M X

N

Universitat de Lleida

Organitzacié molecular dels aferents sinaptics de
tipus C i la seva implicacié en la patologia
degenerativa de la neurona motora

Sara Salvany Montserrat

http://hdl.handle.net/10803/674022

ADVERTIMENT. L'accés als continguts d'aquesta tesi doctoral i la seva utilitzacié ha de respectar els drets
de la persona autora. Pot ser utilitzada per a consulta o estudi personal, aixi com en activitats o materials
d'investigacio i docéncia en els termes establerts a I'art. 32 del Text Refés de la Llei de Propietat Intel-lectual
(RDL 1/1996). Per altres utilitzacions es requereix l'autoritzacié prévia i expressa de la persona autora. En
qualsevol cas, en la utilitzacié dels seus continguts caldra indicar de forma clara el nom i cognoms de la
persona autora i el titol de la tesi doctoral. No s'autoritza la seva reproduccié o altres formes d'explotacid
efectuades amb finalitats de lucre ni la seva comunicacié publica des d'un lloc alié al servei TDX. Tampoc
s'autoritza la presentacié del seu contingut en una finestra o marc alie¢ a TDX (framing). Aquesta reserva de
drets afecta tant als continguts de la tesi com als seus resums i indexs.

ADVERTENCIA. El acceso a los contenidos de esta tesis doctoral y su utilizacion debe respetar los
derechos de la persona autora. Puede ser utilizada para consulta o estudio personal, asi como en
actividades o materiales de investigacion y docencia en los términos establecidos en el art. 32 del Texto
Refundido de la Ley de Propiedad Intelectual (RDL 1/1996). Para otros usos se requiere la autorizacion
previa y expresa de la persona autora. En cualquier caso, en la utilizacion de sus contenidos se debera
indicar de forma clara el nombre y apellidos de la persona autora y el titulo de la tesis doctoral. No se
autoriza su reproduccion u otras formas de explotacion efectuadas con fines lucrativos ni su comunicacion
publica desde un sitio ajeno al servicio TDR. Tampoco se autoriza la presentacién de su contenido en una
ventana o marco ajeno a TDR (framing). Esta reserva de derechos afecta tanto al contenido de la tesis como
a sus resumenes e indices.

WARNING. Access to the contents of this doctoral thesis and its use must respect the rights of the author. It
can be used for reference or private study, as well as research and learning activities or materials in the
terms established by the 32nd article of the Spanish Consolidated Copyright Act (RDL 1/1996). Express and
previous authorization of the author is required for any other uses. In any case, when using its content, full
name of the author and title of the thesis must be clearly indicated. Reproduction or other forms of for profit
use or public communication from outside TDX service is not allowed. Presentation of its content in a window
or frame external to TDX (framing) is not authorized either. These rights affect both the content of the thesis
and its abstracts and indexes.



http://hdl.handle.net/10803/674022




) | X

N

Universitat de Lleida

Organitzacido molecular dels
aferents sinaptics de tipus C i
la seva implicacio en |a
patologia degenerativa de la
neurona motora

Sara Salvany Montserrat

2021






) | X

N

Universitat de Lleida

TESI DOCTORAL

Organitzacido molecular dels aferents sinaptics de tipus
Cila seva implicacio en la patologia degenerativa de la
neurona motora

Sara Salvany Montserrat

2021

Departament de Medicina Experimental

Memoria per optar al grau de Doctor per la Universitat de Lleida
Programa de Doctorat en Salut

Directors de Tesi

Dr. Josep E. Esquerda Colell
Dra. Anna Casanovas Llorens

Tutor
Dr. Josep E. Esquerda Colell






El present treball ha estat financgat per les segilients entitats publiques i privades:

- Ajuts per a personal predoctoral de la Universitat de Lleida en formacié i ajuts Jade Plus per a
I'any 2016 — 2017

- Ajuts per a la Formacion de Profesorado Universitario (FPU) del Ministerio de Educacion,
Cultura y Deporte per a I'any 2017 — 2020

- Ajuts 2020 de Promocié de la Recerca en Salut-82 edicié” de I'IRBLleida/Diputacié de Lleida
per a l'any 2021

- Ministerio de Economia y Competitividad cofinancat pel Fondo Europeo de Desarrollo
regional (SAF2015-70801-R)

- Ministerio de Ciencia, Innovacion y Universidades cofinancat pel Fondo Europeo de Desarrollo
regional (FEDER; RTI2018-099278-B100)

- Jack Van den Hock a la Investigacié de I'ELA — Fundacié Miquel Valls.






RESUM - RESUMEN - ABSTRACT










RESUM - RESUMEN - ASTRACT I

RESUM

L'esclerosi lateral amiotrofica (ELA) és una malaltia que cursa amb degeneracié i pérdua de les
motoneurones (MNs), determinant una paralisi muscular progressiva i de pronostic fatal.
L'acumulacié de la proteina superoxid dismutasa 1 mal plegada (mfSOD1) en les MNs és el factor

intrinsec distintiu de la patologia en el model muri per I'estudi de I'ELA SOD1%%**

gue reprodueix una
forma familiar de la ELA humana. No obstant, factors extrinsecs a les MNs tals com [’activitat
electrica mitjancada per les aferéncies sinaptiques, aixi com I'entorn cel-lular determinat per les
cel-lules glials, també sén molt rellevants en la fisiopatologia de I'ELA. Entre les aferéncies, els botons
C (BC) sén uns importants reguladors colinergics de I'excitabilitat de les MNs. Aquests es
caracteritzen per tenir una cisterna subsinaptica (SSC) adjacent a la membrana postsinaptica, on s’hi
ha descrit un complex macromolecular especific format per diferents proteines, entre elles, la
neuregulina-1 (NRG1). Tot i que s’han descrit alteracions en els BC en I'ELA, la funcié de la NRG1 en la
fisiologia i la patologia de la MN es completament desconeguda. L'objectiu del present treball ha
estat caracteritzar millor I'arquitectura molecular del BC i analitzar les seves alteracions aixi com la
implicacié en la regulacié de la resposta microglial al voltant de les MNs danyades. Per a aquesta
finalitat, hem analitzat la localitzacié i distribucié de diverses proteines dins dels subcompartiments
sinaptics del BC i la seva relacié amb la glia mitjangant microscopia confocal i electronica en diferents
models animals. Els resultats demostren que, en la SSC, la NRG1 esta situada en microdominis molt
especifics i no solapats amb altres proteines, mentre que el seu receptor, els ErbB2/4, estan presents
en el compartiment presinaptic adjacent. D’altra banda, també s’ha evidenciat que les diferents
isoformes de NRG1 regulen funcions diferents en el BC especificament a nivell pre- o postsinaptic.
Les aferéncies de tipus C es desorganitzen en presencia d’estressos aguts, tals com la lesié del nervi
periféric, on aquesta perdua de BCs es produeix en conjuncid a un augment del reclutament de
cél-lules microglials. A més, la microglia, esta involucrada en I'eliminacié del detritus de terminals
sinaptics previament desintegrats per la via necroptotica activada després de I'axotomia. En el model
muri SOD1°%**, hem definit 3 fenotips de MNs d’acord a I'expressié de mfSOD1 i a la degeneracié
vacuolar. Hem caracteritzat aquesta vacuolitzacié utilitzant marcadors mitocondrials i de vesicules
extracel-lulars aixi com la seva relaci6 amb els canvis en les aferéncies sinaptiques i I'activacié
microglial. En conjunt, els nostres resultats aporten noves dades sobre I'organitzacié dels BC i dels
canvis que tenen lloc tant en lesions agudes en les MNs com en I'ELA. També aportem noves dades
sobre la citopatologia relacionada amb I'expressi6 de mfSOD1 durant les fases inicials de la

degeneracio de les MNs en I'ELA.
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RESUMEN

La esclerosis lateral amiotrofica (ELA) es una enfermedad que cursa con degeneracién y pérdida de las
motoneurones (MNs), determinando una paradlisis muscular progresiva y de prondstico fatal. La
acumulacién de la proteina superdxido dismutasa 1 mal plegada (mfSOD1) en las MNs es el factor

G93A
, el cual

intrinseco distintivo de la patologia en el modelo murino para el estudio de la ELA SOD1
reproduce una forma familiar de la ELA humana. No obstante, factores extrinsecos a las MNs como la
actividad eléctrica mediada por las aferencias sindpticas, asi como el entorno celular determinado por
las células gliales, también son muy relevantes en la fisiopatologia de la ELA. Entre las aferencias, los
botones C (BC) son unos importantes reguladores colinérgicos de la excitabilidad de las MNs. Estos se
caracterizan por tener una cisterna subsinaptica (SSC) adyacente a la membrana postsindptica, donde
se ha descrito un complejo macromolecular especifico formado por distintas proteinas, entre ellas, la
neuregulina-1 (NRG1). Aunque se han descrito alteraciones en los BC en la ELA, la funcién de la NRG1
en la fisiologia y la patologia de la MN es completamente desconocida. El objetivo del presente trabajo
ha sido caracterizar mejor la arquitectura molecular del BC y analizar sus alteraciones, asi como su
implicacion en la regulacidon de la respuesta microglial alrededor de las MNs dafiadas. Para esta
finalidad, hemos analizado la localizacién y distribucidn de varias proteinas de los subcompartimentos
sindpticos de los BC y su relacién con la glia mediante microscopia confocal y electrénica en distintos
modelos animales. Los resultados demuestran que, en la SSC, la NRG1 estd ubicada en microdominios
muy especificos y no solapados con otras proteinas, mientras que su receptor, los ErbB2/4, estan
presentes en el compartimento presindptico adyacente. Por otro lado, también se ha evidenciado que
las distintas isoformas de NRG1 regulan funciones diferentes en los BC especificamente a nivel pre- o
postsindptico. Las aferencias de tipo C se desorganizan en presencia de un estrés agudo como es la
lesién del nervio periférico, dénde ésta pérdida de BCs se produce junto a un aumento del
reclutamiento de células microgliales. Ademds, la microglia, estd involucrada en la eliminacién de los
detritus de los terminales sindpticos previamente desintegrados por la via necroptética activada
después de la axotomia. En el modelo murino SOD1°***, hemos definido 3 fenotipos de MNs de
acuerdo a la expresién de mfSOD1 y a la degeneracién vacuolar. Hemos caracterizado la vacuolizacion
mediante marcadores mitocondriales y de vesiculas extracelulares, asi como su relacién con los
cambios con las aferencias sindpticas y la activacién microglial. En conjunto, nuestros resultados
aportan nuevos datos sobre la organizacidn de los BC y de los cambios que tienen lugar tan en lesiones
agudas en las MNs como en la ELA. También aportamos nuevos datos sobre la citopatologia
relacionada con la expresion de mfSOD1 durante las fases iniciales de la degeneracidén de las MNs en la

ELA.
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ABSTRACT

Amyotrophic lateral sclerosis (ALS) is a fatal disease characterised by the degeneration and loss of
motor neurons (MNs) determining a progressive muscle paralysis. A distinctive intrinsic factor in the
ALS mice model SOD1%%* is the accumulation of superoxide dismutase protein in a misfolded form
(mfSOD1), reproducing a familiar form of human ALS. However, extrinsic factors such as electric
activity mediated by synaptic afferents, along with glial cellular environment, are crucial in ALS
physiopathology. Among the afferents, C-boutons (BC) are very important cholinergic regulators of
MN excitability. A distinctive feature of BC is the presence of an endoplasmic reticulum-related
subsynaptic cistern (SSC) close to the postsynaptic membrane. At this site, a specific macromolecular
complex formed by a variety of proteins, including neuregulin-1 (NRG1), has been described.
Although some alterations in BC have been described in ALS, the role of NRG1 in BC signalling in
normal or altered MNs is not known. The main objective of the present work is to characterise the
molecular architecture of BC and to investigate how is altered in injured MNs; also the BC-derived
signalling in the regulation of the neuroinflammatory response that takes place at the vicinity of
damaged MNs was analysed. To this aim, we applied confocal and electron microscopy in different
animal models, and the we have determined the localisation of a variety of proteins in relation to the
distinct BC synaptic subcompartments and its relation with glial cells. Our results showed that NRG1
is specifically concentrated at the SSC forming non-overlapping microdomains with other SSC
proteins. By contrast, its receptors ErbB2/4 are identified in the adjacent presynaptic compartment.
Furthermore, we have also found that different NRG1 isoforms are involved in the regulation of BC
morphogenesis acting differentially on its pre- or postsynaptic components. BCs is disorganised in
response to acute stressors, such as a peripheral nerve injury. In this situation, the loss of BCs is
produced in conjunction of local recruitment of microglial cells. We also described how microglia is
involved in the elimination of degenerating synaptic terminal, which were previously disrupted by a
mechanism involving necroptotic pathway that was activated after axotomy. In SOD1°%*** mice
model, we have defined 3 MN phenotypes according to the expression of mfSOD1 and vacuolar
degeneration at the early presymptomatic stages of the disease. Vacuolar degeneration was
characterised using mitochondrial and extracellular vesicle markers and its relationship with changes
in afferent synapses and microglial cell activation. As a whole, our results provide new data on
molecular organisation of the BC and the changes that takes place both, in acutely injured MNs and
also during ALS. Furthermore, we provide new data regarding the cytopathology of mfSOD1

expression during early phases of MN degeneration in ALS.
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INTRODUCCIO

1 L’Esclerosi Lateral

Amiotrofica

1.1 El sistema nervidos en humans

El sistema nervids és una de les estructures més complexes i altament organitzades del cos huma. La
seva funcié essencial és integrar, analitzar i respondre de manera adequada als estimuls interns i

externs que rebem constantment.

Des del punt de vista anatomic, el sistema nervids esta dividit en el sistema nervids central (SNC),
format per I'encéfal i la medul-la espinal; i el sistema nervids periferic (SNP), format pels nervis
cranials i els nervis espinals, els quals condueixen impulsos des del SNC (nervis eferents o motors) i
cap al SNC (nervis aferents o sensitius) (Ross & Pawlina, 2015). També formen part del SNC els ganglis
simpatics, parasimpatics i sensorials aixi com els plexes mientérics i estructures receptores

sensorials.

Les neurones soén la unitat estructural i funcional del sistema nervids. Les motoneurones (MNs) sén
una poblacié especifica de neurones localitzades en el SNC que s’encarreguen de controlar els
moviments motors voluntaris de I'organisme. Citologicament es caracteritzen, a grans trets, per tenir
un cos cel-lular o soma gran i en forma estrellada, amb un gran nucli esféric i abundants grumolls de
Nissl dins del citoplasma (Ross & Pawlina, 2015). Les MNs degeneren selectivament en determinats

processos patologics, com és el cas de I'Esclerosi Lateral Amiotrofica (ELA).

1.2. Descobriment de I’Esclerosi Lateral Amiotrofica

L'ELA va ser caracteritzada pel neurodleg franceés Jean-Martin Charcot I'lany 1869, qui va establir per
primera vegada la relacié entre els simptomes clinics i les alteracions neuropatologiques subjacents a
I’evolucié d’aquesta malaltia. Va ser el Charcot qui va introduir el terme ELA per referir-se a la

malaltia, tot i que de vegades també s’anomena “Malaltia de Charcot”. En canvi, als Estats Units, es
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coneix com a “Malaltia de Lou Gehring”, en memoria del famds jugador de beisbol que va morir als

38 anys a conseqliéncia de I'ELA.

El nom ELA fa referéncia a les troballes anatomopatologiques on s’observa desmielinitzacid i
esclerosi en el cordd lateral de la medul-la espinal corresponent a la via corticospinal o piramidal. El
terme esclerosis es refereix a I’ “enduriment patologic d’un teixit o organ degut a la hiperplasia de les
cel-lules de teixit conjuntiu que formen la seva estructura”, que en aquest cas, fa referencia al procés
de gliosi cicatricial que substitueix a les MNs degenerades. Lateral identifica el tracte piramidal en el

”

cordé lateral de la medul-la espinal. Finalment, el terme “amiotrofica” prové del grec on “a-

"

significa “no”, “-mio-” fa referéncia al muscul i “—trofia”, forma sufixada del mot “trophé”, que

significa alimentacié. Llavors, amiotrofia significa “muscul sense nutricid” el qual descriu la
desnervacid i debilitat muscular que s’observa en aquesta malaltia (Hulisz, 2018; Rowland &

Shneider, 2001; Taylor et al., 2016).

1.3. Simptomes clinics de les formes classiques d’Esclerosis

Lateral Amiotrofica

En I'ELA s’afecta la primera neurona (MN

superior) situada en larea 4-y de

Cortex
7 by
Brodmann en I'escorca motora del lobul Cerebral
. ; (MN superior)
frontal. Aquesta, projecta el seu axé
directament a una segona neurona (MN
inferior), situada a la banya ventral de la
Medul-la
medul-la espinal o en els nuclis motors del espinal

(MN inferior)
parells cranials del tronc de [I'encefal.

Finalment, la MN inferior projecta el seu
axé fora del SNC fins a establir una

connexié sinaptica amb els musculs

esquelétics corresponents, controlant aixi
la seva capacitat contractil, i en definitiva,

els moviments voluntaris (Fig. 1).

En ELA es produeix un desacoblament

selectiu de les MNs corticals de la seva _ - - . N
Figura 1 | Representacié esquematica del fascicle corticospinal.

Esquema de la via motora voluntaria directa, des del seu origen en
el cortex motor (MN superior), connectant amb la medul-la espinal
(MN inferior), fins a establir connexié amb les fibres musculars
esqueletiques. Cada estacié neuronal va acompanyada de la imatge
histologica corresponent. Adaptat de JE. Esquerda, 2006.
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diana, la segona neurona, i alhora, aquestes també es desconnecten de la seva diana muscular. La
degeneracid progressiva de les MNs déna lloc a I'aparicié dels primers simptomes de la malaltia, els
quals depenen de la localitzacié de les MNs en procés de degeneracié més avancat. En la majoria dels
pacients (70%) els primers simptomes acostumen a ser hiperrefléxia i debilitat muscular gradual
d’inici asimetric i distal (normalment en les extremitats), que poc a poc es va fent bilateral per
afectacié de les MNs espinals. Aproximadament en un 25% dels pacients, el simptoma inicial
consisteix en problemes en la parla o dificultat per deglutir, la qual cosa indica que la poblacié de

MNs més afectades son les localitzades a la zona bulbar (Kiernan et al., 2011).

En etapes més avancades, 'ELA es manifesta per fasciculacions i, secundariament a la denervacio
causada per la degeneracid, es produeix atrofia muscular (per afectacié de la MN inferior) i
hiperrefléxia i espasticitat (signe d’afectacido de la MN superior). S’instaura una paralisis muscular
progressiva que condueix a la mort del pacient entre els 3 i 5 anys des de l'inici dels simptomes,
generalment degut a un fracas respiratori. Excepcionalment, es poden observar supervivéncies
majors, sobre tot si s’ofereixen dispositius de ventilacié artificial. En general, es mantenen
inalterades les funcions no vinculades a I'activitat motora, com sén les funcions cognitives i sensitives

les quals estan preservades.

Tot i que sén molt menys freqlients, també hi ha altres possibles presentacions cliniques de I'ELA,
com son la insuficiencia respiratoria, perdua de pes, asténia sense causa aparent, rampes i
fasciculacions sense debilitat muscular, espasticitat en cames, labilitat emocional o deteriorament

cognitiu.

Cal dir que algunes MN sén resistents a I'ELA, és a dir, que no degeneren i que per tant, hi ha algunes
funcions motores que no s’afecten. La majoria dels pacients tenen poca o nul-la afectacié de la
musculatura extraocular i mantenen també el control dels esfinters que controlen la defecacié i la
miccio, tot i que poden desenvolupar problemes d’incontinéncia a conseqieéencia de la debilitat de la

musculatura abdominal.

1.4. Epidemiologia

Epidemiologicament, I'ELA té una incidencia d’aproximadament 1-2 nous casos per any per cada
100.000 habitants (es diagnostiquen 3 nous casos cada dia a Espanya), i una prevalenca de 3-5
afectats per cada 100.000 habitants, sent més prevalent en el sexe masculi (1.5:1) (Kiernan et al.,

2011). Segons dades de la Sociedad Espafiola de Neurologia, el nimero total de pacients amb ELA a
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Espanya és d’aproximadament d’uns 3.000 casos, cosa que posa de manifest I'elevada i rapida
mortalitat d’aquesta malaltia neurodegenerativa. L'ELA és una malaltia de I’adult, ja que sol debutar
clinicament entre els 40 — 70 anys, trobant-se la incidencia més alta entre els 50-60 anys (60% del
total d’afectats). Es inhabitual en gent de < 30 anys i també és excepcional que gent de > 70 anys
debuti amb ELA. L'esperanca de vida és d’aproximadament 3 anys, encara que un 20% dels pacients

viuen > 5 anys i un 10%, >10 anys (Hulisz, 2018).

1.5. Diagnostic i tractament

Pel que fa al diagnostic de I'ELA, al 1990 es van establir les directrius a seguir en un document
consens anomenat Criterios del Escorial, les quals s’han anat revisant i actualitzat peridodicament. El
diagnostic d’ELA és el que s’anomena “d’exclusid” ja que abans de fer el diagnostic definitiu s’han
d’anar descartant patologies que cursen amb una clinica similar. La diagnosi esta fonamentada en
criteris clinics i tests electrofisiologics, principalment electromiogrames, ja que actualment no es
disposa de biomarcadors que confirmin objectivament el diagnostic en les etapes inicials. Degut a
aixo i a que la manifestacié clinica de I'ELA pot ser diversa, el diagnostic definitiu pot allargar-se més

enlla d’un any.

Els criteris diagnostics del Escorial requereixen que primer hi hagi un quadre clinic compatible amb
'ELA que vagi progressant a diferents regions medul-lars. Son necessaries també proves
complementaries, com proves d’imatge o biopsies per descartar altres processos que puguin afectar
la via piramidal (tumors de l'area frontal i motora,...). Una vegada complerts aquestes dos
condicions, a trets generals, es parla de 4 categories: sospita d’ELA, possible ELA, probable ELA i ELA
definitiva, segons el grau de certesa del diagnostic tenint en compte tota la informacié clinica

disponible (Brooks, 1994).

Actualment no es disposa de cap farmac capag de curar o modificar el curs natural de I'ELA. Només el
Riluzole (agent antiglutamateérgic) (Doble, 1996) i I'Edaravone (agent antioxidant) (leffrey D.
Rothstein, 2017) sdn els Unics dos farmacs aprovats pel tractament de I'ELA, amb efectes terapeutics
molt modestos i inclis controvertits, els quals tot i que no reverteixen el dany causat en la malaltia,
poden alentir una mica la progressid, cosa que es tradueix en una moderada millora en la

supervivencia dels pacients (3 — 6 mesos).
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Per tant, I'Ginica terapia per als pacients d’ELA és una aproximacié multidisciplinar destinada a les
cures pal-liatives, per tal de prevenir complicacions i incrementar la qualitat de vida dels pacients,

sobretot en les fases de major afectacid.

1.6. Contribucio dels gens en I’Esclerosi Lateral Amiotrofica

Tot i la semblanca a nivell de progressié i manifestacioé clinica, en I'ELA, es distingeixen dos formes:
I’ELA esporadica (90% dels casos), on la causa és desconeguda i no s’observa herencia familiar; i 'ELA
familiar (10% dels casos), on es coneix I'origen genétic de la malaltia i s’hi associa una heréencia

familiar, normalment dominant i amb una alta penetrancia.

Tot i que en els casos esporadics no es conegui la causa, aquesta pot estar en mutacions genétiques,
pero que aquestes mutacions hagin sorgit de novo en un individu, i que per tant, no passin a la
descendéncia. Aquestes alteracions genetiques poden contribuir a I'etiologia directament o només
donar susceptibilitat a I'individu per patir ELA, el qual necessitaria de factors ambientals per acabar
desenvolupant la malaltia. Alguns factors de risc que s’han relacionat amb I'ELA sén professions
relacionades amb metalls pesats, esportistes d’elit, pesticides, quimics, entre d’altres, tot i que no hi

ha una relacio clara que provi la causalitat (Hulisz, 2018).

Encara que les formes familiars d’ELA son molt menys freqlients que les formes esporadiques, han
tingut un paper central per entendre els mecanismes patogénics de I'ELA ja que han permeés
descobrir mutacions causants de la malaltia en families, traslladar-les a models animals i estudiar en

aquests quins efectes tenen.

L'any 1993 es va descriure per primera vegada que mutacions en el gen que codifica per la proteina
Superoxid Dismutasa-1 citosolica (SOD1) era la causa d’un tipus d’ELA familiar (Rosen et al., 1993).
Des de llavors, s’han descrit diverses mutacions en diferents gens associats inequivocament en a la
patogeénesi de I'ELA (Su et al., 2014) (Taula 1.). De tots, els 4 que més freqlientment es troben
mutats, tant en formes esporadiques com familiars sén: Chromosome 9 open reading frame 72
(C90rf72), Sod1, Tar DNA binding protein (Tardbp) i Fused in sarcoma/translocated in liposarcoma

(Fus) (Y. Hayashi et al., 2016).
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Gene/Locus Location Phenotype Inheritance
TARDBF 1p36.22 ALS/FTD AD
ALS2 2g331 ALS, juvenile AR
ERBB4 2g34 ALS AD
TUBA4A 2g35 ALS/FTD AD
CHMFP2B 3pli2 ALS AD
MATR3 5g31.2 ALS AD
S5QSTM 5g35.3 ALS/FTD AD
FG4 Bg21 ALS AD
COonf72 9p21.2 ALS/FTD AD
SIGMAR1T 9p13.3 ALS, juvenile AR
VCP 9p13.3 ALS/FTD
SETX 9g34.13 ALS, juvenile AD
OPTN 10p13 ALS
NXATT 10g22.3 ALS AD
HINRNPAT 12g13.13 ALS AD
TBKT 12g14.2 ALS/FTD AD
NG 14gii.2 ALS
SPG11 150211 ALS, juvenile AR
FUS 16pii.2 ALS/FTD
PFNT 17p13.2 ALS
ALS3 18021 ALS AD
ALST 20pi3 ALS
VAPB 20g13.32 ALS AD
S0D1 21g22.11 ALS AD, AR
CHCHD10 22q11.23 ALS/FTD AD
UBQLNZ Xpii.21 ALS/FTD XLD

Taula 1. Llista de gens implicats en la patogénesi de 'ELA, d’acord amb la base de dades de I’'Heréncia Mendeliana
en linia en ’lhome (Online Mendelian Inheritance in Man (OMIM)) . ALS: ELA; FTD: demeéncia frontotemporal; AD:

heréncia autosomica dominant; AR: heréncia autosomica recessiva; XLD: heréencia lligada al cromosoma X. Adaptat de
Ferrara et al., 2018.

1.6.1 Superoxid dismutasa 1

La proteina SOD1 és un enzim que en condicions fisiologiques protegeix les cel-lules de les espécies
reactives d’oxigen mitjancant la dismutacié de I’'anié superoxid en oxigen i peroxid d’hidrogen. La
SOD1 s’expressa ubiquament en les cél-lules dels organismes i es localitza en molts compartiments
cel-lulars, incloent el citoplasma, el nucli, 'espai mitocondrial intermembrana, els lisosomes i els

peroxisomes.

Els estudis genétics van comencar amb la identificacié d’onze mutacions sense sentit en el gen Sod1
en 13 families diferents (Rosen et al., 1993). Actualment, s’han descrit en pacients d’ELA més de 150
mutacions en aquest gen distribuides en totes les regions dels 153 aminoacids del polipéptid de la
SOD1 (Fig. 2). Les mutacions en aquest gen representen aproximadament un 20% de les formes
familiars d’ELA, essent de transmissid autosomica dominant, i constituint un 1% de les formes

esporadiques (G. Kim et al., 2020; Zou et al., 2017).
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Figura 2 | Diagrama de les mutacions descrites en la proteina SOD1 humana. S’observa tota la sequéncia
d’aminoacids de la proteina SOD1 amb les 155 mutacions descrites en pacients amb ELA. Extret de Saccon et al., 2013.

No totes les mutacions en la SOD1 causen la mateixa clinica, per exemple, la mutacié SOD1°°** en

homozigosi (és d’heréncia recessiva) causa una clinica moderada, amb una supervivencia mitja de
més de 10 anys; en canvi, la mutacié SOD1**Y és dominant i causa una ELA rapidament progressiva

(Hulisz, 2018; Su et al., 2014).

Tot i les multiples alteracions genetiques associades a la SOD1, la patologia no correlaciona amb una
disminucié de I'activitat enzimatica d’aquesta proteina. La SOD1 mutada és neurotoxica degut a un
guany de funcid causant el mal plegament de la proteina (misfolded SOD1 (mfSOD1)) i implicant una
acumulacid i agregacié d’aquesta. Aquests agregats poden interferir en la funcié d’altres proteines
cel-lulars, interferir en el normal funcionament del sistema ubiquitina-proteasoma i, fins i tot, causar
disfuncions en diferents organuls com els mitocondris o el reticle endoplasmatic (Fig. 3) (Morgan &

Orrell, 2016).

Tot i la presencia de SOD1 en el citosol de totes les cél-lules, la vida mitjana d’aquesta és major en les MNs.
Sembla ser que el dany oxidatiu, el qual s’acumula amb el temps afectant especialment cel-lules
postmitotiques com sén les neurones, indueix preferentment el mal plegament de la SOD1 mutada,

cosa que explicaria parcialment la selectiva vulnerabilitat de les MNs a I'ELA en presencia de la SOD1

mutada (Su et al., 2014).
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Figura 3 | Possibles mecanismes neurotoxics a conseqiiéncia de I'agregacié de la mfSOD1. Els agregats de mfSOD1
poden estar induint I'agregacié de components citoplasmatics essencials; saturant el proteasoma i per tant, afectant la
degradacié proteica; col-lapsant les xaperones alterant aixi el correcte plegament de les proteines; i danyant els
mitocondris. Extret de Boillée et al., 2006.

Després del descobriment de la mutacié de I'enzim SOD1, el gen mutat de la Sodl humana es va
inserir en un ratoli, generant un model animal transgenic que reproduia el fenotip de I'ELA humana
in vivo, obrint aixi la possibilitat d’investigar els mecanismes etiopatogenics subjacents a la malaltia
(Gurney et al., 1994; Ripps et al., 1995). Des de llavors, el model animal més utilitzat en la recerca
preclinica en el context d’ELA és el ratoli amb la mutacié SOD1%%** (Gois et al., 2020). Aquest ratoli
transgénic sobreexpressa una variant mutada del gen huma per la SOD1 sota el control del promotor
huma Sod1. L’agressivitat de la malaltia depén del nivell de sobrexpressio del transgen, ja que en
funcié del numero de copies variara la precocitat del debut simptomatoldgic aixi com la velocitat de
progressié (Thomas Philips & Rothstein, 2015). Aixi doncs, el model de ratoli SOD1°*** reprodueix

bastant fidelment els simptomes clinics de la malaltia (Boillée et al., 2006; Kanning et al., 2010).

En aquesta tesis, s’utilitzen ratolins que expressen alts nivells de 'enzim SOD1%%** huma el qual causa
una rapida progressio de la malaltia, sent la vida maxima d’aquests animals 120 + 9 dies. Els primers
30 dies postnatals (p30) son clinicament asimptomatics, pero ja en aquesta fase es poden detectar
algun canvis fisiopatologics en les MNs. Des de p30 fins a p60, els animals comencen a desenvolupar

simptomes conductuals lleugers sense clinica evident, corresponents al periode presimptomatic.
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Entre p60 i p90 es manifesten els simptomes clinics caracteristics (tremor, rigidesa,...). Finalment,
entre p90 i p120, els ratolins entren en la fase terminal, on hi ha una perdua massiva de MNs, els

simptomes clinics tals com espasticitat i paralisi es fan més evidents i progressen rapidament fins a

Figura 4 | Representacié esquematica de les diferents fases de la progressié de I'ELA en el ratoli SOD1%***, Fins a

p30 no presenten cap simptoma clinic; de p30 a p60 no tenen clinica evident pero ja s’observen canvis a nivell
cel-lular; de p60 a p90 debuta la clinica de I'ELA progressant rapidament fins que als 3 mesos d’edat es produeix la
mort de I'animal. Les imatges mostren una secci6 transversal de medul-la espinal on s’ha immunomarcat les
neurones (verd) i on en la banya ventral de la medul-la espinal (cercles amb linia discontinua) es pot observar la
pérdua massiva de MNSs. Creat amb Biorender.

causar la mort de I'animal (Mancuso et al., 2012; B. Turner & Talbot, 2008) (Fig. 4).

No obstant, existeixen altres ratolins transgenics que tenen delecions, insercions, altres mutacions
puntuals o mutacions que provoquen una proteina truncada de la SOD1 que també reprodueixen el

fenotip de I'ELA humana.

També hi ha altres models animals amb mutacions en el gen per la SOD1 que s’utilitzen per estudiar
I’ELA com sén les rates, amb la mutacié SOD1°%** o0 SOD1™®® (Howland et al., 2002; M. Nagai et al.,
2001; Sanagi et al., 2010); el peix zebra (Danio rerio), amb la mutacié SOD17” o0 SOD1°**® (Benedetti
et al., 2016; Da Costa et al., 2013; Powers et al., 2017; Ramesh et al., 2010); les mosques (Drosophila
melanogaster) en la que s’insereix el gen huma per la SOD1 amb mutacions puntuals (Watson et al.,
2008), o fins i tot el nematode (Caenorhabditis elegants) (Cornaglia et al., 2016; J. Li et al., 2013,
2014; Oeda et al., 2001) o el llevat (Saccharomyces cerevisiae) (Bastow et al., 2016; Gois et al., 2020;
Martins & English, 2014).
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Tots aquests models reprodueixen certs aspectes de I'ELA, perd no totes les caracteristiques que
s’han descrit en pacients. Tot i aix0, han servit per millorar el coneixement sobre els aspectes basics

de la fisiopatologia d’aquesta malaltia.

1.6.2. Chromosome 9 open reading frame 72

Fisiologicament el gen C9orf72 codifica per la proteina “Guanine nucleotide Exchange C9orf72”
(C90RF72) la qual, tot i que la seva funcié no es coneix completament, sembla estar involucrada en la
regulacié de I'autofagia. Aquest gen s’expressa en diversos organs i teixits cel-lulars, tals com el SNC,

els limfocits, la medul-la ossia i la melsa.

En I'intrd 1 del gen s’hi localitza I’'hexanucleotid GGGGCC, el qual en individus sans pot estar repetit
de 2 a 25 vegades. En pacients d’ELA aquesta seqliencia pot estar repetida de centenars a milers de
cops, donant lloc a ARN missatgers (ARNm) i proteines disfuncionals (Delesus-Hernandez et al., 2011;
Renton et al., 2011). Actualment, I'expansié d’aquest hexanucleotid és la causa genética coneguda
més freqlient d’ELA (25-40% de casos familiars), d’heréncia autosomica dominant i associada a
demeéncia frontotemporal. També representa un 5-7% dels casos esporadics de pacients amb

ancestres europeus (Hulisz, 2018; G. Kim et al., 2020; Zou et al., 2017).

Aquesta expansid indueix neurodegeneracid via un guany de funcié toxica del ARN i/o de la proteina.
L'ARNm transcrit segresta proteines d’'unié a ARN (RNA binding proteins), disminuint la quantitat

d’aquestes proteines en la cel-lula i alterant aixi el metabolisme de I’ARN.

Una caracteristica d’aquesta expansié és que pot promoure la traduccidé no iniciada per ATG de
I’hexanucleodtid en 6 sentits diferents, la qual cosa produeix repeticions de 5 dipéptids diferents
extremadament hidrofobics que s’agreguen i que s’han localitzat acumulats en regions afectades per
I'ELA (Fig. 5). També s’han de tenir en compte les alteracions epigenétiques d’aquest gen, ja que la
hipermetilacié de les citocines de I'hexanucleotid es correlaciona amb supervivéncies més curtes.
Aixo0 fa que es proposi aquesta alteracid epigenéetica com un possible marcador de mal pronostic per

I'ELA (Morgan & Orrell, 2016; Su et al., 2014).

En relacié als models animals generats, presenten la insercié d’'un nimero de repeticions variables
(entre 100 — 1000) com a minim de I’'hexanucleotid GGGGCC. El principal model és el ratoli. Malgrat
s’han generat diferents ratolins amb alteracions motores lleus i que no desenvolupaven paralisi
motora, Liu et al., (2016), ha caracteritzat un model de ratoli que desenvolupa les caracteristiques

d’ELA C90rf72. Aquest ratoli reprodueix trets neuropatologics com alteracions en la unid
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neuromuscular, perdua de MNs, reduccid de la mida dels axons, inclusions citoplasmatiques,

degeneracié en I’hipocamp aixi com paralisi motora i disminucié de la supervivencia.
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Figura 5 | Representacié dels mecanismes patologics en els que esta involucrat C9orf72. L’expansié es pot
transcriure bidireccionalment, causant la produccié de sequéncies curtes de ARN les quals poden segrestar les
proteines d’unid al ARN i alterar la seva homeostasis; o traduir-se i causar la produccié de peéptids toxics per les
cél-lules. Adaptat de Cappella et al., 2019.

1.6.3. Tar DNA Binding Protein 43

Tar DNA binding protein 43 (TDP-43) és la proteina codificada pel gen Tardbp. Es una proteina que
s’uneix tant al ARN com al acid desoxiribonucleic (ADN), per la qual cosa la seva localitzacié habitual

és en el nucli. La seva funcid és regular diversos passos del metabolisme de I’ARN, tals com I'splicing,

que interacciona amb I’ARN missatger de més de 6000 gens, on s’uneix preferentment en seqliéncies
riques en UG les quals es localitzen en els introns, en regions no codificants d’ARN i regions

intergéniques.

En I'ELA, la proteina TDP-43 es deslocalitza del nucli i es situa en el citoplasma, on es troba
hiperfosforil-lada i formant agregats en un 97% de pacients d’ELA (Sreedharan et al., 2008). Tot i
I'associacié del TDP-43 amb I'ELA, en pocs casos la mutacié d’aquesta és |'etiologia principal de la
malaltia, ja que només s’ha descrit en un 2-5% de les formes familiars amb heréncia autosomica

dominant, i en menys d’1% en casos rars de les formes esporadiques (Lagier-Tourenne & Cleveland,
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2009; Zou et al., 2017), indicant que TDP-43 pot estar implicada en el mecanisme patogenic de la

malaltia (G. Kim et al., 2020).

Es parla que TDP-43 mutada pot tenir una funcid toxica tant per guany de funcié com per perdua de
funcid. El guany, és degut a la localitzacid citoplasmatica, on indueix neurotoxicitat mitjancant Ila
disrupcié dels granuls citoplasmatics, els quals s’agreguen i formen les inclusions citoplasmatiques de
proteines ubiquitinitzades descrites en I'ELA (Fig. 6). La péerdua de funcié és conseqliéncia de la

deslocalitzacid nuclear, ja que deixa de regular el metabolisme de I’ARN nuclear (Morgan & Orrell,

A B

Nuclear depletion of TDP-43
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. : T
~—4 Cytoplasmic TDP-43 aggregates

UAG

1 | 28 |—Aasn

Figura 6 | Esquema de la neurotoxicitat mediada per TDP-43. En condicions fisiologiques, TDP-43 es localitza
essencialment en el nucli, on regula el metabolisme de molts ARNm. En I'ELA, es deslocalitza del nucli, alterant aixi
d’expressio de les proteines que modula i causant agregats en el citoplasma. Extret de kim et al., 2020.

2016; Su et al., 2014) i s’altera I'expressio de totes les proteines que regula (G. Kim et al., 2020).

Les mutacions en el gen Tardbp es concentren en el domini C-terminal de la proteina per la que
codifiquen. Algunes d’aquestes mutacions s’han traslladat a models animals tals com el primat
Macaca fascicualis (Uchida et al., 2012), en ratoli (Alfieri et al., 2016; P. Wang et al., 2017), en rates
(Dayton et al., 2013; Huang et al., 2012; Tong et al., 2013), en el peix zebra (Kabashi et al., 2011;

Vaccaro et al., 2013) i en mosques (J.-C. Chang et al., 2014).
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Aguests animals transgenics tenen un nimero variable de copies del gen Tardbp mutat. La patologia i
el fenotip d’aquests models depen del nimero de copies del transgén, del promotor genetic, el fons
genetic de I'animal i de la propia mutacié. Algunes de les mutacions en TDP-43 que s’han introduit en
ratolins sén TDP-43"%T TpP-43V337Y TDP-43%%3 TDP-43%%C totes elles causen fenotip motor

(Thomas Philips & Rothstein, 2015).

Tots aquests models reprodueixen certes caracteristiques tipiques de I'ELA com sén la debilitat
muscular progressiva, els déficits motors, la perdua neuronal, les fasciculacions,... pero cap recrea el

fenotip complet (Gois et al., 2020).

1.6.4. Fused in sarcoma/translocated in liposarcoma

En condicions fisiologiques, la proteina Fused in sarcoma/translocated in liposarcoma (FUS) també és
una proteina que s’uneix a I’ADN/ARN, per tant, també es localitza en el nucli i esta involucrada en la
reparacido de I’ADN després del dany aixi com en diversos aspectes del metabolisme de I’ARN

(transcripcid, splicing, transport, estabilitat i biogénesis de microARNs) regulant més de 5500 ARNm.

Les mutacions en FUS poden ser causa de formes d’ELA (Kwiatkowski et al., 2009), ja que s’han
descrit més de 50 mutacions diferents en aquest gen en pacients d’ELA, de les quals moltes causen

una deslocalitzacié de FUS del nucli cap a citoplasma.

Aquesta proteina mutada s’ha observa en aproximadament un 4% de pacients amb ELA familiar,
tipicament amb una heréncia autosomica dominant, i en menys d’1% en pacients aparentment amb

ELA esporadica (Lagier-Tourenne & Cleveland, 2009; Zou et al., 2017).

La patogénesi de FUS en I'ELA és similar al que succeeix amb el TDP-43. S’hi associa un guany de
funcié degut a la formacid d’agregats en el citoplasma on també altera els granuls d’estres
citoplasmatic; i una pérdua de funcié resultat de la localitzacié6 anomala en el citoplasma, que
comporta la perdua de les seves funcions nuclears, on deixa de regular aproximadament 640 ARNm i
I'splicing de 300 ARNm més (Vance et al., 2009). Tot i que FUS i TDP-43 sembla que tenen un
comportament similar, exerceixen les seves funcions, tant fisiologiques com alterades, per vies

neurotoxiques diferents (G. Kim et al., 2020; Morgan & Orrell, 2016; Su et al., 2014).

En referéencia als models animals, els rosegadors sén els més utilitzats, tot i que també existeixen
models en peixos, mosques i nematodes. Es caracteritzen per reproduir aspectes com alteracions

motores progressives, degeneracié axonal, perdua de neurones i finalment paralisis muscular.
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Mecanismes

patogenics en
I’Esclerosi Lateral
Amiotrofica

L'etiopatogenia subjacent a I'ELA no es coneix, perd tal com succeeix en altres malalties
neurodegeneratives, sembla que pot tenir un origen multifactorial, on hi estarien involucrats
diversos mecanismes cel-lulars no excloents entre ells (Kiernan et al.,, 2011; Mancuso & Navarro,

2015).

Les alteracions en els gens que en les ultimes décades s’han associat a I'ELA, es poden agrupar
vagament segons la funcid que desenvolupen: aquells que alteren la proteostasis i el control de
qualitat de les proteines; aquells que pertorben aspectes de I’ARN tals com I'estabilitat, la funcié i el
metabolisme; i en aquells que modifiquen la dinamica del citoesquelet entre I'axdé de la
motoneurona i el terminal distal (Morgan & Orrell, 2016). La convergéncia de les diferents
alteracions genétiques relacionades amb I'ELA en aquests processos cel-lulars, suggereix possibles
mecanismes etiopatogenics de la malaltia, que inclis podrien estar interaccionant entre ells per

acabar provocant el fenotip de la malaltia.

Encara que I'ELA esporadica es presenta com una malaltia sense un historial amb component genétic
clar, a part de la preséencia d’agregats proteics que contenen TDP-43 i FUS en un 1% dels casos (tal i
com s’ha esmentat anteriorment), els avengos tecnologics sobre la seqiienciacié de I’ADN han revelat
que d’un 1-3% dels casos esporadics d’ELA presenten mutacions de SOD1 (Gamez et al., 2006) i en un
5% o més sén causades per expansions introniques de C9orf72 (Cooper-Knock et al., 2012). A més,
un estudi indica que la SOD1 no mutada o salvatge (wild-type (WT)) pateix modificacions

posttraduccionals que resulten neurotoxiques per les MNs (Bosco et al., 2010). Aquests resultats
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posen de manifest que les formes familiars d’"ELA comparteixen mecanismes etiopatogeénics comuns

amb les formes esporadiques, on la SOD1 juga un paper central.

En base als processos cel-lulars alterats, s’han proposat diverses hipotesis per intentar elucidar la

causa patogenica primaria de I'ELA (Fig. 7): l'estrés oxidatiu, [|’excitotoxicitat, la disfuncié
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Figura 7 | Principals hipotesis sobre els mecanismes fisiopatologics contribuents a la degeneracié de les
MNs en I'ELA. (1) Estrés oxidatiu, (2) disfuncié mitocondrial, (3) excitotoxicitat, (4) alteracié de I’homeostasi
proteica, (5) estres de reticle endoplasmatic, (6) alteracions en la transcripcio i processament de I'ARN, (7)
alteracions axonals i (8) neuroinflamacid. Adaptat de Mancuso and Navarro, 2015.

mitocondrial, I'alteracidé en ’homeostasi proteica, I'estrés de reticle endoplasmatic, les alteracions en
la transcripcid i processament de I’ARN, alteracions axonals i la neuroinflamacid (Ferraiuolo et al.,

2011).

2.1. Estres oxidatiu

En organismes vius i sota condicions aerobiques, més del 90% d’oxigen que es consumeix s’acaba
reduint a aigua en la cadena transportadora d’electrons localitzada en la membrana interna

mitocondrial, la funcié principal de la qual és produir energia. El subproducte final de la cadena
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transportadora d’electrons és I'anié superoxid (O,), compost toxic que mitjancant successives
reaccions de reduccié-oxidacid, s’acaba transformant en aigua. En el procés de detoxificacid, es
poden produir diverses espécies reactives d’oxigen (Reactive Oxigen Species (ROS)), les quals son
guimicament inestables i reaccionen amb molta facilitat amb els diferents components cel-lulars,
oxidant-los i, moltes vegades, causant-los-hi disfuncionalitat. Per evitar aquest dany oxidatiu, les

cél-lules tenen sistemes antioxidants destinats a eliminar els ROS abans que aquests reaccionin.

La produccio i I'eliminacié de ROS ha d’estar en equilibri, ja que del contrari, es pot produir una
acumulacié de ROS donant com a resultat estrés oxidatiu en les cél-lules (Lushchak, 2014). Les
cél-lules amb cicle mitotic actiu, poden utilitzar les divisions cel-lulars per diluir I'estres oxidatiu i fer-
hi front més eficientment, procés que no es pot donar en les neurones, cosa que explicaria que

aquestes siguin més propenses a degenerar (Ferraiuolo et al., 2011).

Entre els agents antioxidants trobem la SOD1, la qual catalitza la dismutacié de I'anié superoxid en
oxigen i peroxid d’hidrogen. Es per aixo, que quan es va identificar que les mutacions de SOD1
estaven associades a formes familiars d’ELA, es va suggerir que era deguda a una péerdua de I'activitat
enzimatica de I'enzim SOD1 (Morgan & Orrell, 2016). Posteriorment es va demostrar que la mort
selectiva de les MNs estava relacionada amb un guany de funcié toxica per I'acumulaciéo de mfSOD1,
més que en la péerdua de la seva funcid antioxidant, ja que la delecié de la SOD1 en ratolins no
desencadenava la degeneracié de MNs (Reaume et al., 1996), evidenciant aixi la independéncia de

I'activitat enzimatica de la SOD1 en relacié al fenotip ELA.

No obstant, I'analisi de mostres bioldogiques tant de pacients amb ELA esporadica com familiar,
presenten concentracions elevades de marcadors de dany oxidatiu (Mitsumoto et al., 2008; Simpson
et al., 2004; R. G. Smith et al., 1998). Alhora, també s’ha demostrat la preséncia de dany oxidatiu en
proteines (Shaw et al., 1995), lipids (Simpson et al., 2004) i ADN (Bogdanov et al., 2000) en teixit

postmortem de pacients d’ELA (Mancuso & Navarro, 2015).

En base a aquestes observacions, i després de multiples assajos clinics amb molécules antioxidants
(Barber et al., 2006), I’Agéncia Americana del medicament (Food and Drug Administration (FDA)) va
aprovar l'any 2017 el farmac Edavarone per al tractament de I'ELA. Aquesta molécula antioxidant
s’ha descrit que elimina la peroxidacid de lipids i els radicals hidroxils. Clinicament, actua alentint la

progressié de la malaltia (Jeffrey D. Rothstein, 2017).

Multiples estudis han demostrat que I'estrés oxidatiu exacerba altres processos fisiopatologics com
son I'excitotoxicitat, el dany mitocondrial, I'agregacié de proteines, entre d’altres, cosa que en

conjunt, contribueix a danyar les MNs (Barber et al., 2006) (Ferraiuolo et al., 2011). Aixi doncs, tot i
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que l'estrés oxidatiu no sembla ser la causa primaria de I'ELA, pot ser un mecanisme secundari que

contribueixi a empitjorar totes les altres alteracions cel-lulars reportades en I’ELA.

2.2. Disfuncié mitocondrial

Els mitocondris son organuls cel-lulars que intervenen en processos essencials, com sén el
metabolisme energetic, ’homeostasi del calci, la biosintesi de lipids i I"apoptosi. Es per aixo, que
guan es produeixen alteracions en els mitocondris, sobretot en célllules tant exigents
metabolicament com sén les neurones, les conseqiiéncies poden ser molt perjudicials. En I'ELA, s’han
descrit alteracions en |'estructura, en la dinamica, la bioenergética i en el tamponament del calci

(Ferraiuolo et al., 2011; E. F. Smith et al., 2017).

Un dels primers canvis histopatologics que s’observen en les MNs, tant de pacients d’ELA com en
models animals amb la proteina SOD1 mutada, és una estructura mitocondrial alterada amb un
aspecte inflat i vacuolitzat (Kong & Xu, 1998; Sasaki & Ilwata, 2007). En models in vivo, s’observen
agregats de proteines mal plegades en vacuoles situades en |'espai intermembrands mitocondrial, les
guals poden arribar a tenir grans dimensions i que provoquen disfuncionalitat en I'organul. Aquestes
alteracions estructurals s’observen inclis abans del debut simptomatic, cosa que suggereix que

aquest fenomen pot ser un esdeveniment primerenc en la fisiopatologia de I'ELA (Wong et al., 1995).

També s’ha descrit que es produeix una disminucié de la taxa de respiracié mitocondrial (Mattiazzi et
al., 2002; Wiedemann et al., 2002), fet que s’associa a un augment de la produccié de ROS. S’ha
descrit que formes mfSOD1 s’uneixen al canal anionic voltatge depenent (VDAC1) que es troba en la
membrana externa del mitocondri. La unié de SOD1 al canal, bloqueja el flux de metabolits, tant
d’entrada com de sortida, la qual cosa condueix a una menor produccié energética i excés d’estres
oxidatiu (Israelson et al., 2010). Aquest excés de ROS, afecta de forma important els mitocondris,
especialment a ’ADN mitocondrial, cosa que també condueix a alterar la funcionalitat mitocondrial

(Cuietal., 2012).

En referéncia a '"homeostasi del calci, hi ha estudis que demostren una pérdua significativa de la
capacitat de tamponament d’aquest catio per part dels mitocondris en models de mSOD1 (Damiano
et al., 2006). Secundariament, aquest fenomen, incrementa la susceptibilitat de la neurona a

I’excitotoxicitat mediada per glutamat (Parone et al., 2013).

Finalment, els mitocondris sén organuls molt dinamics els quals es fissionen o fusionen en funcié dels

requeriments energétics puntuals de la cél-lula. La fusid permet als mitocondrials compartir
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metabolits, ADN i proteines. La fissid facilita la motilitat i permet I’aillament de parts danyades i a la
seva eliminacid per mitofagia (Chan, 2012). Hi ha evidéncies d’alteracions en la dinamica de

fissio/fusié mitocondrial en 'ELA (E. F. Smith et al., 2017) .
2.3. Excitotoxicitat

El glutamat és el principal neurotransmissor amb propietats excitadores del SNC. Durant la
neurotransmissiod glutamatérgica, el glutamat és alliberat per la neurona presinaptica i s’uneix als
seus receptors presents en la membrana de la neurona postsinaptica. Funcionalment, el subtipus de
receptors per glutamat AMPA sén els més importants per modular rapidament la transmissio
excitadora. Aquest esta constituit per tetramers formats per una associacio variable de 4 subunitats
(GluR1-4) i és permeable al calci en graus variables. La permeabilitat, esta determinada per la
abséncia/preséncia de la subunitat GIuR2 en el tetramer: si aquest esta present el receptor té una
baixa permeabilitat en comparacié amb els que no el tenen. La impermeabilitat al calci dels receptors
AMPA-GIuR2 es deu a la introduccié d’una arginina en la posicié 586 de la subunitat GIuR2 enlloc de

la glutamina mitjangant modificacions posttranscripcionals (Kawahara et al., 2004).

L’abséncia de la subunitat GIuR2 en MNs espinals d’humans, proporciona un possible mecanisme pel
qgual les alteracions de la neurotransmissié del glutamat en I'ELA afecten de manera selectiva a
aquest grup cel-lular (Williams et al., 1997). A més, les MNs tenen una capacitat limitada per
tamponar els increments intracel-lulars de calci, ja que expressen baixos nivells de proteines
tamponadores d’aquest catio, cosa que les fa més propenses a I'excitotoxicitat (Van Den Bosch et al.,

2006).

L'activacié d’aquests receptors de glutamat provoca un influx d’ions sodi i calci cap a l'interior de les
cél-lules, causant una despolaritzacié que donara lloc al potencial d’accié. L'accié del glutamat sobre
els receptors és rapida i transitoria. La senyal excitadora s’acaba degut a I’eliminacié del glutamat de
la fenedura sinaptica per part dels transportadors especifics de glutamat (excitatory amino acid
transporter, EAAT) presents en neurones i astrocits (Foran & Trotti, 2009). D’aquests, el més afi i
abundant és el EAAT2 o GLT-1, que s’expressa prominentment en els astrocits del SNC (Van Den

Bosch et al., 2006).

L'excessiva activacié dels receptors de glutamat causa dany neuronal, fenomen conegut com
excitotoxicitat (Olney, 1989). Elevacions agudes de I'activitat glutamatérgica es creu que indueixen
dany neuronal; elevacions moderades pero croniques s’han associat a malalties neurodegeneratives

(Van Den Bosch et al., 2006).
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Aguest augment de I'activitat dels receptors provoca un influx de calci cap a I'interior de les cel-lules,
cosa que altera I'homeostasi del calci intracel-lular. Aquest excedent de calci, pot resultar en
I'activacié de molts enzims com lipases, fosfolipases, proteases, endonucleases, fosfatases de
proteines, entre d’altres. A més, la disfuncié mitocondrial degut a I'augment de calci en el mitocondri
i la subsequent formacié de ROS, també poden contribuir a la mort cel-lular excitotoxica (Ferraiuolo

et al., 2011; Kiernan et al., 2011).

L’excitotoxicitat pot ser deguda a un increment en el glutamat de I'espai extracel-lular o un
increment en la sensibilitat de la neurona postsinaptica al glutamat. L'increment extracel-lular, pot
ser resultat de la disrupcié de la membrana presinaptica o de la manca de la recaptacié del glutamat
en la fenedura sinaptica. S’han detectat deficits en el transport de glutamat a partir de sinaptosomes
aillats en el cortex motor i en medul-les espinals de pacients amb ELA (Jeffrey D. Rothstein et al.,
1992). Aquest déficit s’ha atribuit a la pérdua selectiva del transportador astrocitari EEAT2. El
mecanisme pel qual es produeix la perdua de EAAT2 ha sigut objecte d’intensa recerca, perd no hi ha

una associacio clara entre mutacié i malaltia (Van Den Bosch et al., 2006).

Les principals evidencies que donen suport a I'excitotoxicitat com a mecanisme implicat en la
fisiopatologia de I'ELA, per una banda, és que s’ha descrit I'elevacié de 3 vegades els nivells de
glutamat en el liquid cefaloraquidi de pacients amb ELA (T. L. Perry et al., 1990). D’altra banda, la
Unica estrategia que actualment s’utilitza per alentir la progressid de la malaltia és el Riluzole, el
mecanisme d’accié del qual passa per inhibir I'alliberacié presinaptica de glutamat, entre altres
(Ludolph & Jesse, 2009; Mancuso & Navarro, 2015). Tot i aix0, no hi ha evidencies clares de que sigui

el mecanisme primari de la malaltia (Ferraiuolo et al., 2011).

2.4 Alteracio de I’lhomeostasi proteica

En condicions fisiologiques hi ha d’haver un equilibri entre la produccid i la degradacié de proteines
en les cél-lules per tal de mantenir I’homeostasi proteica, la qual és essencial pel funcionament i
supervivencia cel-lular. Per a que les proteines siguin funcionals després de sintetitzar-se, es
necessita que adquireixin una estructura tridimensional especifica. Les cel-lules tenen mecanismes
de control de qualitat de les proteines, per tal de detectar i reparar proteines que no s’han plegat
correctament i evitar que s’agreguin (Braakman & Bulleid, 2011). En el cas que no s’aconsegueixi
corregir les proteines defectuoses, aquestes es degraden via el sistema ubiqlitina-proteasoma
(Ciechanover & Brundin, 2003; Ciechanover & Kwon, 2015) o per la via autofagia-lisosomal

(Mizushima & Komatsu, 2011).
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En diverses malalties neurodegeneratives I’homeostasi proteica es desequilibra degut a un fracas en
la reparacié o degradacié de proteines mal plegades, les quals s’acumulen formant agregats

potencialment toxics en diferents regions del SNC (Ruegsegger & Saxena, 2016).

Els agregats proteics tant dins les MNs com en la glia circumdant, sdn una caracteristica present en
I'ELA (Nishihira et al., 2008; Piao et al., 2006; H. Zhang et al., 2008). En la gran majoria de les formes
esporadiques i familiars d’ELA es troben inclusions proteiques de TDP-43 (Arai et al., 2006; Neumann
et al., 2006), excepte en els pacients amb mutacions en la SOD1 o en FUS, els quals presenten
agregats d’aquestes proteines respectivament (Kwiatkowski et al., 2009; Mackenzie et al., 2007;

Vance et al., 2009; M. Watanabe et al., 2001).

