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I. Resumen

La esclerosis late ral amiotrofica (ALS) es una enf ermedad ne urodegenerativa
caracterizada por la muerte selectiva y progresiva de las motoneur onas (MNs) de la
corteza motora, el tallo y la médula espinal, causando un déficit motor progresivo de
las regio nes af ectadas. Existen dos tiposd e ALS,laf amiliar ylaes poradica.
Algunas de las m utaciones encontradas en pacientes con ALS familiar han sido
usadas para el disefio de modelos transgénicos in vivo, tal es el caso de la superdxido
dismutasa-1 y el TD P-43. Diversos mecanismos han sido involucrados con la
fisiopatologia de la ALS, entre ellos, se ha propuesto que degeneracion de las MNs
puede serc ausadap or estrés oxid ativo, alteraciones mitocondriales y f alla
energética, deficiencias del transporte axonal, incremento de la actividad neuronal o
excitotoxicidad mediada por glutamato. Sin embargo, el proceso de degeneracion de
las MNs atin no se  determina, motivo por el cual la presente tes is se enf oco en
caracterizar el proc eso de degeneracion d e MNs en dos modelos in vivo. Con base
en la excitoto xicidad hemos desar rollado d os modelos de degene racion de MN s
lumbares in vivo. El tratamiento agudo con AMPA 6 mM (50 pL en 25 min; 0.0148
moles) causa la pérdi da rapida de MNs desde las 3 h después del trata miento,
mientras que la aplicacion cronica con AMPA 7.5 mM (6 pL por dia; 0.00213 moles
por dia ) prov oca una pérdida grad ual de MNsalolarg ode5 dias;ena mbos
modelos la pé rdida de las MNs se as ocia c on un déf icit motriz. En esta tesis s e
presentan evide ncias q ue indican que el trat amiento agudo con A MPA causa un
proceso de necr osis e n las MNs , mientras que la aplicacié n crd nicade AMP A
desencadena un proc eso co mplejo el cual presenta carac teristicas apoptoti cas
tempranas y culmina con una necros is. Ademas, el bloqueo farmacoldgico cronico
de la inhibici 6n G ABA¢érgica e ssuf iciente para dese ncadenar un proces o
degenerativo de las MNs lu mbares, ca usando su muerte y un d éficit m otriz. En
conclusion nuestros  resultados muestran que la def icienciad e la actividad
GABA¢érgica induce un proceso degen erativo de las MNs, dep  endiente de la

actividad de receptores tipo AMP A. También muestran que el proceso degenerativo
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de MNs i nducido por la ad ministracion cr 6nica de A MPA en animales sa nos,
presenta semejanza con hallazgos histopatologicos en pacientes con ALS y con
procesos des critos en modelos experimentales de esta enf ermedad, lo cual es de

importancia puesto que apo ya a nue stros procedimientos co mo ad ecuados p ara el
estudio de los mecanismos involucrados en la degneracion de las MNs espinales en

la ALS.

Abstract

Amyotrophic lateral sclerosis (ALS) is a deg enerative disease characterized by the
selective and gradual death of motor neurons (MNs) in the motor cortex, brainstem
and spinal cord, induci ng progressive motor deficits according to the affected area.
ALS has been cla ssified as familial or sporadic. Mutations found in f amilial ALS-
patients have been use d to generate in vivo models of familial ALS, for example:
mutations in the s uperoxide dis mutase-1 and TDP -43. S everal path ophysiological
mechanisms have been associated with MN degeneratio n, for inst ance: oxidative
stress, mitochondrial a lterations and energet ic failure, ax onal transport alterations,
increase of the neuronal activity or glutamate mediated excitotoxicity. However, the
process of MN -degeneration still un known, theref ore this thesis was f ocus on
characterized the degenerative process of MNs in two models in vivo. Based on the
excitotoxic h ypothesis, we have designed  two experi mental models of MN -
degeneration in vivo. The acute ad ministration of AMPA 6 mM (50 uL in 25 min)
causes rapid MN loss, 3 h after the treatm ent, while the chronic trea tment (AMP A
7.5 mM, 6 uL per day) induces a pro gressive MN loss alo ng five days, with both
models causing motor deficits. This thesis presents experimental evidences showing
that the acute treat ment with AMP A induces MN loss t hrough necrosis, while the
chronic trea tment triggers a more complex process, involvi ng early apopt otic
characteristics and late necrotic appearance. On the other hand, this work also shows
that the pharmacological and chronic GABAergic blockade causes MN degeneration
and motor deficits. Taking together, our results show that GABAergic blockade in
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the lumbar spinal cord is enough to induce degeneration and MN 1 oss with motor
deficits by activation of AMPA re ceptors. Also, that MN degenerative process by
chronic AM PA treat ment in health y animals presents close similarity with clinic
evidences and with alterations in experimental models of ALS, which is i mportant,
because support our procedures like a models for the study of MN degeneration in

ALS.

I1. Lista de abreviaturas.

ALS: amyotrophic lateral sclerosis, usado para referirse a la esclerosis lateral
amiotrofica

AMPA: acido a-amino-3-hidroxil-5-metil-4-isoxazol- propiénico

GABA: 4cido y-amino butirico

MN: motoneurona

NMDA: N-Metil D-aspartato

PGE: Paw grip endurance test



I11. Organizacion de la tesis

El presente trabajo  se encuentra divid  oen  ocho seccione s: Introducciéon
Antecedentes, P lanteamiento del probl ema, Objetivos, Mé todos, Resultados ,
Discusion y Conclusion.

La Introduccion abarca un marco teérico enfocado en las generalidades de la
ALS y la médula espinal que es la estructura princi palmente af ectada, y a que
contiene a las MNs cuya pérdida da origen a la enfermedad.

Debido a que la presente investigacion se e nfocd en caracterizar el proceso
degenerativo de las M Ns durante una condi cidn de excitotoxici dad, incluimos en la
seccion de a ntecedentes el capitulo “ Role of Mitochondrial Dysfunction in Motor
Neuron Degeneration in ALS” del cu als oy coautor, y aba rca los princ ipales
mecanismos involu crados en la dege neracion de estas célu lasen la ALS. Como
parte de los antece dentes y dado que este proyecto también se enfocd en el estudio
de los circuitos inhib itorios y s u posible pa rticipacion en la dege neracidn de las
MN:Ss, inclui mos la revision “  Spinal inhibitory circuits and their role in motor
neuron degeneration”, de la cual soy primer autor y describe las alteraciones de las
redes neuronales dentro del contexto de la degeneracion de M Ns. Enseguida se
presenta e | plan teamiento del problema y se enlistan los objeti vos del est udio. A
continuacion se describen los métodos empleados para el desarrollo del proyecto.

En la pri mera parte de resultados se presenta el articulo “ Neuropathological
characterization of spinal motor neuron degeneration processes induced by acute
and chronic excitotoxic stimulus in vivo” en el que describi mos detalladamente los
cambios ultrae structurales y bioquimicos la degeneracion de la s MNs en nuestro s
modelos de e  xcitotoxicidad espi nal. En la segunda secc  16n de resultados
presentamos el articulo (en re vision) “ Chronic GABAergic blockade in the spinal
cord in vivo induces motor alterations and neurodegeneration”, en el cual
describimos el efecto del bloqueo agud o y cronico de los siste mas de inhibicion de
la médula espinal, asi como su efecto al combinarse con la excitotoxicidad mediada

por la activacion de receptores AMPA.



En la discusion se hace una integracion de los hallazgos del presente trabajo,
centrandonos en la 1 mportancia del p roceso de muerte celu lar, par a el disefio de
nuevas estrategi as f armacologicas par ala ALS,a sico moenla relevancia de
considerar el estudio de la parte inhib itoria en la de generacion de las M Ns. Para
terminar, en la seccion de Conclusion recalco la importancia de considerar a la ALS
como una enfermedad m ultifactorial yla relevancia de con ocer los dif erentes
componentes involucrados para poder generar estrategias integrales que sirvan para

el tratamiento de esta enfermedad.



IV. Introduccion

La médula espinal

La médula espinal es 1a parte del s istema nervioso central que se e ncuentra alojada
en el conducto raquideo desde el agujero magno, en la parte media arquial del atlas
hasta la primera o segunda vértebra lumbar. Se encarga de comunicar al encéfalo
con el cuerpo  mediante 1 mpulsos nervios os. Entre sus f unciones t ambién se

encuentran el ¢ ontrol de los movimientos i nmediatos y v egetativos, co mo el arco

reflejo y las funciones de los sistemas simpatico y parasimpatico. Su longitud varia
ontogenéticamente, en el embrion llega h asta la base del coxis, en el recién nacido
llega a la c uarta vértebra lumbar, dos vértebras por debajo que en el adulto. En la
etapa adulta, desarrollada completamente, puede alcanzar una longitud de 43 cm en

mujeres y 45 cm en hombres (Watson et al., 2009).

Anatomia y funcion

Longitudinalmente la columna vertebral, qu e aloja a la médula, se divide en:

cervical, toracica, lumbar, sacra y coxigea. En la rata estd compuesta por 34
segmentos: 8 cervicales, 13 toracicos, 6 lumbares, 4 sacros y 3 coxales; en humanos
la columna difiere un poco, ya que presenta 7 cervicales, 12 toracicos, 5 lumbares, 5
sacros y uno ¢ oxigeo, entot al3 3 segmentos. El grosor dela médula varia
dependiendo la ca ntidad d e fibras que lleve n sus tra ctos. Basicamente la médula
presenta dos ensanc hamientos, u nos cerv ical y otro lu mbar. A nivel cervical , la
médula se encue ntra notablemente aplanada en sentido anter oposterior formando el
ensanchamiento cervical, en roedores se extiende desde C5-T1, las raices que surgen
de este engrosamiento estan formadas por los nervios que trans miten la sensibilidad
y la activacion de los miembros superiores ( brazos, ante brazos y manos). A nivel
lumbar, la médula se vuelve a engrosar desde L2 a L6 en roedores yde L2 a S2 en
humanos, este ensanchamiento contiene los nervios que trans miten la sensibilidad e
impulsos motores des de y hacia las e xtremidades po steriores ( muslos, pie rnas y

pies). En su parte sup erior la m édula espinal se encuentra en cont inuidad con el
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bulbo raquide o, en ta nto que la parte caud al se adelgaza paraf ormar el cono
medular, las raices de los seg mentos lumbares, sacros y coxigeo forman la ca uda
equina, hasta unirse al periostio del dorso del coxis (Watson et al., 2009).

Al igual que el e ncéfalo, la médula espinal se enc uentra cubierta por tr es
meninges (Figura 1A): la piamadre, la aracnoides y la duramadre. La duramadre es
la meninge mas externa y dura, la aracnoides es la membrana intermedia, delgada y
permeable, y la pia madre es la m embrana m as interna. E ntre | a pia madre y la
aracnoides se encuentra el espacio s ubaracnoideo, que e sellu gar en que se

encuentra el liquido cefalorraquideo (Guyton, 1994, Watson et al., 2009).

A Materia blanca

ateria gris B

. \ o medial dorsal

Canal central Surco dorsomedial
Fisura medial ventral
Piamadre

Funiculo dorsal

Surco dorsolateral
N

Asta dorsal

Materia

Espacio subaracnoideo blanca

A i

e —

Surco ventrolateral —=

Duramadre I .
Canal central Fisura medial Funiculo ventral

ventral

Figura 1. Anatomia de la médula espinal. A) Esquema de la médula espinal en que se aprecian las
meninges que la cubren, asi como las raices dorsales y ventrales. En B se ilustra un corte transversal
de la médula espinal indicando los principales surcos, funiculos y areas que la conforman.

Observando transversalmente un corte de la médula se pueden apreciar cuatro
regiones, una ventral, dos laterales y una dorsal. La ventral presenta la fisura media
ventral y limita lateralmente por los surc os ventrolaterales, Asi mismo, la superficie
dorsal en la par te media presenta el s urco medial dorsal. E n las pa rtes laterales se
encuentran los funiculos que limitan con los surcos ventrolaterales y dorsolaterales.
Transversalmente es posible distinguir la materia blanca en la parte mas externa y la
materia gris en la parte mas interna en un arre glo en forma de mariposa o letra “H”
(dependiendo el segmento observado). La materia gris de la barra horizontal de la H
es llamada materia gris comisural y rodea al canal central, las pro yecciones de los

brazos de la H forman las llamadas astas ventrales y dorsales (Figura 1B).
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El flujo sanguineo de la m édula espinal es su ministrado por una so la arteria
ventral y dos dorsales. La arteria espinal ventral es originada de la arteria vertebral y
desciende dentro de la fisura medial ventral. Ambas arteria s espin ales dorsales s e
originan de la arteria ventral y descienden por el surco dorsolateral.

Las motoneuronas (M Ns) se encuentran ubi cadas en el ast a ventral de la
sustancia gris a lo largo de toda la médula espinal . F uncionalmente, pod emos
encontrar dos tipos de  MNs: las so maticas y las viscerales, las pri meras inervan a
musculos esqueléticos y las segundas a visc eras. Con ba se en su ta mafio las M Ns
somaticas pueden clasificarse como alfa, gama y beta, cada una da o rigen a un tipo
de fibra nerviosa llamadas alfa, beta o ga ma, segun la MN que las ori gine. Las alfa
inervan principalmente a las fibras musculares extrafusales del musculo esquelético,
las gama a fibras musculares intrafusulares dentro de los husos musculares y las beta
inervan principalmente a musculos distales de las extremidades. Un grupo muy
particular de MNs so maticas que no son afectadas en la ALS (Celio, 1990, Ince et
al., 1993, Siklos et al., 1998) son las que c onforman el ni cleo d e Onuf, que se
encuentran en la regi  O0n caudal lu mbar y r ostral sacra, contr olan los m Usculos
perineales a los esfinteres anal, uretral y al cremaster. Otro aspecto importante de la
organizacion de la médula espinal es la existencia de interneuronas que sirven como
conexion entre las f ibras sensoriale s y las m otoras, per mitiendo las respuestas
reflejas, pero ta mbién pueden estar co nectadas conlas M Ns f ormando rede s
neuronales intraespinales; en la sustancia gris de la médula las interneuronas son 60

veces mas abundantes que las MNs (Watson et al., 2009).

Circuiteria de la médula espinal.

La actividad de la  médula espinal estd determinada por la acci 6n de diversos
neurotransmisores, de ntro de 1 os cuale s p ara la parte excita dorael de mayor
importancia es el gluta mato, y para la parte i nhibidora son el GAB A (acido ga ma
amino butirico) y la glicina. El balance de estos dos sistemas de neurotransmision es

de su ma i mportancia, ya que un incre mento de la par te excita dora o bien un
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decremento de la inhibidora puede desencadenar un evento de hiperexcitabilidad que
lleve a procesos deletéreos para las neuronas.

Tanto el GABA co mo la glicina activan a un receptor canal que forma parte
de la superfamilia de receptores pentaméricos, dentro de los cuales se encuentran los
receptores tipo 3 p ara serotonina, los receptores para G ABA tipo C, los receptores
de union a Zinc y los receptores para cationes de union a GABA (Beg y Jorgensen,
2003, Daviesetal., 2003, Lynch, 200 4, Lynch, 2009 ), sin e mbargo tanto los
receptores para GA BA tipo Ay lo s recept ores para glicina per miten el f lujo de
cloro. El principal rec eptor post sindptico para GABA esel detipo Ao G ABAA
(Foster y Ke mp, 2006 ), mientras que el de glicina sola mente e s ¢ onocido co mo
receptor para glicina. Ambos receptores estan presentes en la den sidad sinédptica de
las MNs lumbares y cervicales y en menor porcentaje en sitios extrasinapticos (Sur
et al., 1995, Murphy et al., 1996).

Elreceptor GA BAAesun co mplejo molecular integ radoco mo
heteropentdmero de entre 275 a 400 kDa (Macdonald y Olsen, 1994, Heversy
Luddens, 19 98). P uede estar f ormado p or ¢ ombinaciones de los subtipos de la s
subunidades alf a ( o 1-6), bet a ( B 1-6), g ama, delt a, ép silon, r ho y theta. L a
combinacion de las diversas subunidades puede modular la activi dad del recept or.
En la médula espinal los receptores GABAA estan formados principalmente por las
combinaciones o2y2 o0 oa2B3y2 (De Blas, 1996 , Foster y Ke mp, 2006 ). Los
receptores para glic ina estan formados por cinco subunidades, que pueden ser al-4
y B. Este receptor puede estar as ociado a la gefirina que es u na proteina de anclaje
para estos receptores. Se sabe que en ad ultos la mayor asociacion entre subunidades
corresponde a la co mbinacion olf. En 1 as MNs espinales, los transcritos para las
subunidades ol y a2 se encuentran en el soma y las dendritas, mientras que los
transcritos para la subunidad B y gefirina, se restringen al soma (Rekling et al., 2000,

Alvarez, 2016).
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Los recep tores para glicina y los GA BAA se acumulanen 1 ossitio s
postsinapticos para pe rmitir una neurotransmision inhibid ora rdpi da y eficaz. Su
agregacion y estabilizacion requiere de su interaccion con un complejo multiproteico
para anclars e al cit oesqueleto (Legendre, 20 01). Esto s recept ores pueden mostrar
diferentes propiedade s funcionales dependi endo de su d istribucion s ubcelular. La
acumulacién de estos r eceptores se ve delimitada por su capacidad p ara unirse a la
gefirina (Tretter et al. , 2008 ), que es una proteina pe riférica de membrana. La
cantidad de gef irina ha sido correlacionada con grandes corri entes postsinapticas
inhibitorias (Oleskevich et al., 1999, Lim et al., 2000, Geiman et al., 2002, Alvarez,
2016). El hecho de que la gefirina estabiliza y une a los receptores de GABA y de
glicina, sugi ere que el GABA 1y la glic ina p ueden estar sie ndo col iberados co mo
cotransmisores. En el t ronco cerebral se ha demostrado la coliberacion de GABA y
glicina desde la mismat erminal. Enla médulaespi nal GAB A y glicina se
encuentran continuamente colocalizados en te rminales de interneuronas inhibidoras
(Ornung et al. , 1994, Lahjoujietal., 1996, Dumbaetal., 1 998), en donde son
ingresados a las vesic ulas presinapticas por el m ismo transportador (Burger et al.,
1991). Inter esantemente en edade s pos tnatales tempranas (P5), estudios
electrofisiologicos en sinapsis mixtas para GABA y glicina en MNs de | n ucleo
hipoglosal, demuestran que las corrientes po stsindpticas mediadas por los receptores
el receptor GABAA presentan mayor facilitacion y sumacion, comparadas con las
corrientes mediadas por el rece ptor para glicin a, la s cuales presenta m enor
facilitacion (Donato y Nistri, 2001), sugiriendo un papel funcional diferente para los
dos neurotransmisores.

La proporcion de sinap sis GABAergicas y glicinérgicas en la médula espinal
varia dependie ndo del estado d e madurez d el organis mo. En MN s embrionaria s
(E17-E18), 60% son nica mente para GAB A, 20% para glicina y 20% sinapsi s
mixtas; desp ués de na cer en etapas post natales (P1-P3) los porcen tajes son: 60%
glicinérgicas, 20% G ABAérgicas y 20 % sinapsis mixtas (Singer y Berger, 2000,

Gao et al., 2001). Se estima que de los eventos cuanticos regitrados en MNs de ratas
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en el dia po stnatal 5-10, aproxi madamente el 44% corre sponde a un co mponente
dual de GABA-glicina, el 41% solo a glicina, y el 17% a GABA (Jonas et al., 1998).
El papel f uncional que desempefian estos neurotransmisores en la médula
espinal ha sid o un te ma controversial. Actualmente no existe un consenso para este
punto, pero se han desarrollado trabajos que permiten hacer aproximaciones sobre
este tema. Se ha demostrado que d urante el desarrollo embrionario, el GABA 'y la
glicina funcionan co mo neurotrans misores e xcitadores, ju gando un papel de gran
relevancia para la maduracion de las redes neuronales que conf orman el sistema
nervioso (Ben-Ari et al., 2007 ). En organis mos adultos , el GABA y la glicina
median la inhibici 6n de la actividad de las MNs, contribu yen a la generacion de
patrones ritmicos de actividad, incluyendo la respiracion (Merrill y Fedorko, 1984),
la locomocidén (Cazalets et al., 1996), masticacion (Inoue et al., 1994) y la deglucion
(Bieger, 1991). En estos patrones, la actividad de las MNs se ca racteriza por fases
secuenciales de exci tabilidad e inhibici 6n. El control inhibit orio durante la f ase
activa puede afectar el tiempo de inicio y final de los trenes o rafagas de potenciales
de accion, afectando el inicio de la contraccion y la relajacion muscular, los patrones
de disparo y el orden de reclutamiento (Parkis etal., 1 999, Rekling et al., 20 00).
Registros de la ac tividad eléctrica espinal en ratones (E 11-12.5), indican que la
transmision glicinér gica favorece la propaga cidn episodic a a travé s de seg mentos
espinales con tiguos, mientras que | a gener acion de la activi dad sinaptica a niv el
local se basa en redes neuronales formadas por MNs e inter neuronas GABAérgicas
(Hanson y Landmesser, 2003, Moody y Bosma, 2005). Dentro de 1as interneuronas
inhibidoras, la mas estudiada es la llamada c¢lula de Renshaw, ide ntificada por vez
primera en la médula espin al d el gato adulto por Re nshaw. Esta s interneur onas
reciben af erencias acetil colinérgi cas de las MNs (Mentis et al., 2 006) y realizan
predominantemente pr oyecciones glici nérgicas hacia las MNs (Goulding et al. ,
2002). S e ha s ugerido que la inhibici 6n ap ortada por esta s inter neuronas se da
después de su maduracion, la cual ocurr e postnatalmente, desarro llando grande s

agregados de gefirina (Gonzalez-Forero y Alvarez, 2005).
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Por otra parte, la e xcitabilidad de la médula espinal esta controlada por e 1
neurotransmisor glutamato, cu ya accion rapidadepen de de tres receptore s
1onotropicos postsinapticos: los receptores tipo AMPA (4cido a-amino-3-hidroxil-5-
metil-4-isoxazol- propionico), los tipo kainato ylosti po NM DA (N -Metil D -
aspartato). Estos recep tores son tetra meros c onformados por divers as subunidades:
GluR 1-4 para los AMPA, subunidades GluR5-7, KA1 y KA2 para los kainato, y las
subunidades NMD AR1, NMDAR2A-D y NMDAR3A para los N MDA (Schoepfer
etal., 1 994, Bettler y Mulle, 1995, Michaelis, 1998). La formacion y de gradacion
del gluta mato son par te del m etabolismo energético, ya que este am inoacido se
sintetiza principalmente a partir de la glucosa. El metabolismo del glutamato en el
sistema nervioso ocurre en ciclos coordinados entre las neuronas y las células
gliales. Una de via para la obtencion de este neurotransmisor es la conversion del o-
cetoglutarato a glutamato por transaminacion, una alternativa a la via anterior es la
conversion de glutamina a gl utamato mediante la ac ciéon dela glutaminasa. La
glutamina se sintetiza en la glia teniendo como precursor al gl utamato recapturado,
este gluta mato es con vertido a glutamina p or a midacién mediante la gluta mina
sintetasa; posteri ormente, la g lutamina es li berada y capturada por las ne uronas,
quienes la convierten en glutamato, constituyendo el ci clo de glutamato-glutamina
(Zhou y Danbolt, 2014).

La accion del glutamato se ha relacionado con diversas funciones tales como:
la cognicion, memoria y aprendizaje, asi como en la sinaptogénesis, organizacion de
los circuit os n euronales, plastici dad s inaptica, migracion y diferenciacion celu lar.
Sin e mbargo, es bien sabido que la sobre  estimulacion de la neurotrans mision
excitadora de gl utamato puede induci r proce sos degenerativos, ya que genera una
hiperexcitabilidad neu ronal, q ue provocau n inf lujo m asivo de calcio en las
neuronas, desencadenando procesos deletéreos que cul minan con la muerte de las
neuronas (Arundine y T ymianski, 200 3). Estef enomeno es deno minado
excitotoxicidad mediada por gluta mato y ha sido involucrado en v arias patologias

neuronales, por eje mplo: el accide nte cere bro vascular, los traumatismos y la
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epilepsia; de  igual manera seha  relacionado con diversos trastornos
neurodegenerativos, ¢ omo en la enf ermedad de Parkins on,la enfermedad de
Alzheimer y la ALS (Lipton y Rosenberg, 1994, Meldrum, 2000, King et al., 2016).

