C with the
appropriate secondary antibody together with a-bungarotoxin
(-BTX) conjugated with TRTTC, to detect nicotinic acetyl-
choline receptors (nAChRs). Immunolabeled NMJs [rom the
whole-mount muscles were viewed with a laser-scanning
confocal microscope (Nikon TE2000-E). Special considera-
tion was given to the possible contamination ol one channel
by another. In experiments involving negative controls, the
photomultiplicr tube gains and black levels were identical 1o
those used for a labeled preparation made in parallel with the
control preparations. Images were assembled using Adobe
Photoshop software (Adobc Systems, San Jose, CA) and nci-
ther the contrast nor brightness were modilied.

2.8 | Statistics

The ratio between the experimental and control samples was
calculated densitometry measures ol the same image Values
are presented as mean=+ standard deviation (SD). Shapiro-
Wilk test was used 10 test sample normality. Statistical dil-
ference was determined with paired Student's 7 test or ils
non-parametric alternative Wilcoxon test. Multiple compari-
sons were corrected with the Holm-Sidak method (GraphPad
Prism, San Diego, USA). The signilicance threshold was
AP 05, %P < 01, and WP <001

3 | RESULTS
3.1 | M, associates to PKCpI and PKCe and
M, to PKCe

First, we studied how M; and M, mAChR allect PKCfI and
PKCe isoforms at thec NMJ. We used antibodics with high
specilicity for the corresponding protein at the predicted
molecular weight: pPKCPI (Thr**') 77 kDa, PKCpI 79 kDa,
pPKCe (Ser’*®) 90 kDa, PKCe 82 kDa (Figure 1A). The anti-
pPKCpI antibody detected a second band corresponding to
the PKC catalytic domain. This band was not affected by
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FIGURE 1 PKCplL PKCe, and PKCa levels and maturation after musearinic blockade. A, Molecular weight of the phosphorylated and total
PKC PI isoform (pPKCpI and PKCPI) and PKC ¢ isoform (pPKCe and PKCe) at the rat diaphragm. Immunofluorescence-stained neuromuscular
juncrions of LAL muscle visvalized at the confocal microscope. The images at the right are a confocal optical section of the left NMJ. NMJ with
double labeling: a-bungarotoxin (a-BTX) conjugated with TRITC in red and PKCpI in green or PKCe in green. Scale bars = 10 pm. B, Western
blot bands of PKC isoforms. C. Elfect ol My inhibition {pirenzepine. Pir). D. Ellect of M, inhibition {(methoctramine. Met) and M, inhibition alter
a pretreatment with the PKA blocker H89. E, EiTect of M /M, inhibition with atropine (Afr) and with & mixture ol pirenzepine and methoctramine
(Pir+Met). F, Molecular weight of the phosphorylated and 1otal PKC « isolorm (pPKCa and PKCa) at the rat diaphragm and elTect of the
muscarinic inhibitors. M promotes the priming and activation of PKCBI whereas M, promotes PKCe. H89: PKA blocker. Data are expressed as
percentage of protein levels alter treatment. Mean value + SD. #*P < .05, ¥*P < .01, #**P < .001
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the treatments and in 8% SDS-PAGFE gels it could be well-
distinguished [rom the predicted 79 kDa (ull-length pPKCpI
band. The PKCpI and PKCe are exclusively presynaptic at
the NMJ*?? and here we also show that their immunohis-
lochemical staining is limited to the presynaptic region over
the nicotinic acetylcholine receptors (nAChRs) (see arrows
in the confocal section image of PKCRI) and does not sur-
pass areas outside the NMJ endplate. The [irst two indicators
of PKC activity that we studied were PKC phosphoryla-
tion, which indicates PKC priming, and protein level, which
indicates PKC synthesis or activity-induced degradation
(Figure 1B). PKC turnover is activity-dependent and can be
used as marker of its activity.!” ¢

M, blockade with pirenzepine (Pir) decreased PKCJI
The®! phosphorylation and increased its protein amount
(Figure 1C). This increase in PKC}T levels along with the
decrease in PKCpI priming could indicale an accumulation
of the inactive kinase. Additionally, M, blockade decreased
PKCe Ser™ phosphorylation without affeeting its protein
amount. Altogether, this suggests that M, signaling promotes
the priming of both PKC I and ¢ isoforms and probably re-
duces PKCPI levels duc to activity-dependent degradation at
basal conditions.

M, blockade with methoctramine (Met) did not af-
lect PKCI phosphorylation or its total levels (Figure 1D).
Surprisingly, M, inhibition decreased the phosphorylation ol
PKCe and upregulated its total amount. Because the action
ol M, on pPKCe/PKCe is similar to that of M; on pPKCpl/
PKCpI (Figure 1C-D), M, could be inducing the priming
of PKCe and decreasing its protein level. To understand if
M, acts direclly on PKCe or it involves the classic mediator
PKA, we used the inhibitor H89, a blocker of PKA catalytic
subunits. A previous incubation with H89 before methoctra-
mine abolished the increase in PKCe protein levels without
altering the decrease in PKCe phosphorylation (Figure 1D).
Altogether, these results show that M, signaling modulates
PKCe rather than PKCpI, involving PKA (o decrease PKCe
levels and promoting PKCe phosphorylation through a mech-
anism that does not require PKA.

The combined action of M, and M, mAChR pathways can
be determined with atropine (Alr), a well-known muscarinic
pan-inhibitor. In particular, atropine has the same affinity
for M, and M, and its cllect on ACh release and PKA sig-
naling is mimicked by a mixture of Pir +Met at NMJs.>**
The comparison between the cffects of subtype-sclective
inhibilors versus atropine reveals which subtype has higher
overall impact on each PKC isoform. Figure 1E shows that
M,/M, blockade with Atr did not atfect PKCJI but increased
the total levels of PKCe and decreased its phosphorylation.
Compared (o the results of the selective inhibitions, both M,
and M, inhibitions arc responsible for the downregulation of
PKCe priming, whercas M, inhibition is responsible lor the
increase in PKCe protein levels. Interestingly, atropine does
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not replicate the effects of pirenzepine on PKCpI. This might
suggest that M, inhibition needs an active M, (o prime PKC
pI and decrease its levels. In addition to Atr, we used a mix-
ture of pirenzepine and methoctramine (Pir+Met) to check
the implication of both M; and M; mAChRs over PKCpI.
The Pir+Met treatment minimizes the participation of other
mAChR subtypes (Figure 1E). Therefore, it is useful to check
il the elfect ol atropine can be explained by mainly M; and
M, blockade or, otherwise involves other mAChR subtypes.
We found that Pir+Met incubation did not modify PKCpI
protein levels and phosphorylation, mimicking atropine's el-
fect. This reinforces that M; mAChR needs an active M, to
modify PKCRT levels.

To check the scope ol muscarinic signaling, we studied
how muscarinic inhibition affects the PKCa isoform, which
is mostly expressed at the post-synaptic muscle.”**> Unlike
the presynaptic PKCp1 and PKCg, pirenzepine and atropine
did not affect PKCu (Figure 1F). However, M,-blockade in-
creased both PKCu protein levels and phosphorylation. This
result indicates that M, signaling reduces PKCu priming and
protein amount.

In summary, M; promotes the priming ol PKCpL and
PKCe and downregulates PKC[I probably through activation-
induced degradation, which needs an active M,. On the other
hand, M, promotes PKCe priming and decreases its protein
levels through PKA.

3.2 | M, translocates PKCPI and PKCe
whereas M, only PKCe

Nex(, we studied how muscarinic signaling modulates the
subcellular location of PKC isoforms in the membrane,
which is a surrogate measurc of PKC isolorm activation.*®
To test the action ol M, and M,, we separated the membrane
(particulate) and cytosolic (soluble) fractions of the samples
alter treatment. The membrane fraction contains detergent-
insoluble compartments, including the plasma membrane,
intracellular vesicles and other intracellular membranous
compartments. We checked the [ractionation purity with the
cytosol marker GAPDH and (he membrane marker Na™/K™*-
ATPase, which were highly cariched in their corresponding
fraction and essentially undetectable on the opposite.

Figure 2 shows the distribution of the PKC isolorms be-
tween the membranc and cytosol. We sct the value of control
samples as 100% (membrane + cylosol) and calculated the
treatment values in relation to the control. PKCPI and PKCe
isoforms were more associated to the membrane regardless
ol their phosphorylation (proportion membrane—cytosol rom
control samples: pPKCf1 79-21% + 4; PKCpI 79-21% =+ 3;
pPKCe 81-19% + 5; PKCe 68-32% + 5).

The clleet of M, inhibition with Pir on PKCJI was lim-
ited to the membrane, decreasing its phosphorylation and
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Distribution of the PKC isoforms between the membrane (particulated) and cytosol (soluble) fractions after muscarinic blockade.

A, Western blot bands of PKC isoforms and effect of M, inhibition (pirenzepine, Pir). B, Western blot bands of PKC isoforms and effect of M,
inhibition (methoctramine, Met). PKCPI membrane association is orchestrated by M, whereas that of PKCe is modulated by M, and M,. Data are
expressed as percentage of protein levels before and after treatment (mean value + SD). Control value (Ctrl} is set at 100% (membrane + cytosol)

and the treatment value is calculated in relation to the control. *P < .05, ***P < .001]

increasing the total protein levels (Figure 2A). The small
amount ol cytosolic PKCpI1 both before and alter pirenze-
pine treatment makes (ranslocation unlikely to explain the
great increase in the membrane. Therefore, after M, block-
ade, PKCPI is accumulated on the membrane. Regarding
PKCe, M, blockade decreased the phosphorylated PKCe in
the membrane, accumulated total PKCe in the membrance and
decrecased it from the cytosol (sce discussion) These results
indicate that M, inhibition downregulates PKCe phosphory-
lation and induces its accumulation at the membrane.

M, inhibition with Met (Figure 2B) did not afleet the
subcellular distribution of pPKCpI or PKCpI, reinforcing
the pervious conclusion that M, signaling docs not involve
PKCPIL. Regarding PKCe, M, inhibition downregulated
PKCe phosphorylation and increased its protein levels in the
membrane fraction. In summary, M, blockade scems to in-
hibit the priming ol PKCe and accumulate PKCe levels on
the membrane.

3.3 | Both M, and M, activate PDK1

Aller observing that pirenzepine decreased the phosphoryla-
tion of PKCpI and PKCe and methoctramine decrcased the
phosphorylation of PKCe, we wondered il that was caused
by an ellect ol muscarinic signaling over the priming ol
PKC. Thus, we studicd the PKC-priming kinase PDKI1 and
its phosphorylation on Ser**! afier M, and M, blockade. The
antibodies detected a band of 60 kDa [or both pPDKI and
PDK1 (Figure 3A). PDKI is a synaptic kinase'® and here we
demonstrate that it is localized in the presynaptic region over
postsynaptic nAChRs gutters (see the confocal section image
at the right) and docs not surpass arcas outside the NMJ
endplate.

The phosphorylation ol PDK1 decreased after both piren-
zepine and methoctramine treatments without affecting PDK1
protein levels (Figure 3B ). The treatment with the pan-inhibitor
atropine also  decreased PDK1 phosphorylation  without
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PDKI1 protein levels and phosphorylation after muscarinic blockade. A, Molecular weight of the phosphorylated and total PDK1

(pPDK 1 and PDK 1} at the rat diaphragm. At the right: immunofluorescence-stained neuromuscular junctions of LAL muscle visualized at the

confocal microscope. The images at the right are a confocal optical section of the left NMJ. NMJ with double labeling: a-bungarotoxin (a-BTX)

conjugated with TRITC in red and PDK in green. Scale bars =10 pm. B, Effect of M, inhibition (pirenzepine, Pir}, M, inhibition (methoctramine,
Met}) and M/M, inhibition (atropine, Atr). Both M; and M, pathways promote the phosphorylation of PDK1. C, Effect of PDK1 inhibition
(GSK2334470) over the phosphorylated and total PDK1. D, Effect of PDKI inhibition over the phosphorylated and total PKCpI and PKCe

isoforms. Data are expressed as percentage of protein levels after treatment. Mean value + SD. *P < .05, ¥¥¢P < 001

allecting PDKI1 protein levels. This decrease in PDKI1 phos-
phorylation correlates with the accompanying decrease in
phospho-PKC previously detected (note that M, only affects
PKCe; Figure 1D). To understand whether the signaling of both
M, and M> mAChRs might be promoting PKC priming through
PDK1, we studied the effect of PDKI1 blockade. The specitic
PDKI inhibitor GSK2334470 decreased the phosphorylation
of PDK1 Ser”*' without changing its protein levels (Figure 3C).
Next, we tested whether PDK1 inhibition affects the down-
stream PKC isolorms. PDK1 inhibition decreased PKCpI phos-
phorylation and increased its protein levels (Figure 3D). PDK1
inhibition per sc scems to reproduce the cffeet that M, inhi-
bition with pirenzepine has over PKCpL Regarding the PKCe
isoform, PDK1 inhibition decreased its phosphorylation.

34 | M, and M, mAChR subtypes control
PKC substrates

Because M, and M, mAChRs recruil specific PKC isoforms,
they likely inlluence PKC substrates dillerently. Thus, we
studicd how M; and M, blockade affected the PKC tar-
gets Muncl8-1 (Ser™™?), SNAP-25 (Ser'™) and MARCKS
(Ser'3¥15%) (Figure 4A-B).

M, inhibition downrcgulated the phosphorylation of
all PKC substrates: Muncl8-1 phospho-Ser’®, SNAP-25
phospho-Ser'” and MARCKS phospho-Ser'**'* without al-
feeting their protein amount (Figure 4C). Along with the de-
crease in the PKC-priming kinase PDKI, this resull supports
the interpretation that the changes observed over PKCPI and
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PKCe after M, inhibition correspond to a decrease in PKC
aclivity.

In opposition of M, inhibition, M, blockade increased the
phosphorylation of some PKC substrates. This is the case of
Muncl8-1, whose phosphorylation and protein levels were
increased by Met (Figure 413). This suggests that M, sig-
naling downregulates Munc18-1 synthesis, which possibly
allects its phosphorylation levels. On the other hand, M,

inhibits MARCKS phosphorylation, which is shown by M,
inhibition upregulating MARCKS phosphorylation without
changing its protein levels. In contrast, M; inhibition did not
affect SNAP-25 Ser'"’ phosphorylation or its total protein
levels, being the only substrate not alfected by M, signaling.

Once determined the role of M, and M, subtypes per se,
we proceeded to study their combined action on PKC sub-
strates (Figure 4E). The M,/M, inhibition with Atr decreased
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FIGURE 4 Muncl8-1. SNAP-25. and MARCKS phosphorylation and protein levels after muscarinic blockade. A. Molecular weight of
the phosphorylated and total Munc18-1 (pMunc18-1 and Munc18-1), SNAP-25 (pSNAP-25 and SNAP-25), and MARCKS (pMARCKS and
MARCKS) at the rat diaphragm. B, Western blot bands of Munc18-1, SNAP-25 and MARCKS. C, Effect of M, inhibition (pirenzepine, Pir).
D. Effect of M, inhibition (methoctramine, Met}). E, Effect of M;/M, inhibition (atropine, Atr). F, Effect of M,/M; inhibition with a Pir and Met
mixture (Pir+Met). G, Effect of PDK1 inhibition (GSK2334470). M, promotes the phosphorylation of all PKC substrates Munc18-1, SNAP-25.
and MARCKS whereas the M, inhibits Munc18-1 levels and MARCKS phosphorylation. Both receptors converge on PDKI, whose activity

promotes the phosphorylation of SNAP-25 and MARCKS and inhibits that of Munc18-1. Data are expressed as percentage of protein levels after
treatment. Mcan value £8D. *P < .05, **¥P < .01, ***P < .001
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the phosphorylation of Muncl8-1 and increased the total
levels ol Munc18-1. After comparing with the subtype se-
lective inhibitors, M, inhibition seems responsible for the de-
crease in pMunc18-1, while the increase in Munc18-1 seems
caused by M, inhibition. The M;/M, inhibition with atropine
did not change MARCKS phosphorylation or protein levels.
This outcome on pMARCKS is in line with the action of Pir
and Met and is possibly the result ol the balance between
the M -increasing and M,-decreasing actions. Moreover,
SNAP-25 pSer'®” remained unaltered after M,/M, blockade.
Interestingly, atropine does not replicate the eflect ol pirenze-
pine, which may indicate that M, needs M, active to promote
SNAP-25 phosphorylation. Alternatively, atropine could
allect other receptors like My mAChR which could counter
the action of M,. To rule out the effect of atropine on other
muscarinic receptors, we tested the effect of a mixture of
pirenzepine and methoctramine (Pir + Met} (Figure 4F). An
incubation with Pir + Met replicated the same results as at-
ropine over Munc18-1, SNAP-25 and MARCKS, reinforcing
the participation ol solely the M, and M, mAChR subtypes.
Finally, because we determined that M; and M, selective
blockers downrcgulate PDK1 activity at the NMJ, we ana-
lyzed whether the inhibition of PDK1 per se could also allect
the downstream PKC substrates (Figure 4G}). PDK1 inhibition
with GSK2334470 increased the phosphorylation of Munc18-1
without alfecting its protein amount. On the other hand, PDK1
inhibition decreased the phosphorylation of SNAP-25 pSer'®’
and MARCKS pSer'®'% without affecting their total levels.
These data show that PDK1 blockade replicates the ellect of

( A) PKC or PKA blockade
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t ("m) I T 1
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M, inhibition over Munc18-1 and the effect of M, inhibition
over SNAP-25 and MARCKS, reinlorcing that PDK1 is at the
crossroad between M, and M, signaling over PKC.

3.5 | M, signaling involves PKCpI and PKCe
to phosphorylate Munc18-1, MARCKS, and
SNAP-25

To determine the M; and M, mAChR pathways more accu-
rately, we investigated the involvement ol PKC isolorms by
studying il the specific competitive peptides IV5_y (inhibitor
of PKCPI) and €V, (inhibitor of PKCe) could prevent the ef-
fects ol the selective muscarinic blockades. Also, because we
detected that PKA was involved in the regulation of M, on PKC
and some PKC substrates have PKA phosphorylation sites (see
discussion), we also used H89 10 determine the PKA role.

A previous incubation with Vs oreV _, before pirenzepine
(Figure 5A) abolished the effeet of M, blockade on Muncl8-1
phosphorylation (Figure 5B). This indicates that both PKCpI
and PKCe are necessary for M; mAChR action on Munc18-1
at the NML. 1n contrast, H89 did not prevent pircnzepine from
reducing Munc18-1 phosphorylation, which indicates that PKA
does not participate in M ;/Munc18-1 phosphorylation.

All previous inhibition ol PKCp1, PKCe or PKA pre-
vented pirenzepine [rom reducing SNAP-25 phosphorylation
(Figure 5C). This indicates that M; mAChR action on SNAP-
25 needs both PKC and PKA kinases, suggesting that it is
more controlled than Munc18-1 phosphorylation.
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Effect of PKC and PKA inhibitors on the action of M, over PKC substrates. A, The specific inhibitors of PKCPI (pV5.3), PKCe

(V). and PKA (H89) were pre-incubated before M, blockade (pirenzepine, Pir) to determine the requirement of each kinase. B, Western
blot bands and optical densitometry of phosphorylated (pMunc18-1) and total Munc18-1. C, Western blot bands and optical densitometry of
phosphorylated (pSNAP-25) and total SNAP-25. D, Western blot bands and optical densitometry of phosphorylated (pMARCKS} and total

MARCKS. Data are mean values £8D. ¥#P < .01, ¥*¥*P < 001
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Effect of PKC and PKA inhibitors on the action of M, over PKC substrates. A. The specific inhibitors of PKCPI (BVs_3). PKCe

(eV,.2), and PKA (H89) were pre-incubated before M, blockade (methoctramine, Met} to determine the requirement of each kinase. B, Western
blot bands and optical densitometry of phosphorylated (pMunc18-1) and total Munc18-1. C, Western blot bands and optical densitometry of
phosphorylated (pSNAP-25} and total SNAP-25. D, Western blot bands and optical densitometry of phosphorylated (pPMARCKS) and total

MARCKS. Data are mean values +£8D. **P < .01, ¥**P < 001

Finally, the previous incubation with [IVs_; abolished the
downregulation of pirenzepine on MARCKS phosphorylation
without modilying MARCKS protein levels (Figure 5D). A
previous blockade ol PKCe also prevented pirenzepine [rom al-
fecting MARCKS phosphorylation and protein levels. This in-
dicates that My mAChR action on MARCKS needs both PKC[31
and PKCe. In contrast, deleting PKA activity with H89 did not
prevent pirenzepine from reducing MARCKS phosphorylation.
Surprisingly, we [ound a decrease in MARCKS levels. Because
PKA is involved in protein translation (see discussion), shutting
down PKA from the system might be revealing a MARCKS-
degrading pathway induced by M; mAChR.

3.6 | M, signaling involves PKCe and PKA
to reduce Muncl8-1 level and MARCKS
phosphorylation

We previously found that M, blockade upregulated Munc18-1
levels and phosphorylation, probably by cnhancing Muncl8
synthesis and, hence, its phosphorylation levels. The PKC[31
isoform is dispensible for this mechanism, because a previous
incubation of the PKCPI inhibitor IV, did not prevent the of-
[eet of methoctramine (Figure 6A-B). Instead, Munc18-1 upreg-
ulation was abolished by a previous inhibition of PKCe (eV | »)
and PKA (H89). This indicates that M; mAChR requires PKCe
and PKA, but not PKCJI, to decrease Muncl8-1 at the NMJ. In
line with the previous results, where M, inhibition did not affect

SNAP-25, none of the PKC and PKA inhibitors added any eflect
on the methoctramine treatment (Figure 6C).

We also studied the PKC and PKA role on the upregulation of
phospho-MARCKS alter M, inhibition (Figure 6D}. Previously
blocking PKCPI did not prevent M, modulation, because Met
still incrcased MARCKS phosphorylation. However, a previous
inhibition o PKCe (eV ;) and PKA (H89) abolished the upreg-
ulation of phospho-MARCKS after M, inhibition. This indicates
that M> mAChR requires PKCe and PKA, but not PKCJL, to de-
crease pPMARCKS at the NMJ. Interestingly, without PKA, M,
blockade decreased Muncl8-1 and MARCKS phosphorylation,
which is coincident with the decrease in phospho-PKCe on the
same conditions (Figure 1D).

3.7 | Muscarinic subtypes
induce the translocation of Munc18-1,
SNAP-25, and MARCKS

We investigated the distribution between the membrane
and cytosol ol Munc18-1, MARCKS and SNAP-25 after
muscarinic inhibition to clarily the implications ol the
previous regulations (Figure 7). At basal conditions,
Munc18-1 was strongly associated Lo the membrane,
both in its phosphorylated lorm pMunc18-1 (membrane—
cytosol, 85-15% + 4) as well as its total levels (76-24%

+ 3). Similarly, pSNAP-25 Ser'® was also associated to
the membrane (77-23% + 3) as well as total SNAP-25
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{77-23% =+ 4). Phosphorylated MARCKS was equally
distributed between the two [ractions (55-45% + 5) and
MARCKS slightly more to the cytosol (38-62%=+6).

The decrease in Munc18 phosphorylation after M, in-
hibition was located at the membrane [raction (Figure 7A).
This reduction in pMunc18-1 was accompanied by a trans-
location of the total Munc18-1 species from the membrane
to the cytosol. The decrease in SNAP-25 phosphorylation
after M, inhibition occurred at the membrane fraction.
However, this decrease did not affect the distribution of
the total SNAP-25. Similar 1o SNAP-25, M, inhibilion also
decreased MARCKS phosphorylation on the membrane
compartment without affecting the distribution of the total
MARCKS. Altogether, these results indicale that M, sig-
naling promotes Munc18 (Ser'*”) phosphorylation and its
association to the membrane. M, also induces the phosphor-
ylation of SNAP-25 and MARCKS on the membrane with-
out affecting their membrane translocation.

M, inhibition with Met increased the phosphorylation of
Munc18-1 in the membrane without affecting it on the cyto-
sol (Figure 7B). Additionally, M, inhibition also upregulated

( A) Membrane

8 8

8

Protein levels (% to control)

pMunc18-1

FASEB ...

the total protein Munc18-1 levels in the membrane fraction
rather than in the cytosol. In consistency with the previous
results, the blockade of M, did not affect SNAP-25 Ser'*’
phosphorylation and it did not induce the translocation of its
protein levels. Finally, the increase in MARCKS phosphor-
ylation by Met was concentrated in the membrane fraction
without affecting the phosphorylation on the cytosol. This
M, modulation did not aflect the total levels ol MARCKS,
which remained unchanged in both the membrane fraction
and in the cytosol.

3.8 | The synaptic region contains the M,
signaling on PKCp1, PKCe¢, Munc18-1, and
SNAP-25

To study the muscarinic signaling that occurs at the presyn-
aptic terminal, we selected PKC isoforms that participate
in neurotransmitler release and arc exclusively expressed at
the presynaptic terminal of the NMJ 3224 However, it is
not possible to isolate the phrenic nerve and preserve its

B Membrane [ Cytosol
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FIGURE 7
blockade. A, Western blot bands and optical densitometry of PKC substrates after M, blockade (pirenzepine, Pir). B, Western blot bands and

Distribution of the PKC substrates between the membrane (particulated) and cytosol (soluble} fractions after muscarinic

optical densitometry of PKC substrates after M, blockade (methoctramine, Met). M, promotes Munc 18 phosphorylation and translocation to the
membrane. Additionally, M, induces SNAP-25 and MARCKS phosphorylation on the membrane without affecting their translocation. Data are
expressed as percentage of protein levels before and after treatment (mean value + SD). Control value (Ctrl) is set at 100% (membrane + cytosol)
and the treatment value calculated in relation to the control. *P < .05, ¥*P < .01, ¥**P < 001
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physiological conditions, so the biochemical studies must
be carried out in whole muscle samples. Indeed, we show
that M, signaling can affect post-synaptic proteins like
PKCua. Thus, to better define the location of the presynap-
lic PKCpI and PKCe signaling in this study, we separated
the synaptic-enriched region of the hemidiaphragms from
the extrasynaptic regions. This can be done by adding
a-bungarotoxin conjugated to TRITC to the medium at the
last 10 minutes of treatment and then dissecting under the
microscope the tissue region positive in AChRs (synaptic
region) [rom the region without AChR-marking (extrasyn-
aptic region) {(Figure 8A). Although a-BTX-TRITC is added
in a non-blocking low concentration, the results could be
influenced by the presence of this nicotinic AChR blocker
{see Discussion). As expected, PKCpI, PKCe, Munc18-1,
SNAP-25, and their phosphorylated forms were enriched
in the synaptic region and signilicantly lower in the ex-
trasynaptic region (Figure 8B-F). The presence of these

molecules in the extrasynaptic region could be due to their
presence in axon branches, muscle spindles and, [easibly,
distant or non-stained NMJs that cannot be excluded from
the extrasynaptic region. M, blockade did not affect PKCfI
phosphorylation or its total levels (Figure 8C). On the other
hand, the effect of methoctramine over PKCe was restricted
at the synaptic region, reducing PKCe phosphorylation and
upregulating PKCe total protein levels (Figure 8D). The
levels of PKCeg at the extrasynaptic region were lower than
at the synaptic region and methoctramine did not induce any
ellect. With regard to Munc18-1, methoctramine increased
its protein levels and phosphorylation in the synaptic re-
gion (Figure 8F). Although Munc18-1 was enriched in the
synaptic region of the diaphragm, this molecule was more
abundant than the others in the extrasynaptic area {(around
65% versus control values). In contrast, SNAP-25 was more
specilic [or the synaptic region than Munc18-1 and, in con-
cordance with the whole muscle samples, it was not affected
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FIGURE 8

Synaptic localization of the effects of M, signaling. A, Representation of the synaptic and exirasynaptic regions of the rat

diaphragm. B, Western blot bands of the phosphorylated and total levels of PKCBI. PKCe, Munc18-1, and SNAP-25 in the synaptic and

extrasynaptic regions of the diaphragm before and after M, blockade (methoctramine, Met). C-F, Effect of M, blockade over the phosphorylation
and total levels of (C) PKCPI. D, PKCe, (E) Munc18-1, and (F) SNAP-25. G-H, immunofluorescence-stained neuromuscular junctions of LAL

muscle visualized at the confocal microscope. The images at the right are a confocal optical section of the left NMI. NMJ with double labeling:

a-bungarotoxin (a-BTX) conjugated with TRITC in red and Munc18-1 in green (G} and SNAP-25 in green (H). Scale bars = 10 pm. Data are

expressed as percentage of protein levels before and after treatment (mean value + SD). The control value (Ctrl} from the synaptic region is set at

100% and the rest are calculated in relation to the control. n.s. not significant, *P < .05. ¥*P < .01, ¥**P < .001
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by methoctramine (Figure 8F). In concordance to the pres-
ence of Muncl8-1 at the extrasynaptic region, Figure 8G
shows that Munc18-1 is expressed al the presynaptic com-
ponent of the NMJ and also in nerve terminals, which ex-
tend outside the synaptic region. The optical section shows
that Munc18-1 immunostaining is concentrated at the pr-
esynaptic component, over the nAChR postsynaptic gutters
{(Figure 8G right). SNAP-25 was exclusively located in the
presynaptic component of the NMJ (Figure 8H). The optical
section shows that SNAP-25 green immunolabeling is con-
centrated over the nAChR postsynaptic gutters (Figure 8H

right). Altogether, these results demonstrate the effect of

M, blockade on PKCBI, PKCe, Munc18-1, and SNAP-25 is
associated o the synaptic area ol the diaphragm, reinforc-
ing that this particular signaling occurs at the presynaptic
terminal.

4 | DISCUSSION

The M, and M, muscarinic receptor subtypes induce opposed
outcomes on ACh rclease at the NMJ. M increases whereas
M, decreases (he end-plate potential.” Interestingly, both sub-
types couple PKC to neurotransmission when inhibited with
sclective blockers such as pirenzepine or methoctramine. The

FASEB oo
M, and M, muscarinic receptors are specifically expressed
al the nerve terminal and Schwann cells,” where they likely
modily several PKC isoforms. Until now, it was unknown
if muscarinic receptors had different preference for particu-
lar PKC isolorms. In this study, we selected the PKCf1 and
PKC¢ as representatives of classical and novel PKC families
because they are exclusively expressed at the presynaptic ter-
minal *** and participate in synaplic transmission,*>2431:43%
A summary of the main findings is represented in Figure 9.