Per la seva banda, la mfSOD1 no només sembla escapar del procés normal de degradacid via
proteasoma, sind que també té efectes toxics en la propia maquinaria de degradacioé (S. Chen et al.,
2012; Cheroni et al., 2009; Robberecht & Philips, 2013). Al seu torn, I’activitat proteasomal reduida

promou I'acumulacié de SOD1 mutada en forma d’agregats (Crippa et al., 2010).

Altres inclusions associades a I'ELA sdn els cossos de Bunina, els quals estan formats per cistatina C i
transferrina (Okamoto et al., 1993). Aquests agregats, tot i trobar-se en aproximadament el 86% de

pacients amb formes esporadiques, no esta clar quin paper tenen en la fisiopatologia.

La presencia d’inclusions en les MNs de gairebé tots els pacients d’ELA, aixi com en tots els models
animals, suggereix que el col-lapse de la proteostasi pot contribuir en I'etiologia de I'ELA. Es per aixo,
que influir en els diferents processos involucrats en I'homeostasi proteica s’ha proposat com a
possible diana terapéutica. No obstant, també es postula I'agregacié proteica com un mecanisme
defensiu de les cel-lules, concentrant i aillant proteines toxiques per tal d’evitar que causin dany als

altres components cel-lulars i facilitar aixi I’eliminacié d’aquestes (Webster et al., 2017).

2.5. Estrés de reticle endoplasmatic

El reticle endoplasmatic (RE) és I'estructura membranosa on es sintetitzen les proteines. El RE té un
paper fonamental en la maduracié i en el control de qualitat de les proteines i només permet

I’exportacio d’aquelles que estan plegades i modificades correctament (Braakman & Bulleid, 2011).

Sén les xaperones residents en el RE les que reconeixen I'acumulacié de proteines mal plegades i
activen la resposta corresponent a proteines mal plegades (unfolded protein response (UPR)), la qual

para la traduccid de proteines en el reticle i activa els mecanismes de degradacié. Tot i que aquests
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mecanismes es consideren protectors en el seu inici, una activacié prolongada de la UPR condueix a
la mort de les cel-lules (Kaufman, 2002). Les proteines associades a la UPR s’han vist incrementades
en pacients d’ELA esporadica (Atkin et al., 2008) i en models animals de mfSOD1 (Saxena et al.,

2009).

En els dltims anys, s’han descrit evidéencies de disfuncié entre la senyalitzacié de RE i el mitocondri,
com un nou mecanisme que pot estar involucrat en la mort de les MNs (Mancuso & Navarro, 2015).
En aquesta alteracié hi podria estar implicada la xaperona Sigma receptor-1 (SR1), la qual es
relaciona en els contactes RE-mitocondri aixi com en la cisterna subsinaptica de les sinapsis
colinergiques (Mavlyutov et al., 2012). La seva alteracié afecta la senyalitzacio intracel-lular de calci,
altera el transport mitocondrial i indueix estrés de reticle (Bernard-Marissal et al., 2015). La proteina

SR1 s’ha vist alterada en formes adultes i juvenils d’ELA (Al-Saif et al., 2011; Luty et al., 2010).

2.6. Alteracions en la transcripcid i processament de I’ARN

L'expressid genica és un procés altament regulat per mecanismes cel-lulars complexos a través dels

guals es genera, s’emmagatzema, madura, es transporta i es tradueix I’ARN.

La identificacié de mutacions en la proteina TDP-43 en formes familiars i esporadiques d’ELA, aixi
com la seva deslocalitzacié del nucli al citoplasma, on és la principal component de les inclusions
proteiques ubiquitinitzades (Neumann et al., 2006), va suggerir que les alteracions en el metabolisme
de I’ARN podrien ser un mecanisme fisiopatologic subjacent a la malaltia. Aquesta hipotesis va ser
reforgada al també trobar-se deslocalitzada al citoplasma la proteina FUS, una altra proteina d’unié al

ADN/ARN.

A part de les mutacions directes en aquestes proteines, també hi ha evidéncies que suggereixen que
I’oxidacio de I’ARN també contribueix a danyar les MNs en I'ELA, ja que s’han detectat ARNs oxidats
en pacients i en el model animal de mfSOD1 (Y. Chang et al., 2008). També s’ha descrit certa

repressio transcripcional en el model animal de mfSOD1 (Ferraiuolo et al., 2007; Kirby et al., 2005).

2.7. Alteracions del transport axonal

Les MNs sdn unes cel-lules altament polaritzades amb axons molt llargs, que en el seu extrem més

distal fan sinapsis amb el muascul (unié neuromuscular). Degut a la longitud d’aquests axons, es



INTRODUCCIO

requereix de mecanismes per transportar components essencials (proteines, vesicules, organuls,...) a
I’'extrem de I'axd, per tal de que aquest continui sent funcional. La principal maquinaria utilitzada pel
transport axonal bidireccional es produeix mitjangant les cinesines, responsables del transport

anterograd, i les dineines, involucrades en el transport retrograd (Ferraiuolo et al., 2011).

L’ELA s’esta redefinint com una axonopatia distal, en la que molts canvis moleculars que influencien
la degeneracid de les MNs succeeixen distalment en I'axé o en la unié neuromuscular en estadis molt
inicials de la malaltia, inclus abans del debut clinic. En els ultims anys, la hipotesi anomenada dying-
back ha guanyat importancia en el context fisiopatologic de I'ELA, ja que hi ha evidéncies que la

suporten tant en models animals com en pacients (Fischer et al., 2004).

D’acord amb aquesta hipotesi, els canvis funcionals i patologics en els segments més distals dels
axons motors i els terminals nerviosos apareixen en primer lloc i progressen proximalment cap al
soma de les MNs, provocant secundariament la degeneracio d’aquestes i conseqliientment, I'aparicié
dels simptomes clinics (Moloney et al., 2014) . Aquesta teoria manté també que la malaltia
comengaria degut a una lesid subletal en el soma de les MNs, cosa que es manifestaria en la part més
vulnerable de la MN, I'axd. Aix0 causaria I'alteracid en el transport axonal i conseqientment la
disminucié de I'aportacié de components essencials a I'extrem distal de I'axd, provocant els canvis
funcionals i patologics. Aix0 concordaria amb les anomalies en el trafic d’organuls descrit en els

axons de pacients d’ELA (Breuer et al., 1987).

Estudis morfologics del curs temporal en el model de ratoli SOD1, han demostrat que es produeix
desnervacié muscular i una pérdua important d’axons motors abans de la degeneracié de cossos de

MNs, cosa que suporta la hipotesi del dying-back en I'ELA (Fischer et al., 2004).

D’altra banda, la teoria del dying-back pot integrar les altres teories: el cimul de complexes
insolubles de mfSOD1 (Johnston et al., 2000) o la toxicitat cronica provocada pel glutamat (J. D.
Rothstein et al., 1993), poden ser els responsables de I'insuficient manteniment de la porcid distal
dels axons, provocant una degeneracié inicial distal perdo mantenint el cos cel-lular intacte. A més, el
transport axonal és un mecanisme altament depenent d’energia, per tant, una funcié mitocondrial
danyada pot portar a un transport defectuds degut a aquesta falta d’energia. Tanmateix, tampoc es
transporten mitocondris cap als terminals, quedant aquests en un deficit metabolic important i

contribuint a la degeneracio (De Vos et al., 2007; K. E. Miller & Sheetz, 2004).

També s’ha descrit I'acumulacié de neurofilaments hiperfosforilats en el citoplasma, en les dendrites

proximals i en els axons de llarg calibre de les MNs espinals, tant en el ratoli SOD1 (B. Zhang et al.,
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1997), provocant un transport axonal anterograd defectuds (Griffin & Watson, 1988), com en les

formes esporadiques i familiars en pacients d’ELA (Hirano et al., 1984; Julien, 1997).

En base a la teoria del dying back, en la present tesis, hem utilitzat el model quirdrgic d’axotomia en
rosegadors, en el qual, mitjancant la interrupcié del nervi ciatic, es reprodueix de forma aguda
aquesta afectacio distal suposadament inicial de I'ELA. Aquest model permet també simular alguns
dels processos patologics de I'ELA, com podria ser la neuroinflamacid i deaferentacié associada a la
medul-la espinal. Classicament, s’ha utilitzat el model d’axotomia per estudiar processos de
regeneracié en el nervi (Leibinger et al., 2016; Savastano et al., 2014); per investigar el dolor
neuropatic (Calvo & Bennett, 2012); o el fenomen de neuroinflamacié, procés interessant d’estudiar
en el context de I'ELA mitjangant aquest model, ja que hi ha evidéncies que relacionen la resposta

inflamatoria i 'ELA (Puentes et al., 2016).

2.8. Resposta glial i neuroinflamacio

Tot i que generalment esta acceptat que la causa primaria de I'ELA es déna en les MNs, diferents
tipus cel-lulars no neuronals tenen un paper fonamental en la patogenesis i progressio de la malaltia
(Beers & Appel, 2019; Morgan & Orrell, 2016; T. Philips & Rothstein, 2014). Corroboren aquesta
teoria estudis en els que es limitava I'expressiéo de mfSOD1 a les cel-lules neuronals i aixd no causava
un fenotip motor suficient com per explicar I'espectre patologic sencer de I'ELA (Clement et al., 2003;

Pramatarova et al., 2001; Yamanaka et al., 2008).

La neurodegeneracidé desencadena una resposta inflamatoria, la qual alhora, contribueix al procés de
neurodegeneracid, establint-se d’aquesta manera un cercle vicios (B. E. Clarke & Patani, 2020; Geloso
et al., 2017; Gupta et al., 2011; Tateishi et al., 2010). S’ha descrit la presencia de neuroinflamacié
tant en casos esporadics com familiars aixi com en models animals transgénics de la malaltia
(Engelhardt & Appel, 1990; Hall et al., 1998; Henkel et al., 2004, 2006; Mantovani et al., 2009;
Schiffer et al., 1996).

La neuroinflamacid inclou I'activacié de la microglia i I'astroglia.

2.8.1. Microglia
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La microglia sén les cél-lules glials de dimensions més petites, constitueixen aproximadament un 5%
del total de cél-lules glials i es defineixen com els macrofags residents del SNC tenint capacitat

migratoria i fagocitica, representant aixi la defensa immunitaria innata en el SNC.

A diferéncia dels altres components del SNC, els quals tenen el seu origen embrionari en el
neuroectoderm, la microglia té origen en el mesoderm. Durant el desenvolupament, precursors
mieloides migren fins al SNC abans de que es formi la barrera hematoencefalica o apareguin les
altres cél-lules glials, i es diferencien donant lloc a la microglia. Aixo implica que aquesta poblacié
glial es manté estable per autorenovacié de la colonia establerta (proliferacid local), i que no hi ha

substitucié per macrofags circulants.

En un context prenatal on s’estan generant les neurones i sense altres components cel-lulars, la
microglia ja desenvolupa funcions fonamentals com donar suport en el procés de neurogenesis,
participa en la mort cel-lular programada i en I’eliminacié fisiologica de sinapsis i esta involucrada en
I’establiment i remodelat dels circuits neuronals, totes elles, funcions que continuara desenvolupant

en etapes perinatals i fases inicials postnatals, entre d’altres.

En condicions fisiologiques durant I'edat adulta, la microglia interacciona amb gairebé tots els
components del SNC. Esta implicada en processos com la remodelacié i modulacié sinaptica, ja que
en monitoritza i regula la seva activitat constantment mitjancant I’'elongacié o retraccié dels seu
lamel-lipodis ramificats. Estudis recents han descrit caracteristiques regio-especifiques i edat-

especifiques de la microglia (Q. Li & Barres, 2018).

La morfologia de la microglia varia en funcié del context en el que aquesta es trobi. Tipicament, la
microglia madura en estat fisiologic es caracteritza per tenir un nucli ovoidal i petit del qual

emergeixen radialment lamel-lipodis o branques primaries poc ramificades. Aquesta microglia en

estat basal, pot esdevenir microglia reactiva en resposta a diversos estimuls externs (patologics o no)
com poden ser la secrecid de citocines, quimiocines, inclus factors trofics i altres molecules com el
trifosfat d’adenosina (adenosine triphosphate, ATP). Aquest estat reactiu, comporta una
reestructuracié morfologica que es caracteritza principalment per I'laugment de les ramificacions dels
lamel-lipodis. Aquesta microglia hiperamificada té I’habilitat de reorientar-se en resposta a canvis en

I'activitat neuronal (Nimmerjahn et al., 2005) o al dany tissular, i estén les branques per migrar

rapidament cap al lloc alterat o danyat (Fig. 8).

La microglia reactiva en condicions patologiques, encara pot convertir-se en microglia fagocitica,
altrament coneguda com a microglia ameboide, en la qual s’observa un gran nucli rodé amb escasses

branques poc ramificades i curtes (Beynon & Walker, 2012; Ransohoff, 2016).
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Figura 8 | Esquema de la remodelacié morfologica de la microglia. La microglia en condicions fisiologiques i en
resposta a determinats estimuls, pot hiperamificar-se i estendre les seves branques per reorientar-se i migrar cap on
s’hagi produit una alteracié. En condicions patologiques, la microglia reactiva pot esdevenir microglia fagocitica.

Adaptat de Beynon & Walker, 2012.

D’altra banda i tret del camp dels macrofags, es poden postular dos tipus d’estats d’activacio

funcional de la microglia: el fenotip M1, com un estat proinflamatori; i el fenotip M2, com un estat

antiinflamatori o relacionat amb la reparacié. Que la microglia tingui un fenotip o I'altre, depén de

I’entorn o els factors que n’estimulen I'activacid, els quals poden promoure

IIII

activacio classica” o

“I'activacid alternativa”. Ambdds processos pro i antiinflamatori podrien estar significativament

influenciats pels limfocits T (Appel et al., 2011; Chiu et al., 2008).

L'activacié classica s’associa amb la induccid de microglia M1 degut a la produccié de citocines

proinflamatories com el factor de necrosis tumoral a (tumoral necrosis factor-a, TNF-a), la

interleucina-1B (IL-1B), I'oxid nitric (nitric oxide, NO) i ROS. Aquesta resposta és essencial per

defensar el sistema de possibles patogens aixi com de |'aparicid de cel-lules potencialment tumorals,

pero alhora, pot causar danys colaterals com és la neurotoxicitat (Fig. 9).

L’activacié alternativa de la microglia, la qual promou el fenotip M2, s’inicia mitjangant I'lL-4 o I'IL-13,

les quals promouen I'expressid de gens associats a funcions antiinflamatories, a factors neurotrofics i

a I'eliminacié d’agregats toxics de proteines i detritus cel-lulars del SNC, per tal de prevenir el dany

neuronal i promoure la supervivéncia (Fig. 9).
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Aguests dos fenotips microglials no s’han d’entendre com fenomens aillats I'un de l'altre, siné que
interaccionen entre ells: quan s’activa la microglia M1, paral-lelament, també s’activa microglia M2
amb I'objectiu d’antagonitzar la resposta proinflamatoria per tal de tornar a la homedstasis. Es en
funcié de quin sigui I'estimul majoritari en cada context el que determinara I'abundancia de cada un
dels fenotips. A més, la microglia pot transitar entre un fenotip i I'altre en funcié del context, cosa
gue explicaria que en els estadis terminals de malalties neurodegeneratives on s’ha descrit dany
neuronal, agents neurotoxics, agregats proteics,... un alt percentatge de microglia presenti fenotip

M1 (Y. Tang & Le, 2016) (Fig. 9).

¥

LPS, IFNy

Figura 9 | Esquema de la polaritzaci6 M1/M2. La microglia amb fenotip M1 produeix citocines que provoquen un
augment de la inflamacié i per tant, indueixen més microglia M1 contribuint aixi a la mort neuronal. La microglia amb

fenotip M2, promou la reparacié de teixits, afavoreix la supervivencia neuronal i allibera factors neuroprotectors. Basat
en Tang & Le, 2016; Geloso et al, 2017 i creat a Biorender.

Pel que fa a les técniques histologiques per I'observacié de la microglia en ratolins, el que més
s’utilitza avui en dia és el marcatge mitjancant anticossos especifics contra proteines especifiques de
la microglia, com és la molecula adaptadora d’unié de calci ionitzat-1 (ionized calcium binding
adaptor molecule 1, |ba-1). També existeixen anticossos més o menys especifics de microglia M1,
com el MAC-2 (o galectina-3) CD86, CD16 i CD32; i de microglia M2, com el CD206 i I'arginina-1
(Kigerl et al., 2009). A banda, i d’especial interés en aquesta tesis, I'anticos anti-CD68 marca els

lisosomes de la microglia, associant-se a I'estat fagocitic d’aquesta.
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A part de 'immunomarcatge per estudiar la microglia, en els ultims anys, s’han generat animals
transgénics en els que per visualitzar-la, aquesta expressa la proteina verda fluorescent (Green
Fluorescent Protein, GFP) sota un promotor especific d’aquest tipus cel-lular, com pot ser el promotor
del gen lba-1 (Hirasawa et al., 2005). A més, molt recentment, han sorgit estudis en els que
mitjangant la microscopia multifotd, s’estudia in vivo el comportament de la microglia en diferents
condicions, obtenint imatges d’alta resolucié d’una uUnica cél-lula microglial (Hierro-Bujalance et al.,

2018).

En relacié a I'ELA, hi ha estudis que descriuen activacié microglial tant en el cortex motor (Corcia et
al., 2012; Dols-lcardo et al., 2020; M. Turner et al., 2004) com en la medul-la espinal en casos
esporadics (Brettschneider et al., 2012; D’Erchia et al., 2017). Tot i que en estudis inicials es suggeria
que la microglia només era important en fases finals de la malaltia (Boillée et al., 2006), recentment,
s’ha vist reactivitat microglial i canvis en I'expressid de certs gens en la microglia abans de que es
produeixin canvis en les MNs (Maniatis et al., 2019) o del debut clinic de la malaltia (Brites & Vaz,

2014; Y. Tang & Le, 2016).

S’ha vist que en models in vivo, la microglia resident incrementa en nombre durant la progressié de
la malaltia, i els seus estats d’activacié representen un continu entre el fenotip toxic M1 i el
neuroprotector M2 (Liao et al., 2012). En etapes asimptomatiques s’ha descrit en la microglia un
perfil neuroprotector (Gravel et al., 2016), perfil que es manté en el debut simptomatic inicial. No
obstant, en els animals terminals, la majoria de la microglia és M1 (Beers et al., 2011). Aixo s’ha
corroborat amb experiments en els que es co-cultivava motoneurones sanes amb microglia aillada
d’animals amb mfSOD1 a diferents etapes de la malaltia, es va veure que la microglia de periodes
inicials expressava caracteristiques neuroprotectores, mentre que si s’aillava de fases terminals,

presentava propietats toxiques i induia la mort de les MNs (Liao et al., 2012).

Diversos estudis han suggerit que aquest canvi cap al fenotip toxic pot ser degut a |'aparicio i
acumulacid progressiva de proteines mutades (Beers et al., 2006; Liao et al., 2012). Experiments in
vitro recolzen aquesta hipotesis, ja que I'addicié extracel-lular de la proteina mfSOD1 indueix canvis
morfologics i funcionals en cultius de microglia a través dels receptors toll-like (Toll-Like Receptors,
TLR). Aix0 provoca que aquesta microglia alliberi més citocines proinflamatories i radicals lliures,
convertint-la aixi en neurotoxica ja que acaba danyant les propies MNs (W. Zhao et al., 2010). Aixo
no obstant, més que una transicié del fenotip M2 al M1, es creu que durant la progressié de I'ELA
coexisteixen els dos fenotips, predominant més un que l'altre en les diferents fases (Chiu et al,,

2008).
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D’altra banda i en relacié a I'ELA causada per mfSOD1, s’ha vist que |'expressié d’aquesta proteina
només en la microglia no és suficient per causar degeneracié de les MNs, descartant que sigui la
Unica causa patogenica. Pel contrari, quan s’elimina la mfSOD1 de la microglia, el debut de la malaltia

no s’altera, pero retarda la progressié de la malaltia significativament (Boillée et al., 2006).

Tots aquests estudis posen de manifest la rellevancia de la microglia en la patogénesis de I'ELA. Es
per aix0 que s’han dut a terme mdultiples estrategies terapéutiques, tant farmacologiques com
genetiques, per intentar modular la reactivitat i la funcid de la microglia, en un intent de millorar la
simptomatologia en animals models de diferents malalties neurodegeneratives. Els resultats
demostren que la modulacié de vies especifiques de la microglia pot millorar parcialment la
neurodegeneracid. No obstant, cada vegada hi ha més evidencies que suggereixen que |'estratégia
terapéutica que tindra exit sera aquella que interfereixi en diferents vies en diferents tipus cel-lulars

(Geloso et al., 2017).
2.8.2. Astroglia

Els astrocits sén les cel-lules glials més abundants del SNC, constituint aproximadament un 30% del
total. Morfoldogicament es caracteritzen per tenir abundants evaginacions citoplasmatiques o
branques que s’originen del cos cel-lular, les quals sén curtes i ramificades. Les branques primaries es
divideixen profusament en branques secundaries, terciaries i, finalment, apareixen els peus terminals
dels astrocits. Aquests peus sén caracteristics d’aquest tipus cel-lular i estan en contacte fisic amb els
vasos sanguinis, contribuint aixi a I'establiment de la barrera hematoencefalica. A través dels peus
perivasculars, els astrocits duen a terme funcions importants en el moviment de metabolits i
productes de rebuig des de les neurones i cap a elles. Alternativament, els peus dels astrocits poden

cobrir fins a milers de sinapsis.

Els astrocits tenen feixos prominents de filaments intermedis formats per la proteina acida fibril-lar
glial (glial fibrilar acid protein (GFAP)), la qual es pot immunomarcar especificament per identificar

aquest tipus cel-lular (Ross & Pawlina, 2015).

Inicialment, es pensava que la funcié dels astrocits es limitava a mantenir la homeostasis ionica en el
SNC i proveir suport estructural. Ara es sap que no només donen suport fisic a les neurones, siné

també metabolic.

Recentment s’ha descrit que els astrocits regulen moltes funcions neuronals. Una d’elles és el suport
neurotrofic, ja que a través de I'alliberaciéd de factors trofics, molts d’ells encara desconeguts,

promouen la supervivéncia neuronal. També intervenen en la sinaptogenesi, la regulacié ionica
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extracel-lular, la recaptacié de neurotransmissors i en la maduracidé i manteniment de les sinapsis, ja
que secreten varies molecules per tal de modular tant el compartiment presinaptic com el
postsinaptic. Contrariament, també participen en I'eliminacié activa de sinapsis quan es requereix.
Una altra funcié classicament associada als astrocits és la de formar una barrera per confinar els
neurotransmissors a una sinapsis concreta, evitant d’aquesta manera que difonguin i puguin acabar
afectant 'activitat de les neurones circumdants. També eliminen I'excés de neurotransmissors per

pinocitosi (Zhou et al., 2019).

Una caracteristica particular dels astrocits és la seva comunicacid interna, ja que el seu citoplasma
eta connectat mitjangant unions comunicants (gap junctions). D’aquesta manera, es propaguen entre
astrocits ones lentes (desenes de segons) de calci espontaniament en tot el SNC a mode de
senyalitzacié. Aquesta senyalitzacié entre astrocits és util, per exemple, per regular el flux sanguini
en el SNC ja que, segons les necessitats energétiques puntuals de les neurones d’una regid, es
provoca que molts astrocits alliberin de forma coordinada prostanoides, acid araquidonic, i altres

molécules vasoactives per tal d’ajustar el torrent sanguini (S. Liddelow & Barres, 2015).

La disfuncié astrocitaria, anomenada “astrogliosis reactiva”, és una resposta comu a totes les lesions
o malalties del SNC. Mitjancant estudis de perfils genétics, s’ha evidenciat que hi ha almenys dos
tipus d’astrocits reactius. Aixi doncs, en funcié de quin sigui I’estimul que indueixi la lesié en el SNC,

trobem els astrocits Al i A2 (homologament a la terminologia M1 i M2 de la microglia).

Els astrocits amb fenotip Al activen I'expressid de gens relacionats amb la neuroinflamacié descrits
com a neurotoxics i per tant, es postula com un fenotip perjudicial (S. A. Liddelow et al., 2017; S.
Liddelow & Barres, 2015). En canvi, en l'astrocitosi reactiva A2, s’indueix I'expressiéo de gens de
factors neurotrofics, els quals promouen la supervivéncia, el creixement neuronal i la reparacié
sinaptica. Conseqlientment, els astrocits A2 es postulen com a protectors (S. A. Liddelow et al,,

2017).

En I'ELA, la disfuncié dels astrocits semblen tenir dos rols interconnectats (Makiko Nagai et al., 2007,
Yamanaka et al., 2008): per una banda contribueixen a la toxicitat de les MNs mitjangant la secrecid
de factors neurotoxics (fenotip Al); per altra banda, perden les seves funcions i degeneren, privant
les neurones de suport trofic, cosa que condueix a accelerar la degeneracié neuronal (Serio & Patani,

2018; Valori et al., 2014).

La introduccio d’astrocits, els quals expressen mfSOD1, en medul-les espinals d’animals sans o en co-
cultius de MNs in vitro provoca en ambdds casos neurodegeneracid de les MNs (Di Giorgio et al.,

2008; Ferraiuolo et al., 2011; Haidet-Phillips et al., 2011; Marchetto et al., 2008; Makiko Nagai et al.,
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2007; Phatnani et al., 2013) i, en els animals, simptomes d’ELA (Papadeas et al., 2011).
Contrariament, astrocits sans o0 amb una baixa expressié de mfSOD1 introduits en el SNC de models
animals d’ELA, alenteixen la malaltia i allarguen la supervivencia (Lepore et al., 2008; Yamanaka et
al., 2008). Aquests experiments demostren I'alliberacié de factors neurotoxics perjudicials per les

MNs per part d’astrocits alterats amb mfSOD1 (Hensley et al., 2006).

Aguestes observacions suggereixen que les interaccions entre astrocits i MNs sén dinamiques i

poden estar alterades a diferents nivells durant la progressié de la malaltia d’ELA.

2.8.3. Interaccié microglia-astroglia

En els dltims anys han sorgit evidéncies que demostren una comunicacié bidireccional entre la
microglia i els astrocits (Jha et al., 2016; S. A. Liddelow et al., 2017; Vainchtein et al., 2018). Aquesta
comunicacié es du a terme mitjancant I'alliberacié de varies molécules (Jha et al., 2019), incloent
citocines, quimiocines, ATP i factors de creixement. Inclis s’ha descrit que la microglia pot alliberar

mitocondris fragmentats capagos d’induir la resposta Al (Joshi et al., 2019).

Aguesta comunicacié s’ha comprovat en el model de ratoli mfSOD1 ja que quan es redueix la
proliferacié microglial en el model mfSOD1, disminueix I'activacié dels astrocits (Gowing et al., 2008).
De la mateixa manera, la supressié de la mfSOD1 en els astrocits, resulta en una disminucié de

I'activacié microglial (Yamanaka et al., 2008).

S’han dut a terme multiples estrategies terapéutiques, tant farmacologiques com genetiques, per
intentar modular la reactivitat i la funcié de la glial, en un intent per millorar la simptomatologia
motora. Els resultats demostren que la modulacié de vies especifiques pot millorar localment la
neurodegeneracid. No obstant, cada vegada hi ha més evidéncies que suggereixen que I'estratégia
terapéutica que tindra éxit sera aquella que interfereixi en diferents vies de diversos tipus cel-lulars

(Geloso et al., 2017).

2.8.4. Oligodendroglia

L'oligodendroglia o oligodendrocits és caracteritzen per tenir cossos cel-lulars petits amb un gran

nucli el qual conté grans quantitats de cromatina.
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La funcié principal i classicament descrita dels oligodendrocits és embolcallar i aillar els axons
mitjangant formacié de les beines de mielina en el SNC. No obstant, deixen petits segments sense
ocupar, els nodes de Ranvier, promovent aixi la conduccié electrica saltatoria caracteristica del SNC.
A diferencia dels seus analegs en el SNP, les cél-lules de Schwann, un oligodendrocit pot produir
mielina a segments de multiples axons. Diversos estudis han descrit que la deposicié de mielina no és
estatica, és molt més dinamica del que inicialment es creia, amb canvis adaptatius deguts a I’activitat

neuronal (Philips & Rothstein, 2017).

La mielina esta formada per lipids en un 70-80%, amb poques proteines entre les diferents capes. La
més caracteristica de les quals és la proteina Basica de la Mielina (Myelin Basic Protein (MBP)). Per
tant, s'utilitzen anticossos contra aquesta proteina per Vvisualitzar els oligodendrocits

immunohistoquimicament.

Tot i que la formacid de la mielina és la funcid principal dels oligodendrocits, actualment es sap que
no és la Unica. Dades recents indiquen que els oligodendrocits sén essencials per proveir suport
metabolic rapid a demanda de les neurones, ja que tenen la capacitat de transferir metabolits
energétics com el lactat a I'espai periaxonal mitjangant els transportador de monocarboxilats 1
(Monocarboxylate transporter 1 (MCT1)) (Lee et al., 2012; Philips & Rothstein, 2017; Simons & Nave,
2016).

En relacid a I'ELA, s’han descrit canvis degeneratius en els oligodendrocits tant en pacients humans
com en models animals per la malaltia, tals com una reduccié selectiva del transportador MCT1
(Kang et al., 2013; Lee et al., 2012; Philips et al., 2013). En el model de ratoli SOD1°***, els canvis
morfologics degeneratius en els oligodendrocits esdevenen aparents inclis abans del debut de I'ELA i
incrementen durant la progressié de la malaltia fins que finalment moren (Kang et al., 2013; Philips
et al., 2013). Aquesta pérdua d’oligodendrocits s’intenta compensar amb un increment en la
proliferacié i diferenciacid de cel-lules precursores. No obstant, aquests oligodendrocits nous sén
disfuncionals: a nivell molecular, tenen reduida I'expressié de MBP i MCT1, aquest ultim, critic per la
supervivencia dels axons; i a nivell funcional, sén incapacos de mielinitzar i de donar suport trofic als

axons, essent el resultat final la desmielinitzacié dels axons (Kang et al., 2013; Philips et al., 2013).

In vitro, s’ha constatat que si en 'animal SOD1%*"®

s’elimina la mutacié només en els oligodendrocits,
déna com a resultat un retras significatiu del debut simptomatologic en i s’incrementa la
supervivéncia de I'animal (Kang et al., 2013). D’altra banda, també s’ha descrit que els
oligodendrocits provinents de mostres d’ELA sdn toxics per MNs WT ja que n’indueixen la mort per

diferents mecanismes inclis abans de que els oligodendrocits mostrin signes de degeneracié
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(Ferraiuolo et al., 2016). Aquests estudis denoten el rellevant paper dels oligodendrocits en la

fisiopatologia de I'ELA (Traiffort et al., 2021).
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Sinapsis i

comunicacio
sinaptica entre les
neurones

3.1. Citoarquitectura de la medul-la espinal

En la medul-la espinal les neurones estan agrupades en diferents nuclis. Aquests nuclis es descriuen
segons unes zones delimitades que reben el nom de lamines de Rexed (Rexed, 1957) (Fig. 10). En la
banya dorsal, les neurones sensitives es distribueixen en lamines horitzontals (lamines I-IV) on les
lamines V-VI, no tenen cap nucli especific. En la lamina VII, es troben nuclis en els segments
medul-lars toracics, els quals formen la columna intermedio lateral i intermedio medial amb
neurones viscerals i el nucli dorsalis (columna de Clarke), el qual correspon al nucli de la propiocepcid
inconscient. En la lamina VIII hi ha neurones grans, mentre que les MNs es troben ubicades en la
lamina IX de la banya ventral agrupades en formacions esfériques. La lamina X esta ocupada per

neurones al voltant del conducte ependimari.

Les MNs es disposen al llarg de tota la medul-la espinal format columnes motores. Aquestes, sén
molt abundants en les intumescencies cervical i lumbar, corresponent als segments medul-lars

destinats a la innervacié de les extremitats superiors i inferiors respectivament.

En una seccié transversal de medul-la espinal lumbar, quan s’observa la substancia gris de la banya
ventral, concretament la lamina IX de Rexed, es distingeixen basicament tres agrupacions de MNs
clarament diferenciades espacialment: (i) una agrupacié motora medial, les quals innerven musculs
situats a la regid dorsal del cos; (ii) una agrupacié motora anterior, que projecta a musculs de la part
ventral del cos; (iii) una agrupacié motora lateral o anterolateral, la qual innerva musculs de les

extremitats (Kanning et al., 2010) (Fig. 10).
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Cadascuna de les agrupacions motores conté tots els tipus de MNs (a-MN, B-MN i y-MN).

Figura 10 | Esquema de I'organitzacié de les agrupacions de MNs en una seccié transversal de medul-la espinal
lumbar. A 'hemimedul-la de I'esquerra, es distingeixen les diferents agrupacions de MNs en la banya anterior:
agrupacid anterolateral (AL), agrupacid anterior (A) i agrupacié medial (M). En cada agrupacio s’hi trobem els 3 tipus
de MN: a-MN (blau), y-MN (taronja) i B-MN (verd).A I’hemimedul-la de la dreta, s’observen la distribucié de les
lamines de Rexed. Creat amb Biorender.

3.2. Propietats funcionals de les MNs

Les MNs regulen I'activitat muscular mitjancant la descarrega de potencials d’accié que, a la vegada,
depenen de la seva excitabilitat. Quan aquestes neurones reben un estimul d’una intensitat llindar,
es desencadena un potencial d’accid, és a dir, es produeix una entrada massiva de ions sodi a favor
de gradient en la cél-lula, cosa que provoca una despolaritzacid. Aquest canvi eléctric va seguit d’una
repolaritzacio i hiperpolaritzacié transitoria, degut a la sortida dels ions potassi intracel-lulars, amb
els quals s’intenta compensar el canvi de potencial. Durant el periode de posthiperpolaritzacié (after
hyperpolarization peak, AHP), la neurona és menys excitable, i, en conseqiiéncia, la duraci6
d’aquesta fase limitant determinara I'excitabilitat de la cél-lula nerviosa i, per tant, la freqiéncia en
que s’inicia cada potencial d’accié. Al final, el potencial de la cel-lula torna a I'estat basal (Fig. 11).
Aguest cicle d’activitat eléctrica, es va propagant per la neurona fins al terminal axonal, on hi provoca
I'alliberament d’acetilcolina en la sinapsi neuromuscular per tal de que el muscul es contregui i es
produeixi aixi el moviment. Aixi doncs, I'excitabilitat és la facilitat amb qué una neurona dispara

potencials d’accid i transmet aquest canvi a través del seu axo.
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Les MNs innerven exclusivament musculs

B 1
esquelétics, els quals sén els responsables de

la postura i del moviment. Cada MN innerva
varies fibres musculars del mateix tipus.

Segons el tipus de fibra muscular que

Periode
post-hiperpolaritzacid

innerven, les MNs es poden classificar en alfa

(a), beta (B) i gamma (y) (Fig. 12) (Kanning K.

55 Llindar Inicis
fallits

Potencial de membrana (mV)

et al., 2010; Stifani, 2014). o |Potencial en repos |

f

Les a-MNs sén el tipus de MNs més abundants Estimul

. . . 1 2 3 4 5
I es caracteritzen per ser les més grans.

Temps (ms)
Innerven les fibres musculars extrafusals,

Figura 11 | Representacié esquematica d’un potencial

d’accio. Adaptat de Brain Electricity and the Mind, Jon Lieff i creat
amb Biorender.

encarregades de generar la forca muscular
sent, per tant, les responsables propiament de
la contraccié muscular. Alhora, les a-MN es
poden subclassificar segons les propietats contractils de les fibres extrafusals que innerven: (i) a-MNs
fatigables i de contraccid rapida (fast-twitch fatigable (FF)), es caracteritzen per tenir un periode
d’AHP més curt i innerven fibres musculars de contraccio rapida (musculs fasics) sensibles a la fatiga
(i) a-MNs resistents a la fatiga i de contraccio rapida (fast-twitch fatigue-resistant (FFR)), connecten
amb fibres de contraccié rapida resistents a la fatiga; (iii) a-MNs resistents a la fatiga i de contraccié
lenta (slow-twitch fatigue-resistant (SFR)), es caracteritzen per tenir un periode d’AHP més perllongat

i innerven fibres de contraccio lenta (musculs tonics) i resistents a la fatiga (E. Burke; 1973).

Les B-MNs sén les menys abundants, i en conseqiiéncia son les que estan menys caracteritzades.

Innerven tant fibres musculars extrafusals com intrafusals.

Les y-MNs innerven les fibres musculars intrafusals, que es caracteritzen per respondre a la
informacid propioceptiva referent a la posicid i a I'estat d’extensié del muscul. Per tant, aquestes

MNs no participen propiament en la generacié de la for¢a muscular, si no que la modulen.
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Figura 12 | Esquema de les fibres musculars en una seccié longitudinal. a-MN (blau) innerven les fibres musculars
extrafusals (EF, vermell); mentre que les y-MN (taronja) fan connexié amb les fibres musculars intrafusals (IF, gris) en

el fusos musculars (FM). En canvi, les B-MN (verd) innerven tant les fibres extrafusals com les intrafusals. Basat en Stifani,
etal. 2014.

Molts estudis en els Ultims anys s’han centrat en analitzar |'excitabilitat dels subtipus d’a-MNs
relacionant-ho amb la diferent vulnerabilitat que presenten a la malaltia de I'ELA. Aquesta linia
experimental es basa en |'evidencia que no totes les MNs s’afecten de la mateixa manera en aquesta
malaltia. En el ratoli SOD1°%** les a-MN FF sén més susceptibles a la lesio axonal i es desnerven més
aviat durant el transcurs de la malaltia en comparacié amb les a-MN FFR i a-MN SFR, tot i que les a-
MN FFR també degeneren rapidament poc després de les a-MN FF. Contrariament, les a-MN SFR

resten ben preservades fins a etapes ben avangades de la malaltia (Kanning et al., 2010).

Davant d’aquesta situacid, tant les a-MN FFR en un inici com les a-MN SFR, activen el procés
d’sprouting (Duchen & Tonge, 1973; Schaefer et al., 2005), mitjangant el qual reactiven el creixement
de la porcié distal de I’axé per tal d’estendre’l a noves localitzacions i aixi poder reinnervar les zones
musculars on abans contactaven les a-MN FF (Kanning et al., 2010; Saxena et al., 2009, 2013). Aixo
pot suggerir que les manifestacions simptomatiques, comencarien a apareixer en el moment que els

mecanismes de compensacié per part de les a-MN SFR fracassin.

Aquesta diferent vulnerabilitat dels subtipus d’a-MNs és una caracteristica comu en totes les formes
d’ELA (Kanning et al., 2010). Aixo implica que en determinants moments de la malaltia, coexisteixen,
en la banya ventral de la medul-la espinal, una proporcié variable de MNs en degeneracidé, MNs
resistents i probablement algunes amb mecanismes de regeneracié actius. Tots aquests estats
morfopatologics diferents de les MNs individuals pot ser heterogeni i dissociat del curs temporal de

la malaltia: en etapes inicials de I'ELA hi poden haver MNs severament alterades i degenerants tot i
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que en baixa proporcio, i al contrari, algunes MNs sanes o resistents poden estar presents en etapes

terminals.

Una millor caracteritzacié de com es produeixen els canvis patologics espacials i temporals ajudaria a
dissenyar i avaluar els efectes dels potencials agents terapéutics en assajos preclinics en el model per

I’ELA SOD1%%**,

3.3. Sinapsis i comunicacio sinaptica entre les neurones

El sistema de senyalitzacié entre neurones consta d’un conjunt molt ampli de diferents molecules
senyalitzadores i neurotransmissors. Aquests inclouen el glutamat, la glicina, I'acid y-aminobutiric
(GABA), 'acetilcolina, la serotonina, la norepinefrina, neuropéptids i altres (Rekling et al., 2000). Els
neurotransmissors son alliberats pel terminal presinaptic d’'una primera neurona, i actuen unint-se
especificament al seu receptor ionotropic o metabotropic localitzat en la membrana plasmatica,

també anomenada postsinaptica, d’'una segona neurona.

Al seu torn, I'excitabilitat de la MN esta regulada per les propietats biofisiques intrinseques i també
pel conjunt d’aferéncies sinaptiques o inputs sinaptics que aquesta rep, essencialment a través de
molécules neurotransmissores. Tots aquests estimuls, alguns excitadors i d’altres inhibidors, sén
integrats per la cel-lula per tal que aquesta pugui generar una resposta apropiada en consequiéncia.
Aguestes molécules encarregades de transmetre les senyals entre MNs, poden tenir diferent

naturalesa i actuar sobre diferents tipus de receptors situats en la superficie de les MNs.

Utilitzant la microscopia electronica s’ha pogut descriure la gran diversitat estructural dels diferents
tipus de sinapsis de les MNs. En base a la morfologia esferica o aplanada de les vesicules sinaptiques i
en la prominéncia de les densificacions pre- i postsinaptiques (simétriques o asimétriques) s’han
definit diferents tipus de sinapsis: els botons F, els botons S, els botons P i els botons C (Bernstein &

Bernstein, 1976; Bodian, 1970; Conradi & Skoglund, 1969).

Les sinapsis de tipus F (flattened) es caracteritzen per tenir vesicules aplanades, amb una densificacid
postsinaptica poc prominent i molt semblant a la presinaptica, sent aixi una sinapsi simetrica de
caracter inhibitori, en la que els neurotransmissors principals son el GABA o la glicina. Els botons S
(spherical) es descriuen amb vesicules rodones, densificacions postsinaptiques prominents, les quals
la converteixen aquest tipus de sinapsis en asimetrica. El neurotransmissor principal és el glutamat,

per tant, tenen un caracter excitador. Les sinapsis de tipus P es particularitzen per tenir vesicules
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grosses amb un nucli dens (dense core). En aquest cas, les molecules senyalitzadores sén

neuropeptids, essent per tant, sinapsis peptidergiques.

La majoria de les sinapsis que reben les MN sén de tipus F i S (Destombes et al., 1992; Murphy et al.,

1996; Ornung et al., 1996).

Un quart tipus de sinapsis particularment destacable a les MNs, es correspon als aferents de tipus C o
botd C (BC), el qual es va identificar morfologicament fa més de 40 anys (Conradi & Skoglund, 1969).

Recentment aquesta sinapsis de tipus C ha tornat a cobrar molt interés (Witts et al., 2014).

3.4. El bot6 C

Els BC son uns terminals sinaptics amb vesicules grosses i rodones de tipus colinérgic. Son sinapsis
inusualment grans (3-5 um de longitud) Uniques i caracteristiques de les a-MNs. Recentment i
llargament buscat, s’ha descrit que l'‘origen d’aquest aferent presinaptic prové d'un grup
d’interneurones colinergiques localitzades rodejant el conducte ependimari (lamina X de Rexed), les
quals mitjancant I’alliberament del neurotransmissor acetilcolina regulen I'excitabilitat de les a-MN, i
en ultima instancia, contribueixen a la modulacié del comportament motor (Frank, 2009; Zagoraiou
et al., 2009). Els BC sén particularment importants degut a la seva capacitat de modular el potencial
d’accié després de la hiperpolaritzacio via regulacié dels canals de potassi (Miles et al., 2007). Degut
doncs, a les propietats intrinseques i extrinseques d’aquestes sinapsis, els BC son els que modulen

majoritariament |'excitabilitat de les a-MNs.

En el compartiment presinaptic s’hi troba una gran densitat de vesicules rodones o lleugerament
aplanades i d’aspecte poc electrodens. A la regié postsinaptica, el BC presenta una estructura Unica
derivada del RE rugds, situada a uns 10-20 nm de la membrana postsinaptica de la MN, anomenada

cisterna subsinaptica (subsynaptic cistern (SSC)).

Després de coneixer el fenotip colinergic dels BC amb la preséncia del transportador vesicular de
I'acetilcolina (vesicular acetyl choline transporter (VAChT)) en el compartiment presinaptic, i la seva
associacié amb els receptors muscarinics M2 situats en la regié postsinaptica (Hellstrom et al., 2003),
s’han descrit diverses molécules associades als BC. Algunes, es localitzen en la SSC, com sén el canal
de potassi voltatge depenent Kv2.1 (Muennich & Fyffe, 2004), els canals de potassi activats per calci

SK (Deardorff et al., 2013) i el SR1 (Mavlyutov et al., 2010, 2012) (Fig. 13).
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Motoneurona

Figura 13 | Esquema grafic on es representa |'organitzacié molecular dels BC. En el terminal presinaptic (verd) es
localitza el VAChT (groc). En I'espai intersinaptic s’hi situa I’acetilcolina (ACh). En el component postsinaptic
(vermell), a nivell de la membrana de la MN s’hi troba el receptor muscarinic m2 (m2R), els canals SK (lila) i el canal

Kv2.1 (verd).En la SSC, s’hi observa el SR1 i la NRG1. Creat amb el Biorender.

En estudis previs del grup de Patologia Neuromuscular
Experimental de I'IRB Lleida en el qual s’ha dut a terme la
present tesis, es va descriure I'associacié de la proteina
Neuregulina-1 (NRG1) en els BC, concretament en el
component postsinaptic associada a la SSC (Fig. 14) (Gallart-

Palau et al., 2014).

A nivell presinaptic s’hi ha va relacionar el receptors tirosina-
cinasa ErbB2 i ErbB4 (Gallart-Palau et al., 2014), suggerint una
possible senyalitzacié retrograda NRG1-ErbB2/4 en aquest

tipus de sinapsis.

Tanmateix, es desconeix |'existéncia d’una possible relacié

estructural o funcional entre tots aquests components.

Un aspecte interessant dels BC és la seva presencia en la

majoria de nuclis motors cranials, on les MNs manifesten el

Figura 14 | Immunolocalitzacié de la
NRG1 en els BC de MNs espinals. El
terminal presinaptic (verd) es contraposa
a la regié postsinaptica (vermell). La

NRG1 (fletxes ) es localitza en el
compartiment  postsinaptic del BC.
Concretament, en la fotografia superior
on es mostra una ampliacio del BC,
s’observa la NRG1 (particules
d’immunogold de 12 nm) en la SSC
(groc). Extret de Gallart-Palau et al. 2014.



INTRODUCCIO

mateix patré de NRG1 que l'observat en les MNs espinals. Contrariament, les MNs dels nuclis
oculomotors, els quals son resistents a I'ELA, no tenen BC ni NRG1 associada a la SSC (Gallart-Palau et

al., 2014; Hellstrom et al., 2003).

Els BC sdn estructures poc investigades tot i que s’ha demostrat que pateixen canvis plastics en MNs
danyades després de la lesio de la medul-la espinal (Novikov et al., 2000) o també en I'ELA (Gallart-
Palau et al.,, 2014; Pullen & Athanasiou, 2009; Song et al., 2012). També manca conéixer com
determinades mutacions, descrites molt recentment en algunes d’aquestes molécules com en el SR1
(Al-Saif et al., 2011) o en els receptors ErbB4 (Takahashi et al., 2013), poden ser causants de formes

esporadiques o familiars d’ELA.

3.4.1. Neuregulina-1

Les neuregulines (NRG) sdn una familia de proteines pleiotropiques implicades en la senyalitzacio

cél-lula-cel-lula, lligands dels receptors tirosina-cinasa de la familia ErbB.

La familia de les NRGs inclou 4 gens: NRG1, NRG2, NRG3 i NRG4 (Falls, 2003). Practicament es
desconeixen les funcions biologiques de les proteines NRG2, 3 i 4. En canvi, s’ha descrit que la NRG1
és essencial en el desenvolupament del sistema nerviés (Buonanno & Fischbach, 2001; Mei & Nave,
2014) i en la morfogénesis cardiaca (Pentassuglia & Sawyer, 2009), entre altres processos, fent-la una
proteina de vital importancia per a la supervivencia i, per tant, impossibilitant la creacié d’animals

transgeénics deficients (knock-out (KO)) (Falls, 2003).

La senyalitzaci6 per NRG necessita que aquesta proteina s’uneixi al domini extracel-lular dels
receptors tirosina quinasa ErbB3 o ErbB4, la qual cosa activa I’homodimeritzacié d’aquests receptors
o I'heterodimeritzaciéo amb la subunitat ErbB2. A partir d’aqui, s’activa la senyalitzacid intracel-lular
per donar lloc a respostes cel-lulars tals com I'estimulacié o inhibicid de la proliferacio, I'apoptosis, la

migracid, la diferenciacio i I'adhesié (Yarden & Sliwkowski, 2001).

Només un 0.3% de tot el gen codificant per la NRG1 es tradueix a proteina, cosa que implica que en
la seqliencia génica hi hagi multiples promotors i diverses regions d’splicing alternatiu, fent que hi
hagi més de 15 isoformes de NRG1 codificades a partir d’'un Unic gen (Buonanno & Fischbach, 2001,

Kao et al., 2010).

Estructuralment, totes les isoformes de NRG contenen el domini semblant al factor de creixement

epidermic (epidermal growth factor-like (EGF-like)), amb el qual activen els receptors ErbB
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(Buonanno & Fischbach, 2001), aixi com un domini transmembrana. En el SNC, les formes més
abundants de NRG1 sén la tipus | i la tipus lll, les quals s’han detectat en MNs, en neurones dels
ganglis raquidis i en la glia. Aquestes dos isoformes es diferencien en que la NRG1 de tipus | té un
domini anomenat semblant a immunoglobulines (Immunoglobulin-like (Ig-like)), mentre que la

isoforma de tipus Ill, es caracteritza per tenir un domini ric en cisteines (cystein rich domain (CRD))

Type INrg1 BB EGFH R o |

EGFHT M - |
EGF[ES

Type III Nrg1

Figura 15 | Estructura proteica de les isoformes | i lll de la NRG1. Totes les NRG1 contenen un domini EGF-like
necessari per unir-se als receptors ErbB i almenys 1 domini transmembrana (TM). A més, la isoforma | té el domini Ig,
caracteristic d’aquest subtipus. D’altra banda, en la NRG1 tipus Ill es descriu el domini CRD, la segona regio
transmembrana d’aquesta isoforma. Adaptat de Chen et al. 2008.

(Fig. 15).

Les diferents isoformes de NRG1 amb les seves variants estructurals, suggereixen que actuen
mitjangcant tipus de senyalitzacié diferents. La NRG1 tipus | sembla actuar principalment per via
paracrina. El fet que aquesta proteina tingui un Unic domini transmembrana implica que quan es
produeix el processament proteolitic en el domini extracel-lular per part de varies proteases com
I’enzim de trencament de proteines precursor amiloide del lloc B-1 (8-site amyloid precursor protein-
cleaving enzymel (BACE-1)), s’allibera el domini EGF-like, resultant en la senyalitzacié paracrina
(Falls, 2003). D’altra banda, la NRG1 tipus Il al tenir el domini CRD el qual serveix de segon domini
transmembrana (Wolpowitz et al., 2000), quan es produeix la proteolisis, en aquest cas el domini
EGF-like es manté ancorat a la membrana cel-lular, apuntant a una senyalitzacio juxtacrina (Willem,
2016) (Fig. 16). No obstant, es desconeixen les funcions especifiques de les diferents isoformes de

NRG1 en els BC.

Entre les diferents funcions que se li atribueixen en el SNC, la NRG1 esta involucrada en les
interaccions glia-axd (mielinitzacid), el desenvolupament de les plaques motores, la migracio
neuronal, la sinaptogenesi i la plasticitat en el SNC (Buonanno & Fischbach, 2001; Falls, 2003; Kerber
et al., 2003; Mei & Nave, 2014; Stassart et al., 2013). Diversos membres d’aquesta familia s’han
relacionat amb desordres psiquiatrics com I'esquizofrénia, el trastorn bipolar o la depressié (Karl,

2013).
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Figura 16 | Isoformes de NRG1 i tipus de senyalitzacié que desencadenen. La isoforma | consta d’un Unic pas
transmembrana; en canvi, la isoforma 3 travessa dos vegades la membrana cel-lular. La fletxa indica el punt de
proteolisi de varies proteases (BACEL,...). Després del processament, la isoforma 1 allibera el fragment extracel-lular
(que conté el domini EGF-like) per dur a terme una senyalitzacié paracrina. La isoforma Ill, es manté unida a la
membrana després de la proteolisis pero exposant el domini EGF-like, desencadenant aixi la senyalitzacio
juxtacrina. Adaptat de Falls, 2003.

3.5. Interrelacié microglia-sinapsis

La degeneracidé de les MNs en models de ratoli per la mutacié de SOD1 s’ha descrit com un procés
dependent d’altres cel-lules no neuronals a part de les propies MNs (Boillée et al., 2006; Clement et
al., 2003). Per aquesta rag, a I’hora d’estudiar els fenomens que van succeint durant la vida del ratoli
transgénic, no només s’ha de prestar atencid a les MNs, sind també al seu entorn, el neuropil.
Aquest, inclou les aferéncies que reben les MNs, els astrocits, la microglia i com aquests es

relacionen entre ells, posant en el centre de les interrelacions les MNs.

Acompanyant la degeneracié de les MNs s’observa una important resposta microglial, la qual
augmenta progressivament a mesura que es desenvolupa la paralisis motora en el ratoli (Kawamata
et al., 1992). Una forma d’entendre la resposta inflamatoria progressiva i cronica que es produeix en
els animals SOD1°%**, és mitjancant el model d’axotomia. Amb aquest tipus de lesié es reprodueix el
fenomen neuroinflamatori al voltant de les MNs axotomitzades de forma aguda (Blinzinger &

Kreutzberg, 1968; Moran & Graeber, 2004; V. H. Perry & O’Connor, 2010). Aplicada com a model
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experimental, podem considerar que |'axotomia reprodueix de forma induida el dany axonal inicial
gue es postula com a desencadenant de la malaltia d’acord amb la hipotesis del dying-back (Moloney
et al., 2014). Tot l'anterior suggereix que la resposta reactiva que s’observa en les MNs

axotomitzades pot compartir alguns mecanismes comuns amb I'ELA.

Paral-lelament a la microgliosis, tant en el model SOD1%%*

com en el d’axotomia, es produeix una
important pérdua d’aferents sinaptics en les MNs degenerades, en la qual la microglia hi podria estar
implicada (Aldskogius, 2011; Brannstrom & Kellerth, 1998; Fischer et al., 2004; V. H. Perry &
O’Connor, 2010; Sumner, 1975; Sumner & Sutherland, 1973). Blinzinger i Kreuttzberg suggerien I'any
1968 que la perdua dels terminals sinaptics en les MNs axotomitzades es produeix mitjancant el
reclutament perineuronal de microglia i introduien el concepte de stripping sinaptic. En aquest estudi
(Blinzinger & Kreutzberg, 1968) els autors sostenien que l'eliminacié d’aferents sinaptics que
contacten les MNs lesionades és produeix per la intervencié de la microglia, suggerint que les
cel-lules microglials introdueixen pseudopodes en les fenedures sinaptiques desprenent fisicament
els terminals de la membrana de la MN o de les dendrites, perd sense que terminals presentessin
signes de degeneracio ni que hi haguessin indicis de fagocitosis per part de la microglia. Aixi doncs, el
concepte d’stripping, que s’ha mantingut vigent fins el moment, s’ha considerat que promou la
supervivencia i la recuperacié funcional de les MNs danyades i, per tant, la microglia estaria actuant
d’'una manera protectora. Aquesta teoria es va fer extensiva a la deaferentacid que es produeix en

altres tipus de neurones secundari a diferents tipus de lesions (Kettenmann et al., 2013).

Estudis posteriors han evidenciat que la degeneracid de les sinapsis és una de les caracteristiques
patologiques inicials en diverses malalties neurodegeneratives croniques, produint-se abans que la
propia pérdua dels cossos neuronals (Fischer et al., 2004; Geracitano et al., 2003; V. H. Perry &
O’Connor, 2010). Aquests terminals degenerants es reconeixen a nivell ultraestructural per tenir un
citoplasma electrodens, organuls foscos i perdua de la definicié de les vesicules sinaptiques (Adalbert

et al., 2009; Sigkova et al., 2009).

En els dltims anys, s’ha descrit que en etapes inicials postnatals es produeix una eliminacié de I'excés
de connexions sinaptiques, procés conegut com synaptic prunning, en el que la microglia hi participa
de forma activa. Aquesta, elimina les sinapsis préviament marcades amb factors del sistema del
complement, com el C1q o el C3 mitjangant la fagocitosis (Stevens et al., 2007). En altres condicions
patologiques, tals com el glaucoma o I'Alzheimer, on també es produeix una pérdua sinaptica, la
microglia també participa en el procés d’eliminacié/remodelacié de les sinapsis també amb la

participacié del sistema del complement (Cullheim & Thams, 2007; Hong et al., 2016; Paolicelli et al.,
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2011; Schafer et al., 2012; Sipe et al., 2016; Tremblay et al., 2010). No obstant aix0, no es coneix

exactament el mecanisme pel qual la microglia ingereix i destrueix els terminals sinaptics.

Alguns autors han suggerit que aquesta poda sinaptica per part de la microglia es déna per un procés
de fagocitosis parcial i selectiva de petits fragments d’estructures sinaptiques, un procés analeg a
I'anomenada trogocitosi en el sistema immunologic. Aixi doncs, la microglia, enlloc de fagocitar grans
estructures com el terminal sinaptic sencer (bulk phagocytosis), estaria digerint petites estructures
provinents dels terminals degenerants, com per exemple, a través de la formacid d’exosomes

(Dopfer et al., 2011).

Que hi hagi trogocitosi implica que els terminals sinaptics s’han de fragmentar en trossos de menors
dimensions per a que la microglia els pugui englobar, engolir i digerir. Un possible mecanisme pel
gual es podria estar fragmentant el terminal presinaptic és mitjancant la necroptosi, un mecanisme
de mort cel-lular necrotica programada (Vandenabeele et al., 2017), mediada per les proteines
RIPK1/3 i executada mitjancant fosforilacié de la proteina efectora de llinatge cinasa mixta semblant
a un domini (mixed lineage kinase domain-like (MLKL)), la qual media la formacié de porus a les
membranes plasmatiques (Fig. 17), en aquest cas, de neurones (Cho et al., 2009; He et al., 2009; Sun
et al., 2012). A més, l'activacid de la via necroptotica es creu que promou la inflamacié
(Christofferson et al., 2014; Ito et al., 2016), en aquest cas, de la microglia. En estudis recents s’ha
relacionat aquesta via de mort cel-lular programada a malalties neurodegeneratives com I’'Alzheimer,
a dany neuronal associat a lesions en la medul-la espinal, inclus a la degeneracié axonal associada a

I'ELA (Jiao et al., 2020; Ofengeim et al., 2017).

Tot i les evidencies que assenyalen I'eliminacié dels inputs sinaptics en les MNs axotomitzades i la
seva associaciéo amb I'activacié de cél-lules microglials, el mecanisme pel qual els terminals sinaptics

desapareixen de la superficie de MNs danyades necessita ser reexaminat en profunditat.