Los tres tipos de receptores inotropicos para glutamato han sido descritos en
las MNs. Sin embargo, su abundancia relativa no es la m isma: los AMPA son los
mas abundantes, después los NMDA vy finalmente los kainato. La entrada de calcio
en las MNs espinales es mediada por los receptores AMPA, particularmente se sabe
la permeabilidad para este cation esta d eterminada por la sub unidad GluR2, ya que
si los receptor es AM PA no contie nen o p resentan la GI uR2 si n editar , seran
permeables a calcio, pero si la GluR2 es modificada postranscripcionalmente en un
residuo d e gluta mina (ubicada en el segundo dominio tr ansmembranal)
sustituyéndola por una arginina, el receptor serd impermeable a calcio (Burnashev et
al., 1992, Corona y Tapia, 2007, Corona et al., 2007).

Las sefiales motoras s € co munican a las MNs espinales desde la corteza
motora, a través del tr acto corticoespinal. Aunque todos los mamiferos poseen esta
estructura, existen variaciones considerables en la posicion del tract o en la m édula
espinal. En roe dores, se ubica en la colu mna dorsal, en los primates en la colu mna
lateral. En los primates la mayoria de las fibras del tracto provienen directamente de
la corteza motora. La s fibras que originan al tracto cortic oespinal en mamiferos
adultos se derivan de las neuronas pira midales de la capa 5 de la s areas m otora,
premotora y somatosensorial (Watson et al., 2009).

La inervacion del trat o corticoespi nal sobre las MNs se ha  demostrado de
diversos modos, p or eje mplo, in vitro se haprobad olap articipacion de
neurotransmisores excitadores en el inicio de la actividad semejante a la locomocion
(Jordan etal., 2008), yseh ade mostrado que laad ministracion intratecal de
antagonistas gluta matérgicos bloquea la loco mocidén induci da por 1 a estimulacion
eléctrica de laregion  locomotora mescencefalica del cerebro m edio del gato
(Douglas et al., 1993). De la misma manera, la administracion de NMDA induce el

inicio de lal ocomocion en gatos (Chau et al., 20 02). En la rata ta mbién se ha
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demostrado que la estimulacion eléctrica del funiculo dorsal, que contiene ax ones
corticoespinales desce ndentes, desencadena potenciales post sindpticos excita dores,
que son bloque ados por CNQX, un an tagonistas de recept ores glu tamatérgicos de
tipo AMPA (Hori et al., 2002). Ademas de las inervaciones del tracto corticoespinal
y de las fibras sensitivas, cuya accidon no inv olucra ne cesariamente el paso por el
cerebro, exi sten int erneuronas g lutamatérgicas que se encuent ran en estrec ha
relacion con la s MNs, asociandose e n la f ormacion y control del a actividad de
circuitos premotores (Hagglund et al., 2010).

No obstante, a pesar de no ser descritas a detalle por fines practicos, es
importante sefialar que la actividad de las M Ns no sol o es co ntrolada estrictamente
por GABA/glicina y glutamato, sino que en realidad la integracion que estas células
realizan es mucho mas compleja, ya que también pueden recibir aferencias de otros
neurotransmisores y moléculas co mo la se rotonina, la norepinefrina, la hormona
liberadora de tirotr opina, adenosina, neurocininas, vas opresina ¢ in clusive la acetil

colina (Zagoraiou et al., 2009, Ramirez-Jarquin et al., 2014).

Esclerosis Lateral Amiotrofica
La médula espinal es susceptible a desarrollar enfermedades, en e ste caso las mas
frecuentes son la poliomielitis, el sindrome de la cola de caballo, la siringomielina y
la ALS. Para el presente proyecto, la patologia de mayor interés es la ALS, por ello
describiremos brevemente las principales caracteristicas de esta enfermedad.

La ALS también conocida como enfermedad de Lou Gehrig, f ue descrita en
1869 por Jean Martin Charcot. Es caracterizada por la muerte selectiva y progresiva
de las MNs s uperiores e inf eriores, p roduciendo una pardlis is se gun lare gion
afectada. Se conocen dos tipos de ALS, la de tipo f amiliar que abarca solo 10% de
los casos clinicos. Esta se asocia ¢ on diversas mutaciones, entre las mas conocidas
mutaciones de la sup eroxido dismutasa 1 y de la TDP 43. Por otra parte la ALS de
tipo esporadic o comprende el 90% de los ¢ asos clinicos y paral a cual no se ha

identificado un factor que d etermine su ap aricion. E n a mbos t ipos de ALS los
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sintomas son practic amente lo s mismos, la progres iva muerte de MNs genera
espasticidad, f asciculaciones y para lisis. A dif erencia de otras enf ermedades
neurodegenerativas co mo el Alzh eimer ylaenf ermedad de Huntingto n, los

pacientes con ALS n o presentan deter ioro del proceso cognitiv o, sin em bargo,
algunos pacientes pueden llegar a presentar cambios de personalidad e irritabi lidad
(Phukan et al., 2007). El diagnostico de esta enfermedad se re aliza de acuerdo con
los criterios d e “El Scorial” y de “The Int ernational Classification of Diseases .
Generalmente los pacientes diagnosticados con ALS mueren de tr es a cinco afios
después del inicio de | os sintomas, debido a una f alla respiratoria. Actual mente el
unico tratamiento aprobado para esta enfermedad es el riluzol, cuyo uso prolonga la
supervivencia de las personas por un peri odo de tres a s eis meses. La prevalencia
mundial de ALS es de 2-8 en 100 000, y su aparicion suel e asociarse con la edad,

pero no es u naregla ya que puede comenzar en edades te mpranas (Chancellor y
Warlow, 1992 , Coronaetal. , 200 7, Al-Chalabiet al., 2016). Existen d iversos
mecanismos asociados a la degeneracion de las MNs, los cuales seran tratados en la

siguiente seccion de Antecedentes.

V. Antecedentes
Excitotoxicidad y mecanismos de degeneracion de las motoneuronas por
sobreactivacion de receptores AMPA
Los mecanismos que causan la ALS no son completamente conocidos. Sin embargo,
algunos pro cesos cel ulares y moleculares qu e conducen al a dege neracion de la s
MNs han sidoi dentiicados, por eje mplo: el estrés ox idativo, la pérdida de la
homeostasis del calcio, la agregacion de proteinas, la excitotoxicidad, la necrosis y
la apoptosis.

El estrés oxidante pue de ser generado por una produccion incre mentada de
especies reactivas de oxigeno y radicales libres o b ien por una disminucion de 1 os
mecanismos antioxidantes de las células (Davies, 2000). En la ALS este mecanismo

es de i mportancia debido a q ue dentro de las mutaciones mas estudiadas estan las

18



descritas para la superoxido dismutasa tipo 1, cuya funcién normal es la catalizar la
conversion de anione s superoxid o a peroxido de hidrogeno. Se han propuesto
diversas alteraciones para la funcion de esta enzima, como es una deficiencia en su
capacidad antioxidante, también que en la SOD1 mal plegada el peroxinitrito puede
acceder a su sitio catalitico conduciendo a 1a nitracidon de residuos de tir osina, en
ambos casos est os p osibles ca mbios ens u actividad catalitica pueden resultar
toxicos paralas MN's (Beckman et al. , 199 3, Brown, 199 5, Wiedau-Pazos et al.,
1996, Julien, 2001). El estrés oxidante puede dafiar diversas moléculas como acidos
nucleicos, lipido s y proteinas (Valko etal ., 2007 ) y p uede i nvolucrarse co n la
induccion de procesos de apoptosis, autofagia y necrosis.

La homeostasis del calcio es preservada mediante el control de su entrada y
salida de la célula, su amortiguamiento y de su alm acenaje intrace lular. Debido a
que este cation controla diversas via s intracelulares, el control de su concentracion
citosolica debe d e ser m uy e stricto. Un exce so de su concentrac i6n conlleva a la
activacion inade cuada de procesos que pue den alte rar el metabol ismo celular y
eventualmente desen cadenar proce sos de muerte celular (Arundine y T ymianski,
2003). Dentro de las proteinas acti vadas por calcio se encuentr an las nucle asas,
proteasas, lipasas y fosfatasas dependientes de calcio (Bano y Nic otera, 2007), el
excesivo al macenamiento de este ca tion en las mitocondrias pu ede generar su
hinchamiento, causando la pérdida del pote ncial de la membrana mitocondrial y
consecuentemente la a pertura del poro de transicion mitocondrial, lo cual pue de
llevar a la activacion de mecanismos de muerte celular.

La agregaci 6n de pro teinas mal plega das e s un f endémeno co mun en las
enfermedades neurodegenerativas, que puede ocurrir por mutaciones de las proteinas
agregadas o por modificaciones postraducci onales. Aun ¢ uando n o se sabe con
certeza si la agregacion de prote inas induce la muerte neuronal, o por el con trario
participa en mecanismos de p roteccion, se asocian dos po sibles co mponentes
celulares del control de la calidad de las proteinas: la actividad de las chaperonas y

de la via de lau biquitina-proteosoma. (Berke y Paulson, 2003). En la ALS,seha
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encontrado la acumulacion de neurofilamentos en axones, lo cual se relaciona con la
degeneracion de las MNs causada por la estrangulacion del tran sporte axonal. En
modelos transgénicos de la ALS, se ha de mostrado que la reduccion de la expresion
de neurofilamentos pesados y ligeros aumenta la esperanza de vida de ratones que
expresan la SOD 1 mutada (Julien, 2001).
La excitoto xicidad in volucrada ¢ omo mecanismo de degener acion de las

MNs ha sido ampliamente estudiada, debido a la evidencia que se ha encontrado en
pacientes con AL S y en modelos tran sgénicos de esta enf  ermedad. Esta
excitotoxicidad es debida al incremento del gluta mato extracelular. A continuacion
se inclu ye el capitul o “ Role of Mitochondrial Dysfunction in Motor Neuron
Degeneration in ALS” publicado en el libro “ Amyotrophic Lateral Sclerosis”, ISBN
978-953-307-806-9, de la editorial InTech, en el cual se discuten con mayor detalle

los mecanismos involucrados en la degeneracion de las MNs en la ALS.
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Role of Mitochondrial Dysfunction in Motor
Neuron Degeneration in ALS

Luz Diana Santa-Cruz, Uri Nimrod Ramirez-Jarquin and Ricardo Tapia
Divisién de Neurociencias, Instituto de Fisiologin Celular,

Universidad Nacional Autéonoma de México, México, D.F.,

México

1. Introduction

Amyotrophic lateral sclerosis (ALS), which was described since 1869 by Jean Martin
Charcot, is a devastating neurodegenerative disease characterized by the selective and
progressive loss of upper and lower motor neurons of the cerebral cortex, brainstem and the
spinal cord. Progressive motor neuron loss causes muscle weakness, spasticity and
fasciculation, eventually paralysis and finally death by respiratory failure 3 to 5 years after
diagnosis. ALS worldwide prevalence is about 2 to 8 people per 100,000, and presents two
important differences with respect to other neurogenerative diseases: the cognitive process
is not affected and is not merely the result of aging because may occur at young ages
(Chancellor & Warlow, 1992; Huisman et al.,, 2011). Two forms of ALS are known, the
familial type (FALS), associated with genetic mutations, mainly in the gene encoding
superoxide dismutase 1 (SOD1, enzyme responsible for superoxide dismutation to oxygen
and hydrogen peroxide), and the sporadic form (SALS), of unknown origin. FALS
represents only about 5-10% of cases (Rosen et al., 1993; Rowland & Shneider, 2001), and
SALS comprises the remaining 90%. Despite having different origins, both ALS types
develop similar histopathological and clinical characteristics.

2. Mechanisms of motor neuron death in ALS

After one hundred fifty years since the first ALS description of the disease, the cause of
motor neuron degvnerﬂti()n remains unknown, but progress in neuroscience and clinical
research has identified several mechanisms that seem to be involved in the cell death
process, such as glutamate-mediated excitotoxicity, inflammatory events, axonal transport
deficits, oxidative stress, mitochondrial dysfunction and energy failure.

2.1 Excitotoxicity

Based on the reduction of glutamate transporter-1 (GLT1 in rodents and excitatory amino
acid transporter 2 or EAAT2 in human) content detected post-mortem in motor cortex and
spinal cord of ALS patients (Rothstein et al., 1992; Rothstein et al., 1995) and on the increase
of glutamate concentration in the cerebrospinal fluid (CSF) of about 40% of ALS patients
(Shaw et al., 1995b; Spreux-Varoquaux et al., 2002), one proposed mechanism to explain
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motor neuron death in ALS is glutamate-mediated excitotoxicity. This hypothesis has been
generally accepted, although some data [rom our laboratory do not support il because a
chronic increase in extracellular glutamate due to glutamate transport inhibition in the
spinal cord in vivo was innocuous for motlor neurons (Tovar-y-Romo el al., 2009b).
However, overactivation of glutamate ionotropic receptors by agonists leads to neuronal
death by augmenting the influx of Ca2* into motor neurons. Experimental models in vivo
have shown that of three major glutamate ionotropic receptor types, NMDA (N-methyl-D-
aspartate), kainate and AMPA (a-amino-3-hydroxy-5-isoxazolepropionate), the Ca2‘-
permeable AMPA receptor seems to be particularly involved in motor neuron death,
because the selective blockade of Ca?*-permeable AMPA receptors or the chelation of
intracellular Ca2* prevents the motor neuron loss and the consequent paralysis induced by
the infusion of AMPA into the rat lumbar spinal cord (Corona & Tapia, 2004, 2007; Tovar-y-
Romo et al., 2009a). The Ca?* permeability of this receptor is governed by the presence of the
GluR2 subunit and its edition in the Q/R (glutamine/arginine) site of the second
transmembrane domain (Burnashev et al., 1992; Corona & Tapia, 2007; Hollmann et al.,
1991; Hume et al., 1991).

Increases in cytoplasmic Ca?* concentration can be buffered by mitochondria, but when
maintained for prolonged periods can cause mitochondrial swelling and dysfunction. These
alterations are associated with deficits in mitochondrial ATP synthesis and energetic failure
(this topic will be discussed later). The energetic deficits have been mainly associated with
cell death process similar to necrosis (Kroemer et al., 2009; Martin, 2010). On the other hand,
mitochondrial damage has also been linked to the release of proapoptotic factors such as
cytochrome ¢ and apoptosis-inducing factor (Martin et al., 2009). Cytochrome c involvement
has been stressed because of its role in triggering the caspases pathway, which leads to
apoptotic cellular death. In the cytoplasm cytochrome ¢ promotes the formation of the
apoptosome complex and activates caspase-3. The necrosis and apoptosis pathways are
illustrated in Fig. 1.

2.2 Axonal transport deficits

Because of the structural and functional characteristics of motor neuron axons, the role of
axonal transport is essential for the communication between the neuronal soma and the
periphery, as well as for the anterograde and retrograde dispersive distribution of cargo
intracellular structures such as vesicles or organelles. Changes in the speed of
anterograde and retrograde transport (Breuer & Atkinson, 1988; Breuer et al., 1987;
Sasaki & Iwata, 1996), as well as neurofilament disorganization and accumulation of
mitochondria, vesicles and smooth endoplasmic reticulum have been described in
peripheral nerves of ALS patients (Hirano et al., 1984a, b; Sasaki & Iwata, 1996). These
alterations in axonal transport have been observed also in transgenic models of FALS,
which have allowed the study of their progression and the molecular machinery
involved (Bilsland et al., 2010; Brunet et al., 2009; Collard et al., 1995; De Vos et al., 2007;
Ligon et al., 2005; Perlson et al., 2009; Pun et al., 2006; Tateno et al., 2009; Warita et al.,
1999; Williamson & Cleveland, 1999). In mutant SOD1 (mSOD1) rodents, some molor
proteins such as: dynein, dynactin, kinesin, myosin, actin, and microtubules and
neurofilaments are affected by mSOD1 aggregates (Breuer & Atkinson, 1988; Breuer et
al., 1987; Collard et al., 1995; Ligon et al.,, 2005; Sasaki & Iwata, 1996; Williamson &
Cleveland, 1999; Zhang el al., 2007).
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These deficits may affect the renewal of organelles in the axon terminals of motor neurons,
leading to accumulation of damaged mitochondria or autophagosomes, increased ROS
production, disruption of microtubule formation and stability (Julien & Mushynski, 1998),
as well as damage of presynaptic structure such as swelling of axon terminals (Komatsu et
al., 2007). Accumulation of damaged mitochondria may result in energetic failure (Liu et al,,
2004; Martin et al., 2009; Menzies et al., 2002a, b; Pasinelli et al., 2004; Wong et al., 1995; Zhu
et al.,, 2002) and in the release of proapoptotic factors (Pasinelli et al., 2004) (Fig. 1, bottom
left). These alterations may be involved in the distal neurophaty and impairment of
muscular reinnervation observed in ALS.

2.3 Oxidative stress

Another mechanism implicated in motor neuron degeneration in ALS that involves both
motor neurons and non-neuronal cells is oxidative stress. Reactive oxygen species (ROS)
arise in cells as aerobic metabolism by-products, mostly due to the leakage of electrons from
the mitochondrial respiratory chain, resulting in an incomplete reduction of molecular
oxygen during the oxidative phosphorylation, generating the superoxide radical anion
(O2*-). The Oy*- anion reacts quickly with the nitric oxide radical (NO*, produced by nitric
oxide synthase, NOS) to form peroxynitrite (ONOO-). Meanwhile, the product of O»*-
dismutation, H2O», slowly decomposes to form the highly reactive hydroxyl radical (*OH).
Both ONOO- and *OH are highly reactive and can damage proteins, membranes and DNA
by oxidation. Cellular mechanisms to combat the constant production of free radicals are: 1)
enzymes such as SOD, catalase and peroxidase, which catalytically remove reactive species;
2) reducing agents synthesized in vivo, such as glutathione, a-keto acids, lipoic acid and
coenzyme Q, and compounds obtained from the diet, such as ascorbate (vitamin C) and «-
tocopherol (vitamin E); and 3) chaperone heal shock proteins which remove or facilitate
repair of damaged proteins. Oxidative stress arises from an imbalance between ROS
production and its control mechanisms.

The involvement of oxidative stress in ALS pathogenesis is supported by abundant evidence
that has been reported in both SALS and FALS patients, where several indicators of
increased oxidative damage have been found: 1) In postmortem central nervous system
(CNS) tissue samples (mainly spinal cord) these markers include oxidized DNA (Ferrante et
al,, 1997b; Fitzmaurice et al, 1996), lipid peroxidation (Siciliano et al, 2002), protein
glycoxidation (Shibata et al., 2001), elevated protein carbonylation (Ferrante et al., 1997D;
Shaw et al., 1995a), and increased protein tyrosine nitration; remarkably, nitrotyrosine
immunoreactivity was more densely detected in motor neurons (Abe et al., 1995; Abe et al.,
1997; Beal et al., 1997; Ferrante et al., 1997a). 2) Oxidation markers in CSF, plasma and blood
from living ALS patients during the course of the disease have also been described. The
most relevant are oxidized DNA (Bogdanov et al., 2000; Thara et al., 2005), hydroxyl and
ascorbate free radicals (Ihara et al., 2005), lipid peroxidation (Baillet et al., 2010; Bogdanov et
al., 2000; Bonnefont-Rousselot et al., 2000; Ihara et al., 2005; Oteiza et al., 1997; Simpson et
al., 2004; Smith et al., 1998), and a remarkable elevation of 3-nitrotyrosine levels in CSF
(Tohgi et al., 1999). However, in other study, 3-nitroyrosine was not different between the
CSF of ALS patients and control subjects (Ryberg et al., 2004). Increased oxidative damage to
proteins, lipids and DNA has also been demonstrated in CNS tissue of transgenic mouse
model of FALS expressing mSOD1 (Andrus et al., 1998; Casoni et al., 2005; Liu et al., 1999;
Liu et al., 1998; Poon et al., 2005).
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Mitochondria, ROS and glutamate-induced excitotoxicity are closely related and this is
relevant in ALS, because the mitochondrion is the main oxygen consumer and il is also the
main producer of ROS. These species can be produced in neurons and in non-neuronal cells
and can cause failure in the glutamate uptake system of both motor neurons and astroglia
(Rao et al., 2003; Trotti et al., 1996, 1998; Volterra et al., 1994; Zagami et al., 2009). This may
contribute to an excitotoxic condition due to increased concentration of extracellular
glutamate. ROS production and its effects on motor neurons and non-neuronal cells are
illustrated in Fig,. 1.

2.4 Inflammation

A mechanism of non-cell-autonomous death associated with motor neuron degeneration in
both FALS and SALS is the participation of non-neuronal cells in inflammatory events
(Boillee et al., 2006a; Boillee et al., 2006b; Hall et al., 1998; Yamanaka et al., 2008; Yang et al.,
2011). The main histopathological feature of inflammation is the proliferation of reactive
astrogliosis and of activated microglial cells, associated with alterations in their cellular
functions, such as glutamate reuptake failure and release of proapoptotic and
proinflammatory factors (Sanagi et al., 2010; Sargsyan et al, 2005; Sofroniew, 2005).
Molecules associated with inflammatory process, such as interleukins 6, 12, 15, 17A, 23, C4d
and C3d complement proteins, as well as tumor necrosis factor-alpha, have been found in
blood and CSF from ALS patients (Almer et al., 2002; Fiala et al., 2010; Henkel et al., 2004;
Kawamata et al., 1992; McGeer et al., 1991; Moreau et al., 2005; Rentzos et al., 2010a, b). The
finding of increased levels of granzymes A, B in serum (llzecka, 2011) and decrease in
cytochrome ¢ levels in the CSF (Ilzecka, 2007), suggests an apoptotic process in human
disease. The proliferation of activated non-neuronal cells has been associated with the
disease severity (Clement et al., 2003). Nevertheless, alteration in their functions may be
more important than their proliferation (Lepore et al., 2008). In experimental models of
FALS (mSOD1) it has been attempted to prevent the motor neuron loss through the use of
drugs with anti-inflammatory properties, such as minocycline (Keller et al., 2010; Kriz et al.,
2002; Neymotin et al., 2009; Van Den Bosch et al.,, 2002; Zhu et al., 2002). This drug was
effective in delaying the motor neurons loss when given prior to the symptoms onset, but
when given at late stages it exaggerated the neuroinflammatory response and accelerated
the progression of the symptoms (Keller et al, 2010). In this transgenic ALS model,
apoptosis processes can be triggered by non-neuronal cells through the extrinsic apoptotic
pathway, via the release from activated glial cells of several death ligands (for example
Fasl) that bind to their respective death receptor (Fas) and trigger the cleavage ol caspase-8
(Locatelli et al., 2007; Petri et al., 2006; Raoul et al., 2006) (Fig. 1).

3. Mitochondrial dysfunction in ALS and in experimental motor neuron
degeneration

A convergent point of the deleterious mechanisms discussed above is the mitochondrion.
This organelle is the main energy producer in eukaryotic cells and plays a fundamental role
in normal cell physiology. Among the functions mitochondria carry out, besides ATP
synthesis, intracellular Ca?*buffering has been recognized as another relevant factor for the
protection against deleterious processes such as oxidative stress, excitotoxicity and necrotic
and apoptotic death, thus playing a central role in neuronal survival.
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Mitochondria are closely related to necrotic and apoptotic processes, which are the main
cellular death mechanisms. During necrosis, mitochondria undergo rapid swelling and lysis.
Although apoptosis is an energy-dependent active process, sometimes mitochondrial
morphological alterations are associated with the intrinsic-apoptosis pathway. Furthermore,
it is now recognized that apoptosis and necrosis are not two mutually exclusive processes,
but they can occur simultaneously or one preceding the other (Kroemer et al., 2009; Martin,
2010; Martin et al., 2009; Shrivastava & Vivekanandhan, 2011).