41 | M, signaling on PKC
The M; muscarinic signaling potentiates ACh release at
many cholinergic synapses, including the neuromuscular
junction.'**%* M, muscarinic receptors are linked to G, pro-
tein signaling and PLCp activation.”® In turn, PLCp activates
PKC through the production of inositol 1,4,5-triphosphate
(IPy), which mobilizes Ca**, and the phorbol ester diacylg-
lycerol.®’ Then, neurotransmitter release is enhanced through
PKC, which phosphorylates numerous targets ol the exocy-
totic machinery, but also by other phorbol ester-sensitive pro-
(eins like Munc13 266162

Our results show that M, signaling promotes the matura-
tion (priming) of both PKCPI and PKCe isoforms. This could

®e. O
MARCKS Munc18-’1

" ARCKS

e v
Munc18-1 <2188 \ A AN

FIGURE 9 Summary of M, and M, muscarinic regulation of PKC signaling at the NMJ. The M; mAChR promotes the phosphorylation of
PDK1 and the maturation of the presynaptic PKC isoforms PKCBI and PKCe at the membrane compartment of the NMJ. M, also activates PKC
isoforms through PLCP, causing PKCPI protein degradation at the membrane and PKCe release to the cyltosol (see Discussion for the role of
PDK1 on PKC translocation). This signaling pathway triggers the PKC phosphorylation of Munc18-1 (Ser’'?), SNAP-25 (Ser'™"), and MARCKS

152156

(Ser

) and their recruitment to the membrane (SNAP-25 phosphorylation by M, requires PKA activity). In parallel to M, the M; mAChR

signaling also promotes the phosphorylation of PDK1 and the priming of the PKC isoform PKCe at the membrane. However, M, downregulates
PKCe protein levels at the membrane through a PKA-dependent pathway. This inhibition extends to the PKC substrates Munc18-1 and MARCKS.
If the PKA-dependent pathway of M, is blocked, M, signaling is still able to promote PKCe maturation, which enhances Munc18-1 and MARCKS
phosphorylation, similarly to M, signaling. Therefore, M, and M, muscarinic receptors balance PKCPI and PKCe priming, protein levels, and

activity on the mediators of the synaptic vesicle release machinery
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be mediated by PI3K/PDKI1 because M, signaling activates
PI3K in rat hippocampal neuron cultures® and we accord-
ingly found that M, increases PDK1 Ser”*! phosphorylation
and PDK1 promotes both PKCRI and PKCe phosphoryla-
tions. On the other hand, M; mAChR regulates dillerently
the levels of PKCPI and PKCe isoforms. It downregulates
PKCpT in the total and in the membrane fraction but does
not allect PKCe total protein levels and translocates it 1o the
cylosol. Several reasons indicate that M; might be induc-
ing PKCPT degradation after activation rather than inhibit-
ing PKCPI synthesis. First, M associates 1o the G, protein
and PKC activation, which leads to PKC activity-dependent
degradation.”** Tn concordance, we previously found at the
NMJ that PKCpI degradation occurs alter being activated
by phrenic nerve stimulation to potentiate ACh release.”
Another finding supporting that M; mAChR triggers PKCpI
activity and its turnover is that the PKC downregulation
occurs at the membrane fraction, the compartment where
studics in cell cultures found activity-dependent PKCp1
ubiquitination and degradation.” Additionally, we found
that M; mAChR requires PKCpI activity to induce the phos-
phorylation of the SNARE regulator Munc18-1 (Ser*™), the
SNARE core protein SNAP-25 (Ser*®”) and the cytoskeleton-
related MARCKS (Ser'*'%), Tn relation to Munc18-1 and
PKCpL, experiments with the same ) inhibitor used here
demonstrated that PKCpI is also necessary for the increase
of Munc18-1 phosphorylation caused by nerve stimulation
but not for the increase of Muncl8-1 levels.! Also, the cn-
hance of Munc18-1 PKC-phosphorylation is closely related
to neurotransmission®® and adds 10 our knowledge about how
M, enhances acetylcholine release at the NMJ." On the other
hand, SNARE complex formation and neurotransmission is
also regulated by SNAP-25 PKC-phosphorylation.**%* Our
results show that M; mAChR uses PKCPI to phosphorylate
SNAP-25, reinlorcing the previously demonstrated role of the
BLisoform on the neurotransmission at the NMJ as the inhibi-
tion of PKCJ31 decreases the size of end-plate potentials. > M,
promotion of PKC phosphorylation over MARCKS has been
determined in literature.*® Multiple PKC isoforms can phos-
phorylale MARCKS in vitro and in vivo.™® Here, we deter-
mine that, at the NMJ, M, requires the presynaptic PKC[I
to phosphorylatc MARCKS. Additionally, we found that the
phosphorylation of Muncl8-1, SNAP-25 and MARCKS by
M, signaling occurs at the membrane and that M, also in-
duces the translocation of Muncl8-1 from the cytosol to the
membrane. These changes in the membrane are concordant
with an activation ol all three substrates, which is closely re-
lated to their membrane association. ™ %%

Contrary to PKCp1, M, inhibition did not alfect PKCe
protein levels. This distinct behavior between PKCpI and
PKCe could be because PKCe is less sensitive Lo activity-
dependent  degradation. Indeed, PKCe rate of down-
regulation is 3-fold slower than other PKC isotypcs.(’“

Alternatively, PKCe activity-dependent degradation can be
modulated by other PKCisoforms.®” In this regard, we know
that the inhibition of PKCPI in basal conditions downreg-
ulates PKCe levels at the neuromuscular junclion.‘“ Thus,
the blockade ol M,/PKCpI with pirenzepine could reduce
PKCe and counter an accumulation of PKCe levels after
M, inhibition. The PKCe¢ isoform is crucial to facilitate
and trigger multiple mechanisms involved in ACh release
at the NMJ.2**+3138 This isoform generally participates in
the first signaling steps of multiple receptors, acting like
an early kinase of various signaling cascades.”* This is
also the case for muscarinic signaling, where PKCg inhi-
bition prevents mAChRs from modulating ACh release if
it is performed belore, but PKCe inhibition does not inllu-
ence the NMJ release after mAChR blockade.”* Tn concor-
dance, here we inhibited PKCe before muscarinic hlockade
to demonsirate the dependency of M; on PKCe activity
at the molecular level. Here we found that M; muscarinic
signaling uscs PKCe to phosphorylate the three substrates
Munc18-1, SNAP-25, and MARCKS, demonstrating the
facilitatory role of this kinase for M. In concordance,
PKCe activity has been previously linked o the phosphory-
lation of Munc18-1,> SNAP-25,** and MARCKS.™® The
results also show that M, inhibition decreases the primed
pPKCe lorm and cnhances total PKCe in the membranc.
We interpret this result as that, alter M, inhibition, PKCe
isoform is not allowed to perform its facilitating role and
therelore it does not undergo activity-induced degradation
at the membrane,’2%>3 resulting in an accumulation of
the inactive isoform in the membrane. Altogether, these
molecular results support the previous electrophysiologi-
cal lindings showing that PKCe is necessary lor M, to in-
crease ACh release.”® Because the membrane fraction that
we studied contains the insoluble membrane compartments
like the plasma membrane, synaptic vesicles, and mito-
chondria, it is possible that inhibited PKCe becomes more
associated 1o the cytoskeleton (insoluble fraction)™*"! or
translocates between different cell compartmems.72 On the
other hand, PKC priming by PDKI acts on cytoskelcton-
associated PKC cnzymes (in the insoluble membrane frac-
tion) and releases them to the cytosol.”®” Therefore, it is
possible that the PDK1 inhibition by pircnzepine contrib-
utes Lo the association of total non-phosphorylated PKCe to
the membrane [raction (in this case associated to the insol-
ublc cytoskeleton). In addition, it should not be discarded
that the increase ol PKCe in the membrane after Pir could
induce some activity on another substrate which we did not
study here. Previous work at the NMJ suggested that the
treatment with pirenzepine, although it downregulates 1P/
Ca’* signaling and PKC activity, also couples at least some
PKC isoform to participate in ACh relcase.! Our rescarch
drives us Lo think that this isoform could be PKCe acting
on different p-substrates than Munc18-1, MARCKS, and
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SNAP-25, as it seems to integrate different receptor sig-
naling pathways at the NMJZ*#**1* and here we find (hat
it is recruited to the membrane. Together with our trans-
location data, the translocation of PKCe to the membrane
alter M, inhibition could be responsible for the coupling ol
PKC after M, inhibition. However, further research on the
role of PKCe and its targets is needed to comprehend this
complex mechanism. On the other hand, it is not surpris-
ing that both PKCfI and PKCe could phosphorylate these
substrates, considering that all PKC isoforms show a high
degree of sequence similarity in their kinase domain.® It
is very interesting that both PKCpI and ¢ isolorms are nec-
essary to phosphorylate these substrates, but they do not
replace themselves (necessary but not sulficient). In coin-
cidence, the activity of the novel PKCe isoform is a pre-
requisite necessary for classic PKC activity at the NMJ,**
This remarks the importance ol studying the dillerences
and cooperation between PKC isoforms.

PKA activitly is cssential for maintaining nceurotransmis-
sion at the NMJ and it has recently been linked with M, mus-
carinic signaling.z“’3 Here we show that M, signaling does
not require PKA activity 1o promote the PKC phosphoryla-
tion ol Munc18-1. However, PKA participates in Munc18-1
expression and we discuss it in the next section about M,
signaling. In regard to MARCKS, PKA does not promote the
M,/PKC phosphorylation but it maintains its protein levels.
This is because, without PKA activity, M, blockade caused
a decrcase in MARCKS levels. PKA is involved in protein
translation and shutting down PKA [rom the system might
be revealing a MARCKS-degrading pathway induced by M,
mAChR inhibition. Interestingly, M,/PKC phosphorylation
of SNAP-25 Ser'®’ requires PKA activity. PKA is known to
phosphorylate SNAP-25 on Thr'* *™ We previously de-
termined that blocking the neuromuscular PKA with H-89
decreases SNAP-25 Thr'** phosphorylation.” Together with
the present results, this might indicate that PKA SNAP-25
Thr'*® favors PKC phosphorylation on SNAP-25 Ser'™’.

Therelore, at the neuromuscular junction, M, activales
PDKI1 and induces the maturation of the classical PKCp1
and the novel PKCe. Besides, M, uscs Gq/PLCI} and cal-
cium mobilization to trigger PKCPI activity and its conse-
quent degradation. M, needs PKCe activity to facilitate the
M, downstream signaling. Both PKC isoforms regulate the
phosphorylation ol Munc18-1, MARCKS, and SNAP-25
substrates (the latter with the help of PKA), which associate
Lo the membrane and participate in neurotransmission at the
NMJ and other cellular processes.

4.2 | M, signaling on PKC

The M, muscarinic signaling reduces the neurotransmis-
sion from cholinergic synapses, including the neuromuscular
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junction."** M, receptors are generally linked to Gi proteins,
which inhibit adenylate cyclase and block PKA aclivity
by downregulating cAMP produclion.58 One of the conse-
quences we recently demonstrated is that M, signaling de-
creases the PKA phosphorylation of SNAP-25 Thr'** at the
NMIJ.? Besides the PKA pathway, further studies revealed
that PKC activity is also necessary for the M, muscarinic
signaling in various neuromuscular models.’*"

In the present work, we studied how M, influences the
PKC isoforms that are exclusive of the presynaptic termi-
nal. 2 In particular, we show that M, signaling does not
affect the classical PKCpI isoform priming, levels or subcel-
lular distribution and this PKC isoform is not required for
any substrate phosphorylation allected by M, blockade that
we studied. In concordance, a previous study in portal vein
myocytes shows that M, recruits novel instead of classical
PKC isolorms.”® Our study concurs with this idea, because
we found that the novel PKCe isoform participates in many
M, downstream regulations at the NMJ.

M, signaling induces PKCe phosphorylation priming at
the membrane fraction as well as the phosphorylation of the
PKC master kinase PDK1, in the same way as M. This could
be linked 10 M/PI3K activation through the Gf¥y subunit’*’®
and here we demonstrate that PDK1 promotes PKCe phos-
phorylation. On the other hand, M, signaling downrcgulates
PKCe protein levels in the membrane (raction. These modula-
tions of PKCe and pPKCe by M, occur at the synaptic region
ol the hemidialragm, in consistency with the presynaptic lo-
cation of the isoform.?"** As mentioned belore, the increase
of PKC levels can be interpreted as an accumulation of the
inactive kinasc or, on the contrary, as more synthesis. M, ac-
tivity is unlikely to induce PKCe activily and degradation, as
the PKCe isoform is not very sensitive to activity-dependent
degradation® and M, inhibition activates and couples PKC 1o
participate in acetylcholine release at the NMJ.! Besides, evi-
dence demonstrate that PKCe is active. We observed that M,
blockade induces PKC activity, upregulating Munc18-1 PKC-
phosphorylation, Munc18-1 protein levels and MARCKS
PKC-phosphorylation. In concordance, PKCe activity at the
NMJ upregulates both Muncl8-1 phosphorylation and pro-
tein levels™* and phosphorylates MARCKS.> Also, here we
verified that PKCe activity is required for M» blockade to
upregulate Munc18-1 and MARCKS. Thus, the increase in
PKCe by M, inhibition is consistent with enhanced PKC ac-
tivity and it is possibly caused through protein synthesis (scc
below Lor the implication of PKA).

To identily the components ol M,/PKCe pathway, we in-
vestigated the effect of PKA inhibition. Our results show that
M, blockade uses PKA aclivity to increase PKCe levels but
does not need PKA (o decrease PKCe phosphorylation. This
reveals that M, signaling affects PKCe through two differ-
cnt pathways: a PKA-dependent pathway where M, down-
regulates PKCe, and a PKA-independent pathway where
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M, induces PKCe maturation through phospho-PDK1. The
mentioned PKA-independent pathway is concordant with
the previous studies linking M, and novel PKC through the
Gy subunit and PI3K activation,”*™® hence does not need
G; protein and PKA activity. On the other hand, M; reduces
PKCe levels via G protein and PKA inhibition and, when
M, is blocked, PKA activity increases and upregulates PKCe.
The phosphorylation ol PKCe does not increase along with
the total level because the PDK1-induced phosphorylation
remains downregulated by Met. Because the PKCe isoform
is exclusively expressed al the synaptic terminal of NMJs,**
where gene expression does not take place, the upregulation
of its protein levels might be caused by a posttranscriptional
mechanism. Concordantly, PKA activity has been associated
to the modulation of mRNA (ranslation through the phosphor-
ylation of the eukaryotic elongation factor 2 kinase, inducing
a general reduction of mRNA translation but increasing the
translation rate of a small subset of synaptic prol.eins.”‘78
Also, PKA promotes the translation ol various proteins via
phosphorylation of polypyrimidine tract-binding protein 1.”

Regarding the span of M, signaling, this mAChR subtype
is specifically expressed at the nerve terminal and Schwann
cells.’” Here we describe a molecular pathway confined in
the nerve endings, because the participating PKCI and
PKCe arc exclusively presynaptic®**™ and the end-largets
are Muncl8-1 and SNAP-25, neurotransmision modulators
unigue to the nerve endings.’'** We observed that M, signal-
ing only affeets the synaptic region ol the hemidiaphragm,
where both PKC isolorms, Munc18-1 and SNAP-25 were en-
riched. Munc18-1 was quite detectable in the extrasynaptic
arca (around 63% versus control value). This is in line with
our previous report that Munc18-1 is also present in the nerve
axons,”! which stretch outside the synaptic region. In fact,
when studying the effect of methoctramine in the extrasyn-
aplic region, we observed a tendency to increase Munc18-1
protein levels (P = .8) that was not significant. However,
muscarinic signaling may extend further than the presynap-
lic terminal and allect postsynaptic proteins. Here we show
that M, mAChR downregulates the levels and priming of
PKCa, an isoform which is mainly expressed at the postsyn-
aplic site. My mAChR at the NMJ induces an auto-inhibitory
feedback over ACh release and our data suggest that M sig-
naling on PKCu could be linked to a reduction of the post-
synaptic responsiveness 1o ACh. Other [indings showing that
synaptic cvents influence pre- and post-synaptic kinascs arc
that mAChR signaling controls the widely expressed PKA®
and that phrenic-induced activity under blocked postsynap-
tic contraction induces the degradation of the presynaptic
PKC{I and the post-synaptic PKCpI1.?

In this study we [ound that M, does not allect SNAP-
25 Ser'™ phosphorylation by PKC at the NMJ. Indeed,
M, signaling rather regulates SNAP-25 through the PKA-
phosphorylation at Thr'*.? Here, we also demonstrate that

PKA activity is required for M, to modulate Munc18-1 and
MARCKS. Interestingly, we lound that all PKC phosphor-
ylations inhibited by M,, and hence attributed to PKCe, re-
quire PKA activity. This further supports the idea that M,/
PKA pathway modulates upstream the activity ol PKCe over
those substrates,”*! which provide a molecular clue to the
functional results about the PKA-dependent pathway on M,
outcomes.* Interestingly, we also found that a previous inhi-
bition of PKA shifts M, to perform an M,-like signaling in
relation to Munc18-1 and MARCKS phosphorylation. This
is because alter H89 preincubation, M, blockade decreases
both Munc18-1 and MARCKS phosphorylation which is
the result of M; inhibition. This is concordant with previous
functional studies that showed when PKA is previously inac-
tivated, blocking either M, or M, leads to a similar reduction
in transmitter release.! Indeed, this result unmasks the PKA-
independent pathway described belore where M, induces
PKCe phosphorylation. In this, M, blockade would downreg-
ulatc PKCe phosphorylation through PDK1 (our results) and
Gy/PI3K™*7® and, without PKA activity in the system, this
PKC inhibition would decrease Munc18-1 and MARCKS
phosphorylation.

4.3 | Muscarinic balance on PKC
at the NMJ

We examined the joint action of M; and M, receptors with
the pan-muscarinic inhibitor atropine. We found that atro-
pine affects PKCe but not PKCpI, a similar effect to inhibit
M, with the sclective inhibitor methoctramine. Atropine's
allinity is practically the same for both M, and M, mam-
malian subtypes,”™ which could indicate that M, inhibition
has a greater overall effect on the protein levels of PKC
than M,. Concordantly, previous studies showed that atro-
pinc increases ACh release at the NMJ in the same way as
methoctramine."™* Allernatively, the fact that atropine docs
not replicate the eflect ol M, inhibition on PKCpI protein
levels might indicate that M needs an active M, to modulate
PKCPI turnover.

The upregulation ol PKCe by atropine can be explained
by the opposite action of M, and M,. On the one hand, atro-
pine blocks M, thus decreasing PKCe activity and the phos-
phorylation ol its substrate Munc18-1 (discussed in more
detail below). However, the accompanying M, blockade by
atropine also liberates PKA activity, which upregulates PKCe
levels and bulfers the action of M,. This M,/M, counter regu-
lation probably balances PKCe activity and protects the syn-
apse from an excessive or insullicient PKC activity.

Regarding PKC priming, atropine decreases the phos-
phorylation of the upstrcam kinase PDKI, indicating that
the overall action ol M, and M, muscarinic receptors acti-
vates PDK1 at the NMI. Interestingly, atropine causes the
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same decrease in PDK1 levels as the decrease observed when
M, or M, are inhibited separately. The lack ol additive el-
fect suggests that both mAChR subtypes could be using the
same pathway. As mentioned before, both M; and M, mus-
carinic receptors have been shown (o activate PI3K,"*
which could be a common mechanism (o activate PDKI1.
We previously demonstrated that PKC priming phosphory-
lation at the NMJ is enhanced by presynaptic stimulation and
that the resulting muscle contraction increases it further,”
suggesting a postsynaptic retrograde regulation. However,
tropomyosin-related kinase B (TrkB) receptor signaling was
not responsible for this priming and, contrarily, it rather acted
downregulating PKCa and PKCBI phosphorylation levels.”
That suggested the existence ol a diflerent pathway, activaled
by neuromuscular activity, which was promoting PKC phos-
phorylation and compensating TrkB downregulation. Tn the
current study, we lound that M; and M, muscarinic recep-
tors promote PDK1 activity as well as PKC maturation at
the NMJ. These reeeptors, whose action is triggered by the
ACh released at the NMJ, could explain how neuromuscular
activity enhances PKC maturation in an activity-dependent
maner.

Atropine action over the PKC activity can be observed by
studying PKC substrates. In this study we observed that at-
ropine downrcgulales Muncl8-1 phosphorylation, increases
Munc18-1 protein levels, and it does not allect the levels or
phosphorylation of SNAP-25 and MARCKS. Comparing
these results with the selective inhibitions suggests that M,
blockadeisresponsible [or the decrease in phospho Munc18-1,
via PKCPI and PKCeg, whereas M- blockade is responsible
for the increase in Muncl8-1 protein levels, via PKCe and
PKA. Therelore, the activities ol both mAChRs balance each
other: M, promotes Munc18-1 phosphorylation whereas M,
signaling controls the levels ol this regulatory synaptic pro-
tein. Regarding SNAP-25, it is a key synaptic molecule which
is difficult to modulatc with trcatments duc to the multiple
mechanisms finely regulating it.>”~**! Inicrestingly, here
we show that M, blockade decreases SNAP-25 Ser'®” phos-
phorylation, although we could not obscrve this ctfect with
the general muscarinic inhibitor atropine. This suggests that
M, signaling needs M, aclive 10 promote SNAP-25 PKC-
phosphorylation. Interestingly, the PKA phosphorylation of
SNAP-25 (Thr'*®) follows a similar regulation, where M,
downregulates it and needs the activity of M, . If the inhibi-
tory M, signaling on PKA/SNAP-235 is necessary for the M,/
PKC phosphorylation of SNAP-25, the current results might
indicate that PKA hinders the action ol PKC over SNAP-
25. However, further rescarch is needed to shed light on this
complex mechanism and clarily the complementary role of
PKC and PKA on SNAP-25. Regarding the third substrate
examined, the absence of cffect over MARCKS phosphor-
ylation is probably the result ol the counter regulation be-
tween M, and M,: the decreasing effect of M, blockade and
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the increasing effect of M, blockade probably cancel each
other out. MARCKS phosphorylation is related 10 PKCe®
and, concordantly, here we demonstrated that both mAChR
subtypes modulate PKCe and require its activity to modulate
MARCKS.

As a pan-muscarinic inhibitor, atropine also inhibits other
mAChR subtypes like My, M, and M5, However, studies at
the adult NMJ show that mainly M; and M, orchestrate the
NMI neurotransmitter release,ﬁ""”'84 whereas other mAChR
subtypes like My and M, only participate during the devel-
opment of the newborn NMJ 2% M, and M, implication
can be determinated with a mixture of Pir+Met. In the frog
NM]J, this mixture fully mimmicks the effects of atropine on
neurotransmitier release® and in rat hippocampal place cells,
where the mixture replicated the effects of scopolamine, an-
other known pan-muscarinic inhibitor.*” As expected, we ob-
served that Pir + Met incubation causes the same eflects as
atropine over PKCpI, Munc18-1, SNAP-25, and MARCKS
protein levels and phosphorylation, reinforcing the major
participation of M, and M, in the muscarinic signaling.

Finally, the role of PDK1 activity at the NMJ also demon-
strates the balance between M, and M, receptors. Overall,
PDKI1 blockade per se has elfects similar to M, inhibition,
regulating in an equal manner PKCpI, PKCeg, and the sub-
strates SNAP-25 and MARCKS. This supports that M,
signaling relies mainly on the PKC pathway, where PDK1
activity plays an important role. On the other hand, M,
blockade also inhibits PDK1 activity and we observed that
PDK1 blockade per se induces ellects similar to M5 inhibi-
tion over Munc18-1 phosphorylation. Interestingly, atropine
does not induce the same modulations as PDKI inhibition.
This is probably because PDK1 inhibition only disrupts PKC
priming, one step of PKC activation, whereas atropine in-
duces a pan-muscarinic inhibition, involving both the PKC
pathway—including PDK1—and the PKA pathway.

44 | Conclusion and future prospects

The present results demonstrate a signaling pathway that
M, and M, mAChRs use (o regulate neurotransmission.
The M; mAChR signaling promotes the phosphorylation
ol PDK1 and the priming ol the presynaptic PKC isolorms
PKCpI and PKCe at the NMJ, which occurs at the mem-
branc compartment. On the same subccllular compartment,
M, activation ol PKC induces PKCpI protein degradation
and displaces PKCe [rom the membrane, without changing
PKCe total protein levels. This signaling pathway triggers
the PKC phosphorylation of Munc18-1 (Ser*'?), SNAP-25
(Ser'¥"), and MARCKS (Ser'*>"*% and (heir recruitment (o
the membrane. On the other hand, the M, mAChR signaling
also promotes the phosphorylation of PDK1 and the prim-
ing of PKCe at the membrane compartment. However, M,
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signaling downregulates PKCe protein levels at the mem-
brane compartment through a PKA-dependent pathway.
This inhibition extends to the PKC substrates Munc18-1
and MARCKS. Interestingly, when PKA is blocked, M,
signaling is able to promote Muncl8-1 and MARCKS
phosphorylation like M, signaling. The complementary ac-
tivities of M; and M, muscarinic receptors balance PKCpI
and PKCe priming, protein levels, and activity on media-
tors of the synaptic vesicle release machinery. Altogether
this provides for the first time a molecular clue of M, and
M, muscarinic and PDK1/PKC regulation of neurotrans-
mitter release at the NMJ.

In this work we have identified a signaling pathway spe-
cific of the presynaptic motoneuron. This has been possible
because we selected PKC isoforms and targets that participate
in neurotransmitter release and are exclusively expressed at
the presynaptic terminal of the NMJ.*"** We performed sev-
eral tests to verify the location of the signaling in this study:
(i) we confirmed by immunohistochemistry the presynaptic
location of these molecules at the NMJ, (ii) we demonstrated
that the effect of M, blockade on PKCpI, PKCe, Munc18-1,
and SNAP-25 is associated to the synaptic area of the dia-
phragm, reinforcing that this particular signaling occurs at
the presynaptic terminal, and (iii) we checked the effect of
mAChR antagonists over the PKCa isoform, which is prefer-
entially expressed in the postsynaptic muscles, showing the
communication between cells through the mAChR signaling
and the complexity of the mAChR regulation in the tripartite
cellular NM1J.

Altogether, our observations provide in vivo exam-
ples of muscarinic modulation in a physiological model.
Identifiying how muscarinic inhibitors and PKC isoforms
participate in neurotransmission is important for prospec-
tive therapies. For instance, drugs in development depend
upon the balance between the various isoenzymes pres-
ent.*® PKC isoforms are key for neurotransmitter release
at the NMJ and are affected in symptomatic and presymp-
tomatic stages of amyotrophic lateral sclerosis.*”*® The
dual modulation of M; and M, mAChRs could be used to
readjust neuromuscular function and preserve neuromuscu-
lar function and muscle strength being useful for muscular
paralysis, fall prevention, aging, and neuromuscular disor-
ders such as amyotrophic lateral sclerosis and Duchenne
muscular dystrophy.
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GENERAL DISCUSSION

In Chapter Five — General Discussion, the publications are combined and
interpreted together. Sections 1 and 2 describe, respectively, the M; and the
M, mAChR signaling. Both of these sections elaborate on the crosstalk
between pathways. Section 3 links our results to the existing literature on
neurotransmitter secretion at the NM]J. Finally, Section 4 argues the value

of such findings within the framework of neuromuscular health.

Neuromuscular junctions are the structures where the motor nervous
system communicates with muscles. The communication is bidirectional,
with presynaptic neurons controlling muscle contraction and, in turn,
myocytes sending retrograde signals to promote the neuron’s survival and
tune neurotransmission ( ). Neurotransmission is the
cornerstone of this interaction and it is fundamental for the health of the
musculoskeletal system. However, its molecular modulation remains poorly
understood, and so do potential approaches that could prevent NM]J
degeneration. This thesis has focused on the basic science of muscarinic
autoreceptors. These receptors are excellent candidates of the nerve-muscle
interplay because they are presynaptic, sense the released ACh and adjust the
amplitude of the end-plate potential ( ; ;

).

The M; and M, muscarinic receptors compete to bind ACh. Their

activity is constitutive: present at basal conditions (
) and enhanced by spontaneous ACh release ( ,
). The actions of M; and M, antagonistically auto-regulate
neurotransmission at the NM]J. M; increases the ACh release whereas M,
decreases it ( ). In this thesis, we studied their signaling and
how they modulate the downstream kinases PKA and PKC to regulate the

synaptic release machinery at the NM]J ( ).
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M1 muscarinic signaling at the NMJ

The M; muscarinic signaling enhances the neurotransmission in
many cholinergic synapses, including the neuromuscular junction (

; ; ). At the NM], an
imbalance of muscarinic signaling couples PKC to participate and
potentiate neurotransmission ( , ). To our knowledge,
the Mi-derived coupling of PKC to ACh release at the NM]J has only been
observed by electrophysiology. Therefore, we aimed to obtain precise
molecular details of that mechanism. Here we review our results about M,
signaling at the NM], how it modulates specific isoforms of PKC, its targets
of the synaptic release machinery ( ), and how M, cross-

modulates the My/PKA pathway ( ).

1.1.The muscarinic M1/PKC pathway at the NMJ

The Mi/PKC signaling that we have studied at the NM]J is located in
the presynaptic terminal ( ). First, this location is set by the
expression of muscarinic receptors, which is highly associated with synapses
in innervated myocytes ( ; ;

; ; ). Furthermore, we
concretized our study by selecting presynaptic proteins. In particular, these
were the PKC isoforms PKCBI and PKCg, the PDK1 kinase and the targets
Munc18-1 and SNAP-25, all of them proteins that are exclusively presynaptic
at the NM]J ( ; ; , ) and

involved in neurotransmission ( ; ;

5 , 2019).
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Figure 16. My muscarinic signaling over the PKC pathway at the NM]J. | 2\ We concretized
our study of the presynaptic branch of M{/PKC signaling by selecting molecules that were
exclusive of nerve terminals. 5] M; activates PDK1 and uses Gq/PLCB and calcium
mobilization to trigger PKCBI activity and its consequent degradation. M, similarly
activates PKCe but without degradation. Both PKC isoforms regulate the phosphorylation
of Munc18-1, MARCKS and SNAP-25 which associate with the membrane and participate

in neurotransmission at the NM]J and other cellular processes. Source: own elaboration.
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PKC maturation by PDK1 is one of the first steps a PKC must undergo
to become competent to respond to second messengers is its maturation (

; ; ). We found that M; mAChR
promotes the autophosphorylation of PDK1 on Ser**! ( ). This
phosphorylated Ser**! is essential for and enhances PDK1 activity (

). Then, we demonstrated that PDK1 activity was required for the
M;-mediated maturation of both PKCBI and PKCe ( ).
To our knowledge, this was the first report of direct PDK1 modulation by
muscarinic signaling. The link between M; and PDK1 activation could be
PI3K, because it generates the phosphatidylinositol molecules required for
PDK1 activation and M; signaling has been recently shown to activate PI3K
in rat hippocampal neuron cultures ( ). We previously reported
that presynaptic stimulation and muscle contraction enhance PKC
maturation ( ). The TrkB receptor was not responsible, as
it rather downregulated PKCa and PKCBI phosphorylation (

). That suggested the existence of a different pathway, activated by
neuromuscular activity, that could promote PKC phosphorylation and
compensate TrkB downregulation. In the current thesis, we found that
muscarinic receptors promote PDK1 activity as well as PKC maturation
at the NM]J. Overall, it is endearing to think that muscarinic receptors might
be responsible for the PKC priming during presynaptic stimulus and muscle
contraction at the skeletal muscle. We are currently testing this idea in our
laboratory ( ).

Another mechanism to modulate PKC is changing its protein levels.
We found that My mAChR downregulates the PKCBI protein levels in whole-
cell diaphragm lysates and at the membrane fraction. Several reasons
suggested that M; induces PKCBI activation and activity-dependent
degradation ( ) rather than an inhibition of its synthesis. First, M,
classically activates PKC, which leads to activity-dependent degradation
( ; ; ; ). In concordance,
PKCBI degradation at the NM] occurs after other activating stimuli
( ; ). Secondly, the PKCBI turnover

mediated by M; occurs at the membrane fraction, the compartment where in
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vitro studies found activity-dependent PKCBI ubiquitination and
degradation ( ). Additionally, our data shows that PKCI activity
is required for M; signaling to enhance the PKC phosphorylation of the
SNARE regulator Munc18-1 (Ser’"), the SNARE core protein SNAP-25
(Ser'®”) and the cytoskeleton-related MARCKS (Ser!s1%¢) ( ). The
PKC phosphorylations of Munc18-1 and SNAP-25 are associated with
increased neurotransmission ( ; ;

; ) and are further discussed in the Section 3 of this
discussion.

On the other hand, M; inhibition did not change PKCe protein
amount ( ). This distinct behavior between PKCBI and PKCe is
probably because PKCe is less sensitive to activity-dependent degradation.
Indeed, PKCe rate of downregulation is 3-fold slower than other PKC
isotypes ( ). On the other hand, PKCe activity-dependent
degradation is also buffered by other PKC isoforms ( ). At the
NM], PKCBI inhibition in basal conditions downregulates PKCe (

). Therefore, Mi/PKCI inhibition with pirenzepine could counter an
accumulation of inactive PKCe. PKCe is essential to facilitate multiple
mechanisms that promote ACh release at the NM] ( , ;

, ). Indeed, PKCe acts upstream of several pathways (

). For example, blocking PKCe prevents muscarinic drugs from
modulating ACh release ( ). Here we also inhibited PKCe
before muscarinic blockade to investigate the dependency of M; and PKCe at
the molecular level. We observed that M; muscarinic signaling requires an
active PKCe to phosphorylate the three substrates Munc18-1, SNAP-25
and MARCKS, demonstrating the facilitatory role of this kinase for M;.

Surprisingly, we observed that M; inhibition promotes a movement
of total PKCe to the insoluble/membrane fraction when the expected result
would be the contrary. The literature and the rest of our data indicate that
this PKCe pool becomes inactive after M; inhibition: M, is a Ggi-linked
receptor and all PKC substrates become less phosphorylated. Thus, it is
possible that the inhibited PKCe becomes more associated with the

cytoskeleton ( ; ) or translocates between different
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organelles ( ), cell structures that are present in the analyzed
insoluble fraction. On the other hand, PDK1 acts over cytoskeleton-
associated PKC enzymes and releases them to the cytosol ( ;

). Therefore, M; inhibition would decrease PDK1 activity and
PKCe would be accumulated at the insoluble fraction (associated with the
cytoskeleton). It is worth to mention that PKCe translocation seems not
related to AKAP150, a PKA scaffold that also anchors PKC to the membrane
( ; ; ). This is because
our results indicate that M; inhibition decreases AKAP150 levels in the
insoluble fraction ( ) in the conditions where PKCe is
recruited into it.

A peculiar electrophysiological finding was that M, inhibition,
supposed to inhibit PKC, actually induced the PKC coupling to
neurotransmission ( ). This could be related to our finding
that PKCe translocates to the membrane after Pir. In particular, it is possible
that PKCe at the membrane performs some activity, explaining the PKC
coupling. On the other hand, both PKCBI and PKCe equally phosphorylate
these substrates, which is probably due to the similarity in their kinase
domain ( ). It is very interesting that both PKCI and €
isoforms are necessary but do not replace each other (‘necessary but not
sufficient’). In coincidence, in electrophysiology, PKCe activity is a
prerequisite necessary for classic PKC activity at the NM]J ( ).
This remarks the importance of studying the differences and cooperation
between PKC isoforms.