Hi ha estudis que suggereixen que la degeneracid sinaptica previa disfuncié, va seguida de la mort
neuronal (V. H. Perry & O’Connor, 2010). La mort cel-lular es va dividir inicialment en dos tipus:
necrosi i apoptosi. La necrosi es considera un tipus de mort passiva i accidental (Fink & Cookson,
2005). L'apoptosi en canvi, es considera un procés que succeeix de forma programada on la cél-lula hi
participa activament mitjangant I'expressié de proteines i que no comporta l'alliberament del

contingut citoplasmatic a I'espai extracel-lular (Fink & Cookson, 2005).
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Figura 17 | Representacié grafica de la via necroptotica. Les proteines RIPK1/3 promouen la fosforilacié de la
proteina efectora p-MLKL, la qual promou la formacié de porus a la membrana plasmatica que condueixen a la mort
per necroptosi. Extret de Yoon et al., 2017.

En els ultims anys s’han descrit varies formes més de mort cel-lular programada, com seria la
necroptosi o la paraptosi (Cabon et al., 2013). Cada vegada hi ha més investigacions centrades en els
mecanismes de mort cel-lular programada que succeeixen en el SNC durant el desenvolupament, les
malalties neurodegeneratives, els trastorns psiquiatrics i durant diferents tipus de lesions en el SNC
(Shi et al., 2021). La paraptosi és un tipus de mort cel-lular programada no apoptotica que es
caracteritza per la dilatacié del RE i/o dels mitocondris resultant en la vacuolitzacid citoplasmatica en
un procés independent de caspases (Sperandio et al., 2000). Es un concepte aplicat i utilitzat en el
context del cancer que no s’ha desenvolupat en malalties neurodegeneratives. Es té molt poc
coneixement sobre les bases moleculars de la paraptosi, pero les pertorbacions en la proteostasi
cel-lular, normalment relacionades amb la presencia de proteines defectuoses en el RE, i I'alteracié
de 'homeostasi ionica, sobretot del calci, semblen contribuir de forma critica en el procés (Fontana
et al., 2020; D. Lee et al., 2016). En particular, un influx de calci procedent del RE cap a l'interior del
mitocondri, pot induir la dilatacié d’aquests durant la paraptosi, mentre que I'acumulacié de

proteines malplegades en el lumen del RE es creu que exerceix una forga osmotica suficient com per
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promoure I'entrada d’aigua en aquest i causar la seva distensié. En el procés, el calci alliberat del RE

pot contribuir alhora a agreujar I'estrés de reticle i la dilatacié d’aquest (Fig. 18) (E. Kim et al., 2021).

Alguns estudis recents suggereixen que es podria produir mort neuronal mediada per la paraptosi en
etapes inicials de malalties neurodegeneratives, com I’Alzheimer (Jia et al., 2015; Pehar et al., 2010),

aixi com en la retina després d’una isquemia i reperfusié en el model de rata (Wei et al., 2015).

Healthy cell

Paraptotic cell

[Mitochondria] [ER]

Figura 18 | Model hipoteétic de la comunicacié entre el mitocondri i el RE en la paraptosi. El calci alliberat pel RE
s’incorpora en els mitocondris, provocant una sobrecarrega en aquest. Aquesta situacio de forma mantinguda en el
temps, provoca un influx d’aigua dins del mitocondri causant la seva dilatacié. D’altra banda, I'acumulacié de
proteines mal plegades en el RE causa un desequilibri osmotic que es compensa amb I'entrada d’aigua en aquest i la
consequent distensié del RE. Aquests fenomens causa un dany estructural irreversible aixi com defectes funcionals en
aquests dos organuls, conduint a la mort de la cél-lula. Adaptat de kim et al., 2021.
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HIPOTESIS | OBJECTIUS

Com s’ha comentat en la introduccid, els BC sén els reguladors més importants de I'excitabilitat de
les a-MNs. No només s’ha descrit que aquests pateixen canvis plastics durant el curs de I'ELA, sind
que s’han caracteritzat mutacions en proteines relacionades amb els BC causants de formes
esporadiques o familiars d’ELA, suggerint una especial rellevancia d’aquestes aferéncies en relacié a
aquesta malaltia neurodegenerativa. Tot i aixd, aquests terminals colinergics estan poc estudiats,
desconeixent-se la seva estructura molecular aixi com la funcid de les proteines singulars, tals com la

NRG1, que l'integren.

La primera hipotesi del present treball, és que els BC poden tenir un rol rellevant en la fisiopatologia
de I'ELA, concretament que la seva alteracié pot reflexar o contribuir a la degeneracié de les MNs de
la medul-la espinal. En aquest context, la NRG1, proteina associada al BC pel grup de recerca on s’ha
dut a terme la tesi (Gallart-Palau et al., 2014) i de funcié desconeguda en aquesta localitzacid, podria
ser de vital importancia en aquests terminals, ja que la via de senyalitzacié en la que esta involucrada

s’ha vist mutada en un tipus d’ELA (Takahashi et al., 2013).

D’altra banda, en I'ELA no només hi intervenen mecanismes intrinsecs de les MNs, sind que s’ha vist
que factors extrinsecs com les cél-lules no neuronals contribueixen de forma significativa a la
degeneracié de les MNs. Es per aixd, que una segona hipotesi en la que ens fonamentem, fa
referéncia a que la neuroinflamacié a través de la microglia, pot influir de forma significativa

I’estabilitat dels terminals sinaptics, i en definitiva, a la neurodegeneracid.

Estudiar la fisiologia dels BC aixi com les alteracions que aquests sofreixen en I'ELA i |la seva relacio
amb la neuroinflamacié, podria ajudar a esclarir el mecanisme pel qual les MNs degeneren en
aquesta malaltia aixi com contribuir a desenvolupar noves dianes moleculars per una futura

aproximacio terapéutica per I'ELA.
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Partint de les hipotesis exposades préviament, en el present treball varem establir els seglients

objectius:
1. Analitzar I'organitzacio estructural del BC i la compartimentalitzacié subcel-lular dels seus
components moleculars
1.1 Definir les caracteristiques estructurals d’aquests terminals en condicions
fisiologiques
1.2 Estudiar els BC durant la seva formacid en etapes prenatals, la maduracié en
fases postnatals i adultes, aixi com els canvis que pateixen durant I’envelliment
2. Realitzar una aproximacié al significat funcional de la senyalitzacié NRG1/ErbBs en els BC
de les alfa-motoneurones
2.1 Determinar I'efecte de la sobreexpressié de les isoformes | i lll de la NRG1 aixi
com de la forma truncada de NRG1 Ill (GIEF) sobre els BC
3. Explorar la participacié dels BC en la patologia degenerativa de les motoneurones i la

seva relacié amb la neuroinflamacio

3.1 Estudiar els efectes d’estressos aillats en el BC tals com I'estres de reticle, la
modulacié farmacologica de la seva activitat o I'estimulacio eléctrica

3.2 Investigar I'afectacié dels BC en el model d’axotomia i caracteritzar la implicacio
de la microglia en la degeneracio dels terminals sinaptics

3.3 Analitzar la relacié entre les alteracions del BC, la neuroinflamacio, I’acumulacio
progressiva de mfSOD1 i la consequient degeneracié de MNs individuals en el

model de ratoli d’ELA SOD1%%**
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1. Models animals

Per caracteritzar els BC en condicions fisiologiques, aixi com per I'estudi dels fenomens que
succeeixen després de I'axotomia del nervi ciatic, s’han utilitzat ratolins de la soca CD1, obtinguts de
Envigo (East Millstone, NJ, USA). També s’ha utilitzat aquesta soca per realitzar cultius cel-lulars i pels

experiments de les slices in vitro.

La instauracié de la colonia de ratolins transgénics sobreexpressors de la NRG1 tipus Ill cedits pel Dr.
Markus Schwab i el Dr. Klaus-Armin Nave (Max-Planck-Institute of Experimental Medicine, Géttingen,
Alemanya) a I'estabulari de la Universitat de Lleida, ens ha permes estudiar les funcions especifiques
d’aquesta isoforma en el BC. Aquests animals transgenics sobreexpressen la NRG1 tipus Il conjugada
a la proteina hemaglutinina (HA-NRG1™). El transgén es manté en heterozigosi creuant animals
transgeénics (TG) amb animals de la soca C57BL/6J). La descendéncia TG s’identifica mitjancant el
genotipatge amb la técnica de la Reaccid en Cadena de la Polimerasa (Polymerase Chain Reaction;
PCR) de I’ADN extret de la cua d’aquests animals en els primers dies postnatals i utilitzant els primers

descrits (Velanac et al., 2012).

També s’ha treballat amb mostres de medul-la espinal de ratolins sobreexpressors de la isoforma | de
NRG1 (NRG1 ™) (Michailov et al, 2004), aixi com amb un transgénic que expressa la variant
processada per la proteasa BACE1 de la NRG1 tipus Ill (HA-NRG1°™). Les mostres d’aquests animals

transgénics van ser cedides pel grup de recerca dels investigadors anteriorment mencionats.

El model animal que s’ha utilitzat per estudiar I'ELA sén els ratolins transgénics que sobreexpressen
la proteina humana mutada SOD1°%** (B6SJL-Tg(SOD1-G93A)1Gur/l), obtinguts de Jackson
Laboratory (Sacramento, CA, USA). Aquesta linia transgénica es manté amb el creuament de mascles
SOD1°%** TG amb femelles de la soca B6SIL. Les noves generacions també s’identifiquen mitjancant el
genotipatge amb la PCR de I’ADN extret de la cua dels animals pocs dies després d’haver nascut
utilitzant primers especifics (Ripps et al., 1995). Es considera que els animals TG d’entre p0-p30 sén
asimptomatics, entre p30-p60 sén presimptomatics, esdevenen simptomatics de forma progressiva
entre p60-p90 i entren en la fase terminal a p90 fins a p120 £ 10 (Mancuso et al., 2012; Sabado et al.,
2013). Sobretot en aquest model transgénic considerat sever, perdo també en els altres, es van
establir criteris de punt final per tal de minimitzar el patiment de I'animal si aquest existis (Glinther

et al., 2012).

En tots els procediments que han involucrat ratolins TG, els animals de la mateixa camada que no
han adquirit el transgen (considerats WT) s’han tractat en paral-lel respecte els TG i s’han utilitzat

com a controls en els diferents procediments.
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En tots els casos, s’ha treballat preferentment amb mascles per evitar la dispersid provocada pel
sexe. Els animals estaven allotjats en gabies de 5-6 ratolins amb accés permanent i lliure al pinso
estandard de laboratori i a aigua, i amb un cicle de llum/foscor de 12 hores. D’acord a criteris
previament definits (Burkholder et al., 2012; R. A. Miller & Nadon, 2000), els animals que en algun
moment hagin presentat tumors o anormalitats fisiques, s’excloien dels experiments i es procedia a
I’eutanasia per sobredosi de pentobarbital (30 mg, intraperitoneal). Es van realitzar tots els esforcos
necessaris per tal de reduir el numero d’animals utilitzats d’acord amb la Normativa de la Unio

Europea (24 de Novembre de 1986, 86/609/EEC).

Tots els procediments amb animals d’experimentacio es van dur a terme d’acord a la normativa de la
Comissio Europea i a les normes establertes per la Generalitat de Catalunya (publicades com a llei en
el Diari Oficial de la Generalitat de Catalunya 2073, 1995). Tots els experiments han estat préviament

avaluats i aprovats pel Comité Etic d’Experimentacié Animal (CEEA) de la Universitat de Lleida.

Pel que fa als animals no rosegadors que s’han utilitzat per estudiar I’'homologia entre espécies del
BC, es va treballar amb mostres fixades de medul-la espinal de granota (Xenopus Laevis) cedides pel
Dr. Jesus Maria Lépez (Universitat Complutense de Madrid, Madrid); de llangardaix (Timon Lepidus)
proveides per la Dra. Ester Desfilis (Universitat de Lleida); i de porc (Sus scrofa domesticus),

proporcionades pel Dr. José Antonio Moreno (Universitat de Lleida).

2. Procediments quirurgics i farmacologics in vivo

Axotomia del nervi ciatic: Aquesta intervencid quirurgica s’ha realitzat en animals CD1 adults (entre
p60 — p90) i en animals SOD1°*** de p30, p60 i p90. Els animals s’anestesiaven utilitzant una
combinacié de ketamina (100 mg/kg) i xilacina (10 mg/kg) i es mantenien amb anestésia inhalada (1%

isoflura) durant el procediment.

Després de I'exposicid del nervi ciatic a nivell medio-femoral abans de la seva bifurcacio, es
seccionava aquest nervi prévia lligadura del segment proximal per tal d’evitar la reinnervacio
espontania. Per minimitzar el dolor derivat de la secciéd del nervi, s’administrava analgesia
postoperatoria consistent en dos dosis subcutanies de buprenorfina (0.05 mg/kg): una
immediatament després de la cirurgia i una altra a les 24h després de la intervencié. Si I'animal
presentava signes de dolor (postura corporal encorbada, autolesions,...) s’"administrava una tercera
dosi d’analgésia a les 48 h després de |'operacié. Les mostres de medul-la espinal s’obtenien a
diferents punts temporals després de la intervencio: 1, 3, 7, 15, 30, 90, 120 i 180 dies. En un altre

grup d’animals CD1 adults, es va seguir el mateix procediment, pero enlloc de I'axotomia, es va
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realitzar I'aixafament (crush) del nervi ciatic durant 1 minut utilitzant microforceps, amb la mateixa

pauta d’analgesia posterior.

Marcatge retrograd: Es va utilitzar la toxina colérica B (CTB) conjugada amb el fluorocrom AlexaFluor
555 pel muscul tibial anterior o marcada amb el fluorocrom AlexaFluor 488 pel muscul soli (1 pg/ul
en tampo fosfat (phosphate buffer; PB), (Molecular Probes, Eugene, OR, United States) per marcar

retrogradament les MNs que innerven aquests musculs.

Després de I'exposicid quirurgica dels musculs, amb I'ajuda d’un micromanipulador es va injectar un
volum de 6 pl de la solucié de CTB en el muscul tibial anterior dret, i, 3 pl en el muascul soli esquerre,
mitjangant un capil-lar de vidre acoblat a una xeringa Hamilton. Un dia després de la injeccid, els
animals es van perfondre transcardiacament, tal com es descriu més endavant. Aquest procediment

es va dur a terme sota les mateixes condicions d’anestésia i analgesia descrits per I'axotomia.

Experiments farmacologics: Per dur a terme l'agonisme i |'antagonisme dels receptors M2
muscarinics, es va utilitzar Oxotremorina M (agonista) (Ref. 1067, Tocris Bioscience, Minneapolis,
MN, USA), administrada en una dosi diaria intraperitoneal a 30-50 pg/kg diluit en sérum fisiologic
(sali) durant 15 dies; i Metoctramina (antagonista) (Ref. M105, Sigma-Aldrich, Saint Louis, Missouri,
USA), també una Unica dosi diaria intraperitoneal durant 15 dies dissolta en sali a 200 ug/kg. Els
protocols d’administracié estan basats en articles publicats (Saxena et al.,, 2013). Aquests dos

G93A

tractaments s’han dut a terme en animals SOD17">" en edat adulta (entre p60 i p75) (Fig. 19).

p60 p75
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Figura 19 | Esquema de la pauta farmacologica seguida pels tractaments amb I’agonista Oxotremorina i
I’antagonista Metoctramina dels receptors M2 muscarinics. Creat amb Biorender.

Per tal d’estudiar els efectes de I'estrés de reticle en el BC, es va realitzar un tractament farmacologic
amb un inductor com és la Tunicamicina (Ref. T7765, Sigma-Aldrich, Saint Louis, Missouri, USA),
injectant una dosi diaria intraperitonealment a 1 mg/kg en sali durant 2 dies; i amb un inhibidor com

el Salubrinal (Ref. 2347, Tocris Bioscience, Minneapolis, MN, USA), injectat intraperitonealment a una
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Buprenorfina
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Figura 20 | Esquema de la pauta farmacologica seguida amb els farmacs Tunicamicina i Salubrinal (inductor i
inhibidor de I'estrés de reticle respectivament). creat amb Biorender.

concentracié de 1 mg/kg en sali en una Unica dosi diaria, comencgant 2 dies abans de I"axotomia

(inductor de I'estres), continuant el mateix dia de la intervencid i durant el segiients 7 dies (Fig. 20).

Amb la intencié de bloquejar la induccié microglial que es produeix després de I'axotomia del nervi
periféric en ratolins CD1, aixi com la microgliosis que té lloc intrinsecament en animals SOD1°%** a
mesura que progressa la malaltia, es va administrar I'inhibidor especific del factor estimulant de la
colonia-1 (Colony Stimulating Factor-1; CSF-1) anomenat PLX5622 (Elmore et al., 2014), proveit per
Plexxikon Inc. (Berkeley, CA) i formulat en pinso estandard AIN-76 per Research Diets Inc. (New
Brunswick, NJ). Aquest pinso amb l'inhibidor, es va administrar a animals CD1 p60 durant 7 dies
abans de I'axotomia i els 7 dies postintervencié; d’altra banda, també s’ha administrat a animals
SOD1°%** durant 1 mes (p30-p60). Tots els animals estaven en un ambient lliure de patogens durant

el tractament i se’ls alimentava amb el pinso que contenia 1,200 mg/kg de PLX5622 o amb pinso

control. Per comprovar que els animals consumien el pinso, es va monitoritzar el pes dels ratolins, i

Buprenorfina
{0.05 mg/kg!

Axotomia

VI

p53 p60 P67

)0 ( )0}

PLX5622 -M

p30 p60

<« >

PLX5622 -h

Figura 21 | Esquema de la pauta farmacologica seguida amb I'inhibidor del CSF-1 anomenat PLX5622 per tal
d’inhibir la proliferacié microglial. creat amb Biorender.
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es va observar que no hi havia una péerdua significativa de pes (Fig. 21).

Després del procediment quirdrgic o del tractament farmacologic oportu, els animals s’anestesiaven
amb ketamina i xilacina, es perfonien transcardiacament amb 4% paraformaldehid (PFA) i es

processaven per dur-hi a terme immunohistoquimiques tal com es detalla en els apartats posteriors.

3. Estimulacio eléectrica

Pels experiments d’estimulacié electrica, tant per I'estimulacié del nervi ciatic com de la medul-la
espinal, es van utilitzar agulles d’acupuntura (0.3 x 30 mm; Acupuncture Shop, Varde, Dinamarca)

com eléctrodes estimuladors i una unitat d’estimulacié Cibertec (CS-20, Cibertec, Madrid).

Per a estimular electricament el nervi ciatic, després d’exposar-lo, se li va aplicar electroestimulacid
(5 Va 10 o 100 Hz) amb la unitat estimuladora. Amb aix0 es van provocar potencials d’accié en
direccid retrograda, els quals van causar la despolaritzacié del soma de les MNs localitzades en la

medul-la espinal.

D’altra banda, I'estimulacié eléctrica directa de la medul-la espinal es va dur a terme utilitzant 2
agulles d’acupuntura inserides en la regié dorsal de la medul-la espinal toracica-lumbar. Llavors, es va

aplicar estimulacié eléctrica amb la unitat estimuladora (5 V a 10 Hz).

En cada cas, com a control intern de I'experiment, es van sotmetre 3 animals a les mateixes

condicions pero sense aplicar electroestimulacié.

Tant en I'estimulacié del nervi ciatic com de la medul-la espinal, es va dur a terme un control
electromiografic de la pota de I’'animal per tal de comprovar I’efectivitat de I’electroestimulacié. Amb
aquest proposit, I'eléctrode enregistrador es va inserir en la zona plantar de la pota, i I'’electrode de

referéncia, es va situar subcutaniament a prop de la cua.

4, Preparacid de les mostres i analisi histologic

Els ratolins, prévia anestésia, es perfonien transcardiacament amb una solucié salina (0.9% NaCl)

seguida de 4% PFA en 0.1M PB pH 7.4 . Després de la fixacid inicial, els teixits d’interés, generalment
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la medul-la espinal a nivell lumbar (L1 — L6), es dissecava rapidament i es postfixava amb la mateixa

solucid de fixacié durant 24h a 4°C.

Les mostres de medul-la espinal humana (fixades també amb 4% PFA) es van obtenir del Banc de
Teixits Neurologics de I'Hospital Universitari de Bellvitge (Dr. Isidre Ferrer, Barcelona). Els teixits
d’animals diferents al ratoli, també es van fixar amb 4% PFA. Totes les mostres es van postfixar

durant 24h amb la mateixa solucid de fixacio.

Després de la fixacid, si les mostres s’havien de tallar amb el cridstat, es submergien en 30% sucrosa
en 0.1M PB contenint 0.02% d’azida sodica per tal de crioprotegir-les abans de congelar-les.
Posteriorment, es realitzaven seccions transversals de les medul-les amb un gruix de 16 pum
mitjancant el criostat (Leica, Wetzlar, Alemanya). Els talls es recollien i dipositaven en portaobjectes
gelatinitzats per realitzar les tincions o immunohistoquimiques corresponents, o per emmagatzemar-

los a -80°C.

Pels analisis dels BC mitjangant les reconstruccions 3D, les mostres enlloc de tallar-les al criostat, es
processaven per squash (Pena et al., 2001). Aquesta técnica alternativa al criostat no necessita de
crioproteccié, amb la qual cosa després de la postfixacid, es submergien les medul-les en 0.1M PB
contenint 0.02% d’azida sodica. Posteriorment, es tallaven seccions transversals amb el vibratom
(Leica, Wetzlar, Alemanya) a un gruix de 200 um. Les seccions es dipositaven sobre portaobjectes
Superfrost Plus (Menzel-Glaser, Germany), es cobrien amb un cobreobjectes i s’aixafaven (squash)
amb unes pinces. A continuacio, les preparacions es sotmetien a una congelacié rapida amb nitrogen
liquid, i posteriorment es retirava el cobreobjectes. Les mostres aixafades i adherides al
portaobjectes es fixaven durant 10 minuts en metanol a -20°C. Després de rentar-les amb tampé
fosfat sali (phosphate-buffered saline (PBS)), les mostres estaven preparades per realitzar-hi

immunohistoquimiques (procediment descrit en I'apartat segiient) o per emmagatzemar-les a -80°C.

Pels comptatges de MNs aixi com per I'analisi histologic, s’escollien varies seccions de criostat a
I’atzar, tenint en compte que fossin representatives de tota la regié lumbar (L1-L6), les quals es
tenyien amb la tincié Violeta de Cresil. Les a-MNs, localitzades a nivell de la banya ventral,
s’identificaven per la seva mida (diametre del soma de > 20 um), morfologia (aspecte multipolar,
nucli prominent i abundants granuls de Nissl en el citoplasma) i topografia (lamina IX de Rexed). Les
MNs es comptaven a cegues i cada dos seccions, d’acord amb criteris préeviament establerts (Caldero
et al., 1997; P. G. Clarke & Oppenheim, 1995). Només es comptabilitzaven les MNs amb un nucli
gran, amb nucleols i amb un citoplasma basofilic intens. Amb aquests criteris estrictes de comptatge
no es va fer necessari utilitzar cap factor de correccid per evitar el comptatge doble d’'una MN (P. G.

Clarke & Oppenheim, 1995).
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5. Immunohistoquimica de fluorescéncia i captura d’imatges

Les seccions de criostat o squash es permeabilitzaven amb 0.1% tritd X-100 en PBS durant 30 minuts,
es bloquejaven segons corresponia amb serum de cabra (Normal Goat Serum (NGS)) o de cavall
(Normal Horse Serum (NHS)) al 10% en PBS durant 1 hora a temperatura ambient, i després
s’incubaven amb la combinacié d’anticossos primaris d’interes tota la nit a 4°C. Els anticossos

primaris utilitzats estan indicats en la Taula 2.

Després de rentar amb PBS, les seccions s’incubaven amb la barreja d’anticossos secundaris
fluorescents adients durant 1h a temperatura ambient, cada un d’ells marcats amb un dels seglients
fluorocroms: Alexa Fluor 488, DyLight 549, DyLight 649 (Jackson Immuno Research Laboratories,

West Grove, PA, Estats Units). Tots ells a una dilucié de 1/500.

Finalment, les seccions de medul-la espinal es tenyien amb la tincié de Nissl fluorescent (NeuroTrace
Nissl) (1:150; Molecular Probes) i es muntaven utilitzant un medi de muntatge que evitava
I’esvaiment de la senyal fluorescent (anti-fading), el qual contenia 0.1M de tampd Tris-HCI (pH 8.5),
20% glicerol, 10% Mowiol i 0.1% 1,4-diazabicyclo[2,2,2]octa. Per la visualitzacié dels ErbBs, algunes
seccions es van processar utilitzant un kit d’amplificacié de la senyal per Tiramida, seguint el

procediment recomanat pel fabricant (Thermo Fisher Scientific, Waltham, MA, Estats Units).

Les seccions s’examinaven amb el microscopi confocal d’escaneig laser FluoView FV-500 o amb el
FluoView FV-1000 (Olympus, Hamburg, Alemanya). Les imatges del soma de les MNs estaven

formades per I'empilament de multiples seccions optiques de 0.5 0 1 um.

Per realitzar les comparacions, els teixits dels diferents animals en les diverses condicions
experimentals, es processaven en parallel tant pel que fa a la realitzaci6 de les
immunohistoquimiques, com a la captura de les imatges, les quals s’adquirien amb els mateixos
parametres d’escaneig. Les imatges digitals s’analitzaven utilitzant el programa FV10-ASW 3.1 Viewer

(Olympus) i el software Imagel (US National Institutes of Health, Bethesda, MD, Estats Units).

Les caracteristiques dels perfils immunomarcats corresponents a les diferents proteines,
s’examinaven i es comptaven manualment amb el programa Image) establint com a referéncia el
soma de les MNs. Els experiments que involucraven axotomies, només s’analitzava la lamina IX de
Rexed corresponent a la columna motora del ciatic (L6) (Watson, et al, 2009). Aquesta agrupacio de
MNs s’identificava per la seva relacié amb la microglia reclutada, aquesta ultima marcada amb

I’anticos anti-Ibal.
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Les reconstruccions 3D es van realitzar amb el programa Imaris (Bitplane, CT, Estats Units) a partir de
imatges seqliencials de 0.5 um de gruix obtingudes amb el microscopi confocal. Les imatges digitals
es van editar utilitzant el programa informatic FV10-ASW 3.1 Viewer (Olympus) i el Adobe Photoshop

CS4 (Adobe Systems Inc, San Jose, CA, Estats Units).

Espécie Clonalitat Casa comercial Dilucié
Antigen  d’obtencié (n2 de referéncia)
ATP5A Ratoli Monoclonal Abcam 1:100
(ab14748)
Clq Conill Monoclonal Abcam 1:1000
(182451)
CD11c Hamster Monoclonal AbDserotec 1:50
(MCA1369T)
CD63 Conill Monoclonal Abcam (ab217345) 1:100
CD68 Rata Monoclonal AbDserotec 1:100
(MCA1957T)
CcD81 Conill Policlonal Abcam 1:100
(ab155760)
CD9 Conill Monoclonal Abcam 1:350
(ab92726)
ChAT Conill Policlonal Millipore 1:200
Transferasa d’acetilcolina (AB143)
(Choline acetyltranferase)
ChAT Cabra Policlonal Millipore 1:250
Transferasa d’acetilcolina (AB144)
(Choline acetyltranferase)
Flotilina Conill Policlonal Abcam 1:150
(ab41927)
GFAP Pollastre Policlonal Abcam 1:1000
Proteina acidica fibril-lar (ab4674)
glial
(Glial fibrillary acidic protein)
Grp78 / BiP Conill Policlonal Enzo Life Sciences 1:1000
Proteina 78 regulada per (SPA-826)
glucosa
(Glucose-regulated protein
78)
HA-tag Rata Monoclonal Roche 1:500
Peptid HA (11 867 423 001)
Her4 / ErbB4 Conill Monoclonal Cell Signaling 1:50
(#4795)
Ibal Cabra Policlonal Abcam 1:500
Molécula adaptadora (ab5076)

ionitzant d’unid a calci 1
(lonised calcium-Binding
Adaptor molecule 1)



Kv2.1
Canal de potassi depenent
de voltatge Kv2.1
(Kv2.1 voltage gated
potassium channel)
M2
Receptor M2 muscarinic
(M2 muscarinic receptor)
Mac2
Mac2 / Galectina-3
mfSOD1
Superoxid Dismutasa 1
humana malplegada
(Misfolded Human SOD1)
mfSOD1
Superoxid Dismutasa 1
humana malplegada
(Misfolded Human SOD1)
MLKL (phospho S345)
Domini mixt de llinatge
cinasa fosforilat en la
serina 345
(Mixed Lineage Kinase
domain Like)
Neu (C-18) (ErbB2)

Neu/N

NRG1 1a /B 1/2
Neuregulina-1
NRG1 Ill extracel-lular
Neuregulina-1 tipus IlI
extracel-lular
NRG1-CRD tipus Il
Domini Ric en Cisteines de
la Neuregulina-1 tipus Il
(Neuregulin-1 type lll Cysteine
Rich Domain)
P2RY12

PDC6IP-Alix
Proteina interactuant de la
mort cel-lular programada

6
(Programmed Cell Death 6
Interacting Protein)
p-ErbB2 tyr1248
Neu fosforilat en la tirosina
1248
(phospho Neu tyr 1248; p-
Neu tyr1248)

Ratoli

Conill

Rata

Conill

Ratoli

Conill

Conill

Ratoli

Conill

Conill

Ratoli

Rata

Conill

Conill

Monoclonal

Policlonal

Monoclonal

Policlonal

Monoclonal

Monoclonal

Policlonal

Monoclonal

Policlonal

Policlonal

Monoclonal

Monoclonal

Policlonal

Policlonal
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NeuroMab
(73-014)

Alomone Labs
(AMR-002)

Cedarlane
(CL8942AP)
AbBcn

(4251/4252)
(AJ10)

MediMabs 2B Scientific

(MM-00070-2-P)
(CAF6)

Abcam
(196436)

Santa Cruz
Biotechnology
(Sc-284)
Thermo Fisher
Scientific
(MAB377)
Santa Cruz
(sc-348)
Alomone Labs
(ANR-113)

Millipore
(MABN534)

Biolegend
(848002)
Sigma-Aldrich
(HPA011905)

Santa Cruz
Biotechnology
(Sc-293110)

1:100

1:100

1:800

1:1000

1:100

1:100

1:50

1:100

1:300

1:250

1:250

1:100

1:50

1:100
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p-ErbB4
Her4/ErbB4 fosforilat en la
tirosina 1248
(phospho- Her4/ErbB4
tyr1248)
Rab10

Rab4
Rab5
Rab?7
Rab8A
Rab9

S1R
Receptor Sigma-1
(Sigma-1 receptor)

Serotonina

Sinaptofisina 1

SK3
Canal de potassi activat
per calci SK3
(calcium-activated potassium
channel SK3)
SMI-32

Sv2
Glicoproteina 2A de
vesicules sinaptiques
(Synaptic Vesicle glycoprotein
2A)

TMEM119
Proteina Transmembrana
119
VAChT
Transportador vesicular
d’acetilcolina
(Vesicular Acetylcholine
Transporter)

VGAT
Transportador vesicular de
GABA
(Vesicular GABA transporter)
VGIuT1
Transportador vesicular de
glutamat 1
(Vesicular Glutamate
transporter 1)

Conill

Conill

Conill

Conill

Conill

Conill

Ratoli

Ratoli

Rata
monoclonal
Conillet
d’indies
Conill

Ratoli

Ratoli

Conill

Conillet
d’indies

Conillet
d’indies

Conillet
d’indies

Monoclonal

Monoclonal

Monoclonal

Monoclonal

Monoclonal

Monoclonal

Monoclonal

Monoclonal

Monoclonal

Policlonal

Policlonal

Monoclonal

Monoclonal

Policlonal

Policlonal

Policlonal

Policlonal

Cell Signaling
(#4757)

Abcam
(ab237703)
Abcam
(ab109009)
Abcam
(ab218624)
Abcam
(ab137029)
Abcam
(188574)
Abcam
(ab2810)
Santa Cruz
Biotechnology
(Sc-137075)

Chemicon
(MAB 352)
Synaptic Systems
(101 004)
Alomone Labs
(APC-025)

Covance Research
Products Inc.
(SM132)
Developmental Studies
Hybridoma Bank
(sv2)

Abcam
(ab209064)

Synaptic Systems
(139 105)

Synaptic Systems
(131 004)

Synaptic Systems
(135 304)

1:50

1:500

1:170

1:1000

1:100

1:500

1:200

1:50

1:100

1:500

1:100

1:5000

1:1000

1:300

1:500

1:200

1:500
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VGIuT2 Conillet Policlonal Synaptic Systems 1:500
Transportador vesicular de d’indies (135 404)
glutamat 2

(Vesicular Glutamate
transporter 2)

En referéncia als anticossos contra la proteina NRG1, la nostra experiencia ens ha demostrat que el
millor anticos comercial disponible per visualitzar-la en els BC és el pan-NRG1 (sc-348, Santa Cruz
Biotechnology). Degut a que aquest anticos va ser descatalogat durant el transcurs de la tesi, vam
haver de buscar alternatives. Només amb I’anticos de conill anti-NRG1 tipus Il extracel-lular
(ANR113, Alomone Labs) hem estat capacos de detectar marcatge positiu en els BC, pero aquesta
senyal és menys intensa que la que s’obté amb el sc-348. L’anticos monoclonal de ratoli anti-NRG-
CRD tipus Il (MABN534, Millipore Sigma) també és capag de detectar tenuement la NRG1 associada
als BC.

6. Microscopia electronica

En alguns casos concrets i en condicions especifiques, alguns animals es van perfondre amb 2% PFA i
2% glutaraldehid en 0.1M PB (pH 7.4) per observar els teixits mitjangant microscopia electronica
convencional. Alternativament i en condicions puntuals, la solucié fixadora va ser 4% PFA en 0.1% de
glutaraldehid en 0.1M PB per realitzar immunomarcatges ultraestructurals. Després de la fixacio, els

teixits es dissecaven rapidament i es postfixaven 24h a 4°C en la mateixa solucid de fixacié.

Per la microscopia electronica convencional, les mostres es seccionaven a 200 pum de gruix utilitzant
el vibratom. Els teixits es postfixaven en un 1% OsO, durant 2h, i després es contrastaven amb 0.5%
d’acetat d’uranil durant 30 minuts, tot a 4°C. Posteriorment, les mostres s’incloien en la reina Epoxy
Embed 812 (Electron Microscopy Sciences, Hatfield, PA, Estats Units), d’acord amb el protocol
estandard. Una vegada les mostres estaven incloses en la reina, es feien els talls semi-fins (1 um de
gruix) i es tenyien amb blau de Richardson. En alguns articles, les imatges dels semi-fins es van
realitzar utilitzant un microscopi convencional (Olympus) i una camera digital DMX 1200 Nikon
(Tokyo, Japd). Un cop localitzada la zona d’interés amb els semi-fins, es procedia a realitzar talls
ultrafins (80 nm), els quals es contrastaven amb la solucié de citrat de plom de Reynold’s. Les
observacions de les mostres es van

Taula 2. Anticossos utilitzats per immunohistoquimica de fluorescéncia.

fer amb un microscopi electronic

JEOL JE;1010 (Alkishima, Tokyo, Japd).
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Per fer I'immunomarcatge abans de la inclusid en la reina, les mostres es seccionaven amb el
vibratom a un gruix de 50 um i es bloquejaven en una solucié de 10% albumina sérica de bovi (Bovin
Serum Albumin (BSA)) i 0.02% saponina en PBS durant 1 hora. Després, es procedia amb la incubacio
amb un Unic anticos primari (Taula 3) en una solucié formada per 10% BSA en PBS i 0.004% de
saponina, durant 2 dies a 4°C. A continuacid, les mostres es rentaven amb 1% BSA en PBS i
s'incubaven durant 2 hores amb el corresponent anticos secundari biotinilat (1:100, Vector
Laboratories). Per visualitzar el marcatge, s’utilitzava el Vectastain Elite ABC (Vector Laboratories), i
finalment es revelava mitjancant la incubacid de les seccions en 0.05% de 3,3-
diaminobenzidina/0.01% H,0,. En alguns casos, les regions reactives a la peroxidasa s’amplificaven
amb plata mitjancant la incubacié de les seccions en una solucid de 2.6% d’hexametiletramina
(Merck, Darmstadt, Alemanya), 0.2% de nitrat de plata (Merck) i 0.2% de tetraborat disodic (Merck)
durant 10 minuts a 60°C. Posteriorment, les seccions es rentaven amb aigua destil-lada i es tractaven
amb 0.05% de clorit d’or durant 2 minuts. Finalment, les seccions es tornaven a rentar i s'incubaven 2

minuts en 2.5% de tiosulfat sodic (Merck). El teixit es postfixava en 1% OsO, i s’incloia en la reina

Embed 812.
Antigen Espeécie Clonalitat Casa comercial Dilucio
d’obtencio (n2 de referencia)
Ibal Cabra Policlonal Abcam 1:500
(ab5076)

Taula 3. Anticossos utilitzats per I'immunomarcatge ultraestructural abans de la inclusié en la reina.

Per la immunohistoquimica amb particules d’or col-loidal, aquesta es realitza després de la inclusid
de les mostres en la reina. Previament, les mostres es tallen a 200 um utilitzant I'aparell Mcllwain
Tissue Chopper (Campden Instruments LTD, Loughborough, Leics, Anglaterra). Després de la
crioproteccié amb glicerol, les mostres es submergeixen rapidament en propa liquid refredat
utilitzant nitrogen liquid (-184°C) i es processa per realitzar una criosubstitucié utilitzant el sistema
Leica EM System (Leica Microsystems, Wetzlar, Alemanya). Les mostres s’incrusten en la reina
Lowicryl HM20 (Electron Microscopy Sciences) mantenint la baixa temperatura i seguint un protocol
similar al descrit en altres estudis (Rubio & Wenthold, 1999). Els talls ultrafins es realitzen en un
Ultracut UC6 ultramicrotom (Leica) i es dipositen en reixes de niquel. A continuacid es renten amb
50mM de glicina en PBS, es bloquegen en 5 i 1% de BSA, i s'incuben a temperatura ambient durant
1h amb els anticossos primaris seleccionats (Taula 4). Aquesta técnica permet utilitzar un Unic anticos
0 una barreja de dos anticossos. En aquest Ultim cas, s’incuben els teixits amb particules d’or
col-loidal de dos mides diferents per després poder distingir els marcatges de les proteines en les

imatges.
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Antigen Espécie Clonalitat Casa comercial Dilucié
d’obtencid (n2 de referencia)
MLKL (phospho S345) Conill Monoclonal Abcam 1:100
(196436)
NRG1 Conill Policlonal Santa Cruz 1:300
(sc-348)
S1R Ratoli Monoclonal Santa Cruz 1:50

Biotechnology
(S5c-137075)
Kv2.1 Ratoli Monoclonal NeuroMab 1:100
(73-014)

Taula 4. Anticossos utilitzats per I'immunomarcatge ultraestructural després de la inclusié en la reina.

Després de rentar les seccions amb 0.25% Tween 20 en PBS, es bloquegen amb 1% BSA i s’incuben
amb els anticossos secundaris conjugats a particules d’or de 12 nm (1:30, Sigma-Aldrich, St. Louis,
MO, Estats Units) i/o particules de 5 nm (1:30; Sigma-Aldrich) durant 30 minuts a temperatura
ambient. Previ rentat en PBS i aigua destil-lada, les seccions es contrasten amb acetat d’uranil i citrat
de plom. En paral-lel, es van processar mostres controls en les quals es va ometre la incubacié amb
I'anticos primari. Les observacions també es van dur a terme amb un microscopi de transmissid

electronica JEOL JE;1010 (Akishima, Tokyo, Japo).

En alguns casos, per facilitar la localitzacié dels BC de les MNs en les crioseccions ultrafines,
s’utilitzava el nucli hipoglos del tronc de I’'encefal enlloc de la medul-la espinal, ja que en aquest nucli

hi ha més densitat de MNs.

7. Cultius de medul-la espinal

Es preparaven cultius primaris provinents de la dissociacié de la medul-la espinal d’embrions de ratoli
CD1 (dia embrionari 13) tal com es descriu en protocols anteriors (Roy et al., 1998) amb lleugeres
modificacions. Les medul-les espinals es dissecaven i es netejaven de meninges i ganglis. Les cel-lules
dissociades es plantaven a una densitat de 300.000 cel-lules/pou en plaques de cultiu de 4 pous les
quals contenien cobreobjectes rodons de vidre tractats amb poli-D-lisina i Matrigel (Corning, Bedford,
MA, Estats Units). Les cél-lules es mantenien en un medi essencial minim (Gibco, Waltham, Estats
Units) enriquit amb 5 g/l de glucosa i suplementat amb un 3% de NHS, 10 ng/ml de factor de
creixement neural (Nerve Growth Factor (NGF)), 0.5-1% de penicil-lina i estreptomicina (Sigma-
Aldrich, #P4458) i medi B27 (Gibco). Al dia 6, els cultius es tractaven amb 1.4 ug/ml de citosina-B-
arabinosa (Sigma-Aldrich) per tal de minimitzar el creixement de les cel-lules no neuronals. Els cultius

es mantenien durant 14-28 dies in vitro i després es rentaven amb PBS, es fixaven amb 4% PFA en 0.1
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M de PB (pH 7.4) durant 1 hora, i es procedia a realitzar una immunohistoquimica de fluorescencia

seguint el protocol descrit anteriorment.

8. Slices in vitro

Els animals es van perfondre transcardiacament amb liquid cefaloraquidi artificial (artificial
cerebrospinal fluid (ACSF)) fred oxigenat (95% O,, 5% CO,), per després extreure’n la medul-la espinal
hidraulicament aplicant pressié amb una xeringa amb ACSF. La xeringa es situava a I'obertura de la

regié caudal del canal vertebral tal com es descriu en (Chéry et al., 2000).

Un cop s’obtenia la medul-la, els segments medul-lars lumbars s’aillaven i es seccionaven rapidament
en talls transversals de 300-400 um amb el Tissue Chopper. A continuacid, la medul-la espinal lumbar
neta de meninges i en fred (0-4°C), es submergia en ACSF oxigenat (95% O,, 5% CO;) el qual contenia
130 mM NaCl, 26 mM NaHCO3, 2 mM MgCl,, 1.25 mM NaPOQO,, 2 mM CaCl,, 3 mM KCl i 10 mM de
glucosa. Posteriorment els talls es transferien (o no) a una camera de perfusié amb ACSF oxigenat

durant 10 minuts abans de la fixacio amb 4% PFA.

Després, es processaven les mostres per squash per tal de realitzar-hi immunohistoquimiques de

fluorescéncia contra diferents proteines.

0. Western Blot

Per a realitzar la técnica del Western Blot (WB), la medul-la espinal dels animals s’extreia
hidraulicament aplicant pressié amb una xeringa omplerta amb PBS situada a I'obertura de la regid
caudal del canal vertebral tal com es descriu en (Chéry et al., 2000). Immediatament després de
I'extraccid, el teixit es sotmetia a una congelacié rapida amb nitrogen liquid (-196°C) per tal

d’aconseguir una optima preservacid de les proteines i, després, es guardava a -80°C.

Es disgregaven en fred 5-6 mg de teixit congelat procedent de la medul-la espinal lumbar utilitzant un
homogenitzador eléctric (Tissue Grinder, Coyote Bioscience Co., Ltd, Yixing City, Xina) utilitzant 150 pl
del tampd de lisis de radioimmunoprecipitacié (Radioimmunoprecipitation assay buffer (RIPA)) (150
mM NaCl; 1 % NP-40; 0.5% Na-deoxycolat; 0.1% dodecilsulfat sodic (Sodium dodecyl! sulfate (SDS));
50 mM Tris-HCI [pH 7.4]), suplementat amb inhibidors de proteases (Sigma-Aldrich, cat. #P8340) i
inhibidors de fosfatases (PhosphoSTOP, Roche, Laval, QC, Canada). Els homogenats es centrifugaven

a 12.000 rpm durant 15 minuts a 4°C. A continuacid, s’obtenia el sobrenedant i se’n determinava la
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concentracié de proteina obtinguda mitjancat el kit BIO-RAD Micro DC protein assay (BIO-RAD,
Laboratories Inc., Hercules, CA, Estats Units). La quantitat concreta de proteina que es necessitava,
normalment entre 15-50 pg, es barrejava amb el tampé de carrega 4 x SDS (0.250 M Tris, 8% SDS,
40% glicerol, 0.4% blau de bromofenol, 20% B-mercaptoetanol) i es carregava en un gel de
poliacrilamida al 10% (el percentatge variava en funcié del pes molecular de la proteina d’interes) per

dur a terme |'electroforesis.

Les proteines s’electrotransferien del gel a una membrana de PVDF (Immobilon TM-P, Millipore,
Burlington, MA, USA) utilitzant el tampé de transferencia el qual contenia 48 mM Tris, 39 mM glicina,
20% metanol i 0.04% SDS. A continuacid, les membranes es bloquejaven amb 5% llet desnatada en
0.1% Tween 20 i tampd Tris sali (TBST) pH 8 durant 1 h a temperatura ambient i, després, es rentaven

abundantment amb TBST.

La immunodeteccié es duia a terme mitjancant la incubacié de les membranes tota la nit a 4°C amb

I'anticos d’interes (Taula 5).

Les membranes es rentaven en TBST i s’incubaven durant 1 h a temperatura ambient amb I’anticos
secundari conjugat a peroxidasa (1:15000; Cell Signaling, Danvers, MA, Estats Units; cat. #7074; cat.
#7076), es rentaven en TBST i es visualitzaven utilitzant el revelador ECL Prime Western Blotting
Detection Reagent Detection Kit (GE Healthcare, Buckinghamshire, Anglaterra), seguint les

instruccions del fabricant.

Es tornava a repetir la immunodeteccid en la mateixa membrana, aquesta vegada incubant les
membranes amb un segon anticos primari, normalment, contra la proteina 8-actina de conill o de
ratoli en funcid de quin fos el més apropiat, amb I'objectiu de tenir un control de carrega amb el que

normalitzar els resultats.

Finalment, la quantificacié de la intensitat de les bandes es realitzava utilitzant el programa Chemi-

Doc MP Imaging System (BIO-RAD Laboratories Inc., Hercules, CA, Estats Units).

Antigen Especie Clonalitat Casa comercial Dilucio
d’obtencio (n2 de referencia)
MLKL (phospho S345) Conill Monoclonal Abcam 1:2500
(196436)
Mac2 Rata Monoclonal Cedarlane 1:800
(CL8942AP)

Taula 5. Anticossos utilitzats per WB.
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10. Analisi estadistic

Les dades estan expressades com a mitjana + SEM. Pel que fa als analisis estadistics, quan es
comparava dos valors, s’escollia el test Student’s t-test; quan es comparaven varies dades, es
realitzava 1- o 2-way analysis of variance (ANOVA) seguit de la correccié de post hoc Bonferroni. El
nivell de significanca es va establir a p < 0.05. Tant per dur a terme els analisis estadistics com la

representacié grafica de les dades, s’ha utilitzat el programa GraphPad Prism 6.
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- Raimundo Sabater, Sara Hernandez, Jordi Calderd & Josep E. Esquerda

. The electric activity of lower motor neurons (MNs) appears to play a role in determining cell-

- vulnerability in MN diseases. MN excitability is modulated by cholinergic inputs through C-type

. synaptic boutons, which display an endoplasmic reticulum-related subsurface cistern (S5C) adjacent

. tothe postsynaptic membrane. Besides cholinergic molecules, a constellation of proteins involved

. indifferent signal-transduction pathways are clustered at C-type synaptic sites (M2 muscarinic
receptors, Kv2.1 potassium channels, Ca?* activated K* [SK] channels, and sigma-1 receptors [S1R]),
but their collective functional significance so far remains unknown. We have previously suggested that

. neuregulin-1 (NRG1)/ErbBs-based retrograde signalling occurs at this synapse. To better understand

- signalling through C-boutons, we performed an analysis of the distribution of C-bouton-associated

. signalling proteins. We show that within SSC, S1R, Kv2.1 and NRG1 are clustered in highly specific,

. non-overlapping, microdomains, whereas ErbB2 and ErbB4 are present in the adjacent presynaptic

. compartment. This organization may define highly ordered and spatially restricted sites for different

: signal-transduction pathways. SSC associated proteins are disrupted in axotomised MNs together with

. the activation of microglia, which display a positive chemotactism to C-bouton sites. This indicates that

. C-bouton associated molecules are also involved in neuroinflammatory signalling in diseased MNs,

emerging as new potential therapeutic targets.

. Skeletal muscle contractions mediating motor behaviour involves the coordinated activity of distinct brain stem
. and spinal cord motor neuron (MN) populations. The firing rates of individual MNs results from the integration
. of a variety of excitatory and inhibitory MN synaptic inputs, which involve a range of different neurotransmit-
. ter systems. During rhythmic motor behaviour (e. g. locomotion), the highly organized pattern of MN activ-
© ity is modulated by cholinergic inputs'. These are delivered through C-type synaptic boutons originating from
- spinal interneurons. C-boutons are intriguing synaptic structures that are present in - (but not in ~-) MNs,
. and that were first morphologically identified over 45 years ago®. C-boutons are unusually large nerve terminals

(3-5pm long) which contain a high number of densely packed, round clear synaptic vesicles. In the postsynaptic

region, C-terminals display a unique structure, consisting of a subsurface cistern (SSC) immediately adjacent

(at 10-20 nm distance) to the MN membrane, and associated with a stack of underlying lamellae of endoplas-

mic reticulum (ER). There has recently been increased interest in C-boutons. After recognizing the choliner-
* gic phenotype of C-boutons and their association with M2 muscarinic receptors**, other molecular aspects of
. these synapses, such as the expression of: voltage-gated K* channels Kv2.1°, Ca?* activated K* (SK) channels®,
. vesicle-associated membrane protein 2 (VAMP-2)? and sigma-1 receptors (SI1Rs)’, have been described. The
© gap junction protein connexin 32 has also been localized postsynaptically at the SSC®?. The neuronal origin
. of C-bouton inputs was recently identified as a small cluster of cholinergic interneurons (VOc interneurons)

. Departament de Medicina Experimental, Patologia Neuromuscular Experimental, Facultat de Medicina, Universitat
. de Lleida/IRBLLEIDA, Av. Rovira Roure 80, 25198 Lleida, Catalonia, Spain. Correspondence and requests for
. materials should be addressed to J.E.E. (email: josep.esquerda@mex.udl.cat)
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located near the central canal of the spinal cord, which modulate MN activity during locomotor behaviour°.
Metabotropic M2 transmission in C-type synapses may inhibit Ca** dependent K™ channels, reducing the spike
afterhyperpolarization, instead of after hyperpolarization and enhancing MN firing frequency through a local
intermediary effect of [Ca*], 1%

The neuregulin-1 (NRG1) family includes more than 15 membrane-associated and secreted growth factors
generated by alternative RNA splicing that interact with ErbB receptor tyrosine kinases. All NRG1 isoforms share
an epidermal growth factor (EGF)-like signalling domain, and control many aspects of development. In the nerv-
ous system, the most abundant forms of NRG1 are types I and I11. These, have been detected in MNs, dorsal root
ganglion (DRG) neurons and, in particular in glia. NRG1 is involved in glia-axon interactions (myelination), the
development of motor endplates, neuronal migration, synaptogenesis and plasticity in the CNS''-'4. NRG1 is also
involved in psychiatric disorders, including schizophrenia'*!®. In a study examining the expression of NRG1 in
phrenic spinal cord MNs, it was reported that this trophic protein is expressed in nearly all cholinergic nerve ter-
minals'’; however, its precise subcellular localization was not addressed by these investigators. We have recently
examined this issue and found that NRG1 is associated with C-boutons, concentrated in postsynaptic sites within
the ER at the SSC'®. We have also demonstrated that ErbB2 and ErbB4 receptors are present in the presynaptic
compartment, suggesting that NRG1 acts as a retrograde signalling molecule in C-type synapses. C-boutons are
scarcely investigated structures'®, which have been reported to suffer plastic changes in sick MNs after spinal cord
injury?®2!, peripheral nerve lesion®?, and amyotrophic lateral sclerosis (ALS)'®*-%, In addition, mutations in SIR
are considered risk factors for familial ALS, and abnormal accumulations of this protein in C-terminals have also
been observed in patients with sporadic ALS*2. Altered SSCs also appear to be present in ALS-linked mutations
of Vesiclg:a-associated membrane protein-associated protein B (VAPB, ALS8), which is abnormally targeted to C
boutons™.

The relevance of the NRG1/ErbB pathway in MN diseases has been further underlined by the discovery of a
new type of familial ALS caused by a loss of function mutation of ErbB4%, and by the reported neuroprotective
effects of NRG1 supplementation®* and/or altered NRG1 expression® in ALS mice. MNs in oculomotor nuclei,
which are spared in ALS, lack both C-boutons and SSC-associated NRG1*!%,

Thus, at C-type synaptic sites, in addition to the presence of cholinergic molecules, a constellation of proteins
involved in different signal-transduction pathways are specifically clustered, although their functional signifi-
cance remains largely unknown. In order to better understand synaptic signalling though C-boutons, we under-
took a structural analysis of the spatial organization of distinct C-bouton-associated signalling proteins, and
especially the NRG1-ErbBs module, in different MN populations. We also examined changes in NRG1-ErbB
expression during development and following peripheral nerve injury.

Results

Ultrastructure of C-bouton synapse in mouse spinal cord MNs.  C-boutons can be morphologically
distinguished from other afferent synaptic terminals contacting MN soma or dendrites in the spinal cord ventral
horn. The C-bouton presynaptic element contains spherical and electron lucent synaptic vesicles, some endo-
some-like bodies and mitochondria. In the postsynaptic compartment, and in close apposition with the post-
synaptic membrane, the ER-related SSC is the main structural hallmark of C-boutons. The distance between the
SSC and postsynaptic membrane is about 10-15 nm. C-boutons with large SSCs were also observed in MNs of
newborn (P1) animals (Supplementary Fig. 1a-d). Our observations are consistent with the classical description
of C-boutons in cat spinal cord®.

The NRG1-ErbB module is found in C-boutons and is differentially compartmentalised with
other signalling proteins.  Using several specific antibodies we analysed the precise distribution of sev-
eral proteins that are known to be clustered at the C-type synapse. C-bouton sites were identified by labelling
presynaptic terminals with vesicular acetylcholine transporter (VAChT, Figs 1 and 2). In close association with
VAChT-positive spots, we confirmed the presence of NRG1, M2-type muscarinic acetylcholine receptors (M2
AChRs), S1Rs, the Kv2.1 delayed rectifier K™ channel (Kv2.1), and the postsynaptic SK channel SK3. All of these
were present in oval patches distributed throughout the soma and in proximal dendrites of large spinal cord
MNs, representing the postsynaptic compartment of C-bouton (Fig. 1a-d). In agreement with our previous
work'®, non-cholinergic (i.e. glutamatergic, serotoninergic and GABAergic) afferent synapses on MNs did not
express the particular assembly of postsynaptic molecules seen in cholinergic terminals (not shown). In addi-
tion, ultrastructural immunolabelling (Fig. 1e,f) followed by the stereological analysis®” of gold nanoparticles
distribution confirmed that, within C-bouton, NRG1 was accumulated postsynaptically in the SSC (for total
Chi-square =19,337.8 and df =4, p <0.0001, there is a preferential labelling in SSC, n =20 C-bouton synapses;
see Fig. 1f).

C-bouton-associated protein molecules were assembled in a highly ordered manner and segregated into spe-
cific microdomains. This was clearly shown after confocal imaging of multi-labelled C-boutons using the highest
resolution settings. Our results complement those reported by DeardorfT ef al.*. Postsynaptic sites enriched in
M2 cholinergic receptors were precisely aligned with the strongest signal for VAChT, indicating the areas with the
maximum concentration of cholinergic vesicles at the presynaptic terminal (Fig. 2a—f). The areas most enriched
in NRG1 were intercalated with microdomains displaying the maximal intensity for Kv2.1 or S1R immunola-
belling (Fig. 2g-p). In orthogonal projections of C-boutons, the SIR signal was usually detected in the form of
a central saccule-like structure surrounded by smaller NRG1-containing spots (Fig. 2g-i). In addition, in some
MNs, Kv2.1 immunoreactivity formed an additional bell-like line, externally surrounding the whole C-bouton
area (Fig. 2q~s). This is in agreement with observations made in hippocampal neurons®***. The segregated local-
ization of NRG1 and Kv2.1 in C-type synapses was further assessed after double immunolabelling. This analysis
suggested that Kv2.1 subunits were located both in the postsynaptic membrane and in the SSC, although they
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Figure 1. NRG1 protein is associated with the C-bouton proteins VAChT and S1R, and localized in SSC
at postsynaptic region. (a-d) Squashed MNss triple immunolabelled for NRG1 (green), S1R (red) and VAChT
(blue). The three molecules colocalise at C-boutons, but S1R is also present as non-synaptically-associated
particles. 'The nuclei are delimited by a dashed line. Individual RGB channels of the indicated MN (arrow) are
shown in (a-c). When individual C-boutons are observed at high magnification (square delimited in (d)), sites
containing SIR are segregated from NRG1-positive patches, and delimited by presynaptic VACHT. (e and f)
NRG1 accumulates in the SSC (arrows) as shown in spinal cord MNs after ultrastructural immulolabelling by
a pre-embedding (e) or post-embedding immunogold (f) procedure. Scale bars: in (¢) = 10pum; (d) =20 pm; in
(€)=250nm; in (f) =50nm.

were clustered in separate domains than NRG1 (Fig. 2p). SK3 channel protein was also clustered in C-boutons
from some, but not all, MNs; these, probably correspond to MNs innervating slow-twitch muscles®. In our sam-
ples, SK3 and Kv2.1 potassium channels appear to be localized in separate domains (Fig. 2t-y). All these results
indicate that the postsynaptic machinery at C-boutons contains a unique mosaic of proteins that are spatially
arranged in highly ordered, interdigitated, non-overlapping, microclusters. Using double immunogold labelling,
the regions within the SSC enriched in NRG1 and S1R were clearly segregated; most of the particles were located
at the SSC membrane. A minor proportion (9.7 4 2.59%, n = 14 synapses) of nanogold particles were seen asso-
ciated with the postsynaptic membrane, suggesting that NRG1 may have been translocated from the SSC to the
postsynaptic membrane (Fig. 3a—c). Double immunogold labelling was also applied to identify NRG1 in con-
junction with Kv2.1; results confirmed that both proteins reside postsynaptically in separate regions, with Kv2.1
located at the periphery of clustered NRG1 (Fig. 3d). These data extend previous observations on the ultrastruc-
tural localization of Kv2.1 channels®*. To improve C-bouton sampling in ultrathin cryosections, all these double
labelling experiments were performed in hypoglossal MNs, as these are more densely packed than ventral horn
MNs. We have already described that both morphological and immunocytochemical properties of C-boutons in
hypoglossal MNs are virtually identical to those in spinal cord®.