As the organelle responsible for energy production in the cell, mitochondria possess the
enzymatic machinery to catalyze the oxidation of various substrates generated inside and
outside mitochondria, including pyruvate trough pyruvate dehydrogenase, fatty acids
through p-oxidation, and carbon chains from amino acids. Energy is obtained by oxidation
of all these biomolecules to finally CO2 and H2O through the tricarboxylic acid cycle and the
respiratory chain. The tricarboxylic acid cycle is the converging point because the carbon
skeletons of carbohydrates and fatty acids are metabolized to yield the acetyl group of
acetyl-Coenzyme A, and many of the carbons of the amino acid skeleton also enter the cycle
via its conversion to some cycle intermediates. The reducing equivalents generated in the
tricarboxylic acid cycle reactions reduce pyridine and flavin nucleotides to NADH and
FADHo:. These electron transporters enter the respiratory chain, where electron flux through
various redox carriers and centers in the enzyme complexes located in the inner
mitochondrial membrane finally reduces O> to H:O; this flux is coupled to ATP synthesis
through oxidative phosphorylation.

The energy released by the electron flux through respiratory chain complexes is used to
pump protons through the inner mitochondrial membrane, producing an alkaline and
negatively charged mitochondrial matrix, as compared to the intermembrane space, thus
creating a proton gradient. This proton gradient generates an electrochemical potential
called proton-motive force (Ap), which supplies the energy to ATP synthase for ATP
synthesis from ADP and inorganic phosphate. The Ap depends mainly on the mitochondrial
transmembrane potential (Aym), which is the electric potential (negative inside), but it also
depends on the transmembrane pH gradient (ApH), which is the chemical potential (alkaline
inside). Energy stored in the proton gradient can also transport solutes against concentration
gradient across the membrane. The Ay, is a central parameter that controls three
fundamental and highly relevant cellular processes for neuronal survival: ATP synthesis,
mitochondrial Ca2* sequestration, and mitochondrial ROS generation. On the other hand,
Ay is controlled by substrate availability, ATP demand, respiratory chain capacity,
mitochondrial proton conductance, and mitochondrial Ca?* sequestration (Nicholls & Budd,
2000). Therefore, mitochondrial bioenergetic status is crucial for controlling the
susceptibility of neurons to chronic or acute stress and also in determining cellular fate
(survival, apoptosis or necrosis).

Owing to the great relevance of mitochondria, their morphological, ultrastructural and
functional characteristics have been studied in ALS patients. Deficits in respiratory chain
complexes I and IV activities have been detected in the spinal cord and skeletal muscle
(Borthwick et al., 1999; Crugnola et al., 2010; Vielhaber et al., 2000; Wiedemann et al., 2002;
Wiedemann et al.,, 1998), and a temporal study of mitochondrial respiratory function in
skeletal muscle in SALS demonstrated that respiratory complex IV activity is progressively
altered as the disease develops (Echaniz-Laguna et al., 2006). Some cases of ALS have been
described as a mitochondriopathy (Finsterer, 2002, 2003) including a mitochondrial DNA
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mutation in the gene encoding subunit I of the mitochondrial respiratory chain complex IV
(Comi et al., 1998). The electron transport chain proteins FAD synthetase, riboflavin kinase,
cytochrome C1, and succinate dehydrogenase complex subunit B expression were
significantly decreased in some ALS patients (Lin et al., 2009).

In the mSOD1 mice or cell culture familial ALS model, complexes I, Il and IV of the electron
transport chain exhibit decreased enzyme activities, even at early stages of the disease (Jung
et al, 2002; Mattiazzi et al., 2002; Menzies et al, 2002a,b). In G93A-SOD1 mice the
association of cytochrome ¢ with the inner mitochondrial membrane was reduced and there
was a significant decrease in respiratory chain complex IV (Kirkinezos et al., 2005). SOD-
containing aggregates (Higgins et al., 2002; Jaarsma et al., 2001; Pasinelli et al., 2004) and
decreased oxygen consumption, lack of ADP-dependent respiratory control, and decreased
membrane potential (Cassina et al., 2008), were observed in mitochondria from spinal cord
of transgenic mSOD1 rodents.

In neuronal cultures, glutamate-mediated excitotoxicity caused significant changes in
mitochondrial function, such as decline in ATP levels, mitochondrial transmembrane
potential collapse, decreased mitochondrial and cellular oxygen consumption, and oxidative
phosphorylation uncoupling, all these events preceding cell death (Ankarcrona et al., 1995;
Atlante et al., 1996; Maus et al, 1999; Monje et al, 2001). There is a link between
excitotoxicity-induced intracellular Ca2* overload and the collapse of Ay, since intracellular
Ca2* increase and its accumulation in mitochondria are sufficient to induce prominent and
persistent depolarization, leading to mitochondrial dysfunction and to neuronal death in
vitro (Schinder et al., 1996; White & Reynolds, 1996).

Few studies on excitotoxicity have been carried out in vivo. In our laboratory we have
developed two experimental models of spinal motor neurons degeneration by
overactivation of AMPA receptors, both by infusing AMPA directly in the lumbar spinal
cord of rats. In the first one AMPA is administered through microdialysis cannulas during
short time periods (Corona & Tapia, 2004) and in the other AMPA is infused chronically
during several days, using osmotic minipumps (Tovar-y-Romo et al., 2007). These models
reproduce the main histopathological features of ALS: loss of lumbar motor neurons,
astroglial activation and motor deficits that progresses to complete paralysis of the rear
limbs. The main difference between the two models is the time required for the occurrence
of motor neuron degeneration and the development of the paralysis, AMPA perfusion by
microdialysis causes a rapid loss of motor neuron and paralysis, occurring within the initial
12 hours, while chronic AMPA infusion with osmotic minipumps lriggers a progressive
motor neuron loss and motor deficits throughout three to four days. For these reasons, the
microdialysis model is defined as an acute model and the minipumps model as a chronic
model of spinal motor neuron degeneration by excitotoxicity (Tovar-y-Romo et al., 2009a).
The most important feature of both models is that motor neuron loss occurs without the
influence of a genetic factor and thus presumably can be used to study the mechanisms that
may be involved in motor neuron loss occurring in SALS, which accounts for over 90% of
ALS cases.

We have recently assessed mitochondrial function in our acute model of spinal excitotoxic
motor neuron degeneration, by studying mitochondrial oxygen consumption and
transmembrane potential in mitochondria isolated from the lumbar spinal cord of rats
perfused with AMPA. The AMPA-treated group showed decreased oxygen consumption,
ADP-dependent respiratory control and transmembrane potential, as compared to control
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rats perfused only with Krebs-Ringer medium (Santa-Cruz and Tapia, in preparation).
These results suggest that mitochondrial dysfunction plays a crucial role in spinal
motoneuron degeneration induced by overactivation of AMPA receptors in vivo. These
mechanisms could be involved in ALS motoneuron degeneration.

3.1 Ca**, mitochondria and motor neuron degeneration

Under physiological conditions, Ca2* participates as intracellular messenger in many normal
cellular functions, such as cell growth, differentiation, signal transduction, membrane
excitability regulation, exocytosis and synaptic activity. Cytoplasmic Ca2* concentration in
resting neurons is maintained at low concentrations (~100 nM), 10,000 times lower than
extracellular space concentration. To achieve this, neurons possess specialized homeostatic
mechanisms, such as regulation of Ca input and output, Ca?* binding proteins,
mitochondrial and endoplasmic reticulum storage, and Ca?*-ATPases. Moreover, neurons
not only control intracellular Ca?* levels, but also its location in the cell by means of complex
interactions among Ca2* input, output, buffering and internal storage. Under physiological
conditions, these processes maintain spatial and temporal location of Ca2*, so that multiple
Ca?'-regulated signaling pathways can take place independently within the same cell.
Excessive intracellular Ca?* concentration damages neurons through several mechanisms,
including mitochondrial damage, energy metabolism deficit, toxic ROS generation,
membrane depolarization, and activation of lytic enzymes such as proteases, lipases,
phosphatases and endonucleases. Intracellular Ca?* accumulation also stimulates ROS
production through NOS activation and the conversion of xanthine dehydrogenase to
xanthine oxidase through proteases activation. All these events eventually produce
membrane destruction and neuronal death (Arundine & Tymianski, 2003; Shaw, 1999).
Intracellular Ca2* regulation is an expensive process from the energy point of view, Ca2* is
extruded from the cell and sequestered into the endoplasmic reticulum through active
transport using Ca2*-ATPases, and it is also removed by secondary active transport using
the Na*/Ca?* exchanger, which activates Na*/K*-ATPases to take out Na*. Mitochondria
also play a critical role in the regulati(m of cytosolic Ca?* concentration, since they sequester
this cation through a Ca?* uniporter located in the inner mitochondrial membrane and
driven by the electric potential (Nicholls, 1985). To prevent a potentially lethal Ca2*
accumulation in mitochondrial matrix, there is an output system that exchanges Na*/Ca?*,
besides a mitochondrial Na*/H* transporter that extrudes Na*, so that ion flux under a
constant Ca?* entrance to mitochondria involves a sequential transfer of Ca2*, Na* and H*,
the latter driven by the respiratory chain (Crompton & Heid, 1978; Nicholls & Budd, 2000).
When Ca2* concentration surpasses a certain critical point, under physiological phosphate
concentration an osmotically inactive and rapidly dissociable Ca2*-phosphate complex is
formed in the mitochondrial matrix, so that mitochondria work as efficient buffers of
extramitochondrial Ca?* by accumulating this cation (Becker et al.,, 1980; Nicholls, 1978).
Apparently, this orgﬂnelle acts as a temporary Ca?* store during high cytoplasmic
concentrations peaks, as suggested by the kinetics of mitochondrial Ca2* transport; because
the Ca2*-phosphate complex is rapidly dissociable, mitochondria can release Ca2* back to
the cytoplasm when its concentration decreases below the critical point. As long as
mitochondria are polarized, cytosolic Ca2* accumulates within the mitochondrial matrix
through the Ca?* uniporter. Mitochondrial Ca2* uptake is driven by Ay, so it will compete
with ATP synthase for proton gradient, in such a way that Ca?* uptake could dominate due
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to the fact that ATP synthesis requires a thermodynamic threshold for Ay, while Ca?*
transport can proceed at much lower Ay, and excessive Ca* concentrations reduce Ay,
dramatically, When Ca?* concentration does nol recover below the critical poinl, excessive
Ca?* overload in the mitochondrial matrix can lead to mitochondrial swelling, loss of
respiratory control, increased mitochondrial ROS generation, Aym collapse (depolarization)
diminished ATP synthesis, and Ca?* release from the mitochondrial matrix caused by inner
mitochondrial membrane permeabilization through the mitochondrial permeability
transition pore (MPTP, a large protein complex forming a non-selective pore through the
inner mitochondrial membrane) (Al-Nasser & Crompton, 1986; Nicholls & Budd, 2000; Peng
& Jou, 2010). When mitochondrion depolarizes, accumulated Ca?* goes back into the
cytoplasm, either through the Ca?* uniporter, the Na*/Ca2* exchanger, or through the
MPTP. Since Ap depends mainly on Ay, its collapse causes Ap collapse, which results not
only in halting ATP synthesis but also in a rapid cytoplasmic ATP hydrolysis because ATP
synthase catalytic function reverses in an attempt to restore Ap.

In motor neurons, the damage produced by these alterations may be enhanced because they
do not have sufficient mitochondrial Ca2-buffering capacity, due in part to a lower
mitochondrial density per volume compared to non-motor neurons (Grosskreutz et al.,
2007). In addition, other buffering mechanisms are deficient in spinal and cortical motor
neurons because they lack the Ca2*-binding proteins calbindin D-28K and parvalbumin. This
may explain why other motor neurons that express these proteins, such as those located in
oculomotor and Onuf’s nuclei, are not usually affected in ALS (Alexianu et al., 1994; Celio,
1990; Ince et al., 1993; Palecek et al., 1999). For all these reasons, mitochondrial Ca2* overload
playvs a key role in gluta.matergic excitotoxicity (Nicholls et al, 2003), given that
overactivation of Ca?*-permeable AMPA receptors, which are abundant in spinal motor
neurons, confers to these cells a special vulnerability to AMPA receptor-mediated
excitotoxicity (Corona & Tapia, 2007; Grosskreutz et al., 2010). AMPA exposure to spinal
motor neuron cultures results in an intracellular Ca?* concentration increase that triggers
mitochondrial Ca?* overload, depolarization and ROS generation (Carriedo et al., 2000). So,
there is abundant evidence that suggest that mitochondrial damage, probably related to
Ca?* homeostasis disturbances, is involved in SALS and FALS (Manfredi & Xu, 2005;
Menzies et al., 2002a; Swerdlow et al., 1998; von Lewinski & Keller, 2005).

3.2 Energy deficits

Due to the large size of motor neurons and their long processes reaching muscles, they have
an expensive energy cost and this renders them very vulnerable to energy deficits. Much of
the ATP demand in neurons is used in the ion pumping through plasma membrane to
maintain membrane potential. Thus, Na-/K*-ATPase is the most demanding ATP process in
neurons (Scott & Nicholls, 1980) in order to expel Na* excess resulling from excitation.
Intracellular Ca2* regulation by Ca-ATPases is also highly energy consuming, as previously
discussed.

There is abundant evidence both in vitro and in vivo that any restriction in the ability of the
cell to generate ATP can exacerbate or even induce glutamatergic excitotoxicity. The energy-
linked excitotoxic hypothesis (Beal et al., 1993; Greene & Greenamyre, 1996; Novelli et al.,
1988) proposes that the correlation between excitotoxic damage and energy restriction is due
to plasma membrane depolarization. Diminished ATP levels cause a decrease in Na*/K*-
ATPase and Ca2*-ATPase functions, lessening Na* and Ca?* removal. This triggers plasma
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membrane depolarization and as a consequence Ca2* enters the cell through voltage-
dependent Ca2*channels and glutamate is released to the extracellular space by exocytosis.
This in turn activates Ca2?* influx through the NMDA receptor, which is also voltage-
dependent. Further, under energetic failure conditions, glutamate transporters operate in
reverse because Na*/K* electrochemical gradient collapse due to ATP decrease, resulting in
diminished glutamate uptake and non-vesicular glutamate release into extracellular space
(Jabaudon et al., 2000; Longuemare & Swanson, 1995).

The observation that inhibition of mitochondrial respiratory chain complexes activity can
induce pathological changes similar to those observed in some neurodegenerative
diseases in specific CNS regions has generated great interest. Association among
glutamatergic excitotoxicity and bioenergetic limitation has been proposed for Alzheimer,
Parkinson, Huntington’s disease and ALS (Beal, 1998), and in many cases specific
respiratory chain complexes are involved. In organotypic spinal cord cultures, motor
neurons are selectively vulnerable to chronic mitochondrial blockade by inhibitors of
mitochondrial respiratory chain complex II and complex IV and this motor neuron
degeneration displays structural changes similar to those seen following excitotoxicity
(Brunet et al., 2009; Kaal et al., 2000).

In our acute model of excitotoxic motor neuron degeneration previously described (Corona
& Tapia, 2004, 2007) we have demonstrated the importance of Ca2*-permeable AMPA
receptors and of intracellular Ca?* overload in motor neuron death process. Using this
model, we aimed to study the importance of energy deficits and oxidative stress in AMPA-
induced degeneration. With this purpose, we assessed the potential neuroprotection of
various energy substrates and antioxidants at different concentrations, co-perfusing them
with AMPA in the rat lumbar spinal cord. We observed protection at different degrees
depending on the concentration of each compound, but in general antioxidants only
partially protected, while various energy substrates prevented the AMPA-induced motor
impairment and the spinal motor neuron loss (Santa-Cruz and Tapia, in preparation). These
findings suggest that intracellular Ca2* overload in vivo disrupts mitochondrial energy
metabolism. On the other hand, energy substrates can directly prevent Ay, t.‘ullapse and
thus prevent mitochondrial dysfunction. Because one of the factors that control Ay, is
substrate availability, excess mitochondrial substrates administered exogenously can
stimulate respiratory chain and increase oxidative phosphorylation, maintaining the
electrochemical proton gradient and thus preventing the collapse of ATP synthesis.

3.3 Oxidative stress

Since mitochondria are the organelles where oxidative phosphorylation is accomplished,
they consume about 98 % of the cell oxygen requirement and constitute a major site for
intracellular ROS production. Some steps along mitochondrial oxygen reduction pathway
have the potential to produce, and indeed generate free radicals, due to the fact that electron
flux along respiratory chain may have leakage of electrons to oxygen. The intermediate
radical ubisemiquinone, involved in the transfer of electrons through respiratory complexes
III'and I, can grant an electron to oxygen, forming the superoxide radical O*, a powerful
oxidant and a very reactive intermediate (Turrens et al., 1985) that must be rapidly removed
by antioxidant enzymes to avoid its lethal effects. About 0.1-4% of the O, used by actively
respiring mitochondria is converted to O2*-. Nevertheless, respiratory chain enzymes defects
or other mitochondrial perturbations could be responsible of an excessive mitochondrial
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ROS production, triggering or increasing cellular injure, Among them, mitochondrial Ca
overload resulting from NMDA, AMPA or kainate receptor overactivation (Carriedo et al.,
1998; Carriedo et al., 2000; Dugan et al., 1995) increases ROS production (Dykens, 1994; Peng
& Jou, 2010); thus, an initial excitotoxic event might also contribute to increased oxidative
stress.

In addition, it is important to consider that mitochondria are not only ROS producers but
also that they are a susceptible target of them. Thereby, in a pathologic situation where an
increased ROS production occurs initially, oxidative damage to mitochondrial lipids, nucleic
acids and proteins can reduce mitochondrial respiration, disturb normal function and
seriously damage this organelle (Lenaz et al., 2002). Furthermore, mitochondrial DNA is
more susceptible to oxidative damage than nuclear DNA, due to its close location next to an
important ROS production site, to the lack of protective histones and to less effective repair
mechanisms, as compared to the nuclear DNA (Richter et al., 1988). Mitochondrial redox
status also influences the opening of the MPTP, since it is enhanced by oxidative stress in
isolated mitochondria (Saxena et al., 1995).

4. Mitochondrial structural damage in ALS and experimental motor neuron
degeneration

The death process involved in the motor neuron loss characteristic of ALS is not yet fully
understood. Several functional alterations present in both human disease and experimental
models have been reviewed in the previous sections, but several studies have shown also
morphological and ultrastructural changes in motor neurons that may be associated with
apoptosis and/or necrosis.

Postmortem examination of ALS patients tissues has revealed morphological and
ultrastructural abnormalities in mitochondria. Atypical mitochondrial aggregates were
found in skeletal muscle subsarcolemmal region and in intramuscular axons (Afifi et al.,
1966; Atsumi, 1981), and morphological abnormalities were also detected in proximal axons,
as well as dense clusters of mitochondria in the ventral horn of spinal cord SALS patients
(Hirano et al., 1984a; b; Sasaki & Iwata, 1996). Giant mitochondria with intramitochondrial
inclusions were observed in the liver of some ALS patients and these alterations were
disease specific (Nakano et al.,, 1987). Further, mitochondria with increased volume and
with high Ca?* concentration were found in motor nerve terminals in muscle biopsies of
alive ALS patients, which were not observed in patients with other neuropathies or in
control subjects (Siklos et al., 1996). Ultrastructural damage of mitochondria, characterized
by swelling and rounding, was recently described in platelets of ALS patients (Shrivastava
& Vivekanandhan, 2011; Shrivastava et al., 2011a,b).

The main problem with pathological studies in human ALS is the difficulty in determining
whether the alterations observed are a cause or a consequence of the disease. This highlights
the importance of developing experimental models of motor neuron death to study the
temporal progress of the morphological changes, including the alterations of mitochondrial
structure. With this objective, we have recently studied the ultrastructural changes of
mitochondria in both our acute and chronic models of spinal motor neuron death described
above. In the acute model we observed motor neurons with mitochondrial swelling as soon
as 2 h after AMPA perfusion, followed in a few hours by the rupture of mitochondrial,
nuclear and plasma membranes, which led to total neuronal disruption. These
ultrastructural alterations are characteristic of a necrotic process. In contrast, in the chronic
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model we observed by day one swelling of the endoplasmic reticulum and only later
progressive alterations in mitochondrial internal and external membranes that generated
mitochondrial swelling. So, the initial mitochondrial integrity might indicate an apoptotic
process, although motor neurons eventually probably die by a slow necrotic process (Fig. 2;
Ramirez-Jarquin and Tapia, in preparation). The mitochondrial swelling observed in both
models may be associated with energy failure, which as discussed above causes ATP
depletion, oxidative stress and inflammatory events, leading to cell death.

* *
i1+ Cytochrome c

Proapoptotic
factors “!'\ il
ATP production Proapoptotic Mitochondrial
Cleaved caspasess factors swelling

v Motor neuron v
APOPTOSIS » death process * NECROSIS

Fig. 2. Role of mitochondrial damage in motor neuron excitotoxicity. The electron-
micrographs show normal mitochondria and endoplasmic reticulum in a spinal motor
neuron of a control rat (left), and swollen mitochondria with altered cristae observed 2 h
after perfusion of AMPA by microdialysis (right) (Ramirez-Jarquin and Tapia, unpublished).
Bottom: proposal of the involvement of mitochondrial damage in the apoptosis and necrosis
processes leading to motor neuron death. The symbols are the same as in Fig. 1. Description
in the text.
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The mitochondrial damage seen in our models is similar to those observed in the human
disease and also in muscle and spinal cord of mSOD1 rodent models, namely mitochondrial
[ragmentalion, enlargement, vacuolization, rearrangement ol the cristae and swelling
(Bendotti et al., 2001; Kong & Xu, 1998; Martin et al., 2009; Menzies et al., 2002b; Wong et al.,
1995). The observed rearrangement of the inner membrane to form small vacuoles has been
associated with an alteration in the MPTP permeability and also with the trigger of intrinsic-
apoptosis pathway by release of proapoptotic factors, such as cytochrome ¢ (Bendotti et al.,
2001; Martin, 2010; Martin et al., 2009; Ohta et al., 2008) followed by the cleavage of caspases
(Li et al,, 2000; Pasinelli et al., 2000) Fig. 2 illustrates the ultrastructural mitochondrial
damage and shows a schematic representation of the mechanisms associated with these
alterations.

5. Conclusions

Altogether the foregoing data suggest that mitochondrial respiratory chain damage is a
relevant event in ALS pathogenesis, although it is still unknown if mitochondrial
abnormalities are the cause of the disease process or if they are consequence of neuronal
degeneration, However, it is clear from the evidence reviewed here that mitochondria
definitely play a central role in determining the fate of motor neurons and in their
degeneration process. This evidence comes from studies in several tissues of ALS patients,
both from biopsies or from postmortem observations, and from direct measurements of
mitochondrial function in experimental models of motor neuron degeneration, both in vitro
and in vivo. These experiments clearly point to energy deficits and disruption of Ca?
homeostasis and axonal transport.

Integrity of the mitochondria morphology and structure is pivotal for their function and for
cellular health. It is interesting that similar structural alterations have been observed in ALS
tissues and in in vilro and in vivo models of motor neuron degeneration, including
transgenic mSOD1 rodents and excitotoxicity. Clearly, this damage can be associated with
the mitochondrial functional deficits, which trigger deleterious process resulting in cellular
death by apoptosis, necrosis or a combination of these mechanisms. Although there is
biochemical evidence of an apoptotic process involving the mitochondria, no ultrastructural
evidence of classic apoptosis, such as apoptotic bodies, has been found. Rather,
mitochondrial swelling and membrane disruption are frequently observed, suggesting the
predominance of a necrotic process.