Altogether, the above results provided precise molecular details over
the potentiation of M; over ACh release at the NM]J. Overall, M; activates
PKCBI and PKCe isoforms, induces their maturation through PDK1 and
ultimately enhances the phosphorylation of some components of the vesicle

release machinery.
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1.2.My crosstalk with the M2/PKA pathway

Part of our experiments were dedicated to study the influence of M;
over the My/PKA pathway. We expected interaction because both receptors
are co-expressed in the presynapse of the NM]J ( ) and PKA
can be found in all the three cell components of the NM] ( ).

First, we found that M; mAChR inhibition does not change M,
protein levels at the NM] ( ). In concordance, electrophysiology
experiments demonstrate that the M; inhibition does not affect the outcome
of M; inhibition ( , ). However, the M; mAChR could
still affect the PKA pathway. First, PKC signaling modulates the expression
of PKA subunits in cultured cells ( , ). Secondly, M,
mAChR can link non-preferential G proteins (e.g. G, and Gip) (

; ; ) and, in hippocampal
neurons, M; muscarinic signaling induces PKA activity ( ).

We found that M; signaling upregulates the PKA RIIB subunit

protein levels ( ). Elevated levels of R subunits are known to reduce
PKA catalytic activity ( ). The presynaptic M; receptors
probably modulate postsynaptic RIIf ( ) through the

upregulation of ACh release. Less evident, punctuated staining of M;
labelling has also been observed at the postsynaptic folds (
), where it could also influence RIIp.

Using atropine, we detected that some Ms-induced changes on the
PKA pathway need non-blocked M; receptors. In particular, M; activity is
required by M, to decrease the CB protein levels and increase Rlla. On
the other hand, both M;and M, pathways increase RIIf levels, which could
cooperate to inhibit PKA activity. Atropine or Pir+Met treatments do not
downregulate RIIf more than Pir or Met alone. This inability to further
inhibit the levels of RIIf might be explained by mechanisms other than
muscarinic receptors which could be buffering and protecting the synapse
from an excessive decrease of the subunit. In this regard, our preliminary data
indicates that exogenous BDNF (BDNF/TrkB pathway) increases RIIf3 and

prevents RIIB levels from falling excessively (unpublished result).
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Regarding subcellular location, M; receptors constitutively recruit
Rla, RIB and Rlla to the membrane. This is in opposition to the main
pathway of M,/PKA, which liberates RIf3 and RIla to the cytosol (see below).
Since R and C get separated, the result suggests that M; downregulates the
activity of catalytic subunits. On the other hand, we did not observe PKA
translocation with atropine treatment. The absence of effect when both M
and M, are blocked could be because their opposed actions cancel each other
out or, alternatively, because one subtype is necessary for the other. We
speculate that the coexistence of both mAChR subtypes may balance the
presence of RIB and RIla in the cytosol to finely control PKA C activity.

After finding that M, induced the translocation of PKA subunits, we
evaluated if the protein scaffold AKAP150 was implied. Our results indicate
that M; mAChR inhibition decreases the protein levels of AKAP150 at the
membrane fraction. Thus, M; mAChR increases AKAP150 and thus PKA
anchoring sites to the membrane, in line with its recruitment of R subunits
to the membrane. Impaired Ca** signaling—which occurs after M; inhibition—
has been linked to AKAP150 downregulation in a heart failure model (

). We tested PKC and PKA role over the expression of AKAP150 using
blockers of PKC epsilon isoform (PKCe), beta I isoform (PKCI) and PKA.
All the three kinases promoted AKAP150 protein levels and were needed for
the Mj-upregulation and the M>-downregulation of AKAP150 (results not
shown). It is stimulating to think that AKAPs provide a central platform to
regulate and optimize multiple signaling pathways that converge at NM]s.

Our results show that My inhibition per se does not affect SNAP-25
Thr'3® phosphorylation or CREB Ser'** phosphorylation at the NM]J. It is
surprising that although M; signaling modulates PKA, it does not modulate
any of the substrates studied. We associate this with the opposed actions of
M, over the PKA pathway: upregulating RIIf protein levels (less PKA
activity) and recruiting several R subunits to the membrane away from
cytosolic catalytic subunits (more PKA activity).

In the following section we will review how only M, signaling
modulates SNAP-25 Thr'*® and CREB Ser' phosphorylations. However,

here it is noteworthy that M, needs M; operativity: blocking both subtypes
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Figure 17. M; crosstalk with the M,/PKA pathway at the NM]J. The M; signaling
counterbalances many M, regulations over PKA subunits. M; receptors recruit RIa, RIf and
RIla to the membrane, which might be related to the parallel enhancement of the scaffold
AKAP150 levels. On the other hand, M, signaling upregulates the RIIf subunit protein levels,
mainly expressed at the postsynaptic site. M; inhibition alone does not affect SNAP-25 Thr'#
or CREB Ser'” phosphorylation. However, M, needs M, operativity to decrease the Cf8
protein levels and also to reduce the phosphorylation of both substrates. Source: own
elaboration.

(with Atr or with a mixture of Pir+Met) prevents the M, decrease of SNAP-
25 Thr*® and CREB Ser'** phosphorylation. This complex mechanism will
benefit from research regarding (1) the dependency between PKC and PKA
phosphorylation sites, (2) the actions of calcium signaling over cAMP levels
(Choi et al, 19925 Yan et al, 1994) and (3) the PKC regulation of PKA subunit

expression (Garrel et al, 1993, 1995).



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

176 M2 muscarinic signaling at the NM|

M2 muscarinic signaling at the NMJ

The M, muscarinic signaling inhibits neurotransmission in
cholinergic synapses, including the neuromuscular junction (
; ; ). M, signaling occurs
constitutively, as M, is active in basal conditions (

) and PKA does not require external coupling factors to potentiate
neurotransmission at the NM] ( ). In this thesis, we have
aimed to obtain molecular data about the M, signaling at the NM]. In this
section, we review our results about the modulation of M, over PKA, its
target SNAP-25 Thr'¥, the scaffold AKAP150 ( ), and
how M, also cross-modulates the Mi/PKC pathway( ).

2.1.The muscarinic M2/PKA pathway at the NM|

At the skeletal muscle, the inhibition of M, receptors enhances PKA

and ACh release ( , ). The M,/PKA pathway occurs near
NM]Js. This is because M» receptors are exclusively found at the presynaptic
terminals ( ] ) and PKA subunits are localized
close to synaptic regions ( ). However, M, mAChRs affect

neurotransmission and, thus, their action can modulate both presynaptic and
postsynaptic PKA subunits. Therefore, we took special care with our
interpretation of the results and considered M, effects over the three cells
of the NM]J ( ). In some experiments in this thesis, we sought to
demonstrate specific presynaptic changes by studying the phosphorylation of
SNAP-25, a substrate exclusive of nerve terminals ( ).
Since long time ago, PKA has been implicated in synaptic plasticity,
enhancing the probability of release in the nerve terminal ( ;
; ) and controlling the postsynaptic
response ( ; ; ). Some of these
actions involve the phosphorylation of the release machinery and its

regulatory molecules (reviewed in ).
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Figure 18. M, muscarinic signaling over the PKA pathway at the NM]J. [ i\ PKA kinase is
ubiquitous and, thus, we considered both presynaptic and postsynaptic effects. We studied
SNAP-25 to obtain data exclusive of nerve terminals. [2)l Percentage of PKA subunits in the
cytosolic fraction of the rat diaphragm at basal conditions. M, mAChR blocks PKA
activity by inhibiting adenylate cyclase (AC) and cAMP production. In this thesis we found
that M> decreases the protein level of CB and increases RIla and RIIB, further reducing PKA
activity. In addition, M decreases AKAP150 levels and, in parallel, releases RIf and Rlla to
the cytosol where C subunits are abundant. *RIla and RIIf presynaptic locations should not
be ruled out. M, also enhances the R:C interaction of RIB with Ca and CB. Overall, M,
decreases the phosphorylation level of the PKA substrates SNAP-25 (Thr"*) and CREB

(Ser'). Source: own elaboration.
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PKA activity is regulated by changes in its protein level through
synthesis and degradation ( ; ;

). We found out that the M, mAChR signaling downregulates C and
upregulates RIIa and RII. This could be associated with a decrease in PKA
action, since decreased C subunits and elevated R subunits downregulate
catalytic activity ( ). We also studied this regulation under
phrenic nerve stimulation. In these conditions, synaptic activity increases Cf3
levels and M, signaling still downregulates them, possibly to balance PKA
activity. Unpublished results in our laboratory suggest that neurotrophic
signaling might be responsible for increasing CB during synaptic activity
( ).

Next, we studied the PKA distribution between the membrane and
cytosol, which affects its activity and substrate specificity ( ;
). At the rat diaphragm, Ca, C@, Rla, RIf and RIIB subunits

are mainly associated with the cytosol fraction (~75% cytosol/total) and
only RIlax has less presence in the cytosol (58%) ( ). In
consistence, PKA RI type is frequently diffused in the cytoplasm of cells,

whereas RII type usually associates with membrane compartments (

; ; ; ) due to their
higher affinity to PKA-anchoring proteins ( ). PKA activity
is regulated by cytosol/membrane translocation of both C ( )
and R subunits ( ; ). In the adult rat diaphragm,

we observed that PKA R subunits are more prone to muscarinic-mediated
translocation than C subunits. Our data indicate that M, signaling liberates
RIB and RIlx to the cytosol. RI subunits associate with the membrane
fraction when they are not associated with C subunits ( ).
Thus, we hypothesized that the RIf and RIla translocation mediated by M,
signaling could be linked to changes in PKA R:C interaction. A similar
mechanism was proposed by , where a GPCR-mediated
cAMP elevation promotes dissociation of the PKA heterotetramer and
recruitment of R subunits to Gayo proteins at the membrane. We

corroborated our finding with co-immunoprecipitation experiments,
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showing that M, inhibition strongly dissociates RIf} subunits from CB and
Ca, all of them abundant in the synaptic region of the skeletal muscle.
Even though M,-mediated decrease in cAMP and the recruiting action
of Gayy protein explained PKA translocation ( ), this
mechanism could not clarify the participation of M; signaling. Thus, we
asked whether another factor was involved, namely a protein scaffold that

targeted kinases to the membrane. The classical targeting of PKA to specific

cell sites is largely achieved by AKAPs ( ;
), whose expression is modulated in several systems ( ;
; ). Our data shows that M, mAChR inhibition

increases the protein levels of AKAP150. This might be a result of the
potentiation of ACh release and neuromuscular activity by M, inhibition. In
concordance, exercise training increases AKAP150 expression in rat fat tissue
( ). Thus, muscarinic signaling appears to modulate
AKAP150 levels and, doing so, the subcellular translocation of PKA R
subunits.

The mechanism defined above implies less PKA activity, because the
close association of regulatory and catalytic subunits prevents the
phosphorylating activity of the catalytic ones ( ). We
confirmed a decrease in PKA activity by checking the level of substrate
phosphorylation. Accordingly, we found that M, signaling inhibits the
PKA-phosphorylation of SNAP-25 (Ser'®) and CREB (Ser'*?), which will
be discussed in the next section. Altogether, our data provided some
molecular clues about the predominance of Ms signaling over M at the NM]J.
Overall, M, downregulates CB protein levels and enhances RIla and RII.
On the other hand, M, also translocates of R subunits to the cytosol to
increase the formation of PKA tetramers, which results in a reduced

phosphorylation of SNAP-25 and CREB.



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

180 M2 muscarinic signaling at the NM|

2.2.M crosstalk with the M1/PKC pathway

Previous studies at the NM]J predicted some influence of M, mAChR
over the Mi/PKC pathway. First, because M, functionally dictates the
muscarinic signaling at the NM] and general muscarinic inhibition (atropine)
produces effects more similar to M, inhibition than M; ( ;

). This was not simply due to a stronger M, activation:

although M, has higher affinity for ACh than M; ( ;

; ), atropine has the same affinity for both mAChR
subtypes ( ). Secondly, because M, modulates PKA,
which is a requisite for PKC activity at the NM]J ( ). Indeed,

the interrelation between M, and the My/PKC pathway is further proven by
other studies showing that PKC is necessary for the M, muscarinic signaling
in various neuromuscular models ( ; :
). Thus, some of our experiments were aimed to study
whether the M, mAChR regulates molecules belonging to the M pathway.
First, we found that M, signaling downregulates the protein levels
of M; receptors at the NM]J ( ). This provided an initial molecular
explanation to why M, functionally overcomes M; in electrophysiology
( ; ). M, might decrease M, receptor by
inhibiting PKA and its up-regulation of M; synthesis ( ) or,
alternatively, affecting M, internalization and degradation (

). The fact that M, downregulates M, protein levels and not
vice versa is in line with different internalization mechanisms (

). In particular, M; mAChR is internalized in a B-arrestin/
dynamin dependent manner, whereas sequestration of M, seems largely
independent of these proteins ( ; ).
Interestingly, we found that M, needs M; activity to reduce the own M;
levels, because the effect is not observed when both receptors are blocked.
M,/PKC might be involved, as PKC promotes GPCR kinase (GRK) activity
and B-arrestin/dynamin dependent internalization ( ;

). In line with all that, PMA treatment internalizes more M; receptors

than M; and requires PKA presence ( ).
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Figure 19. M, crosstalk with the Mi/PKC pathway at the NM]. First, M, signaling

interacts with the Mi/PKC pathway at the receptor level, decreasing the protein amount of
M, receptors. Regarding kinases, two opposed pathways are depicted from M, signaling: one
PKA-dependent and another PKA-independent. M, involves PKA to decrease the protein
levels of PKCe and Munc18-1. In concordance with the PKCe decrease, the phosphorylation
of the substrates Munc18-1 and MARCKS also decreases in a PKA- and PKCe-dependent
manner. These downregulations occur at the membrane fraction and likely contribute to the
decrease in neurotransmission (PKA-dependent pathway). On the other hand, when PKA is
blocked, M, shifts to display actions similar to M; signaling, undercovering a PKA-
independent pathway. In particular, M, enhances the PDK1 Ser**' phosphorylation,
indicative of its activation. In turn, PDK1 promotes the maturation of PKCe in the membrane
fraction. In this context without PKA, M, shifts to enhance the PKC-phosphorylation of both
Munc18-1 and MARCKS (PKA-independent pathway). Neither PKCBI nor SNAP-25 Ser's”
(PKC) phosphorylation are affected by M,. Source: own elaboration.

Another clear evidence of M, influence over M/PKC is that M,
inhibition couples PKC to neurotransmission (Santafé et al, 2007). However, it
was unknown if muscarinic receptors had different preference for particular
PKC isoforms. In this thesis, we studied the classical PKCBI and the novel
PKCe isoforms as presynaptic isoforms (Perkins et al, 2001; Obis et al, 201533
Hurtado et al, 2017a) that participate in synaptic transmission (Morgan ef al,
2005; Obis et al.,, 2015b; Hurtado et al., 2017a; Simé et al,, 2018, 2019). We did not
find any link between M, signaling and the classical PKCBI isoform: M, does

not affect PKCI priming, levels, subcellular distribution and this isoform
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is not required for any substrate phosphorylation affected by M, blockade
that we studied at the NM] ( ). In concordance, M, has
been observed to recruit novel instead of classical PKC isoforms in portal vein
myocytes ( ). Indeed, we found that the novel PKCe isoform
is affected by the M, pathway and required for many of its regulations at the
NM]J. For example, M; signaling promotes the maturation of PKCe at the
membrane fraction ( ). In accordance, M, also enhances the
phosphorylation level of PDK1, whose activity is responsible of PKCe
priming ( ). Mz might activate PDK1 through the GBy
subunit and a consequent PI3K activation ( ;

). Because these changes are equal to the M; mAChR pathway, we
proposed a convergent branch between Mi/M, over PDK1/PKCe priming.
Accordingly, we showed that the inhibition of both M; and M, with atropine
( ) also decreases the phosphorylation of PDKI.
Interestingly, the atropine effect is not greater than the isolated M; or M,
inhibitions. This lack of additive effect reinforces the idea that both receptors
use the same pathway, specifically PI3K activation ( ;

; ), which is linked to PDK1. Neuromuscular activity
enhances PKC maturation at the NM]J ( ) and, with this
data, not only M; but also M, signaling would contribute to upregulate PKC
priming. We are currently developing experiments in our laboratory to test
this possibility ( ).

On the other hand, we found that M, signaling downregulates PKCe
protein levels in the membrane fraction ( ). As before, we
considered all the available data to propose whether PKC downregulation
was due to activity-dependent degradation ( ; ;

; ) or less PKC synthesis. In this case, evidence
discarded a PKCe activation by M.. First, M, inhibition activates and couples
PKC at the NM]J ( ) and PKCe is not very sensitive to activity-
dependent degradation ( ). On the other hand, less PKCe
synthesis and activity were more reasonable, because M; signaling uses PKA
to decrease PKCe protein levels and M; also uses PKCe to decrease the

phosphorylation of PKC substrates (see below).
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We also assessed the combined action M; and M, receptors over PKC
levels with atropine ( ). Atropine affects PKCe but not
PKCPBI, a similar effect to inhibiting only M, signaling. Therefore, M,
appears to have a greater overall effect over the PKC protein levels than
M;. The upregulation of PKCe by atropine can be explained by the sum of
inhibitions of M; and M,. On the one hand, atropine blocks M; thus
decreasing PKCe activity. However, the accompanying M, blockade by
atropine liberates PKA activity, which upregulates PKCe levels and buffers
the action of M. It is also possible that, because atropine does not replicate
the effect of M, inhibition over PKCI protein levels, My might need an active
M, to modulate PKCBI turnover. In particular, we demonstrated lack of other
mAChR subtype influence by replicating these findings with a mixture of
Pir+Met. Overall, the Mi/M, combined action probably balances PKCe
activity and protects the synapse from an excessive or insufficient PKC
activity.

Finally, we determined PDK1 activity over PKC substrates.
Overall, PDK1 blockade has similar effects to M; inhibition, regulating in
an equal manner PKCPBI, PKCe and the substrates SNAP-25 and
MARCKS. This supports that M; signaling relies mainly on the PKC
pathway, where PDK1 plays an important role. On the other hand, M,
blockade also inhibits PDK1 activity and we observed that PDK1 blockade
per se induces effects similar to M, inhibition over Munc18-1
phosphorylation. Interestingly, atropine does not induce the same
modulations as PDK1 inhibition, although we determined PDK1 as a
common Mi/M, node. This is probably because PDK1 inhibition only
disrupts PKC priming, one step of PKC activation, whereas atropine
induces a pan-muscarinic inhibition, involving both the PKC pathway—
including PDK1-and the PKA pathway.

M, inhibition activates and couples PKC to participate in
acetylcholine release at the NM]J ( ). We observed that M,
inhibition induces PKC substrate phosphorylation, upregulating Munc18-
1 Ser’® PKC-phosphorylation, Munc18-1 protein levels and MARCKS

Ser'¥15¢ PKC-phosphorylation. These M, modulations over PKC isoforms,
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Munc18-1 and SNAP-25 occur in the synaptic region of the
hemidiaphragm. Only Munc18-1, which is also present in the nerve axons
and branches ( ), also showed a tendency increase outside the
synaptic region. The responsible PKC isoform is likely PKCe, as it
upregulates both Munc18-1 phosphorylation and protein levels (

) and phosphorylates MARCKS ( ). Also, here we verified
with double-inhibitor experiments that PKCg activity is required for M,
blockade to upregulate Munc18-1 and MARCKS. Thus, the increase in
PKCe by M, inhibition is consistent with enhanced PKC activity and it is
possibly caused through protein synthesis (see below for the implication of
PKA).

We next tested whether PKA activity was the link between M, and
PKCe. Our results show that M, blockade involves PKA activity to increase
PKCe levels but does not need PKA to decrease PKCe phosphorylation. This
reveals that M, signaling affects PKCe through two different pathways: a
PKA-dependent pathway where M, downregulates PKCe, and a PKA-
independent pathway where M, induces phospho-PDK1 and PKCe
maturation. The mentioned PKA-independent pathway is concordant with
the previous studies linking M, and novel PKC through the GBy subunit and
PI3K activation ( ; ), hence not needing Gi
protein or PKA activity. On the other hand, M, reduces PKCe levels via G;
protein and PKA inhibition. In other words, when M, is blocked, PKA
activity increases and upregulates PKCe. In this condition, phospho-PKCe
does not increase along the total levels because PDK1 remains downregulated
by Met.

We believe that the M, upregulation of PKCe might involve a
posttranscriptional mechanism because PKCe is exclusively located at the
synaptic terminal of NMJs ( ), where gene transcription does
not take place. PKA activity has been linked to the modulation of mRNA
translation through the phosphorylation of the eukaryotic elongation factor
2 kinase, inducing a general reduction of mRNA translation but increasing
the translation rate of a small subset of synaptic proteins ( ;

). Also, PKA promotes protein translation via the
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phosphorylation of polypyrimidine tract-binding protein 1, a molecule that
participates in pre-mRNA splicing ( )

Additionally, we also checked the effect of M, over PKCa, a
ubiquitous isoform mainly expressed at the postsynaptic site of the NMJ. M,
mAChR downregulates the levels and priming of PKCa. This result is
another indicator that M, mAChR signaling spans over postsynaptic
proteins, likely due to its actions over ACh release. In this case, our data
suggests that M, signaling on PKCa could be linked to a reduction of the
postsynaptic responsiveness to ACh.

It is remarkable that M, modulates SNAP-25 Thr'*® phosphorylation
(PKA) at the NM]J ( ) but not SNAP-25 Ser'® (PKC)
phosphorylation. We demonstrated that M, requires PKA activity to
modulate Munc18-1 and MARCKS. Interestingly, we found that all PKC
phosphorylations inhibited by M,, and hence attributed to PKCe, require
PKA activity. Taken together, our data suggests that M»/PKA action occur
upstream and control PKCe levels and activity, complimenting accordingly
the electrophysiology results demonstrating the PKCe dependency of M (

).

Interestingly, we found that a previous inhibition of PKA shifts M,
to perform an Mj-like signaling in relation to Munc18-1 and MARCKS
phosphorylation. In other words, after H-89 preincubation, M, blockade
decreases both Munc18-1 and MARCKS phosphorylation, which is the result
of M inhibition. This is concordant with previous functional studies showing
that when PKA is previously inactivated, blocking either M; or M, leads to a
similar reduction in transmitter release ( ). Indeed, this
experiment appears to unmask the PKA-independent pathway described
before where M, induces PDK1 and PKCe phosphorylation. Thus, without
PKA activity in the system, M, blockade would just downregulate PDK1 and
PKCe phosphorylations (our results) through GBy/PI3K ( ;

), causing a decrease in Munc18-1 and MARCKS PKC-
phosphorylation.

Furthermore, we show that M; signaling does not require PKA to

promote the PKC phosphorylation of Munc18-1 (Ser’®) or MARCKS
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(Ser¥156) However, PKA affects the protein levels of MARCKS. This is

because, without PKA activity, M, blockade reduces MARCKS levels. As it

will be further discussed, this might be caused by the role of PKA in protein

translation ( ; ; ). In contrast,

M; does require PKA for the PKC phosphorylation of SNAP-25 (Ser'?).

PKA activity per se phosphorylates SNAP-25 over Thr'#* ( ;
) which also occurs at the NM]J (

). Therefore, PKA phosphorylation of SNAP-25 Thr'*® might be required
for the phosphorylation on Ser'. Alternatively, the PKA influence over
SNAP-25 Ser'™ might be due to the described modulation of PKCe.

Therefore, M, influences the Mi/PKC pathway besides its main
pathway decreasing PKA activity by modulating the protein levels and
translocation of PKA subunits. At the receptor level, M, downregulates M,
protein levels. In a PKA-independent manner, M, promotes PDK1 activity
and PKCe maturation. However, the PKA-dependent pathway inhibits PKCe
protein levels, Munc18-1 protein levels, SNAP-25 Ser'*® phosphorylation and
is required for SNAP-25 Ser’ (PKC) phosphorylation. Altogether, these
results provide a molecular explanation about the predominance of M,

signaling over M at the NM].
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Overall muscarinic modulation at the NM]J

3.1.Phosphorylation of the release machinery

We completed our study of the Mi/PKC and My/PKA pathways by

characterizing the phosphorylation of SNAP-25 ( ;
; ), Munc18-1 ( ;
; ), CREB ( ) and MARCKS (

). With that, we also tried to link the phosphorylation of these
particular proteins to the physiological regulation of exocytosis by
muscarinic signaling. In the following sections, we discuss our findings and
propose the role of these data over neurotransmission.

It should also be noted that the synaptic release machinery is
extraordinarily complex and PKA and PKC have a myriad of other targets

with immediate or long-term roles. To mention just a few: the Cysteine String

Protein (CSP) ( ), N-ethylmaleimide-sensitive factor
Attachment Protein alpha (a-SNAP) ( ), Rab3
Interacting Protein la (RIM1a) ( ), rabphilin (

), Snapin ( ), synapsin I ( ) and
syntaphilin ( ).
SNAP-25

SNAP-25 is a SNARE core protein of the fusion vesicle complex
involved in vesicle docking, priming and triggering fast exocytosis (

: ). In this thesis we have studied two SNAP-25
phosphorylations. The PKA phosphorylation of SNAP-25 at Thr'*® controls
the size of the releasable vesicle pools, but does not participate in the
assembly and stability of ternary SNARE complex ( ).

In this thesis, we report that Thr'*® at the NM]J can be decreased with the

PKA inhibitor H-89 ( ). In contrast, the PKC
phosphorylation at Ser' regulates the SNARE complex formation (

; ; ) and the refilling after the pools
have been emptied ( ; ). At the NM],

SNAP-25 Ser'® can be decreased with low external calcium ( ).
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Regarding the M pathway, we showed that My increases the SNAP-
25 phosphorylation of Ser'™ (PKC) but not Thr'® (PKA). The PKC
phosphorylation by M; occurs at the membrane fraction, in accordance with
its activation ( ; ; ). These
results fit properly with the known M, enhancement of ACh release at the
NM]J and the coupling of PKC at the NM] ( ;

). The absence of M; action over the PKA/SNAP-25 phosphorylation
might be due to its opposed actions over the PKA pathway: recruiting the
inhibitory R subunits (RIB, RIla, RIIB) to the membrane —away from
catalytic subunits— but at the same time increasing the levels of another R
subunit (RIIB). Currently, we are studying if conditions that modulate R
subunit expression—like synaptic activity—can change the R subunit balance
and undercover an M;/SNAP-25 Thr'*® regulation (

). On the other hand, My mAChR uses both PKCBI and PKCg to
phosphorylate SNAP-25 Ser'®” at the NM]J. This finding is in contrast with
the earlier report that SNAP-25 Ser' is phosphorylated by PKCe but not
PKCBI during synaptic stimulus ( ). However, this discrepancy
might be explained because M, inhibition and synaptic stimulus are different
PKC coupling factors. All things considered, it is plausible that PKCBI and
PKCe are complexly connected to SNAP-25, because both isoforms promote
the neurotransmission and are influenced by many signaling pathways at the
NM]J ( , ; ). Surprisingly, M; also
requires PKA to promote SNAP-25 Ser'® phosphorylation. This is the only
PKC phosphorylation that we studied that needs PKA activity. Blocking PKA
activity reduces phospho Thr!# levels, and this might influence the ability of

M, to enhance Ser'®”

phosphorylation.

PDKT1 activity promotes SNAP-25 (PKC) phosphorylation. This is
similar to M; modulation and it is likely mediated by PKCBI and PKCe,
whose priming is activated by PDK1. This result highlights the influence of
PDK1 over PKC at the NM]J, although it is a master kinase that controls many
others ( ; ; ; ).
Unfortunately, PDK1 influence over NM]J electrophysiology is not known

and it would be interesting to assess in the future.
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Regarding the M, pathway, we determined that M, reduces SNAP-25
phosphorylation of Thr'®® (PKA) but not Ser® (PKC). The PKA
phosphorylation could be prevented with a previous incubation of H-89,
demonstrating that M, inhibition involves PKA. The studied PKA CpB
subunit is highly likely to be involved, as it is expressed in the nervous system
( ; ), and we located it within the synaptic
region in all three cells of the NM]J. In addition, the Cf interaction with RIf8
subunits is controlled by M, signaling. SNAP-25 phosphorylation by PKA is
necessary to maintain the ready-to-release and primed pools of vesicles. Thus,
the M, inhibition of SNAP-25 Thr'® phosphorylation likely participates in
the downregulation of ACh release ( ; ).

Finally, we used atropine to test the overall effect of muscarinic
signaling. We found that atropine does not modulate SNAP-25 PKC (Ser'®)
nor PKA (Thr'®) phosphorylations at the NM] ( ,

). To our experience, SNAP-25 appears difficult to modulate with
treatments, responding to neuromuscular activity and PKCg inhibition but
not to PKCI per se or TrkB inhibitions ( ). This might be due
to the multiple mechanisms regulating it ( ;

; ; ). Interestingly, atropine
could not replicate the effect of M; inhibition nor the effect of M, inhibition
( , ). This suggests that each muscarinic receptor
requires the activity of the other to affect SNAP-25. If the inhibitory M»
signaling on PKA/SNAP-25 is necessary for the Mi/PKC phosphorylation of
SNAP-25, the current results could suggest that elevated PKA activity hinders
the phosphorylation of PKC over SNAP-25. Further research will be needed
to clarify this interesting yet complex interplay between PKC and PKA over

SNAP-25. As a final remark, atropine’s upregulation of quantal acetylcholine

release ( ; ) could be explained by other
PKC/PKA substrates. This includes, Munc18-1 ( ;

; )—discussed in the following section—,
Synaptotagmin ( ), N-ethylmaleimide-sensitive factor (NSF)
( ; ; ), and N-type calcium

channels, voltage-gated Na* channels ( ).
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Munci8-1

Munc18-1 is an SM protein absolutely essential for exocytosis

( ). In this thesis, we studied Munc18-1 Ser’” PKC

phosphorylation, which controls the association with Syntaxin-1, the
SNARE pin formation and membrane fusion ( ;

). The PKC phosphorylation site Ser’" is not conserved in other

SM proteins that are involved in different intracellular membrane fusion

processes, suggesting that Ser’ plays some specific role in exocytosis

modulation ( ). In the following lines, it should be noted that

Ser’® alone does not explain all Munc18-1 kinetics per se and works together
with the PKC-phosphorylation over Ser’® to modify exocytosis (

; ).
We found that My mAChR signaling upregulates Munc18-1 Ser®"
phosphorylation without affecting its protein level at the NM]J. The PKC-

phosphorylations of Munc18-1 (Ser** and Ser?"®) decrease Syntaxin-1 binding
( ), allow faster release kinetics and a more rapid vesicle cycling
( ). M enhances phospho-Munc18-1 at the particulate

fraction (membrane) and also induces the translocation of Munc18-1 from
the cytosol to the membrane. Concordantly, Munc18-1 activation is closely
related to its membrane association ( ). The phospho
Munc18-1 increase by M; is a piece of the puzzle that fits correctly in the well-
known M increase of EPP amplitude and coupling of PKC activity (

). As for the role of kinases, we observed that M; muscarinic
signaling requires PKCBI and PKCeg but not PKA to phosphorylate
Munc18-1 Ser?®. This is in concordance with the classic Mi/PKC signaling
( ; ) and with our report that PKCe
and PKCBI phosphorylate Munc18-1 under synaptic activity at the NM]
( ).

On the other hand, M, pathway downregulates both Munc18-1

313 phosphorylation. This result fits with

protein levels and, hence, its Ser
the inhibitory role of M, receptors ( ) for two reasons. First,

lower levels of Munc18-1 PKC-phosphorylation would imply a decrease in
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the kinetics of the synaptic release ( ). Secondly, the lower
protein amount of Munc18-1 is associated with less synaptic strength, as
synapses that recruit less Munc18-1 after stimulation also have a smaller
releasable vesicle pool ( ). To understand what could cause
the protein increase of Munc18-1 after M, inhibition, it is important to
consider its exclusive nerve terminal localization at the NM]J ( ).
Nerve terminals of motoneurons are far away from the nucleus and thus
protein upregulation is achieved with local expression of mRNA pools
( ). Indeed, we showed that M; involves PKA and PKCg to
downregulate Munc18-1 at the NM]J, but not PKCI. As mentioned above,
PKA promotes the translation of various proteins by phosphorylating the
polypyrimidine tract-binding protein 1 ( ) and increases the
translation rate of a small subset of synaptic proteins by phosphorylating the
eukaryotic elongation factor 2 kinase ( ; ).

Contrarily to the other studied PKC substrates, Munc18-1 Ser’"
phosphorylation is downregulated by PDK1 activity. PDK1 kinase is at the
crossroads of My and M, opposed pathways. In this case, PDK1 activity
results in a similar regulation as M, signaling over Muncl8-1
phosphorylation.

Next, we studied how atropine modulated the PKC activity. Atropine
downregulates Munc18-1 phosphorylation and increases its protein
levels. In comparison with the selective inhibitions, it appears that M;
blockade is responsible for the decrease in phospho Munc18-1, whereas M,
blockade is responsible for the increase in Muncl8-1 protein levels.
Therefore, the activities of both mAChRs balance each other: M; promotes
Munc18-1 phosphorylation, via PKCBI and PKCe, whereas M, signaling
controls the levels of this regulatory synaptic protein, via PKCe and PKA. The
upregulation of Munc18-1 could be involved in the atropine’s upregulation
of ACh release at the NM] ( ; ).

