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INTRODUCCION

La enfermedad de Huntington (EH) es una enfermedad neurodegenerativa causada por
la expansion de tripletes CAG en el exdn 1 del gen que codifica para Huntingtina (Htt).
Los pacientes de EH presentan una triada de sintomas motores, cognitivos y
psiquiatricos que suelen aparecer en la edad adulta y progresan con la enfermedad,

hasta ocasionar la muerte en 15-20 afios (Roos, 2010).

La caracteristica neuropatolégica mas destacable de la EH es la atrofia del cuerpo
estriado, formado por el putamen y el caudado, debida a la pérdida de neuronas de
proyeccion predominantes en esta region (J. P. Vonsattel et al., 1985). Ademas de la
muerte neuronal, el estriado de los pacientes de EH presenta un aumento de astrocitos
reactivos, las células gliales mas abundantes (J. P. Vonsattel et al., 1985). A pesar de
que otras regiones cerebrales también degeneran, se desconoce por qué estas

neuronas son mas vulnerables en la EH.

Una de las hipotesis propuestas para explicar esta muerte neuronal selectiva es la
disfuncion mitocondrial. Estudios previos han demostrado que la Htt mutada (mHit)
altera las dinamicas mitocondriales, aumentando los procesos de fision (X. Guo et al.,
2013; Reddy, 2014). Ademas, la mHtt provoca un aumento en la liberacion de calcio del
reticulo endoplasmatico (RE) y altera la capacidad homeostatica del calcio de las
mitocondrias en neuronas estriatales (D. Lim et al., 2008; Tang et al., 2003). Teniendo
en cuenta estas premisas, hipotetizamos que una alteracién en las MAMs (mitochondria-
associated membranes), regiones donde las mitocondrias interaccionan con el RE y que
regulan tanto las dinamicas mitocondriales como el transporte de calcio entre ambos
organulos (P. Gao et al., 2020), podrian mediar la especifica sensibilidad de las

neuronas estriatales a la mHtt.

Por otro lado, la alteracion de la funcién astrocitaria podria modular negativamente la
actividad de las neuronas estriatales en la EH. En este sentido, uno de los mecanismos
de comunicacion neuroglial que podria verse afectado es la transferencia de
mitocondrias entre estos dos tipos celulares. En otros trastornos neuroldgicos se ha visto
que la transferencia de mitocondrias gliales puede afectar la funcion neuronal (D. Liu et
al.,, 2021). Sin embargo, no se conoce si la presencia de mHitt alteraria la funcién
mitocondrial en astrocitos ni si la transferencia de mitocondrias de astrocitos con mHtt
podria contribuir a la vulnerabilidad de las neuronas estriatales en la EH. En esta Tesis

nos proponemos evaluar ambas posibilidades.



Por ultimo, las proteinas de dinamicas mitocondriales estan reguladas a través de la
fosforilacion mediada por quinasas. Pyk2 es una de las quinasas que mas se ha
estudiado por su papel en el sistema nervioso central tanto en condiciones fisiolégicas
como patologicas (de Pins et al.,, 2021). Pyk2 esta enriquecida en el cerebro,
especialmente en las neuronas hipocampales y se ha involucrado principalmente en la
activacion de los receptores NMDA y en la regulacion de la plasticidad sinaptica (Bartos
etal., 2010; Girault, Costa, et al., 1999). Aunque su localizacion mayoritaria es citosolica,
después de la activacion neuronal Pyk2 puede translocar a otros subcompartimentos
celulares como espinas dendriticas o el nucleo (Camille Faure et al., 2013; S. Lee et al.,
2019). En células no neuronales también se ha descrito que puede translocar
parcialmente a la mitocondria y fosforilar proteinas relacionadas con el transporte de
calcio (Hirschler-Laszkiewicz et al., 2018; O-Uchi et al.,, 2014). En esta Tesis,
proponemos que Pyk2 también se podria localizar en las mitocondrias neuronales,
rigiendo asi las dindmicas mitocondriales y la homeostasis del calcio. Asimismo, dada
la implicacién de Pyk2 en los defectos cognitivos de la EH (Giralt et al., 2017),
especulamos que la disfuncién de Pyk2 podria contribuir a las alteraciones de las

dinamicas mitocondriales que ocurren en las neuronas estriatales en esta enfermedad.

METODOLOGIA

El modelo animal utilizado en esta Tesis para estudiar la disfuncidon mitocondrial en la
EH es el ratén R6/1. Este modelo sobreexpresa el exéon 1 humano con 115-145
repeticiones CAG y recapitula tanto la sintomatologia motora y cognitiva observada en
pacientes de EH como caracteristicas neuropatoldgicas. Por otro lado, el estudio de
Pyk2 en condiciones fisioldgicas de esta tesis se ha realizado en un modelo de ratén
deficiente en Pyk2 (Pyk2”), que presenta un comportamiento y apariencia general
normal. Este modelo ha sido utilizado previamente en otros trabajos para evaluar el
papel de Pyk2 en neurodegeneracion. En los estudios realizados con ambos modelos

murinos se han combinado aproximaciones in vitro e in vivo.

Para evaluar las dinamicas mitocondriales se han utilizado principalmente técnicas de
inmunofluorescencia y analisis por microscopia confocal, asi como microscopia
electrénica. Para analizar la expresién de distintas proteinas de interés se han realizado
estudios bioquimicos y de citometria de flujo. En ultimo lugar, el interactoma de Pyk2 se

estudioé por espectrometria de masas.



RESULTADOS Y DISCUSION

En el primer estudio, nos hemos centrado en evaluar la implicacion de las dinamicas
mitocondriales y las MAMs en la regulacion defectuosa de calcio en neuronas estriatales
del ratén R6/1. Las dinamicas mitocondriales son eventos de fision y fusidén constantes
que permiten determinar el tamafo y forma de la mitocondria a la vez que su distribucion
y funciéon (Chan, 2006). Resultados previos de nuestro grupo y de otros han demostrado
que varios modelos celulares y murinos de la EH presentan un aumento en la
fragmentacion mitocondrial debido a un aumento de los procesos de fisién (Cherubini et
al., 2015; Reddy, 2014).

En esta Tesis, analizamos en primer lugar la morfologia mitocondrial por
inmunofluorescencia en cultivos neuronales estriatales de ratones R6/1. Las neuronas
R6/1 mostraron un aumento en el numero de mitocondrias, con una forma menos
elongada y ramificada que en las control. A continuacién, analizamos los contactos entre
RE y mitocondria mediante la colocalizacion de plasmidos que marcan cada uno de los
organulos, asi como la interaccion entre las proteinas IP3R3 y VDAC1, presentes en el
RE y la mitocondria respectivamente. Ambas técnicas demostraron una reduccion en la
interaccion entre los dos organulos en las neuronas estriatales del ratén R6/1. Estos
resultados sugieren que el aumento de fragmentacién mitocondrial en neuronas de EH

podria llevar a la pérdida de contactos entre RE y mitocondrias.

A fin de averiguar si esta pérdida de contactos RE-mitocondria podria ser debida a
alteraciones en proteinas propias de las MAMs, evaluamos los niveles de Grp75, IP3R3
y Mfn2 en muestras murinas y humanas de la EH. Estas tres proteinas se encuentran
enriquecidas en las MAMs y estan implicadas en el transporte de calcio en este
subcompartimento celular. En lisados totales cerebrales del ratén R6/1 detectamos una
reduccion de Grp75, IP3R3 y Mfn2 en el estriado en estadios intermedios de la EH. Sin
embargo, ninguna de las proteinas se vio alterada en el cértex o el hipocampo del raton
R6/1 a lo largo de la progresion de la enfermedad. Asimismo, las muestras post mortem
de pacientes de EH también replicaron esta disminucion en putamen y no en cértex o
hipocampo. Esta reduccion selectiva de proteinas de MAMs en el estriado podria

explicar parcialmente la vulnerabilidad estriatal en la EH.

Los resultados obtenidos hasta el momento indicaban que la comunicacién entre RE y
mitocondria podria estar comprometida. Para comprobar si esta alteracién pudiera
contribuir a la desregulacion de calcio caracteristica del estriado en la EH, evaluamos
los niveles de calcio intracelular y el potencial de membrana mitocondrial (Aym) en

cultivos de neuronas estriatales de ratones WT y R6/1. Detectamos que las neuronas



R6/1 presentaban una disminuciéon en la capacidad de captacién de calcio de la
mitocondria. En conjunto, nuestros resultados sugieren que la dishomeostasis de calcio
en la EH podria depender no solo de la capacidad intrinseca de la mitocondria sino

también de la integridad de las MAMs.

Para concluir el primer estudio de esta tesis, evaluamos si la fragmentacién mitocondrial
estaba mediando todas las alteraciones previamente descritas. Para ello, utilizamos un
inhibidor farmacolégico de Drp1, la principal proteina responsable de la fision
mitocondrial. El tratamiento con Mdivi-1, inhibidor de la actividad de Drp1, revirtié tanto
el aumento de fragmentaciéon mitocondrial como la pérdida de contactos entre RE vy
mitocondria en cultivos neuronales del ratén R6/1. A su vez, las neuronas R6/1 tratadas
con Mdivi-1 también mejoraron la capacidad homeostatica del calcio. En definitiva,
nuestros resultados indican que la fision mitocondrial dependiente de la actividad de
Drp1 conlleva la perturbacién en la comunicacion entre RE y mitocondria en el estriado
de la EH, sefialando que la disfuncion mitocondrial esta implicada en la vulnerabilidad

estriatal que ocurre en esta enfermedad.

En el segundo estudio, quisimos investigar la contribucion de los astrocitos a la
degeneracion selectiva de las neuronas estriatales en la EH. Dada la gran
heterogeneidad dentro de poblacion de astrocitos, los estudios mas recientes proponen
identificarlos mediante perfiles de expresion o la combinacion de varios marcadores en
lugar de basarse unicamente en el marcador GFAP (Diaz-Castro et al., 2019; Escartin
et al.,, 2021). Para profundizar en esta propuesta, estudiamos la expresion de los
marcadores ALDH1L1, GFAP, GLAST y S100pB en el estriado de ratones WT y R6/1. En
lineas generales, no detectamos diferencias ni en los niveles de proteina ni en la
distribucion entre genotipos. A pesar de no ver un aumento en GFAP, el marcador
clasico de astrocitos reactivos, no se puede descartar el aumento de astrogliosis ya que

se ha observado que no todos los modelos murinos de la EH recapitulan este fendmeno.

Sin embargo, al analizar otros rasgos de astrogliosis como la hipertrofia, si que vimos
un aumento en el area celular de los astrocitos R6/1 en cultivo. Por otro lado, los
astrocitos estriatales R6/1 también presentaron un aumento tanto en la respiracion
mitocondrial, indicando un posible hipermetabolismo. Para descartar que este aumento
de respiracion mitocondrial es debido a una mayor cantidad de mitocondrias en los
astrocitos R6/1, evaluamos la masa mitocondrial combinando técnicas bioquimicas y de
inmunofluorescencia. No detectamos diferencias entre genotipos en ninguna de ellas,

confirmando la premisa propuesta.



Teniendo en cuenta estos resultados, hipotetizamos que, frente a un exceso de funcion
mitocondrial, los astrocitos R6/1 intentarian disipar el exceso energético iniciando la
magquinaria de fision mitocondrial. Por ello, analizamos proteinas relacionadas con la
fision mitocondrial como Drp1y Cdk5, y vimos un aumento en su expresion en astrocitos

estriatales aislados de ratones adultos R6/1.

Para finalizar esta parte de la tesis, nos propusimos investigar si las mitocondrias de los
astrocitos R6/1 podrian ser transferidas a neuronas estriatales y cual seria el efecto en
dichas neuronas. Para ello, comprobamos que los cultivos de astrocitos de ratones WT
y R6/1 liberaban mitocondrias funcionales en ambos genotipos. A continuacion,
tratamos neuronas estriatales WT con estas mitocondrias extracelulares y analizamos
su efecto. Aquellas neuronas que recibieron mitocondrias de astrocitos R6/1
presentaron un aumento de estrés oxidativo, asi como una disminuciéon en la
ramificacion de las neuritas. Estos resultados sugieren que las mitocondrias
provenientes de astrocitos de la EH contienen propiedades intrinsecas que promueven
el dafno neuronal, las cuales podrian contribuir a la muerte preferente de las neuronas

estriatales en la EH.

En resumen, esta segunda parte demuestra que los astrocitos de la EH, a pesar de no
cambiar en los marcadores astrociticos, presentan algunos rasgos de astrogliosis como
la hipertrofia celular o un aumento de la respiracion, que provocan un aumento de la
fisibn mitocondrial. Por ultimo, las alteraciones de la funcion mitocondrial en astrocitos
debidas a la mHtt contribuyen a la degeneracion selectiva del estriado en la EH, ya sea
por la afectacion del propio astrocito o por la comunicacion con la neurona mediada por

mitocondrias.

En el tercer estudio, nos centramos en el papel de Pyk2 en la regulacién de las
dinamicas mitocondriales en neuronas. Como Pyk2 es una proteina de anclaje con
numerosas interacciones proteicas, primero evaluamos su interactoma en el hipocampo,
region donde esta proteina presenta mayor expresion, mediante espectrometria de
masas. Ademas de corroborar la implicacion ya descrita en la regulacion de receptores
NMDA y plasticidad sinaptica (Bartos et al., 2010; Heidinger et al., 2002), identificamos

una nueva funcion relacionada con la homeostasis del calcio y la funcién mitocondria.

A continuacién, verificamos por microscopia electronica la presencia de Pyk2 no solo en
las mitocondrias sino también en los contactos entre mitocondrias y RE en neuronas
hipocampales. Ademas, demostramos que la ausencia de Pyk2 en neuronas aumenta

la interaccion entre RE y mitocondria, lo que podria ocasionar alteraciones en el



transporte de calcio en las MAMSs. Para comprobarlo, analizamos los niveles de calcio
intracelular y el Aym en cultivos de neuronas hipocampales de ratones control (Pyk2*/*)
y Pyk2-/-. Este experimento demostré que la ausencia de Pyk2 dificulta la capacidad de
reservorio de calcio del RE, lo que podria alterar el flujo de calcio hacia la mitocondria y

conllevar a una desregulacion del calcio en la célula.

Finalmente, evaluamos las dinamicas y morfologia de las mitocondrias. Por una parte,
observamos que los ratones Pyk2-’- presentaban un aumento en la proteina de fision
Drp1 mientras las proteinas de fusion Mfn2 y Opa1 no se veian alteradas. Por la otra,
las neuronas Pyk2”- tanto en secciones hipocampales como en cultivo mostraron un
aumento en el numero de mitocondrias y una morfologia mas redondeada y menos
compleja, caracteristicas de la fragmentacion mitocondrial. En conjunto, los resultados
del tercer estudio de esta tesis demuestran que Pyk2 es una molécula crucial en la
regulacion de las dinamicas mitocondriales y en la formacion de contactos entre RE y

mitocondria en las neuronas en contexto fisioldgico.

CONCLUSIONES

Los resultados presentados en esta tesis sefialan las alteraciones en la funcién y las
dinamicas de las mitocondrias como mecanismo patolégico de la vulnerabilidad estriatal

en la EH, que afectan tanto a neuronas como a astrocitos.

Asimismo, hemos aportado evidencias del nuevo rol de Pyk2 en la funcion mitocondrial
de las neuronas en condiciones fisiolégicas. Dado que las alteraciones en la
homeostasis del calcio y en la funcion mitocondrial son caracteristicas comunes en
neurodegeneracion, es probable que las alteraciones mitocondriales reguladas por Pyk2
contribuyan en los mecanismos patolégicos de la EH. Ademas, ya se han descrito
previamente alteraciones de Pyk2 en otras enfermedades neuroldgicas como Alzheimer
o estrés crénico (Giralt et al., 2018; Montalban et al., 2019; Salazar et al., 2019). Por
todo ello, proponemos Pyk2 como pieza clave en la perturbaciéon de las dinamicas

mitocondriales y de los contactos RE-mitocondria que ocurre en el estriado de la EH.
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ANOVA Analysis of variance
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CA1 Cornu Ammonis 1
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Grp75 Glucose-regulated protein 75
GWAS Genome-wide association studies
H* Hydrogen

HD Huntington’s disease
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Htt Huntingtin

IMM Inner mitochondrial membrane
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IP3R Inositol (1,4,5)-triphosphate receptor
Ki Knock-in

kDa Kilodalton

KO Knock-out

LTD Long-term depression

LTP Long-term potentiation

M Molar

MAMs Mitochondria-associated membranes

MAP2 Microtubule-associated protein 2
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Mdivi-1 Mitochondrial division inhibitor 1
MFI Mean fluorescence intensity
Mfn1 Mitofusin 1

Mfn2 Mitofusin 2

mHtt Mutant huntingtin

mPTP Mitochondrial permeability transition pore
MSN Medium spiny neuron

mtDNA Mitochondrial DNA

NADH Reduced Nicotinamide adenine dinucleotide
NES Nuclear export signal

NLS Nuclear localization sequence
NMDAR N-methyl-D-aspartate receptors
NTS Nuclear targeting sequence
OMM Outer mitochondrial membrane
OXPHOS Oxidative phosphorylation

p Phosphorylation

PBS Phosphate buffer saline

PCR Polymerase chain reaction

PD Parkinson’s disease

PFA Paraformaldehyde

PINK1 PTEN-induced kinase 1

PKC Protein kinase C

PLA Proximity Ligation Assay

PolyQ Polyglutamine

PR Proline-rich
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RNA
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ROS
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RT
RT-gPCR
SERCA
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STEP
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TNT
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AW
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Proline-rich protein Tyrosine Kinase 2
Ribonucleic acid

Region of interest

Reactive oxygen species
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Room temperature

Quantitative reverse transcription polymerase chain reaction
Sarco/endoplasmic reticulum Ca?*-ATPase
Standard error of the mean

Src-family kinases

Striatal-enriched phosphatase
Tris-buffered saline-Tween 20
Thapsigargin

Tetramethylrhodamine methyl ester
Tunneling nanotubes

Voltage dependent-anion channels
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Yeast artificial chromosome
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Mitochondrial membrane potential
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INTRODUCTION

Mitochondria are ancestral organelles originated 1.45 billion years ago that gave rise to
eukaryotic cells as Lynn Margulis explain with the endosymbiotic theory (Margulis, 1967).
Since they are descendants from proteobacteria, mitochondria conserve some
prokaryotic characteristics and are considered as semi-autonomous organelles. The
brain is the most energetic demanding organ of the human body, requiring up to 20% of
total ATP, out of which 96% is consumed by neurons (X. H. Zhu et al., 2012), and
mitochondria are crucial to provide the immense necessity of nutrients and energy for
neural function. Thus, mitochondria arise as fundamental regulators in the CNS. In this
Thesis, we aim to understand the role of mitochondria in Huntington’s disease and how
alterations of their function may underlie selective striatal vulnerability, affecting both

neurons and astrocytes.

1. ROLE OF MITOCHONDRIA IN THE CNS

1.1. Mitochondrial functions

Mitochondria are double membrane organelles placed in the cytoplasm, presenting an
outer mitochondrial membrane (OMM) and an inner mitochondrial membrane (IMM).
These structures delimit the mitochondrial matrix, surrounded by the IMM, and the
intramembrane space (IMS), between OMM and IMM (Figure 1). Each of these
compartments is highly specialized and required for vital cellular functions. The OMM is
a lipid bilayer that resembles to other eukaryotic membranes that separates the organelle
from the cytosol (Scorrano, 2013). The IMM presents a similar composition to prokaryotic
membranes, with high contents of cardiolipin. Cardiolipin is responsible for the IMM
curvature, forming invaginations called cristae, that expand into the matrix and where
oxidative phosphorylation (OXPHOS) occurs (Dimmer et al., 2011). In the IMS, protons
pumped during the electron transport chain (ETC) are accumulated. Finally, the matrix
is where numerous metabolic pathways occur, as the Krebs cycle and the fatty acid
oxidation. In addition, the mitochondrial matrix contains circular small genome, the
mitochondrial DNA (mtDNA), that is maternally inherited. mtDNA contains 37 genes
encoding 13 proteins, 22 transfer RNA and 2 ribosomal RNA involved in the function and
structure of ETC (Taanman, 1999). Thus, mitochondria are considered as semi-
autonomous organelles. Mitochondria are involved in many crucial mechanisms for the
cell, but the two principal functions are ATP production and calcium homeostasis.

Hereunder, these two processes are detailed.
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1.1.1. ATP production

Mitochondria are actively implicated in energy metabolism, being considered as the
powerhouse of the cell. Mitochondrial energy conversion occurs in the IMM through the
OXPHOS (Figure 1). Oxidation of nutrients provides electron in the form of NADH and
FADH, to the ETC that are transported from complex | or Il respectively. Complexes |, 11|
and IV pump protons to the IMS creating a electrochemical gradient, and proton re-entry
drives synthesis of ATP from ADP in the complex V or ATP synthase (Kuhlbrandt, 2015;
Liesa & Shirihai, 2013).

During OXPHQOS, reactive oxidative species (ROS) are generated and the main form of
ROS, superoxide anion (O2), is produced by the electron leakage in complex | and Il
ROS participate in physiological cellular signalling regulating autophagy, immunity and
cell differentiation (Sena & Chandel, 2012). However, high levels of ROS can cause
oxidative stress and hamper normal functions, contributing to pathological processes in

ageing, cancer, diabetes or neurodegeneration (Sena & Chandel, 2012).

1.1.2. Calcium homeostasis

Calcium ion (Ca?*) is an intracellular messenger involved in cellular processes including
secretion, metabolism, membrane excitability, contraction in the muscle, and gene
expression and neurotransmitter release in neurons (reviewed in (M. J. Berridge et al.,
2000)). Intracellular Ca?* is mainly stored in the ER, the larger reservoir that is constantly
refilled by the sarco/endoplasmic reticulum Ca?*-ATPase (SERCA) pump (Raffaello et
al., 2016). Mitochondria play a fundamental role in buffering the cytosolic calcium and
oscillations in cytosolic Ca?* are tightly controlled by a balance between mitochondrial

Ca?* uptake and release (Figure 1).

Ca?* entry in the mitochondria thanks to the electrochemical gradient of protons
translocation during ETC, which creates a large potential gradient, called the
mitochondrial membrane potential (AWYm) (Contreras et al., 2010). The resulting AWYm
represents a driving force for Ca?* to accumulate in the mitochondria, crossing both OMM
and IMM. The most abundant Ca?* channels in the OMM are voltage dependent anion
channel (VDAC) (Shoshan-Barmatz & Ben-Hail, 2012). Subsequently, Ca?* is absorbed
inside the mitochondria through the mitochondrial calcium uniporter (MCU), placed in the
IMM.
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Accumulation of Ca?* in the matrix is counteract by efflux mechanisms that maintain
intramitochondrial homeostasis. In excitable cells like neurons, the main system to
extrude Ca?* to the cytosol is the mitochondrial Na*/Ca?* exchanger (Castaldo et al.,
2009). Non-excitable cells as astrocytes and oligodendrocytes use Ca?*/H* exchanger
as Ca?* efflux mediator (Chaudhuri et al., 2021). In addition, overload of Ca?* uptake
induces a bioenergetic failure of the organelle, opening the mitochondrial permeability
transition pore (mPTP). Prolonged opening of mPTP might result into a loss of AYm and

enables the release of pro-apoptotic factors from the mitochondria to the cytoplasm

(Rozzi et al., 2018).
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Figure 1. General functions of mitochondria. Mitochondria produce energy through oxidative
phosphorylation (OXPHOS). In the IMM, electrons are transported through complexes I-1V to ATP
synthase to generate ATP. To ensure calcium homeostasis, mitochondria regulate calcium
uptake and extrusion. Ca?* enters the mitochondria crossing VDAC1 in the OMM and MCU in the
IMM. Ca?* is released through Na*/Ca?* exchanger and in some cells also through Ca?*/H*

exchange. In case of Ca®*overload, mPTP is induced.
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1.2. Mitochondrial dynamics and quality control mechanisms

Far from being static and rigid structures, mitochondria are dynamic organelles that
constantly move within the cell and undergo coordinated turnover. For ensuring proper
function and number, mitochondrial dynamics and quality control must be regulated.
Mitochondrial dynamics comprise the balance between fission and fusion events,
shaping the organelles according to cell’s necessities. Fission enables the division of
mitochondrial network into smaller entities, facilitating their transport and distribution to
distant locations. In turn, mitochondrial fusion allows mixing of genetic content,
preventing from detrimental effects of mtDNA mutations, and dissipation of excess of

metabolic energy (Oliveira et al., 2007; D. Yang et al., 2021).

The master regulator of mitochondrial fission is Drp1, a GTPase mainly located in the
cytosol but also in the mitochondria. To initiate fission, Drp1 reorganises into a ring-like
structure around mitochondrion, constraining the organelle and inducing division. In the
OMM, proteins Fis1 and Mff act as adaptors for oligomeric forms of Drp1, thus enhancing
Drp1 recruitment. The constant relocation of Drp1 and its GTPase activation have been
postulated to be modulated by multiple post-translation modifications, including
phosphorylation. Initially, Drp1 was reported to be phosphorylated at serine 616 by
Cdk1/Cyclin B during mitosis, inducing its oligomerization and dividing mitochondria
(Lackner & Nunnari, 2010). Later, several investigations in murine neurons pointed out
Cdk5 as a modulator of this phosphorylation site, affecting Drp1 localisation and
therefore mitochondrial morphology (Cho et al., 2014; Jahani-Asl et al., 2015). In
addition, a recent investigation in fibroblasts suggested that PINK1 could also
phosphorylate Drp1 on serine 616 site (Han et al., 2020). On the contrary, Drp1
phosphorylation at serine 637 by PKA seemed to inhibit fission either by impediment of
Drp1 translocation or reduction of the GTPase activity (Cereghetti et al., 2008; C. R.
Chang & Blackstone, 2007; L. C. Gomes et al., 2011).

Since mitochondria are double membrane organelles, fusion of OMM and IMM are tightly
synchronised but regulated by independent machinery. The fusion of OMM is upon the
activity of mitofusin (Mfn) proteins. Mfn1 and Mfn2 are GTPase located in the OMM that
can form homotypic or heterotypic interactions with adjacent mitochondria (H. Chen et
al., 2005). Following OMM fusion, Opa1 orchestrates IMM fusion. Opa1 is a dynamin-
related GTPase present as integral protein in the IMM and as soluble form in the IMS
and it is in charge of cristae remodelling (Frezza et al., 2006). To better understand their
role, Chen and colleagues showed that mouse embryonic fibroblasts with null mutations

in Mfn1 or Mfn2 displayed highly fragmented mitochondria with loss of AWYm and lower
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cellular respiration (H. Chen et al., 2005) while lack of Opa1 impeded mitochondrial

fusion that drove to poor cellular functionality (H. Chen et al., 2005).

On the other side, quality of mitochondria is assessed by mitophagy and biogenesis.
Mitophagy is a subcellular process that selectively degrades damaged mitochondria. In
mitophagy, organelles with low AWm accumulates PINK1 in the OMM and triggers
recruitment of Parkin. The complex PINK1/Parkin leads to autophagic sequestration,
lysosomal fusion and degradation (Gottlieb & Bernstein, 2016). Biogenesis refers to the
de novo formation of organelles and depends on the coordinated expression of nuclear
and mitochondrial genes. It is mostly controlled by PGC-1a, which translocates to the
nucleus and interacts with transcription factors NRF1 and NRF2 to enhance transcription

of genes related to mitochondrial biogenesis (Y. Wang et al., 2019).

Fusion . .
Biogenesis
PGC-1a
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Figure 2. Mitochondrial dynamics and quality control mechanisms. Mitochondria undergo
dynamic changes in the number and the morphology. To control mitochondrial mass and size,
fission and fusion events are balanced. Fission is regulated by Drp1 and Fis1 while fusion is
induced by Opa1 and Mfn2. To ensure the quality of these organelles, damaged mitochondria are
tagged with PINK1 and Parkin and processed for degradation through the selective autophagy
named mitophagy. In turn, new mitochondria are synthesised through the biogenesis, a process
mediated by PGC-1a and NRF2.
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As a result of all these cyclic events, mitochondria constantly remodel their morphology,
meaning that in a healthy cell coexists a wide variety of shapes and sizes. Indeed,
mitochondrial shape and number differ upon cell type or tissue. Hence, alterations in
mitochondrial dynamics machinery culminate in abnormal shapes in the mitochondrial
pool, entailing that unbalanced fission will lead to fragmentation whereas unopposed

fusion will cause elongation (Figure 3).

In the CNS, most of investigations on mitochondrial morphology have been conducted
in neuronal models. However, mitochondria from neurons and astrocytes, the major glial
cell in the brain, present distinctions in mitochondrial dynamics. In neurons, up to 40-
50% of the whole mitochondrial pool are mobile, in a direct motion combined with brief
pauses. Neuronal mitochondria can be transported anterogradely at 0.55 um/s and
retrogradely at 0.65 um/s (Jackson et al., 2014; Stephen et al., 2015). Conversely, only
20-30% of mitochondria in astrocytes are mobile, following an oscillatory pattern of
movement and with lower motion speed in anterograde (0.15 ym/sec) and retrograde
(0.2 um/sec) transport (Jackson et al., 2014; Jackson & Robinson, 2018; Stephen et al.,
2015). These differences in mitochondrial motility suggest that fusion events could be
less frequent in astrocytes than in neurons, indicating differential regulation of

mitochondria upon cellular type in the CNS.
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| ——
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Figure 3. Mitochondrial morphology and morphometric parameters. Imbalance in
fission/fusion machinery promotes alterations in mitochondrial morphology. Excessive fission
leads to fragmented mitochondria, with smaller and rounder shapes and decreased function.
Excessive fusion drives to elongated mitochondria and inhibited mitophagy. To evaluate
morphology of mitochondria, parameters as Aspect Ratio and Form Factor are calculated as a
measure of mitochondrial elongation and branching.
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1.3. Mitochondria-associated membranes

Once thought to be solitary organelles, mitochondria interact with other cellular
compartments forming contact sites. The most studied ones are those with the
endoplasmic reticulum (ER), called mitochondria associated membranes (MAMs). It is
estimated that 5-20% of total mitochondrial surface is in close apposition to the ER
(Rizzuto et al., 1998). OMM tethers at a distance of 9-16 nm with the smooth ER and 19-
30 nm with the rough ER (Csordas et al., 2006). Adequate distance is highly regulated
by specific linking proteins since excessive juxtaposition (<5 nm) may lead to a Ca?*
overload of mitochondria (Csordas et al., 2006). Enrichment of resident proteins confers
this region with a specific biochemical composition, proven with its isolation through cell
fractionation in 1990 by Jean Vance, who described it as a sedimenting ER fraction
associated with mitochondria (Rusifiol et al., 1994). Initially reported as key components
in lipid synthesis (Rusifiol et al., 1994), MAMs are known to be in charge of many more
functions as Ca?* transport, mitochondrial dynamics and biogenesis, ER stress,
inflammation and autophagy (reviewed in (P. Gao et al., 2020)). In this Thesis, Ca?*
transfer in MAMs is of particular interest due to the relevance of Ca?* in neuronal function

and neurodegenerative processes (Figure 4).

Mitochondrial Ca?* absorption strongly depends on the intracellular calcium
concentration and mitochondria must be exposed to high levels of Ca?* to uptake it.
Hence, mitochondrial Ca?* absorption is most likely to take place nearby compartments
with Ca?* release such as the ER (Giorgi et al., 2018). For this reason, MAMs are
microdomains with higher Ca?* concentrations than in the bulk of the cytosol (Rizzuto et
al., 1993). In these hotspots, Ca?* effluxes from the ER through the main calcium
channel, the inositol 1,4,5 trisphosphate receptor (IP3R) and enters mitochondria
crossing the VDAC1 channel in the OMM. Notably, there are three IP3R isoforms, being
IP3R2 only expressed in glia and IP3R3 predominantly neuronal (Sharp et al., 1999) and
specialized in transmitting Ca?* to mitochondria (D. A. Gomes et al., 2005). The complex
IP3R3/VDAC1 is physically strength by the molecular chaperone glucose-regulated
protein 75 (Grp75). Other MAMs resident proteins as Mfn2 reinforce the link that

maintains the proper distance between both organelles (De Brito & Scorrano, 2008).

Moreover, MAMs participate in mitochondrial dynamics (Figure 4). ER is described to
physically wrap around mitochondria, helping in their division (Rowland & Voeltz, 2012a).
Friedman et al. demonstrated that ER tubules mark mitochondrial fission sites prior to
the recruitment of mitochondrial division machinery and thus, ER tubules that contact

mitochondria might define the location of mitochondrial fission sites (Friedman et al.,
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2011). On the other hand, mitochondrial fusion protein Mfn2 is enriched in ER-
mitochondria surface. Mfn2 in the ER can form homotypic or heterotypic unions with
Mfn2 or Mfn1 in OMM. Thus, these complexes enable regulation of MAMs distance but
also ER shape and mitochondrial fusion (H. Chen et al., 2003; De Brito & Scorrano,
2008). Indeed, ablation of Mfn2 in mouse embryonic fibroblasts and HelLa cells
demonstrated loosening of ER-mitochondrial interaction as well as disruption of ER

morphology (De Brito & Scorrano, 2008).

Calcium transfer

R Ca e

Lipid synthesis o
and transfer ).

/UUK MAMs ﬁ?\

vﬁ\\m\'
\§YS? functions

Figure 4. Function of MAMs and proteins mediating calcium transfer and mitochondrial
dynamics. ER and mitochondria closely interact forming microdomains called MAMs. These
regions tightly control Ca?* homeostasis and transfer from the ER to the mitochondria. Ca?* is
released by IP3R3, crosses VDAC1 in the IMM and accumulates in the mitochondria via MCU.
Grp75 and Mfn2 strengthen the interaction between ER and mitochondria. MAMs are also
involved in mitochondrial dynamics since the ER can constrain the mitochondrion and helps in
the mitochondrial fission. Mfn2 in the ER can either interact with Mfn1 or Mfn2 in the OMM.

10
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1.4. Mitochondrial transfer and transmitophagy

It is widely accepted that healthy cells control their own mitochondrial quality control
mechanisms. However, some years ago a new concept called “transmitophagy” arose
and challenged this current dogma. Transmitophagy has been described as the
horizontal transfer of mitochondria between cells. In the horizontal transfer, whole
mitochondria and mtDNA are transported from a donor cell and incorporated in the
acceptor cell (M. V. Berridge et al., 2016). Transmitophagy is proposed to be as a part
of the machinery that regulates mitochondrial quantity and quality in physiological
conditions, meaning that mitochondrial biogenesis and mitophagy could be

simultaneously occurring intracellular and intercellular.

It was first noticed by Gerdes’ lab that nanotubular structures (tunnelling nanotubes,
TNT) mediated cell-to-cell communication and facilitated selective transport of
intracellular organelles (Rustom et al., 2004). TNT seemed as ultrafine structures formed
de novo and appeared as a continuous membrane connecting two cells. Then, Speed
and colleagues demonstrated mitochondrial transfer in vitro, showing how mitochondria
or mtDNA were transferred from mesenchymal stem cells to carcinoma cells depleted of
mtDNA (A549 p° cells) and consequently, aerobic respiration in acceptor cells was
rescued (Spees et al., 2006). Since then, growing evidence support the existence of
mitochondrial transfer between mammal cells in vitro (reviewed in (D. Liu et al., 2021)).
In the CNS, transmitophagy has been postulated to occur as a neuro-glial crosstalk
(Figure 5). Hence, damaged mitochondria from neurons could be degraded by astrocytes
and astrocytes would supply neurons with healthy and fully functional de novo

mitochondria (Davis et al., 2014; Hayakawa et al., 2016).