The evidence for a role of calcium homeostasis disruption in the induction of neuronal death
is vast, and the involvement of mitochondria in this mechanism seems determinant. The
advances in the elucidation of this process should help to understand the importance of the
preservation of mitochondrial structure and function, which hopefully can lead to the
design of preventive and therapeutic measures for ALS.
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Retomando a laex citotoxicidad como unm ecanismo que causa la
degeneracion de las MNs, en el laborat orio se h an de sarrollado dos modelos de
degeneracion e spinal lumbar, los cuale s causanla  muerte delas MNs vy
subsecuentemente, paralisis por la sobr eactivacion de los rece ptores AMP A. Las
principales diferencias entre a mbos modelos son: el método de ad ministracion del
AMPA vy el tiempo en el que se presentan los déficits motrices. En el modelo agudo
la microdialisis del AMPA 6 mM (50 ul en 25 min) en la médula espinal, induce, en
tan solo tres horas, la muerte de las MNs y la paralisis de la extremidad inervada por
estas (Corona y Tapi a, 2004 ). Enel modelo cronic o, se e mplean minibombas
osmoticas como via de administracion de AMPA 7.5 mM. La muerte de las MNs y

sus consecuencias ocurren de manera progresiva a lo lar go de varios dias (Tovar-y-

Romo et al., 2007).
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Figura 2. Esquema que ilustra los principales mecanismos involucrados en la neurodegeneracion de las
MN:s, s efialando co n r ecuadros 1 as es trategias d e n europroteccion q ue s e han utilizado en n uestro
laboratorio.
Utilizando nuestros m odelos para el estudiode los mecanismos de
degeneracion de las MNs se han de  sarrollado estrategi as de n europroteccion,

enfocadas en combatir alguno de los mecanismos descritos en el capitulo presentado
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(Figura 2) . Estas estr ategias han usado  agentes antioxidan tes como m edio de
proteccion, sustratos energéticos (Corona 'y Tapia, 2004, Netzahualcoyotzi y Tapia,
2014, Santa-Cruz y Tapia, 2014, Santa-Cruz et al., 2016), también factores troficos
como el VEGF, el cual protegié incluso después de iniciado el proceso excitotoxico

(Tovar-y-Romo et al., 2007, Tovar-y-Romo y Tapia, 2010, 2012).

Alteraciones de los circuitos inhibitorios en la ALS

El presente estudio también se enfoco en el papel de los circuitos inhibitorios en la
degeneracion de las MNs espinales, por ello como parte final de la seccion de
antecedentes incluimos la revision “Spinal inhibitory circuits and their role in motor
neuron degeneration”, publicado en la revista Neuropharmacology, 2014, (82): 101-
107, la cual se enfoca en el estudio y descripcion de las redes neuronales espinales y
sus alteracion es en la ALS, alteracio nes de scritas en modelos ex perimentales y
también en la clinica, pero que han sido poco estudiadas.

Resumen de este trabajo

En la m édula espinal la actividad neuronal es controlada por el b alance entre las
neurotransmisiones ex citadoras e inh ibidoras, mediadas p rincipalmente por los
neurotransmisores glu tamato y GABA/glicina, respect ivamente. Cuando este
equilibrio se afecta, ya sea por un incremento de la activi dad glutamatérgica o bien
por un decre mento de la actividad GABA érgica, el resultado es el incre mento de la
excitabilidad neuronal, el cual puede llega r a desencadenar degener acion mediante
procesos de exc itotoxicidad, causan do muerte neuronal y dafio f uncional segun el
area af ectada. Altera ciones de este equ  ilibrio han sidoa  sociadas con la
hiperexcitabilidad de 1 as MNs espi nales y s u degeneracio nenla ALS. En esta
revision se abarcan las generalidades de las redes neuronales de las astas ventrales,
asi como la posible implicacion de los cir cuitos inhibid ores en la de generacion de
las MNs en ambos tipos de ALS. Uno de los principales componentes de los
circuitos espinales son las interneuronas, las cuales segiin la expresion de factores de

transcripcion se clasifican como: dI1 a dI6, V0 a V3, VM W, muchas de estas clases
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son inter neuronas exc itadoras y solo las ¢ lases V2 b, VO ¢, V Op yV Oy son
inhibidoras. Dentro d e la médula, interneuronas yn euronas de pro yeccion se
organizan en r edes locales llamadas centros organizadores de patrones, los cuales
controlan d iversos patrones motores co mo la loco mocion, la masticaciony la
respiracion. Un componente i mportante d e estos circuit os son la células de
Renshaw, las cuale s median la 1 nhibicién rec urrente de las MNs, que en conjunto
con las demas interneuronas controlan la excitabilidad de las MNs. Recientemente
se hadem ostrado e xperimentalmente e histopatol o6gicamente que durante el
progreso de la ALS existe un decremento de la actividad de los circuitos inhibidores,
el cual se asocia principalmente con la pérdida de las células de Renshaw, o bien con
una reduccidon ens u accion inhibido ra ocasionada porund ecremento de su
excitabilidad mediada por interneuro nas colinérgicas. Finalmente, una falla
inhibidora por cualquier mecanismo puede conducir a la de generacion de 1as M NG,
sugiriendo a1 os cir cuitos inh ibitorios y las células de Renshaw co mo blanco s

farmacoldgicos para el tratamiento de la ALS.
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means of the control of the amplitude of locomotor activity
generated by motor neuron output (lwagaki and Miles, 2011;
Taccola et al., 2004a, 2004b).

Other spinal neuromodulators are classified into several classes
according their chemical nature. The first group, biogenic amines,
arises from cerebral structures. Serotoninergic pathways originate
in the raphe nuclei and reach spinal motor neurons (Alvarez et al.,
1998; Maxwell et al, 2000), Renshaw cells (Carr et al., 1999),
comumissural interneurons (Hammar et al., 2004), VOc interneurons
(Zagoraiou et al, 2009), V2-derived interneurons (Al-Mosawie
et al,, 2007), Hb9-interneurons (Wilson et al.,, 2005) and neurons
in laminae VIl and VIII. Noradrenergic pathways originate from
locus coeruleus and brainstem (Commissiong et al., 1978; Westlund
et al, 1983), and make synaptic contacts on motor neurons
(Gladden et al,, 2000; Rajaofetra et al., 1992), commissural in-
terneurons (Hammar et al., 2004) and interneurons of laminae VII
(Maxwell et al., 2000). Axons from dopaminergic neurons from
hypothalamic A1l region are distributed throughout the ventral
horn, where all subtypes of dopamine receptors are expressed. It
has been shown in preparations in vitro that dopamine slows
locomotor-like rhythmic activity, while serotonin increases rhythm
frequency (Barbeau and Rossignol, 1990; Grillner and Jessell, 2009;
Kiehn and Kjaerulff, 1996).

The second category of modulators is peptides. Experimental
application of oxytocin, vasopressin, bombesin and TRH can trigger
tonic or loosely coordinated rhythmic activity when applied in
in vitro preparations, whereas other peptides like proctolin and
neurotensin increase the frequency of locomotion, and substance P,
met-enkephalin and oxytocin decrease it (Barriere et al., 2005;
Barthe and Clarac, 1997; Pearson et al, 2003; Rekling et al,
2000), Table 1 summarizes the neurotransmitters and modulators
of the spinal cord circuitry.

3. Role of inhibitory neurotransmission in experimental
motor neuron death

Electrophysiological experiments carried out in vitro, in spinal
cord organotypic cultures (Kuo et al., 2004) and in cortical and
brainstem slices (van Zundert et al, 2008) of presymptomatic
transgenic SOD1 ALS mice, have shown the appearance of an
intrinsic hyperexcitability caused by the generation of aberrant

Table 1
Neurot itters and modulators of the spinal cord circuitry.
Neurotransmitter  Effect Source
Glutamate Excitatory Interneurans,
descending pathways
Acetyicholine Excitatory Interneurons
GABA Inhibitory Interneuron la, Renshaw cell
Glycine Inhibitory Interneuron la, Renshaw cell
Norad li Modulatory Locus coeruleus,
brainstem, pons
Dopamine Slows locomotor pattern Hypathalamic A11 region
Serotonin Increase frequency of Raphe nuclei
locomotor pattern
Peptides Modulation of MN activity  Interneurons, glial and
microglial cells
Oxytocin ; Trigger tonic or
Vasopressin loosely coordinated
Bombesin rhythmic activity
TRH
. Increase the
Proctolin { frequency of
Neurotensin locomotion
Substance P Decrease the
Met-enkephalin frequency of
Oxytocin locomotion

action potentials, which might be related to the occurrence of
neurodegeneration. Although the authors did not propose an
explanation, it seems possible that such hyperexcitability might be
due to a decrease in inhibitory neurotransmission, because in
gliosomes isolated from the spinal cord of presymptomatic ALS
mice the GABA transporter GAT1 (which is located mainly on pre-
synaptic neurons and on distal astrocytic processes in close prox-
imity to axon terminals (Borden, 1996; Conti et al,, 1998)), was
found to be increased and GABA release was reduced (Milanese
et al., 2010), Furthermore, in cultured motor neurons from ALS
mice a GABAsR desensitization, but only of receptors with =1
subunit, was described (Carunchio et al,, 2008), and in motor cortex
slices of the wobbler mouse a decrease in tonic GABAergic inhibi-
tion, related to a reduction in the vesicular GABA transporter, was
found (Nieto-Gonzalez et al., 2011). In addition, in mixed and
dissociated spinal cord cultures of ALS mice a reduction of glyci-
nergic miniature inhibitory postsynaptic currents and of the den-
sity of GlyRs on large-sized motor neurons (but not GABA
receptors) was reported {Chang and Martin, 2011a, 2011b).

An increase in inhibitory neurotransmission has also been
postulated as a compensatory mechanism of hyperexcitability in
the transgenic SOD1 mice, on the basis of an increase in the pop-
ulation in cortical parvalbumin interneurons, found in motor and
somatosensory cortex (Minciacchi et al., 2009). However, there are
contradictory results, such as ubiquitination (Martin et al., 2007)
and loss of putative interneurons in the spinal cord of symptomatic
mice (Morrison et al, 1998). Also, Renshaw cells are lost during
disease progression, and glycinergic but not GABAergic synapses
around the motor neuron are lost since presymptomatic age, before
motor deficit and motor neuron loss occur (Chang and Martin,
2009; Martin et al, 2007). The vulnerability of specific motor
neurons pools in the transgenic ALS mice has been correlated with
the density of subunit «1 in GlyRs (Lorenzo et al., 2006), whereas
high-resolution magnetic resonance spectroscopy has shown a
decrease of GABAAR since early and presymptomatic age in trans-
genic SOD1 mice (Niessen et al., 2007). Although mutations in
glycinergic receptors have been associated with some motor dis-
orders characterized by spinal cord hyperexcitability, such as
hyperekplexia (Dutertre et al., 2012), there is no motor neuron
degeneration in these disorders.

Spinal motor neuron increased excitability may be due to a
decreased amount of the excitatory of amino acid transporter 2
(EAAT2), although it is not clear whether this decrease is due to
degeneration itself or played a causative role (Ganel et al., 2006;
Rothstein et al., 1992, 1995). A role of decreased glutamate trans-
port in motor neuron hyperexcitation or degeneration is not sup-
ported by other studies showing that the pharmacologic acute
(Corona and Tapia, 2004) and chronic (Tovar-y-Romo et al., 2009a,
2009b) in vivo blockade of EAAT1 and EAAT2 increased extracel-
lular glutamate levels but did not produce motor neuron degen-
eration in the rat spinal cord or in the transgenic SOD1 mouse brain
(Tovar-y-Romo and Tapia, 2008).

Using an acute (reverse microdialysis) and a chronic (mini-
osmotic pumps) experimental procedure for the infusion of drugs
into the rat lumbar spinal cord in vivo (Corona and Tapia, 2004,
2008; Tovar-y-Romo et al, 2009a, 2009b, 2007; Tovar-y-Romo
and Tapia, 2010), we have recently studied the effect of the
blockade of GABAAR by the infusion of bicuculline, and of GlyR with
strychnine. Various concentrations of strychnine were tested and
no significant effects were observed. In contrast, both the acute and
chronic infusion of bicuculline caused in a dose-dependent manner
motor task deficits manifested by the occurrence of fasciculations
and uncoordinated and involuntary muscular contractions of the
ipsilateral hindlimb and deficits in motor tasks such as rotarod.
From 3 days after the beginning of the chronic infusion of
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bicuculline a discrete motor neuron loss of about 20% was observed.
The acute bicuculline perfusion caused a transitory effect on motor
behavior, which lasted about 40—-60 min, but no histological al-
terations were ohserved. These results show that inhibitory
GABAergic blockade can cause hyperexcitability of the intraspinal
neuronal networks and motor neuron degeneration (Ramirez-]ar-
quin and Tapia, in preparation).

4. Alterations of inhibitory motor neuronal pathways in ALS

Some components of inhibitory circuits seem to be altered in
ALS patients. GABA levels in serum did not change in ALS patients
during several stages of the disease, but glycine concentration was
diminished (Malessa et al., 1991). No changes in CSF GABA have
been found, whereas an increase (Kostera-Pruszczyk et al,, 2002) or
a decrease (Malessa et al., 1991) of glycine has been described.
Cortical hyperexcitability in ALS patients has been shown to occur
in early stages of the disease by transcranial magnetic stimulation
recorded with superficial electrodes (Vucic et al., 2009), and this
has been proposed as an early diagnostic marker (Eisen and Weber,
2000). Post-mortem analyses of cortex and spinal cord of ALS pa-
tients have shown a decrease in «1 subunit of GABAAR, an upre-
gulation of glutamate decarboxylase expression (Petri et al., 2006),
and a decrease in glycine binding sites in the ventral horn (Hayashi
et al.,, 1981; Whitehouse et al., 1983).

Several enhancers of GABAergic transmission have been tested
in clinical trials in ALS patients. Intrathecal infusion of the GABAg
agonist baclofen via a percutaneous pump has been used for
spasticity-related pain treatment, without clear beneficial effects
(McClelland et al., 2008). In one study, gabapentin (a GABA analog
with multiple mechanisms of action) reduced fasciculations
(Romano, 1996), but later phase 11 and phase 111 trials with magnetic
resonance spectroscopy analysis revealed no beneficial effects
(Kalra et al., 2003; Miller et al., 2001). Nowadays, the only therapy
approved for ALS treatment is riluzole, but the benefits produced by
this drug are limited (Miller et al., 2003), The exact mechanism of
action of riluzole is unknown, but it has multiple properties
including inhibition of sodium, calcium, potassium and gluramate
currents (Gibson and Bromberg, 2012).

5. The role of Renshaw cells

As previously mentioned, the Renshaw cell is the only inter-
neuron that receives afferents directly from motor neurons and
mediates recurrent inhibition to them. Inhibitory terminals of
Renshaw cells are widely distributed over the dendrites of motor
neurons (Burke et al., 1971, Fyffe, 1991) and their activity is directly
associated with the activation and modulation of motor neurons,
which in turn is important to determine the level of excitation in
spinal cord circuits and motor output. The Renshaw cell inhibitory
action seems to be mediated by both GABA and glycinergic syn-
apses, but not all their efferents to motor neurons have both
inhibitory neurotransmitters. Shigenaga et al. (2005) showed that
synaptic boutons immunoreactive to glycine alone are more
numerous than boutons double-labeled for GABA and glycine,
which in turn occurred more frequently than boutons immunore-
active to GABA alone. Renshaw cells can be identified by its size
(mostly medium to large), biochemical markers such as glycine
transporter GlyT2, calcium buffering proteins calbindin and par-
valbumin, large gephyrin clusters, location, and electrophysiologic
properties such as a high postsynaptic sensibility to acetylcholine
and large glycine- and GABA-evoked currents (Alvarez and Fyffe,
2007). The Renshaw cell to motor neuron ratio is estimated to be
1:5 (Mentis et al., 2006).

In order to understand the mechanisms involved in neuronal
hyperexcitability in ALS, one of the most attractive circuits is the
recurrent inhibition formed by motor neurons and Renshaw cells.
Its precise role is still unknown, but there are two hypotheses
which try to explain how Renshaw-cell alterations may lead a hy-
perexcitability state and eventually motor neuron degeneration
{Fig. 1). The first hypothesis postulates that the hyperexcitability is
caused by the loss of the recurrent Renshaw cells-mediated inhi-
bition. Experimental models of FALS have shown that a progressive
loss of glycinergic boutons occurs throughout the soma of the
motor neurons, which starts in the early symptomatic stage before
motor neuron degeneration. Whereas GABAergic terminals are
affected only until the final stage, these changes have been asso-
ciated with Renshaw cell loss, which also has been observed in
early and late symptomatic stages (Chang and Martin, 2009). Tak-
ing the inhibitory loss as a cause of motor neuron degeneration,
some groups have developed pharmacological strategies for the
preservation of these cells. One treatment used to rescue Renshaw
cells is the administration of lithium, which prevented Renshaw
loss and delayed the onset of symptoms, although mice eventually
developed the disease (Chang and Martin, 2009; Fornai er al., 2008;
Pasquali et al,, 2009) (Fig. 1B).

The second hypothesis is based on evidence which suggests that
Renshaw cell loss is not an initial causal event of motor neuron
hyperexcitability and neurodegeneration, and proposes that the
recurrent inhibitory circuit is altered previously to motor neuron
degeneration and the onset of the symptoms but is not a conse-
quence of Renshaw cell loss. First, Mazzocchio and Rossi (2010)
shown that activation of Renshaw cells has a poor effect on the
motor neuron soma activity; second, in both experimental models
in the symptomatic stage and in human tissue samples in-
terneurons are preserved, indicating that progress of motor neuron
degeneration is independent of the Renshaw cells loss (Wootz et al.,
2013). In agreement, in transgenic ALS mice, inhibitory neurons
degeneration occurs after motor neuron loss (Hossaini et al,, 2011},
What is then the role of Renshaw cells in motor neuron hyperex-
citability and degeneration?

Recently, other two significant components have been involved
in the control and modulation of the motor neuron activity:
cholinergic interneurons named VOc (Zagoraiou et al., 2009), which
innervate the soma of motor neurons and inhibitory interneurons
(Magy et al., 1993; Zagoraiou et al., 2009); and, second, a kind of
inhibitory interneuron named la (la), which can inhibit motor
neurons through the release of GABA and glycine (Siembab et al.,
2010). So, the recurrent and reciprocal inhibition of motor neu-
rons is mediated by both Renshaw cells and la, and both in-
terneurons can be excited by VOc cholinergic action.

Although Pullen and Athanasiou (2009), using electron micro-
scopy and morphometric analysis, found that presumed cholinergic
C terminals on motor neurons are preserved at presymptomatic
stages in a transgenic model of ALS (without determining the origin
of these terminals), in the same model Casas et al, (2013) showed an
early reduction of choline acetyltransferase (ChAT) content in the
presynaptic boutons of VOc on motor neuron somas, as well as on
Renshaw cells, also at a presymptomatic stage. Similarly, Wootz
et al. (2013) demonstrated that the cholinergic afferent to
Renshaw cells from motor neurons are lost at 20—30 days of age, by
retraction of the motor neuron collateral. However, the inhibitory
boutons from Renshaw cells on motor neurons and the number of
Renshaw cells were not affected at this time. In both studies, these
changes occurred long before the markers of motor neuron
degeneration appeared. Therefore, according to these findings
cholinergic dysfunction can be the trigger of a hyperexcitation and
neurodegeneration process of the spinal circuits through a
decreased excitatory action on inhibitory neurons (Fig. 1C).
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These findings in animal models agree with reports that in both
SALS and FALS there is a reduction in ChAT activity in the ventral
horn of the spinal cord. Also in patients, morphologic studies
demonstrated a loss of ChAT mRNA (Virgo et al,, 1992), suggesting
that the low expression of ChAT in the spinal cord may be an early
alteration in ALS (Oda et al., 1995).

6. Conclusion

The knowledge of the spinal ventral horn circuitry shows great
structural and functional complexity and therefore several possible
mechanisms that may lead to dysregulation of motor excitability
and to motor neuron degeneration. We have focused on inhibitory
networks alterations, because the inhibitory control is extremely
important for the physiological control of motor activity. Growing
evidence shows that, besides an increased excitation intrinsic of
motor neurons, or excitotoxicity mediated by overactivation of
glutamate receptors, a loss of action of inhibitory neurons, mainly

Renshaw cells, may be an important factor leading to motor neuron
death. A decreased inhibitory control on motor neurons may be due
to degeneration of inhibitory interneurons or to a loss of cholinergic
excitatory action on them, which may have implications for the
understanding of the mechanisms of motor neuron degeneration in
ALS. Therefore, these findings suggest new pharmacological stra-
tegies for the treatment of the disease, for example to preserve
Renshaw cells, restore inhibition failure and study the relationship
between GABAergic, glycinergic, glutamatergic and cholinergic
neurotransmission in the spinal cord, even when these alterations
have been shown mainly in experimental models of motor neuron
degeneration and data obtained in human tissue from ALS patients
are still scarce.
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V1. Planteamiento del problema

A pesar de los avances alcanzados enel entendi miento de lo s m ecanismos
involucrados en lad egeneraciénlas MNs enla ALS vy part icularmente en
condiciones de e xcitotoxicidad, actualmente el proceso de muerte involucrado aiin
contintia si n deter minarse. Algu nos tra bajos postul an un pr oceso apoptd tico
caracterizado principalmente por la pre sencia de la caspasa -3, mie ntras que otro s
estudios proponen un proceso no apo ptotico con caracteris ticas necroticas. Un
aspecto que ha complicado el entendi miento de est e mecanismo, es que e stas dos
vertientes se han est udiado de manera inde pendiente, una enf ocada en el estudio
morfoldgico mediante microscopia electronica y la otra mediante bioquimica usando
para ello técnicas de inmunocitoquimica, sin que se integren en una sola propuesta o
mecanismo que conj unte am bos grupos de evidencias. Aun ado a lo anterior , la
mayoria de estos estudios se han realizado en modelos transgénicos de la ALS de
tipo familiar, por lo que solo representan una minoria del total de los casos clinicos
(10%).

En nuestro lab oratorio se han desarroll ado dos modelos de d egeneracion
espinal basados en la excitotoxicidad mediada por receptores AMPA, estos modelos
reproducen la muerte de MNs, paralisis y astrogliosis, permitiendo el estudio de los
mecanismos de dege neracion delas M Ns. A pesar dequ eennu estros
procedimientos, la pérdida de MNs y la pardlisis ocurre a lo largo de varios dias y no
durante meses o aflos como en la enf ermedad, nuestros modelos al no depender de
un factor gené tico, podrian ser empleados para co mprender los mecanismos que
participan en degeneracion de las MN s en ALS esporadica, que rep resentan la gran
mayoria de los casos clinicos (90%). S in e mbargo, al ig ual que en la ALS, en
nuestros modelos atn se desconoce el proceso mediante el cual degeneran las MNs,
lo cual es de suma importancia ya que al conocerlo podriamos decir la real similitud
o diferencia entre la degeneracion de las MN en nuestros modelos y la degeneracion

de las MNs en los modelos transgénicos de ALS.
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Como se menciona en los antecedentes, la accion del GABA y la glicina en
los circuitos espinales es de suma importancia para el control de la excitabilidad de
las MNs. Sin embargo, ha sido poco estudiada como mecanismo de degeneracion de
MNss, por ello en esta tesis plantea mos su  estudio mediante el bloqueo
farmacologico de cada neurotransmision.

Estamos convencidos que al conocer el proceso degenerativo de las MNs, y el
papel del bloqueo de los circuitos inhibidores en nuestros modelos, podriamos ir en
busca de nuevas alternativas dirigidas a la pre vencion y atenuacion de los diferentes
componentes degenerativos que caracterice mos, con miras a dis efar estrategias
farmacolodgicas para el tratamiento de la ALS. Por ello, el principal objetivo de la
presente tesis f ue caracterizar e | proceso de degeneracion de las M Ns en nuestros
modelos de e xcitotoxicidad po r so breactivacion de recepto res AMPA in vivo, y
determinar el efecto del bloqueo de los circuitos inhibidores espinales, y su efecto en

conjunto con la excitotoxicidad mediada por AMPA.