Finally, in a previous study we determined that synaptic stimulus
elevates both Munc18-1 protein levels and Ser®'® phosphorylation (

). At the time, we did not know which receptor mediated that

upregulation. Indeed, the BDNF/TrkB pathway, potentially through the
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truncated TrkB T1 isoform, reduced Munc18-1 phosphorylation (

; ). The present data shows that My mAChR increases
phospho-Munc18-1 and that M, inhibition increases its levels. Thus, Mi/M,
signaling and ratio are a good candidate to explain the Munc18-1 changes
during synaptic activity. At this time, experiments are being performed to test

this hypothesis.

CREB

We analyzed CREB as a well-known PKA substrate. CREB is a long-
lasting master regulator of gene expression that is modulated by various
pathways, for example cAMP/PKA, ERK1/2, and PI3K/Akt (reviewed by

; ). We analyzed the phosphorylation
on Ser' for the PKA/CREB signaling pathway.

At the NM]J, we showed that M, inhibition at basal conditions
upregulates CREB Ser' phosphorylation. On the contrary, this
phosphorylation can be decreased with a preincubation of the PKA inhibitor
H-89. After a PKA blockade, a subsequent M, inhibition cannot re-
phosphorylate this substrate. This indicated that M, involves PKA to
downregulate CREB Ser'® phosphorylation. This is coincident with the
described M,-decrease of CB levels, increase of RIla and RIIB, the
translocation of RIf and RIla to the cytosol and the final formation of the
inhibited PKA tetramer. As for the location, this pathway occurs most likely
in nucleated cells, mainly the postsynaptic myocytes. In particular, CREB
expression and phosphorylation at the skeletal muscle occurs in the nuclei of
myocytes and can be observed in both synaptic and extra-synaptic regions of
fast- and slow-twitch muscles ( ; ). On the other
hand, PKA subunits are expressed within NM] vicinities but present in the
three cell components ( ).

Regarding the M; pathway, we found at first that M, blockade does
not affect CREB phosphorylation at the NMJ. However, M; is still necessary,
because Mi/M; inhibition with atropine cannot replicate the effect of M,

inhibition over CREB. This meant that M, mAChRs need some M;
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operativity to modulate CREB. This result, similar to SNAP-25 (PKA)
phosphorylation, could result from the many M;-mediated modulations of
PKA subunits and, in any case, supports the crosstalk between both
mAChRs.

Altogether, the M, modulation of CREB at the NM]J suggests changes
in gene expression that could modulate synaptic plasticity at the NM]J, as it
does in the central nervous system ( ). It is promising to think
that M, receptors could participate in the alterations of postsynaptic PKA
during age and disease ( ; ). Our team is
currently testing this question under the I+D+i project “Effect of
neuromuscular activity on the interaction between the muscarinic and
neurotrophic synaptic signaling. Role in Amyotrophic Lateral Sclerosis
(MAChRALS)” funded by the Spanish Ministerio de Ciencia, Innovacion y

Universidades.

MARCKS

The fourth studied substrate was MARCKS and its PKC Ser!51%
phosphorylation. MARCKS is required in the trafficking of vesicles along the
neurites ( ) due to its activity rearranging the cytoskeleton and
interacting with membranes ( ).

M, promotion of PKC phosphorylation over MARCKS has been
reported ( ). Multiple PKC isoforms can phosphorylate
MARCKS in vitro and in vivo ( ; ). Here, we
determine that, at the NM]J, M; recruits the presynaptic PKCBI and PKCe
to phosphorylate MARCKS at the membrane fraction. In line with that,
PDKT1 activity alone also promotes MARCKS phosphorylation. Although
M, requires no PKA activity to phosphorylate MARCKS, PKA maintains the
protein levels of the substrate. This is because, without PKA activity, M,
blockade decreases MARCKS levels. PKA is involved in gene expression and
protein translation ( ; ; ), SO
shutting down PKA from the system could be revealing a MARCKS-
degrading pathway induced by My mAChR inhibition.
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In opposition, M, downregulates MARCKS PKC phosphorylation.
The PKC isoform responsible of that is PKCg, whose blockade abolishes the
effect of M, over MARCKS. This finding is consistent with the reported
interaction between M, and PKCe function at the NM] ( ) as
well as the general coupling of PKC by M, unbalance ( ).
Using H-89 before M, blockade provided a very interesting result: M,
upregulates MARCKS PKC phosphorylation in absence of PKA activity.
Indeed, this result unmasks the PKA-independent pathway described before,
where M, induces PKCe maturation and activity. Thus, once PKA is isolated,
the effect of M, blockade is to downregulate PDK1, PKCe maturation and
ultimately substrate phosphorylation. Remarkably, this finding provides a
molecular clue to the electrophysiology data showing that when PKA is
previously inactivated, M; inhibition shifts to decrease the transmitter release
at the NMJ mimicking M; ( ).

Regarding the general muscarinic signaling, atropine did not affect
MARCKS Ser'?/1%¢ phosphorylation. This is likely caused by the counter
regulation between the effect of M, blockade (decrease) and the effect of M,
blockade (increase), both of them using PKCe. MARCKS phosphorylation
has been linked with PKCe ( ). Concordantly, here we
demonstrated that both mAChR subtypes modulate and require PKCe
activity to adjust MARCKS phosphorylation.

Altogether, the opposed regulation of M; and M, mAChRs over
MARCKS may be used to balance the size of the primed synaptic vesicle pool
and ready-to-release pool at the NM]J, thanks to its role in vesicle trafficking

( ) and cytoskeleton—membrane interaction ( ).

3.2.Comment on atropine and the evaluation of the overall
muscarinic signaling

In this thesis we used atropine to test the overall muscarinic signaling.
As a pan-muscarinic inhibitor, atropine binds to all mAChR subtypes. Classic
studies at the adult NM]J show that mainly M; and M, orchestrate the NM]J

neurotransmitter release ( ; ; ;
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), whereas other mAChR subtypes like M3 and My only
participate during the development of the newborn NM] ( ;
, ). To discard M3-M; side effects, we compared the effects
of atropine with the effect of a mixture of Pir+Met, which inhibit M; and M..
This technique has been used in the frog NM]J, where the mixture fully
imitates the effects of atropine on neurotransmitter release ( )
and, in rat hippocampal place cells, where the mixture replicates the effects
of scopolamine, another known pan-muscarinic inhibitor ( ). We
observed that the Pir+Met treatment and atropine caused the same effects in
all the molecules observed, reinforcing the major participation of My and M,
signaling at the NM]J. However, we recognize that discriminating between
muscarinic receptor subtypes is still an important limitation. The
development novel mAChR orthosteric agonists ( ) and
innovative techniques like muscarinic photoswitchable modulators (
) would greatly overcome the limitation of muscarinic subtype

selectivity.

Significance statement: the importance of the NM]J in
health and disease

Much of this thesis is devoted to describing in detail the molecular
cascade induced by the muscarinic signaling at the adult NM]J. As basic
science, this research cannot promise to solve a specific health goal. However,
as part of competitive government-funded projects (SAF2015-67143-P;
PID2019-106332G-B-100), it is very important for us to return what society
has granted to us and consider the potential applicability of our work. This
provides social value to our research and helps to identify interesting and
unknown gaps in our knowledge to set out the path of our future research.

The study of NM]Js as a synaptic model is useful as it is one of the
synapses most susceptible to disease ( ). In the first
place, it is the target of many neurotoxins from bacteria, fungi, snakes and
other species that disturb the neuromuscular transmission and cause

potentially fatal complications. The study of these toxic factors has led to the
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discovery of many pharmacological tools to study and modulate the
neuromuscular activity, including the muscarinic drugs ( ;
5 5 ).

On the other hand, the NM] can also be damaged by important
autoimmune, genetic and degenerative disorders. Two autoimmune
disorders of clinical importance are myasthenia gravis and the Lambert-
Eaton myasthenic syndrome. Myasthenia gravis is caused by autoantibodies
against nAChRs, and is classically treated with immunosuppressive drugs
and cholinesterase inhibitors to prevent the breakdown of ACh by AChE
( ). The Lambert-Eaton myasthenic syndrome is rarer
and is mainly caused by autoantibodies against P/Q-type VGCCs and
synaptotagmin 1 from the presynaptic terminal of NM]Js (

). Although these are the mainly referred targets, autoantibodies against
the M; mAChR are also implicated in this presynaptic disorder (

). Interestingly, in a study of 25 Lambert-Eaton myasthenic syndrome
patients, 19 patients (76 %) were positive for presynaptic Mi- type mAChR
antibodies, and 4 of whom were negative for antibodies to both P/Q-type
VGCC and synaptotagmin 1 ( , ). Thus, the study of
muscarinic receptor function, location and its signaling might become
important to understand their role in nerve-muscle homeostasis, in dystrophy
and myasthenia ( ; ) and NM] regeneration
( ).

On the other hand, the genetic alterations that affect NM]Js are
grouped in a family of heterologous disorders called congenital myasthenic
syndromes ( ; ). Some examples that fall
close to the research of our laboratory are mutations in the genes encoding
for the transmission molecules SNAP-25 isoform B (SNAP25B), Munc13,
synaptotagmin, sodium channels and the cholinergic molecules nAChR,
AChE and choline acetyltransferase (ChAT) ( ). Each of these
mutations induce a particular alteration of the NM]J and characteristic
symptoms (presynaptic or postsynaptic). Therefore, the effective therapeutic
approach that exists is based on the knowledge that we have about these

molecules.
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In the last few years, the correct function of NMJs has been identified
as one factor involved in motoneuron diseases, a group of neurodegenerative
diseases that causes the selective and progressive death of motoneurons.
Unfortunately, their molecular mechanisms are hidden under a multifactorial
variety of genetic and environmental factors, excitotoxicity, exposure to
neurotoxic substances and an elevated prevalence of sporadic cases (

). Among motoneuron diseases, our laboratory has focused on
amyotrophic lateral sclerosis (ALS) in the recent years ( ,
). Several cellular processes are affected in ALS patients and mouse
models, including glutamatergic excitotoxicity and oxidative stress, although
the precise pathogenesis of the disease remains unknown. ALS animal models
show that, before the clinical phase of the disease, some NM] already
degenerate whereas others undergo compensatory reinnervations like nerve
sprouting and synaptic remodeling ( ). On the other
hand, we found that the muscles of ALS mice also display an altered
molecular pattern at the presymptomatic stage before the onset of the disease
( ), including molecules which have been studied in this
thesis, supporting a muscarinic involvement. Thus, in addition to the
potential early diagnosis, this data suggests a “die-back” mechanism, which
would explain the preceding loss of motor units and muscle weakness before
the motoneuron death in the CNS. The muscarinic receptors regulate the
repair phenotype of perisynaptic Schwann cells and are overactivated in
disease-resistant NM]s (soleus muscle) in SOD1%? mice (
). Thus, they probably participate in the compensatory mechanisms that
protect NM]Js early in the onset of ALS disease.

Altogether, this thesis provides in vivo data of muscarinic modulation
in the skeletal muscle. Identifying how inhibitors of mAChRs, PKA and PKC
isoforms work will be important for prospective therapies. For instance,
drugs in development depend upon the balance between the various
isoenzymes present ( ; ). PKA and PKC
isoforms are affected in symptomatic and presymptomatic stages of
amyotrophic lateral sclerosis ( ; ). The

dual Mi/M, muscarinic modulation could be used to readjust and preserve
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the neuromuscular function and muscle strength, being useful for muscular
paralysis, fall prevention, aging and neuromuscular disorders such as
amyotrophic lateral sclerosis and Duchenne muscular dystrophy. To achieve
it, innovative strategies will be needed to create more selective agonists (

) and to deliver them as specifically as possible, with techniques like
muscarinic photoswitchable modulators ( ).

In this regard, our laboratory is currently working in the new I+D+i
project “Effect of neuromuscular activity on the interaction between the
muscarinic and neurotrophic synaptic signaling. Role in Amyotrophic Lateral
Sclerosis (MAChRALS)” funded by the Spanish Ministerio de Ciencia,
Innovacion y Universidades (P1ID2019-106332G-B-100). This will promisingly
shed light on how the destabilizers and protectors of NM]J integrity are
deregulated in ALS, further investigating the important role of mAChRs. On
the other hand, this project will also try to determine whether physical
exercise or pharmacological therapy, together with others, can contribute to
maintain the appropriate structure and function of the NM]J. Eventually, this
good understanding of the molecular pathways in the healthy and ALS-
affected skeletal muscle might be useful to potentially correct them and delay
the motoneuron failure of the disease. Thus, muscarinic receptors are
important modulators of a signaling that is key to maintain the integrity of
synapses. Selective agonists and antagonists are promising strategies to treat

more specifically and effectively the affected tissues.
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CONCLUSION (English)

Conclusions from Publication T

Objective-derived conclusions

Objective 1. To determine whether there is interplay between M; and M,
muscarinic acetylcholine receptors (mAChRs) subtypes at the skeletal

muscle.

- M, signaling downregulates M; protein levels at basal conditions.
However, M; receptors do not affect M, protein levels. This shows

that M, may act as a brake to balance muscarinic function at the

NMYJ.

Objective 2. To determine the specificity of antibodies against PKA catalytic

subunits (Ca, CB) and regulatory subunits (RIa, RIf, RIla, RIIB).

- Antibody specificity was validated through knockout cell lysates.
The reactivity of the anti-Ca, -Cf, -Rla, -RIla antibodies was
abolished, respectively, in their specific knockout. We found no
cross-reactivity between C subunits or between Ra subunits.

- The reactivity of the anti-RIf, -RIIB antibodies was absent in 293T
and HeLa cell lysates, consistent with reports of minimal to no-
expression in those cell lines. Anti-R antibodies showed an

unspecific 30 kDa band, which was not affected by any KO.
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Objective 3. To determine whether PKA catalytic (Ca, CB) and regulatory
(RIB, RIB, RIla, RIIB) subunits are modulated by M; and M, mAChRs in the
skeletal muscle. Moreover, to determine whether they are regulated by

synaptic activity-induced stimulation.

- M, upregulates the PKA RIIB protein levels.

- M, downregulates the PKA CB and upregulates the RIIa and RII.
The M, action over CB and RIla needs an active M.

- Synaptic stimulation increases Cf protein levels and, under this

condition, M, still downregulates Cf.

Objective 4. To determine whether M; and M, mAChRs modulate the

subcellular translocation of PKA subunits in the skeletal muscle.

- M; receptor constitutively maintains PKA Rla, RIB, and Rlla in
the membrane fraction, whereas the tonic effect of M, mAChR, in
opposition to M1, enhances the release of PKA RIf} and Rll« to the

cytosol.

Objective 5. To determine whether M; and M> mAChRs modulate the protein

levels and the subcellular translocation of the scaffold AKAP150.

- M, signaling upregulates AKAP150 protein levels at the NM]J
whereas M, signaling downregulates them. These regulations take
place at the membrane fraction and likely influence PKA

subcellular scaffolding.
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Objective 6. To determine PKA subunits that are enriched in the synaptic
region of the diaphragm. Moreover, to analyze whether M, mAChR affects

the interaction between the RIf3 subunit and the Ca and Cf subunits.

- PKA have a wide cellular distribution at the diaphragm muscle.
PKA Cf and RIB subunits—but not Ca—are enriched at the synaptic
region of the diaphragm.

- The action of the M, receptor at the diaphragm increases Cf in
both synaptic and extrasynaptic regions.

- At the nerve terminal of the NM], the tonic action of the M,
receptor stabilizes the holoenzymes formed by Ca and CB with

RIB.

Objective 7. To determine whether M; and M, mAChRs modulate the
phosphorylation of CREB and SNAP-25 and the involvement of PKA.

- M, action reduces the PKA phosphorylation of the master

133) "and the essential

regulator of gene expression CREB (Ser
exocytotic protein SNAP-25 (Thr'*®) coincident with a decrease in
the neurotransmission.

- PKA enhances CREB (Ser'*?) y SNAP-25 (Thr'*#) phosphorylations
at the NM]J. PKA activity is necessary for M, to modulate these

substrates.
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Conclusion from Publication 2

Objective-derived conclusions

Objective 1. To determine whether the M; and M, muscarinic acetylcholine
receptors (mAChRs) modulate the protein levels and phosphorylation of the
presynaptic PKCBI and PKCe isoforms in the skeletal muscle. Moreover, to

determine the effect over the widely expressed PKCa.

- M; promotes the priming of both PKCBI and PKCe and
downregulates PKCBI protein levels, the latter due to enhanced
activity-dependent degradation.

- M;ssignaling affects PKCe through two different pathways: a PKA-
dependent pathway where M, downregulates PKCg; and a PKA-
independent pathway where M; induces PKCe maturation through
PDK1 (See Objective 3). Conversely, M, does not modulate PKCI.

- M; mAChR-but not Mi—downregulates PKCa levels and priming,
which could be associated with a reduction of the postsynaptic

responsiveness.

Objective 2. To determine whether M; and M, mAChRs modulate the
subcellular translocation of PKCBI and PKCe and their phosphorylated
forms at the NM]J.

- Mi-induced PKCBI priming and downregulation occur in the
membrane fraction. M; translocates PKCe to the cytosol fraction.
- My-induced PKCe priming and downregulation occur in the

membrane fraction. M; does not affect the PKCBI translocation.
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Objective 3. To determine whether PDK1 phosphorylation is induced by M;
and M> mAChRs and whether PDK1 activity is linked to PKCBI and PKCe

maturation and the phosphorylation of their substrates at the NM].

- Both M; and M, induce PDK1 (Ser**') phosphorylation.

- PDKI1 activity promotes the priming of both PKCBI and PKCg and
downregulates PKCBI protein levels, the latter due to enhanced
activity-dependent degradation.

- PDK1 action is linked to either M; or M, receptors, promoting the
PKC-phosphorylation of SNAP-25 (Ser'®) and MARCKS (Ser!'$2156)

and downregulating Munc18-1 (Ser’®) phosphorylation.

Objective 4. To determine whether M; and M, mAChRs modulate the protein
levels and phosphorylation of the PKC substrates Munc18-1, SNAP-25 and
MARCKS.

- M, enhances the PKC-phosphorylation of Munc18-1, SNAP-25 and
MARCKS without affecting their protein levels.

- M, downregulates Munc18-1 phosphorylation and protein levels,
MARCKS phosphorylation and does not affect SNAP-25 PKC-
phosphorylation (Ser'®).

Objective 5. To determine the role of PKCBI, PKCe and PKA in each
modulation of Munc18-1, SNAP-25 and MARCKS by M; and M, muscarinic

receptors subtypes.

- The activity of both PKCBI and PKCg is a requirement for M,
mAChR to induce the phosphorylation of Munc18-1 (Ser’®),
SNAP-25 (Ser'®) and MARCKS (Ser'?1%),

- The PKA activity does not participate in the M; enhancement of
Munc18-1 and MARCKS phosphorylation, but it is required to
maintain MARCKS levels and for the PKC-phosphorylation of
SNAP-25 (Ser'?).
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- The activity of PKCe necessary for M, to inhibit MARCKS
(Ser3¥156) phosphorylation and Munc18-1 (Ser®”®) phosphorylation
and expression. Conversely, PKCI activity is not required for Ma.

- The PKA activity is a requirement for M, to downregulate
Munc18-1 phosphorylation and expression. When PKA is blocked,
M, signaling shifts to promote Muncl18-1 and MARCKS
phosphorylation, visualizing the effect of its PKA-independent

pathway.

Objective 6. To determine whether M; and M, mAChRs modulate the
translocation of Munc18-1, SNAP-25 and MARCKS at the NM]J.

- The M; signaling enhances Munc18-1, MARCKS and SNAP-25
phosphorylations at the membrane fraction. M; also induces the
translocation of Munc18-1 from the cytosol to the membrane
fraction.

- The M;signaling inhibits MAR CKS phosphorylation and Munc18-

1 phosphorylation and expression at the membrane fraction.

Objective 7. To determine whether the signaling of M, mAChR over PKCI,
PKCe, Munc18-1 and SNAP-25 protein level and phosphorylation occurs at

the synaptic region of the rat diaphragm.

- PKCBI, PKCg, Munc18-1 and SNAP-25 are highly enriched at the
synaptic region of the diaphragm, in consistency with their
presynaptic location. Munc18-1 was more abundant than the
others in the extrasynaptic region, in concordance with its presence
in motor axons, which extend outside the synaptic region.

- The M,—PKCe—Munc18-1 pathway only occurs at the synaptic
region of the diaphragm. Conversely M; does not affect PKCI or
SNAP-25 in any region.
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Objective 8. To corroborate the location of NM]J nerve terminal of the PKCeg,

PKCBI, PDK1, Munc18-1 and SNAP-25.

- PKCPBI and PKCe staining is limited to the presynaptic region over
nAChRs and does not surpass areas outside the NM] plate, in
concordance with previous studies.

- PDK1 staining appears finely punctuated over nAChRs without
surpassing areas outside the NM] plate, in concordance with
previous studies.

- Muncl18-1 is expressed at the presynaptic component of the NM]J
and in axon terminals. SNAP-25 is exclusively located in the
presynaptic component of the NM]J. Optical sections corroborate
that Munc18-1 and SNAP-25 are concentrated presynaptically over

the postsynaptic gutters, in concordance with previous studies.

Main conclusion

This thesis provides molecular data evidence to the muscarinic
signaling that achieves the modulation of the ACh release at the NM]J, which
is that M; increases and M, decreases ACh release.

At the NM]J, M, enhances PKC maturation and activity. First, M,
induces PDK1 phosphorylation, whose activity promotes PKCBI and PKCe
maturation ). On the other hand, the M/G/PLCB and calcium
mobilization pathway activates PKCBI and its subsequent degradation. M,
involves both PKCBI and PKCe isoforms to phosphorylate Munc18-1 (Ser®'?),
MARCKS (Ser?15¢) and SNAP-25 (Ser'?), the latter also requiring PKA. The
three phosphorylated substrates are recruited to the membrane, where they
likely participate in neurotransmission.

On the other hand, the M, inhibits PKA, ubiquitously expressed in the
three cell components of the NMJ. M, inhibits Cf protein levels and increases
RIla and RIIB. Secondly, M> modulates PKA translocation, possibly related
to an AKAP150 downregulation, which liberates RIf and RIla to the cytosol,
where C subunits are abundant. This M, signaling promotes the interaction
between RIB:Ca and RIB:CP at the NM]J. Lastly, M, decreases SNAP-25
Thr'® phosphorylation (PKA), in nerve terminals, and CREB (Ser'?), in
postsynaptic myocytes and Schwann cells. These effects might be related to
its well-known downregulation of neurotransmission.

We determined several interactions between M; and M; pathways. M,
affects Mo/PKA by increasing AKAP150 and recruiting Rla, RIf and Rlla to
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the membrane. This appears to counter-balance the actions of M., although
M, per se does not affect any PKA-substrate studied. M, over M/PKC
downregulates M; and uses two different pathways over PKC: a PKA-
dependent pathway where M, inhibits PKCe and Munc18-1 protein levels;
and a PKA-independent pathway, similar to M, where M, promotes PDK1
phosphorylation and PKCe maturation at the membrane compartment. M,
signaling per se inhibits the phosphorylation of Munc18-1 and MARCKS.
Blocking PKA leaves only its PKA-independent pathway, which shifts M»
signaling to enhance Munc18-1 and MARCKS phosphorylation like M.
Therefore, the PKA and PKC pathways are complementarily balanced
by M; and M, mAChRs signalings to maintain and adjust the synaptic vesicle

release machinery to the neurotransmission at the NM]J.

Concluding muscarinic signaling at the NM]J studied in this thesis. The
muscarinic receptors (mAChRs) M; and M, are located in the presynaptic nerve terminal
(green cell, left) and the Schwann cells (blue cell, right), with a single report of postsynaptic
M; mAChRs. The studied PKC pathway is specific of presynaptic terminals, thanks to the
exclusive expression of the PKCPI, PKCe and their SNARE/SM substrates. Contrarily, the
PKA pathway extends to the three cell components of the NM] due to the ubiquity of PKA
subunits (Ca, CB, Rla, RIB, RIla, RIIB). All R subunits have been represented in the three
cell components due to the ubiquity and to represent clearly their participation.

M, signaling (P green arrows) uses Gq/PLCB/calcium to activate the PKCBI and PKCe,
which causes the activity-dependent degradation of PKCBI. Both PKC isoforms participate
in the phosphorylation of MARCKS, Munc18-1 and SNAP-25 Ser' (PKC) at the membrane,
which likely contribute to enhance the neurotransmission.

The M, signaling (P red arrows) inhibits adenylate cyclase (AC) and cAMP levels (pathways
decreased by M, are dotted). We found three mechanisms where M, likely reduces PKA
activity. First, M; inhibits the protein level of CB and increases RIla and RIIB. Secondly, M,
decreases AKAP150 levels and releases RIB and Rlla to the cytosol, where C subunits are
abundant. Thirdly, M enhances the R:C interaction between RIf, Ca and Cf at the NM]J.
All these explain how M, inhibits the phosphorylation of SNAP-25 Thr'*® (PKA), in nerve
terminals, and CREB (Ser'*), in postsynaptic myocytes and Schwann cells. These changes
might be related to a decrease in neurotransmission.

Finally, the My and M, pathways crosstalk at some points. M; over PKA increases AKAP150
and recruits Rla, RIf and RIla to the membrane. Regarding M, over PKC, M, decreases the
levels of M, PKCe and Munc18-1, the latter two involving PKA activity (M, does not affect
PKCBI or SNAP-25 Ser'®). This decreases in Munc18-1 and MARCKS phosphorylation at
the membrane fraction and likely contributes to the decrease in neurotransmission. Finally,
both My and M, cooperatively activate PDK1 (P> purple arrows). PDK1 itself increases
PKCBI and PKCe maturation and produces effects at the crossroads between M; (over
SNAP-25 and MARCKS) and M, (over Munc18-1). For My, it is a second path to enhance
and maintain the PKC pool. For M,, it is a PKA-independent pathway still observable after
PKA is blocked. When all PKA is blocked, M: shifts to promote PKCe, Munc18-1 and
MARCKS phosphorylation, likely contributing to enhance neurotransmission. Source: own

elaboration.
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CONCLUSIO (Catala)

Conclusions de la Publicacio 1

Conclusions segons els objectius

Objectiu 1. Determinar si existeix cap interaccio entre els subtipus de

receptors muscarinics d’acetilcolina My i M, en el muscul esqueletic.

- La senyalitzaci6 M, disminueix els nivells de proteina de M; en
condicions basals. En canvi, el receptor M no afecta els nivells de
M,. Aix06 indica que el M; podria actuar com a fre per equilibrar la

funcidé muscarinica en la unié neuromuscular (UNM).

Objectiu 2. Determinar ’especificitat dels anticossos vers les subunitats
catalitiques de PKA (Ca, CP) i les subunitats reguladores (RIa, RIB, Rlla,
RIIB).

- L’especificitat dels anticossos ha estat validada mitjangant lisats de
c¢l-lules genoanul-lades (knockout). La reactivitat dels anticossos
anti-Ca, -Cf, -Rla, -RIla només és abolida en el seu knockout
especific. No hem observat reactivitat creuada entre subunitats C
ni entre subunitats Ra.

- Els anticossos anti-RIf i anti-RIIf no mostren reactivitat en els
lisats cel-lulars 293T ni Hela, en concordanga amb estudis que
senyalen expressi0 minima o nul-la en aquestes linies cel-lulars.
Hem observat una banda inespecifica de 30 kDa en els anticossos

anti-R que no ¢és afectada per cap KO.
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Objectiu 3. Determinar si les subunitats catalitiques (Ca, CB) i reguladores
(RIB, RIB, RIla, RIIP) estan modulades pels receptors M i M, en el muscul
esqueletic. A més, determinar si aquestes subunitats estan regulades per

I’activitat sinaptica induida mitjangant estimulacio.

- M incrementa els nivells de proteina de PKA RIIp.

- M, disminueix PKA C i incrementa RIla i RIIB. L’acci6 de M,
sobre CB i RIla necessita que M estigui actiu.

- L’activitat sinaptica augmenta els nivells de proteina de CB i, en

aquesta condicid, M, segueix disminuint els nivells de CB.

Objectiu 4. Determinar si els receptors M; i M, modulen la translocacio

subcel-lular de les subunitats de PKA en el muscul esqueletic.

- El receptor M; manté constitutivament PKA Rla, RIB, i RIla en la
fracci6 de membrana, mentre que I’efecte tonic del receptor M,

allibera la PKA RIB i la Rlla cap al citosol.

Objectiu 5. Determinar si els receptors M i My modulen els nivells de proteina

i la translocacio subcel-lular de la proteina de bastida AKAP150.

- La senyalitzacié del receptor M; incrementa els nivells de proteina
de PAKAP150 a la UNM, mentre que la senyalitzaci6 M, els
disminueix. Aquests canvis ocorren en la fracci6 de membrana i
concorden amb la localitzacio subcel-lular de les subunitats de

PKA.
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Objectiu 6. Determinar quines subunitats de PKA son més abundants en la
regio sinaptica del diafragma. Analitzar si el receptor M; afecta a la interaccio

entre la subunitat RIB i les subunitats Cat i Cf3.

- La PKA t¢ una amplia distribucié cel-lular en el muscul diafragma.
Les subunitats de PKA CB i RIB—pero no Ca—estan enriquides a la
regio sinaptica del diafragma.

- L’activitat del receptor M, augmenta els nivells de CB tant a la
regio sinaptica como I’extrasinaptica del diafragma.

- En el terminal nerviés de la UNM, lP’actividad del receptor M,

estabilitza els holoenzims formats per Ca i Cp amb RIf.

Objectiu 7. Determinar si M1 i M, mAChRs modulen la fosforilacié de CREB
i SNAP-25 i la implicacio de PKA.

- L’accio de M, disminueix la fosforilacié de PKA del regulador de
la expressio geénica CREB (Ser'®) i de la proteina exocitotica SNAP-
25 (Thr'¥), coincidint amb una disminuci en la neurotransmissio.
- La PKA promou la fosforilacio dels substrats CREB (Ser') i
SNAP-25 (Thr'3®) a la UNM. L’activitat de la PKA és necessaria

perque M, pugui modular ambdos substrats.
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Conclusions de la Publicacié 2

Conclusions segons els objectius

Objectiu 1. Determinar si els receptors muscarinics d’acetilcolina M i M,
modulen els nivells de proteines i la fosforilacio de les isoformes
presinaptiques PKCBI i PKCe en el muscul esqueletic. A més, determinar el

seu efecte sobre la isoforma PKCa, expressada de fomra ubiqua.

- M; promou la maduracié de PKCBI i PKCe i disminueix els nivells
de proteina PKCI, aquesta ultima disminucié a causa de la seva
degradaci6 dependent d’activitat.

- M, afecta la PKCe a través de dues vies diferents: una via
dependent de PKA, per la que M, disminueix la PKCg; i una via
independent de PKA, per la que M; indueix la maduracio de PKCe
a través de PDK1 (Veure Objectiu 3). Por el contrario, M, no
modula PKCI.

- El receptor M,—pero no el Mi—afecta la PKCa disminuint els seus
nivells i fosforilacié, el que podria estar relacionat amb una

reduccio de la resposta postsinaptica.

Objectiu 2. Determinar si els receptors M; i M, modulen la translocacio

subcel-lular de la PKCBI, la PKCe i les seves formes fosforilades en la UNM.

- El receptor M; indueix la maduracio i la disminucié6 dels nivells de
PKCBI a la fraccié de membrana. M; promou la translocacié de
PKCe cap al citosol.

- El receptor M; indueix la maduracio i la disminuci6 dels nivells de
PKCe a la fraccié6 de membrana. M, no afecta la translocacié de

PKCBI.
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Objectiu 3. Determinar si la fosforilaciéo de PDK1 ¢s induida pels receptors M
i My isi activitat de la PDK1 esta associada a la maduracio de PKCBI i PKCe

i a la fosforilacié dels seus substrats a la UNM.

- Tant el M com el M, indueixen la fosforilaci6é de la PDK1 (Ser?*!).

- L’activitat de la PDK1 promou la maduracioé de la PKCI i la PKCe
i disminueix els nivells de PKCBI, aquesta ultima disminuci6 a
causa de la degradaci6 dependent d’activitat.

- L’accié de PDK1 per si mateixa promou la fosforilacio PKC dels
substrats SNAP-25 (Ser'®”) i MARCKS (Ser*?'%¢) i disminueix la
fosforilacié6 de Munc18-1 (Ser3?).

Objectiu 4. Determinar si els receptors M i M, modulen els nivells de proteina

i fosforilaci6 dels substrats de PKC Munc18-1, SNAP-25 i MARCKS.

- M, afavoreix la fosforilacié de PKC dels tres substrats Munc18-1,
SNAP-25 i MARCKS sense afectar els seus nivells de proteina.