By using several anti-ErbB2 or ErbB4 antibodies, positive immunolabelling in the presynaptic com-
partment of C-boutons was unambiguously observed in contrast to the postsynaptic localisation of NRG1
(Fig. 4a—c). Although this immunoreaction was sometimes faint and imprecise, it became more prominent when
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Figure 2. C-bouton proteins NRG1, S1R, Kv2.1 and SK3 are differentially clustered at the postsynaptic
region. (a—f) MN somata (encircled in (a) and (d)) showing C-bouton synapses immunostained for
simultaneous visualisation of M2 AChR (green), SR1 (red) and VAChT (blue); an enlargement of the square
delimited C-bouton is shown in (b,c,e,f) in either separate or combined channels; note the similar distribution
of the M2 AChR and VAChT sites; this contrasts with the differential localisation of M2 AChR and SR1;

two channel merged images are shown in (a,d,e and f). (g,h) Sites containing S1R locate in a central region
surrounded by NRG1-positive patches, separately delimited from presynaptic VAChT. (h) Volume rendering
of a C-bouton site showing the differential distribution of NRG1 (green) and SIR (red) is depicted. (j-o)
Clusters of NRG1 (green) and Kv2.1 (red) display a complementary distribution within the VAChT-positive
(blue) C-bouton; two and three channel merged images are shown in (m,n) and (o), respectively. (p) A detail
of a C-bouton, double labelled for NRG1 (green) and Kv2.1 (red), is subjected to pixel profile analysis along
the depicted line; note the absence of colocalisation between the two interdigitating signals. (q-s) Surface

of squashed MN cell body (delimited by a dotted line) displaying the distribution of clustered Kv2.1 (red)
potassium channels in VAChT-immunolabelled C-boutons (blue) (q); the lateral and orthogonal projections
of enlarged C-boutons are shown in (r) and (s), respectively; the postsynaptic localisation of Kv2.1 channels
is shown in front of a VAChT-positive terminal in (r); the belt like arrangement of Kv2.1 potassium channels
around the VAChT-labelled C-bouton can be seen in (s). (t-y) A triple immunolabelled C-bouton showing
the differential distribution of SK3 Ca**-dependent K™ (green) with respect to Kv2.1K™ (red) channels in a
VAChT-delimited (blue) synaptic region; two and three channel merged images are shown in (w;x), and (y)
respectively. Scale bars: in (d) =10 pm (also applicable to (a)); in (h) (valid for (g)), (i), (o), (p), (s) (valid for (r))
and (y) = 1pm; in (q) =20 pm.
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Figure 3. Immunolabelling using nanogold particles of ultrathin cryosection for the ultrastructural
localisation of NRG1, S1R and Kv2.1 channels at C-boutons. To facilitate the localisation of C-boutons, the
analysis was performed in hypoglossal MNs. A detail of the organization of compartments at C-bouton synapses
in negatively stained cryosections is depicted in (a) 1= presynaptic (green), 2 = intersynaptic extracellular space
(yellow), 3 = postsynaptic cytoplasmic compartment lodged between postsynaptic membrane and subsynaptic
cistern (SSC, red), 4 =SSC (violet), and 5= MN cytoplasm (red). The same colour code is used in (b-d).

(b,c) Double immunolabelling for NRG1 and SR1; NRG1 (red arrows) is mainly associated with SSC forming a
cluster segregated from SR1 (blue arrows). (¢) A minor proportion of gold particles (encircled) are located at the
postsynaptic membrane. (d) nanogold particles labelling Kv2.1 are located on the periphery (yellow arrows) of
C-bouton enriched with a NRGI cluster (red arrows). Scale bar: in (a,c) =25nm; in (b,d) =50 nm.

phosphospecific antibodies were used and, in particular, after performing tyramide signal amplification (TSA)
(Fig. 4d-f, and Supplementary Fig. 2). The immunostaining obtained with the anti-phosphorylated ErbB2 or
ErbB4 antibodies overlapped the presynaptic VAChT positivity in most, although not all, C-boutons (Fig. 4d).
However, unphosphorylated ErbB2 and ErbB3 were not detected in association with VAChT-positive puncta.
The plot profile and co-localization analysis showed a high degree of coincidence between phospho-ErbB2 and
VACHhT signals (Pearson’s R=0.72, Fig. 4i,j). By contrast, the same analysis confined NRG1 to the postsynaptic
compartment, and as being clearly distinct from the VAChT signal (Pearson’s R=0.33, Fig. 4g,h). The intensity of
ErbB immunoreactivity varied among the individual cholinergic terminals, ranging from negative or very weak
to intense. In addition to the synaptic immunolabelling, ErbB2 and ErbB4 were also detected in MN cell bodies
and neuropil, particularly when TSA was used. The association between either NRG1 or p-ErbB2 with VAChT
immunolabelled C-boutons can be further appreciated after volume rendering imaging (Fig. 4k,1).

This overall spatial distribution of C-bouton-associated proteins is depicted in Fig. 5(a,b), based on a model
that we proposed after examining 3D reconstructions of multi-labelled C-bouton synapses.

The total number of C-boutons per MN soma was calculated from 3D reconstructed squash preparations of
thick (200 pm) spinal cord slices from adult mice. After analysing 14 MNs, we found an average of 3.11 £0.30
(in 100 um? of MN soma surface; C-type synapses were visualized by VAChT immunostaining). Similar numbers
were found after evaluating clustered NRG1-positive particles (3.60 £ 0.29/100 um? of MN soma surface) and
synaptically-associated SR1-positive spots (2.92 0.28/100 pm?). The average size of the synaptic area contain-
ing the distinct C-bouton markers was as follows: VAChT = 6.87 £0.25, n=184; NRG1 =5.41£0.20 n=203;
SR1=4.30+0.20, n=153 (all in pm? with n corresponding to the number of C-bouton examined). We further
determined whether these morphometric parameters differed when the analysis was specifically performed in
MN subtypes innervating fast or slow muscles. MN pools were identified after retrograde tracing by injecting
fluorescent cholera toxin B into either tibialis anterior (TA) or soleus muscles (Supplementary Fig. 3). The results
indicated that NRG1-positive puncta were more abundant, although smaller, in fast type TA-innervating MNs
than in slow type MNs contacting the soleus muscle.

Development of C-bouton-associated NRG1. Developmental changes in C-bouton associated proteins
such, as Kv2.1 and M2 AChRs occur postnatally, together with the functional maturation of the motor system™.
We analysed the developmental expression of NRG1 in the spinal cord in relation to the other C-bouton asso-
ciated molecules, such as VAChT and SR1 (Fig. 6a-f). Small (<1pm?), but abundant, NRG1 positive discrete
puncta were detected prenatally at E18 (Fig. 6¢,d). Many of these particles did not show any association with
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Figure 4. C-bouton type synapses contain the NRG1/ErbB signalling module. (a,b,c) NRGI (red) is
concentrated at the C-bouton postsynaptic site adjacent to VAChT (blue) positive cholinergic terminals.

(d,e,f) show that p-ErbB2 (red) is present in the presynaptic site of many, but not all, cholinergic terminals
labelled with VAChT antibody (blue). In (a,c,d,f) MN somata are visualised with fluorescent Nissl staining
(green). In (b) and (c), orthogonal and lateral projections, respectively, of a C-bouton immunolabelled for
NRG1 and VAChT are shown; the dissociation of the two signals is evidenced after colocalisation (g) and pixel
profile analysis (i). In (e) and (f) orthogonal and lateral projections, respectively, of a C-bouton immunolabelled
for p-ErbB2 and VAChT are also shown; the overlapping of two signals is evidenced after a colocalisation (h)
and pixel profile analysis (j). Colocalised pixels are displayed in white in (g) and (i); the low numbers of white
pixels in (g) corresponds to the boundary between pre- and post-synaptic compartments, which are overlapped
due to mechanical folding and compression inherent to tissue processing. (k,1) represents the volume rendering
of serial optical sections (0.5-pm thick) from a MN showing the distribution of NRG1 (red in (k)) and p-ErbB2
(redin (1)), and VAChT (blue) co-labelled C-boutons. Scale bars: in (d) = 10 pm (also applicable to (a)); in

(f) =3 pm (also applicable to (b, ¢, €)); in (I) =5pum (valid for (k)).
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Figure 5. Model showing the possible distribution of some proteins specifically concentrated at C-type
synapses. The synapse is displayed in orthogonal (a) and lateral (b) views. The different sub-compartments in
which proteins accumulate are depicted according to the indicated colour code. Since the mechanism by which
postsynaptic NRG1 and presynaptic ErbBs interact is unknown, two possible routes are indicated with question
marks: one mediated by exosomes, and the other involving a juxtacrine interaction.

VAChHT-positive presynaptic terminals. In addition, at this stage, large patches of NRG1 (>3 pm?) were often seen
adjacent to the MN surface, although they were not related to VAChT-labelled nerve terminals. These NRG1 clus-
ters, underwent a conspicuous remodelling becoming virtually absent from P1 onwards (Fig. 6¢c.e). During the
postnatal period, the size of the NRG1 clusters increased progressively, reaching a plateau at P18 (Fig. 6a,b,f). At
this age, virtually all of the NRG1 clusters were associated with presynaptic cholinergic terminals. In agreement
with Mavlyutov ef al.*!, C-bouton-associated SIR immunoreactivity began only after the second week of postnatal
development (Fig. 6a,b). In the spinal cord MNs of aged mice, the density and size of the C-bouton presynaptic
terminals were markedly reduced, whereas this did not occur for the postsynaptic proteins NRG1 and S1R.

In order to analyse NRG1 and C-bouton synapse formation in an i# vitro model, we performed long-term cul-
tures of dissociated spinal cord neurons. We assumed that the presence of a mixed neuronal population would be
necessary to develop C-bouton-like cholinergic afferents and that the presence of glial cells would provide trophic
support for promoting long-term MN survival and differentiation. In these cultures, highly branched and large
MNs were identified after immunostaining with either SMI132 or anti-ChAT antibodies following 14-28 days
in vitro (Fig. 7a,b). These MNs exhibited neurite outgrowth over long distances and formed an interconnected
network with abundant neuritic-neuritic and neuritic-somatic junctures, which displayed the synaptic marker
synaptophysin (Syn) and appeared distributed in discrete puncta. Many of these were glutamatergic boutons
because they also contained VGIuT'1 or VGIu12 (Fig. 7d-f). Very few MNs showed VACh'T-positive axo-somatic
or axo-dendritic synaptic contacts adjacent to spots containing NRG1 (Fig. 7g,h). By contrast, a variable number
of spots with a prominent NRG1 signal was observed in many MNs without any association with the presynaptic
nerve terminal markers Syn and VACHT (Fig. 7i-j). These non-synaptic associated NRG1 patches were often in
close proximity to GFAP-positive astroglial processes (Fig. 7¢). It is interesting to note that somato-dendritic
NRG2 puncta have been described in association with astroglia in cultured hippocampal neurons®, Overall, this
in vitro model recapitulates some of the early events leading to C-bouton formation in vive, but it is only able to
generate afferent cholinergic synapses on a minor proportion of MNs.

Disruption of postsynaptically-clustered NRG1 in axotomised MNs together with microglial
activation. The retrograde response of neurons to peripheral nerve interruption is associated with prominent
changes in ER organisation®?, in the plasticity of synaptic inputs combined with the activation of perineuronal glial
cells***, and increased excitability?2. As these changes may be related to altered C-bouton function??, we analysed
the impact of sciatic nerve transection on postsynaptic NRG1. In spinal cord sections, the pool of axotomised
MNs was readily identifiable after IBA1 immunestaining due to the notable and early recruitment of microglia
around lesioned MN somata (Fig. 8a). As shown in Fig. 8b-f, a progressive and transient disintegration of NRG1
clusters occurred in axotomised MNs associated with perisomatic microglial activation starting 24 h after nerve
injury. Although the reduction in size of NRG1 immunoreactive profiles reached its maximum 14 days following
axotomy, the density of individual clusters was only slightly changed. By 30 days post-lesion, the size of the NRG1
profiles found in basal conditions showed a recovery, reaching similar values to controls. Correlative ultrastruc-
tural alterations have been reported in the SSC of axotomised MNs®. 'The size of the VAChT immunoreactive
profiles present in the presynaptic compartment of afferent nerve terminals contacting axotomised MNs showed
changes similar to those found for NRG1 (area of VAChT-delimitated C-bouton in pm?* control = 6,80 +0.20
[n=184], 14 days post-axotomy = 3.08 £0.14 [n = 114], and 30 days post-axotomy =7.45+0.32 [n= 153];
control vs. 14 days post-axotomy, p < 0.001; control vs. 30 days post-axotomy, non-significant; Student’s ¢-test).
By contrast, the number of VACHT positive terminals declined more markedly (>45%, 7 days after axotomy)
than that of NRG1 clusters (number of VAChT positive profiles per 100 pm?: control =3.194+0.3 [n=14], 7
days post-axotomy = 1.46+0.16 [n=10]; p < 0.001, Student’s {-test). We observed that during microglial recruit-
ment and activation around axotomised MNs, C-bouton sites exerted an apparent chemoattractant-like effect
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Figure 6. Age-related changes in the morphometrical parameters of the C-bouton associated proteins
NRG1, VACHT and S1R. 'The area and density of the immunolabelled protein profiles are shown in (a) and

(b), respectively. (c) Relative frequency histogram of NRG1 clusters for late embryonic (E18), newborn (P1)
and P18 MNs; note that the large (>3 pm?) NRG1 clusters seen on E18 animals are substantially reduced by P1.
(d-f) Representative images of MN somata used for quantification in (c); arrow in (d) indicates a large cluster
of NRG1 on an E18 MN; MN somata are delimited by dashed lines; note that at P18 (f), C-bouton-associated
clusters of NRG1 were only seen on large MNs (*), but not on smaller cell bodies corresponding to interneurons
(arrow). In all the graphs, the data are shown as mean &+ SEM. One-way analysis of variance (Bonferroni’s post-
hoc test) was used for statistical analysis. Scale bar in (f) 20 um (valid for (d,e)).

on microglial profiles (Figs 8b,c and 9a-c). When the proportion of distinct types of presynaptic terminals con-
tacted by microglial profiles was measured in MN somata 7 days after axotomy (Fig. 9d-g), we found that more
than 50% of VAChT-positive or VGIuT 1-positive terminals were intimately associated with microglial processes,
whereas a much lower proportion of microglial profiles were in contact with GABAergic or serotoninergic syn-
apses (Fig. 9h); data concerning the relative density of the distinct types of afferents do not account for these dif-

ferences (not shown). In addition to motor axons, peripheral nerve injury leads to the interruption of the sensory

proprioceptive axons that establish monosynaptic VGluT1-positive afferent connections with MNs*®. It would not
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Figure 7. Formation of synaptic afferents in long-term cultures of spinal cord neurons. MNs are identified
with SMI32 or ChAT immunostaining. (a) A representative highly branched SMI32 (green) positive MN.

(b) A ChAT positive (red) MN showing multiple afferent synaptic boutons detected by synaptophysin (Syn,
green) labelling. (c) A ChAT positive (red) MN displaying NRG1 clusters (green) which, in some cases, are in
contact with GFAP positive (blue) astroglial profiles (arrows). (d-f) A ChAT positive (red) MN with multiple
Syn positive (green) synaptic contacts in which many contain VGIuT2 (blue). (g,h) A ChAT positive MN
(red) showing VAChT positive (blue) cholinergic afferent boutons in close association with NRG1 (green)
positive clusters, as detailed (encircled) in the enlarged region delimited in (h). (i,j) A ChAT positive MN
(red) showing NRG1 (green) positive clusters which are not associated with VAChT (blue) positive puncta, as
shown (encircled) in the enlarged region delimited in (j). Scale bars: in (a and b) =20 pum; in (c) = 10 pm; in
(f) =20 um (valid for (d,e)); in (j) =20 um (valid for (g,h,i)).

be surprising if there were an association between microglia with degenerating and presumably chemoattractant
VGluT1-containing terminals?’. Nevertheless, the C-bouton spatial specificity as a target for microglial migra-
tion is less expected, because the interneurons, from which these terminals originate, are not directly damaged
by axotomy. This apparent chemotactic activity is probably related to the complex arrangement of molecules
and signal-transduction pathways inherent to C-boutons. ‘This may represent an early event in the inflammatory
response to injured MNs that could contribute to the generation of a perisynaptic environment that could play a
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Figure 8. C-bouton-associated NRG1 clusters are disrupted after peripheral nerve transection together
with microglial activation. (a) A lumbar spinal cord transverse section 7 days after unilateral sciatic nerve
transection; note the microglial reaction (IBA1, red) around the ventral horn MNs (encircled) and in the dorsal
horn (arrows); the section was Nissl-counterstained (blue). (b,c) Detail of spinal MNs corresponding to the
contralateral (b) and ipsilateral (c) ventral horns following nerve axotomy stained for NRG1 (green), IBA1 (red)
and Nissl (blue); microglial cells are recruited around axotomised MNs (c), in which NRG1 clusters are in the
process of fragmentation. Note the tendency of microglial profiles to contact altered NRG1 clusters. The time
course of changes in the morphometrical parameters of NRG1 clusters after sciatic nerve axotomy are shown in
(d,e). Changes in the perisomatic-microglial covering of MNs are measured at the same time points (f). In all
the graphs, data are shown as mean =+ SEM. **p < 0.01, ***p < 0.001, one-way analysis of variance (Bonferroni’s
post-hoc test); n=27-113 (d); n=7-15 (e) and n=10-18 (f). Scale bar: in (a) =250 pm; in (¢) =20 pm (valid
for (b)).
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Figure 9. Recruitment of microglial cells to axotomised MNs exhibits apparent positive chemoattraction
to C-bouton sites. (a) IBA1 positive microglial profiles (red) near the soma of a 24 h axotomised MN show a
high number of contacts with NRG1 positive C-bouton sites (green). (b) After colocalisation analysis, NRG1
clusters enwrapped by microglia are displayed in white. (c) 3D volume rendering showing the relationship
between microglial processes and NRG1 clusters in the MN displayed in (a); the limit of MN soma is delineated
(dashed lines). (d-g) The spatial relationship between microglial profiles and different afferent boutons on 7-day
axotomised MNs is analysed after immunostaining for IBA1 (red) and the indicated synaptic proteins (green);
MN somata were identified by Nissl staining (blue). The green and red signals were binarised for analysis as
shown in each adjacent panel. (h) Graph showing that microglial profiles exhibit a preference to contact NRG1-
labelled C-boutons and/or VGIuT1-containing synapses, rather than to VGAT-immunolabelled GABAergic

or serotoninergic (5-HT) synapses; plotted data are also shown as mean £ SEM; *p < 0.05, ***p < 0.001, one-
way analysis of variance (Bonferroni’s post-hoc test). Scale bars: in (b) =20 pm (valid for (a)); in (¢) =5pm; in
(g) =20pm (valid for (d,e,f)).

role in determining MN survival or degeneration. Further work is necessary to determine the molecular cues that
attract microglial processes to C-type synapses following nerve injury.

Discussion

With the emergence of new data about the C-bouton structure and function, and its possible relevance to MN
pathology, there has been considerable recent interest in this type of synapses'**. Here, we extend our previous
report showing that the NRG1-ErbB2/3 signalling module is expressed at C-boutons'®, by providing a more
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detailed analysis of the compartmentation of these molecules and their relation with other proteins that are
known to be specifically clustered at this synaptic site. The SSC, the ER-related organelle that anatomically defines
C-boutons, is the site at which some of these proteins accumulate. This is the case of SR1, Kv2.1 and NRG1. In
addition, we show that, within the SSC, these proteins reside in segregated regions that probably represent dis-
tinct, highly specific spatial domains. This may define spatially-restricted fields for different signal-transduction
pathways in the post-synaptic compartment, which are specifically arranged in relation to presynaptic proteins.
This would be consistent with the emerging concept of “trans-synaptic nanocolumns”*. One so far unsolved
question that deserves further attention is whether SSC-resident proteins can translocate and/or interact with
the post-synaptic membrane, as appears to be the case for Kv2.1 and SR1. Kv2.1 is a major component of delayed
rectifier K+ channels which are involved in the modulation of neuronal excitability in various neuronal types®.
In agreement with our findings, Kv2.1 channels have sometimes been identified in the most peripheral region
of the SSC***°. These data indicate that Kv2.1 clusters are strategically situated at specific somatic synapses in
conjunction with other signalling proteins including S1R and NRGI. S1R is a highly dynamic chaperone-like
protein present in the SSC, which is involved in ALS when mutated®’. S1R may operate here in a similar way
to that described for mitochondrion-associated ER membrane in Ca?* signalling via IP3 receptors, perhaps in
collaboration with M2-receptor cholinergic activation®**2 Thus, by modulating spatiotemporal calcium signals,
S1Rs may regulate either voltage-gated calcium channels or potassium channels®, both of which have an impact
on neuronal excitability through a mechanism that acts via either G-protein-dependent M2 receptor activation or
channel phosphorylation. In addition, it should be taken into account that highly clustered Kv2.1 phosphorylated
proteins may have non-conducting, as yet undefined, functions™. It has been suggested that these Kv2.1 clusters
could be sites for the delivery of membrane proteins to the cell surface®. Accordingly, Kv2.1 platforms may play a
role as an organizer of the complex molecular assembly at the C-bouton postsynaptic site, regulating site-directed
vesicle-membrane trafficking. This would perhaps explain the particular, belt-like, distribution of Kv2.1 protein,
surrounding the whole oval-shaped C-bouton site.

The existence of NRG1 within the SSC facing ErbBs in association with cholinergic terminals is a recently
described observation'® that we have extended on here. It has also been recently shown that NRG2 accumulates
in the SSCs of cortical interneurons expressing ErbB4*. In this case, NRG2/ErbB4 signalling appears to regulate
NMDA receptors in an autocrine manner. Although our data indicate that the main pathway for NRG1-ErbBs
signalling at C-boutons may be retrogradely directed from post- to pre-synaptic compartments, we cannot rule
out the possibility of additional autocrine NRG1 mediated signalling in MNs, as ErbBs are also expressed in these
cells. Although our results concerning the localization of ErbBs contrast with those reported by Lasiene et al.*
using non-phosphospecific anti-ErbBs antibodies, we are confident of our results since they were extensively
replicated and analysed using several different antibodies. The strongest presynaptic ErbB signal was obtained
when phosphospecific anti-ErbB2 and ErbB4 antibodies were used; this points to the activation of this pathway
in a particular subset of C-boutons. Furthermore, the NRG1/ErbB signalling system is also involved in a variety of
well-established roles within the neuromuscular system. For example the MN-derived NRG1 pathway is critical:
(i) to the development of Schwann cells and myelination®, (ii) to the development and plasticity of neuromuscu-
lar junctions® and, (iii) perhaps also, to the induction of local AChR synthesis***. The anti-NRG1 antibody used
in this work recognises a C-terminal epitope which is common within the different NRG-1 isoforms. The above
mentioned actions are mainly mediated by the type III NRG1 (NRG1-III), which is the main isoform expressed
in MNs**0-63 Tt is therefore likely that the isoform we detected in C-boutons corresponds to NRG1-I1I, which
is characterised by a cysteine-rich domain (CRD) determining a second N-terminal transmembrane domain.
Signalling mediated by this membrane-anchored isoform may take place in a contact-dependent juxtacrine man-
ner, through either the full length or truncated protein. Paracrine signalling via the proteolytic liberation of the
EGF-like domain has also been described®. How post-synaptic NRG1 at C-boutons gains access to presynaptic
ErbB receptors is not yet understood. Intercellular vesicular transmission mediated by exosomes may have a
role in some forms of trans-synaptic communication®. We have observed intersynaptic multivesicular bodies at
C-boutons with exosome-like vesicles containing NRG1". It should be noted that the intersynaptic trafficking of
large vesicles has already been documented in C-type synaptic terminals®. Another aspect that should be taken
into account is the possibility of ErbBs-elicited NRG1 back signalling after the proteolytic release of the intracel-
lular domain of NRG1, which may act as a transcriptional factor capable of regulating neuronal survival®.

Surface-associated NRG1 spots appeared in developing MNs on E18, at the same time as VAChT-positive
perisomatic puncta. This is consistent with reported data on the development of cholinergic terminals in MNs®®.
However, the transient existence of large and un-innervated NRG1 spots in immature MNs suggests that SSC
development is a cell autonomous process, which undergoes remodelling induced by nerve terminals during
cholinergic synaptogenesis. In adults, SSC markers, including NRG1, are progressively lost after peripheral nerve
section, together with microglial activation and synaptic loss. This is consistent with the decrease in NRG1-11I
expression found in the facial nucleus after axotomy'* and also with the redistribution of C-bouton-associated
Kv2.1 channels after peripheral nerve injury®2.

Another interesting question that has derived from our study is whether C-bouton has a particular role in
the orchestration of a neuroinflammatory response. Our results suggest that C-bouton associated molecules act
as cues for the attraction of microglial processes which, in turn, remove the synaptic terminals. In addition to
motor axons, peripheral nerve injury leads to the interruption of the sensory proprioceptive axons that establish
monosynaptic VGIuT1-positive afferent connections with MNs*. It would not be surprising if there were an asso-
ciation between microglia with degenerating and presumably chemoattractant VGIuT 1-containing terminals*’.
Nevertheless, the C-bouton spatial specificity as a target for microglial migration is less expected, because the
interneurons, from which these terminals originate, are not directly damaged by axotomy. This apparent chem-
otactic activity is probably related to the complex arrangement of molecules and signal-transduction pathways
inherent to C-boutons. At the molecular level, one candidate for this action could be the NRG1/ErbBs signalling
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pathway. It has been shown that ErbB receptors are expressed in microglia and that NRG1 is a chemotactic factor
for microglia in vitro; the NRG1/ErbBs module is specifically activated in spinal cord dorsal horn during micro-
glial reaction following peripheral nerve injury®. This may represent an early event in the inflammatory response
to injured MNss that could contribute to the generation of a perisynaptic environment that could play a role in
determining MN survival or degeneration. However, we did not observe ErbB positive immunostaining in acti-
vated microglia around axotomised MN somata (data not shown).

Our findings reveal the highly specific arrangement of C-bouton-associated proteins, their disruption in
acutely lesioned MNs and their putative role in regulating the neuroinflammatory response, and emphasize the
relevance of this hitherto poorly understood structure in the physiology and pathology of MNs. The significance
of NRG1-ErbBs retrograde signalling in C-type synapse deserves particular attention in the future as a putative
new target for therapy in ALS.

Material and Methods

Animals, surgical procedures and tissue preparation. CDI mice were purchased from Harlan
Laboratories (Castellar del Valles, Barcelona, Catalonia, Spain). All the animal experimentation procedures were
performed according to the European Committee Council Directive and the norms established by the Generalitat
de Catalunya (published as a law in the Diari Oficial de la Generalitat de Catalunya [DOGC] 2073, 1995). All
the experiments were previously evaluated and approved by the Committee for Animal Care and Use of the
University of Lleida.

For axotomy experiments in adult mice (postnatal day 60), the sciatic nerve was transected at the femoral level
and its proximal stump was ligated in order to prevent spontaneous reinnervation.

To retrograde label MNs innervating the tibialis anterior (TA) and soleus muscles, cholera toxin B conjugated
with either AlexaFluor 555 (for TA) or AlexaFluor 488 (for soleus) (1pg/pl in phosphate buffer [PB], Molecular
Probes, Eugene, OR, United States) was used. After surgical exposure of the muscles, volumes of 6 or 3pl of CTB
solution were respectively injected into the right TA or left soleus. One day after injection, the animals were fixed
by transcardial perfusion, as described below.

All surgical manipulations were performed under anaesthesia, with a combination of ketamine (100 mg/Kg)
and xylazine (10 mg/Kg). To minimise suffering, the animals were subjected to postoperative analgesia with intra-
peritoneally injected buprenorphine (0.05 mg/Kg).

Spinal cord cultures. Primary cultures of dissociated spinal cord from CD1 mouse embryos (embryonic
day 13) were prepared as previously described” with minor modifications. Briefly, the lumbar spinal cords
were dissected and the meninges and ganglia removed. Dissociated cells were plated at a density of 300,000
per well in 12-well Nunclon culture dishes containing round glass coverslips coated with a poly-D-lysine plus
Matrigel basement membrane matrix (Corning, Bedford, MA). The cells were then maintained in minimum
essential medium (Gibco, Waltham, USA) enriched with 5 g/l glucose and supplemented with 3% horse serum,
10 ng/ml nerve growth factor and B27 medium (Gibco). On day 6, the cultures were treated with 1.4 pg/ml
cytosine-B3-arabinoside (Sigma-Aldrich, Saint Louis, MO) in order to minimise the growth of non-neuronal cells.
Cultures kept for 14-28 days in vitro were washed in PBS, fixed in 4% paraformaldehyde (PFA) in 0.1 M PB (pH
7.4) for 1h, and processed for immunofluorescence.

Multiple fluorescent labelling and confocal microscopy. Tissue samples were obtained from mice
transcardially perfused with 4% PFA in 0.1 M PB, pH 7.4. Lumbar spinal cord samples were dissected, post-fixed
in the same fixative overnight at 4 °C, and then cryoprotected with 30% sucrose in 0.1 M PB containing 0.02%
sodium azide. Transverse cryostat sections (16-pum thick) were collected on gelatin-coated glass slides.

Sections were then permeabilised with phosphate-buffered saline (PBS) containing 0.1% Triton X-100 for
1 h, blocked with either 10% normal goat serum or normal horse serum in PBS for 1h at room temperature, and
then incubated overnight at 4 °C with an appropriate primary antibody mixture. The primary antibodies used are
indicated in Table 1.

Once previously washed with PBS, sections were incubated for 1h with a combination of appropriate sec-
ondary fluorescent antibodies labelled with one of the following fluorochromes (1/500): Alexa Fluor 488, Alexa
Fluor 546, (Molecular Probes, Eugene, OR, United States), Cy3, or Cy5 (Jackson Immuno Research Laboratories,
West Grove, PA, United States). Finally, the spinal cord sections were labelled with blue fluorescent NeuroTrace
Nissl staining (1:150; Molecular Probes) and mounted using an anti-fading medium containing 0.1 M Tris-HCIl
buffer (pH 8.5), 20% glycerol, 10% Moviol, and 0.1% 1,4-diazabicyclo[2,2,2]octane. For ErbB visualisation, some
sections were processed using the tyramide signal amplification (TSA), following the procedure recommended
by the manufacturer (ThermoFisher, Waltham, MA).

For the 3D analysis of C-boutons in individual MNs, a squash procedure” was used. Fixed spinal cords were
sectioned with a vibratome (200-pum thick). Sections were collected in PB, and placed on SuperfrostPlus micro-
scope slides (Menzel-Glaser, Germany). A coverslip was then applied to the tissue which was squashed with
forceps. The preparations were then frozen in liquid N,, and, after removing the coverslip, the slides with the
retained tissue were fixed in methanol at —20°C for 10 min. After washing with PBS, immunocytochemistry was
performed as described above.

The slides were then examined under a FluoView FV-500 or FluoView FV-1000 Olympus laser-scanning con-
focal microscopes (Olympus, Hamburg, Germany). The MNs were imaged after obtaining optical sections (0.5
or 1 um) of cell bodies. Digital images were analysed with either Visilog 6.3 software (Noesis, Orsay, France) or
Image] software (US National Institutes of Health, Bethesda, MD, USA). For colocalization analysis the Image]
plugin developed by Pierre Bourdoncle (bourdoncle@ijm.jussieu.fr) was used.
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lonised calcium-binding adaptor %
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M2 muscarinic receptor Momoneo.ISaZI; & (AMR- Rabbit polyclonal 1:100
Neu (C-18) (ErbB2) Sante C“(‘;c'g‘;;‘)‘h“d"gy Rabbit polyclonal 1:50
NRGI1 1a/31/2 Santa Cruz (sc-348) Rabbit polyclonal 1:200
Phospho-Her4/ErbB4 tyr1248 Cell Signalling (#4757) Rabbit monoclonal 1:50
p-Neu tyr1248 (p-ErbB2) Santa Cruz (sc-293110-R) |  Rabbit polyclonal 1:100
Sigma-1 receptor (SIR) Santa Cruz (sc-137075) Mouse monoclonal 1:50
Serotonin Chemicon (MAB352) Rat monoclonal 1:100
SK3 calcium-activated potassium .
channel (SK3) ¥ potassy Alomone Labs (APC-025) | Rabbit polyclonal 1:100
Covance Research :
SMI32 Products Inc (SMI32) Mouse monoclonal 1:5000
. Synaptic Systems (101 Guinea pig 3
Synaptophysin 004) polyclonal 1:500
Vesicular acetylcholine Synaptic Systems (139 Guinea pig 1:500
transporter (VAChT) 105) polyclonal =
Vesicular GABA transporter Synaptic Systems (131 Guinea pig 1:200
(VGAT) 004) polyclonal '
Vesicular gl porter 1 Synaptic Sy (135 Guinea pig 1:500
(VGIuT1) 304) polyclonal :
Vesicular glutamate transporter 2 Synaptic Systems (135 Guinea pig 1:500
(VGLuT2) 404) polyclonal >

Table 1. Antibodies used for immunocytochemistry.

Immunolabelled profiles of NRG1 and of the different protein markers examined were then manually counted
on the screen for each MN soma. The area and perimeter of MN somata, and microglial profiles covering the MNs
were also manually measured. The number of synaptic boutons contacting activated microglia in axotomised MNs
was evaluated by image analysis (Image]). After application of the outline tool on binarised IBA1 images, these
were merged with those corresponding to binarised synaptic boutons: the number of boutons contacting periso-
matic microglial profiles was manually counted. Three-dimensional reconstructions were performed using Bitplane
(Imaris, Bitplane, CT, USA) on 0.5-pum thick Z step obtained with the confocal microscope. The digital images were
edited using FV10-ASW 3.1 Viewer (Olympus) and Adobe Photoshop CS4 (Adobe Systems Inc, San Jose, CA).

Electron microscopy. Some of the animals were perfused either with1% PFA and 1% glutaraldehyde in
0.1 M PB (pH 7.4) for conventional electron microscopy or with 4% PFA and 0.2% glutaraldehyde in 0.1 M PB for
immunoelectron microscopy.

For conventional electron microscopy, dissected tissues were postfixed in 1% OsO, and processed for Embed
812 embedding according to standard procedures. Ultrathin sections were counterstained with uranyl acetate
and lead citrate.

For ultrastructural immunolabelling of NRG1, either pre-embedding or post-embedding (freeze substitution
and low temperature embedding in Lowicryl HM20 resin [Electron Microscopy Sciences, Hatfield, PA, USA])
procedures were used, as previously described'®. Double immunolabelling of NRGI in combination with SR1
or Kv2.1 was performed in ultrathin cryosections obtained with a Leica EM FC cryoultramicrotome and pro-
cessed according to established methods’>”. To facilitate the localisation of C-boutons in ultrathin cryosections,
hypoglossal, instead of spinal cord, MNs were analysed in some cases. To do this, samples from brainstem or
spinal cord were sectioned with a vibratome (200-pm thick), and regions containing either hypoglossal nuclei or
ventral horn were microdissected. Ultrathin cryosections were labelled using rabbit anti-NRG1 antibody (1:50;
Santa Cruz Biotechnology, sc-348) in combination with either mouse anti-Kv2.1 (1:30; NeuroMab, 73014) or
mouse anti-S1R (1:10; Santa Cruz Biotechnology, sc-137075). After washing, samples were incubated with 12nm
gold-conjugated goat anti-rabbit IgG (1:30; Sigma Aldrich) and 5nm gold-conjugated goat anti-mouse IgG (1:30;
Sigma Aldrich). Controls, omitting the primary antibody, were also performed. Observations were performed
with either a Jeol JEM 1400 (Jeol, Tokyo, Japan) or a Zeiss EM 910 (Zeiss, Jena, Germany) transmission electron
microscope. The subcellular distribution of immunoglod labelling of NRG1 in MNs was evaluated by the stereo-
logical analysis described by Mayhew™”.
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Statistical analysis. The data are expressed as means = SEM. The statistical analysis was assessed by either
the Student’s t-test or one-way analysis of variance (ANOVA) followed by post hoc Bonferroni’s test. Chi-square was
used for the stereological analysis of immunogold labelling. The level of significance was established at p < 0.05.
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Neuregulin 1-ErbB module in C-bouton synapses on somatic motor
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Supplementary Figure 1. Ultrastructure of C-type synapses at the surface of MN soma. (a-d)
Synaptic compartments were pseudo-coloured: presynaptic terminals, green; MN soma
(postsynaptic), red; subsynaptic cistern (SSC), and ER, blue; intersynaptic space, yellow.
Presynaptic terminals show some mitochondria and synaptic vesicles; in the postsynaptic
compartment, the ER-related SSC is seen closely adjacent to postsynaptic membrane (arrows
in a, band c). The C-bouton in (a) was taken from an adult mouse whereas in (b) and (c) it
came from a newborn mouse. A detail of the organisation of the compartments at the C-
bouton synapse is depicted in (d): 1 = presynaptic, 2 = intersynaptic extracellular space, 3 =
postsynaptic cytoplasmic compartment lodged between the postsynaptic membrane and the

SSC, 4 =SSC, and 5 = M cytoplasm. Scale bars: in (a, b, and c) = 250 nm; in (d) = 40 nm.

Supplementary Figure 2. Inmunostaining of NRG1 receptors ErbBs (green) in conjunction
with VAChT (red) demonstrates the presynaptic localisation of ErbBs. (a-c) ErbB2
immunoreactivity after applying the tyramide signal amplification (TSA) procedure shows
positive signal in MN somata and neuropil, without association with VAChT positive C-boutons.
(d-f) By using a phosphospecific anti-ErbB2 antibody a faint signal is detected in association

with C-boutons (arrows). (g-i) ErbB3 immunoreactivity is low in MNs, without any trace of
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positive immunoreactivity in association with presynaptic VAChT. (j-o) Both unphosphorylated
(j-1) and phosphorylated (m-o0) ErbB4 immunoreactivity can be detected in association with
some VAChT positive C-boutons (arrows) (p-r) ErbB4 immunoreactivity unambiguously
colocalises with VAChT (arrows) after using the TSA procedure. (s-u) An enlarged C-bouton
showing the colocalisation of ErbB4 (s) and VAChT (t). Scale bars: in (r) = 20 um (also valid for

(a-q)); in (u) = 2 pum (valid for (s,t)).

Supplementary Figure 3. Fast and slow MNs display differential morphometrical parameters
on C-bouton-associated NRG1. (a,b) Fast (a) and slow (b) MNs were identified after cholera
toxin B (red) retrograde tracing following its injection into the tibialis anterior(TA) or soleus
muscles, respectively. NRG1 (green) immunolabelling was analysed in both MN populations.
(c,d) Graphs showing the density (c) and size (d) of C-boutons containing NRG1 on TA and
soleus MNs. The data are expressed as mean = SEM of n=15-22 3D reconstructed MNs (c) and

n=199-322 spots (d). ***p< 0.001 (Student’s t-test). Scale bar: in (b) = 20 um (valid for (a)).
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Abstract

C-type synaptic boutons are cholinergic motor neuron (MN) afferents displaying an
endoplasmic reticulum-related subsynaptic cistern (SSC) adjacent to the postsynaptic
membrane. A constellation of proteins is clustered at C-boutons, including M2 muscarinic
receptors, potassium channels and sigma-1 receptors. We previously found that neuregulin
(NRG) 1 is associated with C-boutons at postsynaptic SSCs, whereas its ErbB receptors are
located at the presynaptic compartment. C-bouton-mediated regulation of MN excitability has
been implicated in MN vulnerability. To address the involvement of C-boutons during
pathological conditions, we investigated their plastic changes after electrical stimulation,
pharmacological treatments and peripheral nerve axotomy. NRG1 clusters were disrupted in
acutely stressed MNs and after tunicamycin-induced ER stress. In axotomized MNs C-bouton
loss occurred in concomitance with microglial recruitment and was prevented by the ER-stress
inhibitor salubrinal. Activated microglia displayed a positive chemotaxis to C-boutons. Analysis
of transgenic mice overexpressing NRG1 type | and type lll isoforms revealed that NRG1 type IlI
acts as a specific organizer of SSC-like structures, whereas NRG1 type | promotes cholinergic
synaptogenesis. Thus, distinct NRG1 isoform-mediated signaling functions regulate the
complex matching between pre- and postsynaptic elements at C-boutons. Overall, these data

provide new insights into C-bouton-associated molecules as therapeutic targets in MN disease.

Keywords: spinal cord; motor neuron; C-bouton; neuregulin; nerve transection; microglia



Introduction

Lower motor neurons (MNs) in the ventral spinal cord and brain stem project to skeletal
muscles and govern the final efferent pathway that determines motor behavior. To achieve a
coordinated control of muscle activity, MNs receive a variety of synaptic inputs, which shape
appropriate patterns of discharge of muscle-specific MN pools (1, 2). Among the synaptic
afferents involved in the regulation of MN excitability, C-boutons are particularly relevant due
to their capacity to modulate the strength of the action potential afterhyperpolarization (AHP)
via a reduction of outward K' currents (3). C-boutons originate from cholinergic VO
interneurons located close to the central canal (4) and display a particular postsynaptic
morphology with a prominent endoplasmic reticulum (ER)-related subsynaptic cistern (SSC) (3,
5). In addition to M2 muscarinic acetylcholine receptors (AChRs) at the postsynaptic plasma
membrane (PM) (6), a specific constellation of signaling proteins in the PM and SSC of C-
boutons has been described. These include: the voltage-gated K channel Kv2.1 (7), Ca**
activated K* (SK) channels (8), and sigma-1 receptors (S1Rs, (9). Most of these proteins are
clustered in non-overlapping microdomains within SSC (10, 11), but their exact roles and
functional organization are largely unknown. One novel intriguing aspect of the molecular
assembly at C-boutons is the accumulation of neuregulin (NRG) 1 in the SSC (11, 12). The NRG1
family of pleiotropic signaling proteins serve as epidermal growth factor (EGF)-like ligands for
transmembrane tyrosine kinase receptors of the ErbB family and regulate multiple
neurodevelopmental processes, including myelination and synaptic plasticity (13, 14). NRG1
comprises a variety of isoforms, grouped into three main ‘types’. NRG1 type | and type Il
variants contain an immunoglobulin-like domain, whereas type Il variants harbor a cysteine-
rich domain located N-terminal to the EGF-like domain, which serves as a second
transmembrane domain (15). Thus, proteolytic processing in the extracellular domain by
several proteases, including B-site amyloid precursor protein—cleaving enzymel (BACE1),
releases the EGF-like domain in types | and I, resulting in paracrine signaling. In contrast, the
EGF-like domain of type Ill variants remains membrane-anchored following BACE1 cleavage
and has been implicated in juxtacrine signaling (16). MNs prominently express NRG1 type Il
isoforms during perinatal development (17-19). In addition, using an isoform-specific antibody,
it has recently been reported that NRG1 type Il is targeted to C-boutons (20). Nevertheless,

NRG1 isoform-specific functions during C-bouton development have not been addressed.

C-boutons are involved in diseases affecting MNs and spinal cord. Their reversible loss
occurs following spinal cord injury (21). Although debated (22), C-boutons have also been

reported to display pronounced changes in rodent and human MNs affected by amyotrophic



lateral sclerosis (ALS, (12, 23-27). MN subtype-specific differences in vulnerability during
disease conditions are driven by endogenous neuroprotective mechanisms linked to their
synaptic activity and excitability, including those related with C-boutons; for example, blocking
cholinergic neurotransmission via C-boutons results in increased neurotoxic misfolded SOD1 in
MNs of an ALS mouse model (Saxena et al., 2013). Several C-boutons-associated proteins are
also directly linked to ALS, as demonstrated for S1IR (28-30) and VAPB (31). In addition, a
mutation in the ErbB4 receptor has been identified as a genetic cause of ALS (32), suggesting a
role of impaired NRG1 signaling in ALS pathophysiology. Another intriguing aspect of C-
boutons is the absence of this type of afferent synapses in ALS-resistant MNs of oculomotor

(OCM) nuclei (Hellstrém et al., 2003; Gallart-Palau et al., 2014).

Given the putative relevance of C-boutons for the understanding of spinal cord and MN
pathology, and their potential as targets for therapy, a more detailed knowledge of C-bouton
organization and reactivity to well-defined conditions of experimental injury is required. For
instance, it has not been explored how the arrangement and stability of SSC-associated
molecules (i.e., NRG1) are altered when afferent inputs are lost in target-deprived
(axotomized) MNs and to which extent the ER-derived C-bouton-associated SSC is altered
under these conditions. The effects of axotomy also extend to the perineuronal environment,
including synaptic inputs and glial cells. Activated microglia following axotomy appear to
displace synaptic terminals from the soma and dendrites, a phenomenon usually recognized as
“synaptic striping” (33). C-boutons are also partially lost in response to axotomy (34), and a
positive influence of C-bouton sites on recruitment of microglial processes has been observed
in axotomized MNs (11). However, the role of microglia in C-bouton disruption and recovery in

lesioned MNss is still poorly defined.

Here, we systematically investigated the impact of nerve crush, irreversible peripheral
nerve transection and pharmacological induction or attenuation of ER-stress on cholinergic
presynaptic terminals, postsynaptic NRG1 clusters, and activation of perisynaptic glial cells.
These studies revealed the involvement of ER-stress and microglial activation in pathological C-
bouton disruption. In addition, based on findings in transgenic mice overexpressing specific
NRG1 isoforms, we show that juxtacrine NRG1 type Ill accumulates at C-boutons and may act
as an organizer of SSC-like ER-plasma membrane contacts. In contrast, paracrine NRG1 type |
promotes the differentiation of presynaptic components of C-type synapses, suggesting that

distinct NRG1 isoforms govern the architectural and functional organization of C-boutons.



Material and Methods
Animals, surgical procedures and tissue preparation

Wild-type (WT) mice (CD1 strain) were purchased from Harlan Laboratories (Castellar del
Vallés, Barcelona, Catalonia, Spain). Mice were housed five to six per cage with permanent
access to food and water under a 12-h light/12-h dark. All animal experimentation procedures
were performed according to the European Committee Council Directive and the norms
established by the Generalitat de Catalunya (published as a law in the Diari Oficial de la
Generalitat de Catalunya [DOGC] 2073, 1995). All experiments were previously evaluated and

approved by the Committee for Animal Care and Use of our Universities.

Transgenic mice overexpressing full-length NRG1 type | (35), as well as HA-tagged full-
length NRG1 type Il (HA-NRG1FL) and a HA-tagged variant that mimics NRG1 type Il
processing by BACE1 cleavage (HA-NRG1GIEF) were used and genotyped as described
previously (36).

All surgical manipulations were performed under anesthesia, with a combination of
ketamine (100 mg/Kg) and xylazine (10 mg/Kg). To minimize suffering, mice were subjected to
postoperative analgesia with intraperitoneally (i.p.) injected buprenorphine (0.05 mg/Kg). In
one group of animals, the sciatic nerve at femoral level was exposed, transected and its
proximal stump was ligated in order to prevent spontaneous reinnervation; in another group

the sciatic nerve was crushed for 30 seconds using microforceps.

For the pharmacological experiments, mice (postnatal day 60) has been used. Drug delivery
regimes were i.p. injected based on published reports (26): methoctramine (Sigma-Aldrich,
Madrid, Spain), 200 pg/kg, daily for 15 days; tunicamycin (Sigma-Aldrich), 1 mg/Kg in saline for
2 days; and salubrinal (Alexis Biochemicals, San Diego, CA reconstituted at 2.6mM with PBS
containing 0.1%BSA and 10% DMSOQ) 100 ul, daily , two days before the sciatic nerve axotomy

and the next 7 days post-surgery.
Electrical stimulation

We used acupuncture steel needles (0.30x30mm, Acupuncture Shop Aps, Varde,
Dennmark) as stimulation electrodes and a Cibertec stimulation unit (CS-20, Cibertec S.A.,

Madrid, Spain) at both sciatic nerve and spinal cord.

The whole lumbosacral area and the leg were shaved and an incision through the skin and

musculature made until visualizing the sciatic nerve. Then electrostimulation (5V at 10 Hz or



100Hz) was applied with the stimulator unit. Electrical stimulation of the sciatic nerve causes
action potentials in a retrograde direction which leads to a depolarization of the cell body of
the MN in the spinal cord. Direct electrical stimulation of the spinal cord was performed using
two acupuncture needles inserted immediately on each side of the dorsal spinal cord. Then,
the electrical stimulation was applied with a stimulator unit (5 V at 10 Hz). Three animals in the

same conditions but without electrical stimulation were used as sham controls.

In both, sciatic and spinal cord stimulation, an electromyographic record of the food pad
was used to check out the electrostimulation accuracy. For this purpose, the recording
electrode was inserted into the foot pad and the reference electrode was inserted

subcutaneously near the tail.
In vitro slices

The spinal cord, with the pia mater rapidly removed and immersed in cold (0-4 29C),
oxygenated (95% 02/5% CO,) artificial cerebrospinal fluid (ACSF), containing (in mM): NaCl,
130; NaHCO;, 26; MgCl,, 2; NaPO,, 1.25; CaCl,, 2; KClI, 3; glucose, 10. In some experiments,
isolation of spinal cords were performed with sucrose-ACSF (in mM): NaHCO3, 26; MgCl,, 2;
NaPO,, 1.25; CaCl,, 0.5; KCI, 3; sucrose, 218, and later transferred to normal ACSF (37). Some
experiments were performed in a 0 Ca** ACSF; in this case, 4 mM EGTA was added. The spinal
cord was hydraulically extruded by applying pressure on a syringe filled with ACSF placed on
the caudal opening of the vertebral canal as described (38). Prior to excision, the animals were
briefly perfused transcardially with ice-cold oxygenated (95% O, 5% CO,) ACSF. Isolated
lumbar segments were rapidly sliced (300-400 um transversal sections) with a Mcllwain tissue
chopper tissue. The slices were subsequently transferred (or not) to a storage perfusion
chamber filled with oxygenated normal ACSF, until their fixation in 4% paraformaldehyde (PF)

at the desired experimental time.
Multiple fluorescent labeling and confocal microscopy

Tissue samples were obtained from anaesthetized mice, transcardially perfused with 4% PF
in 0.1 M phosphate buffer (PB), pH 7.4. Human spinal cord samples (4% PF fixed) were
obtained from the Banc de Teixits Neurologics de I’Hospital Universitari de Bellvitge (Dr. Isidre
Ferrer, Barcelona, Catalonia, Spain). Tissues from animal species other than rodents were also
fixed in 4% PF. Samples were post-fixed overnight in the same fixative at 4°C, and then
cryoprotected with 30% sucrose in 0.1 M PB containing 0.02% sodium azide. Transverse

cryostat sections (16-pum thick) were collected on gelatin-coated glass slides.



Sections were then permeabilized with phosphate-buffered saline (PBS) containing 0.1%
Triton X-100 for 30 minutes, blocked with either 10% normal goat serum or normal horse
serum in PBS for 1 h at room temperature, and then incubated overnight at 4 °C with an

appropriate primary antibody mixture. The primary antibodies used are indicated in Table 1.

Once previously washed with PBS, sections were incubated for 1 hour with a combination
of appropriate secondary fluorescent antibodies labeled with one of the following
fluorochromes (1/500): Alexa Fluor 488, Alexa Fluor 546, (Molecular Probes, Eugene, OR,
United States), Cy3, or Cy5 (Jackson Immuno Research Laboratories, West Grove, PA, United
States). Finally, the spinal cord sections were labeled with blue fluorescent NeuroTrace Nissl
staining (1:150; Molecular Probes) and mounted using an anti-fading medium containing 0.1 M
Tris-HCI buffer (pH 8.5), 20% glycerol, 10% Mowiol, and 0.1% 1,4-diazabicyclo[2,2,2]octane. For
ErbB visualization, some sections were processed using the tyramide signal amplification (TSA),

following the procedure recommended by the manufacturer (ThermoFisher, Waltham, MA).

Concerning anti-NRG1 antibodies, in our hands, the best commercially available antibody
that can be used to visualize NRG1 at C-boutons is the pan-NRG1 antibody sc-348 (Santa Cruz
Biotechnology, Dallas, TX). As this product has been recently discontinued, we looked for other
alternatives. Only the rabbit anti-NRG1 type IIl (extracellular, ANR113, from Alomone,
Jerusalem, Israel) gives a positive labeling at C-bouton sites, but this was weaker than that
obtained with sc-348. The mouse monoclonal anti-NRG-CDR type Il antibody (MABN534, from

Millipore, Temecula, CA) is also able to dimly detect C-bouton NRG1 (Suppl. Fig. 1).

Retrograde tracing of MNs was performed with fluorescent-labeled cholera toxin-B subunit
(CTB-AlexaFluor 555; Molecular Probes) at 1 pg/ul in PBS. Tracer (5 pl) was injected in leg
muscles by means of glass capillary tubes attached to a Hamilton syringe. Animals were

perfused 24 h later, and tissues were processed for immunolabeling as above described.

The slides were then examined under a FluoView FV-500 or FluoView FV-1000 Olympus
laser-scanning confocal microscopes (Olympus, Hamburg, Germany). The MNs were imaged
after obtaining optical sections (0.5 or 1 um) of cell bodies. Digital images were analyzed with
either Visilog 6.3 software (Noesis, Orsay, France) or Imagel software (US National Institutes of
Health, Bethesda, MD, USA). For colocalization analysis, the Image) plugin developed by Pierre

Bourdoncle (bourdoncle@ijm.jussieu.fr) was used.

Immunolabeled profiles of NRG1 and of the different protein markers examined were then
manually counted on the screen for each MN soma. In axotomy experiments, we only analyzed

cell bodies located in pes 9 region of L6 spinal cord segment, which corresponds to the sciatic



motor column, according to (39) The area and perimeter of MN somata, and microglial profiles
covering MNs were also manually measured. The number of synaptic boutons contacting
activated microglia in axotomized MNs was evaluated by image analysis (Imagel). After
application of the outline tool on binarized Ibal images, these were merged with those
corresponding to binarized synaptic boutons: the number of boutons contacting perisomatic
microglial profiles was manually counted. In some cases, three-dimensional reconstructions
were performed using Bitplane (Imaris, Bitplane, CT, USA) on 0.5-um thick Z step obtained with
the confocal microscope. The digital images were edited using FV10-ASW 3.1 Viewer

(Olympus) and Adobe Photoshop CS4 (Adobe Systems Inc, San Jose, CA).
Electron microscopy

Some of the animals were perfused either with 1% PFA and 1% glutaraldehyde in 0.1 M PB
(pH 7.4) for conventional electron microscopy or with 4% PFA. Dissected tissues were postfixed
in 1% 0s04 and processed for Embed 812 embedding according to standard procedures.

Ultrathin sections were counterstained with uranyl acetate and lead citrate.
Statistical analysis

The data are expressed as means + SEM. The statistical analysis was assessed by either the
Student’s t-test or either one-way or two-way analysis of variance (ANOVA) followed by post-

hoc Bonferroni’s test. The level of significance was established at p < 0.05.

Results

Molecular architecture of C-boutons in vertebrate spinal MNs

In agreement with our previous studies (11), we corroborated that ventral horn a-MNs in
adult mouse spinal cord are innervated by large, cholinergic (VAChT-positive) presynaptic
terminals, which juxtapose a highly organized postsynaptic compartment harboring a specific
set of distinct proteins, including M2 AChRs, Kv2.1 K* channels, S1R, and NRG1. Postsynaptic
regions delimited by NRG1 were often aligned with several VAChT positive terminal bulbs,
indicating that individual C-terminals form branches that share a common postsynapse (Fig.
1la-d). Expression of the NRG1 receptor ErbB2 and its phosphorylated form colocalized with

VAChT in the presynaptic compartment of C-boutons (Fig. 1e).

In addition to mouse spinal cord, we observed the characteristic punctate accumulation of

NRG1 in the postsynaptic compartment of C-boutons in all vertebrate species analyzed,



including frog, lizard, chicken, pig, and human (Suppl. Fig. 2a-g), consistent with evolutionary

conserved NRG1 functions in C-type synapses in the vertebrate lineage.

Upon inspection by electron microscopy (EM), large afferent nerve terminals were
identified as C-boutons if they coaligned with a postsynaptic SSC, a hallmark for this type of
synapse (Fig. 2a-d). Large aggregates of spherical or flattened clear synaptic vesicles were
often concentrated at active zone-like sites close to the presynaptic PM, whereas presumably
endocytic “coated” vesicles tended to accumulate at the most peripheral areas of terminals
(Fig. 2b). Large membrane-bound vacuoles sequestering synaptic vesicles were also frequently
seen within the presynaptic compartment, resembling either late endosomes/multivesicular
bodies or phagosomal structures (Fig. 2c). To trace endocytic compartments of MN,
intramuscular injections were performed using either fluorescent cholera toxin B or the Hc
fragment of tetanus toxin. Although both tracers were extensively incorporated into the
vacuolar system of MN somata, no association was found between labeled compartments and

NRG1-marked postsynaptic regions of C-boutons (Suppl. Fig. 3).

MN stimulation alters C-bouton-associated NRG1 clusters

We next ask whether physiological or pathological changes in MN activity could affect C-
bouton-associated NRG1 expression domains. Electrical stimulation of sciatic nerve results in
antidromic propagation of action potentials and MN cell body depolarization, whereas
electrical stimulation adjacent to the spinal cord causes orthodromic activation of MN axons
that can be assessed by EMG recordings of distal leg and foot muscles. Moderate antidromic
stimulation (10 Hz, 60 min) produced a modest increase in the size of both pre- and
postsynaptic C-bouton compartments delineated by VAChT and NRG1, respectively (NRG1
cluster size in um?”: contralateral, 4.26 + 0.22, n = 28 MNs; ipsilateral, 5.48 + 0.24, n = 37 MNs;
p < 0.05). Cholinergic transmission at C-boutons is mediated by M2 AChRs, which can be
pharmacologically targeted by treatment with the M2 agonist oxotremorine. Similar to
antidromic stimulation, oxotremorine treatment caused an increase in size of postsynaptic
NRG1 clusters (NRG1 cluster size in umzz saline, 4.37 + 0.18, n = 103 clusters; oxotremorine,

5.97 +0.37, n = 62; p < 0.01).

In contrast to moderate stimulation, pathologic antidromic stimulation (100 Hz, 60 min) or
direct orthodromic spinal cord stimulation at lower frequency and shorter time period (10 Hz,
30 min) resulted in a severe depletion of NRG1 clusters, whereas VAChT-positive terminals
were largely spared (Fig. 3a-k). Examination by EM (Fig. 3j) showed that, as a consequence of

extreme spinal cord stimulation, the SSC was disrupted in many C-boutons, and SSC remnants



in identifiable C-boutons had a shortened contact area with the postsynaptic membrane; in
line with SSC disruption, we observed an increased number of vacuoles at variable sizes,

multivesicular bodies and vesicles in subsynaptic regions of the MN cortical cytoplasm.