VII. Hipotesis

Basados enla literatura revisada yenl os tiempos de pr ogreso de la paralisis
observados para cada uno de n uestros proce dimientos, proponemos que el proceso
degenerativo de las M Ns lumbares es d iferente para cad a modelo: para el modelo
agudo propo nemos u na degeneracié n mediante necrosis , y para el trata miento
crénico un proceso apoptotico. Asi mismo, teniendo como premisa que un evento de
hiperexcitabilidad puede causar excitotoxici dad y con ello inducir degeneracion de
las MN s, pla nteamos que el bloque o farmacologico de lo s circ uitos inhi bitorios
espinales p uede de sencadenar la degeneracion de M Ns, y potenciar el ef ecto

excitotoxico de la administracion de AMPA.

VIl1I. Objetivo
Con el fin de com probar nuestra hipoétesis el objetivos gen eral de este estudio fue

caracterizar el proce  so degenerativo de  las MNs espinales inducido por
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excitotoxicidad mediada por la sobreactivacion de receptores A MPA en ambos
modelos, agudo y crénico. Asi como determinar el efecto del bloqueo farmacologico

de los circuitos inhibitorios de GABA y glicina en la médula espinal lumbar de rata.

Objetivos especificos.

1. Usando microscopia electronica de tr ansmision deter minar los cambios
ultraestructurales de las MNs lumbares durante su degeneracion ind ucida por
excitotoxicidad in vivo.

2. Empleando técnicas de inmunocitoquimica determinar si | a caspasa-3 activa
participa en la degeneracion de las MNs en ambos modelos.

3. Utilizando co mo via de ad ministracion la técnica de microdidlisis y las
minibombas os mdticas, realizaremos trata mientos con 1 os f &rmacos que
bloquean los circuitos inhibidores de la médula espinal lumbar.

4. Evaluar la activi dad motriz y sus posibles alteraciones mediante las pruebas

de rotarod, paw grip endurance (PGE) test y el registro de la zancada.

IX. Métodos

En este apar tado se a mplia la inf ormacion incluida y descrita en los métodos y
procedimientos utilizados en cada uno de los articulos. Utilizamos ratas macho cepa
Wistar (270-300 g de peso), las cuales se mantuvieron en un ambiente de laboratorio
con ciclo de luz /oscuridad de 12h, ¢ on ali mento y agua ad libitum, todos 1 os
experimentos se realizaron con la aprobaci 6n del comité local de cu idados animales
(Numero de aprobacion RT121-14).

Previo a la cirugia los animales se entrenaron por siete dias en las pruebas de
rotarod, PG E y el reg istro de la zanca da. P osteriormente, solo lo s ani males que
realizaron co rrectamente las pru ebas f ueron se leccionados paralacirugi a
estereotaxica ( microdidlisis o im plante de m inibomba os mdtica). Después de la

cirugia, los animales fueron evaluados rutinariamente (segtn el protocolo a seguir)
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hasta terminar el experimento, para finalmente ser perfundidos segln el objetivo del

experimento (detallado en cada articulo) para la obtencion de sus médulas.

Pruebas conductuales

La actividad motriz fue evaluada mediante el rotarod, que consiste en un cilindro
que comienza girando a una velocidad de 10 r.p.m. con una aceleracion constante de
0.2 r.p.m/seg. Las ratas se entrenan para permanecer caminando en el rodillo durante
un periodo de 2 minutos. Cada evaluacién del rotarod consistié en una serie de tres
intentos, quedando como registro el tie mpo promedio de los tre s intentos. El PGE
sirve para medir el impulso de los cuartos traseros de las ratas, las cuales son
colocadas sobre un a reja horizontal que es  lentamente gira da hast a u na posicion
vertical, la rat atiene que escalar ha sta lleg ar a la parte su perior de la reja, se
cuantifica el tiem po de escalada, o bien cuan do existe déficit motriz y las ratas no
pueden subir, se cuantifica el tiempo en caer. También se realizan tres intentos y se
registra su promedio. El registro de la zancada consiste en pintar con tinta china no
toxica los cuartos traseros de las ratas y ponerlas a caminar sobre un papel a lo largo
de un corredor (10 cm x 70 ¢ m), registr ando sus huellas en pap el. M ediante esta
prueba es posibl e identificar alteraciones en | as huellas o zancada s de las ratas , en
esta prue ba cuantificamos los paso s nece sarios para recorrer 60 ¢m, asi como los

centimetros recorridos en 5 pasos.

Cirugia estereotaxica

Para el procedimiento a través de la microdialisis, las ratas fueron anestesiadas con
isofluorano al 5% di suelto en carb 6geno (O, 95%, CO , 5%), p osteriormente se
colocaron en una unidad estereotaxica para médula espinal y la anestesia se reajusto
al 1.5 - 2%. Serasuro la es palda de las ratas y se hizo una incision en la re gion
lumbar, posteriormente se realizaron dos cortes laterales a la columna vertebral a la
altura de la regi 6n lumbar, se coloc 6 a la ¢ olumna sobr e soporte s especiales para

medula espinal y se estimul6 entre la primera y segunda lumbar para corroborar que
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fuera la region que in erva a los cuartos traseros. Se removieron lo s musculos que
cubrian el proceso espino de L2 y se rebajé el proceso hasta la base del mismo, del
lado derecho se realizo un hoyo hasta descubrir a la médula espinal, posteriormente
se rasgaron cuidad osamente las meninges y se introd ujo una céan ula de dial isis
(CMA7, ~1 mm de profundidad). Una vez colocada la canula, se inici6 el protocolo
a seguir, que consistid en pasar solucion Ringer por 60 minutos, y posteriormente el
protocolo farmacologico. Al finalizar el procedimiento, las ratas fueron suturadas y
colocadas en cajas individuales para posteriormente ser evaluadas.

Para el implante de las minibombas osmoticas (ALZET, modelo 20 04; flujo
de 0.25 ulL/h), el pr ocedimiento co mienza ig ual hasta el paso don de se rebaja el
proceso espinos o, donde posterior a ello del lado izquierdo se f ij6 un tornillo que
sirvié co mo medio de anclaje del i mplante, y del lado derech o se reali z6 un a
laminectomia hasta descubrir la superficie de la médula espinal, cuidadosamente se
rompieron las meninges y se insert6 una canula (—1 mm de profundidad) que estaba
conectada a un tubo con el otro extremo lib re. Se aplico acrilico dental para fijar
todo el implante, posteriormente se colocd subcutaneamente la minibomba osmotica
en la espada de la rata y se unio al extremo libre de la cénula y se sell6 con
cianocrilato. Al ter minar el proced imiento, la incision f ue cerr ada con grapa s
quirtrgicas, al despert ar de la anestesi a, la s ratas recibier on una aplicacion de
antibidtico y se colo caron en ¢ ajas in dividuales para ser e valuadas segu n el
protocolo a seguir. Previo a sui1 mplante, las minibombas fueron 1lenadas con los
tratamientos a probar y puestas a incub ar por lo m enos durante 48 h a 37° C para

estabilizar su flujo (segun las indicaciones de la casa comercial ALZET).

Inmunocitoguimica
Una vez terminado el experimento, las ratas se perfundieron con paraformaldehido
al 4%, se obtuvieron 1 as médulas y se trataron para realizar conteo s por vi oleta de

cresilo e inmunocitoquimicas para los diferentes anticuerpos utilizados. Los detalles
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de los protocolos, los anticuerpos primarios y secundarios se encuentran en los

articulos.

Microscopia electronica de transmision

Las ratas utilizadas para el estudio de la ultraestructura fueron perfundidas con
paraformaldehido al 4 % adicion ado con gluteral  dehido al 2.5% , para
posteriormente tratar la médula para ser observada en el microscopio electronico de
transmision. Los detalles del protocolo se en cuentran el articulo “Neuropathological
characterization of spinal motor neuron degeneration processes induced by acute

and chronic excitotoxic stimulus in vivo”.

X. Resultados

Seccion 1. Caracterizacion del proceso degenerativo de las MNs inducido por
excitotoxicidad in vivo

Los resultados de esta seccion se inclu yen el articulo titulado “ Neuropathological
characterization of spinal motor neuron degeneration processes induced by acute
and chronic excitotoxic stimulus in vivo”, publicado en Neuroscience 331: 78-90,
2016, el cual de  scribe los ca mbios ultra estructurales y bioquimicos que se
desencadenan por la sobreactivacid n agu da y croni ca de los receptores para

glutamato tipo AMPA en la médula espinal lumbar de rata in vivo.

Resumen

A contin uacion se presenta elr esumen delar ticulo “Neuropathological
characterization of spinal motor neuron degeneration processes induced by acute
and chronic excitotoxic stimulus in vivo”.

Las enfermedades asociadas con alteraciones de las MNs son caracterizadas por una
degeneracion pr ogresiva, en ellas la excitot oxicidad ha sido po stulada co mo un

factor causal. En nu estro labo ratorio he mos desarr ollados dos procedimientos
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experimentales parai nducir degener aciéon de las MNs  espinales in vivo  por
excitotoxicidad, mediante la sobreactivaciéon aguda y cronica de receptores para
glutamato tipo AMPA. En este trabajo caracterizamos el curso temporal de los
cambios neuropat ologicos. El andlisis de la ultraestructura mediante microscopia
electronica de tran smisidon mostrd quel a perf usion aguda ¢ on AMP A por

microdialisis caus6 hi nchamiento de las MNs después de 1.5 h d e la cirugia y lisis
con ruptura de membranas a las 3 h, sin embargo durante este proceso la activacion
de caspasa-3 n o fue detectada por inmunocitoquimica. La infusion crénica de
AMPA mediante minibombas os moéticas indujo un proceso degenerativo lentoalo
largo de cinco dias, caracteriza do po r cambios progresivos delas MN s:
hinchamiento del retic ulo endopléas mico, vac uolizacion del cito plasma, fusion de
vacuolas yrupt urade m embranas. La cuantif icaciéon de estas alteraciones
ultraestructurales mostré que el incremento del drea vacuolizada fue a expensas del
area nuclear. En este procedi miento, 1a acti vacidon de la caspasa -3 fue observada
desde el primer dia de la infusion de AMP A, sin embargo al analizar el nim ero de
MNs con caspasa 3 activada con la actividad motora no encontramos relacion entre
ambos para metros. Concluimos que la ex citotoxicidad agu da inducida por AMP A
provoca la pérdida de las MN s a tra vés de necrosis, mientras el progreso de la

degeneracion inducida por la infusion cronica es lenta, comenzando con un proceso
apoptotico te mprano, seguido por necrosis . En am bos procedimientos, agudo y
cronico, se puede establecer una correlacion entre el nimero de MNs perdidas por
necrosis, pero no co n apoptosis liga da a la caspasa -3, y la severid ad de los déf icits
motores, asi co mo con la pardlisis de los cuartos traseros. Nuestros hallazgos son
relevantes para el en tendimiento de los mecanismos de la muerte neuron al en

enfermedades degener ativas y por e llo para el disefio de estrategias terapéutic as

farmacologicas.
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NEUROPATHOLOGICAL CHARACTERIZATION OF SPINAL MOTOR
NEURON DEGENERATION PROCESSES INDUCED BY ACUTE AND
CHRONIC EXCITOTOXIC STIMULUS IN VIVO

URI NIMROD RAMIREZ-JARQUIN AND RICARDO TAPIA *

Division de Neurociencias, Institulo de Fisiologia Celwlar,
Universidad Nacional Autdnoma de México, 04510-Mexico,
D.F.. Mexico

Abstract—Motor neuron (MN) diseases are characterized by
progressive cell degeneration, and excitotoxicity has been
postulated as a causal factor. Using two experimental proce-
dures for inducing excitotoxic spinal MN degeneration
in vivo, by acute and chronic overactivation of x-amino-3-
hydroxy-5-methyl-4-isoxazoleacetic acid (AMPA) receptors,
we characterized the time course of the neuropathological
changes. Electron transmission microscopy showed that
acute AMPA perfusion by microdialysis caused MN swelling
1.5 h after surgery and lysis with membrane rupture as early
as 3 h; no cleaved caspase 3 was detected by immunochem-
istry. Chronic AMPA infusion by osmotic minipumps
induced a slow degeneration process along 5 days, charac-
terized by progressive changes: endoplasmic reticulum
swelling, vacuolization of cytoplasm, vacuole fusion and
cell membrane rupture. Quantification of these ultrastruc-
tural alterations showed that the increase of vacuolated area
was at the expense of the nuclear area. Caspase 3 cleavage
was observed since the first day of AMPA infusion. We con-
clude that acute AMPA-induced excitotoxicity induces MN
loss by necrosis, while the progress of degeneration
induced by chronic infusion is slow, starting with an early
apoptotic process followed by necrosis. In both the acute
and chronic procedures a correlation could be established
between the loss of MN by necrosis, but not by caspase
3-linked apoptosis, and severe motor deficits and hindlimb
paralysis. Our findings are relevant for understanding the
mechanisms of neuron death in degenerative diseases and
thus for the design of pharmacological therapeutic strate-
gies. © 2016 IBRO. Published by Elsevier Ltd. All rights
reserved.

Key words: spinal cord, motor neuron, apoptosis, necrosis,
caspase, excitotoxicity.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a devastating
disease characterized by selective and progressive loss
of upper and lower motor neurons (MNs), which causes
a progressive paralysis and finally death by respiratory
failure. The minecrity (about 10%) of ALS cases is of
familial type (fALS), which is associated with several
mutations in hundreds of genes, and the remainder
~.90% are sporadic (sALS), whose cause is mainly
unknown (Robberecht and Philips, 2013). However, sev-
eral factors have been implicated in the mechanisms of
MMN death in both familial and sporadic ALS, such as:
oxidative stress, mitochondrial dysfunction, energy fail-
ure, axonal transport deficits, inflammatory processes
and non-autonomous cellular death. Among them, one
of the most studied in view of considerable experimental
and clinical evidence is glutamate-mediated excitotoxicity
(Corona et al., 2007). A reduction of the glutamate trans-
porter EAATZ2 was found in post-mortem analysis in the
cortex and spinal cord of ALS patients (Rothstein et al.,
1892, 1995), and elevated concentrations of glutamate
were detected in cerebrospinal fluid of about 40% of
ALS patients (Shaw et al., 1995; Spreux-Varoquaux
et al., 2002).

In spite of these findings, we have shown that acute
(Corona and Tapia, 2004) and chronic (Tovar-Y-Romo
et al., 2009) increase of extracellular glutamate levels
induced by glutamate transport inhibition is innocuous
for lumbar spinal MN in vivo. Nevertheless, we have also
demonstrated that selective and pharmacological overac-
tivation of z-amino-3-hydroxy-5-methyl-4-isoxazoleacetic
acid (AMPA) receptors by AMPA itself induces remark-
able MN loss in the rat spinal cord and consequent pro-
gressive and irreversible paralysis. This was shown
using two experimental procedures, the acute administra-
tion of AMPA by means of microdialysis and the chronic
continuous infusion of AMPA using osmotic minipumps,
directly in the lumbar spinal cord. The acute procedure
results in MN death in few hours after the experiment
and is due to overactivation of the Ca® -permeable
AMPA receptors, because specific antagonists and
Ca?"' chelators prevent the effects of AMPA (Corona
and Tapia, 2004, 2007, 2008). In contrast, the continuous
AMPA infusion induces progressive MN loss and bilateral
paralysis along several days, and can be partially
prevented by vascular endothelial growth factor
(Tovar-y-Romo et al., 2007; Tovar-y-Romo and Tapia,
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2010, 2012). Although in both procedures AMPA-induced
excitotoxicity is the cause of MN death, the ample differ-
ences in the temporal progress offers the possibility of
studying comparatively the mechanisms of MN degenera-
tion under these different conditions, such as apoptosis
and necrosis, which have been the subject of consider-
able discussion to explain MN death in both ALS
(Gurney et al., 1994; Ripps et al., 1995; Wong et al.,
1995; lizecka et al., 2001; Martin et al., 2009; lizecka,
2011, 2012; Hart and Gitler, 2012) and in other experi-
mental models, mainly transgenic rodents (Li et al,
2000; Pasinelli et al.,, 2000; Bendotti et al., 2001;
Tokuda et al,, 2007, Ohta et al.,, 2008; Rossi et al.,
2008; Martin et al., 2009) with mutant SOD (Gurney
et al., 1994; Ripps et al., 1995) or, more recently other
proteins, and this is the aim of the present work. There-
fore, we have carried out a morphologic, ultrastructural
and immunohistochemical characterization of the MN
changes during the degeneration processes in our two
experimental models of excitotoxicity in vivo, correlating
the cellular findings with the motor deficits produced by
the MN loss during the time periods studied. The rele-
vance of our results is that they shed light for the under-
standing of the cellular mechanisms that determine the
degeneration, thus opening the possibilies of new
approaches to prevent the MN death progression in ALS
and other neurodegenerative diseases.

EXPERIMENTAL PROCEDURES
Animals and surgical procedures

Adult male Wistar rats (270-300g) were used in all
experiments. Animals were housed in a laboratory
environment with a 12-h light/dark cycle with food and
water ad libitum. All procedures were performed in
accordance with of the Institutional Committee for the
Care and Use of Laboratory Animals (Approval No.
RTI21-14). All efforts were made to minimize suffering
of the animals.

For the acute procedure, AMPA (Tocris, Ellisville, MO,
USA) was perfused by microdialysis as previously
described (Corona and Tapia, 2004). Rats were anes-
thetized with 5% isoflurane in a 95% O2/5% CO; mixture
and placed in a stereotaxic spinal unit. Anesthesia was
lowered and maintained to 1-2% isoflurane during sur-
gery. A longitudinal incision of back skin was made at
the lumbar region and muscles surrounding lumbar verte-
brae were cut and retracted. The second lumbar vertebra
was exposed and a 2-mm hole was drilled on the right
side. After carefully cutting the meninges a microdialysis
probe (CMA7) was lowered down into the right dorsal
horn of the spinal cord. The probe was perfused continu-
ously with Krebs—Ringer solution containing (in miM con-
centrations) 116 NaCl, 4.5 KCI, 2.5 MgSO4 4.0
NayH,PO,, 2.5 CaCly, 25 NaHCO; and 10 glucose, pH
7.4, at flux rate of 2 pL/min, using a microinjection pump
(CMA/100, Carnegie, Sweden). After 1 h of stabilization,
medium containing 6 mM AMPA was perfused for
25 min (total volume perfused = 50 puL). This concentra-
tion was chosen on the basis of previous results
(Corona and Tapia, 2004). After the experiment the

microdialysis probe was gently removed, the skin incision
was sutured and after recovery from anesthesia rats were
placed in individual cages and divided in four groups for
the different times studied, 1.5, 3, 6 and 24 h after sur-
gery. At these times animals were subjected to the motor
tests described below and then intracardially fixed for the
histological, immunochemical or ultrastructural studies.

Chronic infusion of AMPA was made through osmotic
minipumps (ALZET model 2004), which were filled with
filtered 0.1 M phosphate buffer (PB) or PB containing
7.5mM AMPA, at least 48 h before the implantation,
and incubated in sterile saline at 37 °C for stabilization.
The flow rate of the pumps is 0.25 ulL/h, so that the
volume continuously infused was 6 uL per day. Surgery
was carried out exactly as previously described
(Tovar-y-Romao et al., 2007), and on this basis we used
7.5mM AMPA concentration in the osmotic pumps.
Briefly, rats were anesthetized and placed in a stereotaxic
spinal unit as described above. A longitudinal incision of
back skin was made at the lumbar region and muscles sur-
rounding lumbar vertebrae were cut and retracted. On the
second lumbar vertebra, the spinous process was
removed and a one mm-diameter hole was drilled on the
left side of the lamina in which a stainless-steel screw
(1 mm diameter; 3.7 mm long) was inserted to anchor
the implant. A 2 mm laminectomy was made in the right
side of the lamina of the same vertebra and after cutting
the meninges the cannula was inserted into the dorsal par-
enchyma (1 mm deep). Dental acrylic cement was poured
over the screw and the external end of the cannula was
connected to the minipump tube. The pumps were
implanted subcutaneously in the back of the rats. Union
between the minipumps and cannula was sealed with
instant glue and the incision was closed with surgical
stainless-steel clips. After recovery from anesthesia rats
received an i.m. dose of penicillin and were placed in indi-
vidual cages and divided in groups for the different times
studied: 1, 2, 3, 4 and 5 days after surgery. At these times
animals were subjected to motor tests and, as described
above, fixed for histological, immunochemical or ultra-
structural studies.

Evaluation of motor function

Motor activity was evaluated as described previously
(Tovar-y-Romo et al., 2007). Rats were trained for a week
prior the surgery on two motor tests: the rotarod (Colum-
bus Instruments, Columbus, OH, USA) and a variation of
the paw grip endurance (PGE) task. Animals were
evaluated in each test routinely until fixation. For the
rotarod test, rats walked individually on an accelerating
(0.2 rev/min per s) rod, starting from 10 rpm with a cut-off
of 120 s, and the time on the rod was scored. For the
PGE test, rats were trained to climb to the top of a vertical
grip. Rats were placed individually on a horizontal placed
grid (40 x 25 cm), the grid was gently turned until reaching
a vertical position. The time taken by rats for climbing to the
top of the gird and reaching a stable position or the latency
to fall from the gird when they were unable to climb was
scored with a cut-off of 40 s. In addition to the motor tests,
the overall stride pattern of the hind footprints was quanti-
tatively analyzed; for this purpose, the hindpaws of treated
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rats were inked with non-toxic Chinese ink before animals
walked along a paper runway delimited by two walls form-
ing a corridor (10 = 100 cm). For quantitative analysis the
number of steps required to cross 60 cm were counted,
and the distance (cm) in five steps.

Histology and immunohistochemistry

For histological and immunchistochemical analyses, rats
subjected to AMPA microdialysis or chronic infusion
were fixed at the times indicated above for each
procedure. For fixation, animals were anesthetized with
sodium pentobarbital and perfused transcardially with
250 ml of ice-cold 0.9% saline, followed by 250 ml of
ice-cold 4% paraformaldehyde (PFA) in 0.1 MPB, pH
7.4. The spinal cord was removed, post-fixed in 4%
PFA at 4 °C for a week, and successively cryoprotected
in sucrose gradients (up to 30%). Transverse sections
(40-pm-thick) of the lumbar region, where the infusion or
microdialysis cannula was implanted, were obtained in a
cryostat. Alternated sections were stained with cresyl
violet or immunostained for choline acetyltransferase
(ChAT), glial fibrillary acidic protein (GFAP) and cleaved
caspase 3 (ccasp3).

For ChAT, GFAP and ccasp3 immunohistochemistry,
free-floating sections were blocked with 5% of bovine
serum albumin in PB 0.1 M and Triton X-100 (0.3%) for
2h, followed by incubation with goat polyclonal anti-
ChAT (1:200; Chemicon, Temecula, CA, USA), mouse
anti-GFAP (1:1000; Sigma) and rabbit anti-ccasp3
antibodies (Abcam), for 48 h at 4 °C. Sections were
washed three times for 15min in PB-Triton and
incubated with biotinyl-conjugated mouse anti-goat IgG
(1:200; Vector, Burlingame, CA, USA) for 1.5h. After
three washes, sections were incubated for 2h with
avidin-Texas Red conjugate (1:200, pH 8.2; Vector) for
ChAT, fluorescein-conjugated anti-mouse antibody
(1:250; Zymed, Carlsbad, CA, USA) for GFAP, and Cy5
anti-rabbit (Invitrogen) for ccasp3. Finally, sections were
washed and mounted on silane-covered slides (c-methe
cryloxypropyltrimethoxysilane; Sigma) and coverslipped
with fluorescent mounting medium (DAKO, Carpinteria,
CA, USA). Sections were visualized by confocal
microscopy (FV-1000, Olympus 1X81); merged images
are the overlay of five laser sections in the Z plane,
using the Olympus 1.6 Fluoview.

Morphologically undamaged MNs in the Nissl
preparations (with a soma diameter >25um and
distinguishable nucleus) were counted in a 10x
microscopic field. The number of cells was determined
in sections where the trace of the infusion cannula was
evident; seven sections per rat were analyzed and the
values were averaged.