11
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Figure 5. Proposed mechanisms of transmitophagy between astrocyte and neurons.
Astrocytes could represent a support for neurons by degrading defective neuronal mitochondria
and by providing new and healthy mitochondria. Mitochondria can be transfer from donor cell to
acceptor cell through tunnelling nanotubes (TNT), microvesicles fused with plasma membrane or
internalization of free mitochondria.

So far, it has not been fully understood how mitochondria can move from one cell to
another. TNT are the major structure for mitochondrial transfer, being cell membrane
protrusions connecting two cells. Other mechanisms proposed are the release of
extracellular vesicles and extrusion of free mitochondrion or mitochondrial content
(Shanmughapriya et al., 2020) (Figure 5). Regarding the molecular pathways underlying
this process, CD38 has been shown to be an indispensable player in the release of
extracellular mitochondrial (Hayakawa et al., 2016). CD38 is a multifunctional enzyme
that catalases NAD to cyclic ADP-ribose (cCADPR), which is a second messenger that
mobilizes intracellular Ca?* by coupling to the ER ryanodine receptor (Guerreiro et al.,
2020; Mészaros et al., 1993). In the brain, CD38 is predominantly expressed in
astrocytes and to a lesser extend in neuron and microglia (Akimoto et al., 2013; Yamada
et al.,, 1997). CD38 mediates astrocyte-to-neuron communication by the activation of
intracellular calcium responses in the astrocyte. In turn, glutamate released from neurons
up-regulates CD38 expression in astrocytes (Bruzzone et al., 2004). Thus, CD38 plays

a role in neuroglia crosstalk in a bidirectional manner.

12
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1.5. Mitochondrial defects in neurodegeneration

Neurodegenerative diseases are characterized by the progressive loss function and
structure of the nervous system. Mitochondrial dysfunction is a common feature in most
of them and it is becoming one of the emerging mechanisms to understand the
neuropathology process associated to Alzheimer’s disease (AD), Parkinson’s disease
(PD) or Huntington’s disease (HD) among others. Although defects in mitochondria may
not be the primary cause, failure of these organelles seems to be an early event in the
pathophysiology of these neurodegenerative disorders and could be one of the main
triggering phenomena leading to neuronal dysfunction and death. Among many
disturbances, brains of AD, PD and HD patients show decreased ATP production, high
levels of oxidative stress and defective metabolism, finally compromising neuronal
viability (M. Flint Beal, 2000; Browne & Beal, 2004; X. Zhu et al., 2006). Below,
mitochondrial affectation in AD and PD, the most frequent neurodegenerative disease,
are detailed whereas alterations in HD will be further elaborated in section 2.5.4 in this

chapter.

1.5.1. Mitochondrial dynamics and quality control in neurodegeneration

As mentioned above, alterations in mitochondrial dynamics can result in fatal
repercussion for the cell. Hence, mutations in genes related to mitochondrial fission and
fusion are highly detrimental and have been associated with several neuronal affections
(reviewed in (Zorzano & Claret, 2015)).

Although ablation of fission protein Drp1 is lethal (Ishihara et al., 2009), mutations in this
protein in Drosophila recapitulated neurodegenerative phenotypes and a hyperfused
mitochondrial network (Fowler et al., 2020). Conversely, mutations in fusion protein Mfn2
in mice cause Charcot-Marie-Tooth disease subtype 2A, a peripheral neuropathy
characterized by chronic axonal degeneration of motor and sensory neurons.
Consistently, mutations in Opa1 induces autosomal dominant optic atrophy, reporting a
progressive degeneration of retinal ganglion cells and disrupted mitochondrial cristae in
axons of optic nerve. In this context of impaired fusion, mitochondria are excessively

fragmented and trafficking is hampered (Alavi et al., 2007; Zorzano & Claret, 2015).

Compelling evidence show affection of mitochondrial dynamics and quality control in AD.
In AD brain of mouse and patients, it was reported reduction of Mfn1 and Mfn2 and

increment of Drp1 in protein and mRNA levels (Manczak et al., 2011; Watanabe et al.,

13
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2016) along with an excessive mitochondrial fragmentation and aberrant distribution, that
could be reverted with pharmacological Drp1 inhibition (W. Wang et al., 2017). In
addition, AD models present impaired mitophagy accompanied by diminished levels of
Parkin (Du et al., 2017; D. Yang et al., 2021). Similarly, increased Drp1 levels have been
observed in brains of PD patients (F. Zhao et al., 2017) while in PD mouse models
mutations in a-synuclein and LRKK2 trigger Drp1 translocation to mitochondria, causing
mitochondrial fragmentation (Ordonez et al., 2018; X. Wang et al., 2012). In addition, it
has been reported that loss of Mfn2 contributes to degeneration of dopaminergic neurons
in the brain of PD mouse models. Moreover, mutations in Parkin and PINK1 in Drosophila
reproduced many of the characteristics of PD such as loss of dopaminergic neurons and

mitochondrial pathology (Yufeng Yang et al., 2006).

1.5.2. MAMs and calcium homeostasis in neurodegeneration

Defects in calcium homeostasis are a hallmark in neurodegenerative diseases and
intracellular calcium overload has been described as a component in neurotoxicity.
Therefore, mitochondrial mishandling of calcium has been tightly related to
neurodegeneration processes and growing evidence links calcium dyshomeostasis with
alterations in MAMs (Esteras & Abramov, 2020; Hees, 2019).

In AD, amyloid B (AB) has been found to interact with mitochondria and to promote
mitochondrial Ca?* overload (Sanz-Blasco et al., 2008) as well as massive Ca?* release
from the ER (Ferreiro et al., 2008). Moreover, AD-related proteins presenilin 1 (PS1) and
presenilin 2 (PS2) are enriched in MAMs. Indeed, upregulation of MAMs function and
increased ER-mitochondrial contacts were detected in presenilin-mutant cells and
fibroblasts from PD patients (Area-Gomez et al., 2012). IP3R3 and VDAC1 also showed
enhanced protein expression in hippocampal neurons exposed to AB, causing an
increment in contact sites between ER and mitochondria (Hedskog et al., 2013). Levels
of Mfn2 are controverted, since human AD brains showed a reduction in mRNA and
protein levels (Manczak et al., 2011) while FAD mice reported a significant raise (Filadi
et al., 2016). Discrepancies in the outcome could be due to difference in the severity of
the AD mice models. Nonetheless, Mfn2 is postulated to play a fundamental role in AD

pathological mechanisms (Eysert et al., 2020).

Likewise, PD-related proteins a-synuclein, Parkin and PINK1 are highly located in ER-
mitochondrial interaction sites (Cali et al., 2012, 2013; Celardo et al., 2016). Mutations

in a-synuclein seem to impair mitochondrial Ca?* uptake whereas defects in Parkin

14
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function trigger loss of ER-mitochondrial contact sites and Ca?* mishandling (Gandhi et
al., 2009; Rodriguez-Arribas et al., 2017). Several studies have reported the interaction
of a-synuclein with MAMs-resident proteins VDAC1 and Grp75 (F. T. Liu et al., 2015; Lu
et al., 2013). In addition, overexpression of a-synuclein diminished ER-mitochondria
association, hampering Ca?* buffering and ATP production (Guardia-Laguarta et al.,
2014; Paillusson et al., 2017). On the contrary, Cali et al. described that overexpression
of a-synuclein induced a physical and functional increment in ER-mitochondrial contact
sites together with an enhancement in mitochondrial Ca2+ uptake (Cali et al., 2012). As
with AD, current studies differ whether MAMs are up or downregulated in PD. Further
investigations should clarify if these discrepancies are due to stages in
neurodegeneration or if the diversity in the PD models are activating different molecular
mechanisms. Altogether indicate that despite one direction or the other, dysregulation of
MAMs formation results in detrimental consequences for the cell, that contribute to

neurodegeneration.

1.5.3. Mitochondrial transfer in neurodegeneration

While in physiological conditions mitochondrial transfer represents a part of the recycling
cycle, under pathological situations can constitute a replacement of dysfunctional
mitochondria for functional ones, protecting the damage cell from mitochondrial
dysfunction (Davis et al., 2014). Although mitochondrial transfer in neurodegenerations
has been insufficiently explored, many investigations have studied this cellular process
in other pathological contexts in the CNS. For instance, mitochondria released from
astrocytes conferred neuroprotection in a mouse model of ischemia (Hayakawa et al.,
2016). Moreover, beneficial transfer of mitochondria from astrocytes to neurons have
been described in ischemic stroke (Hayakawa et al., 2016; Lippert & Borlongan, 2019),
and after cisplatin treatment (English et al., 2020), resulting in the improvement of
neuronal viability and restoring of ATP production and calcium homeostasis. On the other
direction, transport of defective mitochondria from neurons to astrocyte were reported in
optic nerve (Davis et al., 2014) and PD rat model (Morales et al., 2020), preventing

neuro-inflammation.

Interestingly, extracellular mitochondria have been proposed as a therapeutical
approach for diseases with neuronal vulnerability. Recently, a study performed in human
patients and in a rat model of stroke reported extracellular mitochondria in the CSF after
subarachnoid haemorrhage (Chou et al., 2017). The same authors also suggested the

use of these extracellular mitochondrial as biomarkers since higher levels of AWm
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correlated with better clinical recovery after stroke injury. Other reports successfully
attempted in vivo transplant of healthy mitochondria to damaged brain tissues and
recovered neuronal functionality in murine models of PD (J. C. Chang et al., 2016; Shi
et al.,, 2017), and ischemic stroke (Huang et al., 2016). Indeed, mitochondrial
transplantation in human has already been tested and currently an on-going clinical trial
is recruiting patients to investigate amelioration of myocardial ischemia after direct
injection of autologous mitochondria into the ischemic myocardium (NCT#02851758) (C.
Y. Chang et al., 2019). Therefore, it would be interesting to extend this knowledge to
neural diseases, particularly to neurodegenerative diseases, and translate these

potential therapeutic applications.

As mentioned in the previous section, one of the few proposed molecular mechanisms
to modulate the transfer of extracellular mitochondria is CD38 (Hayakawa et al., 2016).
Although no investigation has implicated CD38 in neurodegenerative diseases yet, levels
of CD38 increase with aging and correlate with a reduction of NAD, a neuroprotective
metabolite degraded by CD38, as well as with mitochondrial dysfunction (Barbosa et al.,
2007; Camacho-Pereira et al., 2016). Interestingly, low levels of NAD were reported in
AD, PD, HD and ALS (Guerreiro et al., 2020; Lautrup et al., 2019) as well as in normal
aging (X. H. Zhu et al., 2015). Since CD38 is the main player of NAD degradation, this
reduction could be linked to a higher CD38 activity in neurodegenerative disorders, that
would lead to alterations in mitochondrial transfer between astrocytes and neurons.
Nevertheless, further research on this topic would be required to unravel the role of CD38

in neurodegenerative processes.
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2. HUNTINGTON'’S DISEASE

Huntington’s disease (HD) is a rare neurodegenerative disease characterized by the triad
of progressive motor, cognitive and psychiatric symptoms. HD was first mentioned in
1842 by Charles Walter, but George Huntington was the first reporting a detailed
description of HD in 1878, highlighting the hereditary pattern, the existence of chorea
along with cognitive and psychiatric perturbations and the progressive nature of the
disease (Huntington, 2003). The causative gene causing HD was mapped in 1983
(Gusella et al., 1983) but it was not until 1993 when the mutations in the gene were
identified (The Huntington’s Disease Collaborative, 1993). To date, available treatments
for HD are only addressed to alleviate symptomatology, but no effective cure has been

developed yet.

2.1. Clinical features

Huntington’s disease has a prevalence of 10.6-13.7 individuals per 100,000 in Western
populations. However, prevalence ratios are largely heterogeneous worldwide and Asian
countries have a much lower incidence of HD with a prevalence of 1-7 cases per million
whereas the highest occurrence documented is in the region of Lake Maracaibo,
Venezuela, where the prevalence is about 700 per 100,000 (P. McColgan & Tabrizi,
2018; Okun & Thommi, 2004).

Diagnosis of HD is generally based on a positive genetic test and the onset of motor
disturbance. Symptoms typically develop in middle age, between 30 and 50 years old,
and itis followed by the disease progression until death, usually 15-20 years later (Figure
6). The initial motor symptomatology occurs as involuntary and excessive movements in
distal extremities as fingers, toes and facial muscles that gradually extend to proximal
and finally to all other muscles. At later stages of the disease, hyperkinetic movements
dissipate and shift to hypokinesia, showing bradykinesia, dystonia, and rigidity (Roos,
2010). Secondly, cognitive disturbances appear up to 20 years before the onset of
chorea and are those related to executive functions including alterations in attention and
emotion recognition, impairments in working and spatial memory, deficits in language
comprehension and verbal fluency, which gradually worsen to severe dementia (Giralt
et al., 2012; Jane S. Paulsen et al., 2017). Thirdly, psychiatric symptoms appear up to
20 years before the onset of chorea and comprise a wide variety of manifestations being
depression the most reported, follow by anxiety and apathy. In addition, HD patients can

also suffer from irritability, aggressivity, obsessive-compulsive behaviours and suicidal
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thoughts (J. S. Paulsen, 2005; Van Duijn et al., 2007). Notably, rates of suicide in HD
patients are higher than in the general population (Wetzel et al., 2011). HD patients can
present other clinical manifestations less known as changes in sexual behaviour and
circadian circles, and even non-brain related symptoms as unintended weight loss,
hyperhidriosis, heat and cold intolerance, sialorrhoea and urinary difficulties (Aziz et al.,
2010). Finally, the main cause of death in HD patients is aspiration pneumonia, as a

complication of dysphagia, followed by suicide (P. McColgan & Tabrizi, 2018; Roos,

2010).
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Figure 6. Progression of HD symptoms in humans. Schematic representation of the
progression of motor, cognitive and psychiatric symptoms in HD patients through the different
stages of the disease. See main text for references in section 2.1.

To date, no neuroprotective or disease-delaying drug has been developed and available
therapeutical approaches for HD only aim to restrain the symptoms. Hence, clinical care
of patients focuses on multidisciplinary management of symptoms in order to upgrade
their quality life, combining pharmacological and non-pharmacological interventions
(Bates et al., 2015). To treat chorea, tetrabenazine, a dopamine depleting drug, is the
only drug specifically licensed for this purpose. In turn, psychiatric alterations may be
treated with cognitive behaviour therapy along with selective serotonin uptake inhibitors

and antipsychotics (Ross & Tabrizi, 2011).
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2.2. Huntingtin gene and protein

HD is caused by an autosomal dominantly inherited expansion in the CAG trinucleotide
repeat in the Huntingtin gene (IT15), which codifies for the huntingtin protein (Htt). The
IT15 gene is localised in the short arm of chromosome 4, in 4p16.3 and contains 67

exons, being the mutations located in the first exon.

Non-HD subjects normally present between 9 and 35 CAG repeats. Individuals
presenting 27-35 are considered as “intermediate allele”, meaning it is insufficient to
develop the phenotype, but due to CAG repeat instability their progeny may inherit the
allele in the HD range. Repeats of 36 or more units are pathogenic. Range of 36 to 39
CAG repeats are considered as reduced penetrance, meaning a delayed onset of
symptoms, while patients with 40 or more repeats present full penetrance of the disease
(Tabrizi et al., 2020) (Figure 7). Length of CAG repeats is inversely correlated to the age
of onset of the disease, meaning the more repeats, the earlier the disease manifests (M.
Duyao et al., 1993). Importantly, although most of the patients present 40-50 CAG units
(Wheeler et al., 1999), patients with 60 or more CAGs present the most aggressive form

and usually starts at the age of 20 or earlier, thus called juvenile HD (Cronin et al., 2019).

Wild type Htt is a large protein of 350 kDa containing 3,144 amino acids with an
expandable polyglutamine (polyQ) tract in the N-terminal. Htt is ubiquitously expressed
throughout the body but at different levels, being the highest at brain and testis. In the
brain, most expression is found in the cortex, hippocampus and striatum (Borrell-Pagés
et al., 2006). Within the cell, Htt was firstly thought to be mainly cytoplasmatic, but later
other locations have been described as in nucleus, the Golgi apparatus, ER, or
mitochondria (Borrell-Pagés et al.,, 2006). According to this spread subcellular
localisation, Htt can interact with many partners and is involved in numerous cellular
functions. Most of the protein interactors are related to cellular dynamics, metabolism,
protein turnover, and gene expression. Hence, it is not surprisingly that Htt plays a role
in vesicle trafficking, endocytosis, cell division, autophagy, and transcription (Saudou &
Humbert, 2016). Notably, complete ablation of Htt in mice results in embryonic lethality,
pointing out the essential role of Hit in development (M. P. Duyao et al., 1995; Zeitlin et
al., 1995).

The presence of expanded CAG trinucleotides in the exon 1 of the gene IT15 causes a
mutant form of Htt protein (mHtt). Although some research has suggested a loss of
physiological function, expansion in polyQ in Htt is primarily considered as a toxic gain-
of-function mutation (Tabrizi et al., 2020). mHtt has a propensity to misfold in abnormal

conformations, resulting in soluble monomers combining to form oligomers, gradually
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increasing the size and finally forming large inclusions or aggregates (Figure 7).
Aggregates are mainly found in the cytoplasm and the nucleus (Cooper et al., 1998).
Whether the role of mHtt aggregates is pathogenic or protective remains under debate.
On the one hand, inclusions are thought to be crucial in the pathogenesis of HD,
hampering normal Htt function (Ross, 1997). On the other hand, other studies suggest
that oligomeric mHtt is a more toxic form and accumulation into aggregates could be a

protective mechanism (Arrasate et al., 2004).
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Figure 7. Generation of mutant Htt. HD is caused by the expansion of CAG trinucleotides in the
gene encoding for Htt protein. Based on the clinical manifestation of HD, length of CAG repeats
can be classified in normal, intermediate, reduced, or full penetrance. Thus, the more CAGs, the
more severe is the symptomatology. As a result of the CAG expansion, mutant Htt (mHtt) misfolds
and generates soluble monomers that combines in oligomers, finally resulting in insoluble
aggregates. The effect of mHtt aggregates remains under debate since they have been
demonstrated to be pathologic and protective simultaneously.
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2.3. Neuropathology

The most remarkable trait in HD neuropathology is the selective and gradual atrophy of
the striatum, in humans composed by the putamen and caudate regions, along with
neuronal loss and astrogliosis. To evaluate the severity and progression of
neuropathological changes in post-mortem HD brains, Vonsattel et al. established a
grading system based in macroscopical and microscopical observations, resulting in 5
stages in ascending order of severity (J. P. Vonsattel et al., 1985). Grade 0 includes
those brains with no gross alterations related to HD although there is a loss of 30-40%
neurons in the caudate. In grade 1, caudate present 50% of neuronal loss along with
moderate astrogliosis. In grade 2 and 3, atrophy, neuronal loss and astrogliosis are
gradually more prominent until in grade 4 the striatum presents up to 95% of neuronal
loss (J. P. Vonsattel et al., 1985; J. P. G. Vonsattel & Marian, 1998). To a lesser extent,
other regions as cerebral cortex, globus pallidus and hippocampus also present
shrinkage in HD patients (E. H. Kim et al., 2014; Nana et al., 2014; J. P. Vonsattel et al.,
1985; J. P. G. Vonsattel & Marian, 1998) (Figure 8). Hence, while degeneration of
striatum could explain motor symptomatology, affection of cortex and hippocampus
correlates with cognitive and psychiatric alterations (Z. Guo et al., 2012; Harrington et
al., 2014; Peter McColgan et al., 2017; Mehrabi et al., 2016).

Healthy brain HD brain

Lateral Cortical
ventricles shrinkage
Caudate Enlarged
nucleus ventricles
Boisren Striatal
astrophy

Figure 8. Schematic representation of the brain neuropathology in HD. In humans, the
striatum is composed of the putamen and the caudate nucleus. Compared to healthy brains,
caudate and putamen in HD patients are progressively degenerated. In advanced stages, the
massive striatal atrophy leads to an expansion of the ventricles. Shrinkage of cortex is also
observed in HD brains.
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The main cell type that degenerates in HD are the medium spiny neurons (MSN)
(reviewed in (Morigaki & Goto, 2017)), being the 90-95% of total neurons within the
striatum (Dubé et al., 1988; Gerfen, 1988). MSNs can be divided into two populations
depending on the projections to other brain areas: the direct and the indirect pathway.
MSN from the indirect pathway express dopamine D2 receptor and project to the globus
pallidus pars externa. In turn, MSN from the direct pathway expresses dopamine D1
receptor and directly project to globus pallidus pars interna and substantia nigra
reticulata. These mentioned brain regions where MSN project, together with the striatum
and the subthalamic nucleus form the basal ganglia, the hub of movement control
(Gerfen et al., 1990). In early stages of the disease, MSN forming the indirect pathway
are the first to degenerate, developing the hyperkinetic movements (Reiner et al., 1988;
Richfield et al., 1995). At advanced stages of HD, MSN from the direct pathway also
degenerate, provoking the hypokinesia (Deng et al., 2004). Cellular composition and

pathology of the HD striatum will be further explained in section 2.5 in this chapter.

2.4. Huntington’s disease models

Although analysis of post-mortem human brains largely contributes to the understanding
of molecular mechanisms involved, research on HD mainly rely on cellular and animal
models. Prior to the identification of mutation in Htt gene, the HD models of preferences
were chemically-induced lesions models, such as those using 3-nitroproprionic acid (3-
NP) (Borlongan et al., 1997) or quinolonic acid (M. Flint Beal et al., 1986). Indeed, the
contribution of mitochondrial defects to HD pathogenic mechanisms was proposed after
seeing that the use of mitochondrial toxin 3-NP promoted selective loss of MSN (M. F.
Beal et al.,, 1993). Although these toxins induce vulnerability of the striatum, these

models cannot reproduce slow disease progression or mHtt-related pathogenesis.

The discovery of the gene causing HD enabled the creation of several genetic murine
models that accurately replicate the progression of the disease. These models
tremendously help in the understanding of HD molecular pathogenesis but also
represents a suitable tool for potential pharmacological development. Genetic mouse
models can be divided into three groups depending on the technology used for their
generation: N-terminal transgenic, full-length transgenic and knock-in. Although all three
types reproduce motor and behaviour impediment resembling the HD symptoms in
humans, they differ in the origin of mHtt, the promoter, the number of CAG repeats, and

in severity and onset of the disease (Table 1).
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2.4.1. N-terminal transgenic mouse models

N-terminal transgenic mouse expresses the 5’ fragment of the human /T715 gene,
including exon 1 with CAG repeats region, proving that N-terminal fragment of mHtt is
sufficient to mimic HD pathology in mice. This transgenic mouse presents an early onset
and rapid disease progression compared to other murine models and the symptoms that
are recapitulated include loss of coordination, tremors, hypokinesis, abnormal gait,
neuropathology and shortened lifespan (L. Menalled et al., 2014). This category
comprises R6/1, R6/2 and N171-82Q lines.

R6/1 and R6/2 were the first genetically modified HD mice, inserting mutant human exon
1 of the Hitt gene containing 116 and 144 CAG repeats respectively. Both lines
recapitulate HD pathology items as choreiform-like movements, resting tremors, brain
weight loss, and neuronal atrophy (Mangiarini et al., 1996). Because of the early onset
and rapid symptomatology progression, R6 lines are better chosen for testing
therapeutical strategies. The major inconvenient of these mice is the absence of

neuronal death.

N171-82Q mice express a fragment of human Htt, containing the first 171 amino acids
with 82 glutamines, under the regulation of the mouse prion promoter. These mice
develop similar neuropathological and behavioural phenotypes to those in R6 mice
(Schilling et al., 1999) along with some cell death in the cortex and the striatum (Z. X. Yu
et al., 2003). Conversely, as they present less CAG repeats than R6, symptomatology
starts later in N171-82Q mice. Thus, this mouse line is more suitable for studies of
premanifest than R6/1 and R6/2.

2.4.2. Fulldength transgenic mouse models

Full-length models express the full-length Htt gene containing expanded CAG triplets
carried in either a yeast (YAC) or a bacterial artificial chromosome (BAC). These
transgenic mice progressively develop disease phenotypes over months and show
relatively normal survival. The most studied YAC derived murine model is YAC128,
which expresses the full mHtt gene with 128 CAG repeats (Hodgson et al., 1999; Slow
et al., 2003). In turn, the BACHD mouse model expresses full-length human Hit gene
with 97 CAG triplets (Gray et al., 2008). Besides motor and cognitive impediment, both
lines shows selective but slight neuronal loss in the striatum (Gray et al., 2008; Hodgson

et al., 1999; Slow et al., 2003). Due to the appearance of gain of body weight, the major
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drawback of these mice is the impossibility to study mechanisms related to metabolism
changes in HD (Gray et al., 2008; L. Menalled et al., 2014).

2.4.3. Knock-in mouse models

The third category of genetically modified HD mice are knock-in models, in which, unlike
previous described models, the HD mutation is replicated by directly modification of CAG
repeats into the mouse Htt gene, replacing the murine exon 1 of the Hitt gene with a
mutant human copy that contains the expansion of CAG (White et al., 1997). Like HD
patients, these HD knock-in mice also are heterozygous for one wild type Hit allele and
one CAG-expanded allele (L. Menalled et al., 2014). Therefore, knock-in mouse model
is the one with the closest expression reproducibility to HD in humans in its appropriate
genomic context. However, the more genetically accurate the model is, the more subtle
the phenotype. Several knock-in lines have been generated but the most commonly used
is the HdhQ111, which expresses 111 CAG repeats (Wheeler et al., 2000). These mice
present a slower progression of symptomatology and neuropathology compared to the

N-terminal models, making them more suitable to study early stages of the disease.
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Table 1. Genetic HD mouse models. Characteristics of most used HD mouse model. Ages are

given in weeks (W) or months (M).
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2.5. Striatal vulnerability in Huntington’s disease

One of the main questions in HD research that remains to be elucidated is why striatal
neurons are more susceptible to mHtt toxicity. It has been proposed that the presence
of mHtt could activate both cell-autonomous and non-cell autonomous pathogenic
mechanisms that drive to neuronal death of the MSN. In this section, several pathogenic

mechanisms occurring in neurons and astrocytes of the HD striatum will be examined.

2.5.1. Neural population in the striatum

The striatum is the largest input nucleus of the basal ganglia (BG), a group of
interconnected sub- cortical nuclei. Single-cell RNA seq studies in the mouse striatum
revealed that the most prevalent cell type is the neuron, followed by astrocytes (Gokce
et al.,, 2016). The principal striatal neurons are the MSN, GABAergic neurons that
comprise up to 95% of striatal neurons while the resting 5% corresponds to GABAergic
and cholinergic interneurons. Conventionally, MSN have been classified depending on

the expression of dopamine receptors D1 or D2 (Khakh, 2019).

Regarding astrocytes, categorization is more complex since it is a highly heterogeneous
cell population. So far, several classifications have been proposed based on morphology
(protoplasmic or fibrous), location (grey or white matter), or reactivity state (A1 neurotoxic
or A2 neuroprotective). However, none of them has truly encompassed the nature of
astrocytes and recent studies attempt to establish subtypes of astrocytes based on
transcriptional and proteomic profiles (Chai et al., 2017; Gokce et al., 2016; Khakh,
2019). Moreover, astrocytes differ between brain regions, showing differential gene and
protein expression patterns for instance between striatal, cortical and hippocampal
astrocytes (Batiuk et al., 2020; Diaz-Castro et al., 2019; Zengli Zhang et al., 2019).

Striatal astrocytes are characterized by a “bushy” morphology, with numerous branches
and branchlets, and low GFAP expression (Khakh, 2019; Khakh & Sofroniew, 2015). In
fact, although GFAP is the most commonly used marker for astrocytes, it only labels
about 15% of the total astrocyte volume (Bushong et al., 2002) and it is preferentially
expressed in the main stem branches, underrepresenting the whole extent of astrocyte
territory compared to other staining (Sofroniew & Vinters, 2010). Despite scarce levels
of GFAP, other markers as GLT-1, GLAST, ALDH1L1 or S1008 label most of striatal
astrocytes (Khakh & Sofroniew, 2015). GLT-1 and GLAST are the main astrocytic

glutamate transporter located in the plasmatic membrane. While GLT-1 highest
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expression is in the hippocampus, cortex and striatum, GLAST expression is higher in
the cerebellum (Khakh & Sofroniew, 2015; Pajarillo et al., 2019). ALDH1L1 is a metabolic
enzyme involved in the folate metabolism widely distributed in the whole cell and
expressed in most astrocytes but not in other cell types (Matias et al., 2019). Finally,
S1008 is a calcium binding protein abundant in the cytoplasm and nucleus of astrocytes,
generally related to maturation of astrocytes although can also be expressed in

oligodendrocytes and ependymal cells (Hachem et al., 2005; Raponi et al., 2007).

Another matter of controversy is the role of astrogliosis in a pathological context.
Astrogliosis or reactive gliosis refers to functional, morphological and molecular changes
that undergo the astrocytes to respond to abnormal events in the CNS (Escartin et al.,
2021). Traditionally, reactive astrocytes have been linked to increased GFAP expression
and hypertrophy. Whether neuroprotection or neurotoxic responses are triggered with

astrogliosis remains to be elucidated.

2.5.2. Alterations in neurons in Huntington’s disease

MSN are extremely sensitive to the toxic effect of mHtt. Although specific mechanisms
underlying selective neuronal vulnerability in the striatum are still not fully understood,
excitotoxicity, mHtt aggregate formation or mitochondrial dysfunction have been

proposed as potential pathological processes (Figure 9).

Excitotoxicity refers to the excessive excitatory amino acids signalling, mainly glutamate
that triggers overload of intracellular Ca?* and promotes neuronal death. After its release
from synaptic terminals, glutamate activates N-methyl-D-aspartate (NMDA) receptors
(NMDAR), allowing the entry of Ca?* to the cell. Studies in post-mortem samples of
putamen from HD patients revealed losses of NMDAR levels up to 90% compared to
healthy brains (Young et al., 1988). Similarly, striatum of HD animals showed decreased
expression of NMDAR subunits NR2A and NR2B (Ali & Levine, 2006; Cepeda et al.,
2001). In HD rodents, striatal injections of NMDA agonists as quinolinic acid have proven
that MSN are highly vulnerable to glutamate-induced excitotoxicity, reproducing the
neurochemical characteristics of neuronal damage observed in HD (M. F. Beal et al.,
1991; M. Flint Beal et al., 1986). In addition, NMDAR mislocalisation can enhance
excitotoxicity since the increment of NMDAR at extrasynaptic sites increases the toxic
soluble form of mHtt and activates neuronal death pathways (Milnerwood et al., 2010;
Okamoto et al., 2009).
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Secondly, generation of mHtt aggregates are a hallmark of HD and may contribute to the
striatal vulnerability in this disease (J. P. G. Vonsattel & Marian, 1998) (see section 2.2
for details on aggregate formation). Inclusions of mHtt have been observed in both
nucleus and cytoplasm of mouse and human HD striatum (Hackam et al., 1999; L. B.
Menalled et al., 2003; Schilling et al., 1999) and exhibit different biochemical composition
and ultrastructural properties depending on the cellular compartment (Hackam et al.,
1999; Riguet et al., 2021). Nuclear inclusions have been associated with sequestering
of transcription factors whereas cytosolic aggregates impair functions as axonal
transport (Gunawardena et al., 2003; W. C. M. Lee et al., 2004). Moreover, striatal
neurons seem to clear mHtt aggregates slower than their counterparts in the cortex (T.
Zhao et al., 2016). Finally, mitochondrial dysfunction has been traditionally linked to

selective loss of MSN in HD and it will be further explained in the following section 2.5.4.
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Figure 9. Pathogenic mechanisms that contribute to MSN selective loss in HD. The
presence of mHtt in neurons induces the loss of NMDAR, accumulation of extracellular glutamate
and mislocalisation of NMDAR at extrasynaptic sites, altogether enhancing the excitotoxicity. In
addition, mHtt forms aggregates that localise in the cytosol and the nucleus of striatal neurons.
Finally, mHtt triggers alterations in mitochondrial function, leading to a mishandling of Ca?*
buffering. Although other cellular pathways are disrupted in HD neurons, these three alterations
have been currently hypothesised as key factors in the striatal vulnerability that occurs in HD.
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2.5.3. Alterations in astrocytes in Huntington’s disease

As Vonsattel et al. noticed in post-mortem human samples, loss of MSN in HD putamen
is accompanied by an increment of astrogliosis that becomes more prominent throughout
the disease (J. P. Vonsattel et al., 1985). In line with this observation, increased levels
of GFAP and colocalisation of GFAP with mHtt were found in HD putamen of all grades
of severity compared to healthy subjects (Faideau et al., 2010). On the contrary, not all
HD mouse model recapitulate astrogliosis although they display dysfunctional astrocytes
(Khakh et al., 2017; Tong et al., 2014) (Figure 10). Despite this controversy, a recent
study focused on the transcriptional profile of striatal astrocytes from HD mouse and

showed significant changes along the disease (Diaz-Castro et al., 2019).

Astrocytes also contribute to the neuronal excitotoxity since they take up the glutamate,
metabolize it to glutamine and release the glutamine to the extracellular space for the
consequent uptake by the neurons (Estrada-Sanchez & Rebec, 2012; Estrada Sanchez
et al., 2008). Hence, astrocytes are crucial for the clearance of excessive extracellular
glutamate. In the striatum of several HD mouse models it has been reported a diminution
in the mRNA and protein expression as well as in the functionality of glutamate
transporters GLT-1 and GLAST (Arzberger et al., 1997; Behrens et al., 2002; Bradford
et al., 2009; Estrada-Sanchez et al., 2009; Shin et al., 2005). In addition, post-mortem
samples of caudate and putamen of HD patients showed progressive loss of GLT-1
along the disease (Arzberger et al., 1997). This reduction of transporters results in
impaired glutamate uptake by the astrocytes, thus increasing extracellular glutamate
levels and triggering the death of MSN (Behrens et al., 2002; Faideau et al., 2010;
Liévens et al., 2001; Shin et al., 2005). In addition, HD astrocytes also release more pro-

oxidative factors while produce less antioxidants (Ben Haim et al., 2015).

Similarly to neurons, mHtt aggregates have been found in the cytoplasm and the nucleus
of striatal astrocytes both in HD mice and HD patients brains, although nuclear inclusions
are less frequent than in neurons (Jansen et al., 2017; Shin et al., 2005; Tong et al.,
2014). However, nuclear inclusions of mHtt found in striatal astrocytes of transgenic and
knock-in HD mouse models, proved to contribute to age-dependent neurological
symptoms (Bradford et al., 2009). This same work showed that expression of mHtt under
the control of the GFAP promoter induced some HD neurological symptoms in mice as
motor deficits, demonstrating a pathological role of mHtt in astrocytes and suggesting

that neuroglial communication could be affected in HD (Bradford et al., 2009).