ER-disruption was largely confined to cortical regions of MN cell bodies, but was absent
from Nissl-like ER stacks located in more central cytoplasmic areas (Fig. 3j). We conclude that
pathological exacerbation of synaptic activity at C-boutons heavily impacts on the stability of
postsynaptic SSCs. This notion was supported by a dramatic loss of SSC-associated NRG1
clusters at C-boutons in an in vitro acute spinal cord slice preparation maintained in ACSF. Even
after reducing the preparation time from anesthesia to slicing and paraformaldehyde fixation
to ~9 min (with or without ulterior recovery in an oxygenated-superfusion slice chamber),
most MNs were completely devoid of NRG1-positive puncta. In those few cases, in which
NRG1 clusters persisted, they appeared heavily fragmented and dispersed. Small-sized VAChT
puncta were still present juxtaposed to a fraction of de-clustered NRG1-containing SSC
remnants (Fig. 3I-s). These findings identify an extreme SSC instability as a major component of
adult MN vulnerability in response to slicing procedures, most likely due to their large dendritic
arbor (40). While similar experiments performed with Ca*-free CSF did not improve the
preservation of NRG1 clusters (Fig. 3t), we suggest that massive Ca** release from intracellular

Ca”* stores is sufficient to disrupt SSC integrity in cortical areas of MN cell bodies.

To further analyze the dependence of C-boutons and their associated NRG1 clusters on ER
integrity in vivo, we induced ER-stress by parenteral administration of tunicamycin (26). The
effectiveness of drug administration was assessed by the demonstration that BiP was
upregulated in MN somata (BiP intensity in arbitrary units: saline, 116.38 + 6.76, n = 58 MNs;
tunicamycin, 217.10 + 6.42, n = 57 MNs; p < 0.001). EM analysis confirmed disrupted Golgi and
ER membranes (not shown). Concomitant with widespread ER stress, tunicamycin treatment
also disrupted SSC-associated NRG1 clusters (NRG1 cluster size in pum?: saline, 3.11 + 0.12, n =
278 clusters [from 58 MNs]; tunicamycin, 2.42 + 0.06, n = 444 clusters [from 57 MNs], p <
0.001), and these postsynaptic changes were matched by an equivalent but attenuated
response at the corresponding VAChT-delimited presynaptic terminal (VAChT cluster size in
umzz saline, 3.73 = 0.13, n = 514 clusters [from 58 MNs]; tunicamycin, 3.19 + 0.13, n = 226
clusters [from 57 MNs]; p < 0.01). Thus, we conclude that pharmacologically-induced ER-stress
diminishes the integrity of SSC-associated NRG1 clusters, which in turn affects the size of

presynaptic C-boutons.

Glial reactivity and C-bouton plasticity after reversible and irreversible axonal interruption



Distal axon transection leads to rapid and drastic changes in MNs and their synaptic and
glial environment (41). We recently showed that C-boutons of axotomized MNs rapidly attract
microglial processes (11). Here, we extended these findings by performing a long-term analysis
in both reversible (crush) and irreversible (axotomy) axonal interruption paradigms (Fig. 4a-d).
A rapid microglial and astroglial recruitment to MNs occurred 1-3 days after axotomy, in
concomitance with C-bouton disruption. Most microglial profiles interacted with NRG1-
positive C-boutons 1 day after nerve injury, but subsequently the number of microglia
interacting with NRG1-positive C-boutons rapidly declined (Fig. 4e-i, Suppl. Fig. 4 and movie).
Importantly, the disruption of VAChT-labeled presynaptic terminals was temporally dissociated
from the disorganization of postsynaptic NRG1-clusters. Whereas at 7 days after axotomy we
observed a loss of 72% of VAChT profiles, the number of postsynaptic NRG1 clusters was only
reduced by 32%. This indicates that the elimination of the presynaptic component of C-
boutons implies a disorganization and subsequent reorganization of their postsynaptic SSC-
associated NRG1 clusters. A recovery of some C-boutons was seen 15 days after axotomy,
which occurred in conjunction with a sustained decline of microglial recruitment. However, an
opposite profile was seen for astrogliosis, which, after a transient decline, is again triggered 30
days post irreversible nerve injury (Fig. 4b). Regenerated VAChT-positive C-boutons displayed a
marked, but transient, reduction in size of postsynaptic NRG1 clusters (Fig.4b-d). To further
assess the involvement of microglia in the elimination of the presynaptic compartment of C-
boutons, we compared the juxtaposed expression of VAChT and NRG1 in individual synapses in
the presence and absence of nearby Ibal-labeled microglial processes 14 days postaxotomy.
NRG1 clusters contacting microglia showed VAChT depletion, whereas those in the absence of
microglial processes exhibited a positive VAChT signal (Fig. 4j,k). Together, we conclude that
the axotomy-mediated loss of C-boutons is a consequence of a selective microglial recruitment
to these synaptic sites, in concordance with the ability of microglia to engulf synaptic inputs

during normal and pathological conditions (42, 43).

The pronounced atrophy seen in axotomized non-reinnervating MNs, was less severe after
nerve crush (Fig. 4a-d). Moreover, the severe and long-term astroglial reaction following nerve
transection was also significantly milder after crush. Compared to irreversible axotomy, an
improvement in the restoration of C-bouton density was present 120 days after crush,

however, this was no longer sustained.

A further indication of a microglia-mediated removal of presynaptic terminals following
axotomy was obtained from ultrastructural analysis (Fig. 5a-k). We noticed that a considerable

number of axo-somatic presynaptic terminals showed degenerative changes; some of these



terminals, which often appeared in close proximity to microglial cells, displayed a complete
disintegration (Fig 5f and h). However, due to the advanced stage of degeneration, it was
impossible to unambiguously identify the morphological subtype of affected synaptic boutons.
Nevertheless, in some cases remnants of postsynaptic SSCs were still present adjacent to
microglia-covered MN surface areas (or to degenerating synapses), indicating that those
correspond to “denervated” C-bouton sites, which underwent degeneration post-axotomy
(Fig. 5g and i-k). Based on these data, we conclude that, at least in part, microglia-mediated
elimination of C-boutons following axotomy causes a rapid disintegration of presynaptic
compartments. This observation contrasts the generally accepted concept that synaptic
elimination from axotomized MNs results from the detachment of presynaptic terminals from
perykaria by activated microglia, which physically separate pre- and post-synaptic elements in
the absence of synaptic degeneration (“synaptic striping”, (33)). The exact role of activated
microglia in the destruction of synaptic terminals is difficult to assess here. However, PM
apposition of microglia to SSC remnants at sites devoid of synaptic boutons most likely marks
areas previously occupied by C-boutons, and this finding is consistent with a more rapid
postaxotomy loss of VAChT-positive puncta compared to their postsynaptic counterpart as

defined by NRG1 immunolabeling.

Neuronal damage induced by peripheral or central axonal injury comprises unfolded
protein response and ER-stress that can promote a regenerative response or apoptotic cell
death (44, 45). Salubrinal provides neuroprotection by inhibition of P;-elF2a
dephosphorylation and ER-stress (46) and salubrinal treatment results in attenuation of

G93% mice (47). Using a similar treatment protocol

microgliosis and neurodegeneration in SOD1
we found that salubrinal administration significantly reduced BiP elevation and nearly
abolished the massive microglial recruitment to MN somata 7 days post-axotomy (Fig 6a-p).
Moreover, the loss of presynaptic VAChT and postsynaptic NRG1 that concomitantly occurred
in axotomyzed MNs was strongly attenuated by salubrinal. This indicates that unfolded protein

response is coupled with microglial activation and synaptic loss in distally lesioned MNs.

Distinct NRG1 isoforms mediate specific pre- and postsynaptic functions at cholinergic C-

boutons

Transgenic mice with Thyl.2 promoter-mediated neuronal overexpression of distinct NRG1
isoforms have previously been employed to study axonal control mechanisms during
myelination of spinal MNs (35, 36). Considering NRG1 as a prominent and spatially restricted

component of C-boutons, we took advantage of these mouse lines to examine NRG1 isoform-



specific functions in C-bouton development and architecture. These studies included
transgenic mice which overexpress full-length NRG1 type | (35), N-terminally HA epitope-
tagged full-length NRG1 type Ill (HA-NRG1™) or a HA-tagged NRG1 type Il variant that mimics
the product of BACE1 cleavage in the juxtamembrane ‘stalk’ region (HA-NRG1°"™; (36), which
separates an N-terminal (EGF-like domain-containing) transmembrane protein from the C-

terminal ICD (Suppl. Fig. 5).

First, we performed simultaneous fluorescent immunostainings for the N-terminal HA-tag
and either the C-terminal ICD of NRG1 or the C-bouton postsynaptic markers S1R, Kv2.1 and
M2 AChR, in conjunction with presynaptic VAChT on spinal cord sections (Fig. 7a-f). Samples
from HA-NRG1™ mice showed highly overlapping immunostaining for the HA-tag and the ICD
on the surface of MN cell bodies, which was frequently associated with presynaptic VAChT-
positive C-boutons (Fig. 7a). These findings are consistent with the accumulation of
unprocessed NRG1 type Il at postsynaptic sites of C-boutons. To assess possible consequences
of the postsynaptic accumulation of NRG1 type Ill on the organization of C-type synapses, we
performed an examination of HA-NRG1™ mice by EM. Remarkably, we observed an
accumulation of abnormally expanded surface-associated ER membranes, which were
arranged like redundant SSCs (Fig. 9a). As the number of cholinergic C-boutons contacting MN
somata was not altered (Fig. 8a), only a fraction of plasma membrane presenting apposed ER
membranes was associated with afferent synaptic C-boutons in HA-NRG1™ mice. We also
analyzed whether the pattern of S1R and Kv2.1, two molecules that normally concentrate in C-
bouton-associated SSCs, were altered in HA-NRG1™ mice. We found that both, S1R and Kv2.1,
were notably increased, displaying a similar pattern to that found for NRG1 type lll detected by
HA staining (Fig. 7b and e, and 8d and e). Thus, the induction of redundant SSC-like membrane
compartments by NRG1 type Il overexpression was linked to an increased production and
insertion of other SSC-associated partner molecules, such as S1IR and Kv2.1. Nevertheless, a
more detailed examination revealed that although S1R and NRG1 were closely associated, they
did not occupy identical micro-domains (Fig. 8c-d), very similar to their configuration in C-
boutons from WT mice (11). In contrast, a tight co-localization between NRG1 and Kv2.1 was
observed (Fig. 7e). Importantly, expression of M2 muscarinic receptors, which presumably
reside mainly in the postsynaptic membrane, also expanded beyond synaptic areas, as defined
by the absence of VAChT-positive terminals, in HA-NRG1™ mice (Fig. 7f and 8c). Together, the
redundancy and enlargement of SSC-like structures in HA-NRG1™ mice suggest that full-length
NRG1 type lll acts as an organizer of ER-membrane contacts, including SSCs, in a—MNs. These

findings also indicate that SSCs are involved in organizing the size and molecular layout of the



postsynaptic membrane, whereas SSC architecture has no major direct effects on presynaptic
elements of C-boutons.

To address a specific role of the cytoplasmic ICD in organizing SSC architecture in C-

GIEF GIEF

boutons, we next investigated HA-NRG1™™ mice. Although extensive HA-NRG1™™ expression
was observed in MN cell bodies and dendrites, the BACE1-processed variant of NRG1 type |l
was completely excluded from C-bouton sites. This was unambiguously corroborated when
HA-tag detection was combined with antibodies against VAChT and pan-NRG1 (sc-348) to
localize C-boutons (Fig. 7g). Consistent with this finding, no expansion of SCC structures, S1R

1 mice (not shown). Taken together,

and M2 expression domains was observed in HA-NRG
these data strongly suggest that the C-terminal ICD is required for SSC accumulation of NRG1
type Il and that full-length NRG1 type Il exerts specific postsynaptic, SSC organizing functions

in spinal a—MNs.

NRG1 type | shares the same ICD with NRG1 type lll, but lacks a second transmembrane
domain, therefore BACE1 processing results in shedding of the N-terminal EGF-like domain and
paracrine signaling. To identify possible consequences of enhanced NRG1 type I-mediated
paracrine signaling on C-bouton development, we next examined transgenic mice with Thy1.2
promoter-driven NRG1 type | overexpression (NRG1"?) in spinal MNs (35). As this transgene
lacks an N-terminal HA-tag, a specific immunostaining for transgene-derived NRG1 type | could
not be performed. However, immunostaining for the ICD produced an extensive signal at the
MN surface of NRGI" mice (Fig. 7h) analogous to that obtained in HA-NRGI™ mice.
Moreover, immunostaining for M2 AChRs showed their enlarged distribution on the MN
surface, similar to that observed in HA-NRG1™ mice (Fig. 7i). However, in stark contrast to HA-
NRG1™ mice, VAChT immunostaining revealed a profound increase in the number and size of
presynaptic cholinergic terminals innervating the MN surface (Fig. 8a, b). Nevertheless, we
found no concomitant increase in the number of ChAT-positive VO¢ neurons in NRG1""® mice
(VO¢ interneuron numbers per section, expressed as mean + SEM: WT, 2.37 £ 0.32, n = 8
sections; NRG1"" 1.74 + 0.32, n = 14 sections; p > 0.05), strongly suggesting that C-bouton

typel

synaptogenesis was abnormally stimulated in NRG1 mice. Many of these VAChT-positive
puncta were associated with neighboring postsynaptic S1R-positive patches, which did not
overlap with pan-NRG1 signal, in the same way as occurs in WT (Fig. 7h). In addition, S1R
clusters in NRG1""* mice were not enlarged when compared with those in WT (Fig. 8d). This is
in contrast to that was observed in HA-NRG1™ mice, in which surface-associate S1R labeling is

largely expanded together with NRG1. Kv2.1 clusters were not detected in NRGI"® mouse

MNs (Fig. 8e).



Ultrastructural examination confirmed the presence of enlarged presynaptic terminals on
the MN soma surface, matching only partially with post-synaptic SSC; moreover, the amplified
formation of SSC-like ER-plasma membrane contacts in HA-NRG1™ mice was not observed in
NRG1™¢ mice (Fig. 9b). This suggests that NRG1 type | is mainly targeted to the MN plasma
membrane, whereas NRG1 type lll is preferentially located to C-bouton SSCs. As Kv2.1 is a
protein specifically linked to ER-plasma-membrane junctions (e.g. at SSCs) (48), its expanded
or, alternatively, reduced expression detected in HA-NRG1™ or NRG1""® mice, respectively, is
consistent with this interpretation. A summary of idealized C-bouton phenotypes in NRG1

transgenic mice is depicted in Fig. 9c.

C-boutons and associated NRG1 clusters are absent in ALS-resistant OCM (abducens cranial
nerve [CN] VI) MNs (12), but present in other brainstem motor nuclei. Therefore, we next
examined the impact of NRG1 overexpression in brainstem MNs of NRG1 transgenic mouse
lines (Suppl. Fig. 6a-f). Consistent with our above findings, non-OCM MNs (facial [CNVII],
hypoglossus [CNXIl] and ambiguous [CNX] nuclei) displayed similar effects of NRG1
overexpression on C-bouton structure as described for spinal cord MNs, including an increased
number of VAChT-containing synaptic afferents in NRG1 type | overexpressing transgenic mice
(Suppl. Fig. 6¢). NRG1 labeling patterns in OCM MNs of NRG1"*® HA-NRG1™ mice were also
comparable to those observed in non-OCM MNs. However, as in WT (Suppl. Fig. 6d), we never
observed VAChT-positive C-boutons on the surface of transgenic OCM MNs (Suppl. Fig. 6e-f).
These findings strongly suggest that NRG1 type | promotes C-bouton synaptogenesis also at
non-OCM MNs, but that additional factors are required to promote cholinergic synaptogenesis

in OCM MNs.

Altogether, these findings suggest that: 1) full-length NRG1 type Ill acts as a specific
organizer of postsynaptic SSC-like membrane compartments without a major impact on the C-
bouton presynaptic counterpart, 2) NRG1 type | promotes presynaptic C-bouton
synaptogenesis, with no influence on biogenesis or molecular architecture of co-aligned SSC,
and 3) there is partial independence of pre- and postsynaptic C-bouton development. Thus,
specific signaling functions related to the distinct spatial arrangement of NRG1 isoforms are

involved in the complex matching of pre- and postsynaptic elements at C-boutons.

Discussion

To provide a better understanding of the role of C-boutons and associated NRG1 assemblies in

MN diseases, we describe here novel aspects of their biology and responses when subjected to



distinct paradigms of experimental MN injury. Stimulation and ex vivo slicing experiments
revealed that C-bouton-associated NRG1 assemblies are extremely sensitive to acute cellular
stress. This probably reflects their tight association with SSCs, a specialized form of highly
dynamic cortical ER, which is closely apposed to the postsynaptic plasma membrane of C-
boutons. In fact, rapid and reversible ER fission occurs after neuronal depolarization, and
synaptic activity modulates ER structure via Ca®* transients (49, 50). In addition, Kv2.1 clusters
in ER-plasma-membrane junctions, which are homologous structures to SSCs, are highly
dynamic and unstable when exposed to moderate stress (48). We report here that moderate
levels of either electrical or chemical stimulation induce an enlargement of VAChT-labeled
presynaptic terminals and their associated postsynaptic NRG1 clusters. This is in congruence
with data reported in the context of electrical stimulation of proprioceptive afferents to MNs
(51). The dependence of NRG1 clusters on the structural integrity of cortical ER was further
confirmed by induction of ER-stress with tunicamycin, which severely disrupted NRG1 clusters
without affecting the number and size of VAChT-positive terminals. This observation is distinct
from our findings in MNs following axotomy in which the dispersion of NRG1 clusters at C-
boutons takes place at a slower time scale compared to the loss of presynaptic terminals, the

latter presumably being mediated by reactive microglia.

We also confirm our previous observations that C-boutons are preferred sites to be
contacted by reactive microglia in injured MNs post-axotomy (11) and provide new data
concerning the involvement of microglial cells in synaptic removal in this pathological
condition. At present, the molecular substrate of this positive chemotactic effect is unknown.
NRG1/ErbB signaling promotes microglial chemotaxis in vitro and in spinal cord dorsal horn
after peripheral nerve injury (52, 53), and antagonizing NRG1 signaling results in a reduction of
microgliosis and MN death in mutant SOD1 ALS mice (54). Thus, whether NRG1/ErbB signaling
also operates during C-bouton-directed microglial sensing after axotomy should be further

explored.

We found no evidence for the engulfment of presynaptic elements by microglial processes
recruited in the vicinity of axotomyzed MNs. This is in accordance with the classical description
of microglial activation and synaptic removal that occurs during the response of MN cell bodies
to axotomy (33). However, in contrast to these studies, we unambiguously observed
degenerating presynaptic boutons contacting lesioned MNs in close association with
perineuronally-recruited microglia. This suggests an active role of microglia in the
disintegration of presynaptic terminals by means of a target-directed toxic mechanism instead

of bulk phagocytosis. Activated microglia produce free oxygen radicals, nitric oxide, proteases



and cytokines (55), all of which could be neurotoxic in a local microenvironment and induce
extrinsic apoptosis (56) or extracellular digestion (“exophagy”) of synaptic debris (57). In
congruence with this idea, superoxide ions produced by microglial cells induce apoptotic death
of Purkinje neurons in organotypic slice cultures (58), and macrophage-derived TNFa signals
developmental MN death (59). Since axons can activate degenerative/apoptotic molecular
pathways without resulting in cell death of the parent neuron (60), it is plausible that a similar,

spatially restricted mechanism operates at presynaptic axon terminals (61).

Our data suggest that NRG1 ‘declustering’ is related to a microglia-dependent disruption of
cholinergic presynaptic terminals, in conjunction with ER-stress/reorganization inherent to a
chromatolytic reaction. We demonstrate that C-bouton disruption in axotomyzed MNs is
prevented when ER-stress or microglial activation is inhibited by salubrinal treatment. Our
data also indicate that removal of afferent terminals, including C-boutons, precedes
postsynaptic NRG1 declustering and removal. This interpretation is supported by the presence
of activated microglia in close proximity to denervated, SSC-containing postsynaptic sites of
MN somata. Resting microglia perform specific and transient mutual contacts and serve as a
vigilant surveyor of synaptic activity. During pathological conditions, microglial processes
extensively enwrap synaptic boutons that will be later removed (42). However, in agreement
with a classic study (33), we found no ultrastructural evidence for the engulfment of embraced

axon terminals into phagosomes of activated microglia adjacent to axotomyzed MN somata.

Axonal regeneration following nerve crush frequently results in restored peripheral nerve
function 6-8 weeks after injury (34, 62). Our analysis of cholinergic C-boutons are comparable
with previous studies (34) showing their recovery after either irreversible transection or crush.
However, to which extend their function is restored is currently unclear. In fact, the size of
postsynaptic NRG1 clusters was not fully restored after irreversible nerve transection, but
almost completely reestablished after (more permissive) injury following nerve crush. This is
another example of the relative independence of pre- and postsynaptic components of C-
boutons during development and adult plasticity. C-bouton density in MNs also depends on
competition with other types of synapses in an activity and space-dependent manner (63). For
instance, the loss of vesicular glutamate transporter 1 (VGLUT1)-containing boutons (derived
from proprioceptive sensory afferents) from axotomyzed MNs is not restored during
peripheral regeneration (34). This indicates that peripheral nerve injury induces permanent
deficits in the function and plasticity of central synaptic connections, but the inability to

restore proprioceptive afferent may favor regeneration of cholinergic inputs to lesioned MNs.



Our findings in NRG1 transgenic mice demonstrate that altered expression levels (and most
likely signaling activities) of NRG1 isoforms differentially affect molecular and structural
features of C-boutons. These results reveal a previously unknown role of distinct NRG1
isoforms as selective organizers of pre- and post-synaptic components of cholinergic C-
boutons at the receptive somatodendritic compartment of spinal MNs and adds to established
functions of NRG1 in the neuromuscular system, such as: 1) differentiation and survival of
Schwann cells (64); 2) myelination of peripheral axons (35, 36, 65, 66); 3) terminal Schwann
cell-mediated remodeling of neuromuscular junctions (19); and 4) regulation nicotinic AChRs

clustering at the neuromuscular junction (67).

Specifically, we show that NRG1 type Ill serves as a postsynaptic SSC organizer with no
major impact on the formation or structure of presynaptic VAChT-positive terminals. In
contrast, NRG1 type | stimulates a substantial increase in the number and size of cholinergic
inputs without driving the development of an equally enlarged SSC. The exact mechanism and
functional consequences of NRG1 type I-mediated effects on presynaptic terminal growth and
NRG1 type Illl-induced SSC enlargement are currently unknown and require further
investigation. ER-plasma membrane contacts are involved in calcium homeostasis by means of
a mechanism referred to as “store operated calcium entry” (SOCE). An essential protein in this
process is STIM1, which, when overexpressed, induces multilayered stacks of cortical ER (68)
comparable to those produced in MNs of NRG1 type lll overexpressing mice. In our study,
enlarged ER-derived planar stacks displayed distinct subdomains that, in addition to NRG1,
were enriched in SR1 and Kv2.1, as expected for redundant SSCs. It is interesting to note that
the sole overexpression of Kv2.1 is sufficient to induce ER-plasma-membrane junctions (48).
Since S1R plays a role as a SOCE regulator in a variety of systems, this suggests that SSC at C-
boutons serve as a Ca’* microdomain and that NRG1 type lll-mediated changes of SSC
architecture could recruit STIM1 functions, thereby shaping the temporal and spatial fine-
tuning of intracellular Ca®* at this specific site (69). Stimulation of both NRG1 type | and type
lll-mediated signaling impacts on the accumulation of M2 AChRs at the postsynaptic plasma
membrane. Thus, the concept of NRG1-regulated functional interactions of M2 AChRs with
other postsynaptic components of C-type synapses, e. g. Kv2.1 potassium channels (7) requires
further investigations. Kv2.1 channels form highly dynamic clusters on the plasma membrane
of cortical neurons (70), may contribute to homeostatic adaptation of MN excitability during
pathologic conditions, and axotomy results in a loss of Kv2.1 clusters at C-boutons (71). Of
note, NRG2, which is structurally related to NRG1 type |, accumulates in close proximity to

Kv2.1 clusters in the plasma membrane atop intracellular SSCs in cortical interneurons and



NRG2/ErbB4 serve a negative feedback loop that controls NMDA function (72). Moreover,
NRG1 type | colocalizes with NRG2 and Kv2.1 channel clusters in cultured hippocampal
neurons (20). These findings indicate that NRG isoforms constitute a diverse set of spatially
compartmentalized postsynaptic signaling molecules that play an important role during C-
bouton differentiation. Possible additional functions in the modulation of plasma
membrane/SSC interactions and chemical transmission at C-boutons and cortical synapses will

require further studies.

Altered spinal cord expression of NRG1 isoforms occurs in a SOD1 ALS mouse model (73),
and loss of C-bouton-associated NRG1 assemblies in this mouse model and in human ALS have
been observed (12, 74). Similarly, increased activation of ErbB receptors was found in
inflammatory microglia in ALS mouse models and human patients (73, 75). Recently, NRG1
signaling was directly targeted in SOD1-ALS mice by virus-mediated delivery of NRG1 type Il to
the spinal cord, which resulted in an extended survival time and reduced C-bouton loss,
whereas NRG1 type | expression had no effect (74). NRG1 type | overexpression confined to
the muscle promoted axonal collateral sprouting and muscle reinnervation, but failed to
improve clinical outcome (76). On the other hand, blocking NRG1 signaling reduced microglial
activation and slowed disease progression (54). Taken together, these data indicate that
pleiotropic NRG1 activities may account for the variable and to some extend discrepant

outcomes when analyzed in the context of distinct therapeutic approaches.

In conclusion, our study identifies plastic C-bouton changes in well-defined experimental
models of MN injury and reveals previously unknown functions of distinct NRG1 isoforms in C-
bouton architecture. Our data provide a refined framework for the involvement of C-boutons
in the pathophysiology of MN diseases, such as ALS. Since C-boutons regulate MN excitability,
contribute to MN vulnerability and orchestrate neuroinflammatory glial responses after nerve
injury, the targeting of C-bouton-embedded signaling modules, such as the NRG1/ErbB axis,
should be further explored in support of novel treatment strategies for ALS and other MN

disorders.
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Figure legends

Figure 1. C-boutons on normal spinal cord MNs (visualized by Nissl staining, blue) after double
fluorescent immunolabeling. a) A MN soma showing the concentration of M2 AChR (green) in
close apposition with VAChT-labeled synaptic terminals (red); in the enlarged insets the
displacement of the presynaptic VAChT-signal with respect to the postsynaptic M2 AChR
labeling can be seen. b) MN soma showing the close relationship of S1R (green) with VAChT-
labeled synaptic terminals (red); note in the insets the displacement of S1R signal respect to
VAChT reflecting the postsynaptic localization of S1R; S1R is also present on MN soma in non-
synaptically associated particles (encircled), which presumably correspond to ER stacks. c) A
MN soma showing the association between NRG1 patches (green) with VAChT-labeled synaptic
terminals (red); in the enlarged insets the displacement of the presynaptic VAChT-signal with
respect to the postsynaptic NRG1 labeling can be observed. d) A MN soma showing that
clusters of NRG1 (green) co-localize with Kv2.1 potassium channels (red) at C-bouton sites; in
the enlarged insets the co-localizing signal is seen in yellow. ) A MN somata showing the co-
localization between p-ErbB2 (green) and most of the VAChT-labeled synaptic terminals (red);
the enlarged insets show a detail of two VAChT-positive terminals (red), one of them

colocalizing with p-ErbB2 immunolabeling (yellow). Scale bars: 10 um in e (valid for a-d).

Figure 2. Ultrastructure of C-bouton synaptic terminals. a) A presynaptic terminal (colored
green) apposed to the surface of a MN cell body (colored red) displaying a SSC (delimited by
arrows). b) A coated endocytic vesicle located at the periphery of the terminal in (a) (delimited
by the dotted circle) is shown. ¢) A detail of a presumably endocytic/autophagic structure (*)
within the nerve terminal is shown. d) A detail of compartmentation of pre- and postsynaptic
elements in C-bouton is shown; the extracellular space (yellow) is interposed between the
presynaptic terminal (green) and the postsynaptic MN cell body (red); the postsynaptic
membrane displays an intimately associated SSC (blue) that exhibits continuity with ER

membranes at the MN cell body (arrow). Scale bars: 250 nm.

Figure 3. Disruption of NRG1 clusters at C-boutons in acutely stressed MNs. a-e) Lumbar spinal
cord MNs were antidromically stimulated by electrical pulses delivered through sciatic nerve
(5V, 10 Hz, 60 min). Double immunolabeling for NRG1 (green) and VAChT (blue) shows an
important disruption of NRG1 clusters in stimulated MNs (c,d) versus those in the control side
(a,b). Densitometric measurements of NRG1 labeling at VAChT-positive C-bouton sites shows

the presence of a NRG1-depleted population of cholinergic synapses (e). f-k) MNs in lumbar



spinal cords were subjected to orthodromic electrical field stimulation (5V, 10 Hz, 30 min).
Double immunolabeling for NRG1 (green) and VAChT (blue) shows an important depletion of
NRG1 in stimulated MNs (h,i) versus control ones (f,g). j) Ultrastructural morphology of C-
bouton area from a stimulated MN shows a disrupted SSC (arrows and colored blue in the
inset), and the accumulation of large vesicles and vacuoles (red * in the inset), presumably
representing disorganized ER at the cortical areas (delimited by double arrows) of the MN;
presynaptic terminals are colored green, whereas postsynaptic MN is colored red; ER stacks in
the deeper regions of MN soma appear not altered (yellow *). k) Densitometric analysis of
VAChT and NRG1 in individual C-boutons demonstrates the huge depletion of NRG1 after
stimulation. I-t) Effects of acute spinal cord slicing on C-bouton organization; MN cell bodies
double immunolabeled for NRG1 (green) and VAChT (blue) in a spinal cord slice from a whole
body PF-perfused mouse used as control (I,m) and in a sample obtained from an acute spinal
cord oxygenated in artificial LCR and subsequently fixed by immersion in PF for 10 min (n,q).
Note the dispersion and fragmentation of NRG1 clusters after slicing in conjunction with a
depletion of VAChT-positive puncta (n,0) or the near complete depletion of NRG1 clusters
(p,q). r,s) Semithin plastic sections of a control-fixed MN (r) and a MN fixed after 10 min of
slicing (s) showing the cytoplasmic microvacuolization induced by the slicing process. t) The
quantification of NRG1 cluster size (in um?) shows its reduction after slicing, which is not
prevented when a 0 Ca** medium is used. Values in graphs are shown as mean + SEM; ***p <
0.001 (Student’s t-test [e and k] and one way ANOVA, Bonferroni’s post-hoc test [t]); nin e =
184, contralateral and 219, ipsilateral; n in k = 117, cont. and 53, stim., and n in t = 42-151.
Scale bar: 500 nm in j (250 nm in inset); 20 um in q (valid for a-d; f- and I-p); 10 um in s (valid

forr).

Figure 4. Correlative changes in MN cell bodies, glial cells and NRG1 clusters, and VAChT-
positive C-bouton synaptic sites after axotomy (either peripheral nerve irreversible transection
or crush); only data from long-term (120-180 days) crush experiments allowing permissive
reinnervation are shown. a) Measurements of MN soma size (*p < 0.05 and ***p < 0.001 vs. 0
day, or crush vs. respective transection time point), one-way ANOVA, Bonferoni’s post-hoc
test); n = 14-52 MNs from 2-4 animals. b) Time course of microglial and astroglial activation
around axotomyzed MNs; *p < 0.05 and ***p < 0.001 vs. 0 day, or crush vs. respective
transection time point (two-way ANOVA, Bonferroni’s post-hoc test); n = 5-25 sections from 2-
4 animals. ¢, d) Time course of density (c) and size (d) of VAChT- and NRG1-labeled C-boutons
in axotomyzed MNs; *p < 0.05, **p < 0.01 and ***p < 0.001 vs. respective time-point of VAChT

after axotomy, or crush vs. respective transection time point (two-way ANOVA, Bonferroni’s



post-hoc test); n = in ¢ = 10-52 and in d = 25-180 MNs, from 2-4 animals. e-h) Microglial
reaction adjacent to MN cell bodies in the axotomized (ipsi) side (7 days after lesion) (f, g)
compared to the unoperated (contra) side (e); MN cell bodies are delimited by Nissl staining
(blue), C-bouton sites and microglia are visualized by NRG1 (green) and lbal (red)
immunolabeling, respectively; note the prominent microglial recruitment seen around
axotomyzed MN cell bodies (f, g). A detail of the spatial relation between microglial processes
(Ibal, red) and clustered NRG1 (green) at C-bouton after a 3D reconstruction is shown in h. i)
Number of NRG1-positive spots interacting with microglial processes; note their rapid
reduction 24 h after axotomy, indicating that C-boutons are disrupted following the initial and
rapid microglial recruitment; *p < 0.05 and ***p < 0.001 vs. 0 days (one-way ANOVA,
Bonferroni’s post-hoc test); n = 10-21 3D reconstructed MNs. j-k) Interaction between
microglial processes and C-bouton sites in 14 days-axotomyzed MNs; j) shows MN cell bodies
(delimited by dashed lines) exhibiting microglial recruitment (lbal, red) in relation with VAChT-
(blue) and NRG1- (green) labeled puncta; note that the NRG1 spots, which are more intimately
in contact with microglial processes, are devoid of VAChT immunolabeling (see the insets),
suggesting that they correspond to denervated C-bouton sites; this aspect is quantified in k,
showing the ratio between NRG1 and VAChT immunoreactivity in spots associated or not with
Ibal microglial profiles; note that postsynaptic NRG1 positive clusters still persisted in sites in
which presynaptic VAChT is already removed by microglia. **p < 0.01 (Student’s t-test); n = 27
clusters in the 2 3D reconstructed MNs showed in j. Data in graphs are shown as mean + SEM.

Scale bars: 50 um in f (valid for €); 20 umin g; 5 um in h; 20 um in j.

Figure 5. Ultrastructural alterations of MN afferent synapses in concomitance with microglial
recruitment at the surface of MN somata 7days after peripheral nerve transection. a-b)
Semithin plastic sections of control (a) and axotomyzed (b) MN somata; note the recruitment
of microglial cells (arrows), some of them, in close contact with the MN cell body surface of the
injured MN. c-e) Electron micrographs of cell bodies and dendrites (colored red) of
unaxotomized MNs showing abundant afferent synaptic boutons (colored violet and indicated
with *); normal C-type synapses are shown in (d and e); observe that presynaptic terminals
filled with synaptic vesicles are in front of the postsynaptic membrane which is in close
association with SSC (arrows in d, and colored blue in d and e); the extracellular space,
interposed between pre- and postsynaptic structures, was marked in yellow in d and e. f-I)
Ultrastructural morphology of an axotomyzed MN cell body (colored red) in contact with
recruited microglial cell (colored green); a degenerating dark terminal synaptic bouton is

interposed between both cells (*); a portion of MN surface containing a presumably



denervated SSC is seen contacting a microglial cell (delimited by a rectangle and enlarged in g).
Another example of degenerating synaptic bouton (*), interposed between a recruited
microglial cell (colored green) and an axotomyzed MN soma (dashed in red) is shown in (h). i-
k) A recruited microglial cell (colored green) over a denervated postsynaptic site of a C-
boutonon an axotomyzed MN (colored red) is shown in i; this postsynaptic locus was formerly
occupied by a presynaptic terminal which, once removed, its adjacent postsynaptic SSC
structure remains as an indicator of the denervated C-bouton site; the relationship between
these compartments are depicted in j and k as follows: MN soma red; microglia, green; SSC,
blue; and extracellular space, yellow. Scale bars: 10 um in b (valid for a), 500 nm in ¢ and d,

200nmine, 1 uminfandh, 2.5 uminl, and 200 nm in h.

Figure 6. Animals were treated with vehicle or the ER-stress inhibitor salubrinal, subjected to
sciatic nerve transection and examined 7 days later. a-f) The axotomyzed MN pool was
analyzed by double immunofluorescent staining for BiP (green) and lbal (red). g-1) The same
samples were labeled for Nissl (blue), NRG1 (green), VAChT (blue) and lbal (red). m-p)
Quantitative analysis of changes in BiP-immunostaining intensity (m), microglial covering of
MN soma perimeter (n) and density of VAChT- and NRG1-positive spots (per 100 um?) (o and
p, respectively); note that the treatment with salubrinal significantly reverts the BiP
upregulation, microglial activation and C-bouton loss that occurs in/or adjacent to axotomyzed
MNs; Data are shown as mean + SEM. ***p < 0.001 vs. vehicle (Student’s t-test), n (vehicle and
salubrinal, respectively) = 203 and 179 MNs (in m); 41 and 66 MNs (in n); 22 and 47 MNs (in o

and p), from 3 animals. Scale bars: 40 um in f (valid for a-e) and 10 pum in I (valid for g-k).

Figure 7. Impact of the overexpression of different NRG1 isoforms in C-boutons on spinal cord
MNs. a) Multiple fluorescent analysis of C-bouton-associated proteins in adult transgenic mice
overexpressing HA-tag labeled NRG1 type lll. The distribution of HA tag (red) NRG1 (visualized
with an anti-pan-NRG1 antibody, green), and VAChT (blue) was detected in a Nissl-delimited
MN cell body (gray); HA immunostaining exactly matches the anti-pan NRG1 signal and shows
an extensive labeling along the whole MN surface; the VAChT-delimited C-bouton presynaptic
sites display also association with NRG1, as detailed in the inset. b) The expression S1R, a
protein focally concentrated in normal C-bouton SSCs, is largely expanded along the MN
surface in NRG1 type Il overexpressors: the extensive surface labeling of HA tag (red) and
NRG1 (green) is associated with wide S1R immunostaining (blue). However, whereas there was
an exact colocalization between HA and NRG1, sites containing S1R belong to separate

microdomains, as evidenced after the plot profile analysis of fluorescence intensity depicted in



c and d. e) The enlarged expression of NRG1 (green) at the MN surface is associated with the
expansion of the SSC marker Kv2.1 (red); both signals are largely co-localized (yellow, in merge
panel, and white, after co-localization analysis, Person’s R = 0.67). f) Show the altered
distribution of M2 muscarinic AChRs in the NRG1 type Ill overexpressors. The extensive surface
immunolabeling of M2 AChRs (green) exceeds the area corresponding to VAChT-labeled
cholinergic terminals (red), as seen detailed in the inset. g) Multiple immunofluorescent
analysis of C-boutons on a spinal cord MN from a transgenic mouse overexpressing HA-NRG1-
GIEF, a BACE1-cleaved variant of NRG1 type Ill [36]. The Nissl-delimitated MN cell body (gray)
displays abundant HA-tag signal inside the MN cytoplasm and adjacent dendrites (red); HA-tag
signal does not colocalize with either the NGR1, when detected with an anti-pan-NRG1
antibody, (green), or VAChT-positive terminals (blue); however, C-bouton sites displaying
VAChT puncta associated with postsynaptic NRG1, do not contain HA-positive signal, indicating
the absence of BACE1-processed NRG1 type lll (insets). The white granules in the merge image
are lipofuscin particles emitting unspecific fluorescence visible in the three channels. h,i)
Multiple fluorescent analysis of C-bouton-associated proteins in adult transgenic mice
overexpressing NRG1 type I; h) A MN, visualized after Nissl staining (gray), the anti-pan-NRG1
antibody (green) shows an extensive surface-associated immunolabeling; abundant C-bouton
sites are visualized by S1R (red) and VAChT (blue) immunolabeling; NRG1 labeling at the MN
surface exceeds out of the VAChT and S1R-containing synaptic sites (insets); i) A MN delimited
by Nissl (gray) was immunolabeled for M2 AChR (green) and VAChT (red), showing the
extensive surface expression of postsynaptic M2 AChR (inset). Both the number and size of C-
boutons were dramatically increased, in NRG1 type | overexpressors. Scale bars: 10 um in i

(valid for a-h).

Figure 8. Quantification of C-bouton-associated markers in WT and transgenic mice
overexpressing either NRG! type | or type lll as indicated. The number and size of C-boutons in
NRG1 type Il overexpressors are not different from those in WT animals. However, in NRG1
type | overexpressors, both the number and size of C-boutons are dramatically increased. The
postsynaptic expression of M2 AChRs, S1R and Kv2.1 are also largely increased in type Ill NRG1
overexpressors, whereas in NRG1 type | animals only M2 AChRs significantly increased. In all
graphs values are shown as mean + SEM; ***p < 0.001 (one-way ANOVA, Bonferroni’s post-
hoc test); n (WT, NRG1 type | and NRG1 type Il , respectively) = 13, 13, and 9 MNs (in a); 92,
88, and 44 MNs (in b); 11, 10, and 13 MNs (in ¢); 8, 17 and 10 (in d), 5, 10 and 7 MNs (in e)

from 2-3 animals per condition.



Figure 9. a-b) Electron micrographs of the cell body MN surface in transgenic mice
overexpressing either NRG1 type Il (a) or type | (b) isoforms. MN cytoplasm is dashed in red
and C-bouton presynaptic terminals are marked in green. a) In NRG type Il transgenic MNs,
presynaptic terminals (*) are normal in size and located in face of enlarged and reduplicated
SSC-like membranes (red arrows and bottom inset) in the postsynaptic MN; SSC-like
membranes are extended far away from C-bouton sites. b) In NRG1 type | transgenic MNs the
C-bouton presynaptic terminal (*) is highly enlarged and extends on the MN surface far away
from the SSC-delimited area (colored blue) and detailed in the inset. c) The proposed changes
in the structural and molecular organization of C-bouton synaptic sites, induced by
overexpression of either NRG1 type Il or type | isoforms, are depicted and compared to WT.

Scale bar: 500 nm in b (valid for a).



Target Source Host species Used
concentration
Grp78 (BiP) Stressgene (SPA-826), Rabbit polyclonal 1:1000
San Diego, CA, USA
Choline Millipore (AB144), Goat polyclonal 1:250
acetyltransferase Darmstadt, Germany
(ChAT)
Glial fibrillary acidic Abcam (ab4674), Chicken polyclonal 1:1000
protein Cambridge, UK
(GFAP)
Her4/ErbB4 Cell Signalling (#4795) Rabbit monoclonal 1:50
Danvers, MA, USA
HA Tag Roche Diagnostics (11 Rat monoclonal 1:500
867 423 001), Sant
Cugat del Valles,
Barcelona
lonised calcium- Abcam (ab5076) Goat polyclonal 1:500
binding adaptor
molecule 1 (IBA1)
Kv2.1 a-subunit NeuroMab (73-014), Mouse monoclonal 1:100
Davis, CA, USA
M2 muscarinic Alomone Labs (AMR- Rabbit polyclonal 1:100
receptor 002), Jerusalem,
Israel
Neu (C-18) (ErbB2) Santa Cruz Rabbit polyclonal 1:50
Biotechnology
(Sc-284), Dallas, TX,
USA
Neu/N Chemicon Mouse monoclonal 1:100
International
(MAB377), Temecula,
CA, USA
NRG1 1a /B 1/2 Santa Cruz (sc-348) Rabbit polyclonal 1:300
Neuregulin-1 Type llI Alomone labs (ANR- Rabbit polyclonal 1:250
(extracellular) 113)
Neuregulin-CRD, Type | Millipore (MABN534) Mouse Monoclonal 1:250
1l, clone N126B/31
p-Neu tyr1248 (p- Santa Cruz (sc- Rabbit polyclonal 1:100
ErbB2) 293110)
Sigma-1 receptor (S1R) Santa Cruz (sc- Mouse monoclonal 1:50
137075)
SV2 Hybridoma bank Mouse monoclonal 1:1000
(SV2), lowa City, IA,
USA
Vesicular acetylcholine | Synaptic Systems (139 Guinea pig 1:500
transporter (VAChT) 105), Goettingen, polyclonal

Germany
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Neuregulin-10/B1/2 (C-20) Neuregulin-CRD, Type llI
sc-348 MABN534
Santa Cruz, 1:200 Millipore, 1:250

Supplementary Figure 1. a and b) Spinal cord MN somata showing NRG1 immunoreactivity
obtained by the two indicated antibodies simultaneously used. Note that both antibodies
detect clusters of NRG1 representing C-bouton synaptic sites. However, the rabbit pan-anti-
NRG1 antibody sc-348 displays more intense and clean immunolabeling than the mouse
monoclonal MABN534, which is directed against type Ill NRG1-CRD. Scale bar: 10 um in b

(valid for a).



G2 " AV4ARA

Supplementary Figure 2. Clusters of NRG1 are present in association with MN synaptic
afferents in distinct indicated animal species. As anti-VAChT antibodies were not reactive in
species different from mammals, synaptic sites were labeled with anti-SV2 antibodies in
xenopus (a), lizard (b) and chicken (c) samples; in pig samples (d) C-boutons were labeled with
anti-VAChT antibodies, in human tissues (e-g), NRG1-positive spots were seen adjacent to MN
surface, in an identical pattern as observed in mice. MN cell bodies were delimited with
fluorescent Nissl staining (blue). Scale bars: 20 um in d (valid for a-c), 100 um in e, 20 pum in f

and 10 umin g.



Supplementary Figure 3. Spinal cord MN somata, retrograde labeled by intramuscular

injection of fluorescent CTB (red) was immunostained with anti-NRG1 antibody (green) and
counterstained with Nissl (blue). Note that the extensive incorporation of CTB in MN

cytoplasm does not overlap with NRG1 clustered at C-bouton sites. Scale bar: 20 um.



Supplementary Figure 4. 3D volume rendering displaying the close relationship between
microglial processes and C-bouton associated NRG1 clusters. Image was obtained from stacked
0.5 um optical confocal sections. A massive recruitment of microglia (red, 1) is seen around the
MN soma (depicted, 3) 24 h after sciatic nerve axotomy. Microglial cells intimately interact with

NRG1 clusters (green, 2). Scale bar: 5 um.
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Supplementary Figure 5. Membrane disposition of NRG1 isoforms (adapted from [36,65]).
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Supplementary Figure 6. Impact of NRG1 overexpression in C-bouton organization of brainstem (non-
oculomotor [non-OCM, a, b and c] and oculomotor [OCM, d, e and f]) MNs. Selected sections were triple
fluorescent labeled with NRG1 (green), VAChT (red) and MN cell bodies were delimited by either Nissl (a, and d)
or NeuN (b, ¢, e and f) staining (blue). a) Non-OCM (ambiguous, cranial nerve [CN] X) MNs display NRG1 clusters
associated with VAChT positive terminals, in an identical pattern to that observed in ventral horn spinal cord
MNSs. b and c) In samples from transgenic mice overexpressing either NRG1 type Ill or NRG1 type |, the observed
changes are the same as those observed for ventral horn spinal cord MNs: the expanded superficial expression of
postsynaptic NRG1 is detected in both models (green in b and c), whereas an important increase in the number
of cholinergic VAChT positive terminals is noticed in NRG1 type | overexpressors (red in c). Identical results were
observed in other brainstem non-OCM MN nuclei, such as: facial (CNVII), motor trigeminal (CNV) and hypoglosus
(CNXI) (not shown). d) WT OCM (abducens, CNVI) MNs are devoid of VAChT positive C-bouton afferents, and
clusters of NRG1 are scarce and not associated to cholinergic synapses. e) After overexpression of NRG1 type IlI,
an increase in NRG1 clusters in OCM MN somata, which are non-associated to VAChT-positive terminals, are
noticed. f) After NRG1 type | overexpression a dramatic increase in surface associated NRG1 in OCM MNs are
detected, however, contrasting to that found in non-OCM MNs, excess of NRG1 is not able to induce cholinergic

(VAChT-positive) synaptogenesis. Scale bars: 50 um in a, d and f (valid for b, c and e), 10 um in the inset in f (valid

for all insets).
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Abstract

Peripheral nerve section with subsequent disconnection of motor neuron (MN) cell
bodies from their skeletal muscle targets leads to a rapid reactive response involving
the recruitment and activation of microglia. In addition, the loss of afferent synapses
on MNs occurs in concomitance with microglial reaction by a process described as
synaptic stripping. However, the way in which postaxotomy-activated microglia adja-
cent to MNs are involved in synaptic removal is less defined. Here, we used confocal
and electron microscopy to examine interactions between recruited microglial cells
and presynaptic terminals in axotomized MNs between 1 and 15 days after sciatic
nerve transection in mice. We did not observe any bulk engulfment of synaptic
boutons by microglia. Instead, microglial cells internalized small membranous-
vesicular fragments which originated from the acute disruption of synaptic terminals
involving the activation of the necroptotic pathway. The presence of abundant extra-
cellular vesicles in the perineuronal space after axotomy, together with the increased
expression of phospho-mixed lineage kinase domain-like protein and, later, of extra-
cellular vesicle markers, such as CD9, CDé63, and flotillin, indicate that the vesicles
mainly originated in synapses and were transferred to microglia. The upregulation of
Rab7 and Rab10 in microglia interacting with injured MNs, indicated the activation of
endocytosis. As activated microglia and synaptic boutons displayed positive Clq
immunoreactivity, a complement-mediated opsonization may also contribute to
microglial-mediated synaptic disruption. In addition to the relevance of our data in
the context of neuroinflammation and MN disease, they should also be taken into
account for understanding functional recovery after peripheral nerve injury.

KEYWORDS
afferent synapses, extracellular vesicles, exosomes, microglia, motor neuron, nerve axotomy,
necroptosis
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1 | INTRODUCTION

The disconnection of motor neuron (MN) cell bodies from their
skeletal muscle targets, as occurs after peripheral nerve injury, leads
to rapid and profound reactive responses in the affected regions of
the spinal cord. These reactive changes involve not only the severed
neuronal cell bodies, but also their neighboring astroglial and micro-
glial cells. In addition, the distal stump of injured peripheral nerve
undergoes progressive disintegration in the context of Wallerian
degeneration (Coleman & Freeman, 2010; Conforti, Gilley, &
Coleman, 2014); conversely, the proximal stump regenerates as a
consequence of the intrinsic growth capacity of the injured MN and
of locally derived growth promoting factors (Chen, Yu, & Strickland,
2007). It seems that changes in retrograde signaling along with
proximal axonal events inform the cell body of the distally located
injury in order to activate a complex cellular response, which is
eventually directed either to regeneration or, in certain cases, to cell
death (Pollin, McHanwell, & Slater, 1991; Rishal & Fainzilber, 2014).
The conspicuous structural changes that MN cell bodies suffer after
axonal interruption are classically described within the concept of
chromatolysis: a retrograde response mainly focused on alterations
in the endoplasmic reticulum (ER) and in other organelles
(Lieberman, 1971). Nevertheless, peripheral nerve transection also
affects the stability of synaptic inputs on the corresponding MN cell
bodies (Alvarez et al., 2020; Brannstrom & Kellerth, 1998; Sumner,
1975; Sumner & Sutherland, 1973). Pioneering studies by Blinzinger
and Kreutzberg (1968) have shown that the loss of the afferent syn-
aptic boutons on MNs following axotomy is mediated by recruited
perineuronal microglial cells, leading to the introduction of the syn-
aptic stripping concept. This notion is usually referred to as the
glial-mediated detachment of presynaptic terminals from the cell
bodies or dendrites of axotomized MNs, and has been extended to
damaged CNS Kirchhoff, &
Verkhratsky, 2013). This process has been considered as favorable

other neurons (Kettenmann,
for the survival and functional recovery of injured neurons and,
thereby, microglia should act in a protective manner (Cullheim &
Thams, 2007; Kettenmann et al., 2013). In the seminal article on
this subject (Blinzinger & Kreutzberg, 1968), it is stated that, in
axotomized facial MNs, microglia-mediated synaptic removal occurs
in the absence of presynaptic bouton degeneration or phagocytosis.
Conversely, microglia-mediated phagocytosis of synaptic elements
has been frequently reported within the context of both the post-
natal remodeling of synapses and under a variety of pathologic con-
ditions (Cullheim & Thams, 2007; Tremblay, Lowery, & Majewska,
2010). It has been suggested that, during development, microglia
engulf and phagocyte synaptic boutons in order to eliminate super-
numerary synapses by a mechanism involving complement
(Paolicelli et al., 2011; Schafer et al., 2012; Sipe et al., 2016). How-
ever, the direct investigation of the way by which microglia ingest
and destroy synaptic terminals has been barely addressed. This has
been examined in detail by correlative advanced microscopical tech-

nigues in the hippocampus during developmental synaptic

remodeling (Weinhard et al., 2018); although, interestingly, these
authors have not reported any evidence for phagocytosis of den-
dritic spines. Instead, synaptic pruning occurs by selective partial
phagocytosis of synaptic structures. The term trogocytosis, a name
borrowed from the immune system process in which cells ingest
small parts of their targets, was adopted to describe this process
(Dopfer, Minguet, & Schamel, 2011).

Although the elimination of synaptic inputs in axotomized MNs
and its association with microglial cell activation have been widely
described for some time, the mechanism by which the afferent synap-
tic terminals disappear from the surface of injured MNs needs to be
reexamined in depth. In a recent study (Salvany et al., 201%), we have
reported that the degeneration of synaptic inputs on axotomized
MNs occurs in a close relationship with processes of recruited
microglia. This involves bouton terminal disruption and fragmentation
into vesicular structures that seems to be “ingested” by microglia. It
was suggested that this process may be comparable to that described
as synaptic trogocytosis.

Here, by using ultrastructural and confocal microscope imaging,
we revisited this issue by performing a more detailed examination
of changes in perineuronal afferent inputs and glial cells in injured
spinal cord MNs following sciatic nerve transection. We provide
new data concerning the way in which synapses disintegrate during
the local sterile neuroinflammation induced by a distal axonal lesion.
It is known that peripheral nerve injury entails permanent changes
within the spinal cord and brain circuitry that makes incomplete the
functional restoration and clinical recovery (Alvarez et al, 2011;
Delgado-Garcia, Del Pozo, Spencer, & Baker, 1988; Lundborg, 2003;
Navarro, Vivo, & Valero-Cabre, 2007). For this reason, a more pre-
cise knowledge of the biological process involved in the loss and
remodeling of afferent MN synaptic boutons after traumatic nerve
lesions will provide new understanding and help to improve thera-
peutic interventions.

2 | MATERIALS AND METHODS
21 | Animals, surgical procedures, and tissue
preparation

All the experiments were performed using adult CD1 mice obtained
from Envigo (East Millstone, NJ). Mice were housed five to six per
cage with ad libitum access to food and water under a 12 hr light/dark
cycle. All animal experimentation procedures were performed
according to the European Committee Council Directive and the
norms established by the Generalitat de Catalunya (published as law
in the Diari Oficial de la Generalitat de Catalunya 2073, 1995). All
experiments were previously evaluated and approved by the Commit-
tee for Animal Care and Use of our university.

Adult (postnatal day [P] 60-20) mice were subjected to unilateral
sciatic nerve transection. Animals were anaesthetized using a solution

consisting of a combination of ketamine (100 mg/kg) and xylazine (10
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mg/kg). The sciatic nerve was exposed at the femoral level and trans-
ected; a ligature was performed in the proximal segment in order to
prevent spontaneous reinnervation. To minimize suffering, mice were
subjected to postoperative analgesia with two subcutaneous injec-
tions of buprenorphine (0.05 mg/kg): one immediately after surgery
and the other 24 hr after the intervention. Lumbar spinal cord samples
were obtained 1, 3, 7, and 15 days after axotomy.

The colony stimulating factor 1 receptor (CSF-1R) specific kinase
inhibitor (PLX5622, Elmore et al., 2014) was generously provided by
Plexxikon Inc. (Berkeley, CA), and formulated in AIN-76A standard
chow by Research Diets Inc. (New Brunswick, NJ). Two-month-old
male CD1 mice, specific-pathogen-free housed, were treated with
either vehicle or 1,200 mg/kg chow PLX5622 for 7 days. After that
time, the mice had their sciatic nerves surgically intervened
according to the procedure described above. The mice were then
treated with the same dose of chow PLX5622 for a further 7 days.
To verify PLX5622 consumption by the mice, their weight was moni-
tored; no significant weight reduction was observed. To assess the
effectiveness of PLX5622 in depleting microglial cells, the number of
Ibal-positive glial cells was assessed in serially sectioned brain
striatal area. The treatment with PLX5622 resulted in a ~45% reduc-
tion in brain-resident microglial cells evaluated after Ibal
immunostaining.

Mice were anesthetized and transcardially perfused with 4% PFA
in 0.1 M phosphate buffer (PB) pH 7.4. Samples were postfixed for

TABLE 1 Primary antibodies used for immunocytochemistry

GLIA & wiLEyl 2

24 hr in the same fixative, at 4°C, and then cryoprotected at 4°C with
30% sucrose in 0.1 M PB containing 0.02% sodium azide. Transverse
cryostat sections (16 mm thick) were collected on gelatin-coated glass
slides.

2.2 | Multiple fluorescent labeling and confocal
microscopy

Cryostat sections were permeabilized with PBS containing 0.1%
Triton X-100 for 30 min, blocked with either 10% normal goat
serum or normal horse serum in PBS for 1 hr at room temperature,
and then incubated overnight at 4°C with an appropriate primary
antibody mixture. The primary antibodies used are listed in
Table 1.

Once previously washed with PBS, sections were incubated for 1
hr with a combination of appropriate secondary antibodies labeled
with one of the following fluorochromes (1:500): Alexa Fluor
488, Alexa Fluor 546 (ThermoFisher Scientific, Waltham, MA), cyanine
3, or cyanine 5 (Jackson Immuno-Research Laboratories, West Grove,
PA). Finally, the spinal cord sections were labeled with blue fluores-
cent NeuroTrace Nissl staining (1:150; Thermo Fisher Scientific) and
mounted using an antifading medium containing 0.1 M Tris-HCI
buffer (pH 8.5), 20% glycerol, 10% Mowiol, and 0.1% 1,4-diazabicyclo
[2.2.2]octane.