Transmission electron microscopy was used in order
to characterize the ultrastructural alterations of MNs,
also at the times after surgery mentioned above for
each experimental procedure. Rats were deeply
anesthetized  with  pentobarbital and  perfused
transcardially with 250 ml of ice-cold 0.9% saline,
followed by 250ml of ice-cold 4% PFA and
glutaraldehyde (2.5%) in 0.1 MPB pH 7.4. Spinal cord
was removed and post-fixed at 4 °C over night in the

same solution used for perfusion. Infusion site of AMPA
was delimited and the anterior horns were excised.
Tissue was osmicated (1% osmium tetroxide in PBS),
washed with PB, dehydrated and embedded in epoxy
resin. Several semithin sections (500 nm) were obtained
in an ultramicrotome (Reichert-Jung) and stained with
Toluidine Blue for light microscopic observation, to
identify the area of interest. Ultrathin sections were
obtained and stained with Reynolds mixture (2% lead
citrate and 2% uranyl acetate), and observed in a Jeol
1200EXII transmission electron microscope.

Quantitative analysis of cellular area alterations

Electron micrographs were scanned and digitized to
analyze morphologic changes in MNs with the software
Image J. According to the program, each micrograph
was scaled to pixels, and total cell area was delimitated
by drawing the outline of each MN and this measure
was taken as 100% percent. Nuclear area was
calculated outlining the nucleus of each MN, and its
percent was determined with respect to the total cell
area. Vacuolated and swollen areas were quantified by
drawing the edge of all vacuoles and swollen zones for
each MN, and again their percentages were determined
with respect to the cell area. Only MNs with visible
nucleolus were considered. According to the number of
MN identified, 10-20 ultrathin sections were observed
for each rat, and 5 rats for group were analyzed. For
details see the Table inserted in Fig. 6C.

Statistical analysis

Comparisons regarding the number of MNs and cellular
and nuclear areas were made using ANOVA followed by
a Fisher's post hoc test. A value of p < 0.05 was
considered statistically significant.

RESULTS

Acute and chronic AMPA treatment cause the death
of lumbar MNs and paralysis with different time
course

In order to characterize the mechanisms of MN death in
our acute and chronic models, we first established the
time course of the degeneration and the consequent
motor alterations, including some additional parameters
not previously studied, such as the occurrence of
astrogliosis and the stride pattern.

Similarly to previous results (Corona and Tapia,
2004), acute infusion of 6 mM AMPA induced ipsilateral
loss of lumbar MNs, assessed by Niss| staining and ChAT
immunochemistry, since 3h after treatment and
increased during the following 24 h, accompanied by a
progressive increase in astrogliosis, detected by GFAP
immunoreactions; loss of MNs and glial reaction were
not observed in the contralateral side (Fig. 1). This loss
was associated with the paralysis of ipsilateral hindpaw,
manifested by a notable decrease in the time to fall in
the rotarod test (Fig. 1C).

In contrast to the rapid effects of acute AMPA
treatment, as shown in Fig. 2 the chronic infusion of
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Fig. 1. Microdialysis perfusion of AMPA causes progressive MN loss, astroglial reaction and motor deficits within 24 h. (A) Representative
immunohistochemistry of the ventral homs of rats at the indicated times after surgery. MNs are identified by ChAT (red) and astroglial reaction by
GFAP (green). Note progressive MN loss and astroglial reaction in the ipsilateral side, starting as early as 3 h after the experiment, whereas the
contralateral side is only slightly affected at 24 h. Control refers to animals 24 h after perfusion with vehicle, (B) Quantification of MN loss. (C)
Rotarod performance of control and AMPA-perfused rats at the times indicated. In B and C, values are mean £ SEM for 10 AMPA-treated rats, six
intact control rats, and seven vehicle control rats (SEM was smaller than the size of the symbal in some cases). p < 0.0001 as compared with
control groups. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

AMPA caused a slowly progressing MN loss in ipsilateral
and contralateral ventral horns along 5 days, starting in
the ipsilateral horn at day one and reaching an almost
total loss at day 5 in both horns; these changes were
accompanied by intense astroglial reaction in both horns
at day 5, shown by GFAP inmunolabeling (Fig. 2A, B).
This progressive MN loss was associated with gradual
bilateral motor deficits of hindlimbs, which started by
flexion of the ipsilateral hindpaws at days 2-3,
manifested in the lack of fingerprints in the stride
pattern, which progressed to bilateral rigid extension at
day 5 (Fig. 2E). These motor alterations progressed
gradually to complete bilateral paralysis, which produced
a rapid fall from the rotarod and in the grid of the PGE
test (Fig. 2C, D). Quantitative analysis of stride pattern
showed that since day one the number of steps needed
to cross 60cm increased with time and the distance
crossed in 5 steps decreased (Fig. 2F); the distance
between left and right steps and the length of the steps
were also quantified but the differences were not
significant (data not shown). With the exception of the
newly described stride pattern alterations, these results

are similar to those previously described (Tovar-y-Romo
et al., 2007).

After this characterization of the acute and chronic
AMPA treatments, we focused on the mechanisms of
MN degeneration by means of ultrastructural alterations
and casp3 immunolabeling occurring in  each
experimental condition.

Acute AMPA treatment causes MN ultrastructural and
chemical alterations characteristic of necrosis

As illustrated in Fig. 3 (top row), no alterations in MN
ultrastructure were observed in the control vehicle-
treated group. Neurons show a well-defined soma and
nuclear membrane, homogenous electrodensity in the
cytoplasm, well preserved mitochondrial internal
membrane and crest, and normal endoplasmic reticulum
with attached ribosomes. This ultrastructural morphology
was similar to that observed in intact rats (not shown).
MNs in the ipsilateral horn of AMPA-treated rats
showed some degenerative features since 1.5h after
AMPA, such as the appearance of small round empty
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spaces in the cytoplasm (" in Fig. 3). After 3 h, where MN
loss is about 50% (Fig. 1C), the surviving MNs were
swollen, and present rupture of cytoplasmic,
mitochondrial, endoplasmic reticulum and nuclear
membranes. At 24 h practically all MN were lost and
only cell debris were observed, next to the appearance
of new small cells with morphological features similar to
macrophages, such as: kidney-shaped nucleus, dense
bodies in the cytoplasm, and cytoplasmic extensions
forming filopodia-like structures (Fig. 3, AMPA-24 h
column C). The very few surviving MNs at this time
showed severe morphologic alterations, such as

distortion of nucleus and mitochondria, but no lysis. No
alterations were found in the contralateral horn at any
time (not shown).

In order to determine the possible involvement of
apoptosis, we searched by immunclabeling the
expression of ccasp3 in MNs at 1.5h, 3h and 6 h after
AMPA treatment. Confocal examination at these times
showed that no casp3 cleavage occurred, discarding an
apoptotic process at these early times. However, at 24 h
ccasp3 labeling was found in all the surviving MNs in
the ipsilateral horn (Fig. 4). Caspase cleavage was
absent in the control rats (not shown).
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Fig. 3. Acute infusion of AMPA causes death of MNs by necrosis. Representative electron-micrographs of MNs in control rats (intact, n = 3,
vehicle, n = 4, they showed no alterations) and AMPA-treated rats, at the indicated times after surgery (n = 5-6 per group). Column A shows low
magpnification micrographs; one MN per field is shown, with the membrane outline marked with a dotted line. Columns B and C, high magnification of
intracellular regions of the corresponding MN in column A (except bottom right micrograph), showing mitochondria (m), rough endoplasmic
reticulum (RER) and nucleus (N). Note that since early times (1.5 h), MNs perfused with AMPA begins a classic necrotic process characterized by
empty spaces ( }in MN cytoplasm (MN-cyt), and that three hours after AMPA necrosis progresses to RER swelling, mitochondrial swelling and lysis,
and distortion of the nuclear envelope. At 24 h only a few MNs survive (see Fig. 1B), and they present altered shape and swollen mitochondria and
RER. Bottom right micrograph shows MN debris and the appearance of macrophage-like cells (arows). Scales are indicated in each micrograph.

Chronic infusion of AMPA causes ultrastructural and
chemical alterations characteristic of early apoptosis
and late necrosis

In contrast to the acute AMPA perfusion, the
ultrastructural  alterations observed during chronic
infusion of AMPA produced consisted of both apoptosis-
necrosis characteristics, according to the progress of
MN degeneration that we have described as four
sequential stages (stages 1-4 in Fig. 5). These four
degenerative stages could be present simultaneously in
the same tissue section, in different MN and different
days, so that we could not correlate the timing of the
changes with the days after surgery. Similar stages
were observed in the confralateral horn but with a
delayed appearance, for example stage 1 is usually
present in day one and stages 2—4 in days two-three in
ipsilateral horn, whereas they appear at days two and

three-four, respectively, in the contralateral. Five days
after surgery practically there are no MNs on both
sides.

Stage 1 occurred since the first day after surgery, and
is characterized by slight RER swelling and discrete
reduction of nuclear area, without changes in MN
shape. During stage 2 RER swelling was more intense,
even forming vacuoles in the cytoplasm, nuclear area
continues to decline and some mitochondria are
swollen. During stage 3, vacuoles increase in size and
form large empty areas usually located near the
cytoplasmic membrane (pools, P in stage 3 in Fig. 5),
which appear to occur by fusion of vacuolar membranes
and contain probable cell debris. Nevertheless, pools do
not seem to be autophagosomes because high
magnification showed that are surrounded just by a
single membrane and not for a double membrane,
which is a characteristic of autophagosomes. Finally, in
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Fig. 4. Death of MNs induced by acute infusion of AMPA is independent of caspase-3 cleavage. ChAT (red), GFAP (green) and ccasp3 (blue)
immunolabeling in the ipsilateral contralateral and ventral horns, at the indicated times after surgery. Micrographs are representative of seven rats
for 1.5 and 24 h, and eight rats for 3 and 6 h groups. No changes were observed at 1.5 h. In the surviving MNs at 3 and 6 h no ccasp3 labeling
occurred, whereas at 24 h all the few surviving MNs were ccasp3-positive in the ipsilateral horn. Shapes of MNs are indicated by white dotted lines.
(For interpretation of the references to coleor in this figure legend, the reader is referred to the web version of this article.)

stage 4 MNs are completely disrupted and their debris
appear to be phagocytosed by macrophage-like cells
that at this stage are frequent (Fig. 5).

In order to further characterize the four stages
described, we carried out a quantitative analysis of the
ultrastructural changes for each stage (Fig. 6). Total
cellular area is not significantly affected in stage 1, is
considerable reduced in stage 2 and increases in stage
3 due to swelling of the RER and the appearance of
vacuoles. In fact, nuclear area presents a progressive
decrease in stages 1-3 and the area occupied by the
vacucles and pools notably increase in stage 3
(Fig. 6B). In order to test whether the decrease in
nuclear size was an artifact caused by the decrease in
total cell area, we standardized to 100% the total cell
area to each analyzed MN and determined the
corresponding percent for nuclear and vacuolated area
(Fig. 6C); this analysis shows that decrease in nuclear
area was consistent. Stage 4 was not analyzed because
MNSs are lysed.

The results of the immunohistochemical labeling of
ccasp3 during the chronic AMPA treatment are shown
in Fig. 7. Differently from the results with the acute
perfusion, cleavage of casp3 is initially detected in the
ipsilateral horn since day one, although because MN
loss occurs so quickly further description was not
possible. In the contralateral horn changes occurred
more slowly and the strongest signal of ccasp3 in MNs
was observed during day 3, but at day 5 basically all
MNs were lost. MN degeneration and cleavage of casp3
was accompanied by a progressive intense astroglial
reaction (Figs. 7 and 8A-C).

In order to explore in detail the cleavage of ccasp3 as
related to MNs, we  carried out  double
immunocytochemistry for ChAT and ccasp3 (Fig. &, red
and green, respectively), at different times during the
progress of paralysis, and quantified the number of both
ccasp3-positive  (+ccasp3) and ccasp3-negative
(—ccasp3) MNs. We found that the number of MNs
positive only for ChAT is higher than MNs labeled with
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Fig. 5. Chronic infusion of AMPA induces MN death by early apoptosis and |ate necrosis, shown here as four stages of the degenerative process.
Column A shows representative electron micrographs of whole MNs for each neurodegenerative stage; MNs shape is marked by a black dotted line.
Columns B and C, high magnification of intracellular regions of the corresponding MN in column A. Stage 1 occurs at about 24 h after surgery and is
characterized by slight RER swelling and some reduction of nuclear area. Stages 2-4 occur in different neurons at various times, between 48 and
96 h after surgery, and present mare evident RER swelling and cytoplasmic vacuoles (stage 2), remarkable RER swelling and cytoplasmic large
empty areas (pools, P) and further reduction in nuclear area (stage 3), Stage 4 is characterized by dissolution of cyloplasmic membrane, cell lysis,
and the appearance of cells with phagocytic features (arrows in A and B), surrounded MN-debris, and very reduced nucleus. Abbreviations as in

Fig. 3. See Fig. 6 for quantitative data of the changes described.

both ChAT and ccasp3, because +ccasp3-MNs were
never over 50% of the population analyzed. The number
(Fig. 8B) and percentage (Fig.8C) of +ccasp3 and
—ccasp3 changed differently with time after the implant:
at day one 34.7 + 3% of MNs are +ccasp3 in the
ipsilateral horn and 13.4 + 1% in the contralateral horn,
and the following days these figures of +ccasp3-MNs
changed in both horns but in opposite direction, as
follows (Fig. 8C): day two, 43.5 £ 1% (ipsilateral) and
30.5 + 2% (contralateral); day three, 38.3 + 2%
(ipsilateral) and 31.3 + 2% (contralateral); day four,
17.5 + 4% (ipsilateral) and 43.3 £ 1% (contralateral);
and day five, 11.9 + 4% (ipsilateral) and 27.9 + 3%
{contralateral).

In order to determine if the expression of ccasp3 may
be related to the degeneration process, we determined
the correlation by linear fit for the association between
the number of +ccasp3-MNs per day and the MN loss
quantified the following day, in each horn (Fig. 8D). The
correlation values obtained clearly suggest that
+ccasp3-MNs correspond to the MN loss for the next
day (R? values 0.89 and 0.94 for the ipsilateral and
contralateral horns, respectively).

Then we analyzed the correlation between the
progress of motor deficits, expressed as the rotarod
performance values, and the number of healthy MNs
(Fig. 8E) as well as the number of damaged MNs
identified by ccasp3 labeling (Fig. 8F). This analysis
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showed that the motor deficits are strongly correlated with
the total number of MNs (R? values 0.94 for contralateral,
and 0.89 for ipsilateral horns) while +ccasp3-MNs bears
no relation with the paralysis progress (R values 0.09 for
contralateral and 0.02 for ipsilateral side).

DISCUSSION

In the present work we took advantage of the remarkable
differences in the duration of the degenerative process
leading to MN death and consequent paralysis,
depending on the method of AMPA administration.
Because there is no genetic factor involved in these
excitotoxicity experiments, our results may be relevant
for understanding MN death in sALS as compared to
that occurring in models of fALS.

Autophagy, apoptosis or necrosis are the more
common recognized processes of cell death. Although
each one has been characterized by molecular,
biochemical and morphological analyses, these
processes are not mutually exclusive and can occur
simultaneously or in succession. Which of these
processes are involved in MN death in ALS is unclear.

Some data support the participation of apoptotic
pathways, such as an increase in granzymes A y B
levels (llzecka, 2011), enzymes involved in apoptosis acti-
vation pathway, as well as an increase in the cleavage of
caspase-9 (llzecka, 2012) and caspase-1 (llzecka et al.,
2001) in the serum, and caspase-3 in MNs of spinal and
cortical tissue of ALS patients (Hart and Gitler, 2012;
llzecka, 2012). However, if activation of apoptotic path-
ways occur as an initial mechanism or as a consequence
of the MN degeneration is difficult to establish. In spinal
MNs of transgenic SOD1 mutant mice, sequential activa-
tion of caspase-1, caspase-3 and caspase-9 has been
described since presymptomatic stages (Li et al., 2000;
Pasinelli et al., 2000; Ohta et al., 2008; Rossi et al,,
2008), but one of the most important morphological fea-
tures of apoptosis, apoptotic bodies (Yamazaki et al.,
2005), have not been reported. even at final stages. On
the other hand, morphologic observations of MNs during
the progress of the symptoms in these mice have shown
massive vacuolization of cytoplasm accompanied by
mitochondrial swelling (Bendotti et al., 2001; Martin
et al., 2009) suggesting a necrotic process. Thus, these
necrotic and apoptotic characteristics described in ALS
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Fig. 7. Caspase 3 is cleaved during the degenerative process induced by chronic infusion of AMPA. Representative micrographs (10 rats per
group) at the indicated times after surgery for ChAT (red), GFAP (green) and ccasp3 (blue) immunnolabeling in the ipsilateral and contralateral
ventral horns. Note that positive mark to ccaspa in MNs (pink color in central columns) begins in ipsilateral horn and progresses to the contralateral
side, associated with a glial reaction. Scale bar is the same for all micrographs. See Fig. & for quantitative data. (For interpretation of the references
to color in this figure legend, the reader is referred lo the web version of this article.)

transgenic models and in tissues from ALS patients are
similar to the MN degeneration processes described here,
although the alterations occur faster.

In this work we show that the MN death process
depends on the severity of excitotoxic stimulus. MN
swelling and lysis without caspase cleavage observed
in the ipsilateral horn 3 h after the acute perfusion of
AMPA suggests a rapid classic necrotic process.
Although at 24h ccasp3 was observed in the
surviving MNs, the ultrastructural alterations and the
appearance of macrophage-like cells are in agreement
with a necrotic process. It is worth noting that the
early necrotic process observed at 3h is correlated
with a remarkable MN loss resulling in a complete
ipsilateral paralysis and thus a rapid falling in the
rotarod test.

Chronic perfusion of AMPA caused a progressive MN
loss which started in the ipsilateral side and extended
progressively to the contralateral side. The slight
decrease in MN observed at days 1 and 2 were not
enough to cause rotarod or PGE deficits, a fact that can
be ascribed to the apparent existence of a threshold
value, of ~50% of MN population, necessary to produce
paralysis (Santa-Cruz and Tapia, 2014). However, at this
time we observed stride pattern alterations, which could
be explained by changes in the excitable properties of
MN circuits that affect the recruitment of MNs. In fact, pro-
gressive disorders in the MN synaptic inputs occur during
the course of the disease in SOD1 mouse model of ALS,
even before MNs loss and paralysis (Jiang et al., 2009),

and deficient H reflex probably due to segmental MN
dysfunction have been described in ALS patients (Vucic
et al., 2009; Simon et al., 2015).

The ultrastructural changes found during the chronic
AMPA infusion suggest a mixed process of MN
degeneration with early apoptotic features, such as
decreased nuclear and cellular areas, and subsequent
necrotic features characterized by a progressive
vacuolization of MNs and finally cell lysis. In fact.
biochemical and morphologic characteristics of MNs at
the first and second neurodegenerative stages are
typical of an apoptotic process (Orrenius et al,, 2003;
Kroemer et al., 2009), and the temporal correspondence
between cleavage of casp3 and these stages also sug-
gest an initial apoptotic mechanism. However, at the late
stages increased cellular area, mitochondrial swelling and
lack of caspase cleavage, resembles a necrotic process.
Thus, the chronic excitotoxic process seems to occur in
two phases, the first one with apoptotic characteristics
and the second with necrotic features. Interestingly, both
processes have been described in models of fALS (Nagy
et al., 1994; Pasinelli et al., 2000; Bendotti et al., 2001;
Locatelli et al., 2007; Ohta et al.,, 2008; Rossi et al.,
2008) and in tissue (Hart and Gitler, 2012) and serum
(llzecka el al., 2001, llzecka, 2011, 2012) of ALS patients.
An apoptosis-necrosis continuum similar to our findings
with the chronic model has been described to occur in a
24 h period after the acute administration of excitotoxins
in the developing and adult rat brain (Poriera-Caillliau
et al., 1997a,b), as well as in the spinal cord of chick
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percentage of +ccasp3 never exceeds fifty percent of MNs. (D) Correlation between the number of +ccasp3 MNs with MN loss. Graphs Eand F
show that motor deficit is strongly correlated with MN loss (E), but not with the number of +ccasp3 MNs (F). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

embryos (Caldero et al., 1997), but no correlation with
behavioral changes were described.

The analysis of the relationship between the
expression of +ccasp3, MN loss and motor deficits
show some interesting points: (1) the number and

proportion of MNs labeled with both ChAT and ccasp3,
was never higher than the number of MNs with only
ChAT; (2) the latest MNs to be lost were negative for
ccasp3, suggesting that at the end of MN degenerative
process casp3 is not necessary involved. This poses
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the question of whether +ccasp3 MNs are related to the
motor deficits. As shown in Fig. 8, there is no correlation
between these parameters, in spite of the fact that casp3
cleavage is a mark of MN damage because the number of
+ccasp3 MNs each day correspond with the MN loss
quantified the next day. This is probably one of the
reasons that could explain why treatments focused on
preventing the cleavage of caspases only delayed but
did not prevent the MN death and paralysis in
transgenic mouse model of ALS (Li et al, 2000;
Pasinelli et al., 2000; Ohta et al., 2008).

The appearance of macrophage-like cells at the late
stages of MN degeneration after both acute and chronic
treatment suggests that these cells are involved in the
phagocytosis of the lysed MNs debris. Participation of
phagocytic microglia has been observed in mutant
SOD1 mice since presymtomatic stages, before
morphological alterations of MNs, suggesting that these
cells may be involved in the mechanism for MN
degeneration (Sanagi et al., 2010). However, our results
show that these cells appear only after MN lysis has
occurred.

The astroglial reaction observed since 3 h after AMPA
microdialysis, previous to the ccasp3 detection, has not
been previously described, whereas that after chronic
treatment was previously showed (Tovar-y-Romo et al.,
2007). Astroglial reaction is considered a histopathologi-
cal feature of ALS, because it has been observed in cere-
bral cortex (Kushner et al., 1991; Nagy et al., 1994) and
spinal cord (Schiffer et al., 1996; Schiffer and Fiano,
2004) of ALS patients, and in spinal tissue of transgenic
mice (Alexianu et al., 1994; Hall et al., 1998; Feeney
et al., 2001; Boillee et al., 2006; Neymotin et al., 2009;
Guo et al., 2010). Both astroglia and microglia activation
has been associated with the release of proapoptotic fac-
tors (Alexianu et al., 2001; Raoul et al., 2002; Locatelli
et al., 2007) and reactive oxygen species (Sofroniew,
2005). However, efforts to avoid glia or microglia activa-
tion have been unsuccessful to prevent paralysis in
SOD1 mutant models (Neymotin et al., 2009; Keller
et al., 2011).

CONCLUSION

In conclusion, in this study we show that an acute
excitotoxic insult induces rapid necrotic death while
chronic excitotoxicity ftriggers a slow progressive
degenerative process, involving apoptotic and necrotic
features. The delayed cleavage of casp3 occurring after
the astroglial reaction suggests a role of non-neuronal
cells in both neurodegenerative processes. Although
excitotoxicity has not been clearly demonstrated to be a
causal factor in ALS, the findings described in the
present work, using experimental models independent
of genetic factors, show remarkable similarity with the
MN degeneration processes described in transgenic
fALS mice and with several pathological observations in
tissues from ALS patients, and thus are relevant for
understanding the pathophysiology of MN diseases.
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Seccion 1l. Papel del blogueo farmacolégico de los circuitos inhibitorios en la
degeneracion de las MNs espinales lumbares.

Para esta seccio n de resultados inc Iuimos el manuscrito “Chronic GABAergic
blockade in the spinal cord in vivo induces motor alterations and
neurodegeneration”, el cual se ha enviado a publicacion y se encuentra en revision;
contiene lo s resulta dos obtenidos del bloqueo agudo y cronico de los siste mas de
inhibicion GABA¢érgica y glicinérgica de la médula lumbar. A continuacion se hace

un breve resumen del articulo y posteriormente se incluye el escrito en revision.

Resumen del articul o “Chronic GABAergic blockade in the spinal cord in vivo

induces motor alterations and neurodegeneration™.