Following this idea, other authors reduced mHitt in the astrocytes of the BACHD mouse

model and reported an improvement in motor and neuropsychiatric features along with
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a restoration in the striatal volume, indicating the contribution of astrocytes to the
behavioural and neuropathological phenotype in HD (Wood et al., 2019). Moreover, in
chimeric animals, mice engrafted with human astrocyte progenitors expressing mHit
demonstrated impaired motor coordination and hyperexcitability of MSN. On the
contrary, striatal engraftment of R6/2 mice with healthy glia improved motor deficits and
survival (Benraiss et al., 2016). Altogether, these investigations proved that the
expression of mHtt in striatal astrocytes hampers neuroglia crosstalk and drives to

pathogenic features of HD.

Furthermore, alterations in the generation of antioxidants mediated by astrocytes, has
been reported. HD post-mortem striatum showed loss of antioxidant agents along with
increased oxidative stress (Ehrnhoefer et al., 2018; Rotblat et al., 2014). Boussicault et
al. showed in BACHD mice that expression of mHtt in astrocytes, and not in neurons,
was sufficient to start an oxidative stress response in neurons by diffusible factors
(Boussicault et al., 2014). Likewise, R6/2 mice displayed defects in the flux of ascorbic
acid, a protector agent against oxidative damage, from astrocytes to neurons that
triggered metabolic failure and redox imbalance in HD striatal neurons (Acuna et al.,
2013). Additionally, reactive astrocytes in HD brain may also release pro-oxidant factors
(Ben Haim et al., 2015). Altogether, these works suggest that deficient astrocyte-to-

neuron signalling is involved in early energy metabolic alterations in HD.

Less GLT-1
and GLAST

TP

GLT-1 GLAST

mHtt
aggregates

Less glutamate
uptake

Less
antioxidants

.......
.......

Figure 10. Alterations in HD astrocytes. The presence of mHitt in striatal astrocytes induces the
loss of glutamate transporters GLT-1 and GLAST, hampering the uptake of extracellular
glutamate. In addition, HD astrocytes show cytosolic and nuclear mHtt aggregates and produce
less antioxidant protection for neurons. All these pathological mechanisms could contribute to the
selective neuronal loss in the striatum of HD.
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2.5.4. Mitochondrial dysfunction in HD

Mitochondrial dysfunction has been largely related to striatal vulnerability in HD since the
treatment with 3-NP, an irreversible inhibitor of OXPHOS complex lll, resembled
neuronal death occurring in HD (M. F. Beal et al., 1991). In turn, brain biopsies of HD
patients revealed a decreased activity in mitochondrial respiratory chain complexes Il,
lll, and IV (Browne et al., 1997; Gu et al., 1996) as well as decreased glucose
metabolism (Browne & Beal, 2004). Indeed, length of CAG repeats in mHtt can
determine severity in mitochondrial metabolism deficit (Seong et al., 2005). In addition,
mHtt was detected to directly interact with the OMM, inducing the opening of the mPTP

and an aberrant Ca?* release (Choo et al., 2004).

Moreover, alterations in mitochondrial ultrastructure and dynamics have been found in
HD striatum, suggesting an imbalance towards fission (Goebel et al., 1978; Guedes-Dias
etal., 2016). Putamen of HD patients showed increased Drp1 and Fis (Costa et al., 2010;
J. Kim et al., 2010) along with reduction of Mfn1, Mfn2, and Opa1 levels (J. Kim et al.,
2010; Shirendeb et al., 2011).

On the other side, lymphoblasts from HD patients and HD immortalized cells display
mitochondrial fragmentation and disruption of cristae (Costa et al., 2010). Additionally, it
was reported in HD human fibroblasts that mHtt directly binds Drp1, increasing its
GTPase activity and resulting in more but smaller mitochondria (Song et al., 2011).
Indeed, immunoprecipitation of Drp1 in brain lysates from HD patients and HD mice
showed that mHtt presented a higher affinity for Drp1 compared to wild type Htt (Song
et al., 2011). Regarding mitophagy, several studies have proposed that this aberrant
mitochondrial fragmentation could be linked to defective axonal transport and abnormal
distribution of mitochondria, triggering mitochondrial accumulation and defective removal
of organelles in striatal HD neurons (Franco-lborra et al., 2021; Reddy & Shirendeb,
2012; Trushina et al., 2004). Likewise, biogenesis of mitochondria in HD also seems to
be impaired since levels of PGC-1a are diminished in the striatum of HD patients and
HD mouse models (Chaturvedi et al., 2010; Cui et al., 2006; J. Kim et al., 2010; Weydt
et al., 2006).

Besides disruption of dynamics, HD neuronal mitochondria also show Ca?* mishandling.
Isolated mitochondria from the striatum of HD rodents proved to be more sensitive to
Ca?* overload than their counterparts in the cortex, suggesting that striatal neurons are
more vulnerable to metabolic stress (Brustovetsky et al., 2003). In addition, mHitt but not
wild-type Htt activates IP3R and induces Ca?* release from the ER, mediating Ca?*
overload (D. Lim et al., 2008; Tang et al., 2003; H. Zhang et al., 2008). Thus, ER-
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mitochondria contact sites are likely to be affected by the expression of mHtt and this

possibility is explored in this Thesis.

Since most studies have been conducted in neurons or the whole striatum, little is known
about mitochondrial function specifically in HD astrocyte. However, HD striatal astrocytes
seem to replicate some of the characteristics of mitochondrial dysfunction observed in
neurons. Thus, as in neurons, striatal astrocytes show higher susceptibility than cortical
astrocytes to mitochondrial toxin (Saba et al., 2020). Furthermore, not only mitochondria
in striatal neurons, but also in striatal astrocytes, buffer less Ca?* before undergoing
mPTP compared to cortical cells (Oliveira & Gongalves, 2009). Hence, selective

vulnerability of striatal mitochondria relies simultaneously in neurons and astrocytes.

Finally, neuroglial crosstalk mediated by mitochondria is a recent field of research.
Transfer of healthy glial mitochondria has been postulated as a potential rescue of
neuronal damage in front of several neurological insults as stroke or AD (Lippert &
Borlongan, 2019; Nitzan et al., 2019). On the contrary, transfer of damaged glial
mitochondria seems to propagate neuroinflammation and neuronal dysfunction in
models of AD and amyotrophic lateral sclerosis (Joshi et al., 2019). However, transfer of
extracellular mitochondria has been barely explored in the neuropathology of HD. So far,
Joshi et al. described in an in vitro HD mouse model that disrupted mitochondria from
microglia trigger inflammatory activation of astrocytes, contributing to neuronal damage
(Joshi et al., 2019). In this Thesis we aimed to further investigate the mechanisms
mediating mitochondrial communication between astrocytes and neurons, that could
support the hypothesis that disruption of mitochondrial function in astrocytes contributes

to the striatal vulnerability in HD.
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3. ROLE OF PYK2 IN THE CNS

As the cellular environment changes, mitochondria are constantly modifying their shape
and size to provide a rapid adaptative response to the cell’s requirements. One of the
mechanisms underlying this phenomenon is the modulation of mitochondrial proteins
through post-translational modifications (Kotrasova et al., 2021). Phosphorylation is the
most common post-translational modification, inducing changes in the protein
conformation and, consequently, in its function. Kinases are the enzymes in charge of
the phosphorylation, catalysing the transfer of phosphate groups from ATP to specific
amino acids of the target protein. According to the nature of the substrate, kinases can
be divided into serine/threonine kinases and tyrosine kinases, meaning that the
phosphorylation site will be certain residues of serine/threonine or residues of tyrosine,

respectively (Cheng et al., 2011).

Among many kinases, proline-riche tyrosine kinase 2 (Pyk2) has been largely studied in
health and disease in the CNS (reviewed in (de Pins et al., 2021)). Pyk2 is considered a
scaffolding protein highly expressed in neuron and its phosphoregulation is tightly related
to the neuronal plasticity. Considering that regulation of mitochondrial dynamics by
phosphorylation has been widely linked to mitochondrial dysfunction in several diseases,
including neurodegenerative ones (Kotrasova et al., 2021), the potential role of Pyk2 in
mitochondrial dynamics could be fundamental to understand the alterations in
mitochondria that occur in HD. As a prelude to this hypothesis, in this Thesis we aimed

to identify the implication of Pyk2 in mitochondrial function in a physiological context.

3.1. Structure of Pyk2

Pyk2 was initially isolated from a human brain complementary DNA library by PCR and
described as a tyrosine kinase activated by increments in Ca?* concentration and by
protein kinase C (PKC) (Lev et al., 1995). Simultaneously, other three independent
investigations identified the same protein by using different approaches. Therefore, Pyk2
can also be referred as (1) cell adhesion kinase B (CAKR), isolated from a rat brain cDNA
library (Sasaki et al., 1995); (2) related adhesion focal tyrosine kinase (RAFTK), isolated
from human megakaryocytes and cloned by homology in murine cDNA (Avraham et al.,
1995), and (3) calcium-dependent protein- tyrosine kinase (CADTK) by purification of rat
liver cell lines (H. Yu et al., 1996).
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Pyk2 is a non-receptor tyrosine kinase highly expressed in hematopoietic cells and in
the CNS (Avraham et al., 1995; Dikic et al., 1998; Lev et al., 1995), being specially
enriched in the pyramidal hippocampal neurons but also in neurons of other brain regions
as cerebral cortex, thalamus, amygdala, and striatum. Although to a lesser extent, Pyk2
is also expressed in other cells present in the CNS as astrocytes (Cazaubon et al., 1997;
Giralt et al., 2016) and microglia (Rolon-Reyes et al., 2015; Tian et al., 2000).

Pyk2 is a 110 kDa protein containing 1,009 amino acids that is comprise by three
structural domains: an N-terminal FERM (four-point-one/ezrin/radixin/moesin) domain, a
central kinase fragment and a C-terminal focal adhesion targeting (FAT) domain. In
between the three domains, there are two linker regions including proline-rich (PR)
motifs. The FERM domain comprises three structural modules (F1, F2, and F3). FERM
domain mediates intermolecular interactions with transmembrane proteins but also
intramolecular interactions with other proteins (Girault, Labesse, et al., 1999; Kohno et
al., 2008). Since mutations in the Pyk2 FERM domain induces inhibition of Pyk2
phosphorylation, FERM domain has been suggested to regulate Pyk2 activity (Dunty &
Schaller, 2002; Lipinski et al., 2006). Moreover, the FERM domain seems to interact with
several cytosolic and nuclear proteins. Indeed, F1 presents a nuclear localisation
sequence (NLS) and a nuclear export signal (NES) (Camille Faure et al., 2013;
Ossovskaya et al., 2008).

The shorter linker between FERM and kinase domains, with 43 residues, contains a PR
sequence (PR1) and a tyrosine reside at position 402 (Tyr-402), which is the major
autophosphorylation site of Pyk2, but also a direct binding of Src, one of the positive
activators of Pyk2 activity (Dikic et al., 1996, 1998). The kinase domain is the central
region and contains two sites of phosphorylation at Tyr-579 and Tyr-580 that enhance
Pyk2 kinase activity (Lipinski & Loftus, 2010). Following kinase domain, the longer linker
connects kinase and FAT domains and present two more PR sequences, PR2 and PR3.
In addition, this linker also presents NES and nuclear translocation sequence (NTS) for
nucleocytoplasmic shuttling (Ossovskaya et al., 2008). Finally, the FAT domain of Pyk2
mediates its interaction with the scaffolding protein paxillin, a protein enriched in focal
adhesions (Lipinski & Loftus, 2010) (Figure 11).
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Figure 11. Structure of Pyk2. Schematic representation of Pyk2 structural domains FERM,
kinase and FAT and linkers between them. Proline-rich (PR) motifs, and tyrosine (Tyr) residues
for phosphorylation are indicated. Nuclear localisation sequence (NLS), nuclear export sequence
(NES), and nuclear targeting sequence (NTS) are also depicted.

3.2. Activation of Pyk2

Pyk2 is activated in response to a variety of extracellular stimuli that elevate the
intracellular Ca?* concentration. However, precise mechanisms that triggers this
activation are not completely understood yet. It is believed that increment of Ca?* induces
dimerization of Pyk2 and autophosphorylation at Tyr-402 (Kohno et al., 2008; Lev et al.,
1995). Indeed, immunoprecipitation assays proved that Ca2*/calmodulin directly binds to
Pyk2 at the FERM domain, forming homodimers and enhancing autophosphorylation
(Kohno et al., 2008). Moreover, phosphorylation in Tyr-402 can be executed by various
enzymes from the Src-family kinases (SFK), including Src, Fyn, Lck, Lyn, and Yes
(reviewed in (de Pins et al., 2021). Additionally, SFK also phosphorylate Pyk2 at Tyr-
579, Tyr-580 and Tyr-881 (Dikic et al., 1996; S. S. Wu et al., 2006; Zhao Zhang et al.,
2014). In turn, activated Pyk2 recruits SFK that phosphorylate Pyk2 at other sites (Li et
al., 1999; S. Y. Park et al., 2004). Thus, the interactions between Pyk2 and SFK bring a
positive loop of activation, pointing out that the regulation of these kinases is mutually

dependent.

Besides canonical activation, Pyk2 in neurons can be activated alternatively. It has been
shown in brain lysates that Pyk2 interacts with PSD-95 (Bartos et al., 2010; Seabold et
al., 2003). When Ca?* rises, Ca?*/calmodulin interacts with PSD-95 and promotes its
dimerization and the recruitment of Pyk2. Clustering of Pyk2 enables its
autophosphorylation at Tyr-402 and consequently, its activation. In addition, although
PSD-95 is sufficient for the activation of Pyk2, it was observed that Ca?*/calmodulin
stimulates PSD-95 binding to Pyk2 (Bartos et al., 2010) (Figure 12).
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Conversely, Pyk2 can be negatively regulated by dephosphorylation through tyrosine
phosphatases and serine-threonine phosphatases. Among all phosphatases, striatal-
enriched protein-tyrosine phosphatase (STEP), arise as a major contributor and it is
enriched in neuronal population of the forebrain (Lombroso et al., 2016), similarly to
Pyk2. STEP binds to Pyk2 at Tyr-402 and dephosphorylates it. Accordingly, Xu et al.
reported that STEP KO mice showed increased Pyk2 phosphorylation (Xu et al., 2012).
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Figure 12. Mechanisms of activation of Pyk2 in neurons. Pyk2 is activated by interaction with
Ca?*/calmodulin (CaM), which induces its dimerization and facilitates its phosphorylation. Active
Pyk2 can then interact with PSD-95, a scaffold protein in the NMDAR complex. Pyk2 is
phosphorylated by Src-family kinases (SFK) and dephosphorylated through phosphatases as
STEP.

3.3. Physiological function of Pyk2 in the CNS

Pyk2 is a key factor in many cellular mechanisms, regulating cell adhesion, proliferation,
survival, and migration. However, in this Thesis we will focus on the role of Pyk2 in the
CNS in physiological conditions and its possible implication in neurodegeneration, and

thus, specific functions related to neuronal activation are detailed hereunder.

Pyk2 has been described to be involved in NMDAR activation. Initially, proteomic studies
in mouse forebrain identified Pyk2 as one of the components of the NMDAR complex as
well as Src (Husi et al., 2000). Indeed, PSD-95, a scaffold protein that tethers NMDAR,
interacts with Pyk2 in the NMDAR complex by binding to the C-terminal domain of Pyk2
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(Seabold et al.,, 2003). Moreover, PSD-95 phosphorylation by Src triggers Pyk2
recruitment and its consequent activation (C. Zhao et al., 2015). Therefore, various
studies point out that activation of Pyk2 in neurons enhances NMDAR function (Bartos
et al., 2010; Heidinger et al., 2002).

Following implication in NMDAR, Pyk2 has also been reported to play a role in synaptic
plasticity (Girault, Costa, et al., 1999). Synaptic plasticity refers to the activity-dependent
modifications of the existing synapsis, adapting their effectivity or strength, and leading
to their appearance or disappearance. NMDAR contribute to the induction of long-term
plasticity as long-term potentiation (LTP) or long-term depression (LTD). Activity of
NMDAR can be up-regulated by phosphorylation mediated by Src, resulting in the
induction of LTP (X. M. Yu et al., 1997). For the induction of LTP, clustering of Pyk2 with
PSD-95 and NMDAR has proved to be necessary (Bartos et al., 2010). Indeed, mice
depleted of Pyk2 showed impeded LTP when the stimulation was induced with high-
frequency stimulation (Giralt et al., 2017; Mastrolia et al., 2021). Likewise, Pyk2 also
contributes to LTD at neuronal synapses. Hsin et al. showed in hippocampal neurons
that chemical LTD boosted Pyk2 phosphorylation at Tyr-402 while knockdown of Pyk2
blocked LTP (Hsin et al., 2010). Thus, activity of Pyk2 is necessary for both LTP and
LTD.

To better understand the physiological functions in which Pyk2 is implicated, genetic full
knock-out mice have been generated. Girault’s laboratory developed knockout mice for
Pyk2 by flanking exons 15-18, which correspond to the central kinase domain, with LoxP
sequence. Resulting Pyk2f/f mice were then crossed with a Cre line, thus deleting exons
15-19 and generating genetic knockout of Pyk2. When comparing wild type (Pyk2**),
heterozygous (Pyk2*-) and knockout (Pyk2’-) mice for Pyk2, no major alterations were
detected in body weight or general behaviour and health. Immunoblot and
immunofluorescence analysis showed a reduction about 50% of Pyk2 in Pyk2*- whereas
signal was barely undetectable in Pyk2”- mice, proving that the target protein was
successfully knocked out (Giralt et al., 2016). Different studies have used this model to
evaluate the implication of Pyk2 in the pathological mechanisms of neurological diseases
as AD, HD or chronic stress (Giralt et al., 2017, 2018; Montalban et al., 2019). In this
Thesis, these Pyk2”- mice were used to study the role of Pyk2 in mitochondria in

physiological conditions.
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3.4. Regulation of Pyk2 localisation

Although Pyk2 is a cytosolic protein, it can translocate to other subcellular compartments
after neuronal activation. As mentioned above, Pyk2 is required for synaptic plasticity
and thus, this kinase needs to translocate to synapses. Increments in Cai?* induces
translocation of Pyk2 from the cytoplasm to postsynaptic sites, where PSD-95 is
concentrated. In addition, NMDAR activation has been reported to cluster Pyk2 at

postsynaptic sites (Bartos et al., 2010).

Moreover, several studies demonstrated that Pyk2 is involved in spine and neurite
formation, suggesting both positive and negative effect. Although Pyk2” mice did not
report impeded brain development, ablation of Pyk2 leaded to a reduction in the number
of dendritic spines (Giralt et al., 2016). Conversely, an overexpression of Pyk2 in primary
culture of mouse hippocampal neurons was reported to hamper spine formation and to
induce synapse loss (S. Lee et al., 2019). These experiments indicated that a tight
regulation of Pyk2 is necessary for a proper synaptic density and function. In neuronal
cell lines PC12 and SH-SY5Y, Pyk2 is localised in the neurite growth cone and regulates
neurite outgrowth induced by growth factors (lvankovic-Dikic et al., 2000). On the
contrary, Pyk2 also promotes neurite retraction by phosphorylating GSK-3 (Sayas et al.,
2006). Thus, it seems that Pyk2 could be mediating neurite remodelling, both outgrowth

and retraction.

As mentioned in section 3.1 in this chapter, Pyk2 contains several nuclear import and
export signals. Thus, Pyk2 can shuttle between the nucleus and the cytoplasm. In PC12
cells and hippocampal cultured neurons, depolarization induced a Ca?*-dependent
nuclear translocation of Pyk2 (C. Faure et al.,, 2007). This translocation was
demonstrated to be independent of Pyk2 autophosphorylation or kinase activity but
depended on the regulation of the NES by the phosphorylation of residue Ser-778
(Camille Faure et al., 2013). Upon neuronal stimulation, calcineurin dephosphorylates
Ser-778, promoting the inactivation of the nuclear export motif and the accumulation of
Pyk2 in the nucleus by the NLS and NES present in the FERM and longer linker
respectively (Camille Faure et al., 2013; Ossovskaya et al., 2008). Although some
molecular mechanisms of nuclear accumulation have been identified, nuclear function of

Pyk2 remains to be elucidated.

Localisation of Pyk2 in other organelles have been relatively unexplored. In non-neuronal
cells, it was described that following Ca?* entry into the cell via the transient receptor
potential (TRP) channel, Pyk2 can be phosphorylated and partially translocated to
mitochondria (Hirschler-Laszkiewicz et al., 2018; B. A. Miller et al., 2019). So far, Pyk2
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translocation to mitochondria has been described in cardiac cells, where Pyk2 can be
activated and phosphorylate the MCU (Arcucci et al., 2006; B. A. Miller et al., 2019; O-
Uchi et al.,, 2014) enhancing mitochondrial Ca?* uptake and mitochondrial ROS
production (O-Uchi et al., 2014). Thus, in this Thesis we aimed to study the localisation
of Pyk2 in mitochondria and whether it can regulate mitochondrial morphology and

function in neurons.
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Figure 13. Localisation of Pyk2 in the neuron. Although main localisation of Pyk2 is the cytosol,
Pyk2 can translocate to the nucleus in response to changes in intracellular Ca?* levels. NLS and
NTS motifs signals for nuclear import while NES for export to the cytosol. NES motif is enhanced
by phosphorylation at site Ser-778. Pyk2 can also be recruited in dendrites and post-synaptic
sites, where it interacts with PSD-95 and NMDAR.

3.5. Pathological role of Pyk2 in CNS

Since Pyk2 is involved in essential cellular functions in the neuron, it is not surprising
that alterations in Pyk2 may lead to pathological situations, as neurodegenerative
disease including AD, PD and HD.

PTK2B, the human gene encoding Pyk2, has been identified as a risk factor for late onset
AD by many genome-wide association studies (GWAS) (Beecham et al., 2014; De Jager
et al., 2014; Lambert et al., 2013). While the involvement of Pyk2 in AD pathology has
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been widely demonstrated, whether it has a neurotoxic or neuroprotective effect remains
under debate. Our group has shown that 5XFAD transgenic mice presented a reduction
in the phosphorylation of Pyk2 and the overexpression of Pyk2 reverted behavioural
deficits related to AD (Giralt et al., 2018). On the contrary, other authors described the
deletion of Pyk2 as a positive effect for AD pathological mechanisms. Deletion of Pyk2
in APP/PS1 mouse model protected from the detrimental effect of A on loss of dendritic
spines and memory impediments (S. Lee et al., 2019; Salazar et al., 2019). These
discrepancies could be derived by the differences displayed in the transgenic mouse
models of AD: 5XFAD mice present an aggressive phenotype with an early onset

whereas in APP/PS1 mice the phenotype starts at six months of age (Kumar et al., 2021).

Moreover, Pyk2 has also been related to protein Tau. Tau is the major component of
neurofibrillary tangles in AD and its excessive phosphorylation is considered as an early
event in the pathogenesis of tauopathies (Wegmann et al., 2021). Pyk2 colocalises with
hyperphosphorylated and oligomeric Tau in the brain of AD patients as well as in neurons
of transgenic Tau mice (Dourlen et al., 2017; Kohler et al., 2013). Simultaneously,
expression of STEP seems to be increased in brains of patients and mouse models of
AD while inhibition of STEP boosts Pyk2 phosphorylation, improving cognitive
impediments in transgenic AD mice (P. Kurup et al., 2010; Xu et al., 2014).

Pyk2 involvement in PD pathogenesis has been less explored. However, it has been
proved that activation of Pyk2 induces tyrosine phosphorylation of a-synuclein via SFK
(Nakamura et al., 2002). While no alterations in Pyk2 levels have been detected, brains
of PD patients show higher levels of STEP, suggesting a reduction in Pyk2 function in
this disease (P. K. Kurup et al., 2015).

Finally, previous work of our group showed that Pyk2 is reduced in the hippocampus of
HD patients and R6/1 mice (Giralt et al., 2017). Indeed, previous work from our group
showed that memory and synaptic alterations in the hippocampus of R6/1 mice were
reverted when Pyk2 was overexpressed, indicating that lack of Pyk2 could be underlying
the regulation of cognitive deficits in HD. In accordance with these results, a recent report
from our group has involved Src in cognitive perturbances of HD in HdhQ111 mice,
showing decreased levels of the phosphorylated form of Src in cortex of HD mice
(Alvarez-Periel et al., 2018). Moreover, this same study described Cdk5 as a player in
learning and memory deficits in HD by the modulation of NMDAR. Finally, we have also
proved that Cdk5 mediates mitochondrial fragmentation in HD striatal cells (Cherubini et
al., 2015). Taken together, in this Thesis we aimed to follow these promising results in

HD together with the potential role of Pyk2 in the regulation of mitochondrial dynamics.
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The main aims of this Thesis are the following:

1. To study the role of mitochondrial dynamics and MAMs in the striatal neuronal
vulnerability in HD.

1.1.  To evaluate mitochondrial morphology in HD primary striatal neurons.

1.2. To analyse ER-mitochondrial contact sites and MAMs proteins in the
striatum of HD models.

1.3. To determine alterations in ER-mitochondrial Ca?* transport in primary
striatal neurons of HD mouse models.

1.4. To explore whether alterations in MAMs in HD striatum are dependent of

aberrant Drp1 activity.

2. To explore the contribution of astrocytic mitochondria to striatal vulnerability
in HD.
2.1.  To characterize the astrocyte population in the striatum of R6/1 mice.
2.2.  To evaluate the metabolism and mitochondrial dynamics in R6/1 striatal
astrocytes.
2.3. To assess transmitophagy in HD in vitro models from astrocytes to neurons

and the impact on neuronal viability.

3. To study the role of Pyk2 in the regulation of mitochondrial dynamics and

MAMs.

3.1.  To study the subcellular localization of Pyk2 in neurons.

3.2.  To evaluate the function of Pyk2 in MAMs formation in in vivo and in vitro
neuronal models.

3.3.  To explore the contribution of Pyk2 to the ER-mitochondrial Ca?* transport in
primary neurons.

3.4. To assess the involvement of Pyk2 in mitochondrial dynamics and

morphology in in vivo and in vitro neuronal models.

45






METHODS






METHODS

1. HUMAN HD POST-MORTEM BRAIN SAMPLES

Samples of caudate, putamen, hippocampus and cortex from control subjects and HD
patients were obtained from Neurological Tissue Bank of the Biobank-Hospital Clinic-
Institut d’Investigacions Biomédiques August Pi i Sunyer (IDIBAPS) following the
guidelines and approval of the local ethic committee (Hospital Clinic Barcelona’s Clinical
Research Ethics Committee). Details from these samples are provided in Table 2. Notice
that male and female subjects were included in both diagnostics to avoid sex derived
effects.

Table 2. Human samples from control subjects and HD patients. For each individual, an

identification number is assigned together with gender, age (years) and post-mortem delay (PMD,
h). For HD patients, Vonsattel grades and CAG repeats are specified.

ID Diagnostic Sex Age CAG repeats PDM
CS-081 Control Female 81 - 23:30
CS-1491 Control Male 83 - 13
CS-1563 Control Male 79 - 5
CS-1570 Control Female 86 - 4
CS-1679 Control Female 90 - 12:20
CS-1697 Control Male 78 - 6
CS-1733 Control Male 76 - 11:30
CS-1774 Control Female 74 - 5
CS-1120 HD Vonsattel grade 3 Male 55 48 15
CS-1193 HD Vonsattel grade 3-4 Male 55 -
CS-1294 HD Vonsattel grade 3 Male 53 45+/-2
CS-1334 HD Vonsattel grade 1 Male 73 40+/-2
CS-1438 HD Vonsattel grade 3 Male 85 40 5:30
CS-1630 HD Vonsattel grade 2 Male 76 41
CS-1638 HD Vonsattel grade 2 Male 72 - 13:10
CS-1758 HD Vonsattel grade 2-3 Male 68 42+/-2 6:10

2. ANIMAL MODELS

Animals were genotyped from a tail biopsy by PCR analysis. For the in vivo studies, all
mice used in the experiments were males. For the in vitro studies, both male and female

mice were included in the experiments. Mice were housed together in numerical birth
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order in groups of mixed genotypes. Housing room was kept at 19-22°C, under 12:12h
light/dark cycle and animals had ad libitum access to food and water. All procedures
involving animals were performed in compliance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and approved by the local animal care
committee of the Universitat de Barcelona (447/17 and 315/18) and the Generalitat de
Catalunya (9878 and 10141-P7), in accordance with the European (2010/63/EU) and

Spanish (RD53/2013) regulations for the care and use of laboratory animals.

2.1. HD MOUSE MODEL

21.1. Re6NM

R6/1 transgenic mice were originally obtained from Jackson Laboratory (Bar Harbor, ME,
USA). R6/1 expressed the N-terminal exon 1 fragment of mHtt with 115 or 145
glutamines. In the first study of this Thesis, R6/1 mice colony expressed 145 CAG
repeats instead of 115 CAG repeats of the original R6/ 1 mice due to CAG repeat
instability as has been previously described by other groups (Mgllersen et al., 2010;
Morton et al., 2009). In the second study of this Thesis, excessive expansion of CAG
was corrected, and R6/1 colony expressed 115 CAG. Female WT were crossmated with
male R6/1 to generate age-matched heterozygous WT and R6/1 littermates. Animals

were maintained in a B6CBA genetic background.

21.2. HdhQ111

HdhQ111 knock-in mice were originally obtained from Dr. M. MacDonald’s lab (Lloret et
al., 2006). HdhQ111 knock-in mice presented targeted insertion of 109 CAG repeats that
extends the glutamine segment in murine huntingtin to 111 residues. Female HdhQ7/Q7
wild type (WT) were crossmated with male HdhQ7/Q111 knock-in (KI) to generate age-
matched heterozygous WT and KI littermates. Animals were maintained on a C57BL/6

genetic background.

2.2. PYK2"- MOUSE

For Pyk2 deletion, Pyk27 C57BI/6 mice were generated in which the PTK2B exons 15b-
18 were flanked with LoxP sequences (Gen-O-way, Lyon, France) leading to a deletion
that disrupts the protein kinase domain when crossed with an expressing Cre line. Pyk2-
- mice and Pyk2" mice were genotyped, and heterozygous mice were crossed to

generate +/+, and -/- mice. Animals were maintained on a C57BL/6 genetic background.
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3. CULTURES

3.1. PRIMARY NEURONAL CULTURES

Brains from mouse embryos at day 18 of embryonic development (E18) were removed
and placed in Neurobasal medium (Gibco, Cat #21103-049). Hippocampal, striatum and
cortex were dissected and gently mechanically dissociated with a fire-polished glass
Pasteur pipette. Cells were seeded at different densities depending on the experiment
(Table 3) onto coverslips or onto plates pre-coated with 0.1 mg/mL poly-D-lysine (Sigma-
Aldrich, Cat. #P0899). Neurons were cultured in Neurobasal medium supplemented with
2% B27 (Gibco, Cat. #17504-044) and 1% Glutamax (Gibco, Cat. #35050-038) to grow
cells in serum-free condition. Cultures were maintained at 37°C in a humidified
atmosphere containing 5% CO.. Embryos’ genotype was determined by PCR from tail

biopsy.

Table 3. Cell density of neuronal cultures.

CELL NUMBER PLATE DENSITY EXPERIMENT
40,000 cells 12 mm coverslip 20,000 cells/cm? Immunocytochemistry
80,000 cells 12 mm coverslip 40,000 cells/cm? Treatment with ACM
120,000 cells 12 mm coverslip 60,000 cells/cm? Transfections
180,000 cells 25 mm coverslip 20,000 cells/cm? Calcium imaging
750,000 cells 6-well plate 80,000 cells/cm? Western Blot

3.2. PRIMARY ASTROCYTIC CULTURES

Brains from mouse pups at postnatal day 2 (P2) were removed and striatum was
dissected and gently mechanically dissociated with a fire-polished glass Pasteur pipette
(0.2-0.4 mm of diameter). Cells were seeded onto a 6-well plate precoated with 0.1
mg/mL poly-D-lysine in MEM medium (Gibco, Cat. #31095-029) supplemented with 20%
FBS (PAN Biotech, Cat. #P40-37500), 90 mM glucose (Sigma, Cat. #G5400) and 1%
penicillin/streptavidin (Gibco, Cat. #15090-046). At DIV5, cells were under horizontal
shaking overnight in order to detach other cell types from the astrocytic culture. To
passage the cell at DIV7, astrocytes were trypsinized for 2 min and neutralised with
supplemented media. Cells were then centrifuged 10 min at 500 g and seeded at

different densities depending on the experiment (Table 4) onto new coverslips or onto
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new plates pre-coated with 0.1 mg/mL poly-D-lysine. Medium changes were carried out
every 3-4 days for nutrient replacement. Astrocytes were processed for further
experiments at DIV14, DIV21 or DIV28. Cultures were maintained at 37°C in a humidified
atmosphere containing 5% CO.. Pups’ genotype was determined by PCR from tail

biopsy.

Table 4. Cell density of astrocytic cultures at passage day.

CELL NUMBER PLATE DENSITY EXPERIMENT
20,000 cells 12 mm coverslip 10,000 cells/cm? Immunocytochemistry,
DIV14
200,000 cells 6-well plate 20,000 cells/cm? ACM to treat neurons,
DIV14
300,000 cells p60 15,000 cells/cm?  ACM for flow cytometry,
DIV14
250,000 cells p60 12,000 cells/cm? Western Blot, DIV14
100,000 cells 6-well plate 10,000 cells/cm? Western Blot, DIV21
60,000 cells 6-well plate 6,000 cells/cm? Western Blot, DIV28

4. CELLULAR BIOLOGY METHODS

4.1. PLASMIDS AND TRANSFECTIONS

Plasmids were obtained from expanded DH5a Competent E. coli (Invitrogen, Cat.
#18265017). To transform bacteria, 200 ng of plasmid were added to 50 ul of cultured
bacteria and incubated for 30 min on ice. To induce transformation by heat shock,
mixture was incubated for 20 sec at 42°C and placed again on ice for 2 min. 800 pl of
Lysogenic Broth (LB containing 10 g Tryptone, 5 g yeast extract and 10 g NaCl in 1 L
distilled water) were added and transformed bacteria were growing for 1 h at 250 rpm at
37°C. Bacteria were seeded on agar plates containing 20 pg/mL kanamycin and grown
overnight at 37°C. Then, isolated colonies were collected and grown in 5 mL of LB for 8
h and then in 200 mL of LB overnight at 37°C. Next day, pellet of the grown bacteria was
lysed to isolate the plasmid with Pure Yield Plasmid Miniprep System (Promega, Cat.
#A1223) and DNA was purified with Pure Yield Plasmid Maxiprep System (Promega,
Cat. #A2393).
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4.1.1. ER AND MITOCHONDRIA PLASMIDS

Striatal primary neurons were transfected to label mitochondria and ER for further
colocalization analysis with pDsRed2-Mito and GFPSec61-f plasmids, respectively. The
pDsRed2-Mito vector (Clontech Laboratories Inc, Cat. #632421) encodes a
mitochondrial targeting sequence of human cytochrome c¢ oxidase subunit VIl (Mito) that
is fused to the 5’-end of Dicosoma sp. red fluorescent protein (DsRed2). The GFPSec61-
B vector expresses the protein transport protein GFPSec61-B, located in the ER
membrane, and is tagged with green-fluorescent protein (GFP). GFPSec61- plasmid

was a gift from Dr Tom Rapoport through the Addgene platform (Addgene, Cat. #15108).