Target Source Host species Used concentration
Cilq Abcam (ab182451) Rabbit monoclonal 1:1,000
CcD9 Abcam (ab92726) Rabbit monoclonal 1:350
CD11c AbDserotec (MCA1369T) Hamster monoclonal 1:50
CDé63 Abcam (ab217345) Rabbit monoclonal 1:100
CDé8 AbDserotec (MCA1957T) Rat monoclonal 1:100
Flotillin Abcam (ab41927) Rabbit polyclonal 1:150
lonized calcium-binding adaptor molecule 1 (IBA1) Abcam (ab5076) Goat polyclonal 1:500
Mac2 Cerdalane (CL8942AP) Rat monoclonal 1:800
MLKL (phospho $345) Abcam (ab196436) Rabbit monoclonal 1:100
PDC6IP-Alix Sigma-Aldrich (HPA011905) Rabbit polyclonal 1:50
Rab4 Abcam (ab109009) Rabbit monoclonal 1:170
Rab5 Abcam (ab218624) Rabbit monoclonal 1:1,000
Rab7 Abcam (ab137029) Rabbit monoclonal 1:100
RabB8A Abcam (188574) Rabbit menoclonal 1:500
Rab9 Abcam (ab2810) Mouse monoclonal 1:200
Rab10 Abcam (ab237703) Rabbit monoclonal 1:500
Sv2 Developmental Studies Hybridoma Bank Mouse monoclonal 1:1,000
Synaptophysin Synaptic Systems (101004) Guinea pig polyclonal 1/500
TMEM119 Abcam (ab209064) Rabbit polyclonal 1:300
VAChT Synaptic Systems (139105) Guinea pig polyclonal 1:500

Abbreviation: VAChT, vesicular acetylcholine transporter.
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The slides were then examined under a FluoView FV-500 or
FluoView FV-1000 Olympus laser-scanning confocal microscope
(Olympus, Tokyo, Japan). The MNs were imaged after obtaining opti-
cal sections (0.5 or 1 mm) of cell bodies. Digital images were analyzed
using FV10-ASW 3.1 Viewer (Olympus) and the Image) (National
Institutes of Health [NIH], Bethesda, MD) software.

Immunolabeled profiles of the different protein markers examined
were then manually counted on a screen for each MN soma. In axotomy
experiments, we only analyzed cell bodies located in the pes 9 region of
the lumbar é spinal cord segment, which corresponds to the sciatic
motor column (Watson, Paxinos, Kayalioglu, & Heise, 2009). The pool of
axotomized MNs was identified by their close interaction with recruited
Ibal-stained microglial cells. The intensity of microgliosis was evaluated
by analyzing the percentage of either MN perimeter covered by
microglia or the neuropile area adjacent to MNs occupied by microglia.
The expression of CD68 in microglia was measured as the percentage of
the area of CD68-positive puncta with respect to Ibal-positve profiles.
The complexity of microglial branching was calculated as the number of
triple-point branches after analysis of the skeleton using ImageJ software
(AnalyzeSkeleton [2D/3D] from http://imageJ.net/AnalyzeSkeleton) in
3D projected images of ibal-immunostained cells. The number of affer-
ent synaptic boutons contacting MNs was evaluated on synaptophysin-
immunolabeled sections after tracing a line along the periphery of the cell
soma and manually counting the number of pixel profile picks. The
colocalization of presynaptic markers with the other proteins that were
examined was evaluated after pixel profiling around a line traced at the
periphery of the MNs using the Image) plugin developed by Pierre
Bourdoncle (bourdoncle@ijm.jussieu.fr).

23 | Electron microscopy

Animals were perfused with either 2% PFA and 2% glutaraldehyde in PB
(for conventional electron microscopy [EM]) or 4% PFA and 0.1% glutar-
aldehyde in PB (for ultrastructural immunolabeling). Dissected tissues
were postfixed for 24 hr, at 4°C, in the same fixative solution. The sam-
ples were sectioned at 200 pm using a vibratome and postfixed with 1%
0OsQ, for 2 hr, and then contrasted with 0.5% uranyl acetate for 30 min;
all these procedures were conducted at 4°C. After that, the samples
were processed for Embed 812 (Electron Microscopy Sciences, Hatfield,
PA) according to standard procedures. Ultrathin sections were counter-
lead citrate. For Ibal ultrastructural
immunolabeling with the preembedding procedure, 50-pm-thick

stained with Reynold's

vibratome sections were blocked in a solution containing: 10% BSA and
0.02% saponin in PBS, for 1 hr, prior to incubation with goat polyclonal
anti-lbal antibody (diluted 1:500 in 10% BSA/PBS containing 0.004%
saponin), at 4°C, for 2 days, and washed five times in 1% BSA/TBS (3
x 1 min and 2 x 10 min). The sections were then incubated for 2 hr with
a secondary anti-goat biotinylated antibody (1:100, Vector Laboratories)
and visualized using Vectastain Elite ABC (Vector Laboratories), followed
by incubation in a 0.05% 3,3-diaminobenzidine /0.01% H,0O, mixture. In
some cases, peroxidase reactive sites were subjected to silver

enhancement by incubating the sections in a solution containing 2.6%
hexamethylenetetramine (Merck, Darmstadt, Germany), 0.2% silver
nitrate (Merck), and 0.2% disodium tetraborate (Merck) for 10 min, at
60°C. Sections were rinsed in distilled water and treated with 0.05%
gold chloride for 2 min. Finally, the sections were rinsed and incubated
in 2.5% sodium thiosulfate (Merck) for 2 min. Tissue was postfixed in
2% Os0,4 and flat embedded in Embed 812.

For postembedding immunogold analysis, lumbar spinal cords
were sectioned at 200 pm using a Mcliwain Tissue Chopper (Mickle
Laboratory Engineering, Gomshall, UK). After glycerol cryoprotection,
samples were plunged rapidly into liquid propane (-184°C) cooled by
liquid nitrogen and processed for freeze substitution, using a Leica
EM system (Leica Microsystems, Wetzlar, Germany). Tissues were low
temperature embedded in Lowicryl HM20 resin (Electron Microscopy
Sciences), following a protocol similar to that described elsewhere
(Rubio & Wenthold, 1999). Ultrathin sections were collected using an
Ultracut UC6 ultramicrotome (Leica) and picked up on formvar-coated
nickel grids. They were washed in PBS and in 50 mM glycine, and then
blocked in 5 and 1% BSA. Sections were incubated for 1 hr with anti-
phospho-mixed lineage kinase domain-like protein (MLKL; 1:10) at
room temperature. After being rinsed in 0.25 Tween 20, they were
blocked in 1% BSA and incubated in 12 nm gold-conjugated goat anti-
rabbit 1gG (1:30, Sigma-Aldrich, St. Louis, MO), for 30 min at room
temperature. After being washed in PBS and distilled water, sections
were counterstained with uranyl acetate and lead citrate. All observa-
tions were performed on a transmission electron microscope JEOL
JEM 1010 (Akishima, Tokyo, Japan).

24 | Statistical analysis

The data were expressed as the mean + SEM. The statistical analy-
sis was assessed by a Student's t test, or by one- or two-way analy-
sis of variance followed by the post hoc Bonferroni's test. The level
of significance was established at p < .05. GraphPad Prism 6 soft-
ware was used for statistical analysis and graph presentation
of data.

3 | RESULTS

3.1 | Microglial recruitment to axotomized MNs

Twenty four hours after nerve transection, Ibal, a pan-marker for
both resting and activated microglia (Ito et al., 1998), revealed a
noticeable accumulation of these cells in areas of the spinal cord sur-
rounding injured MNs. Recruited microglia extended large filopodia,
which tended to contact MN surfaces, and increased in number and
complexity from 1 to 7 days after axotomy (Figure 1a-e,0-q). More-
over, microglial morphology evolved from an amoeboid-like pattern,
seen 1 day after axotomy, to a highly ramified form 7 days post-
axotomy (Figure 1q). Double labeling for Ibal and the lysosomal-
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FIGURE 1 Microglial
recruitment and activation
around motor neuron

(MN) somata after sciatic nerve
axotomy. (a-e) Spinal cord
sections displaying Nissl stained
axotomized MN pools (blue) in
combination with both Iba1 (red,
as a general marker of microglia)
and CDé8 (green, for detection of
lysosomes in activated microglia).
Representative images taken on
Days 0, 1, 3, 7, and 15 (numbers
in yellow) after lesion are shown.
(f-j) Details of size and
distribution of CD68-positive
particles in individual
Ibal-positive microglial cells are
shown after 0, 1, 3, 7, and

15 days postaxotomy (numbers in
yellow). (k-n) In recruited
microglial cells,
Ibal-immunolabeling (red)
colocalizes with TMEM119
(green), as shown. (0-q)
Quantification of MN surface
occupancy by microglial cell
processes, ratio of Ibal/CDé8
occupied area (p), and complexity
of microglial processes measured
as a number of triple-point
branches (q) at different times
after axotomy. Data in graph are
shown as mean + SEM, from 9 to
14 MNs (o,p), and 1,900-2,300
microglial branches (q), from nine
mice, in projected Z-stacks;

*p <.05; **p < .01; ***p < .001;
****p < .0001, one-way analysis
of variance (ANOVA),
Bonferroni's post hoc test. Scale (
bars: e = 20 pm (valid for a-d);

j =10 pm (valid for f-i);

n = 10 pm (valid for k-m) [Color

figure can be viewed at
wileyonlinelibrary.com]
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associated protein CDé8, which is present in phagocytic cells
(da Silva & Gordon, 1999), demonstrated that once recruited, micro-
glial cells displayed significant phagocytic activity in very close prox-
imity to axotomized MN cell bodies (Figure 1f;j). The number of
CDé68-positive particles within the microglial cytoplasm was observed
to be already increased at 1day postaxotomy and reached their maxi-
mum number 3 days postlesion, before a subsequent decline (Figure
1p). The reduction in the number of CDé68 particles found at 7 and
15 days after surgery did not entail a decrease in microgliosis during
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this period; in fact, the opposite occurred: microglial mobilization was
observed to increase until 7 days after lesion (Figure 10). Microglia
enwrapping axotomized MNs displayed positive TMEM119 immuno-
staining (Figure 1k-n), a specific marker of resident adult microglia,
which is absent in peripheral macrophages (Bennett et al., 2016).
Whereas recruited microglial cells did not express activation markers
such as CD11c or Mac-2 (not shown), they exhibited other features
indicative of an inflammatory response. For example, these cells were
coated by endogenous IgGs, probably as a consequence of the local
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disruption of the blood brain barrier, and of the increased expression
of Fc receptors at the microglial membrane (Supplementary Figure
1la-c). This finding is in agreement with previous observations (Liu,
Aldskogius, & Svensson, 1998). In addition, the component of the
classic complement pathway C1q was also notably upregulated in the
recruited perineuronal microglia as early as 24 hr after axotomy, with
a further and transient increase at 7 days postlesion (Figure 2a-i). Clq
mediates synapse elimination during normal development and the
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aberrant activation of this mechanism may account for synaptic
destruction in neurodegenerative diseases (Hong et al., 2016; Schafer
et al., 2012; Stevens et al., 2007). We therefore wondered whether
unwanted synaptic boutons on axotomized MNs could also be tagged
by complement before loss. C1q immunoreactivity was analyzed for
its colocalization with the general presynaptic protein marker syn-
aptophysin. At the peak of Clq immunoreactivity, 7 days post-
axotomy, there was partial colocalization (Pearson's correlation

Clqg+

FIGURE 2 Clq expression is
upregulated during microglial activation
and recruitment that occurs in the vicinity
of axotomized motor neurons (MNs). (a-
e) Spinal cord MNs are visualized with
fluorescent Nissl staining (gray) in
conjunction with C1g- (green) and
Ibal-immunostaining (red) at different
times after axotomy, as indicated

(d = days). (f) Detail of recruited microglial
cells adjacent to 1-day-axotomized MN
soma (delimited by a dotted line); the
boxed area is shown at a higher
magnification in split and merged green
and red channels (VAChT is shown in
blue). (g) Quantification of the intensity of
C1q fluorescence in Ibal-positive profiles;
data are shown as mean + SEM; **p < .01,
and ***p < .001 versus O days (control;
Student's t test; n = 4-7 mice per
condition). (h,i) C1g-immunoreactivity
(green) partially colocalizes with afferent
synaptophysin-immunostained synaptic
boutons (red, Synphys) surrounding a
7-day-axotomized MN (visualized by Nissl|
staining, gray); the colocalized pixels are
depicted in white in the enlarged panel.
Scale bars: e = 40 pm (valid for a-d); (f)
and enlarged boxed area = 10 pm;

i = 20 pm (valid for h) [Color figure can be
viewed at wileyonlinelibrary.com)
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coefficient = .28) between Clq and the synaptophysin signal at the
surface of the MN cell bodies (Figure 2h,i).

3.2 | Loss of synaptic inputs on axotomized MNs
The loss of afferent synapses on MNs, induced by peripheral axotomy,
was assessed after quantification of presynaptic synaptophysin pun-
cta on the periphery of lesioned MN somas (Supplementary Figure
2a-d). The number of synaptophysin-positive spots per 100 pm of
MN perimeter was: control = 162.4 + 2,74, and 7 days postaxotomy =
87.03 £ 2.2 (mean + SEM, n = 85 and 109 measurements, respectively,
from three animals; p < .0001). This agreed with the reported data
which refer to the loss of about 50% of presynaptic terminals during
the first week postaxotomy (Oliveira et al., 2004). We next evaluated
the impact of the pharmacologically induced reduction of the micro-
glial cell population on MN synaptic loss after nerve transection. To
do this, we orally administered the selective CSF1R inhibitor PLX5622
(Elmore et al., 2014). The recruitment of microglia on the periphery of
MN somata at 7 days postaxotomy was also substantially reduced by
PLX5622 (percentage of microglial occupancy: axotomy =
25.98 +1.03 [n =43), and axotomy + PLX5622 = 10.53 +0.61 [n
= 22]; p < .0001; from six control and four PLX5622-treated animals).
In parallel, the effects of PLX5622 treatment on MN synapse loss
were quantified after synaptophysin immunostaining, resulting in a
moderate (~10%) increase in the number of synapses that remained
after 7 days of peripheral nerve injury. The number of synaptophysin
positive spots per 100 pym of MN perimeter was: axotomy =
87.03+2.2 (h =109), and axotomy + PLX5622 = 9557 (n = 173),
from three animals (p < .001).

We next analyzed the organization of synaptic terminals con-
tacting the surface of normal and injured (axotomized) MN cell bodies
of adult mouse by transmission EM. In intact MNs, almost the entire
surface of the cell bodies and their proximal dendrites was covered by
densely packed synaptic terminals and cellular processes separated by
a very narrow cleft (~20 nm wide) of extracellular space (Figure 3a).
Applying the classical morphological criteria previously established
(Bodian, 1975; Conradi, 1969), it was possible to recognize the S, F, C,
and M types of afferent bouton (Supplementary Figure 3a-e). This
arrangement was noticeably altered as a consequence of peripheral
nerve transection.

In contrast to the normal organization of synaptic afferents con-
tacting MN surface, early (1-3 days) after lesion, a conspicuous detach-
ment of the presynaptic membrane from its postsynaptic counterpart
was observed in many nerve terminals (Figure 3a,b and Supplementary
Figure 4a-f). Additionally, the narrow extracellular space seen in normal
CNS was found to be highly enlarged. When the presynaptic compart-
ment was partially detached, axosomatic terminals maintained some
focal adherence to the MN surface at the puncta adherentia sites, which
are considered to be purely adhesive structures (Peters, Palay, & Web-
ster, 1976) (Supplementary Figure 4b). Many synaptic terminals, includ-
ing C-boutons, displayed noticeable changes in the distribution and size
of their synaptic vesicles and related vacuolar structures. An increased
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accumulation of large endocytic-like, or autophagosomal-like, vesicles
was found, imespective of the synapse subtypes, at all the time-points
examined (1-15 days postlesion).

Due to the synapse detachment and loss, large areas of MN
plasma membrane were devoid of presynaptic terminals. The widened
extracellular space surrounding MN cell bodies contained a consider-
able amount of free vesicular-like particles (Figure 3b and Supplemen-
tary Figure 4a-f). The accumulation of extracellular vesicles (EVs) was
particularly prominent near MN surfaces denuded of synaptic termi-
nals, suggesting that they resulted from the disruption of synaptic
boutons. This was confirmed by examining the ultrastructural changes
in synaptic boutons at early stages of the disruption (24 hr after nerve
injury). At this time-point, some afferent boutons undergoing cellular
membrane rupture leading to the release of intracellular vesicular
components to the extracellular space were observed (Figure 3c-e).
The EVs displayed a marked variability in size, ranging from 100 to
2,000 nm (Figure 3g), and a great diversity of shapes. However, they
were usually circular in appearance and exhibited either unilamellar or
multilamellar organization (Figure 3f and Supplementary Figure 4d-f).
As expected, recruited microglial cells were seen adjacent to injured
MNs, and EVs were also abundant near the surface of some of these
glial cells (Supplementary Figure 4c). Overall, these alterations
affected S and F synaptic types at a similar degree, although C-
boutons appeared to be reluctant to the acute disruption.

Many remaining synaptic terminals displayed remarkable changes
in the distribution and size of their vesicles and endocytic-
autophagosomal like vacuolar structures. This was found at all time-
points examined (1-15 days postlesion) and irrespective of the
synapse subtypes. During microglial recruitment, some Ibal-labeled
microglial end-foot profiles contacted still well preserved, but partially
detached, presynaptic boutons (Figure 4a-i); in this case, the nerve
terminals usually exhibited an abnormal accumulation of vacuoles
regionally segregated from the areas in where the synaptic vesicles
accumulated (Figure 4h,i). Other microglial profiles appeared adjacent
to extracellular multilamellar bodies. Many structurally preserved
nerve terminals, which withstand the acute (1-3 days) lytic disruption,
exhibited an abnormal accumulation of multivesicular bodies (MVBs),
and endocytic and double-membrane bounded autophagosomal-like
structures. This suggests that an imbalance in the turnover of synaptic
vesicles occurs prior to full synaptic degeneration seen at more
advanced stages postlesion). Figure 5a-c, shows a striking example of
Ibal-labeled microglia, taken 7 days after axotomy, exhibiting a con-
tinuous sequence of early interaction, and posterior engulfment and
internalization of EVs near the surface of an axotomized MN, The
panels in Figure 5d-h show vacuoles of identical morphology in differ-
ent locations, including inside synaptic terminals, in the extracellular
space and in double-membrane bounded intracellular microglial inclu-
sions. This strongly suggests a sequential trafficking process from syn-
apses to microglia by means of extracellular intermediaries. Several
microglial processes, seen at 7 days postaxotomy, and extensive accu-
mulations of this type of vesicle are depicted in Figure 5i.

The structural alterations in the postsynaptic regions facing dam-
aged presynaptic terminals were more difficult to assess and to
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FIGURE 3 Ultrastructural analysis of the periphery of motor neuron (MN) cell bodies, adjacent synaptic afferents and cell structures in the
spinal cord. (a) Under noninjured conditions, MN somata (shaded in red) are densely covered by terminal afferent synaptic boutons (shaded in
green), with a narrow extracellular space. (b) Twenty-four hours after axotomy, the extracellular space (shaded in yellow) is widened and synaptic
terminals (green) are markedly detached from the MN surface (red); in addition, a number of extracellular membrane-bound vesicles (arrows) can
be seen “floating” in the extracellular space. (c) A nerve terminal afferent (green) contacting an MN dendrite (red) displaying a rupture of the
presynaptic membrane and release of vesicular elements to the extracellular space (yellow), 24 hr after axotomy; the area delimited by the dashed
rectangle is shown enlarged in (d), in which the points of rupture of presynaptic membrane are indicated with arrows; vesicles captured during
their release to the extracellular space can be seen (red *); blue * indicates a large vesicle still remaining intracellularly. (e) A drawing based on
image shown in (c), in which the process of rupture and release of extracellular vesicles (EVs) is more clearly depicted (SVs, synaptic vesicles; Vac,
presynaptic vacuolar formation; dashed red lines indicate the sites of membrane disruption). (f) A detail of extracellular vesicles which are
accumulated near MN surface 24 hr after axotomy, showing their pleomorphic appearance ranging from unilamellar (*) to multilamellar (arrow)
organization. (g) Frequency distribution histogram of diameter of EVs that were accumulated at the perineuronal space adjacent to MN surface
(n = 203 EVs), 24 hr after axotomy. Scale bars: (a) and (b) = 1 pm; (c), (d), and (f) = 500 nm [Color figure can be viewed at wileyonlinelibrary.com]

segregate from the broad cytoplasmatic organelle changes character- was observed. This was sometimes found in close relation to altered

istic of chromatolytic neurons. However, in dendritic shafts, which are axodendritic boutons and microglial processes.
At 7 days after axotomy, the MN surface was notably depleted of

more restricted cytoplasmic regions adjacent to presynaptic terminals,
synaptic boutons, and the surrounding extracellular space was largely

an abnormal accumulation of vacuolar and phagosome-like structures
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FIGURE 4  Ultrastructural analysis of the interactions of Ibal-immunostained microglial profiles (shaded in blue) with synaptic afferents
(shaded in green) on motor neuron (MN) cell bodies (shaded in red) 7 days postaxotomy. (a) Microglial processes in close proximity to altered
synaptic boutons and a widened extracellular space (shaded in yellow) are depicted. (b) A higher magnification detail of a synaptic bouton
(delimited by a dotted square) in (a) containing clustered synaptic vesicles in the active zones (sv), normal mitochondria (m) and abnormal
concentrically arranged membranes of presumably endocytic origin (*). (c) Microglial cell processes (blue) interacting with altered and disrupted
presynaptic boutons (green) on a 7-day-axotomized MN (red). (d) A higher magnification view of the corresponding area delimited in (c) showing a
complex multilamellar body located near the MN surface and in close contact with a microglial process, presumably derived from a disrupted
presynaptic bouton. (e) A detail of a partially detached presynaptic terminal contacted by microglial processes (which is delimited in (c)), showing
abnormal accumulation of endocytic-like vesicles (*), enlarged in (f); m = mitochondria. (g,h) Microglial processes (blue) contacting an altered
afferent synaptic bouton (green) at the surface of MN cell bodies (red). (i) A detail of the area delimited in (h) showing an abnormal accumulation
of membranous structures (*) in the region in which the synaptic terminal is closest to the microglial end-foot process; note the normal clustering
of synaptic vesicles in the zone contacting the postsynaptic MN. Scale bars:a=2 pm,b=1pm,c=25um,dande =1 pm, f = 500 pm, g = 1 pm
(valid for h), and i = 500 nm [Color figure can be viewed at wileyonlinelibrary.com]

expanded. Additionally, microglial cells recruited to the vicinity of at a lower density than that observed at 1-3 days postaxotomy. Many
MNs, emitted processes that contacted to some of the remaining of the remaining axosomatic terminal boutons displayed a variety of
axosomatic synaptic boutons or to the synaptically denuded MN sur- involutive changes. These included: global darkening, the clumping of
face (Figure 5j). EVs were also present in the perineuronal space, but synaptic vesicles, and the accumulation of endosomal- or
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FIGURE 5 Ultrastructural analysis of the interactions of microglial cell bodies (shaded in blue) with motor neuron (MN) cell bodies (shaded in
red) 7 days after axotomy. (a) Extracellular multilamellar bodies and vesicles (*) are seen interposed between an Ibal-immunostained microglial
cell and an axotomized MN cell body; note that extracellular membranous structures appear in sites that would normally be occupied by
presynaptic boutons on an uninjured MN soma. This suggests that the extracellular material came from disrupted synaptic terminals. (b,c)
Extracellular vesicles interact with microglial cell surfaces and undergo a process of enwrapping (b, [a high magnification detail of the indicated
region in a]) and engulfment; in (c) there is a sequence of early contacts leading to a final engulfment (shown by the arrows). (d) A microglial cell
profile (blue) covering the surface of an axotomized MN cell body (red), which appears to be completely denuded of synaptic terminals; note the
presence of abundant double-membrane endocytic/phagocytic inclusions inside the microglial cytoplasm (detailed in €). (g,h) An example of a
microglial process (blue) close to an axotomized MN cell body (red); microglia interact with a single-membrane-bounded extracellular vesicle
(black *) and contain a double-membrane vesicular inclusion (red *), presumably resulting from extracellular vesicle endocytosis (g). The microglial
nature of the processes containing a double-membrane bounded inclusion (red *) is demonstrated by Ibal ultrastructural immunolabeling (h). (i) A
microglial cell process (blue) interacting with a surface of an axotomized MN cell body (red), which is depleted of afferent synaptic terminals; note
the abundance of double membrane-bounded inclusions (enlarged in (f)), presumably resulting from phagocytosis of EVs. (j) A microglial cell (blue)
covering large areas of an axotomized MN surface (red) depleted of synaptic afferents (only a few of them remain, shaded in green); the microglial
cell displays few phagocytic inclusions and a cytoplasmic organization suggestive of a less activated state. The extracellular space found in some
panels is shaded in yellow. Scale bars: (a, ¢, d, and i = 1 pm; b) 250 nm; (e-h) = 500 nm; and (j) = 2.5 pm [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 6 Changes in the organization of afferent synaptic terminals on motor neuron (MN) surfaces at 15 days postaxotomy. (a) An MN cell
body displaying a wrinkled nucleus (light blue) and several detached synaptic terminals (green) with a widened extracellular space (yellow).

(b) Another area of an axotomized MN (red) covered by altered synaptic boutons (green, detailed in d) interacting with a recruited microglial cell
(blue); note that the microglial cell cytoplasm is devoid of endocytic/phagocytic inclusions, which is suggestive of a resting state. (c-f) Details of
structural alterations observed in afferent synaptic terminals on a 15-day-axotomized MN; partial detachments of presynaptic and postsynaptic
membranes (black asterisks), synaptic vesicles (sv) and mitochondria (m). Double-membrane encircled-endocytic-like structures are indicated by
red asterisks. A multivesicular body (blue, *) is shown in (c); the accumulation of highly folded intracellular membranes (c, arrows). (e) An
accumulation of phagosome/lysosome inclusions (arrows). (f) An example of abnormally clustered and densely packed synaptic vesicles (sv) is
depicted in terminal 1, in conjunction with an endocytic-like vacuole; compare with the less clustered arrangement of synaptic vesicles (sv) in
terminal 2, which also shows a multivesicular body (arrow), a double-membrane containing endocytic-like vesicles (*), and several mitochondria
(m). (g) A control afferent synapse containing round synaptic vesicles (sv) clustered at the active zone (arrow); m = mitochondria. (h,i)
Quantification of the number of endocytic/autophagosome-like vacuoles (h) and multivesicular bodies (MVBs, i) in synaptic terminals contacting
15-day-axotomized MN bodies. Data are presented as mean + SEM; *p < .05, and ***p < .001 versus Ctrl, Student's t test; n = 52-73 terminals
from two animals per condition. Scale bars: a = 5 pm, b = 2 pm, and c-g = 1 pm [Color figure can be viewed at wileyonlinelibrary.com]

autophagosomal-like vacuoles, as well as MVBs containing distinctive axotomized MN cell bodies. These areas were completely devoid of

intraluminal vesicles. synaptic terminals and displayed a narrow gap between the neuronal

Moreover, at 15 days after axotomy, recruited microglial cells and microglial cell membranes, similarly to that occasionally seen at
were often seen covering extensive areas of the surface of 7 days postaxotomy (Figure 5j).
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It is known that axonal interruption in adult rats does not entail
MN death, as occurs in young rats. In contrast, in adult mice, there is a
slow loss of axotomized MNs in association with exacerbated micro-
gliosis (Kiryu-Seo, Gamo, Tachibana, Tanaka, & Kiyama, 2006;
Yamada, Nakanishi, & Jinno, 2011). In concordance with these obser-
vations, we occasionally found some MNs that displayed a completely

disrupted ultrastructural organization (Supplementary Figure 5a,b).

Nissl phospho-MLKL

2
s

FIGURE 7 Legend on next page.

These dying neurons were usually spatially related with altered micro-
glial cells showing extensive vacuolation, and distended ER and
perinuclear spaces, which are signs of cellular stress (Bisht
et al,, 2016).

At 15days postlesion, axotomized cell bodies displayed
hyperconvoluted nuclei (Figure 6a) and a reduced number of afferent

synaptic terminals exhibiting a variety of structural alterations:
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— Synaptophysin
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detachment from the postsynaptic membrane, and a conspicuous
accumulation of endosome and autophagosome-lysosome-like inclu-
sions. Some terminals appeared to be clearly degenerated, appearing
dark in color and with clumped synaptic vesicles (Figure 6b-i).

3.3 | Activation of the necroptotic pathway is
involved in synaptic disruption on axotomized MNs

Necroptosis is a regulated form of caspase-independent cell death
that is mediated by receptor-interacting protein kinase 3 (RIPK3) and
MLKL. In this type of programmed cell death, a rupture of cellular
membranes occurs leading to the release of intracellular components;
phosphorylation of MLKL by RIPK3 and its targeting to cell mem-
branes is directly involved in the disruption of membrane integrity
(Gong, Guy, Crawford, & Green, 2017; Grootjans, Vanden Berghe, &
Vandenabeele, 2017; Wang et al., 2014). Broken plasma membrane
may determine the formation of “bubbles™ at the cell surface and the
secretion of necroptotic EVs (Gong, Guy, Olauson, et al., 2017; Raden,
Shlomovitz, & Gerlic, 2020). Interestingly, all these events fit very well
with the ultrastructural observations we made during early stages
(1-3 days) of afferent synapse acute disruption in axotomized MNs.
For this reason, we explored, by immunolocalization of phospho-
MLKL (Figure 7a-l), whether the activation of the necroptotic path-
way is involved in central synapse loss on injured MNs. In fact, a
monoclonal antibody against phospho-MLKL has been used as spe-
cific immunocytochemical marker for necroptosis in human diseased
tissue (Wang et al, 2014). Using the same antibody, a positive
phospho-MLKL immunoreactivity was detected near the surface of
axotomized MNs early (24 hr) after peripheral nerve injury; this was
not seen in control noninjured MNs. The phospho-MLKL signal was
noticed in form of small puncta clustered at discrete regions of MN
surface and closely related to processes of reactive microglia (Figure
7a-1). When individual sections of confocal z-stacks were analyzed in
detail, it was noticed that many phospho-MLKL positive puncta were
located in the narrow gap interposed between microglial and neuronal
cells. Synaptophysin-positive puncta, which normally surround MN
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cell bodies, were depleted at points in which phospho-MLKL-positive
particles accumulated (Figure 7m-o). This is consistent with the
assumption that phospho-MLKL-positive particles are derived from
disrupted synaptic terminals. This was further corroborated by in situ
localization of phospho-MLKL by means of postembedding immuno-
gold EM. A selective labeling of vacuoles in presynaptic bouton con-
tacting MNs and in EVs located near MN surfaces was noticed (Figure
7p-q). Negligible labeling was observed in control sections after omit-
ting the primary antibody. A positive immunofluorescence signal was
also detected in the nuclei of neuronal cells both in control and
axotomized conditions; although it is known that MLKL can translo-
cate to the nucleus during necroptosis (Yoon, Bogdanov, Kovalenko, &
Wallach, 2016, this aspect, was not further explored in our context.

34 | Identification of EV protein markers in
association with an inflammatory response and
synaptic disruption adjacent to axotomized MN cell
bodies

EM analysis revealed that synaptic damage and local microglial
recruitment, occurring near axotomized MNs, involved the generation
and probable transcytosis of EVs. We therefore further explored
whether any of the already identified proteins enriched in EVs, other
than necroptotic EVs (Raden et al., 2020), were locally accumulated
during this form of aseptic neuroinflammation. According to the
ExoCarta database (http://www.exocarta.org), which catalogs molecu-
lar EVs components, we used antibodies against CD9, CD63, flotillin,
and PDCé6IP-Alix in order to explore their presence in the ventral horn
of the spinal cord during the neuroinflammatory response. Tissue
samples were taken from mice at 7 days after sciatic nerve transec-
tion. Each EV marker was combined with Ibal and VAChT
immunolabeling to simultaneously visualize microglia and cholinergic
synaptic profiles. In some cases, either the general synaptic bouton
marker SV2 or synaptophysin was used instead of VAChT.

CD9, a member of tetraspanin family, is the protein most fre-
quently identified in exosomes. Small CD9-positive profiles were seen

FIGURE 7 Activation of the necroptotic protein effector phospho-MLKL near the surface of injured motor neuron (MN) cell bodies and
dendrites, 24 hr after axotomy. (a-d) In noninjured MN cytoplasm, phospho-MLKL-immunoreactivity (green) is weak; only a positive signal is
detected in nuclei; some Ibal-positive microglial profiles (red) can be observed; MN somata were visualized by fluorescent Nissl staining (gray).
(e-h) Twenty-four hours after axotomy, clusters (delimited by arrows) of phospho-MLKL-positive particles (green) can be observed near the
surface of injured MN cell bodies. Recruited Ibal-positive microglial cell profiles (red) are seen in a close relationship with clustered phospho-
MLKL-positive particles (green); MN somata are visualized with fluorescent Nissl staining (gray). (i-I) Clustered phospho-MLKL-positive particles
(green) are seen at a site enwrapped by a recruited Ibal-positive microglial cell (red), which is located on a dendrite of an MN (delimited by
dashed line on a fluorescent Nissl stained image, gray) 24 hr postaxotomy; a detail of the distribution of Ibal and phospho-MLKL is shown in the
enlarged inset in (1). (m-o0) Clusters of MLKL positive particles (green), adjacent to the surface of a MN soma 24 hr postaxotomy, are interposed
between the still remaining synaptophysin positive puncta (red), indicating that activated MLKL was associated to sites with disrupted synaptic
boutons. The absence of colocalization of both phospho-MLKL-positive and synaptophysin-positive puncta is shown in the pixel intensity profile
(o) obtained along the line drawn in (n). (p) Postembedding immunogold localization of phospho-MLKL at the membrane of extracellular vesicles
(red *) interposed between an axotomized MN (red) and a microglial cell (blue); a synaptic terminal (green) displaying some labeled vacuoles (blue
*) is also seen; extracellular space is shown shaded in yellow. The area delimited by dashed line in (p) is shown enlarged in (g), in which gold
particles are more clearly visible in association with the membrane of EV's (arrows). Scale bars: (h) = 20 pm (valid for a-g), (k) = 20 pm (valid for i-l),
(m) = 10 pm, (p) = 200 nm, and (q) = 100 nm [Color figure can be viewed at wileyonlinelibrary.com]
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inside MN cytoplasm and also scattered in the adjacent neuropile
0.53 +0.01 um, n = 163) (Figure 8a). A slight
CD9-positive signal was also present in VAChT-labeled cholinergic

(profile diameter
afferent terminals. However, after axotomy, there was a notable accu-
mulation of CD9-immunoreactive particles in association with cholin-
ergic terminals, but not with any of the other afferent synaptic

boutons (Figure 8b,e,f). In addition, CD9-positive particles were
noticed attached to the surface of processes of microglial cells rec-
ruited near axotomized MN cell bodies (Figure 8c,d). An ultrastructural
examination of C boutons on 7-day-axotomized MNs showed
increased pleomorphism in their synaptic vesicular content; this

included an accumulation of large double-membrane bounded vesicles
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(Figure 8g-j), which presumably corresponded to the CD9-positive
puncta observed under the confocal microscope.

CDé63 is another protein belonging to the tetraspanin family
which is enriched in EVs and has been used in the characterization of
EV subtypes and found in neuronal exosomes (Kowal et al., 2016;
Men et al.,, 2019). In control MNs, CD63 immunostaining revealed a
perinuclear punctate pattern that was reinforced at the MN periphery
(Figure 9a). Overall, the CDé3-positive puncta were more abundant
and larger than the CD9 positive particles (diameter: 0.71 + 0.01 pm,
n = 993). Axotomized MNs (7 days after nerve transection) showed an
increased number of CD63 puncta surrounding their injured somata;
they were otherwise covered by recruited microglial cells (Figure 9b-
f). In sharp contrast to the CD9 immunostaining, no association of
CD63-positive particles and afferent cholinergic terminals was
observed. However, when CD63 immunolabeling was combined with
SV2 immunostaining, it was possible to observe a close relationship
between CD63 puncta located at the MN surface and axosomatic
synaptic terminals (Supplementary Figure 6a,b).

Flotillin is another protein often used as an exosomal marker
which has been detected in all types of EVs, baring or not tetraspanins
(Baietti et al., 2012; Kowal et al., 2016). Flotillin is associated with
“lipid rafts,” which are membrane subdomains that are enriched in
cholesterol and sphingolipids and also localized in human neuronal cell
bodies (Bickel et al., 1997; Girardot et al., 2003). It has also been
shown that flotillin is involved in recycling the vesicle-mediated traf-
ficking of synaptic proteins and synaptogenesis (Bodrikov, Pauschert,
Kochlamazashvili, & Stuermer, 2017). In spinal cord MNs, we noted
that flotillin immunostaining displayed a particulate pattern (diameter
profile: 0.59 £ 0.01 pm, n =424). In axotomized cell bodies with
extensive microglial covering, flotillin-positive particles were seen to
accumulate on the surface of neuronal cell bodies and, in particular, at
the microglia-neuronal interface (Figure 9g-1).

Another abundant component in the exosome proteome is
PDC6IP-Alix, a protein originally identified in relation to the apoptotic
signaling pathway and later found to be connected to endocytic mem-
brane trafficking and exosome formation (Odorizzi, 2006). On sections
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of spinal cord tissue, Alix-immunoreactivity was detected in the form
of small particles distributed within the MN cytoplasm; the particles
delineated subdomains that probably represent intracellular mem-
brane compartments such as ER or Golgi areas. In addition, the anti-
body used strongly detected intranuclear inclusions, which probably
corresponded to nuclear speckles; we suggest that this localization
could have been due to an unspecific cross reaction of the antibody
used. This pattern of MN immunostaining did not change very much
in the axotomized MNs that were covered by microglial cell processes
(Supplementary Figure 7a,b).

3.5 | Altered distribution of Rab GTPase proteins
in MNs and microglia after axotomy

The Rab GTPase family of small-molecular-weight proteins comprises
more than 60 gene products, with most of its members playing a role
in vesicular trafficking in eukaryote cells (Zerial & McBride, 2001).
They are also critically involved in the regulation of the synaptic func-
tion at presynaptic and postsynaptic sites (Mignogna & D'Adamo,
2018). Taking into account the dramatic changes that occur in the
structural organization of the synaptic vesicular compartment
observed in the synaptic terminals of axotomized MNs by EM, we
used immunocytochemistry to analyze whether the localization of
some of the Rab-GTPase proteins in MNs and adjacent cells changed
as a consequence of axotomy. Antibodies against Rab 4, 5, 7, 8A,
9, and 10 were used in sections of spinal cord taken from mice 3 or
7 days after sciatic nerve axotomy. Ventral horn MNs from both the
ipsilateral (lesioned) and contralateral (control) sides were examined,
after triple fluorescent immunostaining, for the simultaneous identifi-
cation of each Rab protein. This was performed in combination with
Ibal and VAChT, which were, respectively, used as microglial and cho-
linergic synapse markers.

Rab4-immunoreactivity revealed a pattern in the form of small
particles scattered within the MN cell bodies, with no overt
changes being found after axotomy. The Rab4 signal was, however,

FIGURE 8 CD9-immunoreactive puncta accumulate into VAChT-positive synaptic afferents (C-boutons) on motor neurons (MNs) at 7 days
postaxotomy; CD9-positive particles also interact with recruited microglia. (a) A control MN cell body (delimited by a dotted line) displaying VAChT-
positive synaptic terminals (blue, arrowed) and faint CD9-positive puncta (green); arrowed synapses are shown at higher magnification in the
neighboring panels (a). (b) A 7-day-axotomized MN (delimited by a dotted line) displaying VAChT-positive synaptic terminals (blue, arrowed) and
faint CD9-positive puncta (green); arrowed synapses are shown at higher magnification in the right-hand panels (b); note the increase in size and
number of CD9 particles compared to the control. (c) Microglial cells (Ibal immunostained, red) recruited in close proximity to a 7-day-axomized MN
(delimited by a dotted line) interact with CD9-containing particles (encircled), as shown at higher magnification in the right-hand panel (c).

(d) Another example of an axotomized MN showing recruited microglia (red) contacting CD9-positive particles (green, encircled). (e) Pixel intensity
(arbitrary units [a.u.]) profile along a line (yellow) traced on the VAChT-positive synapses (blue) contacting MN surface, in order to simultaneously
analyze CD9-immunoreactivity (green) as depicted; arrows point out the association between the CD9-signal and VAChT-positive peaks. (f)
Quantification of CD9 fluorescence intensity on VAChT-positive C-boutons on 7-day-axotomized MN. (g,h) Electron microscope micrographs
showing C-boutons on a control (g) and a 7-day-axotomized MN (h; synaptic terminals, shaded in green; MN cell body, shaded in red; and
postsynaptic subsynaptic cistern, shaded in blue and enlarged in the insets); abnormally large vesicular structures (*) and dilated SSC are seen after
axotomy in (h); m = mitochondria; (i,j) Quantification of the size (i) and shape (j, aspect ratio of vesicular membranous structures in C-boutons; data
are shown as mean + SEM; *p < .05, ***p < .001, and ****p < .0001 versus Ctrl, Student's t test; n = 95-140 C-boutons (f)), and 262-351 C-bouton
synaptic vesicles (ij) (two animals per condition). Scale bars: a = 10 pm (valid for b); enlarged areas from a = 2 pm (valid for enlarged areas from b);

¢ = 20 pum; enlarged area from ¢ = 10 pm; d = 15 pm; and h = 1 pm (valid for g) [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 (a-f) CDé3-immunoreactivity in control and 7-day-axotomized motor neurons (MNSs). (a) A control MN showing CDé3-immunolabeling
in the form of abundant particles (green); no association is found with VAChT-positive synaptic terminals (blue). (b) After axotomy, many CDé3-positive
particles (green) are seen interacting with microglial cells (Ibal-immnunolabeled, red) recruited at the MN surface; the boxed are is shown enlarged in
(c). (d-f) Pixel intensity (arbitrary units [a.u.]) profile along a line (yellow) traced along the periphery of the control and axotomized MN cell bodies,
showing the increase in CDé3-positive particles postaxotomy. (g-1) Flotillin-immunoreactivity in control and 7-day-axotomized MNss. (g) A control MN
showing flotillin-immunolabeling in the form of abundant particles (green); no association is found with VAChT-positive synaptic terminals (blue).

(h) After axotomy, many flotillin-positive profiles (green) are seen in close proximity to microglial cells (Ibal-immnunolabeled, red) recruited at the MN
surface; the boxed area is shown enlarged in (i). (1) Pixel intensity (arbitrary units [a.u.]) profile along a line (yellow) traced along the periphery of the
control and axotomized MN cell bodies, showing the increase in flotillin-positive particles postaxotomy. Scale bars: e = 10 um (valid for a, b, d);
c=5pm; k =15 pum (valid for g, h, j); and i = 5 pm [Color figure can be viewed at wileyonlinelibrary.com]



RESULTATS

SALVANY €T AL.

higher in the neuronal processes occupying the MN neuropile
(including the MN axons), and this was substantially increased fol-
lowing axotomy. Similar results were found for Rab5 (Supplementary
Figure 8a-d).

Rab7 is a factor which is recruited by nascent phagosomes and is
essential for their fusion with late endosomes and/or lysosomes
(Bucci, Thomsen, Nicoziani, McCarthy, & van Deurs, 2000; Harrison,
Bucci, Vieira, Schroer, & Grinstein, 2003). In microglial cells, it has

FIGURE 10 Expression of Rab
GTPase proteins (green) in motor neurons
(MNs) and microglia (red) in a basal
condition and after axotomy, as indicated.
(a-c) Compared to control, Rab7-positive
particles accumulate in recruited
microglial cells adjacent to 3-day-
axotomized MNs, as depicted in the
enlarged boxed area in (c). (d-f) Abundant
small Rab8A-positive profiles are seen
inside microglial cells covering a 7-day-
axotomized MN; the area delimited by a

| Control | ~ Axotomy |
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been shown that Rab7 is required for the fusion between pinosomes
and lysosomes and for their size-based sorting (Chen et al., 2015). In
sections of spinal cord, Rab7 displayed a noticeable punctate pattern
of immunoreactivity in the MN soma, under both control and
axotomized conditions. The size of the Rab7-positive particles was:
0.50 + 0.01 pm (n = 220). Recruited microglia close to axotomized
MNs displayed a notable accumulation of Rab7-positive particles
(Figure 10a-c). It should be noted that Rab7-positive particles located

square is shown at higher magnification in
(f). (g-k) Numerous Rab10-positive
particles are mainly seen at the interface
between microglia and the soma of a
7-day-axotomized MN; the area delimited
by a square is shown enlarged in (i); (j,k)
corresponds to spliced green and red
channels from (h); the peripheral
distribution of Rab10-positive particles on
MN soma is clearly visible in (j). (I-0)
lllustrate the accumulation of
Rab10-positive particles inside microglia
covering the surface of a 7-day-
axotomized MN; an enlargement of the
boxed area is shown in (o). Scale bars:

h =20 pm (valid for a, b, d, e, g, j, and k);
i=5 pm (valid for c and f); n = 20 pm
(valid for | m); and o = 5 pm [Color figure
can be viewed at wileyonlinelibrary.com]
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inside microglial cells were significantly larger than those present in
MN somata (1.13 £ 0.15 pm, n = 13, p < .0001).

Rab8A has been shown to be enriched in macropinocytotic vesi-
cles of activated macrophages (Wall et al., 2019). It has also been
reported that Rab8A interacts with flotillin in the tubulovesicular
recycling compartment (Solis et al., 2013). We found that Rab8A-
immunoreactiviry was present in MN somata in the form of small pun-
cta (diameter: 0.55+ 0.01 pm, n =209), under both control and
axotomized conditions. Some postaxotomy-activated microglial cells,
which interacted with MN somata, showed an accumulation of small
Rab8A-positive particles (Figure 10d-f). It is interesting to note that
this location was highly comparable with the one that we found for
flotillin in microglial cells after axotomy.

Rab10 has been identified as a novel protein which is predomi-
nantly localized in tubular endosomes (Etoh & Fukuda, 2019). As far
as we know, no data have previously been published regarding Rab10
in microglia. Our findings relating to Rab10 after axotomy would seem
to be of particular interest. Under control conditions, Rab10 was pre-
sent in the form of small, homogeneously distributed, dots (diameter:
0.49 + 0.008, n = 543) within the MN soma, while no particular asso-
ciation was observed with microglial cells. Seven days after axotomy,
the Rab10 particles migrated to the periphery of the MN cell body
and many particles were also observed in association with microglial
cells covering lesioned MNss (Figure 10g-0).

4 | DISCUSSION

During the developmental establishment of neuronal networks,
microglia play a fundamental role via a process of activity-dependent
synaptic pruning and remodeling in order to achieve a stable neural
function and establish robust behavior. In adults, however, synaptic
loss is considered an early sign of various neurodegenerative condi-
tions, including MN diseases (Fogarty, 2019; Vukojicic et al., 2019). It
has been suggested that a reactivation of synaptic elimination mecha-
nisms similar to those operating during development may occur in
these disorders (Stephan, Barres, & Stevens, 2012). Accepting the
putative relevance of the synaptic alteration within the context of
MN pathology, we used a peripheral nerve lesion paradigm, which
resulted in prominent microglial activation, to explore its impact on
the fate of MN synaptic inputs. Microglial activation around
axotomized MNs is an extensively documented process, but its effect
on afferent synaptic bouton organization has been poorly addressed
with rather confusing results. For a long time, it was assumed that
activated microglia recruited close to MN cell bodies play a role as
“synaptic strippers™; however, whether stripping represents a simple
and reversible synaptic withdrawal or, conversely, leads to the degen-
eration and phagocytosis of synapses, has yet to be clearly established
(Aldskogius, 2011; Alvarez et al., 2020; Linda et al., 2000; Mdller et al.,
1996; Moran & Graeber, 2004; Sumner, 1975). In axotomized facial
MNs, Blinzinger and Kreutzberg (1968) have described how active
microglia displaced intact synaptic terminals from neuronal perikarya;
the absence of degenerating synaptic boutons and lack of apparent

phagocytosis by microglia have also been reported. Our results in spi-
nal cord, unambiguously demonstrate that a severe disruption of syn-
aptic afferents to MNs occurs early after peripheral nerve
transection in conjunction with prominent distant aseptic microglial
mediated neuroinflammation. In agreement with the description
Blinzinger and Kreutzberg (1968), we observed that in advanced
stages of microglial migration toward axotomized MNs, large areas of
the MN cell body surface appeared to be completely devoid of synap-
tic contacts and the vacant spaces were occupied by flattened micro-
glial cells. In these areas, signs of synaptic degeneration were rarely
visible. Nevertheless, this clearly contrasts with what occurs during
the early steps of interaction between recruited microglial cells and
axotomized MN cell bodies and their synapses. The partial discor-
dance between observations could therefore have resulted from lim-
ited spatial and temporal sampling in different models of MN
axotomy.

We observed that the way in which synaptic terminals are elimi-
nated in the MN axotomy paradigm did not comprise their bulk
engulfment by microglia. Instead of this, microglial cells internalize
small membranous vesicular fragments arising from the disruption of
synaptic terminals, which, presumably, were previously primed by
their close proximity with microglial processes. It should be noted that
processes from early recruited microglial cells postaxotomy preferen-
tially contacted presynaptic boutons rather than the MN surface.
Other microglial filopodia interacted with vesicular elements coming
from the disassembly of previously altered synaptic boutons.

The ultrastructural organization of the area adjacent to the sur-
face of MN somata abruptly changes as soon as 24 hr after peripheral
nerve transection. During this early acute alteration, some synaptic
terminals exhibit a rupture of presynaptic membranes with the con-
comitant release of intracellular vesicles that further accumulate at
the extracellular space. This overall picture fits well with a process of
necroptosis, and this was corroborated by the localization of the
membrane-disrupting effector MLKL at sites where presynaptic termi-
nals degenerate and in neighboring EVs. Our negative results after
western blot analysis could be because only a proportion of MNs in
ventral horn belong to the axotomized sciatic nerve pool, and the
corresponding synaptic  disruption occurs in restricted sub-
compartments at a given time. Thus, the expression of necroptotic
molecular markers such as phospho-MLKL, would be hard to detect in
the whole extracts. In any case, we think that, the accuracy of data
from the in situ immunolocalization, both at the confocal and EM
levels, are enough robust to show the involvement of the necroptotic
pathway in the acute synaptic disruption occurring on axotomized
MNss. As this probably occurs in the absence of the death of its paren-
tal neuron, we must assume that a necroptotic program may be locally
activated in presynaptic axon terminals, as described for a form of
apoptosis spatially confined to axons or synapses (Cusack, Swahari,
Hampton Henley, Michael Ramsey, & Deshmukh, 2013; Mattson, Kel-
ler, & Begley, 1998).

Sites where phospho-MLKL-containing vesicles accumulate were
usually closely associated with microglia that was attracted to
axotomized MNs. One of the possible microglial-derived factor that
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may initiate the activation of necroptotic pathway is tumor necrosis
factor, as occurs in other neuropathological conditions (Chen et al.,
2019; Ito et al., 2016; Pasparakis & Vandenabeele, 2015). However,
one important aspect not resolved here is whether activated microglia
induces a synaptic damage that precedes synaptic disruption or, con-
versely, an altered, neuronal-autonomous, synaptic function, is as a
primary event which promotes a chemotactic effect on microglia.

Experiments in which microglial proliferation has been prevented
by means of antimitotic agents have not demonstrated any significant
change in afferent synaptic loss on axotomized MNs (Graeber, Streit, &
Kreutzberg, 1989; Svensson & Aldskogius, 1993). Our results
obtained with the CSF1R blocking agent PLX5622 showed only
~10% of synaptic loss prevention, despite the ~46% reduction in
microgliosis; this suggests a poor correlation between the strength of
the microglial reaction and the number of synaptic boutons which are
eliminated. A lack of correlation between synaptic stripping and
microglial function has also been observed in MNs devoid of CSF1
(Akhter, Griffith, English, & Alvarez, 2019; Rotterman et al., 2019) and
also in other conditions involving synaptic degeneration or plasticity
(Perry & O'Connor, 2010; Tremblay & Majewska, 2011).

To a variable degree, nonacutely disrupted synaptic terminals
contacting axotomized MNs showed an accumulation of membrane-
bound organelles, such as endosome-like and phagosome-like vacu-
oles, which are indicative of altered vesicle recycling and synaptic
function. Early studies on synaptic structure and function have
described how increased synaptic activity results in an accumulation
of extensive presynaptic membrane infoldings which are generated as
a consequence of the blocking of the vesicle recycling process
(Haimann, Torri-Tarelli, Fesce, & Ceccarelli, 1985; Solsona, Esquerda, &
Marsal, 1981). Along these lines, it should also be noted that changes
in the activity of MN afferent synapses occurs soon after peripheral
nerve injury (Bichler et al., 2007). An accumulation of comparable vac-
uolar intermediates has been observed in presynaptic terminals when
the conversion of bulk endosomes into synaptic vesicle is inhibited
(Wu et al, 2014). We have also observed double-membrane
autophagosome-like vesicles similar to those found after autophagy
promotion by rapamycin (Hernandez et al., 2012), or by Sonic hedge-
hog (Petralia et al., 2013) or Basson depletion (Okerlund et al., 2017;
Waites et al., 2013). In synaptic terminals, synaptic vesicles or proteins
are eliminated by autophagy (Liiningschrér & Sendtner, 2018). Since
the induction of reactive oxygen species (ROS) rapidly provokes a pre-
synaptic promotion of autophagy (Hoffmann et al., 2019), it could be
assumed that activated microglia in the proximity of synaptic termi-
nals would release ROS (Block, Zecca, & Hong, 2007), resulting in local
protein and organelle damage and in the activation of autophagic
pathways. In addition, massive and spatially restricted microglial over-
activation state may result in more extensive neurotoxic damage
affecting MN survival as it is occasionally seen after axotomy.

Additionally, it should be taken into account that activation of
MLKL does not definitively result in an irreversible commitment to cell
death. In certain conditions, MLKL-dependent membrane damage can
be repaired to promote cell survival. In these circumstances, active
MLKL induce the formation of bubbles at the surface of the cells that
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are released extracellularly (Gong, Guy, Olauson, et al., 2017). MLKL
also associates to endosomes to facilitate the generation and release
of EVs, independently of death induction (Yoon, Kovalenko,
Bogdanov, & Wallach, 2017). These data are of interest because they
may also account for the vacuolar changes we observed in synaptic
terminals that escape from the acute “explosive” disruption. These
terminals remain, at least several days, in contact with MNs, display
abundant MVBs and endosome-like vesicles, and are often in contact
with microglial processes. Thus, in these terminals, the enhanced
endosomal trafficking may be also a source of EVs other than “lytic
EVs.” These EVs would correspond, based on their molecular compo-
sition, to exosomes. In these cases, phospho-MLKL, would work
antagonizing, instead of stimulating, the execution of lysis during
necroptosis (see Yoon et al., 2017); this would result in the structural
maintenance of synaptic terminals exhibiting a conspicuous alteration
in their vacuolar system. Moreover, this scenario is in concordance
with the increased density of particles displaying positive immunore-
activity for exosomal markers we found near the surface of
axotomized MN somata 7 days postlesion. Thus, different populations
of EVs such as necroptotic vesicles, plasma membrane-derived vesi-
cles, and vesicles derived from MVBs should be produced in a sepa-
rate spatiotemporal sequence during the complex reactive cellular
events occurring near the surface of axotomized MNs. However, we
cannot exclude that a part of EVs may be secreted by microglia
(Paolicelli, Bergamini, & Rajendran, 2019). Another point that should
be considered here is the existing link between necroptosis and
inflammation, by increasing the production and release of cytokines
and chemokines (Orozco et al., 2019), as well as by activating the
inflammosomal pathway, involving caspase 1 activation and cytokine
IL-1p secretion (Conos et al., 2017).

The degenerative signs we found in synaptic terminals 2 weeks
after nerve transection are very similar to those described in other
“synaptopathies™ in the context of human prion diseases (Sikorska,
Liberski, Giraud, Kopp, & Brown, 2004). Dark degenerating terminals
have also been described in the initial stages of prion disease pathol-
ogy (Jeffrey et al., 2000; Siskova, Reynolds, O'Connor, & Perry, 2013),
even in the absence of the direct involvement of microglial cells
(Siskova et al, 2009). This suggests that, at least in this case, synaptic
degeneration and removal may be part of an autonomous neuronal
process. Nevertheless, delayed microglia activation occurs in these
models.

In the MN axotomy paradigm, the disconnection of cell bodies
from the periphery is the stimulus that rapidly changes the MN status
in a way that is coped with its immediate environment: that is, extra-
cellular matrix, afferent synapses and glial cells. For example, it is con-
ceivable that MNs or synapses rapidly switch from “do not eat me” to
“eat me” signals, which are sensed by microglia. Mobilized microglia
may release various factors, including matrix metalloproteinases (Kim
et al., 2007; Konnecke & Bechmann, 2013), thrombospondin (Méller
et al,, 1996), and free radicals, which affect the extracellular matrix in
the immediate MN environment (perineuronal net; Fawcett,
Qohashi, & Pizzorusso, 2019). This may have consequences such as
the widening of the extracellular space (ie. local edema) or the
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detachment of presynaptic from postsynaptic structures. This would
also contribute to weakening the blood-spinal cord barrier, which has
been shown to be disrupted in spinal cord after peripheral nerve
lesions and to contribute to the influx of inflammatory mediators
(Echeverry, Shi, Rivest, & Zhang, 2011); this is consistent with the
endogenous IgGs that we have seen surrounding capillary vessels near
axotomized MNs and also decorating the surface of recruited micro-
glial cells. It is interesting to note that IgG extravasation exists during
the initial stages of disease in ALS mouse models, in conjunction with
muscle denervation and before MN death (Zhong et al., 2008). At the
same time as escaped IgGs bind to the surface of microglial cells, pre-
sumably through Fc receptor upregulation, C1q also becomes over-
expressed in microglia. It is conceivable that Clg produced by
microglia binds vesicular debris coming from disrupted synaptic termi-
nals in order to promote their opsonization and phagocytosis, in a
comparable way to what happens during the clearance of apoptotic
cells (Galvan, Greenlee-Wacker, & Bohlson, 2012) or developmental
synaptic remodeling and pathological synaptic loss (Hong et al., 2016;
Schafer et al., 2012; Stevens et al., 2007). However, we must also
point out that, in the absence of C1q, synapse elimination on MNs fol-
lowing axotomy is not reduced (Berg et al., 2012). This is probably
due to a redundancy mechanism involved in the loss of afferent syn-
apses on lesioned MNs.

We observed a type of double-membrane-bound vacuoles with
an analogous morphology inside of synaptic terminals and internalized
within microglial cells. This suggested that they could form part of a
category of membrane vesicles that originated in nonacutely broken
synapses and were subsequently transferred to microglia. In line with
this interpretation, it was possible to detect free intercellular interme-
diates of this particular morphological type of vesicles. This observa-
tion is in concordance with the presynaptic secretion of EVs. The
increased expression of EV markers such as CD9 and CDé3, together
with the presence of flotillin adjacent to neuronal surface and in close
relation with microglial processes, would be concordant with this
hypothesis. In an “in vitro” model of synaptic elimination, exosomes
released by PC12 cells promoted microglial activation, with subse-
quent synaptic phagocytosis and pruning (Bahrini, Song, Diez, &
Hanayama, 2015).