- M, inhibeix la fosforilaci6 de Munc18-1 i els seus nivells de
proteina, inhibeix la fosforilaci6 de MARCKS i no afecta la

fosforilaci6 PKC de SNAP-25 (Ser'®).

Objectiu 5. Determinar el paper de PKCBI, PKCe i PKA en cada modulacio
dels receptors M; i M, sobre Munc18-1, SNAP-25 i MARCKS.

- M, necessita ambdues PKCI i PKCe per promoure la fosforilacié
de Munc18-1 (Ser*®?), SNAP-25 (Ser'®”) i MARCKS (Ser'51%¢),

- M, no necessita la PKA per promoure la fosforilacié de Munc18-1
ni de MARCKS, pero si que la requereix per mantenir els nivells de

MARCKS i per la fosforilaci6 PKC de SNAP-25 (Ser'¥).
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- M, necessita la PKCe per poder inhibir la fosforilaci6 de MARCKS
(Ser™?1%6) i la fosforilaci6 i expressié de Munc18-1 (Ser®'®). D’acord
amb els resultats anteriors, M, no necessita la PKCI.

- M, requereix la PKA per disminuir la fosforilaci6 i expressio de
Munc18-1. Quan la PKA esta bloquejada, la senyalitzacio del
receptor M, canvia per augmentar la fosforilaci6 de Munc18-1 i

MARCKS, manifestant I’efecte de la seva via independent de PKA.

Objectiu 6. Determinar si els receptores M; i M modulen la translocacio de

Munc18-1, SNAP-25 i MARCKS a la UNM.

- La senyalitzacio de M; afavoreix la fosforilaci6 de Munc18-1,
MARCKS i SNAP-25 en la fraccié de membrana. M; també indueix
la translocacié de Munc18-1 des del citosol cap a la membrana.

- La senyalitzacié de M, inhibeix la fosforilaci6 de MARCKS i la

fosforilacié i expressiéo de Munc18-1 en la fraccié de membrana.

Objectiu 7. Determinar si la senyalitzacio de M, mAChR sobre els nivells i la
fosforilacio de PKCBI, PKCe, Munc18-1i SNAP-25 ocorre a la regio sinaptica

del diafragma.

- PKCBI, PKCg, Munc18-1 i SNAP-25 estan altament enriquits a la
regié sinaptica del diafragma, en concordancia amb la seva
localitzaci6é presinaptica. D’aquestes proteines, Munc18-1 ¢s la
que mostra més reactivitat a la regi6 extrasinaptica, d’acord amb
la seva preséncia en els axons motors, que s’estenen fora de la regiod

.
sinaptica.
- La via M,~PKCe—Munc18-1 només es detecta en la regid sinaptica

del diafragma. M; no afecta a la PKCI ni el SNAP-25 en cap regio.
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Objectiu 8. Corroborar la localitzacio de las proteines PKCe, PKCpI, PDK1,
Munc18-11i SNAP-25 en el terminal nervios de la UNM.

- El marcatge de PKCBI i PKCe es limita a la regi6 presinaptica, per
sobre dels receptors nicotinics i no excedeix arees fora de la placa
de la UNM, en concordanga amb els estudis previs.

- El marcatge de PDK1 apareix finament puntuat sobre dels
receptors nicotinics sense sobrepassar arees fora de la placa de la
UNM, en concordanga amb estudis previs.

- Muncl18-1 s’expressa en el terminal i ’ax6 preterminal de la UNM.
SNAP-25 es troba exclusivament en el component presinaptic de la
UNM. Mitjangant seccions optiques, hem corroborat que Munc18-
1 i SNAP-25 se concentren presinapticament sobre dels plecs

postsinaptics, en concordanga amb estudis previs.

Conclusioé

Aquesta tesi proporciona dades moleculars de la cascada de
senyalitzacié muscarinica que controla la neurotransmissio a la UNM, on M,
augmenta i M disminueix I’alliberacié d’acetilcolina.

M, facilita la maduracio i activitat de les PKC a la UNM. Primer, M,
indueix la fosforilacié de PDK1, Pactivitat de la qual promou la maduracio
de PKCBI i PKCe ( ). Per altra banda, la via M/G,/PLCB i la
mobilitzacié de calci desencadenen Pactivitat de PKCBI i la seva posterior
degradacio. M, recluta a ambdues isoformes PKCBI i PKCe per afavorir la
fosforilacié de Munc18-1 (Ser’®), MARCKS (Ser¥15¢) i SNAP-25 (Ser'?), sent
aquesta ultima la unica que requereix activitat PKA. Finalment, els tres
substrats fosforilats son reclutats a la membrana, on probablement
afavoreixen la neurotransmissio.

D'altra banda, la via M, inhibeix la PKA, expressada de forma ubiqua
als tres components de la UNM. El M, inhibeix els nivells de Cf3 i incrementa
els de RIloe i RIIPB. Després, M, modula la translocacié de la PKA,
possiblement disminuint AKAP150, el que allibera RIf i RIla al citosol, on hi
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ha les subunitats C. Aquesta senyalitzaci6 M, promou la interacci6é entre
RIB:Ca i RIB:CP a la UNM. Finalment, el M, disminueix la fosforilacio de
SNAP-25 Thr®® (PKA), als terminals nerviosos, i de CREB (Ser'*) al
compartiment postsinaptic i les cel-lules de Schwann. Aquestes regulacions
semblen estar d’acord amb la disminuci6 de la neurotransmissio del M,.

Finalment, hem determinat diverses interaccions entre les vies M i M.
El M; afecta la via My/PKA mitjan¢ant I'increment de AKAP150 i la
translocacio de Rla, RIB i RIla a la membrana. Aixo equilibra les accions del
M., tot i qué M per se no afecta cap substrat PKA estudiat. El M, respecte la
via Mi/PKC inhibeix els nivells de M i utilitza dues vies per modular PKC: la
via PKA-dependent inhibeix els nivells de PKCe i Munc18-1; i la via PKA-
independent, analoga a la del My, on M, indueix la fosforilacié de PDK1 i
PKCe en la fracci6 membrana. La via M, per se inhibeix la fosforilacio de
Munc18-1 i MARCKS. Bloquejar la PKA revela la via PKA-independent, on
M, canvia a afavorir la fosforilaci6 de Munc18-1 i MARCKS, de forma
similar a la senyalitzacio del M.

Per tant, les vies de la PKA i la PKC es troben en equilibri gracies a les
activitats complementaries dels receptors M; i M», que mantenen i ajusten

’activitat sobre les molecules de la maquinaria d’alliberaci6 de vesicules a la

UNM.
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CONCLUSION (Castellano)

Conclusiones de la Publicacion 1

Conclusiones segun los objetivos

Objetivo 1. Determinar si existe interaccion entre los subtipos de receptores

muscarinicos de acetilcolina M; y M en el musculo esquelético.

- La sefializacion M, disminuye los niveles de proteina de M; en
condiciones basales. Sin embargo, los receptores M no afectan los
niveles de M,. Esto indica que M, podria actuar como un freno

B .7 v . M4
para equilibrar la funcion muscarinica en la unién neuromuscular

(UNM).

Objetivo 2. Determinar la especificidad de los anticuerpos frente a las
subunidades cataliticas de PKA (Ca, CB) y las subunidades reguladoras (Rla,
RIB, Rlla, RIIB).

- La especificidad de los anticuerpos ha sido validada a través de
lisados de células con genes inactivados (knockout). La reactividad
de los anticuerpos anti-Ca, -CfB, -Rla, -Rlla fue abolida,
respectivamente, en su knockout especifico. No encontramos
reactividad cruzada entre las subunidades C ni entre subunidades
Ra.

- Los anticuerpos anti-RIf y anti-RIIf no mostraron reactividad en
los lisados de células 293T y HeLa, de acuerdo con la expresion
minima o nula en dichas lineas celulares segiin la literatura.
Observamos una banda inespecifica de 30 kDa en los anticuerpos

anti-R que no era afectada por ningan KO.
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Objetivo 3. Determinar si las subunidades cataliticas (Ca, CB) y reguladoras
(RIB, RIB, RlIla, RIIP) estan moduladas por los receptores My y M, en el
musculo esquelético. Ademas, determinar si dichas subunidades estan

reguladas por la actividad sinaptica inducida mediante estimulacion.

- M, incrementa los niveles de proteina PKA RIIB

- M, disminuye PKA Cf e incrementa RIla y RIIB. La accién de M,
sobre CB y RIla necesita que M; esté activo.

- La actividad sinaptica aumenta los niveles de proteina C y, bajo

esta condicion, M; sigue disminuyendo los niveles de Cp.

Objetivo 4. Determinar si los receptores M y M, modulan la translocacion

subcelular de las subunidades de PKA en el musculo esquelético.

- El receptor M; mantiene constitutivamente PKA Rla, RIf, y RIla
en la fraccion de membrana, mientras que el efecto toénico del

receptor M; libera PKA RIf y RIla al citosol.

Objetivo 5. Determinar si los receptores M; y M, modulan los niveles de

proteina y la translocacion subcelular de la proteina de anclaje AKAP150.

- La seiializacion del receptor M, incrementa los niveles de proteina
de AKAP150 en la UNM, mientras que la seiializacion M, los
disminuye. Estos cambios ocurren en la fraccion de membrana y

concuerdan con la localizacién subcelular de PKA.
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Objetivo 6. Determinar las subunidades de PKA mas abundantes en la region
sinaptica del diafragma. Analizar si el receptor M, afecta a la interaccion

entre la subunidad RIf y las subunidades Ca y CL.

- La PKA tiene una amplia distribucion celular en el musculo
diafragma. Las subunidades PKA CB y RIf, pero no Ca, estan
enriquecidas en la region sinaptica del diafragma.

- La actividad del receptor M, aumenta los niveles de CB tanto en la
region sinaptica como en la extrasinaptica del diafragma.

- En el terminal nervioso de la UNM, la actividad del receptor M,

estabiliza las holoenzimas formadas por Ca:RIf y CB:RIp.

Objetivo 7. Determinar si M; y M, mAChRs modulan la fosforilacion de
CREB y SNAP-25 y la implicacion de PKA.

- La accion de M, disminuye la fosforilacion de PKA del regulador
de la expresion génica CREB (Ser'®) y de la proteina de exocitosis
SNAP-25 (Thr'¥), coincidiendo con una disminucion en la
neurotransmision.

- La PKA promueve la fosforilacion de los sustratos CREB (Ser'®) y
SNAP-25 (Thr'3®) en la UNM. La actividad de PKA es necesaria

para que M, pueda modular dichos sustratos.
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Conclusiones de la Publicaciéon 2

Conclusiones segln los objetivos

Objetivo 1. Determinar si los receptores muscarinicos de acetilcolina My M,
modulan los niveles de proteinas y la fosforilacion de las isoformas
presinapticas PKCBI y PKCe en el musculo esquelético. Ademas, determinar

su efecto sobre la isoforma PKCa, de expresion ubicua.

- M; promueve la maduraciéon de PKCBI y PKCe y disminuye los
niveles de proteina PKCBI, esta disminuciéon debido a la
degradacion dependiente de actividad.

- M, afecta la PKCe a través de dos vias diferentes: una via
dependiente de PKA, por la que M, disminuye la PKCg; y una via
independiente de PKA, por la que M; induce la maduraciéon de
PKCe a través de PDK1 (Ver Objetivo 3). Por el contrario, M; no
modula PKCI.

- El receptor M, —pero no M;— afecta la PKCa disminuyendo sus
niveles y fosforilacion, lo que podria estar relacionado con una

reduccion de la respuesta postsinaptica.

Objetivo 2. Determinar si los receptores M; y M, modulan la translocacion

subcelular de PKCI, PKCe y sus formas fosforiladas en la UNM.

- El receptor M; induce la maduracion y disminucién de los niveles
de PKCBI en la fraccion de membrana. M; transloca PKCeg a la
fraccion del citosol.

- El receptor M; induce la maduracién y disminucion de los niveles
de PKCe en la fraccion de membrana. M, no afecta la translocacion

de PKCBI.
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Objetivo 3. Determinar si la fosforilacion de PDK1 es inducida por los
receptores M1y M, y si la actividad de PDK1 esta vinculada a la maduracion

de PKCPBI y PKCe y a la fosforilacion de sus sustratos en la UNM.

- Tanto M; como M, inducen la fosforilacién de PDK1 (Ser?*).

- La actividad de PDK1 promueve la maduracion de PKCBI y PKCe
y disminuye los niveles PKCBI, esta disminuciéon debido a la
degradacion dependiente de actividad.

- Laaccion de PDK1 por si misma promueve la fosforilacion PKC de
SNAP-25 (Ser'®) y MARCKS (Ser'3?15¢) y disminuye la fosforilacién
de Munc18-1 (Ser®").

Objetivo 4. Determinar si los receptores M; y M, modulan los niveles de
proteina y fosforilacion de los sustratos de PKC Munc18-1, SNAP-25 y
MARCKS.

- M, favorece la fosforilacion de PKC de los tres sustratos Munc18-
1, SNAP-25 y MARCKS sin afectar sus niveles de proteina.

- M, inhibe la fosforilacion de Munc18-1 y su nivel de proteina,
inhibe la fosforilacion de MARCKS y no afecta a la fosforilacion
PKC de SNAP-25 (Ser'®).

Objetivo 5. Determinar el papel de PKCBI, PKCe y PKA en cada modulacion
de los receptores My y M, sobre Munc18-1, SNAP-25 y MARCKS.

- M necesita a ambas PKCBI y PKCe para promover la fosforilacién
de Munc18-1 (Ser*), SNAP-25 (Ser'®”) y MARCKS (Ser's156).
- M, no necesita PKA para promover la fosforilacion de Munc18-1y

MARCKS, pero si que se requiere para mantener los niveles de

MARCKS y para la fosforilacion PKC de SNAP-25 (Ser'?).
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- M, necesita la PKCe para poder inhibir la fosforilacion de
MARCKS (Sers¥156) y la fosforilacién y expresion de Munc18-1
(Ser’). Por el contrario, M, no necesita PKCI.

- M, requiere PKA para disminuir la fosforilacion y expresion de
Munc18-1. Cuando la PKA esta bloqueada, el receptor M, cambia
para aumentar la fosforilacion de Munc18-1 y MARCKS,

manifestando el efecto de su via independiente de PKA.

Objetivo 6. Determinar si los receptores M y M, modulan la translocacion de

Munc18-1, SNAP-25 y MARCKS en la UNM.

- La sefializacion de M; favorece la fosforilacibn de Munc18-1,
MARCKS y SNAP-25 en la fraccion de membrana. M; también
induce la translocaciéon de Munc18-1 del citosol a la membrana.

- La sefalizacion de M, inhibe la fosforilacion de MARCKS vy la
fosforilacion y expresion de Muncl18-1 en la fraccion de

membrana.

Objetivo 7. Determinar si la sefializacion de M, mAChR sobre los niveles y la
fosforilacion de PKCPI, PKCe, Munc18-1 y SNAP-25 ocurre en la region

sinaptica del diafragma.

- PKCBI, PKCg, Munc18-1 y SNAP-25 estan altamente enriquecidos
en la region sinaptica del diafragma, en concordancia con su
ubicacion presinaptica. De estas proteinas, Munc18-1 muestra
mayor reactividad en la region extrasinaptica, de acuerdo con su
presencia en los axones motores, que se extienden fuera de la
region sinaptica.

- La via M,~PKCe—Munc18-1 sélo se detecta en las muestras de
region sinaptica del diafragma. Por el contrario, M, no afecta a

PKCPBI o SNAP-25 en ninguna region.
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Objetivo 8. Corroborar la localizacion en el terminal nervioso de la UNM de
las proteinas PKCeg, PKCBI, PDK1, Munc18-1 y SNAP-25.

- El marcaje de PKCBI y PKCe se limita a la region presinaptica,
sobre los receptores nicotinicos y no excede areas fuera de la placa
de la UNM, en concordancia con estudios previos.

- El marcaje de PDK1 aparece finamente puntuado sobre los
receptores nicotinicos sin sobrepasar areas fuera de la placa de la
UNM, en concordancia con estudios previos.

- Muncl18-1 se expresa en el terminal y en el axon preterminal de la
UNM. SNAP-25 se encuentra exclusivamente en el componente
presinaptico de la UNM. Mediante secciones oOpticas, hemos
corroborado que Muncl18-1 y SNAP-25 se concentran
presinapticamente sobre los pliegues postsinapticos, en

concordancia con estudios previos.

Conclusion

Esta tesis proporciona datos moleculares de la cascada de sefializacion
muscarinica que controla la neurotransmision en la UNM, que es que M;
aumenta y M» disminuye la liberacion de acetilcolina.

M, facilita la maduracion y la actividad de las PKC de la UNM.
Primero, M; induce la fosforilacion de PDK1, cuya actividad promueve la
maduracion de PKCBI y PKCe. Por otro lado, la via Mi/G/PLCPB vy la
movilizacion de calcio desencadenan la actividad de PKCBI y su posterior
degradacion. M recluta a ambas isoformas PKCBI y PKCe para favorecer la
fosforilaciéon de Munc18-1 (Ser’®), MARCKS (Ser¥'5¢) y SNAP-25 (Ser'¥),
siendo esta ultima la unica que requiere actividad PKA. Finalmente, los tres
sustratos fosforilados son reclutados a la membrana, donde probablemente
favorecen la neurotransmision.

Por otro lado, la sefializacion del receptor M, inhibe la PKA,
expresada de forma ubicua en los tres componentes de la UNM. M, inhibe
los niveles de CB e incrementa los de RIla y RIIB. Ademas, M, modula la
translocacion de PKA, posiblemente disminuyendo AKAP150, lo que libera
las subunidades RIB y RIla al citosol con las subunidades C. Esta sefializacion

favorece la interaccion entre RIB:Ca y RIB:CB en la UNM. Finalmente, M,
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disminuye la fosforilacion de SNAP-25 Thr'® (PKA), en los terminales
nerviosos, y de CREB (Ser'#) en el compartimento postsinaptico y las células
de Schwann. Estas regulaciones parecen estar en linea con la conocida
disminucion de la neurotransmision de Ma.

Finalmente, hemos determinado varias interacciones entre las vias M,
y M. M afecta la via My/PKA incrementando AKAP150 y reclutando Rla,
RIB y RIla hacia la membrana. A pesar de esto, My per se no afecta ningtn
sustrato de PKA de los estudiados. El M, respeto la via Mi/PKC inhibe los
niveles del propio M; y utiliza dos vias para modular PKC: una via
dependiente de PKA inhibe los niveles de PKCe y Munc18-1; y una via PKA-
independente, similar a la de My, donde M, induce la fosforilacion de PDK1
y PKCe en la fraccion membrana. M, per se inhibe la fosforilacion de
Munc18-1 y MARCKS. Al bloquear la PKA, se observa la via PKA-
independiente, donde M, cambia para favorecer la fosforilacion de Munc18-
1y MARCKS, de forma similar a la sefializacion de M.

Por lo tanto, las vias de la PKA y la PKC se encuentran en equilibrio
gracias a las actividades complementarias de los receptores M; y Ma, que
mantienen y ajustan su actividad sobre las moléculas de la maquinaria de

liberacion de vesiculas sinapticas en la UNM.



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

References



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

CHAPTER 7 + REFERENCES 233

REFERENCES

Adams, J. A. (2003) ‘Activation loop phosphorylation and catalysis in protein
kinases: is there functional evidence for the autoinhibitor model?’,
Biochemistry, 42(3), pp. 601-7.

Aldridge, G. M., Podrebarac, D. M., Greenough, W. T. and Weiler, 1. J. (2008) “The
use of total protein stains as loading controls: An alternative to high-abundance
single-protein controls in semi-quantitative immunoblotting’, Journal of
Neuroscience Methods, 172(2), pp. 250—4.

Almbholt, K., Arkhammar, P. O., Thastrup, O. and Tullin, S. (1999) ‘Simultaneous
visualization of the translocation of protein kinase Calpha-green fluorescent
protein hybrids and intracellular calcium concentrations.’, The Biochemical
journal, 337 (Pt 2), pp. 211-8.

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’, Neuroscience Letters, 82(1),
pp- 83-88.

Arakawa, M., Mizoguchi, A., Masutani, M., Kawakita, N. and Ide, C. (1993)
‘Ultrastructural localization of protein kinase C [-subspecies in the axon
terminal of rat neuromuscular junction’, Neuroscience Research, 16(2), pp.
125-130.

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 Letters, 484(3), pp. 217-223.

Barclay, J. W., Craig, T. J., Fisher, R. J., Ciufo, L. F., Evans, G. J. O., Morgan, A.
and Burgoyne, R. D. (2003) ‘Phosphorylation of Munc18 by protein kinase C

regulates the kinetics of exocytosis.”, The Journal of biological chemistry,
278(12), pp. 10538-45.

Barnes, S. J. and Conn, P. M. (1993) ‘Cholera toxin and dibutyryl cyclic adenosine
3’,5-monophosphate sensitize gonadotropin-releasing hormone-stimulated
inositol phosphate production to inhibition in protein kinase-C (PKC)-depleted
cells: evidence for cross-talk between a cholera toxin-sens’, Endocrinology,
133(6), pp. 2756-2760.

Barrett, C. F. and Rittenhouse, A. R. (2000) ‘Modulation of N-type calcium channel
activity by G-proteins and protein kinase C., The Journal of general
physiology, 115(3), pp. 277-286.

Barrett, E. F. and Stevens, C. F. (1972) “The kinetics of transmitter release at the frog
neuromuscular junction’, The Journal of Physiology, 227 (3), pp. 691-708.

Bayascas, J. R. (2010) ‘PDK1: the major transducer of PI 3-kinase actions.’, Current
topics in microbiology and immunology, 346, pp. 9-29.

Beavo, J. A., Bechtel, P. J. and Krebs, E. G. (1975) ‘Mechanisms of control for



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

234 Conclusién

cAMP-dependent protein kinase from skeletal muscle.”, Advances in cyclic
nucleotide research, 5, pp. 241-251.

Beebe, S. J., Oyen, O., Sandberg, M., Froysa, A., Hansson, V. and Jahnsen, T.
(1990) ‘Molecular Cloning of a Tissue-Specific Protein Kinase (C y ) from
Human Testis—Representing a Third Isoform for the Catalytic Subunit of
cAMP-Dependent Protein Kinase’, Molecular Endocrinology, 4(3), pp. 465—
475.

Beeson, D. (2016) ‘Congenital myasthenic syndromes: recent advances’, Current
Opinion in Neurology, 29(5), pp. 565-571.

Beguin, P., Beggah, A., Cotecchia, S. and Geering, K. (1996) ‘Adrenergic,
dopaminergic, and muscarinic receptor stimulation leads to PKA
phosphorylation of Na-K-ATPase.’, The American journal of physiology,
270(1 Pt 1), pp. C131-7.

Ben-Barak, J. and Dudai, Y. (1980) ‘Scopolamine induces an increase in muscarinic
receptor level in rat hippocampus.’, Brain research, 193(1), pp. 309-13.

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.”, The Journal of
comparative neurology, 518(2), pp. 211-28.

Biddlecome, G. H., Berstein, G. and Ross, E. M. (1996) ‘Regulation of
phospholipase C-betal by Gq and m1 muscarinic cholinergic receptor. Steady-
state balance of receptor-mediated activation and GTPase-activating protein-
promoted deactivation.”, The Journal of biological chemistry, 271(14), pp.
7999-8007.

Birdsall, N. J. M., Burgen, A. S. V. and Hulme, E. C. (1978) ‘The Binding of Agonists
to Brain Muscarinic Receptors’, Molecular Pharmacology, 14(5).

Blobe, G. C., Stribling, D. S., Fabbro, D., Stabel, S. and Hannun, Y. A. (1996)
‘Protein Kinase C BII Specifically Binds to and Is Activated by F-actin’, Journal
of Biological Chemistry, 271(26), pp. 15823—15830.

Bloom, T. J. (2002) ‘Cyclic nucleotide phosphodiesterase isozymes expressed in
mouse skeletal muscle’, Canadian Journal of Physiology and Pharmacology,
80(12), pp. 1132-1135.

Bock, A., Merten, N., Schrage, R., Dallanoce, C., Bitz, J., Klockner, J., Schmitz, J.,
Matera, C., Simon, K., Kebig, A., Peters, L., Miiller, A., Schrobang-Ley, ]J.,
Trankle, C., Hoffmann, C., De Amici, M., Holzgrabe, U., Kostenis, E. and
Mohr, K. (2012) ‘The allosteric vestibule of a seven transmembrane helical
receptor controls G-protein coupling’, Nature Communications, 3(1), p. 1044.

Boczan, J., Leenders, A. G. M. and Sheng, Z.-H. (2004) ‘Phosphorylation of
Syntaphilin by cAMP-dependent Protein Kinase Modulates Its Interaction with
Syntaxin-1 and Annuls Its Inhibitory Effect on Vesicle Exocytosis’, Journal of
Biological Chemistry, 279(18), pp. 18911-9.

Brandon, E. P., Idzerda, R. L. and McKnight, G. S. (1997) ‘PKA isoforms, neural
pathways, and behaviour: making the connection’, Current Opinion in
Neurobiology, 7(3), pp. 397-403.



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

CHAPTER 7 + REFERENCES 235

Brazhnik, E. (2004) ‘The Effects on Place Cells of Local Scopolamine Dialysis Are
Mimicked by a Mixture of Two Specific Muscarinic Antagonists’, Journal of
Neuroscience, 24(42), pp. 9313-9323.

Brown, M. C., Goodwin, G. M. and Ironton, R. (1977) ‘Prevention of motor nerve
sprouting in botulinum toxin poisoned mouse soleus muscles by direct
stimulation of the muscle [proceedings].’, The Journal of physiology, 267(1),
pp. 42P-43P.

Buckley, N. J., Bonner, T. L., Buckley, C. M. and Brann, M. R. (1989) ‘Antagonist
binding properties of five cloned muscarinic receptors expressed in CHO-K1
cells.’, Molecular pharmacology, 35(4), pp. 469-76.

Budas, G. R., Koyanagi, T., Churchill, E. N. and Mochly-Rosen, D. (2007)
‘Competitive inhibitors and allosteric activators of protein kinase C
isoenzymes: a personal account and progress report on transferring academic
discoveries to the clinic.’, Biochemical Society transactions, 35(Pt 5), pp. 1021—

6.

Budd, D. C., Willars, G. B., McDonald, J. E. and Tobin, A. B. (2001)
‘Phosphorylation of the Gg/11-coupled M3-Muscarinic Receptor Is Involved in
Receptor Activation of the ERK-1/2 Mitogen-activated Protein Kinase
Pathway’, Journal of Biological Chemistry, 276(7), pp. 4581-4587.

Burford, N. T. and Nahorski, S. R. (1996) ‘Muscarinic m1 receptor-stimulated
adenylate cyclase activity in Chinese hamster ovary cells is mediated by Gs
alpha and is not a consequence of phosphoinositidase C activation.’, The
Biochemical journal, 315 ( Pt 3(Pt 3), pp. 883-8.

Burke, S. R. A., Reed, E. J., Romer, S. H. and Voss, A. A. (2018) ‘Levator Auris
Longus Preparation for Examination of Mammalian Neuromuscular
Transmission Under Voltage Clamp Conditions’, Journal of Visualized
Experiments, (135), p. 57482.

Cadd, G. G., Uhler, M. D. and McKnight, G. S. (1990) ‘Holoenzymes of cAMP-
dependent protein kinase containing the neural form of type I regulatory
subunit have an increased sensitivity to cyclic nucleotides.”, The Journal of
biological chemistry, 265(32), pp. 19502—6.

Cadd, G. and McKnight, G. S. (1989) ‘Distinct patterns of cAMP-dependent protein
kinase gene expression in mouse brain’, Neuron, 3(1), pp. 71-79.

Callaghan, B., Koh, S. D. and Keef, K. D. (2004) ‘Muscarinic M2 receptor
stimulation of Cav1.2b requires phosphatidylinositol 3-kinase, protein kinase
C, and ¢-Src.’, Circulation research, 94(5), pp. 626-33.

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:

identification of five sites of phosphorylation in vivo.’, The Biochemical
journal, 342 ( Pt 2(2), pp. 287-92.

Caulfield, M. P. and Birdsall, N. J. (1998) ‘International Union of Pharmacology.
XVII. Classification of muscarinic acetylcholine receptors.’, Pharmacological
reviews, 50(2), pp. 279-90.

Chang, P.-A. and Wu, Y.-]J. (2009) ‘Motor neuron diseases and neurotoxic



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

236 Conclusion

substances: a possible link?’, Chemico-biological interactions, 180(2), pp. 127—
30.

Chen, W. and Xu, W.-H. (2015) ‘B-Actin as a loading control: Less than 2 pg of total
protein should be loaded’, ELECTR OPHORESIS, 36(17), pp. 2046-2049.

Cheng, L., Locke, C. and Davis, G. W. (2011) ‘S6 kinase localizes to the presynaptic
active zone and functions with PDK1 to control synapse development’, Journal
of Cell Biology.

Chheda, M. G., Ashery, U., Thakur, P., Rettig, J. and Sheng, Z.-H. (2001)
‘Phosphorylation of Snapin by PKA modulates its interaction with the SNARE
complex’, Nature Cell Biology, 3(4), pp. 331-8.

Choi, E. J., Xia, Z. and Storm, D. R. (1992) ‘Stimulation of the type III olfactory
adenylyl cyclase by calcium and calmodulin.’, Biochemistry, 31(28), pp. 6492—
8.

Choi, R. C. Y., Chen, V. P., Luk, W. K. W., Yung, A. W. Y., Ng, A. H. M., Dong,
T. T. X. and Tsim, K. W. K. (2013) ‘Expression of cAMP-responsive element
binding proteins (CREBs) in fast- and slow-twitch muscles: A signaling
pathway to account for the synaptic expression of collagen-tailed subunit
(ColQ) of acetylcholinesterase at the rat neuromuscular junction’, Chemico-

Biological Interactions, 203(1), pp. 282-286.

Chotiner, J. ., Khorasani, H., Nairn, A. ., O’Dell, T. . and Watson, J. . (2003)
‘Adenylyl cyclase-dependent form of chemical long-term potentiation triggers

translational regulation at the elongation step’, Neuroscience, 116(3), pp. 743—
752.

Chou, M. M., Hou, W., Johnson, J., Graham, L. K., Lee, M. H., Chen, C.-S.,
Newton, A. C., Schaffhausen, B. S. and Toker, A. (1998) ‘Regulation of protein
kinase C { by PI 3-kinase and PDK-1’, Current Biology, 8(19), pp. 1069-1078.

Chou, W.-H., Wang, D., McMahon, T., Qi, Z.-H., Song, M., Zhang, C., Shokat,
K. M. and Messing, R. O. (2010) ‘GABAA receptor trafficking is regulated by
protein kinase C(epsilon) and the N-ethylmaleimide-sensitive factor.”, The
Journal of neuroscience : the official journal of the Society for Neuroscience,

30(42), pp. 13955-13965.

Cijsouw, T., Weber, ]J. P., Broeke, J. H., Broek, J. A. C., Schut, D., Kroon, T.,
Saarloos, I., Verhage, M. and Toonen, R. F. (2014) ‘Munc18-1 redistributes in
nerve terminals in an activity- and PKC-dependent manner’, The Journal of
Cell Biology, 204(5), p. 759.

Cilleros-Maiié, V., Just-Borras, L., Tomas, M., Garcia, N., Tomas, J. M. and
Lanuza, M. A. (2020) ‘The M2 muscarinic receptor, in association to M1 ,
regulates the neuromuscular PKA molecular dynamics’, The FASEB Journal,
34(4), pp. 4934-4955.

Cilleros-Maiié, V., Just-Borras, L., Polishchuk, A., Duran, M., Tomas, M., Garcia,
N., Tomas, J. M. and Lanuza, M. A. (2021) ‘M1 and M2 mAChRs activate
PDK1 and regulate PKC BI and € and the exocytotic apparatus at the NM]J.’,
FASEB journal : official publication of the Federation of American Societies for
Experimental Biology, 35(7), p. €21724.



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

CHAPTER 7 « REFERENCES 237

Colledge, M. and Scott, J. D. (1999) ‘AKAPs: from structure to function.’, Trends
in cell biology, 9(6), pp. 216-221.

Constantinescu, A., Gordon, A. S. and Diamond, I. (2002) ‘cAMP-dependent
Protein Kinase Types I and II Differentially Regulate cAMP Response Element-

mediated Gene Expression’, Journal of Biological Chemistry, 277(21), pp.
18810-18816.

Craig, T. J., Evans, G. J. O. and Morgan, A. (2003) ‘Physiological regulation of
Munc18/nSecl phosphorylation on serine-313’, Journal of Neurochemistry,
86(6), pp. 1450-7.

Crispino, M., Chun, J. T., Cefaliello, C., Perrone Capano, C. and Giuditta, A.
(2014) ‘Local gene expression in nerve endings’, Developmental Neurobiology,
74(3), pp. 279-291.