La activida ddel os circuitos neur onales de la médula esp inal es controlada
principalmente por 1 as neurotran smisiones inhibidoras de GABA y glicina, las
cuales regulan la excitabilidad mediada por glutamato. Alteraciones de los circuitos
inhibidores y excitadores han sido involucradas en la patofisiologia de diversas
enfermedades como epilepsia, esquizofrenia autismo y ALS. En nuestro laboratorio
hemos demostrado que el uso agudo y cronico de ag onistas glutamatérgicos, como
el AMPA induce la muerte de las M Ns lumbares por excito toxicidad, pero poco es
conocido acerca del efecto de una falla en la neurotransmision inhibidora de GABA
y glicina. En este trabajo estudiamos las consecuencias del bloqueo agudo (mediante
microdialisis), ycré nico (usando minibombas os moticas) deloscir cuitos
inhibidores en la medula espinal lumbar de rata in vivo , mediante el usodel os
antagonistas: estricnina para glicinia y bicuculina para GABA.

Demostramos quel af alla aguda de los siste mas glicinér gicos y
GABA¢érgicos no provoca consecuencias significativas en la actividad motora ni en
la supervivenci a de las  MNs. S in e mbargo, el bloqueo créonico  de la actividad
GABA¢érgica, per on ode gl icina, indujo alteracion es en la marcha, pé rdida

significativa de moton euronas y flacidez de 1os dedos en la extre midad que recibid
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el tratamiento, estas alteraciones fueron prevenidas por el bloqueo farmacologico del
receptor AMPA con CNQX, pero no por el bloqueo de los receptores NMDA.
Finalmente determinamos que la f alla GA BAérgica crd nica incr ementa el ef ecto
excitotoxico d el tr atamiento cro nico con A MPA, cau sando una p arélisis bil ateral
mas rapida y severa de los cuartos traseros.

En co nclusién, demostramos quee 1bo queo del siste masi nhibitorio
GABA¢érgico causa un desbalance del equilibrio entre inhibicion/excitacion en la
médula es pinal, causa ndo déficits motores transitorios y muerte de MNs, efectos
mediados princ ipalmente por la sobreactiva cion secundaria de rec eptores AMP A,
causando hiperexcitabilidad de las MNs. Este mecanismo de degeneracion neuronal,
involucrando al teraciones pri marias de los circuitos 1 nhibitorio, parecen ser de
relevancia para el ente ndimiento de la patof isiologia de diversa s enfermedades de

las MNs y para el disefio de nuevas estrategias para su tratamiento.
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1. Introducton

Activity of neuronal circuits is controlled by the action of excitatory or inhibitory
neurotransmitters. Dysregulation of this synaptic control has been associated with several
nevrological and psychiatric diseases that have as a conunon endpoint hvperexcitability,
which may be consequence of a decrease in inhibitory neurofransmission of an INCrease in
excitatory neurotransmission. Overactivation of excitatory neuronal networks can frigger
neurodegeneration by excitotoxicity, causing neuronal death and irreversible functional
damage according to the affected area. Most experimental studies on excitotoxicity have
been focused on excessive glutamatergic transmission. using glutamate receptor agonists,
despite the fact that alterations of inhibitory circuits have been shown to be involved in the
pathophysiology of several diseases. such as epilepsy, schizophrenia, autism and
amyotrophic lateral sclerosis (ALS).

ALS 15 characterized by the loss of motor neurons (MNs) in cortical areas.
bramstem and spmal cord. in both familial and sporadic forms. and the hyperexcitation
observed has been assoctated with alterations of the fonction of spinal circuitries, controlled
by neuronal nefworks formed by several kinds of cells. The most important components
that regulate excitability are the abundant inhibitory infemneurons V2b, VOC/G, VOD and
VOV, as well as the Fenshaw cells, that recerve afferents from the MNs and directly mhibat
them through the release of GABA and glycine (Ramirez-Jarquin et al.. 2014; Schneider
and Fyffe. 1992; Todd and Sullivan, 1990). Whereas the glutamate-mediated excitotoxicity
has been amply studied. little is known on the effect of the blockade of GABAergic and
glvcinergic inhibitory transmission m vivo, and this 1s the purpose of the present work.

For this purpose, we studied the effects of the direct administration of GABAergic
and glycinergic anfagonists in the lumbar spinal cord, as well as their interaction with
glutamate receptor agonists and antagonists, to know whether the alteration of excitatory-
mhibitory balance could result m MN hyperexcitation and degeneration. We administered
the drugs acutely. by means of reverse microdialysis, and chronically using osmotic
minipumps. Using these procedures, we have previously shown that acute AMPA perfusion
produces MN loss and paralysis in 3-12 h (Corona and Tapia. 2004), whereas its chronic
infirsion results in progressive MIN degeneration and gradual paralysis along several days
(Tovar-y-Fomo et al., 2007).

83



2. Material and methods

2.1. Animals

All the experiments were made using adult Wistar male rats (270-300 g). handled in
accordance with the Rules for Research and Health Matters (Mexico) and with mternational
standards of research animal welfare (including ARRIVE guidelines). and with approval of
the local Animal Care Commuttee (Approval No. RTI?1-14). Animals were housed in a
controlled laboratory environment: 12 h light/dark cyvcle, ad libitum access to regular
animal chow and water. All surgical procedures were performed under general anesthesia.
All efforts were made to minimize suffering of the amimals.

2.2 Drugs

AMPA CNQX and MES01 were purchased from Tocris Bioscience, and bicucnlline
methbromide (Bic) and strychnine (Stry) from Sigma Aldrich. For acute treatment
{microdialysis) Bic and Stry (1 or 5 mM each) were dissolved in Krebs-Ringer solution
confaining (in mM) 118 NaCl. 4.5 KCL, 2.5 Mg50;, 4.0 Na;H,POs, 2.5 CaCly, 25 NalCO;
and 10 glucose, pH 7.4, in all cases osmolarnity was maintained by reducing the NaCl
concentration proportionally For chronic treatment, osmotic minipumps (Alzet model 2004,
volume ~250 pL, flow rate 6 pL/dav) were filled with one of the following solutions: saline
or phosphate buffer (PB) for control groups; Bic 5. 10 or 17.5 mM: Stry 20 mMb: Bic 10
mM + CNQX 1 mM; Bic 10 mM ~ MES01 14 mM; AMPA 3.8 mM; and AMPA 3 8 mM
+Bic 10 mM. Pumps were incubated for 48 h in filtered saline solution at 37°C for
stabilization These concentrations were chosen on the basis of previcusly published results
and on prelininary experiments (Corona and Tapia, 2004; Lazo-Gomez and Tapia. 2016;
Tovar-y-Fomo et al., 2007). In the case of AMPA  we reduced the previously used 7.5 mM
concentration to 3.8 mM in order to diminish the seventy of the excitotoxic effect.

2.3. Surgical procedures

Surgery for the microdialvsis procedure was performed essentially as previously described
{Corona and Tapia. 2004). Ears were anestherized with 5.0% isoflurane in carbogen (93%

02/5% COr mixture) and placed in a stereotaxic spinal unit; isofluorane concentration was
gradually diminished to 1.5 - 2.0 % during the surgery. A median sagittal incision (3.5 -4
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cm long) was made in the back (skin was shaved. cleaned and disinfected previously) and
the underlying fascia and muscle tissue were dissected. The spinous process was removed
with a drill. and a ~2 mm diameter hole was drilled in the right lamina of the third lumbar.
The meninges were carefully removed with a metallic hook and a microdialysis probe
(CMAT. Camnegie. Sweden) was lowered into the right dorsal hom of the spinal cord. The
probe was perfused at a flux rate of 2 pl/min with Krebs medium during one h for
stabilization, and then perfused for 25 min (30 pL) with one of the media indicated above,
using a microinjection pump (CMA/100, Camegie. Sweden). After the experiment, the
microdialysis probe was gently removed and the skin incision was sutured, and after
recovered from the anesthesia animals were placed in individual cages and subjected to the
mofor tests at the times indicated in Results. and finally sacrificed for lustological studies.

Surgery for the chronic procedure was performed as previously deseribed (Tovar-y-
Fomo et al., 2007), slightly modified. The initial tissue dissection was made as described
above, and after the spinous process was removed a stainless-steel screw (3.7 mm long, 1
mm diametfer) was fixed in the base of the process. A cannula (1 mm long, 50 pm internal
diameter and 80 pm external diameter, VitroCom Inc.) was carefully advanced down into
the dorsal horn: this probe was attached to the catheter of the osmotic minipumps; union
was sealed with cyanoacrylate and the implant was fixed with dental cement. Osmotic
minipumps were subcutaneously implanted in the back of the animal. Finally, the skin
wmcision was closed with surgical stainless-steel clips, anesthesia was withdrawn and
animals recerved a single intraperifoneal anfibiotic shot. They were kept in individual cages
with food and water ad libitum during the period of the motor tests.

2.4 Motor behavior evaluation

Seven days prior to surgery, rats were trained in rotarod (Columbus Instruments,
Columbus, OH, USA) and a variation of the paw grip endurance (PGE) task. After surgery
animals were evaluated i each test daily until fixation. For rotarod test, rats walked on an
accelerating (0.2 rev/min per s) rod, starting from 10 rpm with a cut-off of 120 s, the
average time for three attempts was scored. For the PGE, rats were placed on a horizontal
placed gnd (40 x 25 cm) that was gently tumed until reaching a vertical position. Average
time of three attemipts to climb to the top of the grid or the latency to fall when they were
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unable to climb was scored with a cut-off of 40 s. In addition. stride pattern of the hind
footprints was recording by inking the hindpaws with non-toxic Chinese and make the
amimals walk along a paper 10 x 100 cm runway.

2.5. Histology and immungfluorescence

At the end of each motor test period, rats were perfused and fixed for histological and
mmunohistological analyses as previously described (Corona and Tapia, 2004; Tovar-y-
Romo et al . 2007). Animals were deeply anesthetized with an intraperitoneal injection of
pentobarbital and perfused transcardially with 250 mL of ice-cold 0.9 % saline, followed by
250 mL of ice-cold 4% paraformaldehyde in 0.1 M PB. pH 7 4. Spinal cord was removed,
post-fixed in 4% paraformaldelivde at 4°C for a week, and successively dehydrated in
sucrose gradients (up to 30%). Twenty transverse sections (40 pm thick) of the lumbar
region, at the site of the canmula. were obtaned in a cryostat. Alternate sections were
stained with cresyl violet or immunostained for choline acetyltransferase (ChAT) and glial
fibrillary acidic protein (GFAP).

Inmmminofluorescence for ChAT and GFAP was performed on floating shees which
were blocked with 5% of bovine serum albumin in PB 0.1 M with Triton X-100 (0.3 %) for
2 h and after exposed to goat polyclonal anti-ChAT (ChAT. 1:200; Chemicon. Temecula,
CA USA) and mouse polvclonal anti-GFAP (1:1000, Sigma Aldrich) as primary antibodies
for 48 h at 4°C. Sections were washed three times for 15 min in PB-Triton and incubated
with biotynil-conjugated mouse anti-goat IgG (1:200; Vector, Burlingame, CA. USA) for
1.5 h. After three washes, sections were incubated for 2 h with biofin-conjugated horse anfi-
goat IgG (1:200. Vector Labs) and after with avidin-Texas Red comjugate (1:200, pH 8.2;
Vector) and FITC-conjugated anti-mouse antibody (1:250; Zymed. Carlsbad, CA. TUSA) as
secondary antibodies. Slices were mounted on silane (Sigma Aldrich) treated glass slides
and coverslipped with fluorescent mounting medium (DAKO, Carpinteria, CA. TUSA).
Sections were visualized under a confocal Olympus FV 101 microscope, manually adjusting
the parameters of laser intensity and sensitivity for each channel. Merged images are the
overlay of five laser sections in the Z plane, using the Olympus 1.6 Fluoview.

Morphologically undamaged MNs in the Niss] preparations (with a soma diameter
=25 um and distinguishable nucleus) were counted in a 103 microscopic field. The number
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of cells was determined in sections where the trace of the infusion cannula was evident. Ten

histological sections per rat were counted and the values were averaged.

3. Results

The microdialysis perfusion of Stry at 1 or 5 mM concentration did not induce any
significant behavioral or histological alteration: rats performed similarly fo controls in the
rotarod test for seven days and histological and immmmochenucal observations with ChAT
and GFAP did not show MN loss or ghial reaction (Fig. 1). Animals receiving Bic (1 or 5
mM{) fell from the rotarod in 80-20 s 6 h after the experiments and recovered slowly during
the next hours (Fig. 1A). and those treated with 5 mM Bic showed an increased sensitivity
to the contact in the ipsilateral hindquarter, observed by the contraction of ipsilateral
phalanges induced by a discreet mechanical stinmlation of the ipsilateral footpad. After
recovery from anesthesia these animals showed transitory contractions of the ipsilateral
hind paw and occasional wet-rat shakes; these symptoms of hvperexcitability disappeared
after 40-50 min. No MN damage or glial reaction was observed in these animals at the end
of the 7-days observation period (Fig. 1B.C).

In contrast to the minor effects of the acute microdialysis perfusion. chronic
infirsion of Bic at 5, 10 and 17.5 mM concentrations caused concertration-dependent
alterations of motor behavior along several days, whereas chromic 20 mM Stry was
mnocuous (Fig 2). Bic 10 and 17.5 mM induced transitory effects characterized by
grooming. hypersensitivity. focal fasciculations, scratching and biting of the ipsilateral
limb. and myoclonus of hindpaw. These behavioral alterations were most intense with 17.5
mMl included also frequent wet-rat shakes. and 5 of the 10 rats treated died in generalized
tonic seizure within the first 24 h after the implant. The latency to the first symptom and the
duration of these effects, as indicated m Fig. 2B (white arrows). was 4-0 days, 2 days and 1
day for 5, 10 and 175 mM. respectively. The alterations of the hind imb movements were
manifested in the stride pattern as the absence of the ipsilateral foorprint, because
uncoordmated muscle conftraction of this limb caused that rats walked with the paw raised,
and consequently this paw was not recorded in the stnde pattern (Fig. 24). Footprint
records also show a permanent effect, that started at the times mdicated in Fig. 2B (red
arrows), characterized by endunng phalanges flaccidity that keeps them tightly joint.
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differently from the healthy footprint which show separated fingers (Fig. 2A). All the
amimals treated with 10 mM and 17.5 mM presented these permanent alterations but with 3
mMd only 50% showed them

As shown also in Fig. 2B, the motor alterations, as detected by the rotarod test,
started simultaneously with the first behavioral symptom. Remarkably, with the three
concentrations of Bic the maximal effect was to fall at ~30-60 s and in all cases this effect
was transitory. but with notable time course differences: with 17.5 mM this score was
attained at the first day and gradually recovered by day 4; with 10 mM it was reached at
days 5-6 and the recovery at day 14; and with 5 mM it was observed at days 8-10 and
recovery at day 16. In contrast, no significant alterations were detected in the PGE test at
any Bic concentration {(Fig. 2C).

Histological and ChAT immunocytochentcal observations at day 16 after pump
implant revealed no significant changes with 20 mM Stry or with 5 mM Bic. whereas 10
and 17.5 mM Bic induced ~33% loss of MNs in the ipsilateral ventral horn, but not in the
contralateral side (Fig 3). This MN degeneration was accompanied by an astroglial
reaction. as demonstrated by intense GFAP immunoelabeling. Some GFAP
mmminofluorescence was also observed with 5 mM Bic and with Stry, probably due to the
mechanical damage produced by the cannula.

Based on the previous results, we selected the concentration of Bic 10 mM for the
next experiments. aimed at studying if the hyperexcitability induced by Bic was mediated
by glutamatergic pathways.

Blockade of NMDA receptors by MEB01 decreased the intensity of the transitory
behavioral effects of Bic, reducing groonung and hivpersensitivity of the tpsilateral ind
limb and preventing the fasciculations and mvoclomus. This protective effect was
manifested in a better performance in the rotarod test (Fig. 4A). However, the permanent
effect detected by the footprints was not prevented by MES01 (Fig. 4C). Interestingly, the
blockade of AMPA-receptors by CINQX had opposite effects, since netther the transitory
action of Bic nor the rotarod score were modified, as compared to Bic alone, whereas the
permanent changes were prevented (Fig. 4A. C). The PGE performance showed no
alterations in any of the groups (Fig. 4B). There was also a different effect of MES01 and
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CNQX regarding MN degeneration: the former was ineffective while CNQX totally
prevented the MIN loss caused by Bic (Fig. 4D).

In other expeniments to test whether glutamate receptors are involved in the
mechanism of the hyperexcitability induced by Bic, we studied whether the previously
demonstrated excifotoxic action of AMPA (Corona and Tapia, 2004; Ramirez-Jarquin and
Tapia, 2016; Tovar-y-Fomo et al.. 2007) was affected by Bic infusion As shown in Fig 3.
at the concentration used AMPA induced slowly progressing ipsilateral motor deficits and
paralysis along 10 days. manifested as fall from the rotarod at 20 s at day 4, that reached
~50-60 s the following days: differently from the results with Bic, this effect was
permanent until day 10 (Fig. 5A). However, AMPA did not alter the PGE performance,
most probably because, as shown by the stride pattern. the contralateral limb was not
affected and this was enough to climb the grid; only the ipsilateral imb presented paralysis,
manifested by the dragging of the paw (Fig. 5C). These effects of AMPA were clearly
potentiated by Bic, since the animals co-infirsed with both compounds fell in 100 s at day
2 and the deficit rapidly progressed to reach ~20-30 s at day 5 and did not recover (Fig.
5A). This potentiation was also remarkable in the PGE test and in the stride paftern. since
from dav 2 the time to climb increased ~15 s and by dav 4 the rats started to fall. at about
~20-25 5_instead of climbing (Fig. 3B). These deficits can be correlated with the alterations
in the stride pattern that indicated that both limbs were affected from dav 4 and by day 8 the
ammals presented bilateral paralysis (Fig. 5C).

The potentiation of the motor effects of AMPA by Bic was clearly correlated with
the histological and ChAT and GFAP immumochemical observations. AMPA induced
~80% MN loss in the ipsilateral horn and 20% in the contralateral horn, as well as intense
astroghal reaction. Remarlably, AMPA + Bic co-infusion increased the MN loss to nearly
100% in the ipsilateral horn and to ~80% in the contralateral one, and further mcreased
GFAP labeling (Fig 3D_E).

4. Discussion

Intibition in the spinal cord 15 mediated by the action of the GABA and glycine, but they
seem fo plav different roles in the control and modulation of the spinal cord neuronal
activity. GABAergic circuits have been associated with the modulation of the activity of
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local networks (intrasegmental commmunication), while glycine neurotransmission 1s
mvolved mainly in the control of the communication between different segments along the
spinal cord (infersegmental commumication) (Hanson and Landmesser, 2003; Moody and
Bosma, 2005). This differential role in the spinal network activity may explain the lack of
effects of Stry and the alterations of motor behavior induced by Bic. In fact, Stry did not
evoke motor alterations, even when infiised during several days, because its effect would
require the blockade of the intersegmental glyvcinergic circuits, which apparently did not
occur. In confrast, both acute and chronic treatments of Bic evoked hyperexcitation of the
ipsilateral hind limb that can be ascribed to deficient control by the local GABAergic
neuronal circuits in the lumbar segment infused. The fact that the immediate acute effect by
microdialysis perfusion was weak and of short duration 1s probably due to its rapid
diffusion after the short time period (25 nun) of adnunistration.

We used three different concentration of Bic for its chromic infusion and,
interestingly, the duration of the mitial transitory symiptoms of hyperexcitation was
mnversely proportional to the concentration used. and the hyperexcitation was manifested
later as a loss of motor coordination that made the animals fall from the rotarod (Fig.
1A B). The beginning of this effect was concentration-dependent but, notably, the recovery
along the following days was much more rapid with the highest concentrations than with 5
mM Becanse in all cases the recovery was complete, these effects cannot be due to MN
degeneration. as confirmed by the slight loss of MIN (about 30%) that was observed at the
time of complete recovery with 10 mM and 17.5 mM concentrations. This 15 in agreement
with previous results showing that there 1s a correlation between MM death and paralysis
{Famirez-Jarquin and Tapia. 2016). as well as with the finding of a threshold number of
about 30% healthy MN, below which paralysis is complete and irreversible (Santa-Cruz
and Tapia, 2014). Therefore, the motor deficits caused by Bic could be explained by a
temporal disinhibition of MIN actiwity leading to motor incoordination. A probable
explanation of why this effect disappears even when Bic is being confinuously infused is
that the chronic GABAergic blockade elicits homeostatic mechanisms fo compensate for
the inhibition/excitation imbalance. This has been shown to occur as a result of Bic-induced
hyperexcitation in mouse neocortical cultures, which causes a down scaling of GluR.1 and

10
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GluB2 subunits of surface AMPA receptors (Reimers et al.. 2014; Sun and Wolf. 2009 as
well as reduction of synaptic AMPA recepfors in raf oucleus accumbens (Tbata et al., 2008).

This possible compensatory mechanism could occur if the effects of Bic were due fo
disinhibition of the excitatory neuronal circwits involving AMPA receptors, which is in
accord with our findings that Bic clearly potentiated the effect of AMPA when both drugs
were co-infused. and with the total prevention of the Bic-induced MN degeneration by
CINQZL although this antagonist did not significantly improved the performance in the
rotarod test. Such protection was not observed with the NMDA receptor antagonist
MEB01, which is consistent with our previous findings showing that AMPA infusion
induces MN loss through the activation of Ca™ -permeable receptors, while NMDA is
mnocuous (Corona and Tapia, 2004, 2007). Therefore, we conclude that chronic deficient
GABAergic neurotransnussion is sufficient to induce motor alterations and MN
degeneration by secondary overactivation of AMPA receptors due to endogenous
glutamate.

In the mutant SOD1-G23 A mouse model of familial ALS. neurophysiological
studies of neuronal activity in spinal cord organotypic cultures (Kuo et al., 2004) and in
cortical slices (van Zundert et al | 2008) have demonstrated MN hyperexcitability during
presymiptomatic stages. In these transgenic mice, a reduction of GABA release and an
merease of the GABA transporter, measured in gliosomes isolated from the spinal cord
{Milanese ef al, 2010). as well as desensitization of GABA 5 receptors observed in cultured
N5 (Camunchio et al.. 2008), mdicate deficient GABAergic inhibitory neurotransmission.
Changes suggesting this type of alterations have been described also in ALS patients. such
as decreased levels of glyveine in spinal cord tissue (Malessa et al.. 1991, although no
changes of GABA in CSF and spinal cord were detected (Kostera-Pruszczvk et al., 2002;
Malessa ef al., 1991). Reduction of GABA levels was shown by magnetic resonance
speciroscopy in the motor cortex of ALS patients (Foerster et al.., 2013, as well as
decreased alpha-1 subunit of GABA s receptors and upregulation of glutamate
decarboxylase expression (Petri ef al., 2006). Regarding glutamate neurofransnussion, the
lack of RN A editing of the Q/R site in the GluE2 subunit of AMPA receptors, which results
m Caz_—pt[mea‘n]e receptors (Hume et al., 1991), has been considered a possible cause of
ALS (Kawahara et al., 2003; Kwak et al . 2010). These findings. taken together, suggest the

11
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involvement of inhibitory transmission failure and Ca™ -permeable AMPA receptors in
ALS.

5. Conclusion

In conclusion, our results demonstrate that an imbalance inhibifion/excitation in the spinal
cord, induced by blockade of inhibitory GABAergic neurotransmission, causes fransitory
motor deficits and MN death, effects that are mediated mainly by secondary overactivation
of AMPA receptors leading to MIN hyperexcitation. This mechanism of neuronal
degeneration, involving primary alterafions of spinal cord inhibitory circuitries, seems
relevant for understanding the pathophysiology of MIN diseases and for the design of new
sirategies for their treatment.
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Figure legends

Fig. 1. Acute perfusion of Stry and Bic did not induce any significant effect. A) Rotarod
test after acute treatments with Bic (1 mM and 5 mM), Stry (1 mM and 5 mM), nuxture
{Bic-5try 3 mM) and control group (Krebs medium). B) Quantification of healthy cresyl
violet stained MNs. 7 davs after microdialysis. Mean = SEM for 10 rats per group.
differences were not statistically significant. C) Representative immmumocvtochemistry for
ChAT (red) and GFAP (green) in each group. Note the preserved MNs and the absence of

glial reaction.