The increase in CD9-containing particles restricted to the C-
boutons contacting axotomized MNSs, is particularly intriguing. Sev-
eral quite particular properties of vesicular trafficking and trans-
cytotic transfer have been identified in this type of terminals (Caleo
et al., 2018). We noticed that a pattern of vacuole accumulation in
conjunction with dark degeneration predominated in C-boutons of
axotomized MNs; this phenotype is not usually seen in other types
of synapses. C-boutons are also preferential chemoattractive sites for
microglial filopodia during their mobilization postaxotomy (Salvany
et al., 2019). This indicates that the fate of afferent synaptic termi-
nals on axotomized MNs is not entirely homogeneous and depends
on their neurotransmitter-specificity. It has also been reported that
axotomy in MNs favors the predominant loss of excitatory inputs
with respect to other input types (Alvarez et al., 2011; Spejo &
Oliveira, 2015).

The ultrastructural morphology that we observed in the EVs
“floating” in the perineuronal net of axotomized MNs was highly pleo-
morphic and exhibited a broad variation in size. These vesicles appear
to belong to a heterogeneous population of EVs which includes
exosomes and other EVs (in example, lytic or necroptotic vesicles).
Used in a restrictive form, the term “exosome” is usually applied to
small vesicles (50-100 nm) of endosomal or MVB origin that are
released from cells. Other membrane vesicles released by the outward
budding of cells include a heterogeneous population of elements with-
out this size limitation that can even exceed 1 pm in length and that
have sometimes been referred to as microvesicles or ectosomes. The
more general term of EVs has been used for a collective denomination
of these elements (Cocucci & Meldolesi, 2015; Colombo, Raposo, &
Thery, 2014; Kowal et al., 2016). Exosomes can be released from neu-
rons in an activity-dependent manner (Fauré et al., 2006). In our sys-
tem, we have seen synaptic boutons displaying a prominent
concentration of MVBs; this suggests that they could be a source of
exosome secretion in the perineuronal milieu. Other larger and pleo-
morphic vesicles observed in this enlarged extracellular space originate
from a disruption of synaptic terminals and should be considered as
cellular debris (Baxter et al., 2019). Similar alterations in membrane
integrity may be induced by complement-mediated cytolysis, a condi-
tion that should be further evaluated in MNs postaxotomy. We dem-
onstrate that the fate of most of the EV's generated in the perineuronal
space of axotomized MNs is their elimination by microglial cell phago-
cytosis. These data are in concordance with the progressive and tran-
sient accumulation of CDé8-positive puncta inside recruited and
perisomatic microglia which, in turn, is indicative of lysosomal activity.
However, the intimate relationship between exosomal markers such as
CD9, CDé3, and flotillin with the microglial cell surface indicates a pre-
vious process involving the endocytic trapping of EVs. The presence of
Rab7 and Rab10 in microglia interacting with injured MNs is an indica-
tor of the activation of endocytic activity by these cells.

Overall, our data reveal new mechanisms by which afferent syn-
apses are removed from acutely injured MNs after peripheral nerve
transection. Although microglial cells are actively involved in eliminat-
ing fragments of damaged presynaptic terminals, there is a lack of evi-
dence to support any bulk engulfment of synaptic boutons. EVs are
intermediate elements in this process of synaptic removal, which pre-
sents certain homologies with those described under the concept of
synaptic trogocytosis during microglia-mediated synaptic removal dur-
ing development (Weinhard et al., 2018). Nevertheless, further studies
are required for a more general validation of this phenomenon of syn-
aptic piecemeal phagocytosis. Since the reduction of synaptic inputs
in MNs is an early event in amyotrophic lateral sclerosis (ALS)
(Chang & Martin, 2009; Jiang, Schuster, Fu, Siddique, & Heckman,
2009; Sasaki & Iwata, 1996; Schutz, 2005; Sunico et al., 2011;
Vaughan, Kemp, Hatzipetros, Vieira, & Valdez, 2015) and spinal mus-
cular atrophy (SMA) pathology (Cerveré et al, 2018; Mentis et al.,
2011; Tarabal et al., 2014; Vukojicic et al., 2019), a more precise
understanding of the fundamental mechanisms involved in the
microglia-synapse interaction in the injured MNs may help to define
new therapeutic interventions. The impact of our observation on the
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pathogenetic mechanisms underlying ALS deserves further attention
since the role of necroptosis in this disease remains controversial
(Dermentzaki et al., 2019; Ito et al., 2016; Re et al., 2014). In any case,
our results may prove significantly relevant in the context of func-
tional recovery after peripheral nerve injury, in which the restoration
of synaptic inputs to MNs is incomplete in spite of successful nerve
regeneration and muscle reinnervation (Rotterman, Nardelli, Cope, &
Alvarez, 2014).
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7 days after axotomy

Supplementary Figure 1 Endogenous |gGs decorate recruited microglial cells at the

MN surface 7 days postaxotomy. (a-c) Spinal cord section showing an axotomized MN
(delimited by a dashed line) covered by Iba1-immunostained microglia (red); note the

association of endogenous IgGs (green) with microglial profiles. Scale bar: 20 ym
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+ Synaptophysin

Control

Axotomy (7 days)

Supplementary Figure 2 Spinal cord section immunostained for synaptophysin (green)
showing ventral horn MN cell bodies (visualized by fluorescent Niss| staining, blue) in
control (a and b) and postaxotomy (c and d) conditions, as indicated. Note the reduction
of synaptophisin positive puncta near the surface of MN cell bodies after axotomy. Scale
bar: 40 um (valid for a-c)
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Supplementary Figure 3 Ultrastructural morphology of normal synaptic boutons
(shaded in green) contacting MN cell bodies (shaded in red). (a) Two presynaptic
boutons containing synaptic vesicles clustered in the active zones (arrows); details of
synaptic vesicle morphology are seen in the enlarged panels (b and c), showing flattened
(b) and round (c) vesicles characteristic of F-type and S-type terminals, respectively. (d)
A C-type synaptic bouton is shown, displaying the characteristic subsynaptic cistern
(arrows) that can be observed enlarged in (e); the intersynaptic extracellular gap is
shaded in yellow. m = mitochondria. Scale bars: 0.5 ym in (a) and (d); 150 nm in (b), (c)
and (e)
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Supplementary Figure 4 Ultrastructural analysis of the periphery of MN cell bodies, and
adjacent synaptic afferents and cell structures in the spinal cord. (a) Three days after
axotomy, the extracellular space (shaded in yellow) is widened and synaptic terminals
(green) are partially detached from the MN surface (red); in addition, a number of
extracellular membrane-bound vesicles (encircled in red) can be seen “floating” in the
extracellular space. (b) A detail of two terminal synaptic boutons (green) contacting MN
surface (red) are partially detached but maintain focal adherence at the puncta
adherentia sites (red arrows); note the presence of abundant extracellular vesicles (*) in
the extracellular space (yellow). (c) A recruited microglial cell (shaded in blue) in the
proximity of the MN surface and interacting with abundant extracellular pleomorphic
vesicles (indicated with red circles), 3 days after axotomy. (d-f) A high magnification
detail of the morphology of extracellular vesicles (arrows) near the MN surface, 3 days
after axotomy. Scale bars: 1 ym (a-c) and 500 nm (d-f)
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Supplementary Figure 5 Electron micrograph of a MN cell body (shaded in red)
showing a marked disruption of intracellular organelle organization. (a) In the vicinity of
the MNs, an altered microglial cell is seen displaying vacuolar changes in the
endoplasmic reticulum and other organelles. Altered synaptic afferents are shaded in
green, and the extracellular space at the MN-microglia interface (shaded in yellow) can
be seen expanded. A detailed view of MN cytoplasmic disorganization is shown at higher
magnification in (b). Scale bars: (a) and (b) =2.5 um
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Supplementary Figure 6 (a,b) An isolated MN cell body, 7 days postaxotomy, in a
squash preparation immunostained for CD63 (green) and SV2 (red). Red spots,
corresponding to afferent synaptic boutons, are seen covering the surface of the MN
soma, in which abundant CD63 positive puncta can be seen. In the enlarged boxed area
(a), the relationship between larger CD63-positive spots and afferent boutons can be
observed. Scale bars: a=2 uym, b =10 ym
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PDC6IP-Alix +

Supplementary Figure 7 (a,b) Ventral horn MN cell bodes (delimited by dashed lines)
double immunostained for PDC6IP-Alix (green) and Iba1 (red) in control and 7 days
postaxotomy. The axotomized MN can be identified by recruited Iba1-positive microglial
cells. However, the pattern of PDC6IP-Alix does not show identifiable changes following
axotomy. Scale bar: 20 pm (valid for a)
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Axotomy

Supplementary Figure 8 Control and 7-day axotomized MN cell bodies (delimited by
dotted lines) immunostained for either Rab4 (a, b) or Rab5 (c, d) (green) combined with
Iba1 (red). Note that the recruitment of Iba1-positive microglial cells around axotomized
MNs (b and d). Rab4 and Rab5-immunoreactivity is increased in neuronal processes
(arrows) adjacent to injured MNs. Scale bars: Scale bar: d = 20 ym (valid for a-c)
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ABSTRACT

Early misfolded SOD1 (mfSOD1) accumulation, motor neuron (MN) degeneration and microgliosis are

634 ALS mice. Due to the different vulnerability of distinct MN

hallmark pathological features in SOD1
subtypes, degenerating and surviving MNs coexist in a different proportion during disease
progression. Furthermore, since MN degeneration in SOD1 mice is non-cell autonomous, the role of
immediate MN environment including astrocytes, microglia and afferent synapses are of singular
relevance. Based on the examination of mfSOD1 expression we have defined distinct MN phenotypes
that have been evaluated during the disease progression and the local neuroinflammatory reaction.
The effects of the experimental increase or decrease of microglial response on the expression of MN

Go3Alfast) mice after

phenotypes was also evaluated. The expression of mfSOD1 was analysed in SOD1
immunolabelling with conformational-specific antibodies, C4F6 and AJ10. Neuroinflammatory
response was exacerbated or decreased by means of the sciatic nerve axotomy or by treatment with
PLX5622 respectively. Multiple fluorescent immunolabelling was performed on spinal cord sections
and observed under the confocal microscope. Some samples were also processed for electron
microscopy. By mfSOD1 immunohistochemistry we have defined three MN phenotypes. The most
severe (phenotype 3) correspond to MN somas showing highly positive mfSOD1 immunostaining;
these MNs are extremely vacuolated as a result of massive mitochondrial and endoplasmic reticulum
swelling. These features fit well with those described under the concept of paraptosis. Paraptotic-like
MNs display an accumulation of Flotilin and CD81 particles which are considered as markers for
extracellular vesicles. These degenerating MNs display pMLKL positivity, the effector protein of the
necroptotic pathway. Paraptotic MNs showed a significant loss of afferent synapsis and recruit
microglial cells. We have stablished the type 2 phenotype when mfSOD1 accumulation and
vacuolization was restricted to MN processes, and type 1 when mfSOD1 accumulation was not
evident neither in MN somas or processes. The most severe type 3 phenotype appears to be more
frequent between P60 and P90 than in the terminal stages. We have also found a progressive
microgliosis displaying neurotoxic markers of activation. The relative amount of mfSOD1 phenotypes
can be experimentally altered by modulating the microglial neuroinflammatory response. This study
reveals a dissociation between mfSOD1 accumulation in degenerating MNs and the clinical
progression of the disease. We show that at presymptomatic stages (p60) a substantial amount of
MNs with phenotype type 3 (paraptotic-like) exist which can be determinant for the ulterior spread
of the disease by an exosome-based mechanism. There is also a link between mfSOD1 expression in

MNs and neuroinflammation.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a fatal degenerative disease mainly involving spinal cord and
brain motor neurons (MNs) leaving muscles denervated (Rowland, 1995). Most of ALS cases are
sporadic while 10% are familial and, among of them, 20% have been linked to mutations of the
superoxide dismutase 1 (SOD1) gene (Rosen et al., 1993). It has been shown that, rather via its loss-
of-function, mutant SOD1 determines ALS phenotype via a gain of neurotoxic properties, which
includes oxidative stress, protein aggregation, mitochondrial dysfunction and neuroinflammation
(Bruijn et al., 2004). The SOD1G93A ALS mouse model overexpresses ~25 copies of the human gene
encoding the enzyme SOD1carrying a mutation (mSOD1G93A) causative of familial ALS. Since its
development in 1994, this model has been extensively used to investigate the pathogenic
mechanisms leading to ALS, because it recapitulates many phenotypic features observed in ALS
patients (Gurney et al., 1994; Saeed et al., 2009). SOD1G93A mice exhibit progressive paralysis
starting at ~90 days, with death occurring at ~135 days, depending on the genetic background. In this
mutant mouse model, the decrease in motor function occurs in concomitance with the development
of conspicuous and severe pathological changes that include the loss of a-MN and reactive
astrocytosis and microgliosis. MN pathology and dysfunction progress with notable temporal
reproducibility, a condition that is essential for correlation of data from individuals of different ages
in longitudinal studies. This has led to the demarcation of presymptomatic (P30-P90), symptomatic
(P90-P120) and end-stage (P120 to death) periods in the time-course of the disease, as a reference in
many experimental studies (Chiu et al., 1995; Hall et al., 1998; Turner & Talbot, 2008). One intriguing
aspect of ALS pathology is the distinct degrees of vulnerability among the different MN groups or
subtypes: in example, fast-twitch, fast-fatigable MNs are severely affected and degenerate first,
while slow-twitch MNs are less vulnerable in ALS (Hegedus et al., 2007; Nijssen et al., 2017; Pun et
al., 2006). In addition, MNs that innervate extraocular muscles or external sphincters are considered
as ALS-resistant (reviewed in (Kanning et al., 2010; Nijssen et al., 2017)). Low MN excitability
correlates with ALS-resistance (Saxena et al., 2013) and y-MNs, which innervate muscle spindles, are
completely spared from ALS (Lalancette-Hebert et al., 2016). After the early loss of most vulnerable
MNs, the axons of the remaining ones sprout in order to compensate for those that have
degenerated (Schaefer et al., 2005). This entails that, at a given time, degenerating and surviving
(perhaps regenerating) MNs coexist at the spinal cord ventral horn in variable proportions during the
disease progression. Thus, the corresponding pathomorphological status of individual MNs should be
heterogeneous and dissociated from the clinical outcome of the disease. In example, severely
damaged MNs could be present (although in a minor proportion) at the early stages and vice versa,

some apparently healthy MNs would be present at the end-stage period. Given our limited
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knowledge about the sequence of cellular events during disease progression, we tried to categorize
ALS MN pathology at a single cell level by stablishing distinct phenotypic patterns of damage based
on the expression of toxic forms of misfolded SOD1. It is known that MN degeneration in mutant
SOD1 mouse models is non-cell-autonomous, and the participation of adjacent cells appears to be
essential in the process of disease pathogenesis (Boillée et al., 2006; Clement et al., 2003; llieva et al.,
2009). For this reason, the examination of MN neuropile, including afferent synapses, astrocytes and
microglia, in relation to defined cell body phenotypes were included in our analysis. A better
characterization of how degenerative and reactive changes are spatially and temporally distributed
would help to evaluate the effects of putative therapeutic agents in preclinical assays in the
SOD1G93A fast mouse model of ALS. In addition, it seems that before NM degeneration, a motor
axon dying-back process determines an early disconnection of MNs from their muscle targets
(Fischer et al., 2004; Hegedus et al., 2007). The interruption of nerve-muscle interaction occurs also
in healthy animals after peripheral nerve transection (axotomy), resulting in a CNS response that
includes glial activation around axotomized MNs and a loss of synaptic afferents contacting MN cell
bodies (Aldskogius, 2011; Rotterman & Alvarez, 2020; Salvany et al., 2021). Thus, the reactive
response seen in axotomized MNs could share some common pathogenic mechanisms with ALS.
However, contrasting with what occurs in ALS, MN cell body activation in response to peripheral
nerve axotomy in adults is not usually followed by MN death (Lowrie & Vrbova, 1992; Pollin et al.,
1991). Instead of this, axotomy triggers the expression of “regeneration associated genes” shifting
neurons from “transmitting” to a “growth” mode, which provides MNs with the structural and
molecular machinery for restoration of neuromuscular connectivity (Aldskogius, 2011). Although it
may be deleterious in some aspects (Rotterman et al., 2019; Salvany et al.,, 2021), the glial
neuroinflammatory response at the vicinity of axotomized MNs is also considered as neuroprotective
(Oliveira et al., 2004; Svensson & Aldskogius, 1993). Therefore, the analysis of afferent synapses and
the glial response in axotomized MNs under WT and mutant SOD1 genetic backgrounds may provide

new cues for understanding the mechanisms of MN degeneration in ALS.



RESULTATS

MATERIALS AND METHODS

Animals, surgical procedures and pharmacological treatments

SOD1°%** (B6SJL-Tg(SOD1-G93A)1Gur/J) mice were purchased from Jackson Laboratory (Sacramento,
CA, USA) and maintained as hemizygotes by breeding transgenic males with B6SIL females.
Transgenic progeny were identified by PCR genotyping of DNA extracted from the tail by using
specific primers as described previously (Ripps et al., 1995). Age-matched wildtype (WT) littermates
of transgenic animals were used as controls. Briefly, asimptomatic mice were considered at 0-30
postnatal days [P], presymptomatic at p30 - p60 days, symptomatic at p60 - p90 days and in terminal
phase at p90 - p120 + 10 days (Mancuso et al., 2012). Endpoint criteria previously described (Glinther
et al.,, 2012) were used to minimize suffering. To avoid potential bias due to gender, only male
animals were used in this study. Mice were housed 5-6 per cage having ad libitum access to standard
laboratory chow and water and under a 12-h light/dark cycle. According to previous defined criteria
(Burkholder et al., 2012; Miller & Nadon, 2000), mice displaying tumours or physical abnormalities
were excluded from the study and euthanized by an overdose of pentobarbital (30 mg,
intraperitoneally). All efforts were made to reduce the number of animals in agreement with the

European Communities Council Directive (24 November 1986, 86/609/EEC).

All the animal experimentation procedures were performed according to the European Committee
Council Directive and the norms established by the Generalitat de Catalunya (published as a law in
the Diari Oficial de la Generalitat de Catalunya 2073, 1995). All the experiments were previously

evaluated and approved by the Committee for Animal Care and Use of the University of Lleida.

Young and adult (p30, p60 and p90) mice were subjected to unilateral sciatic nerve transection.
Animals were anaesthetized using a solution consisting of a combination of ketamine (100 mg/kg)
and xylazine (10 mg/kg) and maintained with inhalant anaesthesia (1% isoflurane). The sciatic nerve
was exposed at the femoral level and transected; a ligature was performed in the proximal segment
in order to prevent spontaneous reinnervation. To minimize suffering, mice were subjected to
postoperative analgesia with two subcutaneous injections of buprenorphine (0.05 mg/kg): one
immediately after surgery and the other 24 hr after the intervention. Lumbar spinal cord samples

were obtained 7 days after axotomy.

For the pharmacological approaches adult mice (p60) has been used. Drug delivery regimes were
based on published reports (Saxena et al., 2013) and the delivery protocols were as follows.

Methoctramine (Sigma): a daily dose during 15 days injected intraperitoneally (i.p.) in saline at 200
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ug/kg; Oxotremorine M (Tocris Bioscience): a daily dose during 15 days injected i.p. in saline at 30-50

ug/ke.

The colony stimulating factor 1 receptor (CSF-1R) specific kinase inhibitor (PLX5622) (Elmore et al.,
2014) was generously provided by Plexxikon Inc. (Berkeley, CA), and formulated in AIN-76 standard
chow by Research Diets Inc. (New Brunswick, NJ). One-month-old male mice, specific-pathogen-free
housed, were treated with 1,200 mg/kg chow PLX5622 for 30 days. To verify PLX5622 consumption

by the mice, their weight was monitored; no significant weight reduction was observed.
Tissue sample preparation, histological analysis and motoneuron counts

Mice were anaesthetized and transcardially perfused with 4% PFA in 0.1M phosphate buffer (PB) pH
7.4. Lumbar spinal cord samples were postfixed for 24 hr at 49C in the same fixative solution and
then cryoprotected at 42C with 30% sucrose in 0.1 M PB containing 0.02% sodium azide. Transverse

cryostat sections (16 um thick) were collected on gelatin-coated glass slides.

For MN counts, several randomly cryostat sections representing the lumbar spinal cord (L1 — L5)
were chose and stained with Cresyl Violet. a-MNs, located in the ventral horn, were identified by
their size (soma diameter > 20 um), morphology (multipolar appearance, prominent nucleolus, and
abundant Nissl granules in cytoplasm) and topography (Lamina IX of grey matter). MNs were counted
blindly on one side of every 2nd section, according to previously described criteria (Caldero et al.,
1997; P. G. Clarke & Oppenheim, 1995). Briefly, only MNs with a large nucleus and a visible clump of
nuclear material and a substantial intense basophilic cytoplasm were included in the counts. These
stringent criteria make not necessary the use of a correction factor for double counting (P. G. Clarke

& Oppenheim, 1995).
Immunocytochemistry and imaging

Cryostat sections were permeabilized with phosphate-buffered saline (PBS) containing 0.1% Triton X-
100 for 30 min, blocked with either 10% normal goat serum or normal horse serum in PBS for 1 h at
room temperature, and then incubated overnight at 4°C with an appropriate primary antibody

mixture. The primary antibodies used are indicated in Table 1.

Once previously washed with PBS, sections were incubated for 1 hour with a combination of
appropriate secondary fluorescent antibodies labelled with one of the following fluorochromes
(1/500): Alexa Fluor 488, DyLight 549 or DyLight 649 (Jackson Immuno Research Laboratories, West
Grove, PA, United States). Finally, the spinal cord sections were labelled with blue fluorescent

NeuroTrace Nissl staining (1:150; Molecular Probes) and mounted using an anti-fading medium
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containing 0.1 M Tris-HClI buffer (pH 8.5), 20% glycerol, 10% Mowiol, and 0.1% 1,4-

diazabicyclo[2,2,2]octane.

The slides were then examined under a FluoView FV-500 or FluoView FV-1000 Olympus laser-
scanning confocal microscopes (Olympus, Hamburg, Germany). The MNs were imaged after
obtaining optical sections (0.5 or 1 um) of cell bodies. For comparisons, slides from different animals
and experimental conditions were processed in parallel for immunocytochemistry and subsequent
imaging. The same scanning parameters were used for the acquisition of images corresponding to
different experimental groups. Digital images were analysed using FV10-ASW 3.1 Viewer (Olympus)

and the Imagel software (US National Institutes of Health, Bethesda, MD, USA).

Immunolabelled profiles of the different protein markers were examined and then were manually
counted on the screen for each MN soma. The area and perimeter of MN somata, and both
microglial and astroglial profiles covering or physically closed to MNs were also manually measured.
In axotomy experiments, we only analysed cell bodies located in the pes 9 region of the lumbar 6
spinal cord segment, which corresponds to the sciatic motor column (Watson, et al. 2009). The pool
of axotomized MNs was identified by their close interaction with recruited Ibal-stained microglial
cells. The number of synaptic boutons contacting activated microglia in axotomized MNs was

evaluated by image analysis (Imagel).

The digital images were edited using FV10-ASW 3.1 Viewer (Olympus) and Adobe Photoshop CS4

(Adobe Systems Inc, San Jose, CA).
Electron microscopy

Some of the animals were perfused either with 2% PFA and 2% glutaraldehyde in 0.1 M PB (pH 7.4)
for conventional electron microscopy. Dissected tissues were postfixed for 24 hr at 42C in the same

fixative solution.

For conventional electron microscopy, dissected tissues were sectioned at 200 um using a vibratome.
Then, the tissues were postfixed in 1% OsO, for 2 hr, and then contrasted with 0.5% uranyl acetate
for 30 min; all these procedures were conducted at 42C. After that, the samples were processed for
Embed 812 (Electron Microscopy Sciences, Hatfield, PA, USA) epoxy resin, according to standard
procedures. Semithin transversal sections (1 um thick) were stained with Richardson stain and
imaged using an Olympus 60x/1.4NA PlanApo oil immersion objective (Olympus) and a DMX 1200
Nikon (Tokyo, Japan) digital camera. Ultrathin sections were counterstained with Reynold’s lead
citrate. All observations were performed on a transmission electron microscope JEOL JE; 1010

(Akishima, Tokyo, Japan).
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Statistical analysis

The data is expressed as means + SEM. The statistical analysis was assessed by a Student’s t-test or
by 1- or 2-way analysis of variance (ANOVA) followed by post hoc Bonferroni’s test. The level of
significance was established at p < 0.05. GraphPad Prism 6 software was used for statistical analysis

and graph presentations of data.

RESULTS

Three patterns of MN pathology established on the basis of accumulation of misfolded SOD1G93A

The accumulation of misfolded SOD1 (mfSOD1) is a hallmark feature of spinal cord pathology in
mutant SOD1-mediated ALS animal models. mfSOD1 can be detected by conformational-specific
antibodies able to distinguish this form of SOD1 from those with native conformation (Bosco et al.,
2010; Brotherton et al., 2012; Fujisawa et al., 2012; Hernandez et al., 2010; Maier et al., 2018b; Paré
et al., 2018; Pickles & Vande Velde, 2012; Rakhit et al., 2007; Javier Sabado et al., 2013; Urushitani et
al., 2007). Due to its neurotoxicity, mfSOD1 is a key element in the pathogenesis of SOD1-mediated
familial ALS (Redler et al., 2014) and it has been suggested that may also play a role in sporadic ALS
when wild-type SOD1 adopt a “toxic conformation” by post-translational modifications (Bosco et al.,
2010; Forsberg et al., 2010; Maier et al., 2018b; Paré et al., 2018; Rotunno & Bosco, 2013). Thus, the
evaluation of SOD1 expression by means of antibodies like C4F6 or AJ10 (Brotherton et al., 2012;
Javier Sabado et al., 2013; Urushitani et al., 2007) in individual MNs may provide a valuable readout
of their pathologic status (Saxena et al.,, 2013). For this purpose, after analyzing mfSOD1
immunostaining, we defined three distinct patterns of its distribution in spinal cords sections in
SOD1G93A mice, that were categorized as follows (see Fig. 1 a-h): i) absence or very low levels of
mfSOD1-positive immunoreactivity (phenotype 1); ii) scattered mfSOD1 positive specks in the ventral
horn surrounding MN cell bodies largely devoid of mfSOD1 labeling (phenotype 2); and iii) MN cell
bodies showing highly positive mfSOD1 immunostaining (phenotype 3). Mitochondria have been
identified as a main target for misfolded SOD1 in spinal cord (Liu et al., 2004; Vande Velde et al.,,
2008). Translocation of mutant SOD1 to mitochondria results in swelling and ulterior massive

vacuolization, which were remarkably detectable under EM), but also identifiable with light
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microscopy, particularly in semithin sections (Higgins et al., 2003; Jaarsma et al., 2001; Wong et al.,
1995). As shown in Fig. 1 (e-n), we observed these vacuolated MNs in a pattern which coincides with
that described in previous reports (Fischer et al., 2004; Kong & Xu, 1998; Vinsant et al., 2013). This
type of degeneration allowed to perform a correlation between the above mentioned mfSOD1-based
phenotypes and the cellular structure; for instance: i) in the phenotype 1, vacuolar degeneration is
scarce or absent; ii) in the phenotype 2, vacuolar degeneration is conspicuous and mainly delimited
to MN dendrites and axons; iii) in the phenotype 3, vacuolar degeneration is also extensive within
MN somas. EM observations pointed out that vacuolar degeneration originated from both massive
mitochondrial swelling and endoplasmic reticulum (ER) vesicular fragmentation (Fig. 1, i-n and Suppl

Fig 1).

The longitudinal analysis of distribution of the three MN phenotypes during the time course of
disease showed that phenotype 2 is highly predominant at P30, whereas phenotype 3 appeared at
around P60 and extended until the end-stages of disease. Most of the phenotype 3 MNs disappeared
during a time interval ranging from P90 and end-stage, a period in which MN loss reached its
maximum (Fig. 1, o-s and Suppl Fig 2). In concordance with the phenotype 2, ultrastructural
examination at P30 showed a mitochondrial vacuolar degeneration restricted to MN processes
(dendrites and axons), with only minimal changes detectable in MN somata. These alterations
consisted of a focal enlargement of mitochondrial intermembrane space and early vacuolar changes
in the ER (Supp Fig 1 a-d). These data are in concordance with those previously reported (Bendotti et
al., 2001; Kong & Xu, 1998; Vinsant et al., 2013). In addition, some MNs occasionally showed massive
fragmentation of their ER into individual vesicles, which probably reflected a sustained ER-stress and
intracellular calcium homeostasis disturbance prior to overt neuronal degeneration and death.
Although the MN type 3 phenotype corresponded to a severe cellular damage, chromatin
condensation was never seen in these neurons. In addition, as expected, MN cell bodies with type 3
phenotype did not show positive signal for active caspase 3, this confirming the lack of apoptotic
machinery activation in these cells (not shown). The ultrastructural morphology of these highly
vacuolated MNs fitted well in the concept of paraptosis, in which cytoplasmic vacuolation arising
from altered mitochondria and/or ER are key features (Kim et al., 2021; Sperandio et al., 2000). The
maximal rise in the emergence of type 3 phenotype appears between P30 and P90. In this time
interval, a moderate but sustained, MN loss occurred, indicating that MNs with massive mfSOD1
accumulation die notably at presymptomatic or early symptomatic stages of the disease. Co-
immunostaining of mfSOD1 with the MMP9 showed that MNs with vacuolar degeneration
correspond to ALS-vulnerable MNs subtype (Kaplan et al.,, 2014). Type 3 phenotype was further

characterized by co-localizing mfSOD1 with mitochondrial and ER markers, showing that mfSOD1 was
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accumulated in large vacuoles of mitochondrial origin and did not share any compartmentation with
the ER markers PDI or BiP. This is consistent with the EM observations suggesting that enlargement
of vacuoles of mitochondrial origin is produced by coalescence of several less-sized membrane-
bounded elements; in this way, the very large vacuoles (5-10 um of diameter) like those we seen in
MNs can be generated (Supp Fig 1 e-i) The multi-mitochondrial origin of these giant vacuoles can be
proved by the presence of several segregated units of internal mitochondrial membrane complexes
that were seen accumulated in a corner of a vacuole and sharing a single highly-enlarged external

membrane (Supp Fig 1h).

We hypothesized that the fate of vacuoles massively accumulated in degenerating MNs should be
their release to the extracellular space in form of extracellular vesicles (EVs). For this reason we
further explored the association of some selected markers in vacuolated MNs (Fig 2). A strong
positive immunoreactivity for chromogranin was observed in the lumen of many, but not all, large
cytoplasmatic vacuoles of MNs with type 3 phenotype. Chromogranin is a protein found in secretoy
vesicles in neurons and neuroendocrine system that interact with mutant SOD1 in ALS (Urushitani et
al., 2006). In agreement with (Rudnick et al., 2017) we have observed some round bodies of about 3
um of diameter (2.98+ 0.09 um n=16) in vacuolated MNs that display a positive p62-
immunoreactivity indicating the dysregulation of autophagy also exist in these early degenerating
MNs (not shown). Also a highly positive CD81 immunoreactivity was observed in association with
large cytoplasmatic vacuoles of degenerating MNs overexpressing mfSOD1. CD81 is a member of
tetraspannin family of proteins that it was found enriched in extracellular vesicles or (EVs) or
exosomes (Kowal et al., 2016) including those of neuronal origin. However, other members of
tetraspannin family such as CD9 or CD63, were not found imitating a pattern described in some EVs
subtypes (Kowal et al., 2016). A positive signal for flotillin, another well stablished EV marker, was
also detected in relation to MN vacuolar degeneration. In addition, these paraptotic-like MNs
contained some pMLKL-positive granules, suggesting their involvement in a membrane rupture in a
similar way that occurs during execution of necroptotic cell death (H. Wang et al., 2014). If this was
the case, the ultimate fate of vacuolated MNs would be the membrane rupture and massive release

of vacuolar structures.

Thus, the significant (~60%) reduction of type 3 phenotype at the end-stage is a consequence of the
massive MN cell death that takes place once symptomatology has been started after P90. This
indicates that ALS-resistant MNs, which still remain at the end-stages of the disease, do not
particularly accumulate large amounts of mfSOD1. Importantly, the scarcity of type 3 phenotype at
end-stages, did not indicate a reduction of neuronal death. Conversely, since MN death is maximal in

this period, the phenotype of dying neurons did not involve mfSOD1 accumulation associated to
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vacuolar (paraptotic) morphology. Instead, most of degenerating MNs seen in ventral horn at end-
stages displayed disorganization of the normal intracellular organelle architecture, with a marked
reduction in the size of Golgi network, and prominent accumulation of small presumably transport
vesicles; these vesicles are clearly distinct in size and shape from those described in phenotype 3
MNs. In addition, in these MNs, almost all mitochondria virtually displayed a nearly normal
morphology, which greatly contrasted with that typically occurring in MN type 3 phenotype. Other
MNs at the end-stage displayed complete organelle disruption and amorphous intracellular
inclusions, which corresponded likely to large protein aggregates. Overall, these results indicate the

coexistence of a diversity of mechanisms of neuronal death during ALS progression.
Synaptic inputs to MNs and mfSOD1 accumulation

Alterations in synaptic inputs and MN excitability have been reported as early events in ALS (Bgczyk
et al.,, 2020; Chang & Martin, 2009; Delestrée et al., 2014; Martinez-Silva et al., 2018; Roselli &
Caroni, 2015; Saxena et al., 2013; Schutz, 2005; Vinsant et al., 2013; Zang et al., 2005; P. Zhao et al.,
2008). By examining the density of synaptic terminals on MN cell bodies by synaptophysin
immunolabeling, we did not observe any significant change between SOD1G93A and WT animals at
P60 (synaptic puncta/100 um MN perimeter: WT = 102.1 + 1.55, SOD1G93A = 106.1 + 1.39 [mean +
SEM]; n = 299 and 383 MNs, respectively, from 3 animals per condition; p > 0.05). However, a
significant loss of afferent axosomatic synapses was detected in SOD1G93A mice when the analysis
was restricted to MNs displaying the type 3 phenotype with extensive vacuolization and mfSOD1
accumulation (synaptic puncta/100 um MN soma perimeter: SOD1G93A MNs with type 3 phenotype
=91.01 £ 2.3 vs. the entire population of SOD1G93A MNs = 106.1 + 1.39 [mean + SEM], p < 0.0001; n
= 147 MNs from 3 animals). However, it appeared that the activity of afferent inputs on SOD1G93A
MNs underwent more widespread changes, which were reflected by alterations in the ultrastructural
organization of presynaptic organelles (Fig Supp 3, a-f). Indeed, the density of small (< 100 nm)
vesicles contained within afferent synaptic boutons on MNs was markedly reduced at P60, but not at
P30, SOD1G93A mice (Fig Supp 3, e);. This vesicle depletion occurred irrespective to S (excitatory) or
F (inhibitory) synaptic type (Conradi & Skoglund, 1969). In addition, many synaptic terminals at P60
contained an abnormal accumulation of large endosome-like vacuoles (> 100 nm of diameter), which
presumably indicates an altered synaptic vesicle recycling due to a dysregulation in neurotransmitter
release. Pioneering studies on the relationship between synaptic structure and function have shown
that increased synaptic activity results in an accumulation of complex vesicles and presynaptic
endocytic structures generated as a consequence of the blockade of the vesicle recycling process

(Christensen, 1976; Haimann et al., 1985; Heuser & Reese, 1973; Soykan et al., 2017).
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The ultrastructure of presynaptic boutons in advanced stages of the disease show extreme
degenerative changes and also presynaptic membrane disruption with release of vesicular structures
to the extracellular space (Fig Supp 3). Some of this changes have reported to occur in acute
degeneration of synaptic terminals in axotomized MNs and involve the activation of necroptotic

pathway (Salvany et al., 2021).

Regulation of MN excitability particularly depends on the activity of cholinergic C-type synapses (C-
boutons) throughout a decrease in the after-hyperpolarization (AHP) potential (Miles et al., 2007).
Although controversial (Dukkipati et al., 2017), changes in C-bouton size or density have been
reported in ALS (Casas et al., 2013; Herron & Miles, 2012; Lasiene et al., 2016; Milan et al., 2015;
Nagao et al.,, 1998; Pullen & Athanasiou, 2009; Saxena et al., 2013). By means of double
immunolabeling for VAChT and NRG1, the pre- and postsynaptic compartments of C-type synapses
can be delimited (Casanovas et al., 2017; Gallart-Palau et al., 2014), and their changes in relation to
the already defined misfolded SOD1G93A MN phenotypes can be examined. After co-
immunostaining with anti-mfSOD1 antibodies, we found that quantitative alterations in VAChT were
only observed in MNs showing type 3 phenotype, whereas postsynaptic organization, visualized by
NRG1 labeling, was already altered in less severe phenotypes and also in presymptomatic stages of
disease (Fig. 3 a - f). NRG1 is a protein co-clustered with other molecules forming part of the signaling
complex associated to the subsynaptic cistern of C-boutons (Casanovas et al., 2017; Deardorff et al.,
2021; Witts et al., 2014). It should be noted that in MNs at early stages of disease (P30) or in those
exhibiting middle severity alteration (type 2 phenotype), presynaptic VAChT-positive C-bouton
terminals are moderately, but significantly, enlarged in SOD1G93A animals. This is consistent with
previously reported findings (Herron & Miles, 2012; Milan et al., 2015; Pullen & Athanasiou, 2009;
Saxena et al., 2013). Thus, alteration in C-bouton signaling may be relevant in determining MN
dysfunction prior to cell death. For this reason, we analyzed the impact of a C-bouton signaling-
pharmacological intervention on mfSOD1 accumulation by means of a treatment with the M2
muscarinic cholinergic receptor agonist (oxotremorine) or antagonist (methoctramine), according to
stablished protocols (Saxena et al., 2013). The effects of these interventions on the expression of
mfSOD1 and C-bouton morphological parameters were examined after 15 days of treatment started
at p60. Methoctramine significantly promoted the expression of mfSOD1 in ventral horn (Fig. 3 g).
Both treatments resulted in a similar effect increasing the number and size of VAChT-positive C-
bouton terminals (Fig. 3 h-i). Similar changes were found in the size of NRG1 spots (Fig. 3 j),
representing the postsynaptic side of C-boutons; however, no changes were noticed in the density of

NRG1 spots on MN somata after these treatments.

Glial responses and mfSOD1 accumulation
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A critical aspect of ALS pathology is glial activation, which affects the onset and progression of
disease (Beers et al., 2011; B. E. Clarke & Patani, 2020; D’Erchia et al., 2017; Frakes et al., 2014; Hall
et al., 1998; Nagai et al., 2007; Philips & Robberecht, 2011). Microglial activation results in a cell
proliferation and phenotype switching from a protective anti-inflammatory state to another with
neurotoxic pro-inflammatory features (Geloso et al.,, 2017; W. Zhao et al., 2013). Microgliosis is
particularly prominent at advanced stages of disease but has also been detected presymptomatically
either by histological analysis or by molecular signature (Maniatis et al., 2019; Sanagi et al., 2010).
The extent of astrogliosis and microgliosis in relation to mfSOD1 expression in spinal cord ventral
horn was analyzed in SOD1G93A mice along the disease progression. This was accomplished after
triple fluorescent immunolabeling for GFAP, Ibal and C4F6. All these markers showed a progressive
and parallel rise, indicative of both astrogliosis and microgliosis, from P30 to the end-stages of
disease (Fig. 4 a-b). However, the expression of mfSOD1 did not follow a similar parallel course, with
a rapid rise between P30 and P60 and ulterior gradual decline (Fig. 4 c). It is interesting to note that,
at the end-stage period, the content in mfSOD1 is importantly reduced, probably due to a substantial

loss of MNs involving those of type 3 phenotype.

A more detailed analysis of the microglial reaction occurring in close apposition with MN cell bodies
was also performed in relation with their mfSOD1 content and MN phenotypes. These results are
depicted in Fig. 4. MN cell bodies closely interacted with recruited microglial cells in a positive
correlation with the disease progression. Moreover, MN cell bodies expressing high levels of mfSOD1
are largely covered by microglia (Fig. 4 d). A parallel increase in the amount of CD68+ lysosomal
particles within lbal-delimited microglia profiles, indicative of their phagocytic activity, were
observed (Fig. 4 e). A similar profile was found for the expression of galectin-3/Mac-2, which is a
marker for a subset of activated-phagocyting microglial cells (Reichert & Rotshenker, 2019), and for
the inflammatory molecule Clq (Fig. 4 f and g). However, when Ibal-positive microglia was co-
immunolabeled for the P2Y12R, an inverse time course profile was observed, with a maximal
expression at presymptomatic stages (P60) and a subsequent decline reaching minimal levels at end-
stages (Fig. 4 h). P2Y12R is a subtype of G-coupled purinergic receptor uniquely expressed in CNS
microglia (Sasaki et al., 2003) and strongly downregulated in their activated states, when microglia
progress from ramified to amoeboid morphology (Haynes et al.,, 2006); this assumption is fully
consistent with our data in ALS mice. In addition to longitudinal analysis during evolution of ALS,
when microglia was analyzed topologically in relation to MN mfSOD1 phenotypes, it was found that
all markers of activation were moderately elevated around MNs with type 3 phenotype, whereas the

levels of P2Y12R were not affected by the proximity of mfSOD1 deposits (Fig. 4 h).

Elimination of microglia reduces the severity of MN phenotypes of mfSOD1
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PLX5622 is a CSF1R inhibitor that, administered orally in mice, results in a virtual elimination of the
whole microglial population (Elmore et al., 2014). By applying this drug, we examined how the
absence of microglial cells affected the expression of mfSOD1 in SOD1G93A animals. lbal
immunostaining was performed at P30 in animals that were treated with PLX5622 for 30 days, which
resulted in the lack of detectable microglia on spinal cord sections. This treatment also provoked a
reduction of mfSOD1 expression when analyzed at P60. The percentage (mean + SEM) mfSOD1-
immunoreactivity occupancy found in ventral horn was: WT = 0.18 £ 0.02 [n = 32]; SOD1G93A P60=
7.4 £ 0.86 [n = 29]; SOD1G93A P60-PLX5622 = 3.45 £ 0.39 [n = 52] (SOD1G93A P60 vs. SOD1G93A
P60-PLX5622, p < 0.05 [one-way ANOVA]; n = number of measurements from 3 animals per
condition). It is interesting to note that mfSOD1-immunoreactive vacuolated (type 3 phenotype) MNs
were markedly depleted in the absence of microglia, as shown by the analysis of C4F6 signal
occupancy on P60 MN somata (WT = 0.23 £ 0.04 [n = 62]; SOD1G93A P60 = 12.69 + 1.75 [n = 54];
SOD1G93A P60-PLX5622 = 2.4 + 0.21 [n = 95]; p < 0.0001, SOD1G93A P60 vs. SOD1G93A P60-

PLX5622 [one-way ANOVA]J; n = number of measurements from 3 animals per condition).
Effects of peripheral nerve injury in SOD1G93A mice on the progression of MN pathology

According to the “dying back” hypothesis, it has been proposed that ALS is initiated as a distal
axonopathy which evolves to proximal axonal degeneration; this would lead to an altered
retrograde-signaling cascade resulting in a MN death (Fischer et al.,, 2004). The interruption of
neuromuscular connection due to a peripheral nerve injury is also a strong negative modifier of ALS
phenotype in animal models (Mariotti et al.,, 2002; Schram et al., 2019; Sharp et al., 2005).
Nevertheless, some positive effects promoting regenerative events and MN survival were also

observed after nerve crush in SOD1G93A mice (Kong & Xu, 1998; Sharp et al., 2018).

Here, we examined whether sciatic nerve transection (axotomy), performed in SOD1G93A mice,
alters the expression of mfSOD1 MN phenotypes and promotes neuroinflammation in spinal cord.
MN anterolateral pool located at lumbar spinal cord, which corresponds to the location of the
injured MNs, was analyzed 7 days following axotomy performed at distinct time points of disease
progression (P30, P60 and P90). In all conditions, we observed that a shift of the relative amount of
the three MN phenotypes to those more harmful occurred as a consequence of nerve transection.
For example, at a presymtomatic stage (P30) in which the MN phenotype type 3 (paraptotic-like) was
not yet appeared in unoperated SOD1G93A mice, sciatic nerve axotomy resulted in an induction of
this worse cytopathological phenotype affecting 14% of MNs. Nerve axotomy performed at later
stages, such as P60 or P90, also entailed a worsening in the MN phenotype score (Fig. 5 a-d). It is well

known that peripheral nerve lesion induces a plethora of changes in axotomized MN cell bodies and,
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also in adjacent synaptic afferents and glial cells (Salvany et al., 2019, 2021). Thus, the strong
neuroinflammatory response induced prematurely by axotomy in SOD1G93A animals may act as a
synergic mechanism in promoting non-cell-autonomous MN degeneration and mfSOD1 expression
(Fig. 5 e and f). This also indicates a link between the expression of neurotoxic forms of SOD1 in MNs
and neuroinflammation. It is conceivable that the injury-mediated microgliosis, when produced
under a SOD1G93A background, may exacerbate the endogenous neurotoxicity of microglia that
basally exists as a consequence of the disease (Beers et al., 2006; Clement et al., 2003). Conversely,
mfSOD1 accumulated in degenerating MNs, could be released at the extracellular medium via
exosomal or necroptotic-like extracellular vesicles; since extracellular mfSOD1 is a potent trigger of
microgliosis (W. Zhao et al., 2010), a harmful feedback loop potentiating neuroinflammation and

neurotoxicity in SOD1G93A mice could be established at local level.

To determine whether axotomy potentiates the acquisition of a harmful microglial phenotype, the
expression of CD68, Mac-2, and Clqg were examined within Ibal-positive cells recruited around
axotomized MN cell bodies. This analysis was performed in SOD1G93A animals at presymtomatic
(P60) and symptomatic (P90) stages and 7 days postaxotomy. It is interesting to note that at P60 the
density of microglial cells with phagocytic activity, based on the CD68-expression analysis, was either
not changed or tended to be reduced as a consequence of axotomy. A similar result was seen when
CD68 was evaluated in relation to mfSOD1 MN phenotypes. A comparable profile was found for Mac-
2 expression. However, the opposite was observed at P90; at this age, the microglial
neuroinflammatory response induced by axotomy, entailed the acquisition of a worse microglial
phenotype, which included the upregulation of CD68-positive particles and the acquisition of Mac-2

expression (not shown).

DISCUSSION

The availability of conformational-specific mfSOD1 antibodies allowed us to explore in some detail
the cellular distribution of these toxic SOD1 conformers and their association with MN degeneration
and gliosis during ALS progression in SOD1G93A mice. Since targeting mutant SOD1 neurotoxicity is a
significant approach for ALS therapy (Gros-Louis et al., 2010; Maier et al., 2018a; Raoul et al., 2005;
Sun et al., 2012; Urushitani et al., 2007), the new information we provide here on the involvement of
mfSOD1 in MN pathology may be relevant in future designs of SOD1-based ALS treatments. Most of

our data on mfSOD1 localization were obtained using the C4F6 monoclonal antibody and are highly
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coincident with those previously reported using this antibody (Brotherton et al., 2012); additionally,
according to animal species requirements, for multilabeling experiments, our rabbit anti-mfSOD1
AJ10 antibody was also applied when needed. Both antibodies give the same pattern of
immunoreactivity when analyzed together in spinal cord sections of SOD1G93A mice (J Sdbado et al.,
2015). We found that mfSOD1 immunoreactivity was mainly associated to MNs, starting on their
dendritic and axonal expansions with a later accumulation on cell bodies. This sequential distribution
allowed us the delimitation, for operative purposes in this work, of the above described three
phenotypes. There is also a good correlation between mfSOD1 signal and the presence of vacuoles in
MNs. Vacuolar degeneration has been largely described in degenerating MNs in mutant SOD1
transgenic mouse models, with both mitochondria and ER as the main organelles involved in vacuole
formation (Bendotti et al., 2001; Dal Canto & Gurney, 1994; Higgins et al., 2003; Jaarsma et al., 2001;
Kong & Xu, 1998; Wong et al., 1995). Since these are the hallmark features of paraptosis (Kim et al.,
2021; Sperandio et al., 2000), we propose to apply this concept to vacuolated MNs in the context of
mutant SOD1 ALS. Thus, the extensive and emerging data about the molecular pathways involved in
the paraptotic cell death in a variety of contexts may eventually help to find new targets for SOD1-
mediated therapy in ALS. Vacuolated MN degeneration has been also observed during glutamate-
mediated excitotoxic cell death, and ER dilatation and fragmentation is also a prominent
ultrastructural feature of this form of neuronal death (Calderé et al.,, 1997). However, the
mitochondrial swelling in this excitotoxic paradigm is not as massive as in ALS SOD1 MNs; moreover,
some degree of chromatin clumping, which we did not observe in ALS-SOD1 paraptotic-like MNs, is

usually present in excitotoxic MNs.

It has been observed that massive mitochondrial swelling in the SOD1G93A mice results from an
expansion on the intermembrane space in which the involvement of peroxisomes has been
suggested as membrane donors (Higgins et al., 2003). This is in contrast with the more common
mechanism of pathological mitochondrial swelling that occurs by the increase of matrix volume due
to the altered ionic fluxes, osmotic imbalance and opening the permeability transition pore at the
inner mitochondrial membranes (Javadov et al., 2018). This form of mitochondrial swelling is also
seen in damaged cells present in the spinal cord of SOD1G93A mice, but also co-exists with a
prominent intermembrane swelling of vacuolated MNs. Thus, mitochondrial damage in these
mfSOD1-containing MNs seems to entail specific mechanisms, and could be the consequence of a
tissue-specific interaction of mutant SOD1 with molecular components of the surface of outer

mitochondrial membrane (Israelson et al., 2010; Pedrini et al., 2010; Vande Velde et al., 2008).

The ultrastructure appearance of the larger vacuoles (>10 um diameter) suggests they are formed by

fusion of some units of already vacuolated mitochondria. As a consequence of fusion of outer
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mitochondrial membranes, single giant vacuoles were formed. This giant vacuole contains several
highly folded inner mitochondrial membrane units gathered at the wall of a big vacuole, which
presumably originates by the fusion of several vacuolated mitochondria carrying their extended
outer membrane. It should be noted that large vacuolated spheroidal mitochondria, present in axons
and dendrites in concomitance with mfSOD1 accumulation, is and early event in SOD1G93A MN
pathology; this corresponds with the pattern designated as type 2 phenotype in this work, which is
prominent at P30, long time before the onset of symptoms. It is possible that the spatially restricted
environmental conditions, characteristic of MN processes in relation to cell bodies, made the
mitochondria present in axon and dendrites more vulnerable to mfSOD1 pathology. In this line, it has
been shown that pathological elevations of neuronal Ca2+ starts in dendrites and later propagate to
somas (Vande Velde et al., 2008). Imbalance of intracellular Ca2+, perturbation of ER-mitochondrial
signaling and protein misfolding are crucial elements in determining paraptosis (Kim et al., 2021),

which seems to be also shared by mfSOD1-containing MNs.

Alterations in the activity of afferent synaptic inputs may modulate the time course and severity of
these early degenerative changes in mfSOD1-containing MNs. This is consistent with our results
detecting premature structural alterations in synaptic terminals contacting MNs, and the observed
effects of a pharmacological alteration of C-bouton-mediated neurotransmission. Our results showed
that treatment with methoctramine, to block muscarinic cholinergic inputs, results in a significant
promotion of the mfSOD1 expression in ventral horn and change the relative distribution of mfSOD1
MN phenotypes during ALS progression in SOD1G93A mice. This is consistent with data previously
reported (Saxena et al., 2013) and with the idea that the hypoexcitability is a positive factor in the
promotion of MN vulnerability in ALS (Baczyk et al., 2020; Delestrée et al., 2014; Filipchuk et al.,
2021; Martinez-Silva et al., 2018; Ruegsegger & Saxena, 2016; Saxena et al., 2013). It has been shown
that the organization of postsynaptic glutamate receptors in synaptic afferents on MNs is critically
disrupted before the alteration their presynaptic partners in SOD1G93A mice (Baczyk et al., 2020).
We observed an early dismantlement of the sub-synaptic cistern associated to C-boutons, which
presumably results in a dysfunctional synaptic signaling in this particular type of synapse that
critically regulates MN excitability. As the normal organization of the ER appears severely disrupted
in vacuolated MNs, it should be expected that the sub-synaptic cistern, as specific ER sub-
compartment, may be also involved in the change. Thus, we must conclude that the decreased
functionality of glutamatergic and cholinergic synapses contributes to MN hypoexcitability, mfSOD1

burden and MN vacuolar degeneration.

We have surprisingly found that paraptotic-like MNs exhibit positive immunoreactivity for flotillin

and CD81 located within the large vacuoles of mitochondrial origin. Flotillin and CD81 are members



RESULTATS

of tetraspanin family that regulate membrane morphology and dynamics, affect intracellular
trafficking, exocytosis-endocytosis and intercellular signaling (Hemler, 2005), and are also recognized
as markers for extracellular vesicles (Kowal et al., 2016). The mitochondrial origin of vacuoles
containing CD81 has been confirmed by its positive co-staining with ATP5A (complex V) antibody. The
identification of mitochondrial components in extracellular vesicles displaying tetraspanin exosomal
markers has been recently reported (D’Acunzo et al., 2021; Picca et al., 2020). Thus, the existence of
vacuoles containing mfSOD1 associated with tetraspanins and mitochondrial components in
degenerating MNs, points out about the possibility that they may be involved in the generation of
extracellular vesicles which once release contribute to local neuroinflammation and prion-like
spreading of the disease (Bellingham et al., 2012; Grad et al., 2014; Silverman et al., 2019). Another
possibility is that, once generated, vacuolated mitochondria may be disrupted as a consequence of a
promotion of fission molecular mechanisms that seem to be activated in ALS (Joshi et al., 2019).
Thus, mitochondrial fragments may be eventually transferred to other neighboring cells (Hayakawa

et al., 2016; Joshi et al., 2019).

Another intriguing aspect of vacuolated MNs is their content in pMLKL-positive particles, which is
indicative of activation of the terminal effector of necroptotic pathways. Using the same antibody
against pMLKL, it has been demonstrated the translocation of this protein from the cytosol to
membrane fractions, including mitochondria, during necroptosis; pMLKL-positive puncta have also
been observed by immunofluorescence in cells undergoing necroptosis (H. Wang et al., 2014). Since,
once translocated, pMLKL is a membrane integrity disruptor, its role in the formation and release of
mfSOD1-containing vesicles from vacuolated MNs should be further analyzed. Previous studies
examining the involvement of necroptosis in ALS have resulted unclear: necroptosis has been
proposed as a mechanism for MN death induced by ALS-astrocytes “in vitro” (Re et al., 2014), and
elevation of necroptotic markers including MLKL has been observed in spinal cords from SOD1G93A
mice and patients with sporadic ALS (lto et al., 2016). However, deletion of MLKL or either RIP1 or
RIP3 kinases does not improve either the neuropathology or the clinical course of ALS in transgenic
SOD1 mouse models (Dermentzaki et al., 2019; Dominguez et al., 2021; T. Wang et al., 2020). In any
case, the pathogenic role of necroptosis in ALS cannot be totally excluded, since the activation of
compensatory mechanisms may account for the lack of beneficial effects obtained by the deletion of
some necroptotic mediators on transgenic mouse models (Dermentzaki et al., 2019). In addition,
other cell death mechanisms appear to be activated in non-vacuolated MNs in the more advanced

stages of the disease that could not be abolished in these mutants.