Cronin, M. J., Zysk, J. R. and Baertschi, A. J. (1986) ‘Protein kinase C potentiates
corticotropin releasing factor stimulated cyclic AMP in pituitary’, Peptides,
7(5), pp. 935-8.

Csukai, M., Chen, C.-H., De Matteis, M. A. and Mochly-Rosen, D. (1997) ‘The
Coatomer Protein B’-COP, a Selective Binding Protein (RACK) for Protein
Kinase C¢’, Journal of Biological Chemistry, 272(46), pp. 29200-29206.

Dadon-Nachum, M., Melamed, E. and Offen, D. (2011) ‘The “Dying-Back”
Phenomenon of Motor Neurons in ALS’, Journal of Molecular Neuroscience,
43(3), pp. 470-477.

Denning, M. F. (2012) ‘Specifying protein kinase C functions in melanoma’, Pigment
Cell & Melanoma Research, 25(4), pp. 466—476.

Di-Capua, N., Sperling, O. and Zoref-Shani, E. (2003) ‘Protein kinase C-¢ is
involved in the adenosine-activated signal transduction pathway conferring
protection against ischemia-reperfusion injury in primary rat neuronal
cultures’, Journal of Neurochemistry, 84(2), pp. 409—412.

Disatnik, M. H., Hernandez-Sotomayor, S. M., Jones, G., Carpenter, G. and
Mochly-Rosen, D. (1994) ‘Phospholipase C-gamma 1 binding to intracellular
receptors for activated protein kinase C.’, Proceedings of the National
Academy of Sciences, 91(2), pp. 559-563.

Disatnik, M. H., Boutet, S. C., Pacio, W., Chan, A. Y., Ross, L. B., Lee, C. H. and
Rando, T. A. (2004) ‘The bi-directional translocation of MARCKS between
membrane and cytosol regulates integrin-mediated muscle cell spreading’,

Journal of Cell Science, 117(19), pp. 4469—4479.

Dittmer, A. and Dittmer, J. (2006) ‘B-Actin is not a reliable loading control in
Western blot analysis’, ELECTROPHORESIS, 27(14), pp. 2844-2845.

Dulubova, 1., Sugita, S., Hill, S., Hosaka, M., Fernandez, I., Stidhof, T. C. and Rizo,
J. (1999) ‘A conformational switch in syntaxin during exocytosis: role of
muncl8.’, The EMBO journal, 18(16), pp. 4372-82.

Dutil, E. M., Toker, A. and Newton, A. C. (1998) ‘Regulation of conventional
protein kinase C isozymes by phosphoinositide-dependent kinase 1 (PDK-1)’,
Current Biology, 8(25), pp. 1366—1375.



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

238 Conclusiéon

Eaton, L. M. and Lambert, E. H. (1957) ‘Electromyography and electric stimulation
of nerves in diseases of motor unit; observations on myasthenic syndrome
associated with malignant tumors.”, Journal of the American Medical
Association, 163(13), pp. 1117-24.

Edwards, A. S. and Newton, A. C. (1997) ‘Phosphorylation at conserved carboxyl-

terminal hydrophobic motif regulates the catalytic and regulatory domains of
protein kinase C’, Journal of Biological Chemistry, 272(29), pp. 18382—18390.

Enns, L. C., Morton, J. F., Mangalindan, R. S., McKnight, G. S., Schwartz, M. W.,
Kaeberlein, M. R., Kennedy, B. K., Rabinovitch, P. S. and Ladiges, W. C. (2009)
‘Attenuation of Age-Related Metabolic Dysfunction in Mice With a Targeted
Disruption of the C Subunit of Protein Kinase A’, The Journals of Gerontology
Series A: Biological Sciences and Medical Sciences, 64A(12), pp. 1221-1231.

Ersvaer, E., Kittang, A. O., Hampson, P., Sand, K., Gjertsen, B. T., Lord, J. M. and
Bruserud, &. (2010) ‘The Protein Kinase C Agonist PEP005 (Ingenol 3-
Angelate) in the Treatment of Human Cancer: A Balance between Efficacy and
Toxicity’, Toxins, 2(1), pp. 174—194.

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’, Journal of Neuroscience Research, 59(5), pp. 692—697.

Evans, G. J. O., Wilkinson, M. C., Graham, M. E., Turner, K. M., Chamberlain, L.
H.,Burgoyne, R. D. and Morgan, A. (2001) ‘Phosphorylation of Cysteine String
Protein by Protein Kinase A’, Journal of Biological Chemistry, 276(51), pp.
47877-4788S.

Fagerberg, L., Hallstrom, B. M., Oksvold, P., Kampf, C., Djureinovic, D., Odeberg,
J., Habuka, M., Tahmasebpoor, S., Danielsson, A., Edlund, K., Asplund, A.,
Sjostedt, E., Lundberg, E., Szigyarto, C. A.-K., Skogs, M., Takanen, J. O.,
Berling, H., Tegel, H., Mulder, J., et al. (2014) ‘Analysis of the Human Tissue-
specific Expression by Genome-wide Integration of Transcriptomics and
Antibody-based Proteomics’, Molecular & Cellular Proteomics, 13(2), pp. 397—
406.

Fasshauer, D. and Margittai, M. (2004) ‘A Transient N-terminal Interaction of
SNAP-25 and Syntaxin Nucleates SNARE Assembly’, Journal of Biological
Chemistry, 279(9), pp. 7613-7621.

Fatt, P. and Katz, B. (1952) ‘Spontaneous subthreshold activity at motor nerve
endings.’, The Journal of physiology, 117(1), pp. 109-28.

Favreau, P., Le Gall, F., Benoit, E. and Molgo, J. (1999) ‘A review on conotoxins
targeting ion channels and acetylcholine receptors of the vertebrate
neuromuscular junction.’, Acta physiologica, pharmacologica et therapeutica
latinoamericana, 49(4), pp. 257-67.

Fredriksson, R., Lagerstrom, M. C., Lundin, L.-G. and Schioth, H. B. (2003) “The
G-protein-coupled receptors in the human genome form five main families.
Phylogenetic analysis, paralogon groups, and fingerprints’, Molecular
pharmacology, 63(6), pp. 1256-72.

Fujita, Y., Sasaki, T., Fukui, K., Kotani, H., Kimura, T., Hata, Y., Siiddhof, T. C.,
Scheller, R. H. and Takai, Y. (1996) ‘Phosphorylation of Munc-18/n-



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

CHAPTER 7 + REFERENCES 239

Sec1/rbSecl by protein kinase C: its implication in regulating the interaction of
Munc-18/n-Sec1/rbSecl with syntaxin.’, The Journal of biological chemistry,
271(13), pp. 7265-8.

Furlan, I. and Godinho, R. O. (2005) ‘Developing skeletal muscle cells express
functional muscarinic acetylcholine receptors coupled to different intracellular
signaling systems’, British Journal of Pharmacology, 146(3), pp. 389-96.

Gao, J., Hirata, M., Mizokami, A., Zhao, J., Takahashi, 1., Takeuchi, H. and
Hirata, M. (2016) ‘Differential role of SNAP-25 phosphorylation by protein
kinases A and C in the regulation of SNARE complex formation and exocytosis
in PC12 cells’, Cellular Signalling, 28(5), pp. 425-37.

Garcia, Balaiia, Lanuza, Tomas, Cilleros-Maiié, Just-Borras and Tomas (2019)
‘Opposed Actions of PKA Isozymes (RI and RII) and PKC Isoforms (cPKCI
and nPKCeg) in Neuromuscular Developmental Synapse Elimination’, Cells,
8(11), p. 1304.

Garcia, N., Santafé, M. M., Salon, I., Lanuza, M. A. and Tomas, J. (2005)
‘Expression of muscarinic acetylcholine receptors (M1-, M2-, M3- and M4-
type) in the neuromuscular junction of the newborn and adult rat.’, Histology
and histopathology, 20(3), pp. 733-43.

Garrel, G., Lerrant, Y., Ribot, G. and Counis, R. (1993) ‘Messenger ribonucleic
acids for alpha- and beta-isoforms of cyclic adenosine 3’,5’-monophosphate-
dependent protein kinase subunits present in the anterior pituitary: regulation
of RII beta and C alpha gene expression by the cyclic nucleotide and phorbol
¢’, Endocrinology, 133(3), pp. 1010-1019.

Garrel, G., Delahaye, R., Hemmings, B. A. and Counis, R. (1995) ‘Modulation of
regulatory and catalytic subunit levels of cAMP-dependent protein kinase A in
anterior pituitary cells in response to direct activation of protein kinases A and
C or after GnRH stimulation.’, Neuroendocrinology, 62(5), pp. 514-22.

Gaydukov, A., Bogacheva, P., Tarasova, E., Molchanova, A., Miteva, A.,
Pravdivceva, E. and Balezina, O. (2019) ‘Regulation of Acetylcholine Quantal
Release by Coupled Thrombin/BDNF Signaling in Mouse Motor Synapses’,
Cells, 8(7), p. 762.

Gaydukov, A. E., Dzhalagoniya, 1. Z., Tarasova, E. O. and Balezina, O. P. (2020)
‘The Participation of Endocannabinoid Receptors in the Regulation of
Spontaneous Synaptic Activity at Neuromuscular Junctions of Mice’,
Biochemistry (Moscow), Supplement Series A: Membrane and Cell Biology,
14(1), pp. 7-16.

Gaydukov, A. E. and Balezina, O. P. (2006) ‘Potentiating effect of allatostatin on
transmitter quantal secretion in the mouse nerve-muscle synapse’, Journal of
Evolutionary Biochemistry and Physiology, 42(6), pp. 699—705.

Gaydukov, A. E., Bogacheva, P. O. and Balezina, O. P. (2016) ‘Calcitonin gene-
related peptide increases acetylcholine quantal size in neuromuscular junctions
of mice’, Neuroscience Letters, 628, pp. 17-23.

Geng, O., Kochubey, O., Toonen, R. F., Verhage, M. and Schneggenburger, R.
(2014) ‘Muncl18-1 is a dynamically regulated PKC target during short-term
enhancement of transmitter release’, eLife, 3(1), pp. 1715-1734.



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

240 Conclusién

Genoud, S., Pralong, W., Riederer, B. M., Eder, L., Catsicas, S. and Muller, D.
(1999) ‘Activity-Dependent Phosphorylation of SNAP-25 in Hippocampal
Organotypic Cultures’, Journal of Neurochemistry, 72(4), pp. 1699-1706.

Gervasi, N., Hepp, R., Tricoire, L., Zhang, J., Lambolez, B., Paupardin-Tritsch, D.
and Vincent, P. (2007) ‘Dynamics of Protein Kinase A Signaling at the
Membrane, in the Cytosol, and in the Nucleus of Neurons in Mouse Brain
Slices’, Journal of Neuroscience, 27(11), pp. 2744-2750.

Gilda, J. E. and Gomes, A. V. (2013) ‘Stain-Free total protein staining is a superior
loading control to B-actin for Western blots’, Analytical Biochemistry, 440(2),
pp- 186—188.

Ginsborg, B. L. and Hirst, G. D. S. (1971) ‘Cyclic AMP, transmitter release and the
effect of adenosine on neuromuscular transmission’, Nature New Biology,
232(28), pp. 63-64.

Giraldo, E., Micheletti, R., Montagna, E., Giachetti, A., Vigano, M. A., Ladinsky,
H. and Melchiorre, C. (1988) ‘Binding and functional characterization of the
cardioselective muscarinic antagonist methoctramine.”, The Journal of
pharmacology and experimental therapeutics, 244(3), pp. 1016-20.

Giraudo, C. G., Eng, W. S., Melia, T. J. and Rothman, J. E. (2006) ‘A clamping
mechanism involved in SNARE-dependent exocytosis.’, Science (New York,
N.Y.), 313(5787), pp. 676-80.

Giuditta, A., Chun, J. T., Eyman, M., Cefaliello, C., Bruno, A. P. and Crispino, M.
(2008) ‘Local gene expression in axons and nerve endings: the glia-neuron
unit.’, Physiological reviews, 88(2), pp. 515-55.

Gomez-Pinilla, F., Vaynman, S. and Ying, Z. (2008) ‘Brain-derived neurotrophic
factor functions as a metabotrophin to mediate the effects of exercise on
cognition.’, The European journal of neuroscience, 28(11), pp. 2278-87.

Gonzalo, S., Greentree, W. K. and Linder, M. E. (1999) ‘SNAP-25 Is Targeted to the
Plasma Membrane through a Novel Membrane-binding Domain’, Journal of
Biological Chemistry, 274(30), pp. 21313-21318.

Le Good, J. A., Ziegler, W. H., Parekh, D. B., Alessi, D. R., Cohen, P. and Parker,
P. J. (1998) ‘Protein Kinase C Isotypes Controlled by Phosphoinositide 3-Kinase
Through the Protein Kinase PDK1’, Science, 281(5385), pp. 2042-2045.

Goode, N. T., Hajibagheri, M. A. N. and Parker, P. J. (1995) ‘Protein Kinase C
(PKC)-induced PKC Down-regulation’, Journal of Biological Chemistry,
270(6), pp. 2669-2673.

Guthrie, C. R., Skalhegg, B. S. and McKnight, G. S. (1997) “Two novel brain-specific
splice variants of the murine Cbeta gene of cAMP-dependent protein kinase.’,
The Journal of biological chemistry, 272(47), pp. 29560-S5.

Guyton, A. C. and Hall, J. E. (2011) Textbook of Medical Physiology. 11th ed.
Philadelphia, PA: Saunders Elsevier.

Haddad, E.-B. and Rousell, J. (1998) ‘Regulation of the expression and function of
the M2 muscarinic receptor’, Trends in Pharmacological Sciences, 19(8), pp.
322-7.



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

CHAPTER 7 + REFERENCES 241

Haga, K., Kameyama, K., Haga, T., Kikkawa, U., Shiozaki, K. and Uchiyama, H.
(1996) ‘Phosphorylation of Human m1 Muscarinic Acetylcholine Receptors by
G Protein-coupled Receptor Kinase 2 and Protein Kinase C’, Journal of
Biological Chemistry, 271(5), pp. 2776-2782.

Haga, K., Haga, T. and Ichiyama, A. (1990) ‘Phosphorylation by Protein Kinase C
of the Muscarinic Acetylcholine Receptor’, Journal of Neurochemistry, 54(5),
pp- 1639-1644.

Haga, T. (2013) ‘Molecular properties of muscarinic acetylcholine receptors.’,
Proceedings of the Japan Academy. Series B, Physical and biological sciences,
89(6), pp. 226-56.

Hammer, R., Berrie, C. P., Birdsall, N. J. M., Burgen, A. S. V. and Hulme, E. C.
(1980) ‘Pirenzepine distinguishes between different subclasses of muscarinic
receptors [28]’, Nature. Nature, pp. 90-92.

Hancock, J. T. (2016) Cell Signalling. 4th Editio. Great Clarendon Street, Oxford,
OX2 6P, United Kingdom: Oxford University Press.

Hao, W., Xing-Jun, W., Yong-Yao, C., Liang, Z., Yang, L. and Hong-Zhuan, C.
(2005) ‘Up-regulation of M1 muscarinic receptors expressed in CHOm1 cells
by panaxynol via cAMP pathway’, Neuroscience Letters, 383(1-2), pp. 121-6.

Hartwig, J. H., Thelen, M., Resen, A., Janmey, P. A., Nairn, A. C. and Aderem, A.
(1992) ‘MARCKS is an actin filament crosslinking protein regulated by protein
kinase C and calcium—calmodulin’, Nature, 356(6370), pp. 618—622.

Hastings, R. L., Mikesh, M., Lee, Y. il and Thompson, W. J. (2020) ‘Morphological
remodeling during recovery of the neuromuscular junction from terminal
Schwann cell ablation in adult mice’, Scientific reports, 10(1).

Hata, Y., Slaughter, C. A. and Stidhof, T. C. (1993) ‘Synaptic vesicle fusion complex
contains unc-18 homologue bound to syntaxin’, Nature, 366(6453), pp. 347—
351.

Hegde, A. N., Goldberg, A. L. and Schwartz, J. H. (1993) ‘Regulatory subunits of
cAMP-dependent protein kinases are degraded after conjugation to ubiquitin:
a molecular mechanism underlying long-term synaptic plasticity.’, Proceedings
of the National Academy of Sciences of the United States of America, 90(16),
pp- 7436—40.

Heise, C., Gardoni, F., Culotta, L., di Luca, M., Verpelli, C. and Sala, C. (2014)
‘Elongation factor-2 phosphorylation in dendrites and the regulation of
dendritic mRNA translation in neurons’, Frontiers in Cellular Neuroscience,

8(FEB).

Hepp, R., Cabaniols, J.-P. and Roche, P. A. (2002) ‘Differential phosphorylation of
SNAP-25 in vivo by protein kinase C and protein kinase A’, FEBS Letters,
532(1-2), pp. 52-56.

Herget, T., Ochrlein, S. A., Pappin, D. J. C., Rozengurt, E. and Parker, P. J. (1995)
‘The Myristoylated Alanine-Rich C-Kinase Substrate (MARCKS) is
Sequentially Phosphorylated by Conventional, Novel and Atypical Isotypes of
Protein Kinase C’, European Journal of Biochemistry, 233(2), pp. 448—457.



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

242 Conclusién

Heuser, J. E. and Reese, T. S. (1973) ‘Evidence for recycling of synaptic vesicle
membrane during transmitter release at the frog neuromuscular junction.’, The
Journal of cell biology, 57(2), pp. 315—44.

Hietanen, M., Koistinaho, J., Rechardt, L., Roivainen, R. and Pelto-Huikko, M.
(1990) ‘Immunohistochemical evidence for the presence of protein kinase C [3-
subtype in rat motoneurons and myoneural junctions’, Neuroscience Letters,

115(2-3), pp. 126-130.

Hilgenberg, L. and Miles, K. (1995) ‘Developmental regulation of a protein kinase
Cisoform localized in the neuromuscular junction.’, Journal of cell science, 108

(Pel), pp. 51-61.

Hirling, H. and Scheller, R. H. (1996) ‘Phosphorylation of synaptic vesicle proteins:
modulation of the alpha SNAP interaction with the core complex.’, Proceedings
of the National Academy of Sciences, 93(21), pp. 11945-9.

Hoover, F., Mathiesen, I., Skilhegg, B. S., Lemo, T. and Taskén, K. (2001)
‘Differential expression and regulation of the PKA signalling pathway in fast
and slow skeletal muscle’, Anatomy and embryology, 203(3), pp. 193-201.

Hoover, F., Kalhovde, J. M., Dahle, M. K., Skilhegg, B., Taské, K. and Lemo, T.
(2002) ‘Electrical Muscle Activity Pattern and Transcriptional and
Posttranscriptional Mechanisms Regulate PKA Subunit Expression in Rat
Skeletal Muscle’, Molecular and Cellular Neuroscience, 19(2), pp. 125-137.

Huang, K. P. (1990) ‘Role of protein kinase C in cellular regulation.’, BioFactors
(Oxftord, England), 2(3), pp. 171-8.

Hughes, B. W., Kusner, L. L. and Kaminski, H. J. (2006) ‘Molecular architecture of
the neuromuscular junction’, Muscle & Nerve, 33(4), pp. 445-61.

Hurtado, E., Cilleros, V., Nadal, L., Sim6, A., Obis, T., Garcia, N., Santafé, M. M.,
Tomas, M., Halievski, K., Jordan, C. L., Lanuza, M. a. and Tomas, J. (2017a)
‘Muscle Contraction Regulates BDNF/TrkB Signaling to Modulate Synaptic
Function through Presynaptic cPKCa and ¢PKCI’, Frontiers in Molecular
Neuroscience, 10(147), pp. 1-22.

Hurtado, E., Cilleros, V., Just, L., Sim6, A., Nadal, L., Tomas, M., Garcia, N.,
Lanuza, M. A. and Tomas, J. (2017b) ‘Synaptic Activity and Muscle
Contraction Increases PDK1 and PKCI Phosphorylation in the Presynaptic
Membrane of the Neuromuscular Junction’, Frontiers in Molecular
Neuroscience, 10.

Imaizumi-Scherrer, T., Faust, D. M., Bénichou, J. C., Hellio, R. and Weiss, M. C.
(1996) ‘Accumulation in fetal muscle and localization to the neuromuscular
junction of cAMP-dependent protein kinase A regulatory and catalytic subunits
RI alpha and C alpha.’, Journal of Cell Biology, 134(5), pp. 1241-1254.

Ishizuka, T., Saisu, H., Odani, S. and Abe, T. (1995) ‘Synaphin: A Protein
Associated with the Docking/Fusion Complex in Presynaptic Terminals’,
Biochemical and Biophysical Research Communications, 213(3), pp. 1107-
1114.

Jakubik, J., JaniCkova, H., Randakova, A., El-Fakahany, E. E. and Dolezal, V.
(2011) ‘Subtype differences in pre-coupling of muscarinic acetylcholine



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

CHAPTER 7 + REFERENCES 243

receptors’, PLoS ONE, 6(11), p. €27732.

Johnson, J. A., Gray, M. O., Chen, C. H. and Mochly-Rosen, D. (1996) ‘A protein
kinase C translocation inhibitor as an isozyme-selective antagonist of cardiac
function.’, The Journal of biological chemistry, 271(40), pp. 24962—6.

Jones, R. A., Harrison, C., Eaton, S. L., Llavero Hurtado, M., Graham, L. C.,
Alkhammash, L., Oladiran, O. A., Gale, A., Lamont, D. J., Simpson, H.,
Simmen, M. W., Soeller, C., Wishart, T. M. and Gillingwater, T. H. (2017)

‘Cellular and Molecular Anatomy of the Human Neuromuscular Junction’,
Cell Reports, 21(9), pp. 2348-2356.

de Jong, A. P. H., Meijer, M., Saarloos, 1., Cornelisse, L. N., Toonen, R. F. G.,
Serensen, J. B. and Verhage, M. (2016) ‘Phosphorylation of synaptotagmin-1
controls a post-priming step in PKC-dependent presynaptic plasticity’,
Proceedings of the National Academy of Sciences, 113(18), pp. 5095-5100.

Jovanovic, J. N., Sihra, T. S., Nairn, A. C., Hemmings, H. C., Greengard, P. and
Czernik, A. J. (2001) ‘Opposing Changes in Phosphorylation of Specific Sites in

Synapsin I During Ca 2+ -Dependent Glutamate Release in Isolated Nerve
Terminals’, The Journal of Neuroscience, 21(20), pp. 7944-53.

Just-Borras, L., Hurtado, E., Cilleros-Maié, V., Biondi, O., Charbonnier, F.,
Tomas, M., Garcia, N., Lanuza, M. A. and Tomas, J. (2019a) ‘Overview of
Impaired BDNF Signaling, Their Coupled Downstream Serine-Threonine
Kinases and SNARE/SM Complex in the Neuromuscular Junction of the
Amyotrophic Lateral Sclerosis Model SODI1-G93A Mice’, Molecular
Neurobiology, 56(10), pp. 6856—6872.

Just-Borras, L., Hurtado, E., Cilleros-Mai¢, V., Biondi, O., Charbonnier, F.,
Tomas, M., Garcia, N., Tomas, J. and Lanuza, M. A. (2019b) ‘Running and
swimming prevent the deregulation of the BDNF/TrkB neurotrophic signalling

at the neuromuscular junction in mice with amyotrophic lateral sclerosis’,
Cellular and Molecular Life Sciences.

Kanba, S., Kanba, K. S. and Richelson, E. (1986) ‘The protein kinase C activator,
12-O-tetradecanoylphorbol-13-acetate  (TPA), inhibits muscarinic (M1)
receptor-mediated inositol phosphate release and cyclic GMP formation in
murine neuroblastoma cells (clone N1E-115)’, European Journal of
Pharmacology, 125(1), pp. 155-156.

Kang, B. S., French, O. G., Sando, J. J. and Hahn, C. S. (2000) ‘Activation-
dependent degradation of protein kinase C eta.’, Oncogene, 19(37), pp. 4263—
72.

Kang, H., Tian, L. and Thompson, W. J. (2019) ‘Schwann cell guidance of nerve
growth between synaptic sites explains changes in the pattern of muscle
innervation and remodeling of synaptic sites following peripheral nerve
injuries’, The Journal of comparative neurology, 527(8), pp. 1388—1400.

Kaplan, A. P., Keenan, T., Scott, R., Zhou, X., Bourchouladze, R., McRiner, A. J.,
Wilson, M. E., Romashko, D., Miller, R., Bletsch, M., Anderson, G., Stanley,
J., Zhang, A., Lee, D. and Nikpur, J. (2017) ‘Identification of 5-(1-Methyl-5-
(trifluoromethyl)-1 H -pyrazol-3-yl)thiophene-2-Carboxamides as Novel and

Selective Monoamine Oxidase B Inhibitors Used to Improve Memory and
Cognition’, ACS Chemical Neuroscience, 8(12), pp. 2746-58.



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

244 Conclusién

Kataoka, M., Kuwahara, R., Iwasaki, S., Shoji-Kasai, Y. and Takahashi, M. (2000)
‘Nerve Growth Factor-Induced Phosphorylation of SNAP-25 in PC12 Cells’,
Journal of Neurochemistry, 74(5), pp. 2058-2066.

Katayama, N., Yamamori, S., Fukaya, M., Kobayashi, S., Watanabe, M.,
Takahashi, M. and Manabe, T. (2017) ‘SNAP-25 phosphorylation at Ser187
regulates synaptic facilitation and short-term plasticity in an age-dependent
manner’, Scientific Reports, 7(1), p. 7996.

Kellar, K., Martino, A., Hall, D., Schwartz, R. and Taylor, R. (1985) ‘High-affinity
binding of [3H]acetylcholine to muscarinic cholinergic receptors’, The Journal
of Neuroscience, 5(6), pp. 1577-1582.

Keryer, G., Skalhegg, B. S., Landmark, B. F., Hansson, V., Jahnsen, T. and Taskén,
K. (1999) ‘Differential Localization of Protein Kinase A Type II Isozymes in the
Golgi—Centrosomal Area’, Experimental Cell Research, 249(1), pp. 131-146.

Ketterer, C., Zeiger, U., Budak, M. T., Rubinstein, N. A. and Khurana, T. S. (2010)
‘Identification of the neuromuscular junction transcriptome of extraocular

muscle by laser capture microdissection’, Investigative Ophthalmology and
Visual Science, 51(9), pp. 4589-4599.

Khasar, S. G., Lin, Y. H., Martin, A., Dadgar, J., McMahon, T., Wang, D., Hundle,
B., Aley, K. O., Isenberg, W., McCarter, G., Green, P. G., Hodge, C. W.,
Levine, J. D. and Messing, R. O. (1999) ‘A novel nociceptor signaling pathway
revealed in protein kinase C epsilon mutant mice.’, Neuron, 24(1), pp. 253-60.

Kilbinger, H. (1984) ‘Presynaptic muscarine receptors modulating acetylcholine
release’, Trends in Pharmacological Sciences, 5, pp. 103-5.

Kim, H. R., Gallant, C. and Morgan, K. G. (2013) ‘Regulation of PKC
Autophosphorylation by Calponin in Contractile Vascular Smooth Muscle
Tissue’, BioMed Research International, 2013, pp. 1-9.

Klauck, T. M., Faux, M. C., Labudda, K., Langeberg, L. K., Jaken, S. and Scott, J.
D. (1996) ‘Coordination of Three Signaling Enzymes by AKAP79, a
Mammalian Scaffold Protein’, Science, 271(5255), pp. 1589-1592.

Van der Kloot, W. and Branisteanu, D. D. (1992) ‘Effects of activators and inhibitors
of protein kinase A on increases in quantal size at the frog neuromuscular
junction’, Pfliigers Archiv, 420(3—4), pp. 336-341.

Van der Kloot, W. and Molg6, J. (1994) ‘Quantal acetylcholine release at the
vertebrate neuromuscular junction.’, Physiological Reviews, 74(4), pp. 899—
991.

Knoch, K.-P., Meisterfeld, R., Kersting, S., Bergert, H., Altkruger, A., Wegbrod, C.,
Jager, M., Saeger, H.-D. and Solimena, M. (2006) ‘cAMP-dependent

phosphorylation of PTB1 promotes the expression of insulin secretory granule
proteins in B cells’, Cell Metabolism, 3(2), pp. 123—134.

Kobayashi, E., Nakano, H., Morimoto, M. and Tamaoki, T. (1989) ‘Calphostin C
(UCN-1028C), a novel microbial compound, is a highly potent and specific
inhibitor of protein kinase C’, Biochemical and Biophysical Research
Communications, 159(2), pp. 548-53.



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

CHAPTER 7 « REFERENCES 245

Kociolek, L. K., Bierig, S. M., Herrmann, S. C. and Labovitz, A. J. (2006) ‘Efficacy
of Atropine as a Chronotropic Agent in Heart Transplant Patients Undergoing
Dobutamine Stress Echocardiography’, Echocardiography, 23(5), pp. 383-387.

Koppen, C. J., Lenz, W., Nunes, J. P. L., Zhang, C., Schmidt, M. and Jakobs, K. H.
(1995) ‘The Role of Membrane Proximal Threonine Residues Conserved
among Guanine-Nucleotide-Binding-Protein-Coupled Receptors in

Internalization of the m4 Muscarinic Acetylcholine Receptor’, European
Journal of Biochemistry, 234(2), pp. 536-541.

van Koppen, C. J. and Kaiser, B. (2003) ‘Regulation of muscarinic acetylcholine
receptor signaling’, Pharmacology & Therapeutics, 98(2), pp. 197-220.

Krasel, C., Dammeier, S., Winstel, R., Brockmann, J., Mischak, H. and Lohse, M.
J. (2001) ‘Phosphorylation of GRK2 by Protein Kinase C Abolishes Its
Inhibition by Calmodulin’, Journal of Biological Chemistry, 276(3), pp. 1911—
S.

Lai, W. S., Rogers, T. B. and El-Fakahany, E. E. (1990) ‘Protein kinase C is involved
in desensitization of muscarinic receptors induced by phorbol esters but not by
receptor agonists’, Biochemical Journal, 267(1), pp. 23-29.

Lanuza, M. A., Garcia, N., Santafé, 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.’,
Journal of neuroscience research, 63(4), pp. 330-40.

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’, Journal of
Neuroscience Research, 85(4), pp. 748-756.

Lanuza, M. A., Besalduch, N., Gonzalez, C., Santafé, M. M., Garcia, N., Tomas,
M., Nelson, P. G. and Tomas, J. (2010) ‘Decreased phosphorylation of § and €
subunits of the acetylcholine receptor coincides with delayed postsynaptic

maturation in PKC 0 deficient mouse.’, Experimental neurology, 225(1), pp.
183-95.

Lanuza, M. A., Santafé, M. M., Garcia, N., Besalduch, N., Tomas, M., Obis, T.,
Priego, M., Nelson, P. G. and Tomas, J. (2014) ‘Protein kinase C isoforms at
the neuromuscular junction: Localization and specific roles in

neurotransmission and development’, Journal of Anatomy, 224(August 2013),
pp- 61-73.

Lanuza, M. A., Just-Borras, L., Hurtado, E., Cilleros-Maiié, V., Tomas, M., Garcia,
N. and Tomas, J. (2019) ‘The Impact of Kinases in Amyotrophic Lateral
Sclerosis at the Neuromuscular Synapse: Insights into BDNF/TrkB and PKC
Signaling’, Cells, 8(12), p. 1578.

Lazareno, S., Dolezal, V., Popham, A. and Birdsall, N. ]J. M. (2004) ‘Thiochrome
Enhances Acetylcholine Affinity at Muscarinic M4 Receptors: Receptor
Subtype Selectivity via Cooperativity Rather than Affinity’, Molecular
Pharmacology, 65(1), pp. 257-266.

Lee, H.-W., Smith, L., Pettit, G. R., Vinitsky, A. and Smith, J. B. (1996)



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

246 Conclusion

‘Ubiquitination of Protein Kinase C-alpha and Degradation by the
Proteasome’, Journal of Biological Chemistry, 271(35), pp. 20973—6.

Leenders, A. G. M. and Sheng, Z.-H. (2005) ‘Modulation of neurotransmitter
release by the second messenger-activated protein kinases: implications for
presynaptic plasticity.’, Pharmacology & therapeutics, 105(1), pp. 69-84.

Lehel, C., Olah, Z., Jakab, G., Szallasi, Z., Petrovics, G., Harta, G., Blumberg, P.
M. and Anderson, W. B. (1995) ‘Protein kinase C epsilon subcellular
localization domains and proteolytic degradation sites. A model for protein

kinase C conformational changes.’, The Journal of biological chemistry,
270(33), pp. 19651-8.

Li, L., Li, J., Drum, B. M., Chen, Y., Yin, H., Guo, X., Luckey, S. W., Gilbert, M.
L., McKnight, G. S., Scott, J. D., Santana, L. F. and Liu, Q. (2017) ‘Loss of
AKAP150 promotes pathological remodelling and heart failure propensity by

disrupting calcium cycling and contractile reserve’, Cardiovascular Research,
113(2), pp. 147-59.