The day prior to transfection (DIV10), half of the media was replaced with fresh medium.
Neurons were transfected at DIV11 using Neuromag (OZ Bioscience, Cat. #NM50500)
according to manufacturer’s instructions. 1 ug pDsRed2-Mito and 1 ug GFPSec61-3
were mixed with 4 ul of Neuromag and incubated for 20 min at RT in the dark. Mixture
was added to cells and incubated on a Magnetic Plate (Oz Bioscience, Cat. #MF10000)
for 20 min at RT in the dark. Cells were then placed in the incubator at 37°C until DIV14,
when they were fixed with 4% paraformaldehyde and analysed by confocal microscopy

(see sections 5.1 and 6.1.1 in this chapter).

4.1.2. PYK2 CONSTRUCTS

To analyse the role of Pyk2 in mitochondrial dynamics regulation, hippocampal primary
neurons from Pyk2’ cultures were transfected with different truncated forms of Pyk2
previously described (Camille Faure et al., 2013; Giralt et al., 2017): GFP (control), GFP-
Pyk2, GFP-Pyk2PFAT (FAT domain and the third proline-rich motif were deleted from
Pyk2), GFP-Pyk2YF (Pyk2 with a point mutation of the autophosphorylated tyrosine-402)
and GFP-Pyk2RRST (Pyk2 with four point mutations in nuclear transport and location
motifs). GFP was fused to the N-terminus of Pyk2. Pyk2** neurons were transfected only

with GFP as control.

Neurons were transfected at DIV18 using Transfectin (Bio-Rad, Cat. #170-3351)
following manufacturer’s instructions. 1 pg of plasmid was mixed with 3 pl of transfectin
and incubated for 20 min at RT in the dark. Mixture was added to cells and incubated for
45 min at 37°C. Then, medium was replaced for fresh supplemented media and cells
were placed in the incubator at 37°C until DIV21, when they were fixed with 4%
paraformaldehyde and analysed by confocal microscopy (see sections 5.1 and 6.1.1 in

this chapter).
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4.2. MITOCHONDRIAL ROS PRODUCTION

In order to measure mitochondrial ROS production in neuronal cultures, MitoSOX™ Red
Indicator (Molecular Probes, Invitrogen, Cat. #M36008) was used. MitoSox is a
fluorogenic dye that selectively detect superoxide, the predominant mitochondrial ROS.
Once MitoSOX reaches mitochondria, the dye is oxidised by superoxide and becomes

highly fluorescent.

Striatal primary neurons at DIV14 were incubated with MitoSOX at a final concentration
of 5 uMfor 30 min at 37°C. Medium was removed and cells were washed twice. Neurons
were then fixed with 4% paraformaldehyde/phosphate buffer saline (PFA/PBS) and
nuclei stained with DAPI (see details at section 5.1 in this chapter). Digital images with
4.0 digital zoom and stacks of 0.4 ym were processed through a convolve filter,
subtraction of background and automatically thresholded using ImagedJ software (Figure
14). MitoSOX intensity was calculated as Integrated Density/Area of cell. For each

condition, 15 neurons were analysed from 7-8 independent experiments.

Figure 14. Analysis of digital images of MitoSOX fluorescence in primary neurons. Original
image of MitoSOX staining (A) and nuclei (B) were segmented. In the processed image (C),
intensity of MitoSOX was measured in the detected area (outlined in yellow in C) and nuclei area
was subtracted from total area.

4.3. CALCIUM AND MITOCHONDRIAL MEMBRANE POTENTIAL
IMAGING

To study calcium transfer from ER to mitochondria, calcium imaging was performed in
neuronal cultures. Neurons at DIV14 or DIV21 were washed with Krebs buffer (145 mM
NaCl, 5 mM KCI, 10 mM HEPES, 1 mM MgCI2, 1 mM CaCl2, 5.6 mM glucose and pH
7.4/NaOH) and loaded with 5uM Fluo-4 (Invitrogen, Cat. #F-14201) for 30 min and then
with 20 nM TMRM (Invitrogen, Cat. #T668) for 20 min at RT to detect intracellular Ca?*

changes (Ca?*) and mitochondrial membrane potential (AWYm) respectively. 25 mm glass
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coverslips were assembled in a chamber filled with 500 ul of Krebs buffer on the stage
of confocal microscope with an incubator system that controls temperature and COa..
After 50 sec of recording, 0.5 uM Thapsigargin (TG, Sigma-Aldrich T9033) was injected
to inhibit SERCA ATPase and block Ca?* storage at the ER. Then, 2 yM FCCP (Sigma-
Aldrich C2920), an uncoupler of mitochondrial respiratory chain, was added at 450 sec
to depolarize mitochondrial membrane and inducing Ca?* release to the cytosol. Images
were captured every 2.5 sec throughout 750 sec of experiment. Fluorescence intensity
was quantified using Imaged software and values were normalized to the baseline. Fluo4
and TMRM fluorescence changes are presented as fold change of normalized response
F1/F0 (FO is the fluorescence intensity at time zero; F1 is the corrected fluorescence

intensity at a given time point).

44. PHARMACOLOGICAL TREATMENTS IN VITRO

441. Mdivi-1

To assess the effect of Drp1 inhibition on mitochondrial dynamics and function, primary
striatal neurons at DIV 14 were exposed to Mitochondrial division inhibitor 1 (Mdivi-1;
Sigma-Aldrich, Cat. #M0199). Striatal cultures from WT or R6/1 embryos were treated
with vehicle (DMSO) or 25 yM Mdivi-1 for 1 hour. After treatment, cells were fixed and
immunostained (see section 5.1 in this chapter) or prepared for calcium measurement

assays (see section 4.3 in this chapter).

4.4.2. Glutamate

To study Pyk2 translocation to mitochondria, hippocampal primary neurons from Pyk2**
embryos were stimulated with glutamate. Neurons at DIV21 were treated with 40 uM
glutamate or vehicle for 15 min. After treatment, cells were then washed twice with PBS
and processed for electron microscopy analysis, using the same fixative and post-fixative

solutions as in tissue samples (see section 6.2.2 in this chapter).

4.5. MITOCHONDRIAL OXYGEN CONSUMPTION

Mitochondrial respiration was measured by high-resolution respirometry using Oroboros
Oxygraph-2k. Striatal primary astrocytes from WT and R6/1 mice at DIV15 were cultured.
500,000 cells were obtained and resuspended in respiration MiR05 medium (0.5 mM
EGTA, 3 mM MgCI2, 60 mM lactobionic acid, 20 mM taurine, 10 mM KH2PO4, 20 Mm
HEPES, 110 mM sucrose and 0.1% BSA (w/v), pH 7.1). First, the oxygen consumption
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was measured in basal conditions. Then, 2.5 yM oligomycin was added to block complex
V and measure leak respiration. Next, CCCP was titrated with sequential doses of 1 uM
to obtain maximum uncoupled respiration and finally 0.5 uM rotenone and 2.5 uM
antimycin were added to block complex | and complex |ll and measure non mitochondrial
oxygen consumption. Data recording and analysis were performed using DatLab
software v5.1.1.9 (Oroboros Instruments). Results were normalized to number of cells
and expressed as pmol*s-'/108 cells. Residual oxygen consumption (ROX) due to non-
mitochondrial respiration was measured and subtracted from all other measurements.
Routine respiration refers to basal consumption of oxygen while ETC corresponds to
maximal respiratory capacity after CCCP injection. In each assay, WT and R6/1 were

monitored simultaneously.

4.6. MEASUREMENT OF METABOLITES IN CULTURE MEDIUM

To evaluate changes in glycolytic metabolism in astrocytes, levels of glucose, lactate
and pH were measured in the medium using microfluidic epoc Blood Gas Electrolyte and
Metabolite (BGEM) Test Card (Epocal, Cat. #CT-1006-00-00). Medium from WT and
R6/1 striatal astrocytic cultures was obtained at DIV14 and centrifuged at 2000 g.
Supernatant was injected in the microfluidic card with a 1 mL syringe and metabolites
were measured with an epoc Reader. Levels of glucose and lactate are expressed in

Mg/mL and pymol/mL respectively.

4.7. ISOLATION OF ASTROCYTES FROM ADULT MOUSE
BRAIN

Mice were sacrificed at different ages by cervical dislocation. Striatum of adult WT and
R6/1 mice was dissected, placed in ice-cold PBS and disaggregated using the Adult
Brain Dissociation Kit (Miltenyi, Cat. #130-107-677). Tissue was enzymatically and
mechanically disaggregated for 30 min at 37°C. Dissociated cells were filtered with a 70
pm filter and debris were removed by a gradient with Debris Removal Solution and an
overlay of ice-cold PBS. After centrifugation, cells were pelleted and washed with cold
PBS.

To isolate astrocytes from striatum of adult mice, cells were magnetically isolated using
the Anti-ACSA-2 MicroBead Kit (Miltenyi, Cat. #130-097-678). The ACSA-2 antigen is

expressed specifically on astrocytes in a similar pattern to GLAST expression. Cells were
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first blocked with FcR Blocking Reagent for 10 min at 4°C and then magnetically labelled
with Anti-ACSA-2-Microbeads for 15 min at 4°C. Then, cell suspension was loaded onto
a MACS MS Column (Miltenyi, Cat. #130-042-201) and ACSA-2+ fraction was retained
within the column. Column was removed from the magnetic field and the magnetically
retained ACSA-2+ cells were eluted with PBS 0.5% BSA (Miltenyi, Cat. #130-091-376),
pH 7.2. Finally, ACSA-2+ cells were lysed in the appropriated buffer either for Western
Blot (see section 7.3 in this chapter) or RNA extraction (see section 7.7 in this chapter).
For MitoTracker labelling, striatal astrocytes were isolated from each animal individually.

For extraction of protein and RNA, a pool of 3 striata was required.

4.8. MITOTRACKER INCUBATION

MitoTrackers are dyes that passively cross the plasmatic membrane and accumulate in
mitochondria. MitoTracker Green (Invitrogen, Cat. #M7514) and MitoTracker Red
CMXRos (Invitrogen, Cat. #M7512) were used in combination to track mitochondrial
mass and mitochondrial membrane potential simultaneously for flow cytometry assays
as described in (Monteiro et al., 2020). MitoTracker Green binds mitochondrial proteins
and accumulates in the mitochondrial matrix, independently of AWm, and thus, it is a
marker of mitochondrial content. On the other side, MitoTracker Red is dependent on
AWm since it is accumulated on polarized mitochondria and therefore, can be used to
determine mitochondrial viability. Hence, using both dyes, functional and dysfunctional

mitochondria can be evaluated in live cells.

4.8.1. MitoTracker to assess functionality of intracellular mitochondria in adult

striatal astrocytes.

To assess functional and dysfunctional mitochondria in adult striatal astrocytes,
MitoTracker Red and MitoTracker Green were incubated following the protocol from de
Brito Monteiro et al. (Monteiro et al., 2020). Adult astrocytes were isolated from striatum
of WT and R6/1 mice at 20W as described in section 4.7. Then, cells were incubated
with 50 nM MitoTracker Red and 100 nM MitoTracker Green, together with Live/Dead
Aqua (Invitrogen, Cat. #L34957) to assess cellular viability, for 15 min at 37°C. Cells
were washed with 2% FBS in PBS and centrifuge at 1,500 rpm for 5 min. Pellet was
resuspended in 2% FBS in PBS and immediately observed by flow-cytometry (see 5.3.2
in this chapter).
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4.8.2. MitoTracker to assess functionality of extracellular mitochondria in

astrocyte conditioned medium.

To analyse functionality of extracellular mitochondria present in the astrocyte conditioned
medium (ACM), striatal primary astrocytes from WT and R6/1 mice were incubated with
MitoTracker Red and MitoTracker Green. Both MitoTrackers were incubated in non-
supplemented MEM at a final concentration of 200 nM for 30 min at 37°C and cells were
then washed twice with PBS. Medium was changed to fresh supplemented MEM and
incubated for 24 h at 37°C. Next day, astrocyte conditioned medium (ACM) was collected
and centrifuged for 10 min at 2,000 g to pellet mitochondria. Pellet was resuspended in

PBS and immediately observed by flow-cytometry (see 5.3.3 in this chapter).

4.8.3. MitoTracker to assess mitochondrial transfer from astrocytes to neurons.

To observe the effect of transfer of mitochondria from astrocytes to neurons, WT striatal
neuronal cultures were treated with ACM from striatal astrocytes incubated with
MitoTracker Red. Striatal astrocytic cultures of WT and R6/1 mice were obtained (see
section 3.2 in this chapter) and at DIV18, astrocytic mitochondria were labelled with 200
nM MitoTracker Red in non-supplemented MEM for 30 min at 37°C and then cells were
washed twice with PBS. Medium was changed to fresh Neurobasal without
supplementing and was incubated for 24h at 37°C. Then, ACM was collected and
centrifuged for 10 min at 1,000 g to pellet cellular debris. The resulting supernatant was
transferred to WT neurons, replacing only half medium change. Neurons were incubated
with the ACM for 24h h at 37°C and then cells were processed to assess oxidative stress
in live cells (see section jError! No se encuentra el origen de la referencia. in this

chapter) or neuronal branching (see section 6.1.4 in this chapter).

4.9. OXIDATIVE STRESS PRODUCTION IN LIVE CELLS

Production of oxidative stress was measured in neuronal cultures using CellROX Green
Reagent (Invitrogen, #C10444). CellROX Green is a fluorogenic DNA dye that detects
reactive oxygen species (ROS), and its signal localizes mainly in the nucleus and

mitochondria.

Striatal neurons at DIV16 were incubated with CellROX Green at a final concentration of
5 uM for 30 min at 37°C. Then, medium was removed, and cells were washed twice with
PBS. Neurons were fixed with 4% PFA/PBS and nuclei stained with DAPI (see details at
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section 5.1 in this chapter). Confocal images were taken in the following 24 h to evaluate
intensity of fluorescence with a Zeiss LSM880 confocal microscope. Stacks of 0.3 um
were acquired using a 63x OIL objective. Digital images were processed through a
convolve filter, subtraction of background and automatically thresholded using Imaged
software. CellROX intensity was calculated as Integrated Density/Area of cell. For each

condition, 60-140 neurons were analysed from 2 independent experiments.

5. IMMUNOFLUORESCENCE

5.1. IMMUNOCYTOCHEMISTRY

Primary neuronal cultures grown on 12 mm glass coverslips were fixed at DIV14 or
DIV21 with 4% paraformaldehyde (PFA) in PBS for 10 min, rinse in PBS and treated with
0.1 M glycine-PBS for 15 min to quench formaldehyde crosslinking. Coverslips were
washed thrice with PBS. Next, cells were permeabilised with 0.1% saponin for 10 min
and blocked with PBS containing Normal Horse Serum 15% for 30 min at RT. Then, cells
were washed in PBS and incubated overnight at 4°C with primary antibodies diluted in
Normal Horse Serum 5%-PBS (

Table 5).

Table 5. Primary antibodies used for immunocytochemistry.

ANTIGEN SPECIE DILUTION SOURCE ID
GFAP-488 - 1:250 Invitrogen 53-9892-82
GLAST-PE - 1:50 Miltenyi 130-118-344
MAP2 Mouse 1:500 Sigma-Aldrich M 1406
TOM20 Rabbit 1:250 Protein Tech 11802-1-AP

Remaining primary antibody was removed with three washes with PBS and incubated 1
h at RT with the appropriated fluorescent secondary antibodies (Table 6). Finally,
coverslips were rinsed thrice with PBS and mounted on microscope slides with DAPI-
Fluoromount-G® (Southern Biotech, Cat. #0100-20).
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Table 6. Secondary antibodies used for immunocytochemistry.

ANTIGEN DILUTION SOURCE ID
Alexa Fluor® 488 1:100 Jackson 715-545-150
AffiniPure ImmunoResearch

Donkey Anti-Mouse IgG

Alexa Fluor® 488 1:100 Jackson 711-545-152
AffiniPure ImmunoResearch
Donkey Anti-Rabbit IgG
Alexa Fluor® 647 1:100 Jackson 711-605-152
AffiniPure ImmunoResearch
Donkey Anti-Rabbit IgG
Cy™3 AffiniPure Donkey 1:100 Jackson 715-165-150
Anti-Mouse IgG ImmunoResearch
Cy™3 AffiniPure Donkey 1:100 Jackson 711-165-152
Anti-Rabbit IgG ImmunoResearch

5.2. PROXIMITY LIGATION ASSAY

To measure contacts between ER and mitochondria, proximity ligation assay (PLA) was
performed using Duolink® detection kit with red fluorophore A excitation 594 nm/ A
emission 624 nm (Sigma-Aldrich, Cat. #DU092101-1KT). PLA is an in situ assay that
generates a fluorescent signal only when the two targeted proteins are in close proximity,

up to 40 nm.

Prior to PLA assay, cells were fixated and labelled with MAP2 to stain neurites as
previously described. Then, primary antibodies IP3R3 (1:500, rabbit, Milipore, Cat.
#AB9076) and VDAC1 (1:500, mouse, Abcam, Cat. #ab14734) were incubated overnight
to target ER and mitochondria respectively. After washing with PBS, PLA probes anti-
rabbit MINUS and anti-mouse PLUS were added for 1 h and hybridization was amplified
by rolling circle amplification. Nuclei were stained with DAPI using mounting media

provided in the Kkit.

Digital images were taking with 3.0 digital zoom and stacks of 0.4 ym. Fluorescent dots

were analysed using the plugin “Analyse particles” of ImageJ. Number of particles was
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relativized to cell area (Figure 15). As a negative control, one of the primary antibodies

was omitted and no signal was detected.

Figure 15. Processing of confocal images for PLA analysis. Original image (A) was
processed with split channels. Cell area labelled with MAP2 in green was subjected to background
subtraction (B) and PLA signal in red was segmented and thresholded (C). Only PLA particles
overlapping cell area were analysed (D).

5.3. FLOW CITOMETRY

Analysis by flow cytometry was performed using a BD LSR Fortessa flow cytometer
(Becton, Dickinson and Company, BD Biosciences, San Jose, CA) and software
FACSDiva™ v. 8.0.1 (Becton, Dickinson and Company). The instrument was equipped
with 355, 405, 488, 561 and 640 nm LASERs. Unstained and single-stained samples for

each fluorochrome were used to set voltages, compensations, and gating strategy.

5.3.1. Astrocyte markers

Expression of several astrocyte markers (Table 7) were assessed by flow cytometry in
striatum from WT and R6/1 mice at 20W. Striatal cells were disaggregated using the
Adult Brain Dissociation Kit (Miltenyi, Cat. #130-107-677) as described in section 4.7 in
this chapter. Cells were stained with Live/Dead Aqua (Invitrogen, Cat. #L.34957) for 30
min at RT. Surface antibody GLAST was incubated for 15 min at RT and washed with
PBS-0.1% NaN3-5% FBS. Cells were fixated and permeabilized using FIX&PERM Cell
Permeabilization Kit (Life Technologies, Cat. #GAS003). Intracellular antibodies
ALDHL1L1, GFAP, and S100B were incubated 20 min at RT and Brilliant Violet 711
Streptavidin was added to detect the streptavidin conjugated to ALDH1L1 for 20 min at
RT (Table 2). Samples were washed with PBS-0.1% NaNs-5% FBS and centrifuged at
500 g for 10 min at 4°C. Pellet was resuspended in PBS-0.1% NaNs-5% FBS and

immediately observed by flow cytometry.
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Cells were gated based on FSC-H versus SSC-H parameters. Dead cells were removed
by gating Live/Dead Aqua negative cells. Autofluorescence (no probe) was used as
negative control and fluorescence minus one (FMOs) as gating controls. FACS data

were analysed by FlowJo software DiVa v8.0.1 software.

Table 7. Conjugated antibodies used for flow cytometry.

ANTIGEN FLUOROPHORE DILUTION SOURCE ID

ALDH1LA1 Streptavidin 1:500 Invitrogen 13-9595-82
GFAP Alexa 488 1:100 Invitrogen 53-9892-82
GLAST PE 1:50 Miltenyi 130-118-344
S$1008 Alexa 700 1:100 Novus NBP2-

Biologicals 54579AF700

5.3.2. MitoTracker Green and MitoTracker Red

Mitochondria from adult striatal astrocytes or from ACM of WT and R6/1 mice were
labelled with MitoTracker Green and MitoTracker Red (see section 4.8.1 and 4.8.2

respectively).

To exclude debris, mitochondria particles were gated based on light-scattering properties
in the FSC-H versus SSC-H parameters and P1 gate was established using controls
beads in size from 3 ym to 500 nm. Events within P1 gate were collected, and analysed
using MitoTracker Green (LASER 488nm, 525/50 bandpass filter) and MitoTracker Red
(LASER 561nm, 582/15 bandpass filter). Autofluorescence (no probe) was used as
negative control. MitoTracker Green positive events were gated based on their
MitoTracker Green mean fluorescence intensity (MFI) compared with the MFI of the
Autofluorescence (no probe) negative control. MitoTracker Red positive events were
gated based on their MitoTracker Red MFI compared with the MFI of the
Autofluorescence (no probe) negative control. MitoTracker Green positive events were
selected according to their MitoTracker Red MFI. FACS data were analysed by DiVa
v8.0.1 software (Figure 16 and Figure 17.).
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Figure 16. Selection of MitoTracker Green and MitoTracker Red populations in isolated
astrocytes from the striatum of adult mice at 20W. Representative plots of mean intensity
fluorescence for autofluorescence (A), MitoTracker Green (B) and MitoTracker Red (C) samples.
In the left panels, particles with a size similar to mitochondria (500 nm-3 ym) are gated (P1). In
middle panels, gating of MitoTracker Green positive events. In right panels, gating of MitoTracker
Red positive events with two subpopulations (low and high) based on the mean intensity
fluorescence.
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Figure 17. Selection of MitoTracker Green and MitoTracker Red populations in the ACM of
primary astrocytic cultures. Representative plots of mean intensity fluorescence for
autofluorescence (A), MitoTracker Green (B) and MitoTracker Red (C) samples. In the left panels,
particles with a size similar to mitochondria (500 nm-3 um) are gated (P1, in pink). In middle
panels, gating of MitoTracker Green positive events. In right panels, gating of MitoTracker Red
positive events with two subpopulations (low and high) based on the mean intensity fluorescence.
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6. MICROSCOPY TECHNICS

6.1. CONFOCAL IMAGE ACQUISITION AND ANALYSIS

Immunofluorescence was examined by confocal microscopy using a Leica TCS SP5
confocal microscope (Leica Microsystems) or Zeiss LSM880 confocal microscope
(Zeiss). Digital images were obtained with 63.0x 1.40 OIL or 63.0x glycerol objective
depending on the experiment. For each image, z-stacks were taken from the entire three-

dimensional structure. Digital zoom and size of stack depended on the experiment.

6.1.1. MITOCHONDRIAL MORPHOLOGY IN NEURONAL CULTURES

To analyse mitochondrial morphology, digital images from striatal and hippocampal
primary neuronal cultures at DIV14 and DIV21 respectively were acquired with 3.0 digital
zoom and stacks of 0.4 um using a 63x OIL objective in a LEICA SP5 confocal
microscope. Images were then processed through a convolve filter and automatically
thresholded using Imaged software. The resulting image was a binary image with black
particles (mitochondria) in a white background. From binary image, individual
mitochondria were subjected to particle analyses to obtain number of mitochondria per
cell, Aspect Ratio (AR, length-to-width ratio), and Form Factor (FF, (Pm?/4 1 x Am),
where Pm is the perimeter and Am is the surface area of mitochondrion (Figure 18). AR
values of 1 mean a perfect circle, and the higher AR, the more elongated mitochondria.
FF values of 1 indicate unbranched mitochondrion, and higher FF correspond to more
complex mitochondria network. For each condition, 10-15 neurons were analysed from

6-8 different embryos.

A

Figure 18. Processing of confocal images for mitochondrial morphology analysis in
primary neurons. (A) Original digital images with mitochondria in green and neuronal area in red
were processed with split channels. (B) Neuronal area was thresholded. (C) Mitochondria were
converted to binary image in a white background and (D) particles were measured with
morphometric parameters. In C and D, blue line delimits the area subjected to the analysis.
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6.1.2. MITOCHONDRIAL MORPHOLOGY IN ASTROCYTIC CULTURES

To analyse mitochondrial morphology in primary astrocytes, striatal astrocytic cultures at
DIV14 were immunolabelled with GLAST-PE (Miltenyi, Cat. #130-118-344), GFAP-488
(Invitrogen, Cat. #53-9892-82), TOM20 (ProteinTech, Cat. #11802-1-AP) and
Fluoromount. Digital images were acquired with stacks of 0.33 pm using a 63x OIL
objective a Zeiss LSM880 confocal microscope. Digital mosaics were performed tiling
4x4 images. Images were processed through a convolve filter and automatically
thresholded using ImageJ software. Cells were segmented for GLAST and GFAP signal
and cell area and intensity were measured. Mitochondrial morphology was analysed in
the maxima projection and segmented by machine learning using WEKA software.
Number of mitochondria, mitochondrial mass and circularity were calculated. For each

genotype, 8 mosaics were analysed from 3-4 different pups.

6.1.3. ER-MITOCHONDRIAL CONTACT SITES

Contact sites between ER and mitochondria were analysed in striatal neurons at DIV14
by measuring colocalisation of the plasmids GFPSec61-3 and pDsRed2-Mito
respectively. Digital images were acquired with 4.0 digital zoom and stacks of 0.2 ym
using a 63x OIL objective in a LEICA SP5 confocal microscope. Stacks were filtered,
automatically thresholded, deconvolved and background was subtracted using ImageJ
software. Interaction between organelles were quantified as overlapping of plasmids
measured with Mander’s coefficient (M2) from the ImagedJ plugin “JACop”. For each

condition, 10-15 neurons were analysed from 5-9 independent experiments.

6.1.4. NEURONAL BRANCHING

Neuronal branching was evaluated in WT primary striatal neurons at DIV17 after
treatment with WT or R6/1 ACM. Neurons were stained with MAP2 (see section 5.1 in
this chapter) and digital images were acquired with 63x OIL objective in a Zeiss LSM880
confocal microscope with a 0.6 zoom and 0.3 ym stacks. To quantify the branching, Sholl
analysis was performed using ImagedJ software with the plugins “Concentrical Circles”
and “Cell Counter”. Concentrical circles were placed with the soma in the centre and 8
circles were analysed (inner circle: 50; outer radius: 400). Intersections of neurites with

the circles were counted with the “Cell Counter” plugin.
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6.2. ELECTRON MICROSCOPY

6.2.1. EXTRACELLULAR MITOCHONDRIAL

Extracellular mitochondria were processed for electron microscopy similarly to previous
descriptions of extracellular particle and mitochondria detection in astrocyte cultures
(Hayakawa et al., 2016). Medium from striatal astrocytic culture was collected at DIV14
after 4 days in culture. Cellular debris were pelleted and discarded by centrifugation of
the sample for 10 min at 2.000 g. Then, the resulting supernatant was washed in
phosphate buffer (PB) 0.1 M and centrifuged again for 10 min at 2.000 g. Pellet was
processed for electron microscopy analysis. Sample was fixed in 1% osmium tetroxide
0.8% potassium ferrocyanide in PB 0.1 M, pH 7.4 for 1.5 h at 4°C and then rinsed in

double distilled water to remove osmium excess.

Samples were then dehydrated through a graded series of acetone to 100%. They were
infiltrated with Spurr resin mixed with acetone. For the correct resin polymerization,
samples were embedded in Spurr resin at 60°C for three consecutive days. Thin sections
were cut at 50 nm thickness using an ultramicrotome (Ultracut E Leica). Samples were
observed with a J1010 Jeol electron microscopy. Digital images were obtained with a

CCD camera (Gatan Orius).

6.2.2. MITOCHONDRIAL MORPHOLOGY AND MAMS

To evaluate the subcellular location of Pyk2, hippocampal sections from Pyk2** mice
were obtained, processed and analysed by electron microscopy. First, mice were
transcardially perfused with a solution containing 4% paraformaldehyde and 0.1%
glutaraldehyde made up in 0.1 M PB, pH 7.4. After perfusion, brains were removed from
the skull, and immersed in the same fixative 12 h 4°C. Tissue blocks containing the
hippocampus were dissected, washed with PB and cut with a vibratome to obtain
samples of 1mm3. Samples were post-fixed with 2% osmium tetroxide in PB 0.1 M for
20 min and then were dehydrated in a series of ethanol and finally flat embedded in
epoxy resin (EPON 812 Polysciences). After polymerization, blocks from the CA1 region
or blocks from cell cultures were cut at 70 nm thickness using an ultramicrotome (Ultracut
E Leica). Sections were cut with a diamond knife, picked up on formvar-coated 200 mesh
nickel grids. Sections were then immunostained by indirectimmunolabeling using protein
gold as immunomarker. Protein A-gold probes (20 nm) were obtained from CMC Utrecht
(Netherlands). After immunolabeling, sections were double stained with uranyl acetate

and lead citrate prior to observation with a Philips (CM-100) electron microscope. Digital
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images were obtained with a CCD camera (Gatan Orius). EPON embedded sections
were ultrathin-sectioned and reacted with anti-Pyk2 (Sigma-Aldrich, #P3902) antibody

revealed with protein A coupled to 10 nm gold particles.

Mitochondrial morphology and MAMs were evaluated in hippocampal sections of Pyk2+*/*
and Pyk2” mice by electron microscopy. Number of mitochondria, AR and FF were
quantified by counting the total number of visible mitochondria present in a fixed size
surface of the stratum radiatum from the CA1 region. Aspect Ratio (AR, length-to-width
ratio) and Form Factor (FF, Pm2/4 Am) were determined manually tracing individual
mitochondria using Imaged software (NIH, Bethesda, MD, USA). Aspect Ratio (AR,
length-to-width ratio), and Form Factor (FF, Pm2/4 Am), where Pm is perimeter and Am
is area of mitochondrion. To determine the number of MAMs in neuronal cultures,
mitochondrial contacts closely associated to ER were manually counted. Contacts were
considered when the distance between both organelles was less than 30 nm as
previously described (Watanabe et al., 2016). 50 mitochondria from 6 different cells per
genotype were analysed. To measure Pyk2 density in mitochondria in neuronal cultures,
the number of individual gold particles (10-nm) localised in morphometrically determined
areas was hand counted and the labelling density was calculated as the number of gold

particles per ym and then relativized the values as a percentage.

For Pyk2 particles counting in neuronal cultures, the number of individual gold particles
(10-nm) localised in morphometrically determined areas was hand counted and the
labelling density was calculated as the number of gold particles per area of the

mitochondria and then values were relativized to a percentage.

7. MOLECULAR BIOLOGY METHODS

7.1. PROTEIN EXTRACTION

7.1.1. EXTRACTION FROM ANIMAL AND HUMAN BRAINS

Mice were sacrificed at different ages by cervical dislocation. Brain was rapidly removed,
and striatum, hippocampus and cortex were dissected, frozen on dry ice, and stored at -
80° C until used. Both mouse and human brain frozen tissue were homogenised by
sonication in ice-cold lysis buffer containing 50 mM Tris-HCI (pH 7.5), 150 mM NacCl, 10
mM EGTA and 1% Triton X-100 and supplemented with TmM sodium orthovanadate and
protease inhibitor cocktail (Sigma-Aldrich, Cat. #P8340). Samples were centrifuged at

16,100 g at 4 °C for 15 minutes and supernatants were collected.
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7.1.2. EXTRACTION FROM PRIMARY CULTURES

To obtain protein extracts, primary cultures were washed with PBS and incubated with
ice-cold lysis buffer containing 50 mM Tris base (pH 7.5), 150 mM NaCl, 2 mM EDTA,
1% NP-40 and supplemented with 1mM sodium orthovanadate and protease inhibitor
cocktail (Sigma-Aldrich, Cat. #P8340). Cells were detached from plates using a scraper
and then disaggregated by pipetting up and down with an insulin syringe. Finally,

samples were centrifuged at 13,200 g at 4°C for 15 min and supernatants were collected.

7.2. PROTEIN QUANTIFICATION

Quantification of protein extracts was performed using a colorimetric assay with the
Detergent-Compatible Protein Assay kit (Biorad, Cat. #5000116) as instructed by
manufacturer. Reagents were added to the samples, and, after 15 min incubation,
absorbance was measured at 650-750 nm using the spectrophotometer Synergy™ 2
Multi-Detection Microplate Reader (BioTek). A serial dilution of BSA (0.5 ug/ul, 1 pg/pl,
2 ug/ul, 4 pg/ul, 8 pg/ul and 16 ug/ul) was used to perform a standard curve as reference
for protein concentration. Each sample was measured in duplicates and only those

quantifications with a standard deviation lower than 0.5 were considered valid.

7.3. WESTERN BLOT

Protein extract (10-20 ug) were denatured in SDS sample buffer containing 62.5 mM
TrisHCI (pH 6.8), 10% glycerol, 2% Sodium dodecyl sulphate (SDS), 140 mM (-
mercaptoethanol and 0.1% bromophenol blue. Protein samples were boiled at 100°C for
5 min and resolved on 6-12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE),
depending on the molecular weight of the protein of interest, at 30 mA/gel for
approximately 1 h. Marker (Biorad, Cat. #1610394) was loaded together with protein
samples to indicate molecular weight along the SDS-PAGE. Next, proteins were
transferred onto nitrocellulose membranes (Amersham, Cat. #10600002) at 100 V for 1-
1.5 h at 4°C. To block nonspecific protein binding sites, membranes were incubated with
10% non-fat powdered milk in Tris-buffer saline 0.1% Tween-20 (TBS-T) for 1 h at RT.
After washing thrice with TBS-T for 10 min at RT, membranes were blotted with primary
antibodies (Table 8) overnight at 4°C.

69



METHODS

Table 8. Primary antibodies used for Western Blot. List with molecular weight, host specie,
dilution used, source and reference of each primary antibody.

ANTIGEN MwW HOST DILUTION SOURCE ID
(KDA)

ALDH1LA1 100 Mouse 1:500 NeuroMab N103/39
CD38 45 Mouse 1:500 ProteinTech ~ 60006-1-Ig
Cdk5 30 Mouse 1:1000 Santa Cruz sc-6247
Drp1 79-84 Mouse 1:1000 BD 611113

Biosciences
GFAP 50 Rabbit 1:1000 DAKO z0334
GLAST 60 Rabbit 1:1000 Abcam ab416
Grp75 75 Mouse 1:1000 Abcam ab 2799
IP3R3 300 Mouse 1:500 BD 610312
Biosciences
LC3B 14-16 Rabbit 1:1000 Cell 2775
Signaling
Mfn2 86 Mouse 1:500 Abcam ab 56889
Opa1i 80-100 Mouse 1:8000 BD 610312
Biosciences
p62 62 Mouse 1:500 Abcam ab56416
Parkin 50 Rabbit 1:1000 Assay B0542
Biotech
Pyk2 110-116 Rabbit 1:1000 Sigma- P3902
Aldrich
S$10083 20-25 Mouse 1:500 Sigma- S2532
Aldrich
TOM20 16 Rabbit 1:1000 Abcam ab56783
VDAC1 31 Rabbit 1:1000 Abcam ab15895

After primary antibody incubation, membranes were rinsed thrice with TBS-T and
incubated for 1 h at RT with the corresponding horseradish conjugated secondary
antibody (Table 9). After three more washes at RT, immunoreactive bands were

developed using Western Blot Luminol Reagent (Santa Cruz, Cat. #sc-2048).
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Table 9. Secondary antibodies used for Western Blot. List of secondary antibodies with the
used dilution, source and identifier.