Extracellular mfSOD1 does not kill MNs “per se” but, when derived from neurons and astrocytes, is a

potent inducer of microglial activation and microglia-mediated neurotoxicity (Urushitani et al., 2006;
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W. Zhao et al., 2010). In concordance with our data, it has been shown that extracellular vesicles of
neuronal and astroglial origin may carry abundant mfSOD1 in SOD1-mediated ALS in humans and
mouse models (Silverman et al., 2019). Neurosecretory proteins such as chromogranins interact with
mutant SOD1 and mediate its secretion to the extracellular space where becomes indirectly toxic for
MNs following microglial activation (Urushitani et al., 2006; W. Zhao et al., 2010). Given our data on
the coexistence of mfSOD1 with chromogranin, the EVs markers flotillin and CD81, and the
membrane disruptor pMLKL in vacuolated MNs, it is suggested that they might act as microglial
attractors in the immediate vicinity of vacuolated MNs. For this reason, we analyzed topographically
the microglial recruitment in relation to the above defined patterns of mfSOD1 expression in MNs. A
good correlation between the severity of mfSOD1 accumulation in MNs and local microglial
recruitment has been observed among the distinct MN phenotypes (Fig. 4 d). These locally
positioned microglia display an activation profile with increased expression of CD68, Mac-2 and Clq
(Fig. 4 e - g), and vice versa, the status of microglia also impacts on the extension of mfSOD1
accumulation and vacuolar degeneration of MNs. This can be concluded from our experiments in
which microgliosis in the immediate MN environment was altered either by pharmacological
elimination of microglia or by promoting a supplementary axotomy-induced chemotaxis. This points
out to the crucial role of non-neuronal cells contributing to MN death via non-cell-autonomous
mechanisms (Clement et al., 2003). In this line, it has been shown that microglia expressing mutant
SOD1 is neurotoxic for MNs (Frakes et al., 2014; Xiao et al., 2007; W. Zhao et al., 2010), and probably
play a distinct pathogenic role according to the natural history of the disease. By eliminating the
expression of mutant SOD1 in MNs it is concluded that the protein is a primary determinant of
disease onset, whereas decreasing mutant SOD1 levels in microglia slows disease progression
(Clement et al., 2003). Our data may fit with this concept if we consider that vacuolar MN
degeneration, which predominates at the early presymptomatic stages, is followed by a progressive
glial activation and more extensive neurotoxicity, triggered by the release mfSOD1 and EVs from
degenerating or disrupted vacuolar MNs. This second phase would be linked to the paralysis onset
and disease progression, in which microglial-derived neurotoxicity affects the less vulnerable MN
subtypes. It is interesting to note that according to our results and others (Kong & Xu, 1998), the
vacuolation is a transient process mainly affecting the MMP9-positive fast-twitch, vulnerable, MNs.
We deduce that since, once disrupted, vacuolar degeneration does not the rest of less vulnerable
MNs that also undergo a degenerative pathology with a clearly distinct non-vacuolar phenotype may
be expressive of a glial-mediated neurotoxic attack instead a cell autonomous mutant-SOD1-
mediated damage. But the more exact mechanism involved in the MN degeneration and death in the

later phases of ALS progression remain to be determined.
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In conclusion, our results more precisely map the neuropathological events occurring in the early and
late stages of ALS progression in the SOD1G93A mouse model. In particular, we focused our
attention on the location of mfSOD1 as a crucial determinant of the initial steps of MN degeneration,
in which the ER and mitochondrial vacuolation are the main hallmarks. The association of mfSOD1-
containing vacuoles with chromogranin, EVs markers and, also, pMLKL points out to a new
mechanism in which EVs derived from damaged MNs, via cellular secretion or necroptotic disruption,
may be the triggers for the initial steps in neuroinflammation, glial-mediated neurotoxicity and
disease spreading. A more detailed knowledge of these processes occurring long before end-stages
of the disease will allow us to identify new molecular targets to be further investigated in future

preclinical trials.
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Fig 1. Demarcation of MN phenotypes in spinal cord ventral horn we described in SOD1G93A ALS
mice in basis of their immunostaing of mfSOD1 using the conformational-specific antibody C4F6 (a-
d); mfSOD1 signal (red) is depicted in combination of Nissl-staining (blue) in the indicated conditions
and taken from p60 mouse. mfSOD1 was absent or very low in WT or phenotype 1 (a, b) and
predominates in MN neuropile (encircled in ¢) or MN somas respectively in the phenotypes 2 and 3
(c, d). The mfSOD1 phenotypes can be correlated with vacuolar changes observed in 1 um plastic
semithin sections (e-h); vacuoles are virtually absent in WT or type 1 phenotype (e, f), abundant in
the neuropile in type 2 phenotype (g) and in the soma of MNs presenting massive vacuolization in
the type 3 phenotype (h): note the absence on chromatin condensation in MNs undergoing advanced
stages of vacuolar degeneration. Ultrastructural analysis of vacuolar degeneration in SOD1G93A MNs
at p60 (i-k) vs control WT (I-n) in which representative images of dendrites (i and I) and somas (j and
m) are depicted. Equivalent regions in semithin section of EM-imaged areas are indicated by arrows.
In (i) the mitochondrial origin of vacuoles in dendrites is shown; the cytoplasm of the dendrite
(dashed in green) is largely occupied by an enlarged and swollen mitochondria (m and dashed in red)
caused by a huge expansion of the outer mitochondrial membrane. Compare with the ultrastructure
of a dendrite seen in a control animal (dashed in green) containing several normal mitochondria (m)
and receiving several axodendritic synaptic contacts (sy and dashed in blue); by contrast, synaptic
contacts are not seen in vacuolated dendrite which is contacted, instead, by some glial processes
(As). The ultrastructure of the soma of vacuolated MNs is shown in (j) and detailed in (k); equivalent
areas taken from control MNs are depicted in (m) and (n). MNs undergoing vacuolar degeneration (v)
display a massive fragmentation of endoplasmic reticulum (er) and mitochondrial expansive
enlargement of intermembrane space (m). It is remarkable that within the nuclei (N, dashed in violet)
chromatin ultrastructure remains intact in massively vacuolated MNs as seen by comparing (j) and
(m). Quantification of misSOD1 in MN soma according phenotypes (0), MN phenotype frequency
among postnatal days (p), and misSOD1 occupancy along postnatal days. (r-s) Quantification of
healthy (r) or degenerating (s) MNs in spinal cord sections stained with Nissl stain. Data in graph are
shown as mean = SEM, from 31 to 107 MNs (n=3 animals) in (0); (p) total MNs of different cryostat
sections of 3 different animals in each condition; and from 15-18 spinal cord sections (n=3); images
from (o and q) were projected Z-stacks; (r-s) total MNs of different cryostat sections (n=3) in each
condition; * p < .05; ** p < .01; *** p <.001; **** p < .0001, one-way analysis of variance (ANOVA),
Bonferroni’s post hoc test. Scale bars: a = 20 um (valid for b-d); e = 20 um (valid for f-h); i = 1 um
(valid for m); j = 250 nm (valid for m); k = 100 nm (valid for n).
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Fig 2 Immunocytochemical characterization of MN vacuolar degeneration. MNs displaying high
immunoreactivity to mfSOD1 using C4F6 antibody (red) were co-immunostained with several
antibodies as indicated (green). Samples were taken from p60 SOD1G93A or WT mouse and
counterstained by Nissl (gray). In low magnification micrographs of whole spinal cord, a number of
neurons displaying strong mfSOD1 are seen located at the ventral horn (a); in the enlarged inset a
detail of a mfSOD1 positive MN showing its associated vacuolar degeneration evidenced after Nissl
co-staining. On each row, a detail of mSOD1 (red) and the corresponding protein signal is depicted in
separate and combined image in the insets. Scale bars: a = 500 p (valid for b); c = 20 um (valid for d);
e = um (valid for f-k).
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Fig. 3. MNs triple immunolabeled for BC proteins NRG1 (green) and VAChT (red) and mfSOD1 (grey).
The MN profile is delimited by a dashed line. MNs are classified according the defined phenotipes.
Quantification of VAChT and NRG1 area, according postnatal days (e) or MN phenotype (f).
Quantification of mfSOD1 neuropile occupancy, VAChT spot area, VAChT density, and NRG1 spot
area (g-j), after the treatment with Oxotremorine (Ox) and Methroctamine (Meth) compared with
aged-matched transgenic animals and with a wt animal. Data in graphs are shown as mean * SEM,
from 70 — 200 MN spots in (a, b); from 24 to 29 MN neuropile (g); from 167-219 VACht spots (h); 24
to 59 MN (i); and from 73-206 NRG1 spots (j); from three mice in each condition, in projected Z-
stacks; * p < .05; ** p < .01; *** p <.001; **** p < .0001, one-way analysis of variance (ANOVA),
Bonferroni’s post hoc test. Scale bars: e = 20 um (valid for a-c).
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Fig. 4. Quantification of MN neuropile occupancy of GFAP (a), Ibal (b) and mfSOD1 (c). Quantification
of the MN perimeter covered by microglia (d) and the ratios of Ibal/CD68 (e), lbal/MAC2(f),
Ibal/Clq (g) and Ibal/P2Y12R(h) during the time point course of ALS or along our established
phenotypes. In each condition, Ibal is showed in red and mfSOD1 in grey. The different microglial
markers are shown in green. The MN profile is shown by dashed line. Data in graph are shown as
mean + SEM, from 15 to 20 MN neuropile sections (a-c); and from 20 to 50 MN neuropile (d-h), from
three mice, in projected Z-stacks; * p < .05; ** p < .01; **** p < ,0001, one-way analysis of variance
(ANOVA), Bonferroni’s post hoc test. Scale bars: a = 30 um (valid for d-h).



249 RESULTATS

G93A + axotomy G93A + axotomy G93A + axotomy
p30/7d p60/7d p90/7d

>

©

e

©

©

c

5 ® F3
a ~

© o 50 ® F2
o -

a ® F1
>

&

(=]

c

[

=

o

0
Contr Axot Contr Axot Contr Axot
P30 P60 P90
SOD1 G93A

e 25 = P, *ERK f 40+ Fedkekk
= -
> T = Q T
o 204 o}
= o *rk © W 30
Q = £ ..E.
o E o
- 154 N >
3 > o
o N Z 204
€ e s <
w o 104 - 2
o = o %
© ]
=3 X g 101
El 54 Q
i el W #
o
o
o oL 1, : .
Contr Axot Contr Axot Contr Axot Contr Axot Contr Axot Contr Axot
P30 P60 P90 P30 P60 P90

SOD1 G93A SOD1 G93A



RESULTATS

Fig. 5. Axotomized MNs immunolabeled for microglia (red) and mfSOD1 (grey) at 7 days after
axotomies, which were perfomed at different time points (a-c). Quantification of the phenotype
abundancy (d), the MN neuropile occupated by microglia (e) and the MN soma occupated by
mfSOD1 (f) at 7 days after axotomy performed in different time points. Each condition is compared
with the age-matched mice. Data in graphs are shown as mean + SEM, from the total amount of MN
of several cryostat sections of 3 different animals (d); from 17 to 82 MN neuropile (e); from 20 — 60
MN soma (f-h); from 3 mice, in projected Z-stacks; * p < .05; *** p < .001; **** p < .0001, one-way
analysis of variance (ANOVA), Bonferroni’s post hoc test. Scale bars: a = 40 um (valid for b and c).
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Fig Supp 1. Ultrastructure of vacuolar degeneration in SOD1G93A MNs. A low magnification EM
view of WT and p30 SOD1G93A MN somas (a,b) showing early vacuolar changes (arrows); MN somas,
nuclei and afferent synapses are dashed in blue, red and green respectively (N, nuclei; ER,
endoplasmic reticulum; G, golgi, Sy, afferent synapses). A detail of mitochondrial ultrastructure
within MN somas from WT and SOD1G93A at p30 and p60, as indicated, is shown (c-e); note the
early swelling of mitochondrial matrix within the inner mitochondrial membranes in conjunction with
early cytoplasmic vacuolization (*) at p30 (d) and its progression reaching massive vacuolization with
enlargement of intermembrane space (*) observed at p60 (e). An example of coalescence and fusion
of vacuoles seen p60 is shown (arrow in g) in which swollen remnants of inner mitochondrial
membrane can be seen (dashed in blue). A big dendric vacuole presumably generated by fusion of
several expanded outer mitochondrial membranes that delimitate a single vacuole containing several
units of inner membrane complexes clustered at the periphery of vacuole (dashed in blue) (h).
Frequency distribution of the size of vacuoles measured on p30 and p60 MN somas is shown (i, j).
Scale bars: a =2 um (valid for b, g, f); c =1 um (valid for d-e).
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Fig. Supp 2. Nissl staining of spinal cord sections where MNs of WT (a-b) compared with those from
p30, p60, p90 and end terminal states (c-f) can be observed. Note the decrease of MN somata
according to the advance of the disease. A magnification of a vacuolated MN is shown in (g). Axons
from the ventral root sections of p60, p90 and end terminal animals are shown (h-j) showing a
different degree of degeneration. Scale bars: f = 100 um (valid for a, c, d, e); b = 25 um (valid for g).
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Fig Supp 3. Ultrastructural analysis of synaptic afferent boutons on MN cell bodies in WT (a) and
SOD1G93A animals at p30 (b), p60 (c) and end-terminal (d) animals. Note the presence of large
endocytic-like large vesicles inside some terminals (v) at p60 and their disruption at the end-terminal
stages which include the release of extracellular vesicles (*). In (e), the density of synaptic vesicles in
MN afferent terminals was quantified considering the whole synaptic vesicle population (WP), and
the synapses containing spherical (S) or flattened (F) synaptic vesicles. In (f) the number of endocytic-
like vesicles (>100 um) in presynaptic afferent terminals was quantified. Data are presented as mean
+ SEM ; * p < .05; *** p <.001; **** p < .0001, one-way analysis of variance (ANOVA), Bonferroni’s
post hoc test. n = xx — xx terminals rom xxx animals per condition. Scale bars: a = 1 um (valid for b-d).
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Target Host species Source Dilution
(catalogue n2)
ATP5A Mouse Abcam (ab14748) 1:100
monoclonal
Clq Rabbit Abcam (182451) 1:1000
monoclonal
CD11c Hamster AbDserotec 1:50
monoclonal (MCA1369T)
CD63 Rabbit Abcam 1:100
monoclonal (ab217345)
CD68 Rat AbDserotec 1:100
monoclonal (MCA1957T)
CD81 Rabbit Abcam 1:100
polyclonal (ab155760)
CDh9 Rabbit Abcam (ab92726) 1:350
monoclonal
Glial fibrillary Chicken Abcam (ab4674) 1:1000
acidic protein polyclonal
(GFAP)
lonised calcium- Goat Abcam (ab5076) 1:500
binding adaptor polyclonal
molecule 1 (IBA1)
Mac-2 Rat Cedarlane 1:800
monoclonal (Burlington,
Canada)
(CL8942AP)
MLKL (phospho Rabbit Abcam (196436) 1:100
S345) monoclonal
NRG1 1a /B 1/2 Rabbit Santa Cruz (sc- 1:300
polyclonal 348)
P2RY12 Rat Biolegend 1:100
monolonal (848002)
SOD1 (AJ10) Anti- Rabbit AbBcn 1:1000
Misfolded Human polyclonal (4251/4252)
SOD1
SOD1 (C4F6) Anti- Mouse MediMabs 2B 1:100
Misfolded Human | monoclonal Scientific (MM-
SOD1 00070-2-P)
Synaptophysin 1 Guinea pig Synaptic Systems 1:500
polyclonal (101 004)
Vesicular Guinea pig Synaptic Systems 1:500
acetylcholine polyclonal (139 105)
transporter
(VAChT)

Table 1. Antibodies used for immunocytochemistry.
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DISCUSSIO

1. Caracteritzacido molecular i estructural dels terminals de

tipus C

En els ultims anys, els BC, principals reguladors de I'excitabilitat de les a-MNs, han anat guanyant un
considerable interes en relacid a la patologia de la MN. Arran de la descripcié de mutacions en
proteines associades als BC i la seva relacid amb casos d’ELA familiar (S. Watanabe et al., 2016),
diversos autors han analitzat aspectes d’aquests aferents com sén la seva funcid, estructura i
composicid proteica, tant en condicions fisioldgiques com patologiques (Deardorff et al., 2014; Witts

et al., 2014).

El primer objectiu de la present tesi era aprofundir
en els estudis previs del grup en els que es va
demostrar l'existéencia de la NRG1 associada als
terminals colinérgics de les MNs, concretament
ubicada en la SSC (Gallart-Palau et al., 2014). Es va
dur a terme wun analisis detallat de |Ia
compartimentalitzacio de les proteines ubicades en

el BC, posant especial atencid en la NRG1 i

- o B NRG1 Kv2.1
utilitzant la SSC, estructura altament caracteristica i

o B sr VAChT i ErbB
ultraestructuralment definitoria dels BC, com a

referéncia. Vam observar que tant el SR1, el Kv2.1  Figura 22 | Esquema de la possible distribucié

d'algunes de les proteines especificament
com la NRG1, es localitzaven especificament en el concentrades als BC. La sinapsi esta representada
en una vista ortogonal. En verd esta representada
la NRG1; en vermell, el S1R; en taronja, el Kv2.1; i
en blau, el VAChT i ErbBs. creat amb Biorender.

compartiment postsinaptic. Addicionalment vam
descriure que aquestes proteines ocupaven
microdominis espacials altament definits i no

solapats entre ells (Fig. 22).

Aquesta especificitat en la sublocalitzacié podria estar definint diferents microdominis dins del BC,
els quals podrien estar actuant mitjancant vies de senyalitzacié diferents, i per tant, duent a terme
funcions plurals dins del component postsinaptic, i en definitiva, en la MN. Aquesta teoria
concordaria amb el concepte emergent de “nano-columnes transinaptiques” (A.-H. Tang et al., 2016).
Inclis en alguns casos, les proteines associades al BC podrien estar duent a terme funcions diferents

a les descrites com a canoniques.

Un exemple que ddéna suport a I'anterior hipotesi fa referencia al canal Kv2.1, el qual en els nostres

estudis, hem identificat en la regido més externa de la SSC (Fig. 22). La funcié fisiologica més estudiada
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d’aquest canal voltatge depenent, és la relacionada amb la modulacié de I'excitabilitat neuronal en
diversos tipus neuronals (Muennich & Fyffe, 2004). Aquesta funcid, tot i ser la principal, no és la
Unica. S’ha vist que agrupacions fosforilades de Kv2.1 poden tenir funcions no conductores
alternatives a les propies d’un canal ionic, les quals encara no estan suficientment definides (Fox et
al., 2013). S’ha suggerit que aquestes acumulacions poden ser llocs pel traspas de proteines de
membrana a la superficie cel-lular (Deutsch et al., 2012). D’acord amb aix0, el Kv2.1, en el context del
BC podria estar orquestrant I'organitzacié de les altres proteines localitzades en el compartiment
postsinaptic dels BC, regulant el trafic de vesicules cap i des de la membrana cel-lular, cosa que

donaria una possible explicacié a la seva peculiar localitzacid.

Per la seva banda, el S1R és una xaperona situada també en la SSC, de la que s’han descrit mutacions
causants d’ELA familiar (S. Watanabe et al., 2016). En el context del BC, el S1R enlloc de
desenvolupar la funcié normal de les xaperones, podria estar actuant de la mateixa manera que ho fa
en les unions mitocondri-RE, on esta implicat en la senyalitzacid a través de calci mitjancant els
receptors IP3 (de Sevilla et al., 2008; T. Hayashi & Su, 2007; S. Watanabe et al., 2016). Aixi doncs, ja
gue el SR1 té un paper rellevant en la modulacié dels fluxos de calci en una gran varietat de sistemes,
la seva preséncia en la SSC, estructura derivada del RE, suggereix que aquesta podria servir com un

reservori de calci (Giordano et al., 2013).

Aixi doncs, aquests resultats suggereixen que aquestes dos proteines podrien estar desenvolupant
funcions molt diferents a les seves habituals quan es localitzen en els BC, actuant mitjangant vies de

senyalitzacié independents, amb efectes en la cél-lula també diferents.

D’altra banda, I'exploracié dels BC dels animals transgénics sobrexpressors de les diferents isoformes
de NRG1, ha demostrat que I'alteracié dels nivells d’expressid i, probablement de I'activitat de la
senyalitzacié consequent, de les isoformes | i lll de NRG1, afecten de forma diferencial la composicié i

I’estructura dels BC.

Concretament, hem descrit que la NRG1 tipus Ill modula I'organitzacié postsinaptica del BC,
especificament de la SSC, sense tenir efectes rellevants en la formacié o estructura dels terminals
presinaptics colinergics. Aquest animal transgenic sobreexpressor de la isoforma Ill de NRG1, indueix
la formacié de SSC redundants apilades les quals no només estan enriquides amb NRG1 tipus I, siné
també amb SR1 i Kv2.1. En canvi, la NRG1 tipus |, estimula substancialment I'increment del nombre i
la mida dels aferents presinaptics VAChT positius, sense que aix0 impliqui un engrandiment
equivalent de la SSC. D’altra banda, tant la sobreexpressid de la NRG1 tipus | com la de tipus I,

promouen I'acumulacié de receptor M2 en la membrana postsinaptica.
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Aguests resultats revelen un rol anteriorment desconegut de la NRG1 tipus | i la NRG1 tipus lll com a
organitzadors selectius del compartiment pre- i postsinaptic respectivament dels BC en les MNs

espinals. El mecanisme exacte i les consequéncies funcionals, actualment es desconeixen.

2. Modul NRG1/ErbB

La via de senyalitzaci6 NRG1/ErbB s’ha vist involucrada en diferents processos ben definits en el
sistema neuromuscular, com per exemple, en el desenvolupament de les cél-lules de Schwann i la
mielinitzacié (Birchmeier & Nave, 2008), en el desenvolupament i plasticitat de les unions
neuromusculars (Y. Il Lee et al., 2016) i, en la induccid local de la sintesis d’acetilcolina (Falls et al.,

1993; Trinidad et al., 2000).

Els nostres resultats utilitzant anticossos contra ErbB2 i ErbB4, constataven clarament la localitzacié
dels receptors de la NRG1 en el compartiment presinaptic dels BC. No es va poder determinar si
ocupaven un microdomini en concret ja que, probablement degut a la seva escassa abundancia,
només es podien detectar si s’utilitzava un kit d’amplificacié del senyal, cosa que dificultava poder
distingir més finament la seva sublocalitzacié. La major intensitat del senyal d’ErbB es va obtenir
utilitzant anticossos contra ErbB2/4, ambdds fosforilats. EI marcatge no era homogeni en tots els BC,
sind que només es detectava en un subgrup de BC, cosa que podria estar indicant diferents estats
d’activacio de la via NRG1/ErbB en els diferents BC d’una MN, corresponents a diferéncies in vivo de

la funcionalitat de la via.

Tenint en compte els nostres resultats i els antecedents coneguts, suggerim I'existéncia d’un possible
mecanisme de senyalitzacié retrograda NRG1/ErbB en els BC. Es desconeix perdo, com la NRG1
postsinaptica, té accés als ErbBs localitzats en el compartiment presinaptic. Degut a la proximitat dels
compartiments, podria produir-se una senyalitzacid juxtacrina que posés en contacte lligand i
receptor. No obstant, en algunes ocasions i en concordanga amb les descripcions d’altres autors
(Caleo et al., 2018; Ronnevi, 1979), hem observat mitjangant microscopia electronica, cossos
multivesiculars intersinaptics semblants a exosomes entre el compartiment pre- i postsinaptic en els
BC. Inesperadament, en aquestes vesicules semblants a exosomes, vam descriure la presencia de
NRG1, suggerint que aquests podrien ser els que facilitessin la comunicacié intersinaptica per a que
es pugui dur a terme la senyalitzacié NRG1/ErbB. Aquest mecanisme de comunicacié intrasinaptic,
tot i ser infreqlient, no seria estrany ja que s’ha descrit en altres contexts (Korkut et al., 2009). Tot els
resultats anirien a favor d’'una possible senyalitzacié retrograda NRG1/ErbB des del compartiment

postsinaptic cap al presinaptic en el BC (Fig. 23).
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Una altra possibilitat plausible i no excloent amb I'anterior, seria una senyalitzacié ErbB-NRG1
anterograda (des del presinaptic cap al postsinaptic), que tindria lloc després de la interaccié
juxtacrina entre els components. En aquest cas, després de la proteolisis de la NRG1, el fragment
intracel-lular restant en la MN, podria estar actuant com un factor de transcripcidé capac de regular la

supervivencia neuronal.

Recentment s’ha descrit que la NRG2 s’acumula en la SSC d’interneurones corticals les quals
expressen ErbB4 (Vullhorst et al., 2015). En aquest cas la senyalitzaci6 NRG2/ErbB4 sembla regular
de forma autocrina els receptors NMDA. Es per aixd, que no es pot descartar tampoc la possibilitat

d’una senyalitzacié autocrina en les MNs mediada per la NRG1.

Boto C
ErbB2/4(T / . \\ i
“ =" o

37 g p b
sm’ ’ ) ’ NRG1’ P — s

Motoneurona

Figura 23 | Esquema dels possibles mecanismes de comunicacié transinaptica que farien possible el contacte
NRG1 - ErbB: la senyalitzacié via exosomal o la interaccié juxtacrina. creat amb Biorender.

3. Resposta del BC a diferents paradigmes de dany
experimental en les MNs
Per comprendre millor el paper dels BC i, per extensio de la NRG1, en I'activitat de les MNs, tant en

condicions fisiologiques com patologiques, vam descriure els canvis que experimentava aquesta

sinapsis en resposta a diferents paradigmes de dany experimental.

L’estimulacio electrica intensa i els experiments ex vivo, van revelar que la NRG1 associada als BC és

extremadament sensible als estressos cel-lulars aguts. Aquestes observacions van en concordanca
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amb els resultats d’altres estudis que han demostrat que el RE es fisiona rapidament pero de forma
reversible després de la despolaritzacid, i que I'activitat sinaptica en modula I'estructura de forma
calci depenent (Kucharz et al., 2009, 2011). Per tant, és logic pensar que davant de canvis abruptes
aguts, s’afecti el RE, i per tant, la SSC, que en el nostre cas es reflexa en la NRG1. Els mateixos canvis
es van observar quan s’administrava el tractament farmacologic amb Tunicamicina, un inductor de

I’estres de reticle, corroborant la hipotesis anterior.

Aguests experiments demostren que el BC, concretament el compartiment postsinaptic, és molt
sensible a diversos agents estressants exercits de forma aillada. Les axotomies, ens han permes
simular diferents processos patologics, com sdén la neuroinflamacié, I'estrées de reticle i la
deaferentacid associada a la medul-la espinal, en una situacié controlada, que alhora reproduia
alguns dels mecanismes fisiopatologics que estarien succeint en I'ELA d’acord amb la teoria del

dying-back.

Una qliestio6 interessant que deriva del nostre estudi és el possible paper dels BC en I'orquestracio de
la resposta neuroinflamatoria que té lloc al voltant de les MNs lesionades. Els nostres resultats
suggereixen que les molecules associades al BC actuen com a senyals que atrauen processos
microglials. Aquesta preferéncia de la microglia per determinats tipus de sinapsis, s’havia descrit en
relacid als aferents excitadors vGlutl (Alvarez et al., 2011; Spejo & Oliveira, 2015). En aquest cas,
aquest fenomen es podria explicar per I'afectacié dels axons sensitius propioceptius que estableixen
connexions monosinaptiques amb les MNs i que també s’afecten directament en I'axotomia del nervi

ciatic (Kettenmann et al., 2013).

L’especificitat espacial pels BC era menys esperable, ja que les interneurones a partir de les quals
s’originen aquests terminals no estan directament danyades per I'axotomia. Suggerim, que en aquest
model experimental, el que atrau a la microglia cap als BC, probablement sigui la complexa disposicid
de les molécules i les vies de senyalitzacié inherents al BC. No obstant, de moment, el substrat
molecular concret d’aquest efecte quimiotactic de la microglia hiper-reactiva cap al BC es desconeix.
Tot i aix0, estudis in vitro i in vivo suggereixen que aquesta quimiotaxis pot estar mediada per la
senyalitzacio NRG1-ErbB, concretament per la NRG1, ja que si aquesta es sobrexpressa, s’exacerba la
microgliosi basal i, si s’antagonitza, es produeix una reduccié de la microgliosi (Calvo et al., 2010,

2011; M. Liu et al., 2018).

Per altra banda, els nostres resultats demostren la desintegracié de forma aguda de la NRG1 en els
BC després de la lesio de les MNs. L'estudi realitzat suggereix que aquesta disrupcid podria estar
relacionada amb I'estres de reticle i la reaccié cromatolitica que es desencadena després I'axotomia,

ja que aquesta desintegracio es pot prevenir quan s’inhibeix I'estrés de reticle produit per la lesié del



DISCUSSIO

nervi periferic amb el farmac Salubrinal. En aquest mateix experiment, vam observar que el
component presinaptic tampoc patia la disgregacid que també s’observa quan es realitza una
axotomia. Sorprenentment, amb el Salubrinal també evitavem el reclutament de microglia al voltant
de les MNs lesionades, suggerint algun tipus de relacié entre I'estrés de reticle, I'aferent sinaptici la

microglia.

Esta molt ben caracteritzat que la microglia durant el desenvolupament juga un paper fonamental en
I’eliminacié de sinapsis no actives amb l'objectiu d’establir una xarxa neuronal estable. Algunes
evidencies apunten a que la pérdua sinaptica que es produeix en I'adult, signe inicial de diverses
malaties neurodegeneratives incloent aquelles que afecten a les MNs (Fogarty, 2019; Vukojicic et al.,
2019), es podria dur a terme a través de la reactivacié patologica dels mecanismes que actuen durant

el desenvolupament, on la microglia hi podria tenir un paper rellevant (Stephan et al., 2012).

En els dltims anys, la teoria predominant per explicar I'eliminacié dels aferents per part de la
microglia, era la que proposava la microglia amb un rol de stripper sinaptic (Blinzinger & Kreutzberg,
1968): la microglia activa desplaga terminals sinaptics intactes de la superficie de MNs axotomitzades
del nucli facial, sense que aquests presentin signes de degeneracié i sense que siguin fagocitats per la

microglia.

Els nostres resultats en la medul-la espinal, demostren una disrupcid severa dels terminals aferents
de les MNs en fases molt inicials després de la transeccid del nervi periféeric, acompanyada ja d’una
prominent neuroinflamacié per part de la microglia. Aquests resultats contrasten amb el stripping
sinaptic, perd0 aquesta discordanca podria ser resultat de la diferent correlacié temporal en el
mostreig: en el nostre estudi estudiavem I'efecte de I'axotomia sobre les MNs comencgant al dia
seglient de la intervencid, en contrast amb I’estudi del 1968 on observaven els efectes diversos dies

després de la cirurgia.

A les 24 h després de la lesid, alguns terminals sinaptics exhibien la ruptura de les membranes
presinaptiques amb la consequient alliberacié de les vesicules intracel-lulars a I'espai extracel-lular.
Aguesta imatge concordava amb el procés de necroptosi, mecanisme que es va descriure involucrat
en la disrupcié dels terminals ja que es va localitzar la proteina p-MLKL en els llocs on els aferents
presinaptics degeneraven. Aquest procés necroptotic probablement succeeix de forma localitzada en
els axons terminals, sense que acabi provocant la mort de les cél-lules originaries dels terminals, tal
com succeeix en una forma d’apoptosi espacialment confinada als axons o a les sinapsis (Cusack et

al., 2013; Mattson et al., 1998).
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En aquest punt, ens sorgeixen dos possibles explicacions del paper primari que pot tenir la microglia

en el procés de disrupcio presinaptica.

Segons la nostra primera hipotesi, el procés que explicaria el reclutament de la microglia cap a les

MNs lesionades és que aquestes alliberin factors derivats de I'estrés de reticle tals com ATP/ADP

Processos ® ATP/ADP
microglials TNFa, ROS, NO, C1q,

metaloproteinases,...
. p-MLKL

@®ciq

@ CD9, CD63, Flotilina,...

8 P2YR12

Vesicules
extracel-lulars

Aferent sinaptic

Salubrinal Axotomia

Soma de la MN

Figura 24 | Representacié esquematica del possible rol primari de la microglia en la deaferentacié sinaptica
postaxotomia. Segons aquesta hipotesi, a les 24h després de I'axotomia, I'alliberacié de factors derivats de I'estrés de
reticle tals com ATP/ADP (1), poden ser els responsables de reclutar la microglia cap a les MNs lesionades, a través de
receptors com el P2YR12. Aquesta, alliberaria factors toxics pel terminal tals com TNF-a, ROS, Clq,... (2), que provocarien
la ruptura dels terminals presinaptics via necroptosi localitzada (3), amb la conseqlent alliberacié de vesicules
intracel-lulars a I'espai extracel-lular (4). creat amb Biorender.

(Badimon et al., 2020; Patritti-Cram et al., 2021) que siguin els responsables d’atreure la microglia
per quimiotaxi a través dels receptors P2YR12. Aquestes cel-lules microglials mobilitzades podrien
estar alliberant diversos factors (Block et al., 2007; Fawcett et al.,, 2019; Y. S. Kim et al., 2007;

Kénnecke & Bechmann, 2013) que alterin de forma negativa el compartiment presinaptic (Fig. 24).

D’altra banda, una possible alternativa seria que la microglia no contribuis al dany sinaptic
directament, sind que aquesta es reclutés secundariament en resposta, per exemple de I'alliberacié
de components presinaptics tals com vesicules sinaptiques. Segons aquesta hipotesi, les alteracions
en les sinapsis s’originarien per processos inherents a la neurona (Fig. 25), els quals col-lateralment

serien exacerbades pels factors neurotoxics que podria estar secretant la microglia activa reclutada.
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Figura 25 | Representacié esquematica del possible rol tarda de la microglia en la deaferentacié sinaptica postaxotomia.
D’acord a aquesta hipotesi, les alteracions en el terminal presinaptics observades a les 24h després de la lesio s’originarien
per processos inherents a la neurona (1). Secundariament a aquestes pertorbacions, es produiria la ruptura dels terminals
(2) amb la consequient alliberacié de vesicules (3), les quals serien el senyal quimiotactic que promouria el reclutament de la
microglia (4). La microglia reclutada, mitjangant I'alliberacié de factors toxics (5) podria estar exacerbant les alteracions
sinaptiques. Creat amb Biorender.

De forma variable, aquests terminals sinaptics trencats, presenten una acumulacid d’organuls
membranosos semblants a vesicules endosomals, la qual cosa és indicativa d’'una funcié de reciclatge
de les vesicules alterada i, en definitiva, d’'una funcié sinaptica anomala. Estudis inicials sobre
I’estructura sinaptica i la seva funcid, van descriure que una activitat electrica incrementada donava
com a resultat I'acumulacié de membranes presinaptiques mal plegades, les quals es generaven a
conseqléncia del bloqueig del reciclatge de les vesicules (Haimann et al., 1985; Solsona et al., 1981).

No descartem doncs, que aquest sigui I'origen de I'alteracié vesicular observada en els terminals.

Tot i les diferents possibilitats sobre el paper primari de la microglia, els nostres resultats suggereixen
que aquesta participa activament en I’eliminacié de les sinapsis. Els llocs on s’acumulen les vesicules

qgue contenen p-MLKL procedents de la disrupcié dels terminals, acostumen a estar a prop de zones
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on la microglia ha estat atreta. Una possible teoria que se’n deriva és que la microglia secreti factors
que inicien la via necroptotica, emulant al que succeeix en altres condicions neuropatologiques (A.-Q.
Chenetal., 2019; Ito et al., 2016; Pasparakis & Vandenabeele, 2015). De la mateixa manera, el factor
del complement Clq també es veu sobreexpressat en la microglia en el context de les axotomies. Es
concebible que el Clq produit per la microglia s’uneixi als debris vesiculars formats a partir de
terminals sinaptics desintegrats per tal de promoure la seva opsonitzacié i posterior fagocitosis,
d’una manera comparable al que succeeix durant I’eliminacié de cel-lules apoptotiques (Galvan et al.,
2012) o en el remodelat sinaptic que té lloc durant el desenvolupament i en condicions patologiques
de pérdua sinaptica (Hong et al., 2016; Schafer et al., 2012; Stevens et al., 2007). No obstant, en
abséncia de Clq, I'eliminacid sinaptica que segueix a I'axotomia no es redueix (Berg et al., 2012),
probablement degut a I'existéncia de mecanismes redundants implicats en I'eliminacié d’aferents

sinaptics de les MNs lesionades.

La morfologia ultraestructural que hem observat en les vesicules extracel-lulars lliures en I'espai
perineuronal de MNs axotomitzades, era molt pleomorfica i exhibia una gran varietat de mides. A
part de les vesicules producte de la lisis o necroptosis dels terminals sinaptics, en el nostre sistema
també hem vist botons sinaptics presentant una prominent concentracié de cossos multivesiculars,

els quals també podrien ser secretats a |I’entorn perineuronal.

S’ha de tenir en compte que I'activacié del p-MLKL no compromet de forma irreversible les cél-lules a
morir. En determinades circumstancies, la induccié de p-MLKL promou la formacié de bombolles a la
superficie de les cel-lules que sén alliberades a I'espai extracel-lular (Gong et al., 2017; Yoon et al.,
2017) per tal de promoure la restauracié de I'estructura danyada. Aquest fenomen pot correlacionar
amb els canvis vacuolars que observem en el terminal sinaptic que escapen de la disrupcié aguda.
Aguests aferents romanen, almenys alguns dies, en contacte amb les MNs, i desenvolupen
abundants cossos multivesiculars i vesicules semblants a endosomes, els quals sovint estan en
contacte amb processos microglials. Aquestes vesicules també poden alliberar-se i barrejar-se en
I'espai extracel-lular amb les vesicules litiques. Aixd no obstant, aquestes, en base a la seva

composicié molecular, poden correspondre a exosomes (Fig. 26).

Per tant, diferents poblacions de vesicules extracel-lulars tals com les derivades de la necroptosi o les
procedents dels cossos multivesiculars, es poden produir en una seqiiencia espai-temporal diferent
durant els complexos esdeveniments cel-lulars que es produeixen a prop de la superficie de la MN

axotomitzada.

Hem demostrat que el desti de la majoria de les vesicules extracel-lulars generades en I'espai

perineuronal de MNs axotomitzades és la seva eliminacid per fagocitosis per cel-lules microglials.
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Figura 26 | Representacié esquematica de les dos funcions que poden derivar de I'activacié del p-MLKL. L’activacié del
p-MLKL no compromet de forma irreversible les cel-lules a morir. En determinades circumstancies, promou la formacio de
bombolles a la superficie de les cél-lules, les quals sén alliberades a I'espai extracel-lular en forma de vesicules per tal de
promoure la restauracié de lI'estructura danyada. En el context d’axotomia, aquestes vesicules presenten marcadors
d’exosomes (CD9, CD63 i flotilina). creat amb Biorender.

Aguestes dades concorden amb la progressiva i transitoria acumulacié de punts CD68 positius dins
de les cel-lules microglials perisomatiques, el qual és un indicatiu d’activitat lisosomal. No obstant, la
intima relacié entre els marcadors exosomals i la superficie de la microglia, indica un procés previ

que involucra I'atrapament amb la finalitat d’endocitar les vesicules extracel-lulars.
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Les nostres dades indiquen que les cel-lules microglials estan involucrades activament en I’eliminacio
dels fragments procedents de terminals presinaptics danyats. No hem recollit evidencies que recolzin
I’engoliment massiu dels botons sinaptics per part de la microglia. Enlloc d’aix0, els nostres resultats
suggereixen que les cel-lules microglials internalitzen petits fragments de vesicules extracel-lulars
resultants de la disrupcid dels terminals sinaptics, concepte reminiscent de la trogocitosi sinaptica

que té lloc durant el desenvolupament per part de la microglia (Weinhard et al., 2018).

4. Degeneracié de les MNs en el model SOD1%%**

El seglient pas en la linia d’investigacid, va ser extrapolar els resultats obtinguts en el model

G93A

d’axotomia al model SOD177"", per tal d’estudiar com s’altera el BC durant I'evolucié de I'ELA i el

paper que té la microglia en el procés.

Un aspecte intrigant de la patologia de I'ELA sén els diversos graus de vulnerabilitat dels diferents
tipus de MNs envers la malaltia. Durant el curs de I'ELA i després de la perdua de les MNs més
vulnerables, els axons romanents broten (sprout) per tal de compensar aquells que han degenerat
(Schaefer et al., 2005). Aixo implica que en un moment determinat, MNs degenerants i supervivents,

o inclus regenerants, coexisteixen en diferent proporcio en la banya ventral de la medul-la espinal.

Donat el limitat coneixement sobre la seqiiencia d’esdeveniments cel-lulars que tenen lloc durant la
progressié de I'ELA, hem intentat categoritzar la patologia de MNs individuals establint diferents
patrons fenotipics de dany basats en I'expressié de formes toxiques mal plegades de la SOD1 en el
model de ratoli SOD1°%". La disponibilitat d’anticossos especifics de conformacié de mfSOD1 com
I’anticos monoclonal C4F6 (Brotherton et al., 2012; Urushitani et al.,, 2007) o el nostre anticos
policlonal AJ10 (Sabado et al., 2013), ens ha permeés explorar en detall la distribucié d’aquests

components toxics de SOD1 i la seva relacié amb la degeneracio de les MNs.

Hem trobat immunoreactivitat principalment associada a MNs comencgant en les seves expansions
dendritiques o axonals en etapes inicials, amb la posterior acumulacié en els cossos cel-lulars en
fases més avancades de degeneracid. Aquesta distribucid seqtiencial de mfSOD1 ens ha permeés
delimitar tres fenotips: I'abséncia o nivells molt baixos d'immunoreactivitat per mfSOD1, I'hem
categoritzat com fenotip 1; la preséncia de mfSOD1 dispersa en el neuropil al voltant dels somes de

les MNs, I’lhem definit com fenotip 2; i finalment, el fenotip 3, ’hem caracteritzat com aquell en que
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no només trobem agregats de mfSOD1 en el neuropil, sind que les propies MNs presenten somes

altament positius a mfSOD1.

L’analisi longitudinal de la distribucié dels tres fenotips durant el curs natural de la malaltia demostra
qgue el fenotip 2 ja és molt prominent a p30, suggerint una important alteracié patologica ja en
etapes asimptomatiques. D’altra banda, el fenotip 3 apareix des de p60, denotant la degeneracié de
les MNs més vulnerables en estadis presimptomatics inicials, fins a etapes terminals. En aquest
interval es produeix una perdua moderada pero sostinguda de MNs indicant que les MNs amb
acumulacié massiva de mfOD1 moren notablement en etapes presimptomatiques o inicialment
simptomatiques. Aix0 suggereix que les MNs resistents a I'ELA, les quals encara sén presents en les

etapes terminals de la malaltia, no acumulen grans quantitats de mfSOD1.

La degeneracié de les MNs en models animals de SOD1 mutada és un procés que tant depén de
factors intrinsecs de la MN (acumulacié de mfSOD1) com de factors extrinsecs, fent-se essencial la
participacié de les cél-lules no neuronals (Boillée et al., 2006; Clement et al., 2003; llieva et al., 2009).
Per aquesta rad, I'estudi del neuropil de les MNs incloent els aferents sinaptics, els astrocits i la

microglia és igualment rellevant.

Pel que fa a I'estructura del BC, i en relacié al compartiment postsinaptic, els nostres resultats
demostren una disrupcié de la SSC en etapes asimptomatiques, la qual cosa suggereix alteracions en
la senyalitzacid sinaptica dels BC en fases molt inicials de I'ELA. Ja que l'organitzacié normal del RE
resulta severament alterada en etapes prematures de la malaltia (Walker & Atkin, 2011), seria

esperable que la SSC com a subcompartiment especific del RE, també estigui afectada.

Recentment, la manipulacid de la senyalitzacié per NRG1 ha estat objecte d’estudi en ratolins SOD1.
S’han realitzat estudis on es promovia I'expressié de NRG1 tipus Ill en la medul-la espinal mitjancant
virus, experiment que va resultar en un augment de la supervivencia i una reduccid en la pérdua de
BC. Per altra banda, el bloqueig de la senyalitzacié de la NRG1 reduia I'activacié microglial i alentia la
progressié de la malaltia (M. Liu et al., 2018). Aquestes dades en conjunt, indiquen que la NRG1 té
activitats pleiotropiques i que de la seva manipulacié se’n deriven resultats variables i en alguns

casos controvertits, fent-se necessaris més estudis per esclarir el rol de la NRG1 en I'ELA.

En referéncia al compartiment presinaptic dels BC, només hem detectat alteracions en el VAChT en el
fenotip 3, és a dir, quan les MNs presenten els canvis més severs i la microgliosi és molt elevada. En
relacid als aferents sinaptics en general, diversos estudis han descrit la preséncia d’alteracions en
aquests com esdeveniments inicials en I'ELA (Bgczyk et al., 2020; Delestrée et al., 2014; Martinez-

Silva et al., 2018; Roselli & Caroni, 2015; Saxena et al., 2013; Schutz, 2005; Vinsant et al., 2013; Zang
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et al., 2005; P. Zhao et al., 2008). Aquestes descripcions sén consistents amb els nostres resultats on
hem detectat una disminucid d’aferents sinaptics en les MNs amb el fenotip més sever ja a p60. A
més, en aquestes etapes primerenques, a nivell ultraestructural es podien distingir terminals amb
una acumulaciéo anormal de vacuoles i endosomes indicant, com succeia en les axotomies, una
alteracié del reciclatge de vesicules a conseqliencia de la desregulacié de [l'alliberacié de

neurotransmissors.

Donada la similitud d’algunes observacions entre el model G93A-f i les axotomies, ens vam disposar a
analitzar I'expressié de diferents marcadors relacionats amb exosomes i amb la necroptosi en el

model G93A, per establir mecanismes homolegs entre els dos models.

En el model SOD1°®** vam observar I'acumulacié de particules positives a la Flotilina relacionades
amb el lumen de grans vacuoles citoplasmatiques presents en les MNs amb fenotip 3. Ja que la
degeneracio vacuolar s’ha descrit ampliament en MNs en procés de degeneracié en aquest model de
ratoli, varem decidir indagar sobre la relacié d’aquestes vacuoles amb marcadors de vesicules

extracel-lulars.

En concordanca amb estudis previs, amb els nostres resultats immunohistoquimics i ultraestructurals
hem corroborat la prominent degeneracid vacuolar que presenten les MNs en decadéncia en el
model de ratoli SOD1°*** (Bendotti et al., 2001; Dal Canto & Gurney, 1994; Higgins et al., 2003;
Jaarsma et al.,, 2001; Kong & Xu, 1998; Wong et al.,, 1995). Aquestes vacuoles hem vist que
procedeixen de mitocondris massivament inflats i de la fragmentacié del RE en vesicules, patré
coincident amb publicacions anteriors (Fischer et al., 2004; Kong & Xu, 1998; Vinsant et al., 2013).
L’estructura morfologica d’aquestes MNs altament vacuolitzades encaixa bé amb el concepte de
paraptosi, el qual es caracteritza precisament per la vacuolitzacid del citoplasma a partir dels
mitocondris i/o d’alteracions en el RE (E. Kim et al., 2021; Sperandio et al., 2000). Degut a aquestes
similituds, proposem aplicar el concepte de paraptosi a les MNs vacuolitzades i altament positives a

mfSOD1 en el context d’ELA deguda a mutacions en la SOD1.

Aquesta morfologia mitocondrial alterada en el model SOD1%%**

es deu a la translocacio especifica de
la SOD1 mutada a aquest organul (J. Liu et al., 2004; Vande Velde et al., 2008). Les grans vacuoles
que s’observen a nivell ultraestructural es probable que es formin a partir de mitocondris
vacuolitzats i com a conseqtiencia de la fusié de les seves membranes mitocondrials externes, donant
lloc a una Unica vacuola gegant la qual conté varies membranes mitocondrials internes plegades i
agrupades a la paret de la gran vacuola. Les grans vacuoles esferoidals mitocondrials presents en els
axons i les dendrites juntament amb I'acumulaci6 de mfSOD1, és un esdeveniment inicial en la

G93A

patologia de les MNs en el SOD17"°". Aquestes observacions concorden amb el patré designat com a
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fenotip 2, el qual és prominent a p30, temps abans del debut dels simptomes. Es possible que degut
a les restringides condicions espacials de les dendrites i els axons, aquests siguin més vulnerables a la
patologia de mfSOD1 i sigui on es manifestin en primer lloc els canvis patologics. Aquests fenomens

concordarien amb la teoria del dying-back.

Hem descrit que les vacuoles d’origen mitocondrial de les MNs paraptotiques, a més de contenir
Flotilina, també sén positives per la proteina CD81 i estan associades a la cromogranina. Aquestes
proteines, entre altres funcions, es relacionen amb |'excrecié de vesicules cel-lulars a I'exterior
(Hemler, 2005; Kowal et al., 2016; Urushitani et al., 2006; W. Zhao et al., 2010). Aquestes troballes,
juntament amb estudis recents que localitzen marcadors exosomals i de trafic vesicular com els
anteriors en vesicules extracel-lulars Iliures provinents de mitocondris (D’Acunzo et al., 2021; Picca et
al., 2020), suggereixen la possibilitat de I'alliberacié d’aquestes vacuoles d’origen mitocondrial
carregades amb mfSOD1 a I'exterior de les MNs. Aquestes vacuoles lliures en el neuropil i en
proximitat a MNs, podrien contribuir a la neuroinflamacié local i a la propagacié prionica de I'ELA
(Bellingham et al., 2012; Grad et al., 2014; Silverman et al., 2019). Una altra possibilitat apuntaria a
gue una vegada generats els mitocondris vacuolitzats, es trenquin a conseqtieéncia de la promocié de
la fissié mitocondrial (Joshi et al., 2019) i que aquests fragments amb mfSOD1 adherida puguin ser

eventualment transferits a altres cel-lules veines (Hayakawa et al., 2016; Joshi et al., 2019).

Un altre aspecte intrigant de les MNs paraptotiques és el seu contingut en particules positives a p-
MLKL, indicatiu de I'activacié de I'efector terminal de la via necroptotica (H. Wang et al., 2014). El p-
MLKL podria estar destruint la integritat de la membrana de les MNs i alliberar vesicules que
contenen mfSOD1. Hi ha indicis que suggereixen que la necroptosi podria ser la causa de la lisi i mort
de la MN paraptotica (Re et al., 2014), propiciant aixi la propagacié prion-like de I'ELA (Fig. 27).
Corroborant aquesta hipotesis, s’ha detectat I'elevacié de marcadors necroptotics incloent el MLKL
en medul-les espinals de ratolins SOD1°%** i en pacients amb ELA esporadica (Ito et al., 2016). No
obstant, la delecié de MLKL o de les kinases RIP1 o RIP3 (implicades en la via necroptotica) no millora
ni la neuropatologia ni el curs clinic de I'ELA en el ratoli model transgénic SOD1 (Dermentzaki et al.,

2019; Dominguez et al., 2021; T. Wang et al., 2020).

Aquesta abséncia de millora del curs de I'ELA en els ratolins deficients en factors que intervenen en
la via necroptotica, es podria deure a que molt probablement existeixin altres mecanismes que
condueixin a la mort de les MNs, compensant aixi la necroptosi quan aquesta no es pot dur a terme.
Aix0 concordaria amb la ultraestructura que mostren la majoria de MNs presents en les etapes
terminals, les quals degeneren amb caracteristiques diferents i, per tant, per mecanismes distints als

observats en les MNs vulnerables a la patologia per mfSOD1.
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Figura 27 | Esquema representatiu de I'evolucié de les MNs durant el curs de I'ELA segons els fenotips definits. En el
fenotip 2, juntament amb la vacuolitzacié del RE, s’observen grans vacuoles esferoidals d’origen mitocondrial presents
sobretot en axons i dendrites i amb una important acumulacié de mfSOD1. En el fenotip 3, les MNs presenten
caracteristiques paraptotiques tals com una gran vacuolitzaciéo mitocondrial i de RE amb una gran acumulacié de mfSOD1
en I'axd, en les dendrites i en el soma. Les vacuoles d’aquestes MNs son positives a marcadors com el CD81, la
cromogranina o la flotilina, tots ells relacionats amb I'excrecié de vesicules cel-lulars a I'exterior, suggerint la possibilitat de
I'alliberacié d’aquestes vacuoles carregades amb mfSOD1 a I'exterior de les MNs. Aquestes vacuoles lliures en el neuropil i
en proximitat a MNs, podrien contribuir a la neuroinflamacié local i a la propagacio prionica de I’ELA. creat amb Biorender.

D’altra banda, és coneix que la mfSOD1 extracel-lular no provoca neurotoxicitat en les MNs per si
sola, pero es sap que és un potent inductor de I'activacié microglial (Urushitani et al., 2006; W. Zhao
et al., 2010). Hem descrit topograficament el reclutament microglial en relacié amb els fenotips
anteriorment descrits. En els diferents fenotips de MNs, hem observat una bona correlacié entre
I'acumulacié de mfSOD1 en les MNs i el reclutament local de la microglia. Aquestes cel-lules
microglials reclutades mostren un increment progressiu de marcadors d’activitat fagocitica tals com

el CD68, MAC-2 i Clq.

D’altra banda, els experiments amb els que manipulavem la microgliosis, ja sigui eliminant-la
farmacologicament o induint-la mitjangant les axotomies, suggereixen que la neuroinflamacid
promou I'acumulacié de la mfSOD1 i la degeneracid vacuolar de les MNs. Aquests estudis recolzen el
rol crucial de les cél-lules no neuronals tals com la microglia a I’'hora de contribuir a la mort de MNs

(Clement et al., 2003).
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Estudis previs d’altres autors proposaven l'acumulacid de mfSOD1 com la causa primaria que
determina el debut de la malaltia, mentre que la microglia contribuia a la progressié de I'ELA
(Clement et al.,, 2003). Les nostres dades concorden amb aquesta teoria, ja que en etapes
presimptomatiques hem observat una destacable vacuolitzacid degenerativa d’origen mitocondrial
associada a mfSOD1 en les MNs vulnerables (positives a la proteina matriu metalopeptidasa-9
(Matrix metallopeptidase-9 (MMP-9)). Aquestes vacuoles, possiblement s’alliberen a I'espai
perineuronal via exosomal o mitjancant vesicules extracel-lulars, o directament s’alliberen degut a la
mort per necroptosi de les MNs. L’acumulacié extracel-lular de mfSOD1 seria el que desencadenaria
la resposta neuroinflamatoria, on la microglia, en un intent d’eliminar els agregats, acabaria tenint
efectes neurotoxics per les MNs, la qual cosa podria provocar, que aquestes, al seu torn, es tornin
més disfuncionals i generin més mfSOD1. D’aquesta manera s’establiria un bucle de realimentacié en
el que s’estaria potenciant la neuroinflamacié i la neurotoxicitat a nivell local al voltant de les MNs

vulnerables, i que tot junt, contribuis a la mort progressiva d’aquestes.

Es interessant notar que, d’acord amb els nostres resultats i els d’altres autors (Kong & Xu, 1998), la
vacuolitzaciéd sembla ser un procés transitori que afecta principalment les MN més vulnerables a
I’'ELA. No obstant, els altres subtipus de MNs també pateixen una patologia degenerativa amb
caracteristiques diferents a les anteriors, potser degut a la neurotoxicitat derivada de la resposta
microglial enlloc de ser degut a un mecanisme intrinsec d’aquestes MNs, les quals semblen ser més
resistents a I'acumulaciéo de mfSOD1. Tot i aix0, el mecanisme exacte involucrat en la degeneracid i

mort de les MNs menys vulnerables a I'ELA en les fases tardanes esta encara per determinar.
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1. Els BC tenen una estructura altament complexa, especifica, caracteristica i Unica que els confereix
unes propietats molt singulars. La NRG1, el SR1 i el canal de potassi Kv2.1 estan situats en el
compartiment postsinaptic, concretament, es troben associats a la SSC ocupant microdominis
espacials altament definits i no solapats entre ells. En canvi, els receptors de la neuregulina-1, ErbB2 i

ErbB4, es localitzen en el compartiment presinaptic.

2. Suggerim I’existéncia d’un possible mecanisme de senyalitzacié retrograda NRG1/ErbB en els BCs
mediat per exosomes, els quals facilitarien la comunicacié intersinaptica posant en relacid receptor i

lligand.

3. La sobreexpressié de les isoformes | i Ill de la neuregulina-1 afecten de forma diferencial la
composicio, I'estructura i, probablement, I'activitat de la senyalitzacié dels BC en les MNs espinals.
Mentre que la NRG1 tipus | actua com a organitzador selectiu del compartiment presinaptic en el BC,

la NRG1 tipus Il té el seu efecte en el compartiment postsinaptic.

4. Els BC sén terminals molt sensibles a estressors cel-lulars, sobretot el compartiment postsinaptic,
el qual s’altera notablement i molt rapidament després d’insults aguts aixi com de forma molt inicial

en estressos cronics.

5. Després de realitzar una axotomia, els BC resulten quimioatraients per processos microglials,
suggerint un possible rol dels BC en I'orquestracié de la resposta neuroinflamatoria que té lloc al

voltant de les MNs lesionades.

6. Després de la lesié aguda deguda a I'axotomia, no només s’esmicola el compartiment postsinaptic,
si no que el terminal aferent de les MNs lesionades també es descomposa poc temps després de la
transeccié del nervi periféric. Tot aquest procés va acompanyat d’'una prominent neuroinflamacié

per part de la microglia.

7. Posteriorment a la lesio del nervi periféric, es poden observar vesicules extracel-lulars en 'ambient
perineuronal provinents de la disrupcid per necroptosi d’alguns terminals sinaptics; altres vesicules,
procedeixen de cossos multivesiculars també amb origen en els aferents. Aquestes diferents
poblacions de vesicules extracel-lulars es produeixen en una seqiiéncia espai-temporal diferent
durant els complexos esdeveniments cel-lulars que tenen lloc a prop de la superficie de les MNs

axotomitzades.

8. Tot i les diferents possibilitats sobre el paper primari de la microglia, els nostres resultats

evidencien que aquesta participa activament en I'eliminacié de les sinapsis, ja que el desti de la
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majoria de les vesicules extracel-lulars secretades a |’espai perineuronal de MNs axotomitzades, és la

seva eliminacid per fagocitosis per part de les cel-lules microglials.

9. De forma equiparable a les axotomies, en el model SOD1°%**

es produeix la disrupcio de la SSC en
etapes asimptomatiques, la qual cosa suggereix alteracions en la senyalitzacié sinaptica dels BC en
fases molt inicials de I'ELA. En referéncia al compartiment presinaptic, només hem detectat

alteracions quan les MINs presenten els canvis més severs i la microgliosis és molt elevada.

10. En el model SOD1°*** es produeix una prominent degeneracié vacuolar d’origen mitocondrial
localitzada en les MNs degenerants altament positives a mfSOD1. L'estructura morfologica
d’aquestes MNs altament vacuolitzades encaixa bé amb el concepte de paraptosi. La vacuolitzacié
sembla ser un procés transitori que afecta principalment les MN més vulnerables a 'ELA. No obstant,
els altres subtipus de MNs també pateixen una patologia degenerativa amb caracteristiques

diferents.

11. Aquestes vacuoles d’origen mitocondrial carregades amb mfSOD1 podrien ser alliberades a
I’exterior de les MNs mitjancant la propia maquinaria secretora de la cel-lula o per mitja de la
necroptosi, la qual alhora, podria ser la causa de la lisi i mort de les MNs paraptotiques. Aquestes
vacuoles lliures en el neuropil i en proximitat a altres MNs, podrien contribuir a la neuroinflamacio

local i a la propagacid prionica de I'ELA.

12. A nivell local al voltant de les MNs vulnerables, s’estableix un bucle de realimentacié en el que la
neuroinflamacid i la neurotoxicitat s’estarien potenciant reciprocament, i tot junt, estaria contribuint

a la mort progressiva de les MNs vulnerables, i col-lateralment, de les MNs menys sensibles a I'ELA.
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immunoreactivity with the Y172 antibody; conversely, virtually all MNs displayed strong
Y172 immunostaining in cytoplasmic structures scattered throughout the soma and
proximal dendrites. The majority of these cytoplasmic Y172-positive profiles was closely
associated with VAChT-positive C-boutons, but not with other types of nerve afferents
contacting MNs. Ultrastructural analysis revealed that cytoplasmic Y172 immunostaining
was selectively located at the subsurface cistern (SSC) of C-boutons and also in the
inner areas of the endoplasmic reticulum (ER). We also described changes in cytoplasmic
Y172 immunoreactivity in injured and degenerating MNs. Moreover, we noticed that MNs
from NRG1 type lll-overexpressing transgenic mice, which show abnormally expanded
SS8Cs, exhibited an increase in the density and size of peripherally located Y 172-positive
profiles. A similar immunocytochemical pattern to that of the Y172 antibody in MNs was
found with a polyclonal antibody against p-c-Jun (Ser63) but not with another polyclonal
antibody that recognizes c-Jun phosphorylated at a different site. No differential band
patterns were found by western blotting with any of the antibodies against c-Jun or
p-c-Jun used in our study. In cultured MNs, Y172-positive oval profiles were distributed
in the cell body and proximal dendrites. The in vitro lentiviral-based knockdown of
c-Jun resulted in a dramatic decrease in nuclear Y172 immunostaining in MNs without

January 2020 | Volume 13 | Article 582
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any reduction in the density of cytoplasmic Y172-positive profiles, suggesting that the
synaptic antigen recognized by the antibody corresponds to a C-bouton-specific protein
other than p-c-Jun. Our results lay the foundation for further studies aimed at identifying
this protein and determining its role in this particular type of synapse.

Keywords: motoneuron, C-bouton, phospho-c-Jun, Y172 antibody, endoplasmic reticulum-plasma membrane
contacts
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