Li, M.-X., Jia, M., Yang, L.-X., Dunlap, V. and Nelson, P. G. (2002) ‘Pre- and
postsynaptic mechanisms in  Hebbian activity-dependent  synapse
modification’, Journal of Neurobiology, 52(3), pp. 241-250.

Liu, G. S., Cohen, M. V., Mochly-Rosen, D. and Downey, J. M. (1999) ‘Protein
Kinase C- & is Responsible for the Protection of Preconditioning in Rabbit

Cardiomyocytes’, Journal of Molecular and Cellular Cardiology, 31(10), pp.
1937-1948.

Liu, N.-K. and Xu, X.-M. (2006) ‘B -Tubulin Is a More Suitable Internal Control
than B -Actin in Western Blot Analysis of Spinal Cord Tissues after Traumatic
Injury’, Journal of Neurotrauma, 23(12), pp. 1794-1801.

Liu, T. P., Yu, P.-C., Liu, I.-M., Tzeng, T.-F. and Cheng, J.-T. (2002) ‘Activation of
muscarinic M1 receptors by acetylcholine to increase glucose uptake into
cultured C2C12 cells’, Autonomic Neuroscience, 96(2), pp. 113-8.

Lohmann, S. M., DeCamilli, P., Einig, I. and Walter, U. (1984) ‘High-affinity
binding of the regulatory subunit (RII) of cAMP-dependent protein kinase to

microtubule-associated and other cellular proteins.’; Proceedings of the
National Academy of Sciences, 81(21), pp. 6723—6727.

Lonart, G., Schoch, S., Kaeser, P. S., Larkin, C. J., Siiddhof, T. C. and Linden, D. J.
(2003) ‘Phosphorylation of RIM1a by PKA Triggers Presynaptic Long-Term
Potentiation at Cerebellar Parallel Fiber Synapses’, Cell, 115(1), pp. 49-60.

Lonart, G. and Stdhof, T. C. (1998) ‘Region-Specific Phosphorylation of Rabphilin
in Mossy Fiber Nerve Terminals of the Hippocampus’, The Journal of
Neuroscience, 18(2), pp. 634-640.

Losavio, A. and Muchnik, S. (1997) ‘Spontaneous acetylcholine release in
mammalian neuromuscular junctions’, American Journal of Physiology-Cell
Physiology, 273(6), pp. C1835—C1841.

Losavio, A. and Muchnik, S. (2000) ‘Facilitation of spontaneous acetylcholine
release induced by activation of cAMP in rat neuromuscular junctions’, Life
Sciences, 66(26), pp. 2543-2556.



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

CHAPTER 7 « REFERENCES 247

Lu, Z., Liu, D., Hornia, A., Devonish, W., Pagano, M. and Foster, D. A. (1998)
‘Activation of protein kinase C triggers its ubiquitination and degradation.’,
Molecular and cellular biology, 18(2), pp. 839-45.

Maeno-Hikichi, Y., Polo-Parada, L., Kastanenka, K. V. and Landmesser, L. T.
(2011) ‘Frequency-Dependent Modes of Synaptic Vesicle Endocytosis and
Exocytosis at Adult Mouse Neuromuscular Junctions’, Journal of
Neuroscience, 31(3), pp. 1093—-1105.

Malomouzh, A. 1., Arkhipova, S. S., Nikolsky, E. E. and Vyskocil, F. (2011)
‘Immunocytochemical demonstration of M(1) muscarinic acetylcholine
receptors at the presynaptic and postsynaptic membranes of rat diaphragm
endplates.’, Physiological research, 60(1), pp. 185-8.

Mantilla, C. B., Stowe, J. M., Sieck, D. C., Ermilov, L. G., Greising, S. M., Zhang,
C., Shokat, K. M. and Sieck, G. C. (2014) ‘TrkB kinase activity maintains
synaptic function and structural integrity at adult neuromuscular junctions.’,

Journal of applied physiology (Bethesda, Md. : 1985), 117(8), pp. 910-920.

Martineau, E., Arbour, D., Vallée, J. and Robitaille, R. (2020) ‘Properties of Glial
Cell at the Neuromuscular Junction Are Incompatible with Synaptic Repair in
the SOD1 G37R ALS Mouse Model’, The Journal of Neuroscience, 40(40), pp.
77597777 .

Martinez-Pena y Valenzuela, 1., Pires-Oliveira, M. and Akaaboune, M. (2013) ‘PKC
and PKA Regulate AChR Dynamics at the Neuromuscular Junction of Living
Mice’, PLoS ONE. Edited by L. Mei, 8(11), p. e81311.

Matthews, V. B., Astrom, M.-B., Chan, M. H. S., Bruce, C. R., Krabbe, K. S.,
Prelovsek, O., Akerstrom, T., Yfanti, C., Broholm, C., Mortensen, O. H.,
Penkowa, M., Hojman, P., Zankari, A., Watt, M. J., Bruunsgaard, H.,
Pedersen, B. K. and Febbraio, M. A. (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(7), pp. 1409-18.

Matveeva, E. A., Whiteheart, S. W., Vanaman, T. C. and Slevin, J. T. (2001)
‘Phosphorylation of the N -Ethylmaleimide-sensitive Factor Is Associated with
Depolarization-dependent Neurotransmitter Release from Synaptosomes’,
Journal of Biological Chemistry, 276(15), pp. 12174-12181.

Maximov, A., Tang, J., Yang, X., Pang, Z. P. and Sudhof, T. C. (2009) ‘Complexin
Controls the Force Transfer from SNARE Complexes to Membranes in
Fusion’, Science, 323(5913), pp. 516-521.

Mayer, A., Wickner, W. and Haas, A. (1996) ‘Sec18p (NSF)-Driven Release of
Sec17p (a-SNAP) Can Precede Docking and Fusion of Yeast Vacuoles’, Cell,
85(1), pp. 83-94.

Mayr, B. and Montminy, M. (2001) ‘Transcriptional regulation by the
phosphorylation-dependent factor CREBR’, Nature Reviews Molecular Cell
Biology, 2(8), pp. 599-609.

McNamara, R. K., Vasquez, P. A., Mathe, A. A. and Lenox, R. H. (2003)
‘Differential expression and regulation of myristoylated alanine-rich C kinase
substrate (MARCKS) in the hippocampus of C57/BL6] and DBA/2] mice’,



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

248 Conclusion

Journal of neurochemistry, 85(2), pp. 462—468.

Meyerholz, D. K., Suarez, C. J., Dintzis, S. M. and Frevert, C. W. (2018)
‘Respiratory System’, in Comparative Anatomy and Histology. Elsevier, pp.
147-162.

Miledi, R., Molenaar, P. C. and Polak, R. L. (1978) ‘a-Bungarotoxin enhances
transmitter “released” at the neuromuscular junction’, Nature, 272(5654), pp.
641-643.

Minic, J., Molgo, J., Karlsson, E. and Krejci, E. (2002) ‘Regulation of acetylcholine
release by muscarinic receptors at the mouse neuromuscular junction depends
on the activity of acetylcholinesterase’, European Journal of Neuroscience,
15(3), pp. 439-448.

Mochly-Rosen, D. (1995) ‘Localization of protein kinases by anchoring proteins: a
theme in signal transduction’, Science, 268(5208), pp. 247-251.

Mochly-Rosen, D., Das, K. and Grimes, K. V. (2012) ‘Protein kinase C, an elusive
therapeutic target?’, Nature reviews. Drug discovery, 11(12), pp. 937-957.

Mochly-Rosen, D. and Gordon, A. S. (1998) ‘Anchoring proteins for protein kinase
C: a means for isozyme selectivity.’, FASEB journal : official publication of the
Federation of American Societies for Experimental Biology, 12(1), pp. 35-42.

Mohrmann, R., de Wit, H., Verhage, M., Neher, E. and Serensen, J. B. (2010) ‘Fast
vesicle fusion in living cells requires at least three SNARE complexes.’, Science
(New York, N.Y.), 330(6003), pp. 502-5.

Montero-Melendez, T. and Perretti, M. (2014) ‘Gapdh Gene Expression Is
Modulated by Inflammatory Arthritis and Is not Suitable for gqPCR
Normalization’, Inflammation, 37(4), pp. 1059-1069.

Montminy, M. (1997) ‘Transcriptional Regulation by Cyclic AMP’, Annual Review
of Biochemistry, 66(1), pp. 807—822.

Mora, A., Komander, D., van Aalten, D. M. F. and Alessi, D. R. (2004) ‘PDK1, the
master regulator of AGC kinase signal transduction’, Seminars in Cell &
Developmental Biology, 15(2), pp. 161-170.

Morgan, A., Burgoyne, R. D., Barclay, J. W., Craig, T. J., Prescott, G. R., Ciufo, L.
F., Evans, G. J. O. and Graham, M. E. (2005) ‘Regulation of exocytosis by
protein kinase C.’, Biochemical Society transactions, 33(Pt 6), pp. 1341—4.

Moskowitz, P. F. and Oblinger, M. M. (1995) ‘Transcriptional and post-
transcriptional mechanisms regulating neurofilament and tubulin gene
expression during normal development of the rat brain’, Molecular Brain
Research, 30(2), pp. 211-222.

Nadal, L., Garcia, N., Hurtado, E., Simé, A., Tomas, M., Lanuza, M. A., Santafé¢,
M. and Tomas, J. (2016) ‘Presynaptic muscarinic acetylcholine autoreceptors
(M1, M2 and M4 subtypes), adenosine receptors (Al and A2A) and
tropomyosin-related kinase B receptor (TrkB) modulate the developmental
synapse elimination process at the neuromuscular junction.’; Molecular brain,

9(1), p. 67.



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

CHAPTER 7 « REFERENCES 249

Nadal, L., Garcia, N., Hurtado, E., Sim6, A., Tomas, M., Lanuza, M. A., Cilleros,
V. and 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(FEB).

Nagy, G., Matti, U., Nehring, R. B., Binz, T., Rettig, J., Neher, E. and Serensen, J.
B. (2002) ‘Protein kinase C-dependent phosphorylation of synaptosome-
associated protein of 25 kDa at Ser187 potentiates vesicle recruitment.’, The
Journal of neuroscience, 22(21), pp. 9278-86.

Nagy, G., Reim, K., Matti, U., Brose, N., Binz, T., Rettig, J., Neher, E. and
Serensen, J. B. (2004) ‘Regulation of Releasable Vesicle Pool Sizes by Protein
Kinase A-Dependent Phosphorylation of SNAP-25’, Neuron, 41(3), pp. 417—
429.

Nairn, A. C. and Aderem, A. (1992) ‘Calmodulin and protein kinase C cross-talk:
the MARCKS protein is an actin filament and plasma membrane cross-linking
protein regulated by protein kinase C phosphorylation and by calmodulin’,
Ciba Foundation symposium, 164.

Najafov, A., Sommer, E. M., Axten, J. M., DeYoung, M. P. and Alessi, D. R. (2011)
‘Characterization of GSK2334470, a novel and highly specific inhibitor of
PDK1’, Biochemical Journal, 433(2), pp. 357-369.

Nakano, S., Shimohama, S., Saitoh, T., Akiguchi, I. and Kimura, J. (1992)
‘Localization of protein kinase C in human skeletal muscle’, Muscle & Nerve,
15(4), pp. 496-9.

Nathanson, N. M. (2000) ‘A multiplicity of muscarinic mechanisms: enough

signaling pathways to take your breath away.’, Proceedings of the National
Academy of Sciences of the United States of America, 97(12), pp. 6245-7.

Navedo, M. F., Nieves-Cintréon, M., Amberg, G. C., Yuan, C., Votaw, V. S.,
Lederer, W. J., McKnight, G. S. and Santana, L. F. (2008) ‘AKAP150 Is
Required for Stuttering Persistent Ca 2+ Sparklets and Angiotensin II-Induced
Hypertension’, Circulation Research, 102(2), pp. el—ell.

Nelson, P. G., Lanuza, M. A., Jia, M., Li, M.-X. and Tomas, J. (2003)
‘Phosphorylation reactions in activity-dependent synapse modification at the
neuromuscular junction during development’, Journal of Neurocytology, 32(5—
8), pp. 803-816.

Newton, A. C. (1997) ‘Regulation of protein kinase C’, Current Opinion in Cell
Biology, 9(2), pp. 161-167.

Newton, A. C. (2001) ‘Protein Kinase C: Structural and Spatial Regulation by
Phosphorylation, Cofactors, and Macromolecular Interactions’, Chemical
Reviews, 101(8), pp. 2353-64.

Newton, A. C. (2010) ‘Protein kinase C: poised to signal.’, American journal of
physiology. Endocrinology and metabolism, 298(3), pp. E395-402.

Nguyen, P. V. and Woo, N. H. (2003) ‘Regulation of hippocampal synaptic
plasticity by cyclic AMP-dependent protein kinases’, Progress in Neurobiology,
71(6), pp. 401-37.



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

250 Conclusién

Nielander, H. B., Onofri, F., Valtorta, F., Schiavo, G., Montecucco, C., Greengard,
P. and Benfenati, F. (1995) ‘Phosphorylation of VAMP/synaptobrevin in
synaptic vesicles by endogenous protein kinases.’, Journal of neurochemistry,
65(4), pp. 1712-20.

Nomura, S., Kawanami, H., Ueda, H., Kizaki, T., Ohno, H. and Izawa, T. (2002)
‘Possible mechanisms by which adipocyte lipolysis is enhanced in exercise-
trained rats.’, Biochemical and biophysical research communications, 295(2),
pp- 236-42.

Obis, T.,Besalduch, N., Hurtado, E., Nadal, L., Santafé, M. M., Garcia, N., Tomas,
M., Priego, M., Lanuza, M. A. and Tomas, J. (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.’, Molecular brain, 8(1), p. 8.

Obis, T., Hurtado, E., Nadal, L., Tomas, M., Priego, M., Simon, A., Garcia, N.,
Santafe, M. M., Lanuza, M. A. and Tomas, J. (2015b) ‘The novel protein kinase
C epsilon isoform modulates acetylcholine release in the rat neuromuscular
junction’, Molecular Brain, 8(1), p. 80.

Ohmori, S., Shirai, Y., Sakai, N., Fujii, M., Konishi, H., Kikkawa, U. and Saito, N.
(1998) ‘Three Distinct Mechanisms for Translocation and Activation of the §

Subspecies of Protein Kinase C’, Molecular and Cellular Biology, 18(9), pp.
5263-5271.

Olivier, A. R. and Parker, P. J. (1992) ‘Identification of multiple PKC isoforms in
Swiss 3T3 cells: Differential down-regulation by phorbol ester’; Journal of
Cellular Physiology, 152(2), pp. 240-244.

Orr, J. W. and Newton, A. C. (1994) ‘Requirement for negative charge on
“activation loop” of protein kinase C.’, The Journal of biological chemistry,
269(44), pp. 27715-8.

Osto, E., Kouroedov, A., Mocharla, P., Akhmedov, A., Besler, C., Rohrer, L., von
Eckardstein, A., Iliceto, S., Volpe, M., Liischer, T. F. and Cosentino, F. (2008)
‘Inhibition of Protein Kinase Cf Prevents Foam Cell Formation by Reducing

Scavenger Receptor A Expression in Human Macrophages’, Circulation,
118(21), pp. 2174-2182.

Oyler, G. A. (1989) ‘The identification of a novel synaptosomal-associated protein,
SNAP-25, differentially expressed by neuronal subpopulations’, The Journal of
Cell Biology, 109(6), pp. 3039-3052.

Pals-Rylaarsdam, R., Gurevich, V. V, Lee, K. B., Ptasienski, J. A., Benovic, J. L. and
Hosey, M. M. (1997) ‘Internalization of the m2 muscarinic acetylcholine
receptor. Arrestin-independent and -dependent pathways.”, The Journal of
biological chemistry, 272(38), pp. 23682-9.

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.’, Biochemical Society transactions, 23(1), pp. 153-5.

Pearce, L. R., Komander, D. and Alessi, D. R. (2010) ‘The nuts and bolts of AGC
protein kinases.’, Nature reviews. Molecular cell biology, 11(1), pp. 9-22.



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

CHAPTER 7 + REFERENCES 251

Penela, P., Ribas, C. and Mayor, F. (2003) ‘Mechanisms of regulation of the
expression and function of G protein-coupled receptor kinases’, Cellular
Signalling, 15(11), pp. 973-981.

Perkins, G. A., Wang, L., Huang, L. J., Humphries, K., Yao, V. J., Martone, M.,
Deerinck, T. J., Barraclough, D. M., Violin, J. D., Smith, D., Newton, A., Scott,
J. D., Taylor, S. S. and Ellisman, M. H. (2001) ‘PKA, PKC, and AKAP
localization in and around the neuromuscular junction’, BMC Neuroscience, 2,
p- 17.

Perrino, C. and Trimarco, B. (2017) ‘Akap-mediated signalling: the importance of
being in the right place at the right time.’, Cardiovascular research, 113(2), pp.
115-117.

Pidoux, G. and Tasken, K. (2010) ‘Specificity and spatial dynamics of protein kinase
A signaling organized by A-kinase-anchoring proteins’, Journal of Molecular
Endocrinology, 44(5), pp. 271-84.

Pontier, S. M., Lahaie, N., Ginham, R., St-Gelais, F., Bonin, H., Bell, D. J., Flynn,
H., Trudeau, L.-E., Mcllhinney, J., White, J. H. and Bouvier, M. (2006)
‘Coordinated action of NSF and PKC regulates GABAB receptor signaling
efficacy.’, The EMBO journal, 25(12), pp. 2698-709.

Poppinga, W. J., Heijink, I. H., Holtzer, L. J., Skroblin, P., Klussmann, E., Halayko,
A.J., Timens, W., Maarsingh, H. and Schmidt, M. (2015) ‘A-kinase-anchoring
proteins coordinate inflammatory responses to cigarette smoke in airway

smooth muscle’, American Journal of Physiology-Lung Cellular and Molecular
Physiology, 308(8), pp. L766-75.

Prekeris, R., Mayhew, M. W., Cooper, J. B. and Terrian, D. M. (1996)
‘Identification and localization of an actin-binding motif that is unique to the
epsilon isoform of protein kinase C and participates in the regulation of
synaptic function.’, Journal of Cell Biology, 132(1), pp. 77-90.

Prinz, A., Diskar, M., Erlbruch, A. and Herberg, F. W. (2006) ‘Novel, isotype-
specific sensors for protein kinase A subunit interaction based on

bioluminescence resonance energy transfer (BRET)’, Cellular Signalling,
18(10), pp. 1616-1625.

Raffaniello, R. D. and Raufman, J. P. (1994) ‘Protein kinase C expression and
translocation in dispersed chief cells from guinea-pig stomach’, BBA -
Molecular Cell Research, 1224(3), pp. 551-558.

Ramakers, G. M. J., McNamara, R. K., Lenox, R. H. and De Graan, P. N. E. (1999)
‘Differential Changes in the Phosphorylation of the Protein Kinase C Substrates
Myristoylated Alanine-Rich C Kinase Substrate and Growth-Associated
Protein-43/B-50 Following Schaffer Collateral Long-Term Potentiation and
Long-Term Depression’, Journal of Neurochemistry, 73(5), pp. 2175-2183.

Reinitz, C. A., Bianco, R. A. and Shabb, J. B. (1997) ‘Compartmentation of the Type
I Regulatory Subunit of cAMP-Dependent Protein Kinase in Cardiac
Ventricular Muscle’, Archives of Biochemistry and Biophysics, 348(2), pp. 391—
402.

Reinton, N., Haugen, T. B., Orstavik, S., Skilhegg, B. S., Hansson, V., Jahnsen, T.
and Taskén, K. (1998) ‘The Gene Encoding the Cy Catalytic Subunit of cAMP-



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

252 Conclusién

Dependent Protein Kinase Is a Transcribed Retroposon’, Genomics, 49(2), pp.
290-297.

Reyes, R. and Jaimovich, E. (1996) ‘Functional Muscarinic Receptors in Cultured
Skeletal Muscle’, Archives of Biochemistry and Biophysics, 331(1), pp. 41-7.

Ribeiro, J. A. and Sebastido, A. M. (2010) ‘Modulation and metamodulation of
synapses by adenosine’, Acta Physiologica. Blackwell Publishing Ltd, pp. 161—
169.

Ribeiro, J. A., Sebastido, A. M. and De Mendonga, A. (2003) ‘Participation of
adenosine receptors in neuroprotection’, Drug News and Perspectives. Drug
News Perspect, pp. 80-86.

Riefolo, F., Matera, C., Garrido-Charles, A., Gomila, A. M. J., Sortino, R., Agnetta,
L., Claro, E., Masgrau, R., Holzgrabe, U., Batlle, M., Decker, M., Guasch, E.
and Gorostiza, P. (2019) ‘Optical Control of Cardiac Function with a
Photoswitchable Muscarinic Agonist’, Journal of the American Chemical
Socicty, 141(18), pp. 7628-7636.

Risinger, C. and Bennett, M. K. (1999) ‘Differential Phosphorylation of Syntaxin
and Synaptosome-Associated Protein of 25 kDa (SNAP-25) Isoforms’, Journal
of Neurochemistry, 72(2), pp. 614-624.

Rizo, J., Chen, X. and Arag, D. (2006) ‘Unraveling the mechanisms of
synaptotagmin and SNARE function in neurotransmitter release’, Trends in
cell biology, 16(7), pp. 339-350.

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(6), pp- 773-779.

Rochester, D. F. (1985) ‘The diaphragm: contractile properties and fatigue.’, Journal
of Clinical Investigation, 75(5), pp. 1397-1402.

Roder, I. V., Lissandron, V., Martin, J., Petersen, Y., Di Benedetto, G., Zaccolo, M.
and Rudolf, R. (2009) ‘PKA microdomain organisation and cAMP handling in
healthy and dystrophic muscle in vivo’, Cellular Signalling, 21(5), pp. 819-826.

Réder, I. V., Choi, K.-R., Reischl, M., Petersen, Y., Diefenbacher, M. E., Zaccolo,
M., Pozzan, T. and Rudolf, R. (2010) ‘Myosin Va cooperates with PKA RI
alpha to mediate maintenance of the endplate in vivo’, Proceedings of the
National Academy of Sciences, 107(5), pp. 2031-36.

Roder, 1. V., Strack, S., Reischl, M., Dahley, O., Khan, M. M., Kassel, O., Zaccolo,
M. and Rudolf, R. (2012) ‘Participation of Myosin Va and Pka Type Ia in the
Regeneration of Neuromuscular Junctions’, PLoS ONE. Edited by A. Musaro,
7(7), p. ¢40860.

Rodriguez Cruz, P. M., Cossins, J., Beeson, D. and Vincent, A. (2020) ‘The
Neuromuscular Junction in Health and Disease: Molecular Mechanisms
Governing Synaptic Formation and Homeostasis’, Frontiers in Molecular
Neuroscience, 13.

Ron, D., Chen, C. H., Caldwell, J., Jamieson, L., Orr, E. and Mochly-Rosen, D.
(1994) ‘Cloning of an intracellular receptor for protein kinase C: a homolog of



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

CHAPTER 7 + REFERENCES 253

the beta subunit of G proteins.’, Proceedings of the National Academy of
Sciences, 91(3), pp. 839-843.

Ross, E. M. and Berstein, G. (1993) ‘Regulation of the M1 muscarinic receptor-Gq-
phospholipase C-beta pathway by nucleotide exchange and GTP hydrolysis.’,
Life sciences, 52(5-6), pp. 413-9.

Rudolf, R., Khan, M. M., Lustrino, D., Labeit, S., Kettelhut, I. C. and Navegantes,
L. C. C. (2013) ‘Alterations of cAMP-dependent signaling in dystrophic skeletal
muscle’, Frontiers in Physiology, 4.

Ruiz, R., Cano, R., Casaiias, J. J., Gaffield, M. A., Betz, W. J. and Tabares, L. (2011)
‘Active zones and the readily releasable pool of synaptic vesicles at the
neuromuscular junction of the mouse’, Journal of Neuroscience, 31(6), pp.
2000-2008.

Sakai, N., Sasaki, K., Tkegaki, N., Shirai, Y., Ono, Y. and Saito, N. (1997) ‘Direct
visualization of the translocation of the y-subspecies of protein kinase C in
living cells using fusion proteins with green fluorescent protein’, Journal of Cell
Biology, 139(6), pp. 1465-1476.

Santafé, 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.’, The European journal of
neuroscience, 23(8), pp- 2048-56.

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(3), pp. 697—

708.

Santafé, M. M., Salon, 1., Garcia, N., Lanuza, M. A., Uchitel, O. D. and Tomas, J.
(2003) ‘Modulation of ACh release by presynaptic muscarinic autoreceptors in
the neuromuscular junction of the newborn and adult rat’, European Journal
of Neuroscience, 17(1), pp. 119-27.

Santafé, M. M., Salon, 1., Garcia, N., Lanuza, M. A., Uchitel, O. D. and Tomas, J.
(2004) ‘Muscarinic autoreceptors related with calcium channels in the strong
and weak inputs at polyinnervated developing rat neuromuscular junctions.’,
Neuroscience, 123(1), pp. 61-73.

Santafé, M. M., Lanuza, M. A., Garcia, N., Tomas, M. and Tomas, J. M. (2007)
‘Coupling of presynaptic muscarinic autoreceptors to serine kinases in low and
high release conditions on the rat motor nerve terminal’, Neuroscience, 148(2),
pp. 432-440.

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.’, Journal of neuroscience
research, 87(3), pp. 683—90.

Schechtman, D. and Mochly-Rosen, D. (2001) ‘Adaptor proteins in protein kinase
C-mediated signal transduction’, Oncogene, 20(44), pp. 6339-6347.

Scheid, M. P., Parsons, M. and Woodgett, J. R. (2005) ‘Phosphoinositide-Dependent
Phosphorylation of PDK1 Regulates Nuclear Translocation’, Molecular and



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

254 Conclusién

Cellular Biology, 25(6), pp. 2347-2363.

Scherer, N. M. and Nathanson, N. M. (1990) ‘Differential regulation by agonist and
phorbol ester of cloned m1 and m2 muscarinic acetylcholine receptors in mouse

Y1 adrenal cells and in Y1 cells deficient in cAMP-dependent protein kinase.’,
Biochemistry, 29(36), pp. 8475-83.

Schoch, S., Deak, F., Konigstorfer, A., Mozhayeva, M., Sara, Y., Stidhof, T. C. and
Kavalali, E. T. (2001) ‘SNARE function analyzed in synaptobrevin/VAMP
knockout mice.’, Science (New York, N.Y.), 294(5544), pp. 1117-22.

Scott, J. D. and Pawson, T. (2009) ‘Cell Signaling in Space and Time: Where Proteins
Come Together and When They’re Apart’, Science, 326(5957), pp. 1220—4.

Seifert, R. and Wenzel-Seifert, K. (2002) ‘Constitutive activity of G-protein-coupled
receptors: cause of disease and common property of wild-type receptors’,
Naunyn-Schmiedeberg’s Archives of Pharmacology, 366(5), pp. 381-416.

Shen, A. and Mitchelson, F. (1998) ‘Muscarinic M2 receptor-mediated contraction
in the guinea pig taenia caeci’, Biochemical Pharmacology, 56(11), pp. 1529—
1537.

Shimazaki, Y., Nishiki, T., Omori, A., Sekiguchi, M., Kamata, Y., Kozaki, S. and
Takahashi, M. (1996) ‘Phosphorylation of 25-kDa synaptosome-associated
protein. Possible involvement in protein kinase C-mediated regulation of

neurotransmitter release.’, The Journal of biological chemistry, 271(24), pp.
14548-53.

Shirai, Y. and Saito, N. (2002) ‘Activation mechanisms of protein kinase C:
maturation, catalytic activation, and targeting.’, Journal of biochemistry,
132(5), pp. 663-8.

Shirai, Y., Sakai, N. and Saito, N. (1998) ‘Subspecies-specific targeting mechanism
of protein kinase C’, Japanese Journal of Pharmacology, 78(4), pp. 411-417.

Shu, Y., Liu, X., Yang, Y., Takahashi, M. and Gillis, K. D. (2008) ‘Phosphorylation
of SNAP-25 at Ser187 Mediates Enhancement of Exocytosis by a Phorbol Ester
in INS-1 Cells’, Journal of Neuroscience, 28(1), pp. 21-30.

Simo, A., Just-Borras, L., Cilleros-Maié, V., Hurtado, E., Nadal, L., Tomas, M.,
Garcia, N., Lanuza, M. A. and Tomas, J. (2018) ‘BDNEF-TrkB Signaling
Coupled to nPKCe and ¢PKCBI Modulate the Phosphorylation of the
Exocytotic Protein Munc18-1 During Synaptic Activity at the Neuromuscular
Junction’, Frontiers in Molecular Neuroscience, 11, p. 207.

Simo, A., Cilleros-Maing¢, V., Just-Borras, L., Hurtado, E., Nadal, L., Tomas, M.,
Garcia, N., Lanuza, M. A. and Tomas, J. (2019) ‘nPKCe Mediates SNAP-25
Phosphorylation of Ser-187 in Basal Conditions and After Synaptic Activity at
the Neuromuscular Junction’, Molecular Neurobiology, 56(8), pp. 5346—5364.

Skalhegg, B. S. and Tasken, K. (2000) ‘Specificity in the cAMP/PKA signaling
pathway. Differential expression, regulation, and subcellular localization of
subunits of PKA’, Frontiers in Bioscience, 5(1), pp. d678-693.

Slutsky, I., Parnas, H. and Parnas, 1. (1999) ‘Presynaptic effects of muscarine on ACh
release at the frog neuromuscular junction.’, The Journal of physiology, 514(Pt



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

CHAPTER 7 + REFERENCES 255

3), pp. 769-782.

Snyder, D. A., Kelly, M. L. and Woodbury, D. J. (2006) ‘SNARE complex regulation
by phosphorylation.’, Cell biochemistry and biophysics, 45(1), pp. 111-123.

Sollner, T., Bennett, M. K., Whiteheart, S. W., Scheller, R. H. and Rothman, J. E.
(1993a) ‘A protein assembly-disassembly pathway in vitro that may correspond
to sequential steps of synaptic vesicle docking, activation, and fusion’, Cell,
75(3), pp. 409-418.

Sollner, T., Whiteheart, S. W., Brunner, M., Erdjument-Bromage, H., Geromanos,
S., Tempst, P. and Rothman, J. E. (1993b) ‘SNAP receptors implicated in vesicle
targeting and fusion.’, Nature, 362(6418), pp. 318-24.

Serensen, J. B., Nagy, G., Varoqueaux, F., Nehring, R. B., Brose, N., Wilson, M. C.
and Neher, E. (2003) ‘Differential Control of the Releasable Vesicle Pools by
SNAP-25 Splice Variants and SNAP-23’, Cell, 114(1), pp. 75-86.

Spaulding, S. W. (1993) “The ways in which hormones change cyclic adenosine 3’,
5’-monophosphate-dependent protein kinase subunits, and how such changes
affect cell behavior’, Endocrine Reviews, 14(5), pp. 632—650.

Spencer, D. G., Horvath, E. and Traber, J. (1986) ‘Direct autoradiographic
determination of M1 and M2 muscarinic acetylcholine receptor distribution in
the rat brain: Relation to cholinergic nuclei and projections’, Brain Research,
380(1), pp. 59-68.

Stakkestad, ., Larsen, A. C. V, Kvissel, A.-K., Eikvar, S., Orstavik, S. and
Skédlhegg, B. S. (2011) ‘Protein kinase A type I activates a CRE-element more
efficiently than protein kinase A type Il regardless of C subunit isoform.”, BMC
biochemistry, 12, p. 7.

Starke, K., Gothert, M. and Kilbinger, H. (1989) ‘Modulation of neurotransmitter
release by presynaptic autoreceptors.’, Physiological reviews, 69(3), pp. 864—
989.

Stebbins, E. G. and Mochly-Rosen, D. (2001) ‘Binding Specificity for RACK1
Resides in the V5 Region of BII Protein Kinase C’, Journal of Biological
Chemistry, 276(32), pp. 29644—50.

Stefan, E., Malleshaiah, M. K., Breton, B., Ear, P. H., Bachmann, V., Beyermann,
M., Bouvier, M. and Michnick, S. W. (2011) ‘PKA regulatory subunits mediate
synergy among conserved G-protein-coupled receptor cascades’, Nature
Communications, 2(1), p. 598.

Steinberger, B., Brem, G. and Mayrhofer, C. (2015) ‘Evaluation of SYPRO Ruby
total protein stain for the normalization of two-dimensional Western blots’,
Analytical Biochemistry, 476, pp. 17-19.

Stewart, R., Flechner, L., Montminy, M. and Berdeaux, R. (2011) ‘CREB is activated
by muscle injury and promotes muscle regeneration’, PloS one, 6(9).

Strassheim, D. and Williams, C. L. (2000) ‘P2Y2 Purinergic and M3 Muscarinic
Acetylcholine Receptors Activate Different Phospholipase C-B Isoforms That
Are Uniquely Susceptible to Protein Kinase C-dependent Phosphorylation and
Inactivation’, Journal of Biological Chemistry, 275(50), pp. 39767-39772.