ANTIGEN DILUTION SOURCE ID
Anti-goat IgG 1:3000 Promega V8051
Anti-mouse IgG 1:3000 Promega w4021
Anti-rabbit IgG 1:3000 Promega W4011

Loading control was performed by reproving membranes with different antibodies,
depending on the type of sample that was analysed (Table 10). Loading control
antibodies were incubated for 20 min at RT and then washed and developed as the
others primary antibodies. Image Lab software (BioRad) was used to quantify
densitometry of immunoreactive bands relative to the intensity of loading control band in

the same membrane.

Table 10. Primary antibodies used as loading control for Western Blot. List with cellular
compartment, molecular weight, host specie, dilution used, source and identifier of each primary
antibody.

ANTIGEN SAMPLE Mw HOST DILUTION SOURCE ID
(KDA)
Actin Total lysate 42 Mouse 1:50000 Sigma A3854
CoxV Mitochondrial 17 Mouse 1:1000 Invitrogen A21350
fraction
Lamin B Nuclear 61 Goat 1:1000 Santa sc-6217
fraction Cruz
Tubulin  Total lysate 55 Mouse 1:50000 Sigma- 6074
and cytosolic Aldrich
fraction

7.4. SUBCELLULAR FRACTIONATION OF NUCLEUS,
CYTOSOL AND MITOCHONDRIA

Hippocampal samples from adult Pyk2** mice of 4 month of age were removed and
homogenized in Buffer A (20mM HEPES, 2mM EDTA, 1,5mM MgCl,, 10mM KCL, pH
7,5, TmM PMSF, 10 pg/mL aprotinin, 1 ug/mL leupeptin, 2mM sodium orthovanadate)
using two steps of mechanical disintegration. The homogenates were centrifuged at 500

g for 5 min at 4°C and the resulting pellet (P1) was considered as nuclear fraction.
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Supernatant (S1) was centrifuged at 13,000 g for 20 min at 4°C. The resulting second
supernatant (S2) was centrifuged at 100,000 g for 1 h at 4°C and supernatant (S3)
corresponded to cytosolic fraction. The previously obtained pellet (P2) was washed with
Buffer D (250 mM Sucrose) and mitochondria fraction was pelleted centrifuging at 13,000

g for 20 min at 4°C and resuspended in Buffer D.

7.5. LIPID PEROXIDASE FOR OXIDATIVE STRESS
PRODUCTION

Lipid peroxidation is indicative of oxidative stress in cells and tissues and levels of
malondialdehyde (MDA) are used as a measure of lipid oxidation. Lipid peroxidation
levels were measured in primary striatal astrocytes from WT and R6/1 animals using the
BIOXYTECH LPO-586™ colorimetric assay (Oxys Research, Cat. #21012). The
BIOXYTECH LPO-586™ assay is based on the reaction of a chromogenic reagent, N-
methyl-2-phenylindole, with MDA, a peroxide derived from fatty acid oxidation, to yield a
stable chromophore with maximal absorbance at 586 nm. Following manufacturer’s
instructions, samples at concentration of 2 pug/ul were mixed with N-methyl-2-
phenylindole and HCI. Mixture was incubated at 45°C for 1 h and absorbance was
measured with a spectrophotometer at 586nm. Values were normalized to protein

content (uM MDA/ug protein). Each sample was measured in duplicates.

7.6. CITRATE SYNTHASE ACTIVITY

To determine mitochondrial content in primary striatal astrocyte cultures from WT and
R6/1 mice, the enzymatic activity of citrate synthase (CS) was measured. CS is an
enzyme of the Krebs cycle that catalyses the formation of citrate from oxalacetate and
acetyl-CoA. The resulting reduced CoA (CoA-SH) transforms 5,5'-dithiobis-2-
nitrobenzoic acid (DTNB) into 2-nitro-5-thiobenzoic acid (TNB). The increase of TNB can

be then read at 412 nm as the citrate synthase activity.

Reaction mix was prepared with 100 yM DTNB, 300 uM acetyl-CoA, 0.1% Triton X-100,
and 100 mM Tris HCI pH 8.1. Cell samples were added to the mix in a final concentration
of 4ug/ul, incubated at 37°C for 5 min, and basal absorbance was measured at 412 nm
for 4 minutes. Then, 500 uM oxalacetate was added to initiate the reaction and
absorbance was read again for 4 minutes. Absorbance was measured with a HITACHI

U2900 spectrophotometer and the software UV-Solutions v2.2. Variations in
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absorbances were calculated as total activity minus basal activity. Values were
expressed as nanomoles of consumed substrate or generated product per minute and
milligram of protein (nmol/minute-mg protein). All reactions were performed in parallel
with internal quality controls and following national standardized methods (Gonzalez-
Casacuberta et al., 2019; Medja et al., 2009).

7.7. QUANTITATIVE REVERSE TRANSCRIPTION PCR (RT-
qPCR)

Total RNA was extracted from primary neuronal striatal cultures from E18 WT and R6/1
embryos using the RNeasy Lipid Tissue Mini Kit (QIAGEN, Cat. #74804). Concentration
of RNA was measured with Nanodrop 1000 spectrophotometer (Thermo Fisher). 500 ng
of purified RNA was reverse transcribed using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Cat. #436814). The cDNA synthesis was
performed at 25°C for 10 min, at 37°C for 120 min and a final step at 85°C for 5 min in a
final volume of 20 pl as instructed by manufacturer. Then, cDNA was analysed by
quantitative RT-PCR using PrimeTime gPCR Assays (Integrated DNA Technologies)
(Table 11). Quantitative PCR was performed in a final volume of 12 ul on 96-well plates
with Premix Ex Taq (Takara Biotechnology, Cat. #RR037A). Reactions included
Segment 1: 1 cycle of 30 seconds at 95°C and Segment 2: 40 cycles of 5 seconds at
95°C and 20 seconds at 60°C. All RT-PCR assays were run in duplicate. To provide
negative control and exclude contamination by genomic DNA, the PrimeScript RT
enzyme was omitted in the cDNA synthesis step and samples were subjected to the PCR
reaction in the same manner with each probe. RT-PCR data were quantified using the
comparative quantitation analysis program of 64 MxProTM quantitative PCR software
version 3.0 (Stratagene) and 18S and actinB gene expression were used as

housekeeping gene.

Table 11. Probes used for gene expression assays. For each gene, reference assay and
source are given.

GENE ASSAY SOURCE

18S Hs.PT.39a.22214856.g Integrated DNA Technologies
Actin Mm.PT.39a.22214843.g Integrated DNA Technologies
Cdk5r Mm.PT.58.30657823.9 Integrated DNA Technologies
Dnm1] Mm.PT.56a.16160059 Integrated DNA Technologies
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7.8. IMMUNOPRECIPITATION

Mouse hippocampal tissue was homogenized on ice-cold immunoprecipitation (IP) buffer
(50mM Tris, 150mM NaCl, 2mM EDTA, 1% Triton, pH 7,4, 1mM PMSF, 10 ug/mL
aprotinin, 1 ug/mL leupeptin). 400 ug protein were incubated overnight at 4°C under
rotary agitation with 2 ug of Pyk2 antibody (Sigma-Aldrich, #P3902) or rabbit IgG
(Jackson Immunoresearch, Cat. #309-005-082) as a negative control. Sepharose beads
(GE Healthcare, Cat. #17-0618-01) were incubated with the immune complex at 4°C
overnight under rotary agitation. Beads were washed once on IP buffer, IP/PBS (1:1)
and PBS and collected by centrifugation at 3,000 rpm 5 min. Immunocomplexes were
boiled 10 min at 100°C and resolved on SDS-PAGE or resuspended in PBS for mass

spectrometry analysis.

7.9. MASS SPECTROMETRY

Immunoprecipitated protein extracts from hippocampus of Pyk2** and Pyk2”’- were
diluted in Laemmli sample buffer and loaded into a 0.75 mm thick polyacrylamide gel
with a 4% stacking gel casted over a 12.5% resolving gel. The run was stopped as soon
as the front entered 3 mm into the resolving gel so that the whole proteome became
concentrated in the stacking/resolving gel interface. Bands were stained with Coomassie
Brilliant Blue, excised from the gel and protein enzymatic cleavage was carried out with
trypsin (Promega; 1:20, w/w) at 37 °C for 16 h as previously described (Shevchenko et
al., 2007). Purification and concentration of peptides was performed using C18 Zip Tip
Solid Phase Extraction (Millipore). Peptide mixtures were separated by reverse phase
chromatography using an UltiMate 3000 UHLPC System (Thermo Scientific) fitted with
an Aurora packed emitter column (lonopticks, 25 cm x 75 pm ID, 1.6 um C18). Samples
were first loaded for desalting and concentration into an Acclaim PepMap column
(ThermoFisher, 0,5 cm x 300 pm ID, 5 pm C18) packed with the same chemistry as the
separating column. Mobile phases were 100% water 0.1% formic acid (FA) (buffer A)
and 100% Acetonitrile 0.1% FA (buffer B). Column gradient was developed in a 120 min
two step gradient from 5% B to 20% B in 90 min and 20%B to 32% B in 30 min. Column
was equilibrated in 95% B for 10 min and 5% B for 20 min. During all process, precolumn
was in line with column and flow maintained all along the gradient at 300 nl/min. The
column temperature was maintained at 40 °C using an integrated column oven (PRSO-
V2, Sonation, Biberach, Germany) and interfaced online with the Orbitrap Exploris 480
MS. Spray voltage were set to 2 kV, funnel RF level at 40, and heated capillary
temperature at 300 °C. For DDA experiments full MS resolutions were set to 1200,000
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at m/z 200 and full MS AGC target was set to Standard with an IT mode Auto. Mass
range was set to 375-1500. AGC target value for fragment spectra was set to Standard
with a resolution of 15,000 and 3 seconds for cycle time. Intensity threshold was kept at
8E3. Isolation width was set at 1.4 m/z. Normalized collision energy was set at 30 %. All
data were acquired in centroid mode using positive polarity and peptide match was set

to off, and isotope exclusion was on.

Raw files were processed with MaxQuant (Jirgen Cox & Mann, 2008) v1.6.17.0 using
the integrated Andromeda Search engine (Jirgen Cox et al., 2011) . All data were
searched against a target/decoy version of the mouse Uniprot Reference Proteome
without isoforms (55,366 entries) with March 2021 release. First search peptide tolerance
was set to 20 ppm, main search peptide tolerance was set to 4.5 ppm. Fragment mass
tolerance was set to 20 ppm. Trypsin was specified as enzyme, cleaving after all lysine
and arginine residues and allowing up to two missed cleavages. Carbamidomethylation
of cysteine was specified as fixed modification and peptide N-terminal acetylation,
oxidation of methionine, deamidation of asparagine and glutamine and pyro-glutamate
formation from glutamine and glutamate were considered variable modifications with a
total of 2 variable modifications per peptide. “Maximum peptide mass” were set to 7500
Da, the “modified peptide minimum score” and “unmodified peptide minimum score” were
set to 25 and everything else was set to the default values, including the false discovery
rate limit of 1% on both the peptide and protein levels. The Perseus software (version
1.6.14.0) (Tyanova et al., 2016) (Tyanova, S et al. Nat. Methods 2016, 13, 731-740) was

used for statistical analysis and data visualization.

8. STATISTICAL ANALYSIS

All results were analysed using GraphPad Prism software version 8.0. Data are
represented as mean * standard error of the means (SEM). Outliers were identified with
the ROUT method and normality of data was analysed following the Shapiro-Wilk test.
Statistical analysis was performed using Student’s t-test or Mann-Whitney test for
comparison between two groups. For multi-component variables comparison, Kruskal-
Wallis, One-way ANOVA or Two-way ANOVA were applied followed by the post hoc
Dunn’s test or Tukey’s test. A 95 % confidence interval was used and a p value <0.05
was considered significant. Number of samples (n) and p values are specified in each

figure legend.
Schematic illustrations were created with BioRender.com.
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1. ROLE OF MITOCHONDRIAL DYNAMICS AND MAMs IN
HD STRIATAL NEURONAL VULNERABILITY

HD is characterized by the preferential degeneration of the striatum. Compelling
evidence suggest that mitochondrial dysfunction could be underlying the striatal
vulnerability in HD since this brain area displays a high sensitivity to alterations in
mitochondrial dynamics and in Ca?* homeostasis. Indeed, striatal HD mitochondrion
seems to be more sensitive to Ca?* loads, presents less membrane potential and are
more likely to undergo fragmentation. The aim of this first study was to explore whether
previously reported disruption of mitochondrial dynamics in HD striatal neurons could
compromise the formation of ER-mitochondrial contact sites, hampering Ca?* transfer
between these two subcellular compartments. To test this hypothesis, we evaluated ER-
mitochondria contact sites (MAMs), MAMs protein levels and Ca?* transport between
organelles. Moreover, we investigated whether these alterations could be a result of an

excessive Drp1 activity.

1.1. Mitochondrial morphology in R6/1 neuronal culture

1.1.1. R6/1 striatal neurons present mitochondrial fragmentation

To assess mitochondrial morphology in HD neurons, WT and R6/1 striatal neuronal
cultures were transfected with pDsRed2-mito and stained with MAP2 to label
mitochondria and neurites respectively (Figure 19A). Morphometrical analysis by
confocal microscopy showed an increase in the number of mitochondria per neurite
(Figure 19B), together with a lower Aspect Ratio (Figure 19C), and lower Form Factor
(Figure 19D). Reduced values of Aspect Ratio indicated a more spherical shape whereas
lower Form Factor associated with less mitochondrial network branching and complexity.
Altogether, these results suggest an excessive mitochondrial fragmentation in R6/1

striatal neurons.
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Figure 19. Increased mitochondrial fragmentation in R6/1 striatal primary neurons. (A)
Confocal images of striatal primary neurons from WT and R6/1 at DIV14 in basal conditions
transfected with pDsRed2-mito in red and immunolabeled with MAP2 in green. Panels on the
right show magpnification of the boxed areas in white. Scale bar, 20 um. R6/1 neurons presented
increased (B) number of mitochondria per micron of neurite as a percentage (Mann-Whitney test,
A, B=12042, 18339, U=4539; p<0.0001), lower (C) Aspect Ratio (Mann-Whitney test, A,
B=18163, 13968, U=5967; p=0.0005) and lower (D) Form Factor (Mann-Whitney test, A,
B=17886, 13489, U=5863; p=0.0007). Data represent mean + SEM of 15-17 neurons from 8
different embryos per genotype (n=122-124). Each point represents the mean of all mitochondria
in each neuron. ** p<0.01, *** p<0.001, **** p<0.0001 vs WT.

1.1.2. R6/1 cortical and hippocampal neurons do not show alterations in

mitochondrial morphology

We wondered if the aberrant mitochondrial fragmentation detected in R6/1 striatal
neurons was also present in other brain regions affected in HD. To this aim, we evaluated
mitochondrial dynamics in neurons of cortical (Figure 20A-D) and hippocampal (Figure
20E-H) primary cultures. Neurons from WT and R6/1 mice were immunostained with
TOM20 in green and MAP2 in red (Figure 20A and Figure 20E). No differences between
genotypes were observed either in the number of mitochondria (Figure 20B and Figure
20F) or morphological parameters as Aspect Ratio (Figure 20C and Figure 20G) and
Form Factor (Figure 20D and Figure 20H). Hence, alterations in mitochondrial dynamics

in HD seem to be specific of the striatum.
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Figure 20. R6/1 cortical and hippocampal primary neurons do not present alterations in
mitochondrial morphology. Confocal images of cortical (A) and hippocampal (E) primary
neurons from WT and R6/1 at DIV14 in basal conditions. Neurons were immunolabeled with
TOM20 in green, MAP2 in red and nuclei in blue. Panels on the right show magnification of the
boxed areas in white. Scale bar, 20 um. No differences were found in any of the morphological
parameters evaluated. (B, F) Number of mitochondria (B: Student t-test, t=0.6872, df=142,
p=0.4931; F: Student t-test, t=0.4914, df=173, p=0.6237). (C, G) Aspect Ratio (C: Student t-test,
t=1.851, df=143, p=0.0663; G: Student t-test, t=1.891, df=173; p=0.0602). (D, H) Form Factor (D:
Student t-test, t=1.864, df=136, p=0.0645; H: Student t-test, t=1.908, df=174; p=0.0580). Data
represent mean + SEM of 5-6 different embryos with 12-15 neurons per genotype (cortical
neurons n=70-73; hippocampal neurons n=85-90). Each point represents the mean of all
mitochondria in each neuron.
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1.2. Loss of ER-mitochondria contact sites in R6/1 striatal

neurons

Given the increase in mitochondrial fission observed in R6/1 striatal neurons, we
wondered whether disrupted mitochondrial network could hamper ER-mitochondria
association. To this aim, we transfected WT and R6/1 primary striatal neurons with two
plasmids, GFP-Sec61 and pDsRed2-Mito to label ER in green and mitochondria in red
respectively (Figure 21A). Yellow signal indicated the regions where both organelles
were in close contact. Colocalisation between plasmids was analysed by confocal
microscopy and quantified with Mander’s coefficient as the proportion of ER that overlaps
with mitochondria. Comparing levels of colocalisation, R6/1 neurons displayed a

reduction in ER-mitochondria contact sites (Figure 21B).

A GFP-Sec61p/pDsRed2-Mito EF Mitochondria Merge B

2o BT -
=5 ;
9 = 0.4+ e
O N il
s i1°2,
§ S 039 g

ey
T 002 e g
g2
s 5 0.1
=u

0.0
WT ReM

Figure 21. ER-mitochondria colocalisation is decreased in R6/1 striatal neurons. (A)
Confocal images of primary striatal cultures from WT and R6/1 embryos transfected with GFP-
Sec61-B in green and pDsRed2-mito in red labelling ER and mitochondria respectively. Single
and merged channels magnifications from the boxed area in white are shown in the right panels.
Scale bar, 50 um. (B) Quantification of plasmids colocalisation by Mander’s coefficient (Student
t-test, t=6.254, df=120; p<0.0001). Data represent mean + SEM of 5-12 neurons from 8 different
embryos per genotype (n=68-54). Each point represents a neuron. **** p<0.0001 vs WT.

We then verified these results with an in situ technic with higher sensitivity. Proximity
ligation assay (PLA) was performed in primary striatal neurons from WT and R6/1 mice.
IP3R3 and VDAC1 were targeted as markers for ER and mitochondria respectively
(Figure 22A) since these are enriched proteins MAMs (Hedskog et al., 2013). Red
fluorescence signal was generated if both cellular compartments were closer than 40 nm

and IP3R3 and VDAC1 could interact, thus, indicating ER-mitochondria contact sites.

82



RESULTS

Neurite area was immunostained with MAP2 in green and used to normalize number of
PLA particles. In line with colocalisation analysis, R6/1 neurons showed lower number
of PLA signal (Figure 22B).
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Figure 22. ER-mitochondrial contacts are diminished in R6/1 striatal neurons. (A) Confocal
images of VDAC1/IP3R3 interaction by in situ proximity ligation assay (PLA) in WT and R6/1
primary striatal neurons. Interaction between the two targeted proteins is shown in red, neurons
were immunolabeled with MAP2 in green and nuclei appear in blue. Scale bar, 20 ym. (B)
Quantification of ER-mitochondrial contact sites by PLA (Mann-Whitney test, A, B=24949, 18711,
U=7235; p<0.0001). Number of PLA particles is relativized to cell area. Data represent mean =
SEM of 20 neurons from 8 different embryos per genotype (n=144-151). Each point represents a
neuron. **** p<0.0001 vs WT.

Since reduced PLA could be a consequence of a lower expression of the targeted
proteins, we assessed the protein levels of IP3R3 and VDAC1 in total lysates from WT
and R6/1 striatal neuronal cultures by Western Blot (Figure 23). No differences were
found when comparing genotypes in none of the proteins. Hence, the observed
diminution of PLA signal was likely due to a loss in the interaction between ER and

mitochondria.



RESULTS

250 150-
WT R6/1 WT R6/1 gpa R . . .
e 200 S - °®
IP3R3 e e =250 8 __ % g %:100— :1_ ge
- S 150- . ot 2 [~={ T
VDACT Mem——| -7 S 2 2, o, iz s | [
S e 100+ nr a g% .
E g oo 6 = 50+ °
Tubulin m =50 o sod |0 <
o o’ o
= >
0 0
WT WT R6/1

Figure 23. No differences in IP3R3 and VDAC1 protein levels between WT and R6/1 striatal
primary neurons. (A) Representative immunoblotting of IP3R3, VDAC1 and tubulin in total
lysates of striatal neuronal cultures from WT and R6/1 embryos. (B, C) Densitometry
quantification of IP3R3 (Student t-test, t=0.3718, df=54; p=0.7115) and VDAC1 (Student t-test,
t=1.180, df=18; p=0.2535). Tubulin was used as loading control. Molecular weight markers
positions are indicated in kDa. Data represent mean + SEM. In B, n=26-30; in C, n=9-11.

Altogether, these data suggest that increased mitochondrial fission due to mHtt toxicity
is associated with the loss of ER-mitochondria contacts in striatal neurons, leading to

alterations of mechanisms regulated by MAMs such as Ca?* handling.

1.3. MAMs proteins are decreased specifically in the striatum of

HD mice and HD patients

The structural integrity of MAMs depends on proteins that tether both cellular
compartments and are enriched at these areas (Csordas et al., 2006). Therefore,
mutation of MAMs proteins can impact on the formation of contact sites (De Brito &
Scorrano, 2008). To further understand how loss of ER-mitochondria contacts could be
affected in the HD striatum over the course of the disease, we evaluated levels of several
MAM-resident proteins involved in Ca?* homeostasis, namely Grp75, IP3R3 and Mfn2.
IP3R3 is a Ca?" channel located in the ER that interacts with VDAC1 in the OMM,
whereas Grp75 and Mfn2 strength the close contact between organelles, thus improving

the efficiency of Ca?* transfer.

Levels of Grp75, IP3R3, and Mfn2 proteins were analysed in total lysates of striatum
from WT and R6/1 mice at different stages of the disease (8, 12, 20, 30 weeks of age)
(Figure 24A). These ages were chosen to evaluate pre-symptomatic (8 weeks), onset of
cognitive deficits (12 weeks), motor deficits (20 weeks) and late stages (30 weeks)
respectively. Grp75 protein levels showed a decrease in R6/1 mice at 12 and 20 weeks

of age while at 30 weeks this reduction was no longer detectable. Regarding IP3R3, R6/1
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mice exhibited a diminution of IP3R3 levels that began at 12 weeks and was sustained
at 20 and 30 weeks of age. Lastly, Mfn2 levels were only reduced in the R6/1 mice at 20

weeks of age.

Additionally, we tested levels of these MAMs proteins in the striatum of a different HD
mouse model, the knock-in HdhQ111 mice with a slower HD progression (Figure 24B).
In line with the outcome from R6/1 mice, Grp75 was reduced in the HIhQ111 mice at 9
months of age, with a tendency to decrease at 13 months and no alterations at 18 months
of age. Similarly, IP3R3 diminution started at 9 months while maintained at latter disease

stages. Finally, Mfn2 levels were exclusively decreased at 9 months of age.
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Figure 24. MAMs proteins are decreased in the striatum of HD mouse models R6/1 and
HdhQ111. (A) Immunoblotting and densitometry quantification of protein levels of Grp75, IP3R3,
and Mfn2 in the striatum of WT (black) and R6/1 (red) mice at different stages of the disease (W,
weeks). (B) Immunoblotting and densitometry quantification of protein levels of Grp75, IP3R3,
and Mfn2 in the striatum of WT (black) and HdhQ111 (yellow) mice at different stages of the
disease (M, months). Tubulin was used as loading control. Relative protein levels are expressed
as percentage to WT mice at every age. Data represent mean + SEM, n=5-13 animals. * p<0.05,
*** p<0.001 vs WT as determined by Student’s t-test.
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These MAMs proteins were also analysed in post-mortem tissue from the putamen of
control subjects and HD patients (Figure 25). All analysed proteins Grp75 (Figure 25A),
IP3R3 (Figure 25B), and Mfn2 (Figure 25C) were found to be diminished in HD patients

compared to control individuals.

CNT HD CNT HD CNT HD CNT HD CNT HD CNT HD
Grp75 [ === cx o - - IP3R3 | s | Mfn2 | - ——
Tubulin ....l Tubulin |.-]..| Tubulin ~
200 200~ 200
% * L) »
3 150 2 _ 150+ e g _ 150+ 2
=1= a e 2E
£8 0l ot 55 =2 ol 4
§2100-—% " Bo 100 rmet _ g g g 1004 - -
0 S SE ; g |1 ==
'S 50- & 50 £ 50+ o
o %m & s
[=] =}
o
0 0 0
CNT HD CNT HD CNT HD

Figure 25. MAMs proteins levels are decreased in post-mortem putamen of HD patients.
Immunoblotting and the corresponding densitometry quantification of (A) Grp75 (Student t-test,
t=2.294, df=12; p=0.0407), (B) IP3R3 (Mann-Whitney test, A, B=61, 30, U=2; p=0.0047), and (C)
Mfn2 (Student t-test, t=2.293, df=12; p=0.0407). Tubulin was used as loading control. Relative
protein levels are expressed as percentage to control subjects. Data represent mean + SEM, n=6-
8 subjects. * p<0.05, ** p<0.01 vs CNT.

Our previous in vitro findings showed that HD striatal but not cortical nor hippocampal
neurons presented mitochondrial morphology alterations (Figure 19 and Figure 20).
Thus, we also wondered whether disturbances in MAMs proteins were exclusively striatal
or also occurred in other brain regions affected in HD as cortex and hippocampus. To
this aim, we first assessed levels of Grp75, IP3R3 and Mfn2 in the cortex of R6/1 (Figure
26A) and HdhQ111 mice (Figure 26B). No major disturbances were found when
comparing between genotypes except for an occasional drop in Gr75 levels at 12 weeks

of age in the cortex of R6/1.
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Figure 26. Levels of MAMs proteins Grp75, IP3R3 and Mfn2 are not altered in the cortex of
HD mouse models R6/1 and HdhQ111. (A) Immunoblotting and densitometry quantification of
protein levels of Grp75, IP3R3, and Mfn2 in the cortex of WT (black) and R6/1 (red) mice at
different stages of the disease (W, weeks). (B) Immunoblotting and densitometry quantification of
protein levels of Grp75, IP3R3, and Mfn2 in the cortex of WT (black) and HdhQ111 (yellow) mice
at different stages of the disease (M, months). Tubulin was used as loading control. Relative
protein levels are expressed as percentage to WT mice at every age. Data represent mean +*
SEM, n=4-7 animals. * p<0.05 vs WT as determined by Student’s t-test or Mann-Whitney test.

Then, hippocampus of R6/1 (Figure 27A) and HdhQ111 mice (Figure 27B) were
analysed. As expected, protein levels of Grp75, IP3R3, and Mfn2 remained unchanged

between genotypes throughout the different disease stages.
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Figure 27. Levels of MAMs proteins Grp75, IP3R3 and Mfn2 are not altered in the
hippocampus of HD mouse models R6/1 and HdhQ111. (A) Immunoblotting and densitometry
quantification of protein levels of Grp75, IP3R3, and Mfn2 in the hippocampus of WT (black) and
R6/1 (red) mice at different stages of the disease (W, weeks). (B) Immunoblotting and
densitometry quantification of protein levels of Grp75, IP3R3, and Mfn2 in the hippocampus of
WT (black) and HdhQ111 (yellow) mice at different stages of the disease (M, months). Tubulin
was used as loading control. Relative protein levels are expressed as percentage to WT mice at
every age. Data represent mean + SEM, n=4-7 animals.

Finally, post-mortem samples of cortex and hippocampus from control subjects and HD
patients were analysed by Western Blot. Neither of the proteins Grp75, IP3R3, or Mfn2

were altered in cortex (Figure 28A) nor in hippocampus (Figure 28B).

Taken together, these data strengthen the fact that MAMs alterations in HD arise
specifically in the striatum and not in other brain regions affected by the disease as the

cortex and the hippocampus.
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Figure 28. MAMs protein levels of Grp75, IP3R3 and Mfn2 do not change in cortical and
hippocampal brain samples of HD patients. (A) Immunoblotting and densitometry
quantification of protein levels of Grp75 (Student t-test, t=0.2253, df=11; p=0.8259), IP3R3
(Student t-test, t=0.2038, df=10; p=0.8426), and Mfn2 (Student t-test, t=0.4635, df=10; p=0.6529)
in the cortex of control (CNT) and HD subjects. (B) Immunoblotting and densitometry
quantification of protein levels of Grp75 (Student t-test, t=0.6276, df=10; p=0.5443), IP3R3
(Student t-test, t=0.07175, df=11; p=0.9441), and Mfn2 (Student t-test, t=0.09735, df=10;
p=0.9244) in the hippocampus of control and HD subjects. Tubulin was used as loading control.
Relative protein levels are expressed as percentage to control subjects. Data represent mean +
SEM, n=5-8 subjects.
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1.4. ER-mitochondrial calcium transfer is altered in R6/1 striatal

neurons

Considering that R6/1 striatal neurons presented a loss in ER-mitochondria contact sites
together with a reduction in MAM-resident proteins involved in Ca?*, we hypothesised
that calcium transfer between both organelles could be disrupted. To better understand
ER-mitochondrial crosstalk from a functional perspective, we aimed to track calcium and
mitochondrial membrane potential (Aym) in live cells from striatal neuronal cultures of
WT and R6/1 mice. Neurons were stained with Fluo4 and TMRM as indicators of
intracellular calcium (Ca?*) and Aym respectively (Figure 29A). In basal conditions, no
differences in neither of the dyes were detected when comparing WT and R6/1 cultures
(Figure 29B). Thapsigargin (TG), an inhibitor of SERCA activity, was added to induce
release of Ca?* from the ER to the cytoplasm. As expected, in WT neurons we detected
an increase of Fluo4 as well as a drop in TMRM following thapsigargin treatment.
Conversely, R6/1 neurons revealed higher Cai?* and lower Aym when compared to WT
neurons, suggesting a possible attenuation in the mitochondrial capacity of calcium
uptake (Figure 29B). Finally, FCCP, an uncoupler of OXPHOS, was added to the culture
to induce maximal depolarization and to force release of calcium accumulated in
mitochondria. WT neurons responded to this stimulus with a boost in Fluo4 associated
with a depolarization of Aym. However, R6/1 neurons showed lower levels of Ca?*

together with lower Aym compared to WT neurons (Figure 29B).

Overall, these findings demonstrate that the presence of mHtt induces mishandling in
calcium homeostasis along with weakened capacity of calcium retention in the

mitochondria in R6/1 neurons.
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Figure 29. Alterations in ER-mitochondrial calcium transfer in striatal neurons of R6/1
mice. Primary neurons from WT and R6/1 mice were labelled with 5 yM Fluo4 and 20 nM TMRM
to trace intracellular calcium and mitochondrial membrane potential respectively. Cells were
stimulated with thapsigargin (TG, 0.5 pM) at 40 sec and with FCCP (2 uM) at 360 sec. (A)
Representative fluorescence traces of Fluo4 (left panel) and TMRM (right panel) from individual
WT and R6/1 neurons, in black and red respectively, through the experiment. Black arrows
indicate the injection point of the treatment. (B) Quantification of fluorescence fold change of
Fluo4 (upper panel) and TMRM (lower panel) before (basal) and after TG or FCCP treatment.
Values are normalized to WT neurons in each condition. Data represent mean + SEM. n=16-19
cultures per genotype from 6 different embryos. * p<0.05, ** p<0.01, **** p<0.0001 vs WT as
determined by Student’s t-test.
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1.5. Increased Drp1 activity mediates excessive mitochondrial

fragmentation in R6/1 striatal neurons

Drp1 is a GTPase that represents the principal component of the mitochondrial fission
machinery. It has been described that mHtt can bind Drp1, enhancing its GTPase activity
(Song et al.,, 2011). Moreover, previous results from our group and others have
demonstrated that HD models show increased Drp1 activity (Cherubini et al., 2015; Song
et al.,, 2011). We hypothesised that the enhanced Drp1 activity could underlie the

exacerbated mitochondrial fission in HD that leads to an aberrant interaction with the ER.

