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1 Riassunto dell‟attività svolta 
 

I mitocondri sono organelli esseziali nella vita della cellula: essi rappresentano la 

maggiore fonte di ATP (Danial et al., 2003) e regolano importanti vie di trasduzione del 

segnale, dall‟omeostasi del Ca2+ (Rizzuto et al., 2000) all‟apoptosi.  

In seguito ad uno stimolo apoptotico i mitocondri rilasciano citocromo c e altre proteine 

solubili nello spazio intermembrana che sono necessarie, nel citoplasma, per 

l‟attivazione e l‟amplificazione della cascata del segnale che porta al disassemblamento 

della cellula. La maggior parte del citocromo c e dei componenti della fosforilazione 

ossidativa sono localizzati all‟interno delle cristae. Grazie ai notevoli sviluppi della 

microscopia elettronica associata a ricostruzione tridimensionale il modello di 

ultrastruttura dei mitocondri è stato recentemente rivoluzionato; le cristae, dapprima 

identificate come semplici invaginazioni della membrana mitocondriale interna (IMM) 

(Palade, 1952), risultano essere compartimenti distinti di IMM, separati dallo spazio 

intermembrana da giunzioni tubulari strette definite cristae junctions (Mannella et al., 

1994). Durante l‟apoptosi, per garantire un completo rilascio di citocromo c le singole 

cristae si fondono tra loro e le giunzioni tubulari strette si allargano: questo processo, 

noto con il nome di cristae remodelling, è associato alla mobilizzazione del citocromo c 

dal compartimento intracristale allo spazio intermembrana, evento necessario per il suo 

successivo rilascio attraverso la membrana mitocondriale esterna (Scorrano et al., 

2002). Il rimodellamento ultrastrutturale è accompagnato da una massiva 

frammentazione del reticolo mitocondriale. 

La forma del reticolo mitocondriale è determinata dall‟equilibrio tra eventi di fusione e 

fissione, controllati da numerose proteine tra cui le GTPasi simili a dinamine. In cellule 

di mammifero, la fusione mitocondriale è controllata dalle proteine mitofusina-1 (MFN1) 

e mitofusina-2 (MFN2) nella membrana esterna e da OPA1 nella membrana 

mitocondriale interna (Olichon et al., 2002). Nel nostro laboratorio è stato dimostrato 

che OPA1 promuove la fusione dei mitocondri solo in presenza di mitofusina 1 (Cipolat 

et al., 2004). La fissione richiede il passaggio aggiuntivo della traslocazione della 

proteina Drp1 dal citosol ai mitocondri, dove si ancora a hFis1, il suo adattatore 

molecolare nella OMM. L‟oligomerizzazione di Drp1 fornisce la forza meccanica per 

costringere le membrane mitocondriali fino alla frammentazione dell‟organello (Hinshaw 

et al., 1999; Smirnova et al., 2001). La traslocazione di Drp1 ai mitocondri dipende dalla 
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sua defosforilazione ad opera della fosfatasi calcineurina e di altre fosfatasi (Cereghetti 

et al., 2008). 

Un crescente numero di evidenze sperimentali suggerisce che le proteine che regolano 

la morfologia dei mitocondri giochino un ruolo nella morte cellulare. Nel nostro 

laboratorio è stato recentemente dimostrato che OPA1 protegge dall‟apoptosi 

prevenendo il rilascio di citocromo c in maniera indipendente dal suo ruolo profusogeno. 

OPA1 agisce controllando il processo di rimodellamento delle cristae e mantiene strette 

le giunzioni delle cristae attraverso la formazione di oligomeri, costituiti da una forma 

solubile localizzata nello spazio intermembrana e una forma integrale della IMM (Frezza 

et al., 2006; Cipolat et al., 2006). Inoltre, numerosi lavori hanno dimostrato che 

l‟espressione di un mutante dominante negativo di Drp1 è in grado di prevenire la 

frammentazione mitocondriale, il rilascio di citocromo c e la morte cellulare indotti da 

stimoli apoptotici intrinseci (Frank et al., 2001). È‟ interessante notare che Drp1 sembra 

regolare in modo specifico il rilascio di citocromo c suggerendo una sua capacità di 

regolare la sub compartimentalizzazione mitocondriale di questo fattore pro-apoptotico 

(Parone et al., 2006).      

Lo scopo della mia tesi è stato quello di studiare il ruolo della frammentazione 

mitocondriale regolata da calcineurina nella morte cellulare e nella patogenesi della 

Corea di Huntington. 