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

256 Conclusion

Stuelsatz, P., Keire, P., Almuly, R. and Yablonka-Reuveni, Z. (2012) ‘A
Contemporary Atlas of the Mouse Diaphragm: Myogenicity, Vascularity, and
the Pax3 Connection’, Journal of Histochemistry and Cytochemistry, 60(9), p.
638.

Stdhof, T. C. (1995) ‘The synaptic vesicle cycle: a cascade of protein—protein
interactions’, Nature, 375(6533), pp. 645-653.

Stidhof, T. C. and Rothman, J. E. (2009) ‘Membrane Fusion: Grappling with
SNARE and SM Proteins’, Science, 323(5913), pp. 474-477.

Summers, S. T. and Cronin, M. J. (1986) ‘Phorbol esters enhance basal and
stimulated adenylate cyclase activity in a pituitary cell line’, Biochemical and
Biophysical Research Communications, 135(1), pp. 276-281.

Sutton, R. B., Fasshauer, D., Jahn, R. and Brunger, A. T. (1998) ‘Crystal structure
of a SNARE complex involved in synaptic exocytosis at 2.4 A resolution’,
Nature 1998 395:6700, 395(6700), pp. 347-353.

Swope, S. L., Moss, S. J., Raymond, L. A. and Huganir, R. L. (1999) ‘Regulation of
ligand-gated ion channels by protein phosphorylation.’, Advances in second
messenger and phosphoprotein research, 33, pp. 49-78.

Takamori, M. (2008) ‘Lambert—Eaton myasthenic syndrome: Search for alternative
autoimmune targets and possible compensatory mechanisms based on
presynaptic calcium homeostasis’, Journal of Neuroimmunology, 201-202(C),
pp- 145-152.

Takamori, M. (2019) ‘Synaptic Compensatory Mechanism and its Impairment in
Autoimmune Myasthenic Diseases’, Journal of Immunological Sciences, 3(3),
pp- 6-13.

Taylor, S. S., llouz, R., Zhang, P. and Kornev, A. P. (2012) ‘Assembly of allosteric
macromolecular switches: lessons from PKA’, Nature Reviews Molecular Cell
Biology, 13(10), pp. 646-658.

Tillo, S. E., Xiong, W.-H., Takahashi, M., Miao, S., Andrade, A. L., Fortin, D. A.,
Yang, G., Qin, M., Smoody, B. F., Stork, P. J. S. and Zhong, H. (2017)
‘Liberated PKA Catalytic Subunits Associate with the Membrane via

Myristoylation to Preferentially Phosphorylate Membrane Substrates’, Cell
Reports, 19(3), pp. 617-29.

Toker, A. (2003) ‘PDK-1 and Protein Kinase C Phosphorylation’, in Protein Kinase
C Protocols. New Jersey: Humana Press, pp. 171-190.

Tomas, J., Lanuza, M. A., Santafe, M., Fenoll-Brunet, M. R. and Garcia, N. (2000)
‘Topological differences along mammalian motor nerve terminals for
spontaneous and alpha-bungarotoxin-induced sprouting.’, Histology and
histopathology, 15(1), pp. 43-52.

Tomas, J., Santafé, M. M., Garcia, N., Lanuza, M. A., Tomas, M., Besalduch, N.,
Obis, T., Priego, M. and Hurtado, E. (2014) ‘Presynaptic membrane receptors
in acetylcholine release modulation in the neuromuscular synapse.’, Journal of
neuroscience research, 92(5), pp. 543-54.

Tomas, J., Garcia, N., Lanuza, M. A., Santafé, M. M., Tomas, M., Nadal, L.,



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

CHAPTER 7 « REFERENCES 257

Hurtado, E., Simo, A. and Cilleros, V. (2017) ‘Presynaptic membrane receptors
modulate ACh release, axonal competition and synapse elimination during

neuromuscular junction development’, Frontiers in Molecular Neuroscience,
10.

Tomas, J., Garcia, N., Lanuza, M. A., Santafé, M. M., Tomas, M., Nadal, L.,
Hurtado, E., Sim6-Olle, A., Cilleros-Maié, V. and Just-Borras, L. (2018)
‘Adenosine Receptors in Developing and Adult Mouse Neuromuscular
Junctions and Functional Links With Other Metabotropic Receptor Pathways’,
Frontiers in Pharmacology, 9(April), pp. 1-10.

Toricelli, M., Melo, F., Hunger, A., Zanatta, D., Strauss, B. and Jasiulionis, M.
(2017) ‘Timpl Promotes Cell Survival by Activating the PDK1 Signaling
Pathway in Melanoma’, Cancers, 9(12), p. 37.

Vaughan, P. F., Walker, J. H. and Peers, C. (1998) ‘The regulation of
neurotransmitter secretion by protein kinase C.’, Molecular neurobiology,
18(2), pp. 125-155.

Verhage, M., Maia, A. S., Plomp, J. J., Brussaard, A. B., Heeroma, J. H., Vermeer,
H., Toonen, R. F., Hammer, R. E., van den Berg, T. K., Missler, M., Geuze, H.
J. and Siidhof, T. C. (2000) ‘Synaptic assembly of the brain in the absence of
neurotransmitter secretion.’, Science (New York, N.Y.), 287(5454), pp. 864-9.

Vigil, D., Blumenthal, D. K., Brown, S., Taylor, S. S. and Trewhella, J. (2004)
‘Differential Effects of Substrate on Type I and Type II PKA Holoenzyme
Dissociation’, Biochemistry, 43(19), pp. 5629-5636.

Vogler, O., Nolte, B., Voss, M., Schmidt, M., Jakobs, K. H. and van Koppen, C. J.
(1999) ‘Regulation of muscarinic acetylcholine receptor sequestration and
function by beta-arrestin.’, The Journal of biological chemistry, 274(18), pp.
12333-8.

de Vries, K. J., Geijtenbeek, A., Brian, E. C., de Graan, P. N., Ghijsen, W. E. and
Verhage, M. (2000) ‘Dynamics of muncl8-1
phosphorylation/dephosphorylation in rat brain nerve terminals.’, The
European journal of neuroscience, 12(1), pp. 385-90.

Walsh, D. A., Perkins, J. P. and Krebs, E. G. (1968) ‘An adenosine 3°,5-
monophosphate-dependant protein kinase from rabbit skeletal muscle.’, The
Journal of biological chemistry, 243(13), pp. 3763-5. Available at:
http://www.ncbi.nlm.nih.gov/pubmed/4298072.

Wang, C.-C., Weyrer, C., Fioravante, D., Kaeser, P. S. and Regehr, W. G. (2021)
‘Presynaptic  short-term  plasticity persists in the absence of PKC
phosphorylation of Munc18-1’, The Journal of Neuroscience, 41(35), p. JN-
RM-0347-21.

Wang, X. -q., Yan, Q., Sun, P., Liu, J.-W., Go, L., McDaniel, S. M. and Paller, A.
S. (2007) ‘Suppression of Epidermal Growth Factor Receptor Signaling by
Protein Kinase C- Activation Requires CD82, Caveolin-1, and Ganglioside’,
Cancer Research, 67(20), pp. 9986-9995.

Wang, Y.-X., Dhulipala, P. D. K., Li, L., Benovic, J. L. and Kotlikoff, M. 1. (1999)
‘Coupling of M 2 Muscarinic Receptors to Membrane Ion Channels via
Phosphoinositide 3-Kinase y and Atypical Protein Kinase C’, Journal of



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

258 Conclusion

Biological Chemistry, 274(20), pp. 13859-13864.

Way, K. J., Chou, E. and King, G. L. (2000) ‘Identification of PKC-isoform-specific
biological actions wusing pharmacological approaches’, Trends in
Pharmacological Sciences, 21(5), pp. 181-187.

Welinder, C. and Ekblad, L. (2011) ‘Coomassie Staining as Loading Control in
Western Blot Analysis’, Journal of Proteome Research, 10(3), pp. 1416-1419.

Wierda, K. D. B., Toonen, R. F. G., de Wit, H., Brussaard, A. B. and Verhage, M
(2007) ‘Interdependence of PKC-Dependent and PKC-Independent Pathways
for Presynaptic Plasticity’, Neuron, 54(2), pp. 275-290.

Willets, J. M., Nelson, C. P., Nahorski, S. R. and Challiss, R. A. J. (2007) ‘The
regulatlon of M1 muscarinic acetylcholine receptor desensitization by synaptic
activity in cultured hippocampal neurons.’, Journal of neurochemistry, 103(6),
pp. 2268-80.

Wong, W. and Scott, J. D. (2004) ‘AKAP signalling complexes: focal points in space
and time’, Nature Reviews Molecular Cell Biology, 5(12), pp. 959-70.

Wood, S. J. and Slater, C. R. (2001) ‘Safety factor at the neuromuscular junction’,
Progress in Neurobiology, 64(4), pp. 393—429.

Wright, M. C., Potluri, S., Wang, X., Dentcheva, E., Gautam, D., Tessler, A., Wess,
J., Rich, M. M. and Son, Y.-J. (2009) ‘Distinct muscarinic acetylcholine
receptor subtypes contribute to stability and growth, but not compensatory

plasticity, of neuromuscular synapses.’, The Journal of neuroscience, 29(47),
pp- 14942-5S.

Wu, M. N, Littleton, J. T., Bhat, M. A., Prokop, A. and Bellen, H. J. (1998) ‘ROP,
the Drosophlla Secl homolog, interacts with syntaxin and regulates

neurotransmitter release in a dosage-dependent manner.’, The EMBO journal,
17(1), pp. 127-39.

Yamaguchi, T., Dulubova, 1., Min, S.-W., Chen, X., Rizo, J. and Sudhof, T. C.
(2002) “Slyl binds to Golgi and ER syntaxins via a conserved N-terminal
peptide motif.’, Developmental cell, 2(3), pp. 295-305.

Yan, C., Bentley, J., Sonnenburg, W. and Beavo, J. (1994) ‘Differential expression
of the 61 kDa and 63 kDa calmodulin-dependent phosphodiesterases in the
mouse brain’, The Journal of Neuroscience, 14(3), pp. 973-84.

Yang, C., Huang, X., Liu, H., Xiao, F., Weli, J., You, L. and Qian, W. (2017) ‘PDK1
inhibitor GSK2334470 exerts antitumor activity in multiple myeloma and forms
a novel multitargeted combination with dual mTORC1/C2 inhibitor PP242’,
Oncotarget, 8(24), pp. 39185-39197.

Yang, H., Wang, X., Sumners, C. and Raizada, M. K. (2002) ‘Obligatory role of
protein kinase Cbeta and MARCKS in vesicular trafficking in living neurons’,
Hypertension (Dallas, Tex. : 1979), 39(2 Pt 2), pp. 567-572.

Yang, Y., Craig, T. J., Chen, X., Ciufo, L. F., Takahashi, M., Morgan, A. and Gillis,
K. D. (2007) ‘Phosphomimetic mutation of Ser-187 of SNAP-25 increases both
syntaxin binding and highly Ca2+-sensitive exocytosis.”, The Journal of
general physiology, 129(3), pp. 233—44.



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

CHAPTER 7 « REFERENCES 259

Zeng, C., Wang, J., Li, N., Shen, M., Wang, D., Yu, Q. and Wang, H. (2014)
‘AKAP150 mobilizes c¢PKC-dependent cardiac glucotoxicity.”, American
journal of physiology. Endocrinology and metabolism, 307 (4), pp. E384-97.

Zhang, J., Yang, C., Zhou, F. and Chen, X. (2018) ‘PDK1 inhibitor GSK2334470
synergizes with proteasome inhibitor MG-132 in multiple myeloma cells by
inhibiting full AKT activity and increasing nuclear accumulation of the PTEN
protein’, Oncology Reports, 39(6), pp. 2951-2959.

Zhang, X., Kim-Miller, M. J., Fukuda, M., Kowalchyk, J. A. and Martin, T. F. J.
(2002) ‘Ca2+-Dependent Synaptotagmin Binding to SNAP-25 Is Essential for
Ca2+-Triggered Exocytosis’, Neuron, 34(4), pp. 599—-611.

Zhang, Y., Ying, J., Jiang, D., Chang, Z., Li, H., Zhang, G., Gong, S., Jiang, X. and
Tao, J. (2015) ‘Urotensin-II receptor stimulation of cardiac L-type Ca2+
channels requires the By subunits of Gi/o-protein and phosphatidylinositol 3-

kinase-dependent protein kinase C B1 isoform.’, The Journal of biological
chemistry, 290(13), pp. 8644-8655.

Zhang, Z.., Wang, D., Sun, T., Xu, J., Chiang, H.-C., Shin, W. and Wu, L.-G. (2013)
‘The SNARE proteins SNAP25 and synaptobrevin are involved in endocytosis

at hippocampal synapses.’, The Journal of neuroscience : the official journal of
the Society for Neuroscience, 33(21), pp. 9169-75.

Zhao, L.-X., Ge, Y.-H., Li, J.-B., Xiong, C.-H., Law, P.-Y., Xu, J.-R., Qiu, Y. and
Chen, H.-Z. (2019) ‘M1 muscarinic receptors regulate the phosphorylation of
AMPA receptor subunit GluA1 via a signaling pathway linking cAMP-PKA and
PI3K-Akt’, The FASEB Journal, p. f§.201802351R.

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’, Journal of Biological Chemistry, 278(7), pp. 5388—5398.

Zucker, R. S. and Regehr, W. G. (2002) ‘Short-term synaptic plasticity’, Annual
Review of Physiology. Annu Rev Physiol, pp. 355-405.



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

SCIENTIFIC
CONTRIBUTIONS



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

APPENDIX « SCIENTIFIC CONTRIBUTIONS 263

SCIENTIFIC CONTRIBUTIONS

Publications derived from the present work:

Cilleros-Maii¢ V., Just-Borras L., Tomas M., Garcia N., Tomas J. M., Lanuza
M. A. The M, muscarinic receptor, in association to M;j, regulates the
neuromuscular PKA molecular dynamics. FASEB J. 2020 Apr; 34(4): 4934-4955.
DOI: 10.1096/fj.201902113R.

Cilleros-Maiié V., Just-Borras L., Polishchuk A., Duran M., Tomas M., Garcia
N., Tomas J. M., Lanuza M. A. M; and M, mAChRs activate PDK1 and
regulate PKCBI and € and the exocytotic apparatus at the NM]J. FASEB J. 2021
Jul; 35(7): €21724. DOI: 10.1096/f1.202002213R.

Other publications:

Polishchuk A., Cilleros-Mafi¢ V., Just-Borras L., Balanya-Segura M.,
Vandellos-Pont G., Silvera Simén C., Tomas M., Garcia N., Duran M., Tomas
J. M., Lanuza M. A. PKA-induced SNAP-25 and Synapsin-1 phosphorylation
are differently regulated by neuromuscular pre- and postsynaptic activity.
Submitted.

Garcia N., Lanuza M. A., Tomas M., Cilleros-Maiié V., Just-Borras L., Duran
M., Polishchuk A., Tomas J. M. PKA and PKC Balance in Synapse Elimination
during Neuromuscular Junction Development. Cells. 2021 Jun 4; 10(6): 1384.
DOI:10.3390/cells10061384.

Just-Borras L., Cilleros-Maiié V., Hurtado E., Biondi O., Charbonnier F.,
Tomas M., Garcia N., Tomas J.M., Lanuza M. A. Running and swimming
differently adapt the BDNF/TrkB pathway to a slow molecular pattern at the
NM]J. Int J Mol Sci. 2021 Apr 27; 22(9): 4577. DOI:10.3390/ijms22094577.

Just-Borras L., Hurtado E., Cilleros-Maii¢ V., Biondi O., Charbonnier F.,
Tomas M., Garcia N., Tomas J.M., Lanuza M.A. Running and swimming
prevent the deregulation of the BDNF/TrkB neurotrophic signalling at the

neuromuscular junction in mice with amyotrophic lateral sclerosis. Cell Mol

Life Sci. 2020 Aug; 77(15):3027-3040. DOI:10.1007/s00018-019-03337-5



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

264 Publications derived from the present work

Garcia N., Balaiia N., Lanuza M. A., Tomas M., Cilleros-Maiié V., Just-Borras
L., Tomas J. M. Opposed Actions of PKA Isozymes (RI and RII) and PKC

Isoforms (¢cPKC beta I and nPKC epsilon) in Neuromuscular Developmental
Synapse Elimination. Cells. 2019 Oct 23; 8(11):1304. DOI:10.3390/cells8111304

Just-Borras L., Hurtado E., Cilleros-Maii¢ V., Biondi O., Charbonnier F.,
Tomas M., Garcia N., Tomas J. M., Lanuza M. A. Running and swimming
prevent the deregulation of the BDNF/TrkB neurotrophic signaling at the

neuromuscular junction in mice with amyotrophic lateral sclerosis. Cell Mol
Life Sci. 2020 Aug; 77(15): 3027-3040.

Just-Borras L., Hurtado E., Cilleros-Maii¢ V., Biondi O., Charbonnier F.,
Tomas M., Garcia N., Lanuza M. A., Tomas J. M. Overview of Impaired BDNF
Signaling, Their Coupled Downstream Serine-Threonine Kinases and
SNARE/SM Complex in the Neuromuscular Junction of the Amyotrophic
Lateral Sclerosis Model SOD1-G93A Mice. Mol Neurobiol. 2019 Oct; 56(10):
6856-6872. DOI:10.1007/s12035-019-1550-1

Sim6 A., Cilleros-Maiié V., Just-Borras L., Hurtado E., Nadal L., Tomas M.,
Garcia N., Lanuza M. A., Tomas J.M. nPKCe Mediates SNAP-25
Phosphorylation of Ser-187 in Basal Conditions and After Synaptic Activity at
the Neuromuscular Junction. Mol Neurobiol. 2019 Aug; 56(8):5346-5364.
DOI:10.1007/s12035-018-1462-5

Sim6 A., Just L., Cilleros V., Hurtado E., Nadal L., Tomas M., Garcia N.,
Lanuza M.A., Tomas J.M. BDNF-TrkB Signaling Coupled to nPKCe and
cPKCBI Modulate the Phosphorylation of the Exocytotic Protein Munc18-1

During Synaptic Activity at the Neuromuscular Junction. Front Mol Neurosci.
2018 Jun 125 11:207. DOI:10.3389/fnmol.2018.00207

Tomas J. M., Garcia N., Lanuza M. A., Santafé M., Tomas M., Nadal L.,
Hurtado E., Sim6 A., Cilleros-Maii¢ V., Just-Borras L. Adenosine Receptors in
Developing and Adult Mouse Neuromuscular Junctions and Functional Links
with Other Metabotropic Receptor Pathways. Front Pharmacol. 2018 Apr 24;
9:397. DOI: 10.3389/fphar.2018.00397

Lanuza M. A., Tomas J. M., Garcia N., Cilleros-Maii¢ V., Just-Borras L.,
Tomas M. Axonal competition and synapse elimination during neuromuscular
junction  development.  Curr  Opin  Physiol 2018, 04: 25-31.
DOI:10.1016/j.cophys.2018.04.001



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

APPENDIX « SCIENTIFIC CONTRIBUTIONS 265

Hurtado E., Cilleros-Maiié V., Just-Borras L., Simo A., Nadal L., Tomas M.,
Garcia N., Lanuza M. A., Tomas J. M. Synaptic Activity and Muscle
Contraction Increases PDK1 and PKCBI Phosphorylation in the Presynaptic

Membrane of the Neuromuscular Junction. Front Mol Neurosci. 2017 Aug 25;
10:270. DOI:10.3389/fnmol.2017.00270

Hurtado E., Cilleros-Maiié V., Nadal L., Sim6 A., Obis T., Garcia N., Santafé
M. M., Tomas M., Halievski K., Jordan CL., Lanuza M. A., Tomas J. M.
Muscle Contraction Regulates BDNF/TrkB Signaling to Modulate Synaptic
Function through Presynaptic cPKCa and ¢cPKCBI. Front Mol Neurosci. 2017;
10: 147. DOI:10.3389/fnmol.2017.00147

Tomas J. M., Garcia N., Lanuza M. A., Nadal L., Tomas M., Hurtado E., Simo6
A., Cilleros-Maii¢ V. 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. Front Mol Neurosci. 2017;
10: 255. DOI:10.3389/fnmol.2017.00255

Tomas J. M., Garcia N., Lanuza M. A., Santaf¢e MM., Tomas M., Nadal L.,
Hurtado E., Sim6 A., Cilleros-Maiié V. Presynaptic Membrane Receptors
Modulate ACh Release, Axonal Competition and Synapse Elimination during

Neuromuscular Junction Development. Front Mol Neurosci. 2017; 10: 132.
DOI:10.3389/fnmol.2017.00132

Nadal L., Garcia N., Hurtado E., Sim6 A., Tomas M., Lanuza M. A., Cilleros-
Maié V., Tomas J. M. Synergistic Action of Presynaptic Muscarinic
Acetylcholine Receptors and Adenosine Receptors in Developmental Axonal

Competition at the Neuromuscular Junction. Dev Neurosci. 20165 38(6): 407-
419. DOI:10.1159/000458437

Nadal L., Garcia N., Hurtado E., Simé6 A., Tomas M., Lanuza M. A., Cilleros-
Maiié V., Tomas J. M. Presynaptic Muscarinic Acetylcholine Receptors and
TrkB Receptor Cooperate in the Elimination of Redundant Motor Nerve

Terminals during Development. Front Aging Neurosci. 2017; 9: 24.
DOI:10.3389/fnagi.2017.00024



UNIVERSITAT ROVIRA I VIRGILI
MUSCARINIC RECEPTOR MODULATION OF PROTEIN KINASE A, PROTEIN KINASE C AND EXOCYTOTIC PROTEINS AT THE NEUROMUSCULAR JUNCTION
Victor Cilleros Mané

266 Participation in National and international conferences

Participation in National and international conferences

Conference: Society for Neuroscience (SfN) 2015; Chicago (USA)

Authors: Lanuza MA; Hurtado E; Nadal L; Obis T; Sim6 A; Cilleros V; Garcia
N; Santafé MM; Tomas M; Tomas JM.

Title: BDNF and TrkB are regulated by both pre- and postsynaptic activity and
enhance presynaptic cPKC-betal to modulate neuromuscular synaptic function.
Format: Poster.

Conference: 16™ National Congress of the Spanish Society for Neuroscience
(SENC). 2015; Granada (Spain)

Authors: Hurtado E; Nadal L; Obis T; Simoén A; Cilleros V; Garcia Nj Santafe
M; Tomas M; Lanuza MA; Tomas ].

Title: BDNF and TrkB are regulated by both pre- and postsynaptic activity and
enhance presynaptic cPKCI to modulate neuromuscular synaptic function at
the neuromuscular junction.

Format: Poster.

Conference: 16™ National Congress of the Spanish Society for Neuroscience
(SENC). 2015; Granada (Spain)

Authors: Simén A; Hurtado E; Nadal L; Cilleros V; Garcia Nj Santafé M;
Tomas M; Lanuza MA; Tomas J.

Title: Synaptic activity and PKC/TrkB signaling modulates the phosphorylation
of the exocytotic proteins SNAP-25 and Munc18-1 at adult NM]J.

Format: Poster.

Conference: 10 FENS Forum of Neuroscience. 2016; Copenhagen (Denmark)
Authors: Hurtado E; Cilleros V; Nadal L; Obis T; Sim6 A; Garcia N; Santafé
M; Tomas M; Lanuza MA and Tomas JM.

Title: Synaptic activity-modulated BDNF-TrkB pathway enhances presynaptic
cPKCBI to control neuromuscular synaptic function.

Format: Poster.

Conference: 10" FENS Forum of Neuroscience. 2016; Copenhagen (Denmark)
Authors: Sim6 A; Hurtado E; Cilleros V; Nadal L; Garcia N; Santafé M; Tomas
M; Lanuza MA and Tomas JM.

Title: BDNF-TrkB-PKC signaling modulated by synaptic activity controls the
phosphorylation of the exocytotic proteins Munc18-1 and SNAP25 at the
neuromuscular junction.

Format: Poster

Conference: 10™ FENS Forum of Neuroscience. 2016; Copenhagen (Denmark)
Authors: Nadal L; Garcia N; Hurtado E; Sim6 A; Cilleros V; Tomas M; Lanuza
MA; Santafé MM and Tomas JM.

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
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Conference: X Symposium of Neurobiology. 2016; Barcelona (Spain).
Authors: Cilleros V; Hurtado E; Nadal L; Obis T; Simé6 A; Garcia Nj Santafé
M; Tomas M; Lanuza MA and Tomas J.

Title: Neuromuscular Activity Modulates the Signaling of the M2 mAChR on
PKC and on SNAP25 and Munc18-1 Phosphorylation.

Format: Oral communication

Conference: X Symposium of Neurobiology. 2016; Barcelona (Spain).
Authors: Hurtado E; Cilleros V; Nadal L; Obis T; Sim6 A; Garcia Nj Santafé
M; Tomas M; Lanuza MA Tomas ].

Title: Synaptic activity-modulated BDNF-TrkB pathway enhances presynaptic
c¢PKCBI to control neuromuscular synaptic function.

Format: Poster

Conference: X Symposium of Neurobiology. 2016; Barcelona (Spain).
Authors: Sim6 A; Just L; Hurtado E; Nadal L; Cilleros V; Garcia Nj Santafé
M; Tomas M; Lanuza MA and Tomas J.

Title: BDNF-TrkB-PKC signaling modulated by synaptic activity controls the
phosphorylation of the exocytotic proteins Munc18-1 and SNAP2S5 at the
neuromuscular junction.

Format: Poster

Conference: X Symposium of Neurobiology. 2016; Barcelona (Spain).
Authors: Nadal L; Garcia Ny Hurtado E; Simo A; Cilleros V; Just L; Tomas M;
Lanuza MA; Santafé M and Tomas ]J.

Title: Adenosine receptors, mAChRs and TrkB modulate the developmental
synapse elimination process at the neuromuscular junction.

Format: Poster

Conference: 17% National Congress of the Spanish Society for Neuroscience
(SENC). 2017; Alicante (Spain)

Authors: Cilleros V; Hurtado E; Sim6 Aj Just L; Nadal L; Santafe M; Tomas
M; Garcia Ny Lanuza MA; Tomas J.

Title: PKA and PKC isoforms are differentially modulated by M1 and M2
muscarinic autoreceptor subtypes to influence SNAP25 and Muncl8-1
phosphorylation in the neuromuscular synapse.

Format: Poster

Conference: 17" National Congress of the Spanish Society for Neuroscience
(SENC). 2017; Alicante (Spain)

Authors: Hurtado E; Just L; Cilleros V; Sim6 A; Nadal L; Biondi O;
Charbonnier F; Garcia N; Lanuza MA and Tomas ]J.

Title: Physical exercise improves BDNF/TrkB/PKCI signaling pathway in a
mouse model of amyotrophic lateral sclerosis.

Format: Poster
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Conference: 17" National Congress of the Spanish Society for Neuroscience
(SENC). 2017; Alicante (Spain)

Authors: Sim6 A; Hurtado E; Cilleros V; Just L; Nadal L; Santafé M; Tomas
M; Garcia N; Lanuza MA and Tomas ].

Title: nPKCe and ¢PKCBI modulate the synaptic activity induced
phosphorylation of the exocytotic protein Munc18-1 at the adult neuromuscular
junction.

Format: Poster

Conference: Society for Neuroscience (SfN) 2017; Washington (USA)
Authors: Garcia N Nadal L; Hurtado E; Sim6 A; Tomas M; Cilleros V; Lanuza
MA and Tomas JM.

Title: Synergistic action of mAChR receptors, adenosine receptors and TrkB
receptors in synapse elimination during neuromuscular junction development.
Format: Poster

Conference: Society for Neuroscience (SfN) 2017; Washington (USA)
Authors: Lanuza MA; Hurtado E; Just L; Cilleros V; Simo6 A; Nadal L; Tomas
M; Biondi O; Charbonnier F; Garcia N and Tomas ].

Title: Exercise improves the impaired BDNF/TrkB/PKCbI signaling in skeletal
muscle in a model of amyotrophic lateral sclerosis.

Format: Poster

Conference: 11" FENS Forum of Neuroscience. 2018; Berlin (Germany)
Authors: Cilleros V, Just L, Hurtado E, Sim6 A, Nadal L, Tomas M, Garcia N,
Lanuza MA, Tomas JM.

Title: Muscarinic M; and M, GPCR receptors regulate the SNARE protein
SNAP-25 through specific PKA isoforms.

Format: Poster

Conference: 11" FENS Forum of Neuroscience. 2018; Berlin (Germany)
Authors: Just L, Hurtado E, Cilleros V, Biondi O, Charbonnier F, Tomas M,
Garcia N, Lanuza MA, Tomas JM.

Title: Molecular overview of an amyotrophic lateral sclerosis mice model: an
insight to the BDNF/TrkB signaling pathway and its coupled PKCs and
SNARE/SM targets.

Format: Poster

Conference: 11" FENS Forum of Neuroscience. 2018; Berlin (Germany)
Authors: Garcia N; Lanuza MA; Nadal N; Tomas M; Cilleros-Maiié V; Just-
Borras L; Tomas J.

Title: Protein kinases A and C cooperate in promoting developmental synapse
elimination at the neuromuscular junction.

Format: Poster
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Conference: XI Symposium of Neurobiology. 2018; Barcelona (Spain).
Authors: Cilleros V; Just L; Tomas M; Garcia N; Lanuza MA; Tomas JM.
Title: SNAP-25 Phosphorylation by PKA Is Orchestrated by Muscarinic M; And
M, GPCR Receptors at the Neuromuscular Junction.

Format: Poster

Conference: XI Symposium of Neurobiology. 2018; Barcelona (Spain).
Authors: Just L; Hurtado E; Cilleros V; Biondi O; Charbonnier F; Tomas M;
Garcia Nj Lanuza MA; Tomas JM.

Title: Molecular Overview of an Amyotrophic Lateral Sclerosis Mice Model:
An Insight To The BDNF/TrkB Signaling Pathway and its Coupled PKCs And
SNARE/SM Targets.

Format: Oral communication

Conference: 18" National Congress of the Spanish Society for Neuroscience
(SENC). 2019; Santiago de Compostela (Spain)

Authors: Cilleros V; Just-Borras L; Balafia-Mas C; Tomas M; Garcia N;j
Lanuza MA; Tomas J.

Title: Muscarinic Cholinergic Receptors Regulate PKC Isoforms o/fl/g;
Munc18-1 And SNAP-25 Phosphorylation at The Neuromuscular Synapse
Format: Poster

Conference: 18" National Congress of the Spanish Society for Neuroscience
(SENC). 2019; Santiago de Compostela (Spain)

Authors: Just-Borras L; Cilleros V; Hurtado E; Balaiia-Mas C; Biondi O;
Charbonnier F; Tomas M; Garcia N Lanuza MA; Tomas J.

Title: Physical Exercise Improves the Altered BDNF-NT4/TrkB Signaling In
The Neuromuscular Junction Of Amyotrophic Lateral Sclerosis Mice

Format: Poster

Conference: 19" National Congress of the Spanish Society for Neuroscience
(SENC). 2021; Llcida (Spain)

Authors: Cilleros V; Just L; Polishchuk A; Duran M; Balanya M; Tomas M;
Garcia N; Tomas J; Lanuza MA.

Title: M; and M, muscarinic receptors coordinately regulate the exocytotic
proteins through PKC and PKA at the adult neuromuscular junction.

Format: Poster

Conference: 19" National Congress of the Spanish Society for Neuroscience
(SENC). 2021; Lleida (Spain)

Authors: Just-Borras L; Cilleros-Maii¢ V; Hurtado E; Polishchuk A; Duran M;
Balanya M; Biondi O; Charbonnier F; Tomas M; Garcia Ny Tomas J; Lanuza
MA.

Title: Running And Swimming Dependent Fast-To-Slow BDNF/TrkB
Signalling Optimisation at the NM]J

Format: Poster
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Conference: 19" National Congress of the Spanish Society for Neuroscience
(SENC). 2021; Lleida (Spain)

Authors: Balanya M; Garcia N; Hernandez P; Lanuza MA; Tomas M; Cilleros
V; Just-Borras L; Duran M; Polishchuk A; Tomas ]J.

Title: Calcium Channels in Synapse Elimination During Neuromuscular
Junction Development

Format: Poster

Conference: 19" National Congress of the Spanish Society for Neuroscience
(SENC). 2021; Lleida (Spain)

Authors: Polishchuk Aj; Cilleros-Maiié V; Just-Borras L; Duran M; Vandellos
G; Balanya M; Argilaga G; Tomas M; Garcia Ny Tomas J; Lanuza MA.

Title: Neuromuscular Activity Regulates PKA Catalytic and Regulatory
Subunits and its Downstream Signaling Pathway For ACh Release at the NM]J
Format: Poster

Conference: 19" Association for Medical Education in Europe Conference
(AMEE). 2022; Lyon (France)

Authors: Guiu-Ortin M; Just-Borras L; Cilleros-Maiié V; Polishchuk A; Fenoll-
Brunet R.

Title: Promoting student engagement for a global multicultural environment: A
Case Study

Format: Poster
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