1.5.1. Levels of Drp1 RNA and protein in R6/1 striatal neuronal cultures

To analyse whether expression and levels of Drp1 were altered in our HD in vitro model,
RT-PCR and Western blot analysis were performed in cultured striatal neurons from WT
and R6/1 mice. According to Drp1 dysregulation in HD, mRNA levels of Dnm1l, the gene
encoding for Drp1, was upregulated in R6/1 striatal neurons (Figure 30A). However,
when protein levels were analysed, similar levels of the monomeric Drp1 forms were
found between genotypes. Since Drp1 oligomerization has been associated with Drp1
activation (Cho et al., 2014; X. Guo et al., 2013; P. P. Zhu et al., 2004), Drp1 tetrameric
forms were also analysed. A trend to increase was observed in R6/1 cultures compared
to WT cultures (Figure 30B).
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Figure 30. Increased Dnm1l RNA and Drp1 oligomeric protein levels in R6/1 striatal primary
neurons. (A) MRNA levels of Dnm1l, the encoding gene for Drp1, were measured by quantitative
RT-gPCR in striatal cultures from WT and R6/1 embryos. Dnm1l mRNA levels were normalized
to 18S (Student t-test, t=2.473, df=13; p=0.0280). (B) Immunoblotting and densitometry
quantification of monomeric (Student t-test, t=1.297, df=32; p=0.2038) and tetrameric (Mann-
Whitney test, A, B=330, 373, U=140; p=0.3583) forms of Drp1 protein in total lysates obtained
from WT and R6/1 striatal cultures. Tubulin was used as loading control. Arrow and arrowhead
indicate oligomeric and monomeric Drp1 forms respectively. Molecular weight markers positions
are indicated in kDa. Data represent mean + SEM. In A, n=7-8 mouse embryos; in B, n=17-19
mouse embryos. * p<0.05 vs WT.
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1.5.2. Drp1inhibition restores mitochondrial fragmentation and ER-mitochondrial

contacts in R6/1 striatal neurons

Next, we wanted to investigate whether enhanced Drp1 activity was involved in the
exacerbated mitochondrial fragmentation that we observed in HD neurons. With this aim,
we treated R6/1 primary striatal neurons with 25 pM Mdivi-1 for 1 h. Mdivi-1
(mitochondrial division inhibitor) is a well-stablished pharmacological inhibitor of Drp1,
that impairs it self-assembly and hence, mitigates mitochondrial fission (Cassidy-Stone
et al., 2008). Striatal neurons were first transfected with pDsRed2-mito in red, then
treated with vehicle (DMSQO) or Mdivi-1 and finally immunolabeled with MAP2 in green
(Figure 31A). Mitochondrial network morphology was evaluated by confocal microscopy.
As expected, when comparing WT and R6/1 treated with vehicle, R6/1 neurons
replicated the mitochondrial morphology previously reported in section 1.1 with a higher
number of mitochondria along with lower Aspect Ratio and Form Factor values. This
excessive mitochondrial fragmentation in R6/1 cultures was restored after Mdivi-1
treatment, showing comparable values of number of mitochondria, length, and
complexity to WT vehicle neurons (Figure 31B). Moreover, we observed that the donut-
shaped mitochondria present in R6/1 vehicle disappeared with Mdivi-1 treatment (Figure
31A). This ring form in mitochondria has been associated with higher oxidative stress
production (Ahmad et al., 2013). Overall, these findings point out that abnormalities in

mitochondrial network morphology in R6/1 neurons are dependent on Drp1 activity.
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Figure 31. Excessive mitochondrial fragmentation in R6/1 striatal neurons is restored after
Drp1 inhibition. (A) Confocal images of WT and R6/1 striatal primary neurons at DIV 14 treated
with vehicle (DMSO) or 25 yM Mdivi-1. Neurons were transfected with pDsRed2-mito in red and
immunolabeled with MAP2 in green. The white boxed areas are magnified at the lower panels.
Scale bar, 20 ym. Mdivi-1 treatment in R6/1 neurons restored mitochondrial morphological
parameters (B) number of mitochondria per micron of neurite as percentage (one-way ANOVA,
F, 156=2.488; p<0.0001), (C) Aspect Ratio (one-way ANOVA, F(2, 156=5.753; p=0.0039), and (D)
Form Factor (one-way ANOVA, F, 154=1.092; p=0.3380). Data represent mean + SEM of 9-11
neurons 5-6 different embryos per genotype (n=50-60). Each point represents the mean of all
mitochondria in each neuron. ** p<0.01, **** p<0.0001 vs WT Veh; ### p<0.001 vs R6/1 Veh.
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1.6. Inhibition of Drp1 prevents alterations in MAMs and

mitochondrial function

Given the effect of Drp1 inhibition on mitochondria morphology, we next hypothesised
that increased Drp1-mediated mitochondrial fragmentation could be underlying the loss
of ER-mitochondria contacts in R6/1 striatal neurons. To this purpose, primary striatal
neurons were transfected with both GFP-Sec61 and pDsRed2-Mito plasmids to target
ER in green and mitochondria in red respectively (Figure 32A) and overlapping of
fluorescence was analysed by confocal microscopy. Quantification of colocalisation by
Mander’s coefficient revealed that Drp1 inhibition with Mdivi-1 restored ER-mitochondria
juxtaposition in R6/1 neurons (Figure 32B). These results prove that increased Drp1
activity in R6/1 striatal neurons induces aberrant mitochondrial fragmentation that

triggers the loss of ER-mitochondria contacts.
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Figure 32. Drp1 inhibition recovers loss of ER-mitochondrial contact sites in R6/1 striatal
neurons. (A) Confocal images of primary striatal cultures from WT and R6/1 embryos at DIV14
treated with vehicle (DMSO) or 25 uM Mdivi-1. Neurons were transfected with GFP-Sec61-B in
green and pDsRed2-mito in red to label ER and mitochondria respectively. Single and merged
channels magnifications from the boxed area in white are shown in the right panels. Scale bar,
50 um. (B) Quantification of plasmids colocalisation by Mander’s coefficient (one-way ANOVA, F
@ 156=18.73, p<0.0001). Data represent mean + SEM of 5-6 different embryos with 10 neurons
per genotype (n=50-60). Each point represents a neuron. **** p<0.0001 vs WT Veh; ####
p<0.0001 vs R6/1 Veh.
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1.6.1. Drp1 inhibition prevents disturbances in ROS production and calcium

homeostasis

Next, we aimed to prove whether Drp1 inhibition could restore not only morphological
parameters but also mitochondria function. Thus, striatal primary neurons were treated
with vehicle (DMSO) or Mdivi-1 and then incubated with MitoSOX to detect levels of
superoxide, the predominant mitochondrial ROS product. Intensity of MitoSOX dye was
analysed by confocal microscopy and quantified (Figure 33A). Vehicle-treated R6/1
neurons showed a raise in MitoSOX intensity compared to WT vehicle neurons. On the
contrary, R6/1 striatal cultures that received Mdivi-1 presented superoxide levels similar
to WT vehicle and significantly lower than R6/1 vehicle (Figure 33B). This indicates that
augmented mitochondrial fragmentation in R6/1 striatal cultures entails a higher

oxidative stress.
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Figure 33. Increased mitochondrial ROS production in R6/1 striatal neurons is normalized
after pharmacological Drp1 inhibition. (A) Confocal images of primary striatal neurons from
WT and R6/1 at DIV14 after treatment with vehicle (DMSO) or 25 yM Mdivi-1. Mitochondrial
superoxide production was labelled with MitoSOX in red and nuclei appear in blue. Scale bar, 20
pum. (B) Quantification of MitoSOX fluorescence intensity was measured as Integrated Density
and relativized to cell area. Kruskal-Wallis test with Dunn’s post hoc analysis, p<0.0001. Data
represent mean £ SEM of 15-20 neurons from 7-10 different embryos per genotype (n=110-140).
**** p<0.0001 vs WT Veh; ### p<0.001 vs R6/1 Veh.

Finally, we assessed ER-mitochondrial Ca?* transfer in WT and R6/1 striatal neuronal
cultures following treatment with vehicle (DMSO) or Mdivi-1. Cells were loaded with
Fluo4 and TMRM to monitor Ca?? and Aym and stimulated sequentially with thapsigargin
and FCCP (Figure 34A). Mdivi-1 treatment did not induce changes in basal levels of
Fluo4 or TMRM. However, Drp1 inhibition in R6/1 neurons prevented the increment in
Cai?* and mitochondrial depolarization after thapsigargin. Consequently, when FCCP
was added, reduction of Cai?* levels and lowering of Awm was avoided in R6/1 neurons
treated with Mdivi-1 (Figure 34B). Overall, these results highlight the implication of

disrupted ER-mitochondria crosstalk in calcium mishandling in HD striatum.
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Figure 34. Alterations in ER-mitochondrial calcium transfer in R6/1 striatal neurons are
restored with Mdivi-1 treatment. Primary neurons from WT and R6/1 mice were treated with
vehicle (DMSO) or 25 yM Mdivi-1. Neurons were then labelled with 5 yM Fluo4 and 20 nM TMRM
to trace intracellular calcium and mitochondrial membrane potential respectively. Cells were
stimulated with thapsigargin (TG, 0.5 pM) at 40 sec and with FCCP (2 uM) at 360 sec. (A)
Representative fluorescence traces of Fluo4 (left panel) and TMRM (right panel) from individual
WT Veh, R6/1 Veh and R6/1 Mdivi-1 neurons through the experiment. Black arrows indicate the
injection point of the treatment. (B) Intensity of fluorescence was quantified as fold change of
Fluo4 (upper panel) and TMRM (lower panel) before (basal) and after TG or FCCP treatment.
Values are normalized to WT Veh neurons in each condition. Data represent mean £ SEM. n=12-
14 cultures per genotype from 6 different embryos. * p<0.05, *** p<0.001, vs WT Veh; # p<0.05,
## p<0.01 vs R6/1 Veh as determined by one-way ANOVA.
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2. CONTRIBUTION OF ASTROCYTIC MITOCHONDRIA
TO STRIATAL VULNERABILITY IN HD

Following neurons, astrocytes are the most abundant cell population in the striatum.
Although mitochondrial defects in striatal neurons in HD have been largely explored, less
is known about the role and regulation of mitochondrial dynamics in astrocytes. In this
second study, we first characterized the expression of several astrocyte markers in the
striatum of a HD mouse model along the disease progression. Then, we tested whether
metabolism and mitochondrial dynamics could also be dysregulated in HD astrocytes.
Finally, we investigated the mechanisms mediating mitochondrial communication from
astrocytes to neurons. Overall, we hypothesised that alterations in mitochondrial function

in striatal astrocytes could contribute to the striatal vulnerability that occurs in HD.

2.1. Characterization of astrocyte population in R6/1 striatum

To date, several criteria have been proposed to classify different types of astrocytes.
However, the expression of astrocyte markers can vary depending on the brain region
and with age (Khakh & Deneen, 2019). We aimed to explore astrocyte population in the
striatum and to study whether presence of mHtt could affect the expression of the

different markers, and therefore the astrocyte population.

2.1.1. Protein levels of astrocyte markers in striatal tissue and primary cultures

from R6/1 mice are not altered

Protein levels of ALDH1L1 (Figure 35A), GFAP (Figure 35B), S100B (Figure 35C), and
GLAST (Figure 35D) were evaluated in total lysates from striatum of WT and R6/1 mice
by Western Blot. Several ages were tested to evaluate alterations throughout the
disease, namely 8, 12, 20 and 30 weeks. As in the first study, these ages were chosen
to evaluate pre-symptomatic, onset of cognitive deficits, motor deficits and late stages
respectively. When comparing WT and R6/1, no significant differences were found in the
levels of ALDH1L1, GFAP or S10083. On the contrary, GLAST levels showed a significant
lowering in R6/1 mice at 12 weeks of age with a tendency to decrease at 20 and 30
weeks of age, which is in line with previous published results (Estrada-Sanchez et al.,
2009; Faideau et al., 2010), indicating a loss of GLAST at middle stages of HD.
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Figure 35. Astrocyte markers ALDH1L1, GFAP, S10083, and GLAST are not altered in the
striatum of R6/1 mice. Immunoblotting and densitometry quantification of protein levels of
ALDH1L1 (A), GFAP (B), S100B (C) and GLAST (D) in total lysates from WT (black) and R6/1
(red) mice. Different stages of the disease were tested, namely 8, 12, 20 and 30 weeks (W).
Tubulin was used as loading control. Relative protein levels are expressed as percentage to WT
mice at every age. Data represent mean + SEM, n=5-7 animals. * p<0.05 vs WT as determined
by Student’s t-test.

Then, a time course analysis of the same astrocyte markers was performed in striatal
total lysates from WT (Figure 36A) and R6/1 (Figure 36B) mice. We observed that
ALDH1L1 levels remained unchanged both in WT and R6/1 mice (Figure 36C), pointing
at ALDH1L1 as a suitable astrocyte marker since it is unaffected by age or genotype. On
the contrary, S100 (Figure 36D) revealed an increment with the age, at 30 weeks in WT
and 20 and 30 weeks of age in R6/1 mice. This indicates that maturation of astrocytes
increases with aging regardless the genotype. Likewise, GFAP levels (Figure 36E)
augmented at 20 and 30 weeks in the WT and at 30 weeks in the R6/1 mice, suggesting
that aging triggers the astrocytes reactivity. Finally, GLAST showed no alterations with
the age neither in WT nor in R6/1, reinforcing the idea that the diminution described

above is due to the presence of mHtt (Figure 36F).
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Figure 36. Time course of astrocyte markers ALDH1L1, GFAP, S1008, and GLAST in the
striatum of WT and R6/1 mice. Immunoblotting of proteins of interest in striatal total lysates of
WT (A) and R6/1 (B) mice. Densitometry quantification of protein levels of ALDH1L1 (C), S1008
(D), GFAP (E), and GLAST (F). For each genotype, 8, 12, 20 and 30 weeks of age were tested.
Tubulin was used as loading control. Relative protein levels are expressed as percentage to 8W
mice. Data represent mean + SEM, n=5-7 animals. * p<0.05 vs WT as determined by one-way

ANOVA.

Moreover, we examined the protein levels of astrocyte markers in striatal primary
astrocytes from WT and R6/1 mice at different days in culture (days in vitro, DIV). Neither
ALDH1L1 nor GFAP levels were altered between genotypes in DIV14, DIV21 or DIV28.
These results indicate that R6/1 striatal astrocytic cultures do not present higher

astrocyte reactivity at any of the in vitro stages compared to WT astrocytes.
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Figure 37. Levels of astrocyte markers ALDH1L1 and GFAP in primary striatal astrocytes
of R6/1 mice. Immunoblotting and densitometry quantification of protein levels of ALDH1L1 (A)
and GFAP (B) in WT (black) and R6/1 (red) primary striatal astrocytes. Cultures at different days
in vitro (DIV) were tested, namely 14, 21, and 28. Tubulin was used as loading control. Relative
protein levels are expressed as percentage to WT culture at every condition. Data represent mean

+ SEM, n=11-13 animals.
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2.1.2. Distribution of astrocyte populations is not altered in the striatum of R6/1
mice

Though total levels of different astrocyte markers were not found different between
genotypes and along the disease progression, we next aimed to analyse the distribution
of the astrocyte populations in the striatum with age and disease. To this aim, the bulk
of the striatal tissue was labelled combing the four different markers: ALDH1L1, GFAP,
S100B8, and GLAST along with a cell viability dye, and fluorescence was analysed by
flow cytometry. Number of positive cells were relativized to the total amount of live cells
(Figure 38A). Results showed no changes in the number of positive cells for each of the

evaluated markers between WT and R6/1 mice striatum (Figure 38B).

Overall, these results are in line with the outcome from biochemical analysis, indicating
that striatum of R6/1 mice at late stages do not present major alterations in the

percentage of different astrocyte populations.
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Figure 38. Astrocyte markers in striatum of WT and R6/1 mice at 20W. Striatum from 20W
old WT and R6/1 mice was disaggregated and labelled simultaneously with ALDH1L1, GFAP,
S100B and GLAST. (A) Representative plots of the analysed fluorescence for each marker by
flow cytometry. Black gates delimit the area of selected positive cells. (B) Quantification of number
of positive cells was relativized to the total number of live cells. Data represent mean + SEM, each
point represents an animal (n=6).
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2.2. Oxidative and glycolytic metabolisms are increased in R6/1

striatal astrocytes

Despite no differences in astrocyte populations, we wondered whether striatal R6/1
astrocytes could display defects in the metabolism. To test this possibility, we first
analysed mitochondrial respiration by measuring oxygen consumption with OROBOROS
in WT and R6/1 primary striatal astrocytes. Oxygen consumption was normalized to
number of cells on each assay. Results showed that R6/1 astrocytes presented an
increased basal (routine) as well as increased maximal (ETC) respiration, indicating an

excessive function of the oxidative phosphorylation (Figure 39A).

To corroborate that this hyperactivation in mitochondrial respiration was not due to more
mitochondria population, we quantified mitochondrial mass by measuring citrate
synthase activity. WT and R6/1 primary astrocytes displayed similar levels of enzymatic
activity, suggesting no alterations in mitochondrial content (Figure 39B). Simultaneously,
we measured metabolites in the medium of WT and R6/1 astrocytic cultures. While a
slight although not significant decrease in glucose levels remained unchanged, lactate
was higher in R6/1 compared to WT, accompanied by an acidification of the medium
(Figure 39C). This outcome suggested an increment not only in mitochondrial respiration
but also in glycolysis. However, this hyperactivation of metabolism did not increase the

levels of oxidative stress measured by lipid peroxidation (Figure 39).
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Figure 39. Aerobic metabolism and glycolysis are augmented in R6/1 striatal astrocytes.
(A) Mitochondrial oxygen consumption was measured with OROBOROS in basal conditions
(routine) and maximal respiration (ETC) after uncoupling with CCCP. To induce leak of protons,
oligomycin was added to cells. (B) Enzymatic activity of citrate synthase was measured to
determine mitochondrial mass. (C) Levels of glucose and lactate and pH was measured in the
culture medium of primary astrocytes using EPOC microfluidic cards. (D) Oxidative stress was
analysed by measuring concentration of malondialdehyde (MDA) as a readout of lipid peroxidase.
Data represent mean + SEM, n=6 animals. * p<0.05, ** p<0.01 vs WT as determined by Student’s
t-test.

2.3. Mitochondria in adult R6/1 striatal astrocytes are not less

functional

To better understand the mitochondrial defects underlying the hypermetabolism
observed in HD astrocytes, we aimed to assess the mitochondrial functionality in R6/1
striatal astrocytes. To this end, striatal astrocytes were isolated from WT and R6/1 mice
at 20 weeks of age (see the following section for details on astrocytes’ isolation) and
stained with MitoTracker dyes. Following the methodology used by Monteiro et al.
(Monteiro et al., 2020), MitoTracker Green and MitoTracker Red were combined to label
mitochondrial mass and functionality and were analysed by flow cytometry. While
MitoTracker Green passively accumulates to the mitochondria, MitoTracker Red
depends on the Aym. Hence, functional mitochondria were labelled with high levels in
both dyes while dysfunctional ones only with MitoTracker Green due to the loss of Aym
(Figure 40A).

Among the bulk of cells analysed, up to 95% cells were positive for MitoTracker Green
and similar levels were found between genotypes. This outcome indicates that WT and
R6/1 astrocytes present similar mitochondrial mass, corroborating the previous results.
Regarding MitoTracker Red, positive particles were categorised in functional or

dysfunctional mitochondria according to high or low levels of fluorescence intensity.
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Surprisingly, the pool of functional and dysfunctional mitochondria were unaltered
comparing WT and R6/1 astrocytes (Figure 40B). These data suggest that mitochondrial

alterations in HD astrocytes are not due to a loss of functional mitochondria.
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Figure 40. Evaluation of mitochondrial mass and functionality of mitochondria in striatal
astrocytes of WT and R6/1 mice at 20W. Astrocyte were isolated from striatum of adult WT and
R6/1 mice and mitochondria were stained with MitoTracker Green and MitoTracker Red. (A)
Representative plots of the analysed fluorescence by flow cytometry of WT and R6/1 astrocytes.
Black lines delimit the gates for particles with a size similar to mitochondria (P1), MitoTracker
Green (middle panels) and MitoTracker Red Low and High (right panels). (B) Quantification of
number of positive particles expressed as percentage to the parent population. Data represent
mean + SEM. Each point represents an animal (n=6).
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2.4. Mitochondrial dynamics are altered in R6/1 striatal

astrocytes

Considering that mitochondria constantly remodel their morphology to rapidly adapt to
changes in cell function, we wondered whether mitochondrial dynamics could be altered
in R6/1 striatal astrocytes. We hypothesised that the enhanced metabolism in R6/1
astrocytes could trigger mitochondrial fission events in an attempt to dissipate the

excessive energy.

2.4.1. Increased Drp1 and CdkS5 in adult R6/1 striatal astrocytes

In order to study mitochondria related proteins specifically in astrocytes, we first isolated
astrocytes from the striatum of adult WT and R6/1 mice by ACSA-2+ magnetic labelling
and separation (G. Kantzer et al., 2017). Notice that the ACSA-2 antigen is expressed
specifically on astrocytes in a similar pattern to GLAST expression. First, we validated
the isolation by Western Blot. GLAST protein was present in the positive ACSA-2 fraction
but not in the negative fraction in both genotypes at different stages of the disease (8, 12
and 20 weeks of age). Conversely, actin was detected in all samples regardless the cell
type (Figure 41). This points out that astrocytes were correctly isolated from the bulk of
cells in the striatal tissue. We qualitatively noticed that protein levels of actin were not
constant when comparing positive fractions of WT and R6/1 at the different ages.
Henceforth, ALDH1L1 will be used as loading control in the Western Blot of isolated
astrocytes. We have previously reported ALDH1L1 as the most constant astrocyte

marker either between genotypes or along the disease (see section 2.1 in this chapter).
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Figure 41. Validation of ACSA2+ isolation by Western Blot. Adult astrocytes were isolated by
magnetic labelling of ACSA-2. Positive (+) and negative (-) ACSA-2 fractions were included from
WT and R6/1 mice at 8, 12, and 20 weeks (W) of age. GLAST was blotted as a marker for
astrocytes. Molecular weight markers positions are indicated in kDa.
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First, we evaluated protein related to mitochondrial fission in striatal astrocytes isolated
from adult WT and R6/1 animals. It has been described that Cdk5 phosphorylates Drp1
(Jahani-Asl et al., 2015), and can act as an upstream regulator of mitochondrial fission,
driving to mitochondrial defects (Meuer et al., 2007; Rong et al., 2020). Therefore, we
measured levels of genes encoding Drp1 (Dnm1/) and Cdk5 (Cdk5r1) by RT-gPCR and
both genes were increased in R6/1 astrocytes from 20 weeks old mice (Figure 42A).
Moreover, we tested protein levels at different stages of the disease. Although not
significant, Drp1 showed a trend to augment in R6/1 at 12 and 20 weeks of age compared
to WT animals. Regarding Cdk5, R6/1 astrocytes presented a rise at 12 weeks and a
tendency at 20 weeks of age (Figure 42B). Together these findings suggest that
mitochondrial fission is enhanced in striatal astrocytes in the presence of mHtt at middle

and late stages of HD.
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Figure 42. Levels of mRNA and protein of Drp1 and Cdk5 are increased in adult striatal
astrocytes from R6/1 mice. Astrocyte were isolated from striatum of adult WT and R6/1 mice.
(A) mRNA levels of Dnm1l (Student t-test, t=9.815, df=4; p=0.0006) and Cdk51r (Student t-test,
t=2.810, df=4; p=0.0483) were measured by quantitative RT-qPCR in isolated astrocytes from
WT and R6/1 mice at 20W of age. mRNA levels were normalized to 18S and relativized to WT as
fold change. (B) Immunoblotting and densitometry quantification of protein levels of Drp1 and
Cdk5 in WT (black) and R6/1 (red) mice at different stages of the disease (W, weeks). ALDH1L1
was used as loading control. Relative protein levels are expressed as percentage to WT mice at
every age. Data represent mean + SEM. Each point represents a pool of 2-3 animals. In A, n=3
(7-9 animals); in B, n=4-6 (12-18 animals). * p<0.05, *** p<0.001 vs WT.
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24.2. Alterations in mitochondrial morphology are observed in specific HD

striatal astrocyte population

To assess mitochondrial morphology in HD astrocytes, WT and R6/1 striatal astrocytic
cultures at DIV14 were stained with TOM20, GLAST and GFAP to label mitochondria
and two populations of astrocytes: GLAST as a general astrocytic marker and GFAP for
those reactive astrocytes (Figure 43A). We aimed to evaluate whether mitochondrial
morphology was differently affected in GFAP astrocytes. Thus, we analysed separately
cells only positive for GLAST (GLAST+GFAP-) and those positive for GFAP (GFAP+).
Morphometrical analysis by confocal microscopy revealed that GLAST astrocytes in
R6/1 striatal cultures presented a higher cell area compared to WT. This hypertrophy
could be interpreted as a sign of increased reactivity of the R6/1 astrocytes. However,
when measuring number and area of mitochondria, as well as Aspect Ratio, no
significant differences were detected between genotypes. Regarding GFAP positive
astrocytes, both cell area and number of mitochondria were unchanged when comparing
WT and R6/1 cultures. Nevertheless, R6/1 GFAP astrocytes showed lower mitochondrial
area along with higher values of Aspect Ratio, indicating alterations in mitochondrial
shape. Altogether, these results suggested that mitochondrial morphology is

preferentially affected in GFAP+ astrocytes in R6/1 mice.
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Figure 43. Mitochondrial morphology is altered differentially in R6/1 striatal primary
astrocytes. (A) Confocal images of R6/1 striatal primary astrocytes at DIV 14 immunolabeled with
GFAP, GLAST and TOM20 in green, red and white respectively. Panels on the right show
magnification of the boxed areas in white. Scale bar, 50 um. (B) Quantification of cell area,
number of mitochondria, mitochondrial area and Aspect Ratio for GLAST+GFAP- cells and
GFAP+ cells. Data are means + SEM from 8 mosaics from 3-4 different animals per genotype. In
GLAST+GFAP-, n=698-314; in GFAP+, n=137-180. In cell area and number of mitochondria,
each point represents a single value for each cell. In Mitochondrial area and Aspect Ratio, each
point represents the mean of all mitochondria in each astrocyte. ** p<0.01, *** p<0.001 vs WT.
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2.5. Mitochondrial release from R6/1 astrocytes contributes to

striatal neuronal vulnerability

One of the proposed mechanisms of neuroglia crosstalk is mediated by mitochondria.
Transmitophagy, that is mitochondrial transfer between cells, have been described as a
mechanism that occurs in a physiological context. However, some investigations
reported a disruption in this process in pathological conditions as stroke injury or PD
(Hayakawa et al., 2016; Lippert & Borlongan, 2019; Morales et al., 2020). Considering
that we have demonstrated mitochondrial alterations in HD striatal neurons and
astrocytes, we attempted to examine whether transmitophagy from astrocytes to

neurons could also be altered in HD.

2.5.1. Characterization of extracellular astrocytic mitochondria

First, we aimed to study if striatal astrocytes in culture could release mitochondria in
basal conditions. To test so, we cultured WT and R6/1 primary striatal cultures and media
was collected at DIV14 and processed for electron microscopy analysis. Mitochondria
were detected in media from both genotypes (Figure 44A) either as mito-particles
(embedded in membranous structures) or free mitochondria as previously reported by

Hayakawa et al. (Hayakawa et al., 2016) (Figure 44B).
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Figure 44. Mitochondria is present in the astrocyte conditioned media from WT and R6/1
striatal astrocytes. (A) Mitochondria were found in ACM from WT and R6/1 cultures. Blue lines
delimit mitochondria. Scale bar, 1 micron. (B) Mitochondria were found inside vesicles (mito-
particles) and as free mitochondria. White arrows indicate the structures of interest. Scale bars:
left panel 50 nm, right panel 500 nm.

Since electron microscopy could not assess the functionality of released mitochondria,
we combined MitoTracker dyes and flow cytometry to determine the percentage of
functional mitochondria in the extracellular media. Striatal primary astrocytes from WT
and R6/1 were incubated with MitoTracker Green and MitoTracker Red to simultaneously
trace mitochondrial mass and functional mitochondria respectively. Fluorescence was
measured in ACM from WT and R6/1 astrocytic cultures by flow cytometry as shown in
Figure 45A. We counted particles positive for MitoTracker Red among MitoTracker
Green gate, showing both genotypes about 97% of positive MitoTracker Red
mitochondria. Likewise in adult astrocytes, we established two population within
MitoTracker Red positive particles: high and low levels for functional and dysfunctional
mitochondria respectively. We did not detected differences neither in high or low levels
of MitoTracker Red comparing WT and R6/1 samples (Figure 45B). Altogether, these
results suggested that ACM from both WT and R6/1 contained similar proportion of fully

functional mitochondria.
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Figure 45. Mitochondria present in the ACM from WT and R6/1 primary striatal astrocytes
are functional. ACM was stained with MitoTracker Green and MitoTracker Red. (A)
Representative plots of the analysed fluorescence by flow cytometry of WT and R6/1 samples.
Black lines delimit the gates for MitoTracker green (left panels), MitoTracker Red (middle panels)
and MitoTracker Low and High (right panels). (B) Quantification of number of positive particles
expressed as percentage to the parent population. Data represent mean + SEM. Each point
represents the ACM of a single animal (n=6-8).

2.5.2. Mitochondria from R6/1 neurons induce toxic effects in striatal neurons

To explore the effect of astrocytic mitochondria in neurons, cultured WT and R6/1 striatal
astrocytes were stained with MitoTracker Red to only label functional mitochondria. After
24h, astrocytic conditioned medium (ACM) was collected and transferred to WT striatal

primary neurons at DIV15 for 24h (Figure 46A).

111



RESULTS

First, we analysed the uptake of released astrocytic mitochondria (red stained
mitochondria) by WT neurons. Although MitoTracker Red is a specific dye for functional
mitochondria, colocalisation of mitochondrial marker TOM20 with MitoTracker Red was
performed to cross-check that red signal corresponded to mitochondria. Additionally, WT
neurons were stained for MAP2. Confocal microscopy analysis revealed positive
particles for MitoTracker Red in WT neurons incubated with either WT or R6/1 ACM,
confirming that WT striatal neurons can acquire extracellular mitochondria from

astrocytes, independently of the genotype of the original astrocyte (Figure 46B).
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Figure 46. Extracellular mitochondria can be uptaken by striatal neurons. (A) Schematic
representation of experimental design. Astrocytes were obtained from striatum of WT and R6/1
pups at postnatal day 2 and MitoTracker was incubated at DIV17. In parallel, WT striatal neurons
were obtained from WT embryos at E18 and cultured until DIV16. ACM from WT or R6/1 cultures
were transferred to WT neurons and incubated for 24h. Neurons were processed at DIV16 for
further experiments. (B) WT neurons after ACM treatment were stained with MAP2 (magenta)
and TOM20 (cyan) to immunolabel neuronal area and mitochondria respectively. MitoTracker
Red indicates astrocytic mitochondria inside the neuron. Scale bar: 10 ym.
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Then, we tested oxidative stress in WT neurons after treatment with ACM from WT or
R6/1 astrocytic cultures. CellROX was used as fluorescent indicator of ROS production
mainly in nucleus and mitochondria. Intensity of CellROX was analysed with confocal
microscopy and quantified. Striatal neurons with mitochondria from R6/1 astrocytes
showed an increased in CellROX intensity compared to those with mitochondria from
WT astrocytes (Figure 47A). This means that R6/1 mitochondria negatively affect the
oxidative state of WT striatal neurons. Next, we evaluated the impact of astrocytic
mitochondria in the WT neurons by quantification of neuronal branching in the same
cultures. Neurons were labelled with MAP2 in green and Sholl analysis was performed
(Figure 47B). Branching quantification revealed that neurons that received R6/1 ACM
developed a smaller number of neurites than those with WT ACM (Figure 47B). These

data point out a toxic effect of mitochondria from HD astrocytes on WT striatal neurons.
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Figure 47. Mitochondria from R6/1 striatal astrocytes increase oxidative stress and
hampers neuronal branching in WT striatal neurons. WT striatal neurons at DIV16 were
treated with ACM of WT or R6/1 striatal astrocytes. Astrocytic mitochondria were labelled with
MitoTracker Red and applied to WT neurons. (A) In the left panel, CellROX in green shows
oxidative stress in WT neurons and nuclei appear in blue. Scale bar, 10 ym. In the right panel,
quantification of CellROX intensity measured in WT neurons and relativized to cell area. (B) In
the left panel, neurons were immunostained with MAP2 in green and nuclei in blue and analysed
by Sholl method (white concentric circles). Scale bar, 50 ym. In the right panel, quantification of
neuronal branching using Sholl analysis. * p<0.05, **** p<0.0001 vs WT.
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2.5.3. Characterization of extracellular astrocytic mitochondria

Little is known about the molecular mechanisms underlying transmitophagy. However,
CD38 has been described as a key factor in this process and ablation of CD38 was
reported to decrease mitochondrial transfer from astrocyte to neurons (Hayakawa et al.,
2016). We evaluated levels of CD38 in astrocytes isolated from adult WT and R6/1 mice
by Western Blot. R6/1 showed a trend to increase at 12 weeks and a significant
augmentation at 20 weeks compared to WT animals (Figure 48A). Likewise, CD38
protein levels in post-mortem caudate samples were increased in HD patients compared
to control subjects) (Figure 48B). This increment in CD38 could indicate alterations in

the release of extracellular mitochondria from HD astrocytes.
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Figure 48. Levels of CD38 protein are increased in adult striatal astrocytes of R6/1 mice
and in post-mortem caudate of HD patients. (A) Immunoblotting of CD38 protein levels in WT
(black) and R6/1 (red) mice at different stages of the disease (W, weeks). ALDH1L1 was used as
loading control. Relative protein levels are expressed as percentage to WT mice at every age.
(B) Immunoblotting of CD38 protein levels in control subjects and HD patients. Tubulin was used
as loading control. Relative protein levels are expressed as percentage to control subjects. Data
represent mean + SEM. In A, each point represents a pool of 2-3 animals, n=4-6 (12-18 animals).
In B, each point represents a human subject. * p<0.05 vs WT.
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3. ROLE OF PYK2 IN MITOCHONDRIA AND MAMs

Pyk2 is a non-tyrosine kinase enriched in hippocampal neurons. Several studies have
identified Pyk2 as a key regulator of synaptic plasticity that, when compromised, may
contribute to neuronal pathology in different neurodegenerative disorders, such as AD
and HD. In neurons, Pyk2 is mostly present in the cytosol although upon activation, it
can translocate to the nucleus and dendritic spines. Nonetheless, little is known about
other Pyk2 subcellular localisations. In this third study, we aimed to evaluate whether
Pyk2 localises in mitochondria and MAMs and its relevance in regulating mitochondrial
morphology and function in physiological conditions. This knowledge would help to better
understand the contribution of Pyk2 dysfunction in neurological disorders. To this end,
Pyk2 knockout mice (Pyk2”-) were used for in vivo and in vitro studies as well as several
mutant Pyk2 constructs to analyse the contribution of Pyk2 on mitochondrial dynamics

and ER-contact sites in neurons.

3.1. Pyk2 is reduced in the striatum of HD patients

We analysed Pyk2 protein levels in post-mortem tissue from the putamen of control
subjects and HD patients. HD patients showed a reduction about 40% compared to
healthy individuals (Figure 49). Previous work of our group demonstrated that R6/1 mice
presented a drop of Pyk2 protein levels in the hippocampus. Since Pyk2 is more enriched
in hippocampal neurons than those in the striatum, following experiments to explore the

involvement of Pyk2 in mitochondrial function were performed in the hippocampus.
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Figure 49. Protein levels of Pyk2 are reduced in the putamen of HD patients. Immunoblotting
and densitometry quantification of Pyk2 (Student t-test, t=2.484, df=12; p=0.0288). Tubulin was
used as loading control. Relative protein levels are expressed as percentage to control subjects.
Data represent mean + SEM, n=7 subjects. * p<0.05, * p<0.01 vs CNT.
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3.2. Pyk2 interacts with mitochondrial proteins in hippocampus

The physiological and molecular role of Pyk2 in the brain is not yet completely
understood. We considered that the elucidation of the Pyk2 interactome could help to
decipher its direct association with specific cellular processes in the brain. For that
reason, Pyk2 was immunoprecipitated from hippocampus of Pyk2** mice. Pyk27/-
hippocampal material as well as IgG irrelevant antibody were included as negative
controls to detect non-specific-associated proteins. First, hippocampal Pyk2
immunoprecipitation was confirmed using Western Blot (Figure 50A). Subsequent mass-
spectrometry analysis was performed to identify Pyk2-associated proteins
(Supplementary Table 1). Data were curated by excluding non-specific—associated
proteins detected in both Pyk2~~ and IgG immunoprecipitations. After restrictive curation,

52 proteins were considered as co-immunoprecipitating with Pyk2.