Fig. 2. Chronic infusion of Bic. but not of Strv, induced motor alterations. A)
Representative stride patterns for control group. showing the transitory and permanent
effects of Bic and the lack of effect of Stry. The photographs show the position of the hmb
during the transitory and permanent effects of Bic (white and red arrows. respectively). B)
FRotarod performance of rats treated as indicated. The white arrows show the duration of the
transitory effects of each concentration of Bic, and red arrows indicate the duration of the
phalange flaccidity, showed in A as permanent Bic-effect. All values below 100 s were
significantly different from the control group (P < 0.01). C) PGE performance; the
differences were not significant. Mean + SEM for 10 rats per group.

Fig. 3. Chronic infusion of Bic. but not of Strv. induced MN loss and astrogliosis.
Representative micrographs of ChAT (red) and GFAP (green) immunocytochenustry, 16
days after the implant. Note the glial reaction and the decrease of MNs in the ipsilateral
side after 10 mM and 17.5 mM Bic, shown quantitatively in the graph Mean values + SEM
for 10 rats per group. *P < 0.05 vs control value.
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Fig. 4. Effects of CNQX and MES01 on the motor alterations and neurodegenemtion
mduced by Bic. A) Rotarod performance of rats treated as indicated. B) PGE performance;
the differences were not significant. C) Representative stride patterns, showing that CINQR
but not MEBO01, prevented the phalange flaccidity induced by Bic. D) Quantification of
healthy cresyl violet stained MNs, 16 days after the implant. Mean values = SEM for 10
animals. *P < 0.05 vs contralateral side.

Fig. 5. Bic enhanced AMPA-induced excitofoxicity. A) Rofarod performance of rats treated
as indicated. B) PGE performance. C) Representative stride patiterns for AMPA and AMPA
+ Bic infusion. showing the ipsilateral paralysis induced by AMPA at dav 10 and the
bilateral paralysis induced by AMPA + Bic at days 3 and 8 affer implant. D)) Representative
ChAT (red) and GFAP (green) immumnocytochemistry. Co-infusion of Bic enhanced MN
loss and gliosis induced by AMPA . E) Quantification of the healthy cresyl violet stained
MNs. Mean values = SEM for 10 rats per group. *P < 0.05 vs control values.
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XI. Discusion

Excitotoxicidad y degeneracioén de MNs: ¢apoptosis 0 necrosis?

Las patolo gias originadas por 1 os procesos d e la muerte neuro nal manifiestan sus
sintomas segun el tipo celular y el area af ectada. Particularmente las enfermedades
relacionadas con alteraciones de las MNs, como la ALS, presentan déficits motores
a diferencia de otr as e nfermedades neuro degenerativas que afectan a los procesos
cognitivos. A pesar de décadas de investigacion alin no se conocen las razones de la
selectiva vuln erabilidad de las MNs. S e ha sugerido que las MNs son alta mente
sensibles a la estimulacion de receptores AMPA permeables a calcio (Carriedo et al.,
1996, Van Den Bosch et al., 2000, Van Damme et al., 2002, Corona y Tapia, 2007),
probablemente debido a que presentan un mal amortiguamiento de este cation (Ince
etal., 1993, Alexianu et al., 1994, Siklos et al., 1998), ya que interesantemente las
MNs del nucleo de O nuf, que no se af ectan en la ALS, present an una elevada
concentracion de las proteinas amortiguadoras de calcio, la calbindina-D28K y la
parvalbumina, a diferencia de las MN's que si son afectadas por la ALS (Alexianu et
al., 1994 ); respecto a este tem a, se ha de mostrado q ue la sobr eexpresion de la
proteinas con capacidad de amortiguar los cambios de calcio, como la parvalbumina,
causa una neuropro teccion de las MNs en modelos transgénicos de ALS (Beers et
al., 2001, Van Den B osch et al., 2002 , Das et al., 2013 ). Otros f actores asociados
podrian ser la gran cantidad de neurofilamentos y la alta vulnerabilidad al mal
funcionamiento mitocondrial (Bergmann y Keller, 2004).

Es importante hacer notar que al final todos los mecanismos de degeneracion
se intercon ectan, p robablemente ¢ omo ¢ onsecuencia un o de o tro, o bienc omo
mecanismos independientes que cul minan con la muerte de la s M Ns. Jus tamente
este ultimo evento fue el te ma principal del presente e studio y como demuestran
nuestros resultados, los procesos mediante los cuales degeneran las MNs ante una
situacion de excitotoxicidad son variab les, y bajo nuestras condiciones basicamente

dependen de los estimulos, ya que un e vento muy severo como la administraci 6n
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aguda del AM PA degenera rapidamente por necrosis a las M Ns, mientras que un
evento cr 6onico de menor intensidad, desencadena un proces o mas co mplejo, que
presenta estadios tempranos con caracteristicas apoptdticas y culmina con la muerte
de las MNs por necrosis (Ramirez-Jarquin y Tapia, 2016).

(Apoptosis 0 necrosis? es una pregu nta bastante frecuente en cuestiones de
degeneracion celular, y la ALS no es la excepcion, y sugerimos que el conoc er la
respuesta a esta pregunta sera de gran ayuda para el tratamiento y entendimiento de
esta enf ermedad. Esta idea sebasaen el supuesto que  siconoce mos las
caracteristicas del pr oceso dege nerativo serd  posible disefiar  estrategias para
combatirlo, detenerlo o prevenirlo. S in embargo, enla  practica resultano ser
sencillo. Respecto ala ALS, aln no se con oce con certeza qué proceso de muerte
celular participa en la degeneracion de las MNs, ya que los resultados encontrados
resultan complicados y por de més variables (Pasinelli et al., 2 000, Bendotti et al.,
2001, Ilzecka et al., 2001, Raoul et al., 2002, Martin et al., 2007, Martin et al., 2009,
Ilzecka, 2011, 2012).

En modelos transgénicos se han descrito diferentes componentes de procesos
apoptoticos que s ugieren la partic ipan de diferentes vias de activacion de la
apoptosis, tanto la intrinseca como la extrinsecas (Li et al., 2000, Raoul et al., 2002,
Locatelli et al., 2007 , Ohtaetal., 2008 ). Referenteala via intrinseca, se ha
demostrado q ue desde et apas te mpranas de la enf ermedad, previo a la paralisis
ocurre la apertura del poro de transicion mitocondrial, evento que se ha asociado con
la liberacion de moléculas proapoptoéticas como el citocromo ¢, lo cual conlleva a la
formacion del apoptosoma y la activacion de esta via intrinseca.

Asimismo, en modelos transg énicos, se ha identificado la p articipacion de
componentes de la via extrinseca depe ndiente de la liberaci 6ndef actores
apoptoticos desd e cél ulas veci nas (Raoul et al., 2002 , Locatelli etal., 200 7).
Inclusive en te jido p ostmortem de pacientes se ha de mostrado la presencia de
caspasas activadas (Hart y Gitler, 2012). Bajo este con texto, la cuestion seria, si ya

se conoce el proceso degenerativo de las MNs ;por qué no se puede detener en
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modelos transgénicos? Por ejemplo en modelos experimentales de ALS la expresion
de protein as ant iapoptoticas como Bel-2 6 bien la i nhibicion farmacoldgica de la
activacion de la s casp asas por el agent e z-VAD, demuestran que prevenir las vias
apoptoticas no es s uficiente, ya que estas estrategias antiapoptoéticas han fallado en
su efecto protector, pu esto que todas han tenido un efecto poco significativo y lo
unico que han conseguido es retrasar discretamente el inicio de |l a paralisisos u
progreso (Li et al., 2000, Ohta et al., 2008).

Enbusca de unaex plicaciond el por qué prevenir laapop tosis no es
suficiente, otros grupos han mostrado que existen evidencias de un proceso diferente
a la apoptosis, el cual presenta caracteristicas mas semejantes a la necrosis (Bendotti
et al., 2001, Martin et al., 2007, Martin et al., 2009). Resulta necesario resaltar que
en los estudios an teriormente descri tos, los autores no discute n la posibilidad de
conjuntar las alteraciones ultraestr ucturales (vacuolizaciéon e hinchamiento de 1 as
MNs), con las evidencias bioquimicas (activacion de caspasas) durante la
degeneracion de las M Ns, en un mecanismo que conjunte los datos descritos en un
solo proceso.

A pesar de que la excitotoxici dad ta mpoco se ha dem ostrado que sea
directamente la responsable de provocar la muerte de las M Ns en la ALS, nuestros
modelos la utilizan como método para provocar la degeneracion de MNs a través de
la sobreactiva cion de receptores para glutamato tipo AMPA. En este trabajo
demostramos que la excitotoxicidad mediada por AM PA crénico desencadena un
proceso degenerativo muy se mejante al obs ervado en modelos transgénicos de la
ALS, caracterizado por la activaci 6n de la caspasa 3, una vacuolizacion gradual e
hinchamientode la s MNs ,a pesarde que en nuestros procedimientos la
degeneracion de las MNs ocurre independiente de f actores genéti cos en ani males
sanos.

Nuestros resultados sugieren que la degener acion de las MNs ocurre en dos
etapas sucesivas: la primera con caracterist icas apoptoticas que al progresar ala

segunda etapa se con vierte en proceso con ¢ aracteristicas necrdti cas, m ostrando
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como ambos tipos alteraciones (ultraestructural y bioqu imico), pueden ocurrir en
respuesta a un evento excitotoxico, permitiendo conjuntar las evidencias encontradas
en los modelos transgénicos de la ALS y en pacientes, ya que nuestro estudio abarca
tanto el proceso ap optdético mediante la acti vacion de caspas as, c omo el proceso
necrotico a trav és del estudio de la ul traestructura. La sucesion en tre apoptosis y
necrosis es un proce so que anter iormente se ha descrito que o curre en etapas
embrionarias, sefialan do que el progre so d el proceso dege nerativo depende del
estado de maduracion del sistema nervioso (Caldero et al., 1997, Portera-Cailliau et
al., 1997a, b).

También en adulto se ha dem ostrado que e 1 proceso de muerte p uede ser
determinado por el tipo de rec eptor estimulado, ya que al estimular receptores tipo
NMDA, se induce un proceso semejante a la necrosis, y al estimular receptores no-
NMDA se pr ovoca un proceso se mejante a la apoptosis (Portera-Cailliau et al. ,
1997b). Pese a que estos resultados de muestran que un evento excitotdxico puede
desencadenar diversos tipos de muerte, queda claro que el proceso a seguir depende
del receptor estimulado.

Nuestro est udio muestra que en el modelo cronico, se genera un proceso
continuo, que ba sados en la te mporalidad d e las obs ervaciones sugerimos inicia
como apoptosis y culmina con una necrosis. Basados en trabajos previos en el
modelo agudo, sabemos que las alt eraciones causadas por el A MPA se asocian con
un incremento del influjo de calcio, ya que el uso de un agente q uelante de este ion,
previene las pr oceso degenerativo de las MN's, de igual manera, el bloqueo de lo s
receptores AM PA p ermeables a calcio  porla n-acetil esper mina, evitala
degeneracion de las MNs inducida por AMPA (Corona y Tapia, 2007).

El principal in dicador bioquimico de la ap optosis es la act ividad de las
caspasas, por ello es ¢ omun pensar que una célula que contiene la caspasa-3 activa
podria ser una célula en degeneracion que pi erde su funcidn, por encontrarse en un
proceso degenerat ivo. Sin em bargo, nuestros resultados no demuestran una

correlacion entre las MNs con caspasa-3 activa y la afectacion de la activ 1dad
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motriz. L a activi dad motorano se vido relacionada con la cantid ad de MNs c on
caspasa-3 activa, pero siconla pérdidade MNs, sugiriend o que las MNs con
caspasa-3 contintian funcionando.

De esta manera, nuestro trabajo brinda la s evidencias que ex plican por qué
los tratamientos antiapoptoticos no son capaces de prevenir la muerte de las MNs en
los modelos transgénicos de la ALS , ya que estos trata mientos d ejan de lado la
degeneracion necrética, que segiin nuestros resultados es el proceso que termina por
matar a las MNs, es decir, aun cuando se prevenga la apoptosis habré otras rutas que

desencadenen en la degeneracion de las MNs.

Deteccion temprana del proceso degenerativo de las MNs

Detectar el inicio de la ALS esun  serio problema en la clinica, debido a var  i0s
factores los cuales f recuentemente estan relacionados con el hec ho de que las
alteraciones iniciales de esta enf ermedad p ueden f &cilmente ser confundidas con
otras patologias, o bien pasar desapercibidas.

En este estudio justamente pudimos demostrar que el estudio de la zancada es
una prueba importante para detectar el inici o de las alteraciones causadas por la
ALS, ya que a dif erencia de las pruebas del rotarod y del PGE (las cuales son de
utilidad para medir resistencia y coordinacion en el caso del rotarod , y fuerza en el
caso del PGE, resultando poco efectivas para detectar cambios discretos), el registro
de la zancada detectd mas tempranamente las alteraciones motrices inducidas por el
tratamiento con AMPA. Probablemente debido a que en el rotarod no importa si los
pasos son gra ndes o ¢ hicos, basta co n que s ean lo suf icientemente frecuentes para
mantenerse en el rod illo girando y el caso del PGE basta con que se genere un solo
impulso para que la rata escale la rejilla; en cambio en el regi stro de la zancada las
alteraciones dis cretas como la distancia rec orrida en cierta cantid ad de pasos, asi
como la cantid ad de pasos usado s para r ecorrer un a dist ancia, son facilmente
detectables y cuant ificables, lo cual podria ser de relevancia para la deteccion

temprana de la s alteraciones motrices. Alteraciones de la marcha o del andar han
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sido discretas en paci entes de la ASL (Goldfarb y Simon, 1984, Wu y Ng, 201 0,
Radovanovic et al ., 20 14), dejan do de mostrado que p ueden servir como medio de
deteccion de e sta enf ermedad. Sin e mbargo, en humanos el dia gnostico de e sta
enfermedad se da al ¢ ubrirse diversos tipos de alteraciones, no sol o las m otoras,
también electrofisioldgicas, biopsias, entre otras. Aunado a lo anterior en humanos,
la ALS puede tener un origen lu mbar, pero también bul bar, causando un pro greso
diferente para cada ti po de inicio (Radovanovic et al.,2 014). Por ello pensar en
implementar el es tudio de la z ancada en h umanos e s buen o, pu esto que se han
demostrado alteraciones en pac ientes. Sin embargo seria solo otro dato que sugiera
el diagnostico de la e nfermedad y tendria q ue ser necesaria mente complementado
por otras prueba s como las histoldgicas y electrofisiologicas, ademas de considerar

el tipo de inicio que presente cada caso clinico.

Sobreexcitacion de los circuitos motores lumbares por un mecanismo diferente a la
activacion de vias glutamatérgicas mediante agonistas glutamatérgicos exogenos
Como se ha  mencionado, unadelasca racteristicas mas f recuentes en las
enfermedades del siste ma nervioso es el incr emento de la excitabilidad de las redes
neuronales, que de forma general se ha estudiado mas extensamente desde el punto
de vista del incremento de la neurotransmision glutamatérgica. Sin embargo, existe
otro origen para la hiperexcitabilidad, que es el decremento de la inhibicion, el cual
se ha descrito en diversas patologias, incluida la ALS (Malessa et al., 1991, Petri et
al., 2006, Carunchio et al., 2008 , Vucic et a 1., 2009, Nieto-Gonzalez et al., 2 011,
Ramirez-Jarquin et al. , 2014 ), pero se ha e xplorado po co co mo mecanismo de
neurodegeneracion de MNss.

En este trabajo mostramos que el bloqueo de la inhibicion GABA¢érgica causa
hiperexcitabilidad vy alteraciones  motrices, ade mas cua ntificamos que  este
incremento de laac  tividad neuro nal provocala muertede MNs lumbares.
Identificamos que tanto la hiperexcitabilidad, co mola degeneracion de MNs

dependen de vias glutamatérgicas, ya que observamos un papel diferencial para los
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receptores para gluta mato tipo NMDA y AMPA, debido a que al bloquear a los
receptores NMDA se disminuyen las con ductas provocada por los agon istas
glutamatérgicos, pero no la degenerac i6n de MNs. E n cambio, al bloquear a los
receptores AMPA se previene la muerte de MNs pero las conductas provocadas los
agonistas gl utamatérgicos, co mo las co ntracciones de la extre midad posterio r
ipsilateral y las sacudidas de rata mojada.

Estos resultado s son sumamente intere santes, puesto que estas alteraciones
ocurren al bloquear la neurotrans mision GA BAérgica, dejando actu ar al glutamato
presente en los circuitos motores lumbares, sin nece sidad de us ar un ag onista
exodgeno. Lo cual es de interés, puesto que anteriormente se habia demostrado que el
incremento cronico de glutamato inducido farmacoldgicamente por la aplicacion de
un bloqueador del tra nsportador de este ne urotransmisor no caus ¢ alteraciones ni
muerte de MNs (Tovar-y-Romo et al., 2009).

Nuestros resul tados ¢ oncuerdan con estudios previos que de muestran que
solamente la activacion selectiva de los receptores AMPA causa muerte de las MNs.
En conjunto esta serie de res ultados nos permite sugerir que no se requiere de un
incremento de glutamato extracelular, sino de un incremento de la a ctividad de las
redes neuronales de la médula para inducir un proceso degenerativo de las MNs por
sobreactividad sinéptica, resaltando el papel del control de los circuitos inhibitorios
en la fisiologia de la médula espinal.

Actualmente, el estud 1o de las redes ne uronales es un ca mpo q ue se ha
comenzado a explorar mediante estudios de imagenologia de calcio en circuitos del
cerebro en animales neonatos, no mayores a 14 dias postnatales (Carrillo-Reid et al.,
2011, Stetter et al., 2012). Sin embargo, aun no se han realizado estudios de este tipo
en la médula espinal, posiblemente debido a que estos circuitos neuronales son mas
susceptibles al dafio durante la preparacion de las muestras, particularmente las MNs
son sumamente sensibles a eventos de hipoxia.

Recientemente se des arrollé un modelo tra nsgénico en rat 6n, qu e per mite

observar la actividad de las MNs mediante uso del microscopio de dos fotones, esto
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debido a que estos ani males utilizan la pro teina GCaMP6f (un indic ador de calcio)
como reportero de la actividad neuronal (Hinckley et al., 2015). Sin embargo, aun

no se han realizado estudios asociados con la degeneracion de las MNs en la ALS.

Componente no neuronal en la degeneracion de las MNs

El proceso cono cido como muerte cel ular no autbno ma ha si do amplia mente
estudiado en los ultimos afnos. Basicamente hace referencia al proceso degenerativo
que una célula inicia por accién d e un componente extracelular proveniente de otra
célula vecina y no propiamente de la célula misma. En este contexto, el papel de la
glia ha to mado gran importancia en la patogénesis de la AL S, proponiéndola como
posible responsable de iniciar la degener acidon de las MNs (Kushner et al., 1991
Nagy et al., 19 94, Schiffer et al., 1996, Hall et al., 1998 , Schiffer y Fiano, 2004,
Nagai et al., 2007, Guo et al., 2010, Sanagi et al., 2010).

Una caracteristica del proceso degenerativo de las MNs es la aparicion de glia
reactiva, la cual se asocia con m ecanismos qu e dafan a la s MNs, por eje mplo:
pueden alterar la recaptura de neurotransmisores y liberar factores que provoquen la
degeneracion de las M Ns, como ligandos FA'S, que provocan la activacion de la via
extrinseca de la a poptosis o especie s reactiv as de oxigeno (Alexianu et al., 2001 ,
Raoul et al., 2002, Sofroniew, 2005, Locatelli et al., 2007), el papel de los ligandos
de muerte se ha estudiado mediante la medicion del RNAm de FAS, asi como con el
uso de sondas de interf erencia del ligando FA S (Raoul et al., 2002 , Locatelli et al.,
2007).

Recientemente también se ha de mostrado que los astroc itos portadores de la
SOD1 mutada liberan una molécula (atin no identificada) que provoca la apertura de
una corriente de sodio persistente, provocando un estado de hiperex citabilidad que
favorece la degeneracion de las MNs (Fritz et al., 2013). En este trabajo describimos
la astrogliosis como un proceso asociado a la degeneracion de las MNs tanto en la
excitotoxicidad por AMPA, como en el blo queo de la actividad GABAérgica. La

excitotoxicidad del tratamiento agudo con AMPA provocé la activacion tardia de la
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caspasa-3 en la s MN's (24 h después d el tra tamiento), pr obablemente debido a la

liberacion de ligand os de m uerte desde los as trocitos activos. Sin em bargo, a pesar
de la evidente asociacion entre la degeneracion de las MNs y la astrogliosis, en este
trabajo no exploramos a detalle el papel que la activaci 6n glial de sempefiar en la
muerte de las MNs. De igual manera nuestros resultados son insuficientes para
determinar si la activa cidn de la astroglia oc urre como un mecanismo de inic iacion
que contribuye a la degeneracion de las MNs o bien como un mecanismo secundario
al dafio de las MNs, aunado a que en algunas areas del si stema nervioso cen tral
como el tdlamo, hipo campo y corteza, se d emostrado que | os astrocitos ex presan
receptores G ABAA y AMP A (Hoftetal., 2014). Loquesi sabemoses que la

degeneracion de las MNs estd siempre asociada con la activacion de la astroglia.

La ALS y la excitotoxicidad como procesos multifactoriales

Actualmente no existe un mecanismo concreto que explique el orig en de la muerte
selectiva de las MNs en la ALS. Sin embargo, se han descrito diversos mecanismos
involucrados en la degeneracion de las MNs, por lo que podriamos considerar que la
ALSno es necesariamente el resul tado deun solo mecanismo, sin 0 muy
posiblemente es e | re sultado de la su ma d e varios componentes que causan la
enfermedad, definiendo a la ALS esporadica (que representan el 90 % de los casos)
y la de generacion de | as MNs como patologias de origen multifactorial. Nosotros
demostramos que la suma del bloqueo de la activida d GAB Aérgica, con la
excitotoxicidad mediada por AMP A, es capaz de inducir  un ef ecto sinérgico de

ambos tratamientos, por ello nue stros resultados indican que la degeneracion de las
MNs pu ede ser afectada oin ducida por laco mbinacion de varios f actores,
enfatizando la necesi dad de conoceraf ondolosp rocesos de degeneracidé n

involucrados en dichas alteraciones.
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X11. Conclusion

En el presente trabajo demostramos que el proceso degenerativo de las MN's
lumbares es d eterminado por el e stimulo que lo provo que: un estimulo agudo
desencadena una degeneracion rapida, en tanto que la excitotoxicidad crénica induce
alteraciones grad uales m as severa s, lo cual aplica tanto p ara excitotoxici dad
mediada por los receptores tipo AMPA para glutamato, como para la degeneracion
inducida por el bloqueo de los receptores GABAA.

Aun queda mucho por investigar con respecto a la degeneracion de las MNss.
Sin embargo, este trabajo muestra datos relevantes a considerar para investigaciones
futuras, ya que demostramos como diversos procesos degenerativos pueden ocurrir
simultdneamente o de m anera sucesiva, lo cual es de relevancia para el disefio de
estrategias farmacoldgicas, para cuyo disefio sugerimos que se considere no solo a
un proceso degenerativo.

También de mostramos que el bloqueo de la actividad inh ibidora causa la
contraccion desc ontrolada de los m usculos de la extrem idad ipsilateral al sitio del
tratamiento farmacoldgico, sugiriendo la act ivacion de los circuitos espinales, y la
subsecuente degeneracion de las M Ns de esta drea, mediante vias glutamatérgicas,
que utilizan al glutamato de los estos circuitos y la falta de inhibicion mediada por el
receptor GABAA.

En resu men, concluimos que el pr oceso de dege neracion de las M Ns
lumbares inducido por excitotoxicidad depende de la intensi dad y continuidad del
estimulo, y que los cir cuitos inhib itorios ti enen un papel de gra n relevancia en la

degeneracion de las MNs lumbares.
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