This Pyk2 interactome was functionally analysed using Metascape (Zhou et al., 2019).
As shown in Figure 50C, multiple functional categories were significantly enriched
(Supplementary Table 2). “NMDA receptor activation events” (LogP: -13,95) was
represented by 34 Pyk2 associated-proteins (CALM3, CAMK2D, PRKAR2A, TUBA4A,
TUBA1B, TUBB3, TUBB4A, TUBB4B, TBAL3, TCP1, GNB1, PRKCG, YWHAQ,
DYNC1H1, HBA1, RPL8, RPL18, RPL23A, RPL27A, SOD2, PRDX5, ATP5F1C, SYT7,
MBP, PPP3CB, UBA1, CYFIP2, ARHGAP26, ATP2B1, SRSF3, MAP1A, MAP1B,
MAP4, KHDRBS1). Fifteen Pyk2 interactors were associated with “Synaptic plasticity
regulation” (LogP = -8,84, MAP1A, MAP1B, PPP3CB, PRKCG, TNR, SYT7, SYNGR1,
CALM3, MAP4, TUBB3, CYFIP2, PLEC, PXN, GPI, SOD2) whereas 24 associated
proteins were directly related with “calcium regulation” (LogP = -8,16, ATP2B1, CALM3,
CAMK2D, GNB1, PRKAR2A, PRKCG, YWHAQ, PPP3CB, PFKL, PFKM, PXN, CTBP1,
SYT7, ENO1, RAB3C, TNR, SOD2, MAP1B, CYFIP2, TUBA4A, HBA1, PLEC,
ATP5F1C, MBP). Interestingly, biofunctions such as “generation of precursor
metabolites and energy” (LogP = -6,56, 17 Pyk2-associated proteins; ATP5F1C, ENOT1,
GPI, OXCT1, PFKL, PFKM, PLEC, SOD2, CAMK2D, PRKCG, CALM3, PRDX5,
TUBA4A, DYNC1H1, SYNGR1, TUBB4B, CBR1) and "mitochondrial biogenesis" (LogP
= -3,25, 6 Pyk2-associated proteins; ATP5F1C, CALM3, SOD2, PFKM, PLEC, CBR1)
were also significantly over-represented in our Pyk2-interactome data. In summary, the
results confirmed the main function of Pyk2 as a downstream regulator of NMDA receptor
activity and synaptic plasticity, but they also highlighted a novel role of Pyk2 in the

regulation of calcium homeostasis and mitochondrial function in neurons.
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Figure 50. Molecular interactors of Pyk2 in mouse hippocampus. (A) Representative blotting
of immunoprecipitation assay for Pyk2. Hippocampal tissue from adult Pyk2** mice were used to
obtain protein extracts. IgG antibodies and total lysates were added to the assay as a control of
the assay and of the antibody immunoreactivity respectively. Black arrowhead indicates Pyk2
band. Molecular weight markers positions are indicated in kDa. (B) Heatmap representation
showing both clustering and the intensity for the immunoprecipitated proteins in each biological
condition. (C) Statistically enriched biofunctions from Pyk2 associated-proteins (from light blue
cluster in B; see Supplementary Table 2 for details). In bold, gene ontology terms related to

mitochondrial function.
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3.3. Pyk2 is localised in mitochondria and MAMs

Since proteomic analysis pointed out the interaction of Pyk2 with proteins related to
mitochondria and calcium signalling, we sought to study the role of Pyk2 in mitochondria.
First, we performed a subcellular fractionation in hippocampal tissue of Pyk2** mice to
assess Pyk2 distribution within the cell (Figure 51). As expected, Pyk2 was detected in
total, nuclear, and cytosolic fractions. Interestingly, Pyk2 was also present in isolated
mitochondria. Mitochondrial fraction was validated by an enrichment of OXPHOS

complex V (CoxV) compared to total lysate.
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Figure 51. Pyk2 localisation at different subcellular fractions. Representative immunoblotting
of Pyk2 in isolated nucleus, cytosol and mitochondria obtained from hippocampal tissue from
Pyk2** mice. Total lysate was included. Tubulin, Lamin B and CoxV were blotted to confirm the
correct fractionation. Molecular weight markers positions are indicated in kDa.

To validate these findings, CA1 pyramidal neurons from Pyk2** were processed for
electron microscopy and Pyk2 was immunolabelled with gold particles. In line with the
subcellular fractionation, Pyk2 positive particles were observed both in the nucleus and
in the mitochondria (Figure 52A). Surprisingly, Pyk2 was detected not only inside
mitochondria but also in their close contacts to ER (Figure 52A). To test method
specificity of the immunogold staining procedure, the primary antibody was omitted.

Under these conditions, no selective labelling was observed (Figure 52B).
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Figure 52. Pyk2 is present in mitochondria and MAMs. (A) Electron microscopy images of
hippocampal neurons from Pyk2** mice with Pyk2-immunogold labelling showing Pyk2
localisation inside the nucleus, the inner part of mitochondria (M), and in the ER-mitochondria
contact sites. Black arrows point Pyk2 accumulation, blue lines delimit mitochondria, red lines the
ER and yellow lines the nucleus. Scale bars: left panel 0.4 ym, right panel 0.06 um. (B) Negative
control without Pyk2 antibody in hippocampal sections of Pyk2** mice. Scale bars: left panel 0.4
um, right panel 0.06 pm.
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3.4. ER-mitochondrial contact sites formation is regulated by
Pyk2

Given the presence of Pyk2 in MAMs, we aimed to study the involvement of Pyk2 in the
formation of contact sites between ER and mitochondria. First, we assessed levels of
MAMs-resident proteins by Western blotting in hippocampal total lysates from Pyk2+**
and Pyk2”’ mice. Pyk2” presented a reduction in IP3R3 levels (Figure 53B) and an
increment in VDAC1 levels (Figure 53C). Thus, lack of Pyk2 induces changes in MAMs

structural proteins.
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Figure 53. Levels of MAMs proteins IP3R3 and VDAC1 are altered in the hippocampus of
Pyk2’ mice. (A) Representative immunoblotting of IP3R3 and VDAC1 in total lysate of
hippocampus from Pyk2** and Pyk2”- mice. (B) Densitometry quantification of IP3R3 (Student t-
test, t=3.457, df=27; p=0,0018). Actin was used as loading control. (C) Densitometry
quantification of VDAC1 (Mann-Whitney test, A, B=189, 339, U=69; p=0,0270). Tubulin was used
as loading control. Molecular weight markers positions are indicated in kDa. Relative protein
levels are expressed as percentage to Pyk2**. Data represent mean + SEM, n=12-19 animals
per group. * p<0.05, ** p<0.01 vs Pyk2**.

To further study these organelles interaction, we examined ER-mitochondria contact
sites both in vivo and in vitro in hippocampal Pyk2’ neurons. When hippocampal
sections were analysed by electron microscopy, Pyk2”- neurons showed an increment in
the number of MAMs compared to the Pyk2** (Figure 54A). Similarly, ER-mitochondria
contact sites were measured in hippocampal neuronal cultures using a proximity ligation
assay (PLA). To this aim, IP3R3 and VDAC1 were targeted as probes for ER and
mitochondria respectively. Number of MAMs, measured as interaction between targeted
proteins, was augmented in Pyk2”- neurons (Figure 54B). Overall, these results suggest
that Pyk2 regulates the establishment of ER-mitochondrial contact sites and absence of

this protein results in a gain of contact sites.
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Figure 54. Absence of Pyk2 increases ER-mitochondria contact sites in vivo and in vitro
hippocampal neurons. (A) In left panel, electron microscopy images of MAMs in hippocampal
slices from Pyk2** and Pyk2”. Black arrows indicate close ER-mitochondria contacts and blue
areas delineate the counted MAM region. Scale bar, 0.5 um. In right panel, quantification shows
more MAMs per mitochondria in Pyk2”- neurons (Student's t-test, t=9.936, df=4; p=0.0006). (B)
In left panel, confocal images of VDAC/IP3R3 interaction by proximity ligation assay (PLA) in
primary hippocampal neurons from Pyk2** and Pyk2". Interaction between targeted proteins
appears in red and MAP2 in green. Scale, 10 uym. In right panel, quantification of ER-mitochondrial
contact sites by PLA (Student’s t-test, t=3.307, df=46; p=0.0018) also reveals an increment of
MAMs in Pyk2’- neurons. Number of PLA particles is relativized to cell area. Data represent mean
+ SEM. In A, 50 mitochondria from 6 different cells per genotype (3 animals per genotype) were
analysed; in B, n=20-28 neurons per genotype from 3 different cultures. ** p<0.01, *** p<0.001
vs Pyk2**,
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3.5. Pyk2 is involved in ER-mitochondria calcium transfer in

hippocampal neuronal cultures

MAMs are specialized regions that one of their main functions is Ca?* regulation.
Considering that the absence of Pyk2 exacerbates ER-mitochondrial contact sites, we
aimed to explore its involvement in Ca?* transfer between both organelles. Hence, we
tested it with live cell imaging in primary hippocampal neurons from Pyk2** and Pyk2"
cultures. Neurons were dyed with Fluo4 and TMRM to label Ca?* and Aym respectively
(Figure 55A). In basal conditions, no differences in fluorescence intensity were found
when comparing Pyk2** and Pyk2”. Then, thapsigargin (TG) was injected to inhibit
SERCA activity and to deplete Ca?* store in the ER. As expected, after the treatment,
Pyk2** cells increased Ca?* levels and lowered Aym. On the contrary, in Pyk2” neurons
thapsigargin did not induce a significant increase in Ca?* levels, either compared to
Pyk2** or to Pyk2” in basal conditions (Figure 55B and Figure 55C). Consistent with
these results, Aym remained unchanged. Next, cells were treated with FCCP, an
oxidative phosphorylation uncoupler, to induce maximal mitochondria depolarisation.
Right after this stress, Ca?* levels raised in Pyk2** neurons (~180%) and to a lesser
extent, in Pyk2” cells (~70%). Accordingly, mitochondria depolarisation was observed in
Pyk2** neurons, manifested as a significant decrease in TMRM fluorescence (Figure
55B and Figure 55C). Since the mitochondrial calcium uptake strongly depends on the
cytoplasmic calcium concentration (Szabadkai et al., 2003; Williams et al., 2013), less
reduction in the Aym of Pyk2’- neurons was detected. This effect could be attributable
to the lower response to thapsigargin observed in Pyk2-- cells. Altogether this experiment
demonstrates that ER depletion in the absence of Pyk2 leads to smaller cytoplasmic
calcium elevation, which could be a sign of altered calcium capacity of ER in this

condition.
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Figure 55. Lack of Pyk2 affects ER-mitochondrial calcium transfer in hippocampal
neurons. Primary neurons from Pyk2** and Pyk2” mice were labelled with 5 uM Fluo4 and 20
nM TMRM to trace intracellular calcium and mitochondrial membrane potential respectively. Cells
were stimulated with thapsigargin (TG, 0.5 yM) at 50 sec and with FCCP (2 uM) at 450 sec. (A)
Representative fluorescence traces of Fluo4 (left panel) and TMRM (right panel) from individual
Pyk2** and Pyk2’- neurons, in black and blue respectively, through the experiment. Black arrows
point the addition of the treatment. (B) Quantification of fluorescence fold change of Fluo4 (upper
panel) and TMRM (lower panel) before (basal) and after TG or FCCP treatment. Values are
normalized to Pyk2** neurons in basal conditions. (C) Representative confocal images of Fluo4
(green) and TMRM (red) fluorescence in basal conditions and after TG and FCCP exposure.
Scale bar, 10 ym. Data represent mean + SEM. n=55-62 neurons per genotype from 4 different
cultures. ***p< 0.001 vs basal Pyk2**; $$$$ p<0.001 vs Pyk2** at each condition as determined
by two-way ANOVA.
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3.6. Pyk2 regulates mitochondrial dynamics and morphology in

vivo and in vitro hippocampal neurons

MAMs are highly implicated in the regulation of mitochondrial dynamics (Rowland &
Voeltz, 2012b). As we have previously seen that lack of Pyk2 leads to defects in ER-
mitochondria crosstalk, we wondered whether mitochondrial dynamics could also be
affected. First, we evaluated levels of proteins involved in the fission and fusion events
in total lysates of hippocampus Pyk2** and Pyk2-- mice by Western Blotting. Pyk2”- mice
presented increased TOM20 protein levels, indicating a higher mitochondrial mass.
Moreover, Drp1 fission protein levels were also augmented in Pyk2-- (Figure 56A-C). On
the other hand, levels of mitochondrial fusion proteins Opa1 and Mfn2 were not altered
(Figure 56D-F) when comparing genotypes. Altogether, these findings suggest that lack
of Pyk2 could induce aberrant mitochondrial fragmentation due to an increased

mitochondrial fission but not decreased fusion.
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Figure 56. Levels of mitochondrial fission but not fusion are altered in hippocampus of
Pyk2” mice. Total lysates of hippocampus from Pyk2** and Pyk2’ mice were analysed by
Western Blotting. (A-C) Immunoblotting and its quantification of TOM20 (Student t-test, t=2.175,
df=30; p=0.0376) and Drp1 (Student t-test, t=2.455, df=27; p=0.0208). (D-F) Immunoblotting and
its quantification of Opa1 (Student t-test, t=0.7007, df=12; p=0.4968) and Mfn2 (Student t-test,
t=0.0009984, df=12; p=0.9992). Actin or tubulin were used as loading control. Molecular weight
markers positions are indicated in kDa. Relative protein levels are expressed as percentage to
Pyk2**. Data represent mean + SEM. In B and C, n=12-20; in E and F, n=5-9. *p< 0.05 vs Pyk2*"*.
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Next, we assessed mitochondrial morphology in CA1 pyramidal neurons from both
Pyk2** and Pyk27- mice by electron microscopy (Figure 57A). Pyk2”- neurons showed a
rise in the number of mitochondria (Figure 57B), corroborating the previous increase in
TOM20 protein levels (Figure 56A-B). In addition, morphometrical studies revealed a
lowering both in Aspect Ratio (Figure 57C) and Form Factors (Figure 57D) of Pyk2”

neurons, suggesting rounder and less branched mitochondria.
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Figure 57. Increased mitochondrial fragmentation in hippocampal neurons of Pyk2-/- mice.
(A) Electron microscopy images from hippocampal neurons from Pyk2** (left) and Pyk2” (right)
mice. Blue lines delimit mitochondria. Scale bar, 1 micron. Pyk2”- neurons showed higher (B)
mitochondrial density (Student t-test, t=4.136, df=4; p=0,0144), less (C) Aspect Ratio (Mann-
Whitney test, A, B=11883, 9438, U=2298; p<0.0001), and less (D) Form Factor (Mann-Whitney
test, A, B=11353, 9353, U=2332; p<0.0001). Data represent mean + SEM from three different
animals per genotype. *p< 0.05, ***p<0.001, ****p<0.0001 vs Pyk2**. In B, each point represents
the mean of each animal (n=3). In C and D, each point represents each mitochondrion (n=87-
119).
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Moreover, we studied mitochondrial morphology in primary hippocampal neurons.
Neuronal cultures were immunolabeled with TOM20 and MAP2 in green and red
respectively morphometrical analysis were applied. In line with the in vivo experiments,
Pyk2’ neurons presented excessive mitochondrial fragmentation as revealed by a
higher number of mitochondria together with a reduction in length and branching, as
indicated by lower values of Aspect Ratio and Form Factor (Figure 58). Overall, both our
in vivo and in vitro models show that absence of Pyk2 in neurons result in more

mitochondria, with a less elongated and complex shape.
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Figure 58. Mitochondrial morphology is altered in primary hippocampal Pyk2’ neurons.
(A) Confocal images of primary hippocampal neurons from Pyk2** and Pyk2” embryos were
immunolabeled with TOM20 in green and MAP2 in red (upper panel). White lines delimit the
analysed region of the neurites. In the lower panel, correspondent binary image with the analysed
mitochondria in black with white background. Scale bar, 1 um. Pyk2” neurons presented
increased (B) number of mitochondria per micron of neurite (Student t-test, t=6.834, df=258;
p<0.0001), lower (C) Aspect Ratio (Mann-Whitney t-test, A, B =11659, 14906, U=5036; p=0.0101)
and lower (D) Form Factor (Mann-Whitney t-test, A, B=2056, 15748, U=5878, p< 0.0001). Data
are means + SEM of 15-20 neurons from 8 different embryos per genotype (n=128-140). Each
point represents the mean of all mitochondria in each neuron. * p<0.05, **** p<0.0001 vs Pyk2*"*.

3.7. Nuclear translocation and location domains of Pyk2 control

dynamics of hippocampal mitochondria

To deepen the molecular mechanisms underlying mitochondrial regulation by Pyk2, we
transfected hippocampal primary neurons with several truncated forms of GFP-Pyk2:
DFAT, YF, and RRST (Figure 59A). Mutated constructs were compared with GFP
transfected cells both from Pyk2** and Pyk2” cultures. As expected, restoration of Pyk2
levels in hippocampal Pyk2”- neurons recovered number of mitochondria (Figure 59B-

C). Likewise, Pyk2”- neurons transduced with DFAT and YF constructs also rescued the
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number of mitochondria. Interestingly, RRST construct was unable to recover this
parameter showing the same phenotype as the one in Pyk2” neurons only transfected
with GFP (Figure 59B-C). These findings suggest that the corresponding motifs in the
Pyk2 protein (RR1s4,185, and/or Sz47-T749) are directly involved in the role of Pyk2 in
mitochondria, for instance in the binding of specific partners, or that the effects of Pyk2
on mitochondria indirectly demands the nuclear translocation of Pyk2 that is prevented
in the RRST mutant (C. Faure et al., 2007; Giralt et al., 2017).
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Figure 59. Mechanisms of Pyk2-dependent modulation of mitochondrial density. Primary
hippocampal neurons from Pyk2** and Pyk2” mice were transfected with different constructs.
(A) Schematic representation of the plasmids used: Pyk2, GFP, DFAT (Pyk2 without the entire
FAT domain), YF (Pyk2 with a point mutation in the tyrosine 402 residue for an alanine) and RRST
(with four-point mutations in the import/export nuclear domains called Rissa, R1ssa, S747a and
T749a). (B) Neurons were immunolabelled with TOM20 in red and GFP expressed by the plasmids
appears in green (upper panel). Correspondent binary images of the analysed mitochondria in
black with white background (lower panel). Scale bar, 3 um. (C) Quantification of number of
mitochondrial in neurons transfected with the different constructs in A and B (one-way ANOVA,
Fs, 258=4.881, p=0.0003). Tukey’'s multiple comparisons test was used as a post hoc. Data are
means + SEM of 7-10 neurons from 4 different cultures per genotype (n=30-40). Each point
represents the mean of all mitochondria in each neuron. **p<0.01 vs Pyk2**: GFP group.
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In an attempt to assess this possible translocation of Pyk2 into the mitochondria, Pyk2+**
hippocampal neurons were treated with 40 uM glutamate for 15 min. Neurons were
immunolabeled with Pyk2 and observed by electron microscopy to analyse particle
distribution. Notably, after glutamate treatment, density of Pyk2 particles in mitochondria
increased, supporting the idea of a translocation of Pyk2 into the mitochondria upon

neuronal activation (Figure 60).
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Figure 60. Pyk2 translocates to mitochondria upon neuronal activity. Neurons from primary
hippocampal cultures of Pyk2** mice were treated with vehicle or glutamate for 15 min. (A)
Quantification of density of Pyk2 particles relative to vehicle group (Mann-Whitney test, A, B=271,
259, U=40; p<0.0001). (B) Electron microscopy images showing Pyk2 presence inside the
mitochondria. Black arrows indicate gold particles of Pyk2 antibody after vehicle (left) or glutamate
(right) treatment. Scale bar, 0.1 ym. Data represent mean + SEM from 7 different neuronal
cultures (n=21-20 neurons per group). Each point represents a neuron. **** p<0.0001 vs Veh.
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The earliest description of mitochondria as intracellular structures was reported by
Richard Altmann in 1890 (Altmann, 1890). They were first named as “bioblast” since they
were perceived as “elementary organisms” living inside cells in control of vital functions.
Later in 1898, Carl Benda coined the term mitochondrion composed by the Greek words
“mitos” (threads) and “chondros” (granule) to describe the appearance of the organelles
(Benda, 1898; Ernster & Schatz, 1981). This brief historical view highlights the relevance
of mitochondrial morphology that recent research has supported showing how
fundamental are mitochondrial dynamics to regulate these organelles’ shape and enable
the proper distribution and function (Giacomello et al., 2020). In this Thesis, we aimed to
deeply understand the mechanisms controlling mitochondrial dynamics and how the
presence of mHtt disrupts these events, leading to detrimental consequences for striatal
neural cells. In particular, we focused on the study of ER-mitochondria interactions, the

transfer of extracellular mechanisms and the regulation of mitochondria by Pyk2.

1. ROLE OF MITOCHONDRIAL DYNAMICS AND MAMs IN
HD STRIATAL NEURONAL VULNERABILITY

Mitochondrial dysfunction is a common phenomenon in many neurodegenerative
diseases, including HD. In the current work, we proved that R6/1 striatal neurons
displayed exacerbated mitochondrial fragmentation, meaning more mitochondria with
less elongated and complex shape. Similarly, previous studies from our group and others
in HD cellular and mouse models have shown rounder mitochondria as a result of
increased mitochondrial fission events (Cherubini et al., 2015; X. Guo et al., 2013; Naia
et al., 2021; Reddy, 2014). Additionally, mitochondria from post-mortem caudate are
smaller at grades 2 and 4 of HD compared to control subjects (J. Kim et al., 2010).
Nonetheless, these alterations were no further found in cortical or hippocampal R6/1
neurons, suggesting that are dependent on brain region. A possible explanation is that
striatal mitochondria are more susceptible to mHtt toxicity due their intrinsic properties.
Particularly, striatum from WT mice show higher OXPHOS activity and more
mitochondrial mass than cortex or hippocampus (Pickrell et al., 2011), causing more
affection to OXPHOS dysfunction in the striatum than other brain areas. In addition,
mitochondria from striatal neurons are less motile and more prone to divide than their
counterparts in the cortex (Guedes-Dias et al., 2015). Thus, striatal neurons may be
especially vulnerable to mHitt toxicity because of the brain-dependent heterogeneity in

mitochondrial functions.

133



DISCUSSION

Moreover, we reported for the first time a loss of ER-mitochondria contact sites in HD
striatal neurons. Later research from Rego’s group confirmed this finding in striatal
neurons of the HD mouse model YAC128, showing less ER-mitochondria interaction
sites as well as reduced organelles’ colocalization. In addition, they showed the
decreased expression of Sigma-1 receptor, a chaperone enriched in MAMs, that
hampered the formation of ER-mitochondria contact sites in the presence of mHtt (Naia
etal., 2021). Overall, we suggest that mitochondrial proneness to undergo fragmentation

could lead to the disruption of MAMs in HD striatal neurons.

However, increased mitochondrial fission may not be the only mechanism involved in
this loss of ER-mitochondria interaction. Hence, we hypothesised that reduction of MAMs
anchoring proteins could affect communication between both organelles. MAMs are
compartments enriched in specific proteins as Grp75, IP3R3 and Mfn2 that enable ER-
mitochondria tethering and facilitate the calcium efflux in this hotspot. Our results showed
a substantial decrease of Grp75, IP3R3 and Mfn2 in post-mortem putamen of HD
patients. Moreover, these three proteins were also diminished at middle stages of the
disease in two mouse models, the R6/1 and knock-in HdhQ111. Although it does not
seem an early event, we suggest that reduction of MAMs proteins could be not only a
consequence of striatal degeneration but also a contributor to the HD progression.
Indeed, it has been described that mHtt directly binds IP3R1, another IP3R isoform
present at the MAMs, and that blockage of this interaction in vivo in YAC128 mice can
regulate abnormal calcium signalling, reducing MSN neuronal loss and rescuing deficits
in motor coordination (Tang et al., 2004, 2009). In addition, Naia et al. recently showed

a drop in IP3R3 expression in HD striatal neurons (Naia et al., 2021).

Conversely, the evaluation of these MAMs proteins in other brain regions affected in the
HD as cortex and hippocampal revealed no alterations in protein levels neither in human
samples nor murine models. As previously discussed, this contrast between brain areas
may be caused by the differential susceptibility of striatal mitochondria. Since no
comparative study on MAMs proteins in the brain is available, is hard to further discuss
this outcome. Nevertheless, MAMs are tightly related to calcium homeostasis and it is
known that HD striatal mitochondria are more sensitive to Ca?* overload than their
counterparts in the cortex (Brustovetsky et al., 2003). Hence, selective decrease of
MAMs protein related to Ca?* efflux may partially explain the sensitivity of MSN to

degenerate in the presence of mHit.
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One of the limitations of our investigation is that biochemical studies were performed in
total brain lysates and reduction of these proteins cannot be exclusively attributed to
neurons. Moreover, although enriched in MAMs, these proteins are expressed in other
subcellular compartments as cytosol, ER or mitochondria. To accurately study protein
levels in these microdomains, we isolated MAMs fraction from mouse striatum (data not
shown in this Thesis). Despite some tendency to diminished levels of Grp75, IP3R3,
Mfn2 and Sigma-1 receptor in R6/1 striatum, we could not validate these results because
of lack of a proper MAMs loading control. Thus, further research should address the
identification and development of exclusive markers of the MAMs portion, that could

improve the understanding of interaction between ER and mitochondria.

Considering the alterations observed in MAMs integrity, we supposed that disruption of
ER-mitochondria coupling contributed to Ca?* mishandling in HD striatum. Notably, our
cultured HD neurons exhibited alterations in Ca?* efflux between organelles, suggesting
an impaired mitochondrial calcium uptake. In accordance, defective mitochondrial Ca?*
homeostasis has been previously described in HD striatum (Milakovic et al., 2006; Naia
et al., 2017; Rosenstock et al., 2010). Additionally, a study in a PD model of Drosophila
proved that disturbances in ER-mitochondria contacts interfered in mitochondrial calcium

regulation, contributing to neurodegeneration (K. S. Lee et al., 2018).

Regarding the explanation for mitochondrial calcium mishandling in HD striatum, initial
investigation only pointed out the higher mitochondrial sensitivity to Ca?* loads
(Brustovetsky et al., 2003; Choo et al., 2004; Milakovic et al., 2006). Indeed,
mitochondria isolated from HD striatal cells and knock-in mice showed that mHtt reduced
the Ca?* threshold necessary to induce mPTP (Choo et al., 2004). Moreover, Panov et
al. reported that isolated mitochondria from lymphoblasts from HD patients as well as
from YAC mice brains displayed lower Aym and less calcium capacity than those from
healthy subjects or WT mice (Panov et al., 2002). Conversely, other authors proved that
isolated brain mitochondria from HD transgenic mice displayed enhanced mitochondrial
capacity of Ca?* uptake (Oliveira et al., 2007; Pellman et al., 2015). These discrepancies
might be due to the loss of interactions with other organelles as ER since all these
experiments were performed in isolated mitochondria, losing the appropriate context. On
the other side, our and other findings performed in intact neurons propose that
mitochondrial Ca?* mishandling could be attributed not only to disruption of intrinsic
mitochondrial properties but also to MAMs formation (Jung et al., 2020; K. S. Lee et al.,
2018).
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Among all proteins involved in mitochondrial dynamics, Drp1 is one of the key factors in
remodelling mitochondria shape and it has been widely studied. It has been reported in
several HD cell and mouse models that Drp1 protein levels and activity are increased
(Cherubini et al., 2015; Costa et al., 2010; Manczak & Hemachandra Reddy, 2015).
Moreover, samples of post-mortem caudate from HD patients show increased Drp1
protein levels throughout the disease along with a reduction of Mfn1 at grade 3 and grade
4 of HD (J. Kim et al., 2010). Interestingly, striatum of grade 3 HD patients presented
higher protein levels of Drp1 compared to cerebellum whereas in control patients, levels
were similar between brain areas, indicating that HD striatum is especially susceptible to

alterations in mitochondrial dynamics (Shirendeb et al., 2011).

Since mHtt can bind Drp1 and enhances its GTPase activity (Song et al., 2011), we
hypothesised that excessive Drp1 activity could mediate the alterations in mitochondrial
morphology and interactions with ER previously discussed. To test this, we treated R6/1
neurons with Mdivi-1 (mitochondrial division inhibitor), a well-known pharmacological
Drp1 inhibitor (Cassidy-Stone et al., 2008) that reduces the number of mitochondria in
WT cells (Manczak & Hemachandra Reddy, 2015). In our hands, inhibition of Drp1 in
R6/1 neurons not only restored the excessive mitochondrial fragmentation but also
prevented the loss of ER-mitochondria apposition. This outcome demonstrated that

aberrant mitochondrial fission is mediating ER-mitochondria tethering.

Additionally, Mdivi-1 treatment in HD striatal cell line prevented from increased oxidative
stress and less cell viability induced by mHtt (Manczak & Hemachandra Reddy, 2015).
Likewise, we observed that mitochondrial oxidative stress derived from mHtt was
restored in R6/1 primary neurons. These results are in line with other findings in primary
neuronal cultures that showed how reduction of ROS after Mdivi-1 was partially due to
the increment of the activity of antioxidant enzymes superoxide dismutase and catalase
(J. M. Liu et al., 2015). Finally, Mdivi-1 treatment in our HD cultured neurons restored
ER-mitochondria Ca?* transfer, ameliorating the limited mitochondrial capacity of Ca?*
buffering. Accordingly, Mdivi-1 treatment in excitotoxicity neuronal models proved to
protected against toxic activation of NMDA and restored mitochondrial Ca?* homeostasis
capacity (Ruiz et al., 2018). Hence, we pose that mitochondrial fragmentation in HD

neurons contributes to the loss of ER-mitochondrial interaction and hampers Ca?* efflux.

Besides cell cultures, Mdivi-1 has been used in vivo in mouse models of
neurodegeneration. Intraperitoneal administration of Mdivi-1 proved to be
neuroprotective in two different mouse models of PD, preventing motor function deficits,

neurodegeneration and mitochondrial dysfunction and altered morphology in synaptic
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terminals (Bido et al., 2017; Rappold et al., 2014). In turn, Mdivi-1 also showed protective
effects in neurons from AD mice, both in vitro and in vivo, improving disruption of
mitochondrial dynamics and cognitive deficits (W. Wang et al., 2017). To date, Mdivi-1
has not been tested in HD animals. However, R6/2 mice have been treated with another
Drp1 inhibitor, P110-TAT with systemic subcutaneous administration. Treated HD mice
displayed reduced neurological defects and improvement of mitochondria function along
with amelioration of HD neuropathology, as loss of MSN and intracellular Htt aggregates
(X. Guo et al., 2013). Altogether, pharmacological inhibition of Drp1 brings promising
results for the treatment of neurodegenerative diseases, including HD. However, further
research would be needed before proposing Mdvi-1 as a feasible therapeutic strategy

such as toxicological profile, pharmacokinetics and chronic treatments.

Overall, in the first study of this Thesis we have proved that the presence of mHtt in
striatal neurons increases the activity of Drp1, promoting mitochondria to undergo
fragmentation. As a result of disturbances in the mitochondrial network, these organelles
are misplaced and lose their contacts with the ER, hampering the correct transfer and
homeostasis of calcium (Figure 61). Lastly, we propose that these mechanisms are
specific altered in the striatum of HD, contributing to the selective vulnerability that occurs

in this disease.

2. CONTRIBUTION OF ASTROCYTIC MITOCHONDRIA
TO STRIATAL VULNERABILITY IN HD

Despite that major neuropathological feature in HD is the selective loss of MSN, mHtt
also affects the function of other neural cells in the striatum. Indeed, astrocytes are the
second most prevalent cell type in mouse striatum (Gokce et al., 2016) and many
investigations have implicated the pathology of astrocytes as contributors to the
preferential striatal neuronal degeneration that occurs in HD (Benraiss et al., 2016, 2021;
Khakh et al., 2017; Osipovitch et al., 2019; Wilton & Stevens, 2020).

Growing evidence point out the striking heterogeneity in astrocyte population not only
morphological but also molecular and functional (Chai et al., 2017; Escartin et al., 2021).
Hence, recent efforts have focused on purified astrocytes from mouse brain and
establishing specific expression patterns for different brain regions (Al-Dalahmah et al.,

2020; Diaz-Castro et al., 2019; Duran et al., 2019). However, molecular signatures
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extracted from single-cell RNA studies should be validated from a functional perspective

in mouse models, such as combination of cell markers.

To this aim, we examined expression of several astrocyte markers in the striatum of WT
and R6/1 mice: ALDH1L, GFAP, S1008 and GLAST. Of them, we propose ALDHL1L1
as the most reliable marker for striatal astrocytes since it remained unchanged with aging
in WT mice. In accordance with this, other authors also proposed ALDHL1L1 as a pan-
astrocytic marker homogeneously expressed in the brain that widely distributes within
the cell (Mudannayake et al., 2016; Yongjie Yang et al., 2011), in contrast to GFAP, that
only labels about 15% of the total cell area (Bushong et al., 2002). Moreover, neither
protein levels nor distribution of ALDH1L1 were modified at any stage of the disease in

R6/1 striatum, suggesting no major changes in the mass population of astrocytes.

Concerning S100p, although it is not exclusively expressed in astrocytes (Matias et al.,
2019; Sofroniew & Vinters, 2010), it is generally related as a marker for astrocyte
maturation (Al-Dalahmah et al., 2020; Escartin et al., 2021). In our R6/1 mice, S10083
protein levels and expression remained unchanged compared to WT. Similarly, previous
published analysis by immunofluorescence in the striatum of knock-in HD mice showed
no differences in S1008 expression compared to WT mice (Brown et al., 2021), which

might be interpreted as no alterations in astrocyte’s maturation in the HD striatum.

Regarding GLAST, we confirmed a drop in protein levels at middle stages of HD in the
striatum of R6/1 while at early and advance stages remained unchanged. These results
corroborate previous findings showing decreased expression of GLAST in HD mouse
brains only at middle but not at early stages (Estrada-Sanchez et al., 2009; Faideau et
al., 2010). Similarly, the other astrocytic glutamate transporter GLT-1 displayed lowered
expression and function in brain samples of mouse models and HD patients (Bradford et
al., 2009; Estrada-Sanchez et al., 2009; Liévens et al., 2001; Shin et al., 2005). As a
matter of fact, restoration of GLT-1 levels in symptomatic R6/2 mice ameliorated HD-
related behavioural and motor deficits (B. R. Miller et al., 2008). Moreover, cultured R6/2
astrocytes conferred less protection to striatal neurons against glutamate toxicity than
WT astrocytes (Shin et al., 2005). Consequently, the reduction of glutamate transporters
directly impacts in the glutamate uptake by the astrocyte, which accumulates at the
extracellular space and reduces neuroprotection against excitotoxicity, thus contributing

to loss of striatal neurons in HD (Estrada-Sanchez et al., 2009).

Despite it has been the marker of choice for reactive astrocytes for many years, GFAP
labels an heterogeneous population with region-dependent expression (Y. Lee et al.,
2008; Saba et al., 2020; Sofroniew & Vinters, 2010; Walz & Lang, 1998). In the striatum,
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GFAP is scarcely expressed and only in a limited number of astrocytes (Gokce et al.,
2016; Khakh, 2019; Saba et al., 2020), highlighting that it is not a robust striatal marker
for astrocytes and the identification of others may be needed. In post-mortem striatum of
HD patients, astrogliosis manifested as an increment of astrocytes is detected as early
as Vonsattel grade 1 (J. P. Vonsattel et al., 1985; J. P. G. Vonsattel & Marian, 1998).
Contrary to these findings, not all HD genetic mice recapitulate this phenotype although
dysfunction of astrocytes still occurs (Mangiarini et al., 1996; Tong et al., 2014). In line
with this hypothesis, we did not report an increment in GFAP in striatal astrocytes of R6/1
mice. Similarly, striatum of R6/2 at symptomatic stages did not show changes in GFAP

protein levels, number of cells, cell area or processes (Tong et al., 2014).

In contrast, generation of HD mouse models using lentiviral vectors (Htt171-82Q)
reproduced a loss of MSN along with a progressive phenotype of reactive astrocytes with
increased GFAP expression, similar to the observed in HD patients (Ben Haim et al.,
2015; Faideau et al., 2010). However, in these studies they considered the number of
positive cells for GFAP while mRNA or protein levels were not quantified. These same
authors suggested that prevention of astrogliosis by inhibition of the JAK/STAT3 pathway
in the striatum of HD mouse reduced the HD neuropathology as mHtt aggregates and
neuronal death (Ben Haim et al., 2015). A possible explanation to this discrepancy might
be the methodological approach of HD mouse model generation and which parameters

are used to analyse reactive astrocytes.

Following the evaluation of signs of astrogliosis, we analysed the astrocyte’s morphology
in primary HD cultures. R6/1 astrocytes expressing GLAST showed larger cell area
compared to WT indicating a hypertrophy, a distinct trait of reactive astrocytes (Escartin
et al., 2021), while cells positive for GFAP did not. This could be due to the limited
detection of GFAP labelling, that withhold engrossment of fine processes or soma of the
HD cells. In sum, our results do corroborate astrogliosis although highlight that the rise
of GFAP may not be the most reliable feature of astrocyte activation in HD striatum since

it occurs in many but not necessary all reactive astrocytes.

To widen the analysis of astrogliosis, several parameters must be into consideration as
morphology, proliferation, cell signalling and proteome (Escartin et al., 2021). Hence,
current understanding of astrocytes is shifting towards different states of reactivity
depending on the context rather than all-or-none phenomenon (Sofroniew & Vinters,
2010). All things considered, we and others propose that the most accurate approach to
explore astrocytes’ phenotype in the mouse striatum is a combined panel with several

markers rather than focusing on a single protein.
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While neurons mostly rely on mitochondrial oxidative phosphorylation (OXPHOS) for
their metabolism, astrocytes preferentially present a more glycolytic profile (Bolafios,
2016; Supplie et al., 2017). Nonetheless, mitochondrial function in astrocytes can be
affected either directly by pathogenic factors or as result of astrogliosis, leading to
overworked mitochondria (Gollihue & Norris, 2020). When evaluating mitochondrial
metabolism, we found an increment in mitochondrial respiration in HD astrocytes. We
hypothesise that these mitochondrial hyperactivation could be triggered to meet
energetic demands of hypertrophied R6/1 astrocytes. In contrast to our findings, primary
cortical astrocytes of YAC128 mice showed impaired mitochondrial respiration, both
basal and maximal capacity respiration (Ehrnhoefer et al., 2018). This inconsistency may

be due to differences in the studied brain region.

Moreover, others authors have recently posed the evaluation of glucose, pyruvate, and
lactate as functional signals of astrogliosis (Escartin et al., 2021; Lerchundi et al., 2020;
Machler et al., 2016). In our hands, cultured R6/1 astrocytes produced higher levels of
lactate. Lactate is the result of glucose utilization by astrocytes during glycolytic
metabolism, suggesting that a rise of lactate levels could be related to an increment in
glycolysis. It is encouraging to compare these results with previous findings from
magnetic resonance spectroscopy in the brain of HD symptomatic patients, that indicated
a gain in lactate content, which authors of that study related to alterations in
mitochondrial function and brain energy metabolism in HD (Martin et al., 2007). This

raise in lactate production may also be seen as a signal of astrogliosis in the HD striatum.

In agreement with this idea, previous literature reported that augmentation of glycolytic
enzymes such as aldolase C (ALDOC) could be potential markers for reactive astrocytes
(Halford et al., 2017; Levine et al., 2016). Indeed, STAT3, a regulator of the switch
between OXPHOS and glycolysis, has been described to increase expression of GFAP
and ALDOC during response of reactive astrocytes (Levine et al., 2016). Moreover,
STAT3 pathway is activated in striatal astrocytes of HD mice as well as in human
putamen of HD patients (Abjean et al., 2022; Ben Haim et al., 2015), reinforcing the link
between a boost in glycolysis and astrogliosis. In turn, modulation of STAT3 pathway in
astrocytes ameliorated striatal atrophy, glutamate levels, mHtt aggregates in neurons
and reactivity of astrocytes (Abjean et al., 2022; Ben Haim et al., 2015). Altogether, since
astrocytic and neuronal metabolisms are interconnected, it is feasible to postulate that
alterations in the metabolism of striatal astrocytes could impact in function and survival

of MSN, contributing to the neuronal vulnerability of the striatum in HD.
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The expected interpretation of the augmented mitochondrial metabolism in HD striatal
astrocytes would be an increment in mitochondrial mass. However, measurement of
mitochondrial mass and number using different approaches revealed no differences
between WT and R6/1 astrocytes. Moreover, we evaluated mitochondrial functionality in
isolated striatal astrocytes. The absence of loss of Aym in R6/1 astrocytes broadly
supports the idea that alterations in mitochondria are not due to a hypofunction.
Similarly, primary astrocytes from YAC128 mice presented levels of Aym comparable to
WT animals (Ehrnhoefer et al., 2018). Because of dearth of results addressing
mitochondrial functionality in HD striatal astrocytes is hard to further discuss this
outcome. However, the combination of different techniques brings robust proofs that
mitochondrial mass is not altered in the bulk of HD striatal astrocytes and reinforces the

boost in mitochondrial respiration in R6/1 astrocytes.

Since changes in mitochondrial function may impact on their dynamics, we wondered
whether mitochondrial fusion and fission events could be disrupted in R6/1 striatal
astrocytes. In accordance with our previous findings in HD neurons (Cherubini et al.,
2015), Drp1 and Cdk5 were augmented in astrocytes from adult R6/1 mice. This
increment in proteins related to mitochondrial fission suggests a shift in mitochondrial
dynamics towards fission that may be interpreted as a strategy to dissipate energy
through the constant division of these organelles. Nevertheless, an issue that was not
addressed in this study was whether mitophagy was also enhanced in HD astrocytes. It
is likely that, as mitochondrial fission is enhanced but number and mass of mitochondria
are not altered in the bulk of astrocytes, mechanisms for mitophagy would also be

incremented. Further research should be undertaken to investigate this possibility.

Lastly, we evaluated mitochondrial morphology in astrocytic cultures using GLAST and
GFAP as astrocyte markers. In those astrocytes only expressing GLAST, no alterations
in mitochondrial area or branching were detected between genotypes. On the contrary,
those R6/1 astrocytes also expressing GFAP showed less mitochondrial area along with
increased branching. Similarly, altered ultrastructure of mitochondria was reported in
astrocytes from brains of juvenile HD patients (Goebel et al., 1978; Oliveira, 2010). This
similarity may be explained by the use of GFAP in the identification of astrocytes in post-
mortem samples. Another possible explanation for this phenomenon is that those
astrocytes expressing GFAP are in a higher reactivity state and mitochondrial

morphology results disrupted.

Overall, we have demonstrated a boost in the metabolism along with alterations of

proteins involved in mitochondrial fission. Together with the above-mentioned cell
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hypertrophy, we propose the hyperactivation of mitochondrial respiration as well as the
disruption of mitochondrial dynamics as new functional indicators of astrogliosis in HD
striatum. Whether the role of astrogliosis in HD progression represents a gain of
detrimental or protective functions remains a matter of discussion. It has been reported
that both situations may occur simultaneously and that final impact will depend on the
astrocyte subpopulations newly acquired or lost and their correspondent function
(Escartin et al., 2021; Khakh & Sofroniew, 2014; Palpagama et al., 2019).

The last aim of this study was to evaluate whether mitochondria from HD astrocytes
could be transferred to striatal neurons and what was the effect. Intercellular
mitochondrial transfer has been described as a mechanism of tissue homeostasis and
rescue of damaged cells both in health and disease (reviewed in (D. Liu et al., 2021;
Shanmughapriya et al., 2020)). Particularly in the CNS, several studies have address the
effect of transmitophagy under pathological situations as ischemic insult (Babenko et al.,
2015; Hayakawa et al., 2016; Hayakawa, Chan, et al., 2018; Lippert & Borlongan, 2019;
Morancho et al., 2015), AD (Joshi et al., 2019; Nitzan et al., 2019) or PD (Morales et al.,
2020; Rostami et al., 2017; Valdinocci et al., 2019). It has been postulated that astrocytes
could degrade neuronal damaged mitochondria and supply new functional mitochondria
to the neuron as a neuroprotective strategy against toxic stimuli (M. V. Berridge et al.,
2016). Following the research performed in other models of neurodegeneration, we

aimed to address this transmitophagy in HD.

We detected extracellular mitochondria released by WT and R6/1 astrocytes in culture,
similarly to previous research in in vitro models of other brain injuries (Hayakawa et al.,
2016; Joshi et al., 2019). Moreover, nearly the entire pool of extracellular mitochondrial
was functional, showing no differences between genotypes. Despite similar
mitochondrial functionality, astrocytic mitochondria impacted differently in striatal
neurons depending on the genotype. Neurons receiving mitochondria from HD
astrocytes increased the oxidative stress levels as well as reduced the neurite branching.
Altogether, these findings suggest that HD mitochondria from astrocytes present some
intrinsic properties that trigger neuronal damage, which could in turn contribute to the
selective vulnerability of MSN in HD. Nevertheless, since medium from cultured HD
astrocyte may contain other soluble factors that could induce neurotoxicity, negative
controls should be included in this experiment such as depletion of mitochondria from
the medium as previously described (Joshi et al., 2019). Notably, an important issue for
future research would be to challenge the mitochondrial transfer in HD in a more complex
system as co-cultures or in vivo models and evaluate the transfer from astrocytes to

neurons and vice versa.
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One of the few molecular components identified in the transfer of extracellular
mitochondria is CD38. In the brain, CD38 triggers mitochondrial release from astrocytes
(Hayakawa et al., 2016) and it participates in neuro-glia communication (Bruzzone et
al., 2004; Hattori et al., 2017). We described for the first time the involvement of CD38 in
HD. Protein levels of CD38 were increased in striatal astrocytes of R6/1 mice and in post-
mortem caudate of HD patients. To date, it has been hypothesised that CD38 may be
boosted in several neurodegenerative disorders and that could be linked to the lowered
levels of NAD, a substrate of CD38 metabolism, observed in models of AD, PD and HD
(Guerreiro et al., 2020; Lautrup et al., 2019). In turn, depletion of CD38 in mice leaded
to higher NAD levels (Barbosa et al., 2007) and enhancement of NAD proved to
ameliorate the mitochondrial function and prevent from damage derived from oxidative
stress (Lautrup et al., 2019). Thus, in future studies it would be of interest to modulate
CD38 activity in HD astrocytes and evaluate whether its partial inhibition could benefit

striatal neurons by preventing neurotoxicity.

On the other side, recent research proposed the interaction between ER and
mitochondria as another mechanism involved in the transfer of extracellular
mitochondria. It was demonstrated in primary osteocytes that mitochondrial transfer
along the cell required the association to the ER and that Mfn2 inhibition impeded
mitochondrial transfer (J. Gao et al.,, 2019). Moreover, a study in human astrocytes
demonstrated that accumulated a-synuclein can be transferred to other astrocytes via
TNT, one of the paths for mitochondrial transfer. This same investigation showed that a-
synuclein accumulation induced ER swelling and altered mitochondrial dynamics, finally
provoking autophagy disturbances (Rostami et al.,, 2017). Despite the evidence
suggesting the importance of ER-mitochondrial interactions in transmitophagy, many

questions remain to be elucidated and future research should address them.

Finally, mitochondrial transplantation has been postulated as a novel therapeutic
approach for several diseases, including those related with the CNS (Hayakawa,
Bruzzese, et al.,, 2018). Interestingly, mitochondrial transfer in the brain of AD mice
reduced neuronal loss and gliosis in the hippocampus as well as ameliorated cognitive
deficits (Nitzan et al., 2019). Similarly, microinjections to the affected brain area and
intravenous administration of mitochondria in PD mouse models rescued neuronal
functionality (J. C. Chang et al., 2016; Shi et al., 2017). These promising results open a

potential clinical application for neurodegenerative diseases, including HD.
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In summary, in the second study of this Thesis we have demonstrated that HD striatal

astrocytes do not show main changes in the expression of astrocyte markers. However,

we have shown other features of astrogliosis as cell hypertrophy and enhanced

mitochondrial metabolism. Finally, HD astrocytes transfer mitochondria that trigger toxic

effects in striatal neurons (Figure 61). Altogether, disturbances in mitochondrial function

of HD astrocytes contribute to the striatal neuronal vulnerability that occurs in HD.
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Figure 61. Mitochondrial function and dynamics are altered in neurons and astrocytes of
HD striatum. In physiological conditions, mitochondrial function and dynamics are tightly
regulated. In striatal astrocytes, the markers ALDH1L1, GFAP, S1008 and GLAST are expressed.
Astrocytes communicate with neurons through the transfer of extracellular healthy mitochondria.
In HD, neurons present exacerbated mitochondrial fragmentation along with a reduction in ER-
mitochondria contact sites. Although HD astrocyte present similar expression of markers, cells
are hypertrophic with an increment in mitochondrial respiration and mitochondrial fission. Finally,

HD astrocytes transfer functional mitochondria that trigger toxic effects in striatal neurons.
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3. ROLE OF PYK2 IN MITOCHONDRIA AND MAMs

Pyk2 is considered a scaffolding protein with abundant protein interactions (reviewed in
(de Pins et al., 2021)) that has been largely involved in synaptic plasticity and, when its
function is compromised, in several neurodegenerative diseases (Giralt et al., 2017;
Kumar et al., 2021; Nakamura et al., 2002). Since Pyk2 interactome in hippocampus, the
brain region with highest Pyk2 expression, was not studied in detail so far, we aimed to
partially define it using immunoprecipitation coupled to mass-spectrometry. First, we
found that most of the proteins associated with Pyk2 were directly implicated in NMDA
function and synaptic plasticity, corroborating previous reports in neurons from mouse
brain (Bartos et al., 2010; Girault, Costa, et al., 1999; Heidinger et al., 2002). Surprisingly,
we also identified Pyk2 partners involved in calcium regulation and mitochondrial

function.

To further elaborate on this discovery, we studied subcellular distribution of Pyk2 in
hippocampal neurons of Pyk2** mice. Not only did we confirm the presence of Pyk2 in
the cytosol and the nucleus previously described (Camille Faure et al., 2013), but we
also identified a novel localisation in mitochondria and their contact sites with the ER.
Consistent with this outcome, other authors proved the interaction of Pyk2 with some
chaperone proteins enriched in the MAMs as Grp75 and Grp78/BiP in glioblastoma cell
lines (Vomaske et al., 2010). In contact sites between ER and mitochondria, Grp75
strengthens the IP3R3-VDAC1 complex whereas Grp78, together with SIGR1, stabilises
IP3R3 and boosts Ca?* signalling (Hayashi & Su, 2007; Prasad et al., 2017). In line with
these findings, we reported that the lack of Pyk2 triggers changes in IP3R3 and VDAC1
protein levels, along with an increment in ER-mitochondria juxtaposition in hippocampal
neurons both in in vivo and in in vitro murine models. Altogether, we demonstrated that

Pyk2 is an essential protein for the structural integrity of MAMs in a physiological context.

As discussed above, MAMs are highly involved in the maintenance of calcium
homeostasis. Given the structural alterations in MAMs observed in Pyk2”- mice, we
hypothesised that Pyk2 could be implicated in the calcium buffering regulated by ER and
mitochondria. In our hands, the lack of Pyk2 in hippocampal neurons hampered the
calcium buffering capacity of ER. In line with this outcome, previous research in
endothelial cells reported that Pyk2 phosphorylates STIM1, a calcium sensor in the ER,
thus modulating Ca?* store depletion in the ER (Soni et al., 2017; Yazbeck et al., 2017).
Moreover, Pyk2 depletion in murine macrophages promoted alterations in calcium
signalling, showing a reduction in intracellular Ca?* release and in IP3 production after

chemokine stimulation (Okigaki et al., 2003). Although the methodology used in our work

145



DISCUSSION

did not trace specifically calcium from each subcellular compartment, we postulate that
lack of Pyk2 promotes alterations in MAMs proteins along with ER-mitochondrial
interaction, finally impacting on the Ca?* exchange between organelles and thus, on its

homeostasis.

However, little is known about how Pyk2 regulates the molecular mechanisms of
mitochondrial calcium buffering. It has been posited that Pyk2 could interact with the
mitochondrial calcium uniporter (MCU), modulating mitochondrial calcium uptake (O-
Uchi et al., 2014; K. Zhang et al., 2018). Thus, in cardiomyocytes, adrenergic stimulation
induces Pyk2 translocation from cytosol to mitochondrial matrix where it directly
phosphorylates MCU, facilitating Ca?* entry into the mitochondria (O-Uchi et al., 2014).
Other studies in cardiac and neuroblastoma cells have shown that Ca?* entry via TRPM2
activates Pyk2/MCU signalling and modulates mitochondrial function and cell survival
(Hirschler-Laszkiewicz et al., 2018; B. A. Miller et al., 2019).

Besides calcium homeostasis, MAMs also modulate mitochondrial dynamics (De Brito &
Scorrano, 2008; Friedman et al., 2011; Rowland & Voeltz, 2012a). Given the previous
findings, we aimed to assess the mitochondrial dynamics and morphology in the absence
of Pyk2. In hippocampus of Pyk2- mice, fission protein Drp1 was enhanced while fusion
proteins Mfn2 and Opa1 were not altered. Moreover, lack of Pyk2 induced an increment
in the number of mitochondria along with a lowering in the elongation and the branching
of these organelles, common features of an exacerbated mitochondrial fragmentation.
This mitochondrial fragmentation could compromise neuronal function and viability since
other studies have reported that ablation of fusion or fission proteins promotes an
oxidative stress response, neuroinflammation and neuronal death in the hippocampus
(Jiang et al., 2018; Oettinghaus et al., 2016; G. Park et al., 2021).

Despite we describe in this Thesis a new function of Pyk2 in mitochondrial dynamics, the
underlying mechanism remains unclear. We aimed to understand how Pyk2 controls the
changes in mitochondria density and shape. Firstly, we reported that Pyk2 translocated
to the mitochondria upon activation in hippocampal neurons. Supporting this result, Pyk2
activation was shown to induce its own translocation to the mitochondria in cell lines and
to trigger mitochondrial ROS production (O-Uchi et al., 2014). Additionally, stimulation of
murine macrophages with chemokines prompted a redistribution of the subcellular
localisation of Pyk2 (Okigaki et al., 2003). Altogether, these findings suggest that Pyk2

relocates within the cell depending on the cellular necessities.

Furthermore, we challenged different domains of Pyk2 to delimit the ones mostly

involved in the regulation of mitochondrial biogenesis and, among the tested domains,

146



DISCUSSION

the RRST was the most significant. Mutations in nuclear transport and location motifs of
Pyk2 did not revert number of mitochondria in hippocampal neurons, thus suggesting
the relevance of Pyk2 domains of nuclear location and transport in mitochondrial
dynamics. These findings could indicate two potential independent mechanisms: on the
one hand, Pyk2 needs to translocate into the mitochondria and, once there, it regulates
undetermined physiological molecular pathways. Indeed, the chaperone HSPAS, located
in the MAMSs, is responsible for protein imports into mitochondria (Stricher et al., 2013)
and it has been described as a protein partner interacting with Pyk2 (Vomaske et al.,
2010). On the other hand, Pyk2 nuclear import motifs are necessary to translocate Pyk2
to the nucleus as previously shown (Corvol et al., 2005; C. Faure et al., 2007) to regulate
the transcription of genes (Hum et al., 2014) related with the function of the mitochondria.
In agreement with this idea, it is well known that the mitochondria and the nucleus are
coordinated in several physiological conditions (Pei & Wallace, 2018; Quirés et al.,
2016). In this context, Pyk2 could be a molecular bridge of such a process. However,

future investigations should address this possibility to decipher the concrete mechanism.

In sum, the third study of this Thesis has provided a deeper insight into the role of Pyk2
in mitochondrial function in neurons under physiological conditions. We propose Pyk2
as a key player in the modulation of mitochondrial dynamics and the regulation of ER-

mitochondria contact sites (Figure 62).
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Figure 62. Pyk2 regulates MAMs and mitochondrial dynamics in neurons. Pyk2 is present
inside mitochondria and in MAMs. When localised in these subcellular compartments, Pyk2
modulates mitochondrial morphology and the formation of ER-mitochondrial contact sites.
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As we have demonstrated in this Thesis, the disruption of the structural integrity of
mitochondria and MAMs results in the mishandling of calcium. Since defects in calcium
homeostasis is a common feature in neurodegenerative diseases, including HD, it is
feasible to propose that dysregulation of mitochondrial dynamics regulated by Pyk2 may
be involved in pathological mechanisms of HD. This hypothesis will be further discussed

in the next section.

4. PYK2: A NEW PLAYER IN THE DISRUPTION OF
MITOCHONDRIAL DYNAMICS AND MAMs IN HD?

Pyk2 has been previously implicated in the hippocampal impairments of
neurodegenerative disorders as AD and HD (Giralt et al., 2017, 2018; Kilinc et al., 2020;
Salazar et al., 2019). In line with these findings, we reported a lowering in Pyk2 protein
levels in post-mortem putamen of HD patients. However, in this Thesis we did not
address whether this reduction of Pyk2 could mediate the mitochondrial dysfunction
observed in HD striatal neurons. In the following section, we will speculate about how
Pyk2 regulation of mitochondrial dynamics and MAMs could be affected in the striatum
of HD.

Mitochondria are considered a hub for integration of cellular signalling since dynamic
remodelling of their morphology enables a rapid adaptative response to cellular or tissue
demands. Post-translational modifications, as reversible phosphorylation, in
mitochondrial proteins have been pointed out as a mechanism to achieve this immediate
reshaping of the organelle (reviewed in (Giacomello et al., 2020; Lucero et al., 2019).
Indeed, proteomic studies showed that up to 40% of the mitochondrial proteome is
phosphorylated (Giorgianni et al., 2014; Kruse & Hgjlund, 2017; Padrao et al., 2013) and
at least 30 kinases and phosphatases have been described to be related to mitochondria,
either by translocation to the organelle or by having mitochondrial substrates (S. Lim et
al., 2016; Lucero et al., 2019).

In particular, it has been widely studied the phosphorylation of Drp1, the main regulator
of mitochondrial fission. On the one hand, phosphorylation at serine 585 and serine 616
by Cdk1/Cyclin B promotes fission (Taguchi et al., 2007). Similarly, Cdk5 also
phosphorylates Drp1 at serine 616 (Cho et al., 2014; Jahani-Asl et al., 2015). Indeed,
our group has previously described the involvement of Drp1 phosphorylation mediated

by Cdk5 in HD striatal neurons. In this study, we showed how the presence of mHtt
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enhanced Cdk5 activity, leading to increased Drp1 activity and resulting in an
exacerbated mitochondrial fission (Cherubini et al., 2015). On the other hand,
phosphorylation at serine 637 by PKA inhibits mitochondrial fission (Cereghetti et al.,
2008; C. R. Chang & Blackstone, 2007; L. C. Gomes et al., 2011). In addition,
dephosphorylation mediated by calcineurin regulates Drp1 translocation to mitochondria,
leading to an enhancement of mitochondrial fission (Cereghetti et al., 2008). Additionally,
Drp1 can also be phosphorylation by GSK-3, activating its GTPase activity and
promoting mitochondrial fission (Yan et al., 2015). GSK-3 has been implicated in several
neurodegenerative diseases, including HD (Rippin & Eldar-Finkelman, 2021). In fact,
blockage of GSK-3 in HD cell and mouse models reduced the mHtt toxicity and

ameliorated HD motor symptoms (Rippin et al., 2021).

Regarding Mfn2, phosphorylation by PINK1 promotes fission and Parkin-mediated
mitophagy (Y. Chen & Dorn I, 2013). Similarly, phosphorylation mediated by JNK
prevents from mitochondrial fragmentation and promotes proteasomal degradation of
Mfn2 (Leboucher et al., 2012). Furthermore, a recent work reported the phosphorylation
of Mfn2 by several Src-family kinases (SFK), including Src. O-Uchi’s group has studied
the repercussion of Mfn2 phosphorylation by SFK in HEK2983T cells (P. Zhang et al.,
2022). Interestingly, these authors found that activation of SFK promoted an increment
in ER-mitochondria interactions, which facilitated the transport of Ca?* from ER to

mitochondria.

It is worth reminding that SFK phosphorylate Pyk2, promoting its activation, and that the
regulation of these kinases is mutually dependent (reviewed in (de Pins et al., 2021)).
Hence, it is plausible thinking that cellular modulation mediated by SKF may also be
affected by Pyk2 regulation. All things considered, we hypothesise that dysregulation of
Pyk2 under pathological conditions could mediate alterations in mitochondrial dynamics
and interaction with ER in neurons. In this thesis we have demonstrated that HD striatal
neurons present a loss of MAMs and disrupted calcium homeostasis along with a
reduction of Pyk2 levels in HD patients. Conversely, Pyk2 is activated in the AD mouse
model APP/PS1 mice (Salazar et al., 2019). The AD-related protein PS1 is enriched in
MAMs and presenilin-mutant cells have shown an increment in ER-mitochondrial
apposition (Area-Gomez et al., 2012). Regarding PD, Pyk2 has been reported to
phosphorylate a-synuclein via SFK (Nakamura et al., 2002). It has been reported that o-
synuclein localises in the MAMs (Guardia-Laguarta et al., 2014) and modulates the
interactions between ER and mitochondria, since overexpression of a-synuclein
enhanced ER-mitochondria contacts (Cali et al., 2012). Taken together, we propose

Pyk2 as a scaffold protein that anchors ER and mitochondria, ensuring the correct
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interaction between these organelles and preventing from mishandling of calcium.
Hence, a feasible approach to test this possibility would be to overexpress Pyk2 in HD
neurons and evaluate the formation of ER-mitochondria interactions, expecting a

recovery in MAMs integrity and function.

On the other hand, we have also described the involvement of Pyk2 in calcium
homeostasis, particularly in the calcium capacity of the ER. As mentioned above, Pyk2
phosphorylates STIM1 (Soni et al., 2017; Yazbeck et al., 2017), a calcium sensor in the
luminal space of the ER. It has been reported that phosphorylation of STIM1 can both
activate and inactivate the entry of Ca?* to the ER (Pozo-Guisado & Martin-Romero,
2013). Several studies have implicated STIM1 and the related molecular pathway in the
pathological mechanisms of HD (reviewed in (Czeredys, 2020)). In particular, the
expression of the N-terminal fragment of mHtt increased the entry of Ca?* to the ER in a
STIM1-dependent manner. Moreover, the knockdown of STIM1 prevented from spine
loss in YAC128 MSN (J. Wu et al., 2018). It could conceivably be hypothesised that the
reduction of Pyk2 in HD neurons could mediate an aberrant entry of Ca?* to the ER,
causing an overload of calcium and leading to the observed disruption of Ca?* transport
between ER and mitochondria. Despite several questions remain unanswered at
present, this hypothesis would open a new perspective of the role of Pyk2 in HD

pathology.

Finally, it is reasonable to wonder how Pyk2 regulates mitochondrial alterations in
astrocytes and its contribution to striatal degeneration in HD. However, little is known
about Pyk2 in astrocytes. To date, the only study that addressed this topic described the
importance of Pyk2 in astrocytes migration after a brain lesion (Giralt et al., 2016).
Conversely, Src has been postulated to mediate astrocyte-to-neuron communication that
activates neurite retraction (Maldonado et al., 2017). Nonetheless, there are still many
unresolved questions before Pyk2 could be suggested as a player in the defective

neuroglial transfer of mitochondria in HD.

In summary, in this Thesis we have provided compelling evidence on how alteration of
cellular signalling impacts on the mitochondrial dynamics, modifying the organelle’s
function and morphology. We propose that modulation of mitochondrial dynamics, either
by increased fission or by loosening of interaction with ER could contribute to the striatal
vulnerability of HD (Figure 63).
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Figure 63. Mitochondrial morphology and MAMs are altered in striatal HD neurons.
Schematic representation of the proposed model of mitochondrial fragmentation and its
consequences in HD neurons. In physiological conditions, ER and mitochondria interact forming
IP3R3-VDAC1 complexes, strengthened by Grp75 and Mfn2. In these microdomains, Ca?* is
transferred from the ER to the mitochondria, which buffers alterations in intracellular levels of
Ca?*. Pyk2 localises both in mitochondria and MAMSs, regulating their dynamics. In HD,
mitochondrial fragmentation and a reduction in MAMs proteins induce the loss of ER-mitochondria
contact sites, triggering defects in calcium homeostasis. Loss of Pyk2 in HD neurons could
contribute to the mitochondrial dysfunction.
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The main conclusions extracted from the results presented in this Thesis are the

following:

1.

Increased mitochondrial fragmentation leads to a loss of ER-mitochondrial

contact sites in R6/1 striatal neurons.

MAMs proteins related to Ca?* homeostasis Grp75, IP3R3 and Mfn2 are
selectively reduced in the striatum of HD mouse models and putamen of HD

patients.

Ca?* homeostasis regulated by ER-mitochondria crosstalk is altered in R6/1

striatal neurons.

The pharmacological inhibition of Drp1 restores mitochondrial morphology and
ER-mitochondria interaction, demonstrating that these alterations are associated

to Drp1 aberrant activity.

Astrocyte markers ALDH1L1, GFAP, S1008 and GLAST are expressed in murine

striatum and they are unaltered in R6/1 mice along the disease progression.

R6/1 striatal astrocytes show cell hypertrophy along with enhanced mitochondrial

respiration, indicating an increment in astrogliosis.
Mitochondria released from R6/1 striatal astrocytes can be internalised by striatal
neurons and trigger neuronal toxicity, that could contribute to the selective

vulnerability of the striatum in HD.

Pyk2 is localised in mitochondria and MAMs in hippocampal neurons and it

regulates the dynamics and function of these subcellular compartments.
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Mitochondrial fission in Huntington's disease mouse striatum disrupts ER- m
mitochondria contacts leading to disturbances in Ca®* efflux and Reactive |52%
Oxygen Species (ROS) homeostasis

Marta Cherubini®™~', Laura Lopez-Molina™", Silvia Gines™">*

mmmmmmmmmm Chretvwersioar de Rarcetonz, Bomcelona, Spatn
Blsmatigues August 1Y | Swyer (IMBATS), Barcelon, Spatn
‘camammmamm o

Magirid, Spain

depen i

ARTICLEINFO ABSTRACT

Mitochandria-associated membranes (MAMs) are dynamic stroctures that communicabe endoplasmic reticulum
(ER] and mitochondria allowing calcium transfer between these two organelle. Since calcium dysregulation is
an important hallmark of several neurodegenerative diseases, disruption of MAMs has been speculabed to
et cantribute to pathalogical features asmociated with these neumodegenerative processes. In Huntingfon's discase
<l [HD), mutant hunsingtin induces the selective Jos of medium spiny nearcns within the stritum. The cause of
P i this specific suscepeibility remain unclear. However, defects on il dynamics and bis ics have
been propossd as critical contributors, cusing accumulation of fragmented mitochondria and subsequent Ca?*
‘homenstasis alterations. In the present work, we show that aberrant Drpl.mediated mitochondrial fragments.
tHeon within the striztam of HD mutant mice, forces mitcchondria ko place far away from the ER disrupting the
Ell-mllnduundﬂa amcu.mm and therefore mumg drawbacks in C2”* sflux and an excrssive production of
species. Accordingly, inhibition of Drpl activicy by Mdivi-l treatment restored ER-

mitochendria coneacts, mitochendria dysfunction and (a®* homensasis.
In sum, cur resalts give new insight on how defects on mitochandria dynamics may contribute to striatsl
vulnerahility in HD and highlights MAMs dysfunction a5 an impertant factor invalved in HD stristal pashalogy.
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Mitochondria are not tsolated structures but Interact with other
organelles. The best characterized Inter-organells crosstalk s betwesan

1. Introduction

Mitochondria are dynamic organelles that provide energy to cells
and buffer intracellular calclum (Ca”* ). In neurocas, which critically
depend on mitochondria function due to their high-energy demands,
mitochondra can travel from the soma to dendritic and axonal pro-
cesses to supply bocal necessities of Adencsine triphosphate (ATP) and
Ca™* maintenance. To ensure a proper disiribution, mitochondria dy-
namically undergo shape changes modulated through regulated fsslon
and fuslon events (Frederck and Shaw, 2007; Campedlo and Scorrano,
2010).

mitochondra and endopleasmic reticulum (ER). These contact sites
called mimchondro-asocioed membranes (MAMs) are specialized re-
plons that act as a signaling hub to regulaie cellular Ca™* homeostasis
(Rusifiol et al., 1994; Rizzeto ot &l , 1998; Csordés of al., 2006). Indeed,
It has besn reportad that ER releasss calcium in this spectalized mam-
brane hotspots directed towards mitochondria in order to malntaln
cellular hioenergetics and mitochondnal dynamics and thersfore, cel-
lular lifecpan (Szabadkal et al, 2006; Rowland and Veeltz, 2012)
These contact sites are characterzed by a protecme enrched In

Mhnums. AD, Alzhrimers disease ATP, Ad.Lnnsme triphosphate; Drpl, Dvnamin-relsted protein 1; DAPL, 47 6-diamidino-2-phenylindale; FR, Endoplasmic
E PBOCP, Tril ydrazone; GRFTS, Glucoss.regulated prosein 75; HD, Huntington's Disease; [PIR3, Inosital 14,5
trisphosphate recepror 3; MAMs, Mi 'L e MAPLE, ule-associated protein-2; M2, Misofusin-2; Mdwi-1, Mitochandrial division
inthibiter 1; mHn, mutans Huntingtin; PCE, Polymerase Chain reaction; PLA, Proximity Ligation Assay; PPA, Pamformaldehyde; PTP, Permeability transition pare;
ROS, Reactive oxygen rp-u:iﬂSEI'IE.LSaltwd.nplmicCh"-.ATPB:TG,Thaqﬂiglrgin;mTeﬁmmeﬂwhhndamime,mﬂq]uw:VmE],antagedcpmdem
anion-selective channel 1; WT, Wild type
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Abstrack Pyk2 is a norereceptor tyrosine kinase enciched in hippocampal neurons, which can be
activated by calcium-dependent mechanisms. In newrons, Pyk2 is mostly localised in the cytosol
and dendritic shafts but can translocate to spines and/or to the nockeus. Here, we explore the
function of a new localisation of Py k2 in mitochondria-associated membranes (MAMs), a subdomain
of ER-mitochondria surface that acts as a signalling hub in caleiom regulation. To test the mole
of Pyl in MAMs caleium transport, we wsed full Pyk? knockoul mice th!;l'l") for mvivoe
and in vitro studies. Here we report that Pyk2~'~ hippocampal neurons present increased ER-
antochendnal contacts along with defective calcium honwostasia. We also show how the absence of
Pyk2 modulates mitochondrial dynamics and morphelogy. Taken all together, cur results point out
that Pyk2 could be highly mlevant in the modulation of ER-mitochondria caleivm efflux, affecting in
turn mitochondrial fanction.

Keywonds: hippocampus; caleium; ER-mitochondria contact sites; newron

1 Introduction

Proline-rich tyrosine kinase 2 (Pyk2) is a Ca?*-activated non-meceptor tyrosine kinase
belonging to the focal adbesion kinase (FAK) family [1]. Pyk2 is enriched in hippocampal
adult neurons and plays an important role in neurcnal plasticity and hippocampal-related
memory [2]. In meurons, Pyk2 is mostly localised in the cytosol and dendritic shafts [3,4].
Howewer, we and others have previously demonstrated that following neuronal activation,
Py k2 translocates to other subcellular compartments, such as the nucleus or the excitatory
synapses [5,6]. Indeed, several studies have suggested Pyk2 as a key regulator in synaptic
plasticity imvolved with both LTP and LT3 [2,7,5]. In this line, we and others have shown
that this role of Pyk2 in synaptic plasticity is compromised in different neurcdegenerative
disorders, such as Alzheimer’s disease and Huntington's disease [2,7-9].

Besides this nudear and synaptic localisation, following Ca™* entry into the cell via
the transient moeptor potential (TRP) channel, Pyk2 can be phosphorylated and partially

Calls M7, 11, B42 https:/ /doi org, 103530 cells 11050842
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