Recentemente, nel nostro laboratorio è stato dimostrato che la depolarizzazione 

mitocondriale causa l‟attivazione della fosfatasi citosolica calcineurina. Calcineurina 

defosforila Drp1 in corrispondenza del residuo di serina 637, stimolandone la 

traslocazione ai mitocondri e causando la frammentazione degli organelli (Cereghetti et 

al., 2008). Allo scopo di caratterizzare l‟importanza di questa via del segnale 

nell‟apoptosi abbiamo focalizzato la nostra attenzione su un nuovo specifico inibitore di 

calcineurina: il peptide PPD1, che corrisponde al dominio peptidilprolil isomerasico della 

immunofillina FKBP52. PPD1 è codificato geneticamente e quindi risulta essere più 

stabile degli inibitori farmacologici. Attraverso esperimenti di immunoprecipitazione, 

abbiamo dimostrato che PPD1 non influenza l‟interazione di Drp1 con il complesso 

motore contenente la dineina, anch‟esso coinvolto nella traslocazione di Drp1 ai 

mitocondri. Un‟analisi cinetica tramite microscopia confocale di cellule esprimenti una 

variante spettrale della green fluorescent protein, la red fluorescent protein (mtRFP), 

specificatamente diretta alla matrice mitocondriale, ci ha permesso di verificare che 

l‟espressione di PPD1 inibisce fortemente la frammentazione del reticolo indotta da 
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depolarizzazione mitocondriale. Questo effetto può essere attribuito alla riduzione di 

traslocazione di Drp1 ai mitocondri. Abbiamo poi voluto controllare se l‟inibizione della 

frammentazione esercitata da PPD1 potesse interferire con l‟apoptosi. A questo scopo 

abbiamo analizzato la cinetica della morte cellulare indotta da stimoli apoptotici 

intrinseci. L‟analisi ha rivelato che l‟espressione di PPD1 è in grado di proteggere dalla 

morte cellulare indotta da staurosporina, perossido di idrogeno, etoposide e 

tapsigargina. Inoltre, un saggio clonogenico ha confermato l‟effetto protettivo di PPD1, 

poiché cellule esprimenti il peptide hanno dimostrato un‟aumentata capacità di formare 

colonie dopo il trattamento con staurosporina. Per capire se PPD1 potesse influenzare il 

rilascio di citocromo c abbiamo espresso la proteina mtRFP come marker mitocondriale 

e abbiamo immunodecorato il citocromo c con un anticorpo coniugato ad un fluoroforo 

verde (FITC). L‟overespressione di PPD1 è in grado di prevenire il rilascio di citocromo 

c in risposta alla staurosporina. Abbiamo poi voluto accertare se l‟inibizione 

dell‟apoptosi da parte di PPD1 dipendesse in modo specifico dalla sua azione sulla 

proteina Drp1. A questo scopo è stato necessario escludere che l‟effetto di PPD1 fosse 

dovuto all‟inibizione della fosforilazione di altri substrati di calcineurina coinvolti 

nell‟apoptosi, come il membro della famiglia di proteine Bcl2 BAD. Ci siamo quindi 

avvalsi di un approccio genetico andando ad analizzare l‟effetto di PPD1 sulla morte 

cellulare in fibroblasti murini embrionali wt e ko per BAD. I nostri esperimenti hanno 

dimostrato che BAD non è necessaria per l‟effetto anitapoptotico di PPD1, poiché il 

peptide protegge dalla morte cellulare anche cellule BAD ko. Inoltre, la co-espressione 

di PPD1 e un mutante dominante negativo di DRP1 (DRP1K38A) non risulta in un effetto 

di protezione aggiuntivo, indicando che le due proteine agiscono nella stessa via di 

trasduzione del segnale. Questi dati rappresentano un‟ulteriore conferma del ruolo 

decisivo giocato dalla frammentazione mitocondriale e dai modulatori della morfologia 

mitocondriale nell‟apoptosi (Cereghetti, Costa et al., in revisione, Cell Death and 

Differentiation). 

Un crescente numero di studi dimostra che in condizioni patologiche caratterizzate da 

aumentata apoptosi, come nelle patologie neurodegenerative, i mitocondri presentano 

alterazioni della morfologia del reticolo e della loro ultrastruttura. In particolare, analisi di 

microscopia elettronica di linfoblasti da pazienti affetti da Corea di Huntington hanno 

evidenziato mitocondri con profonde alterazioni ultrastrutturali comparabili a quelle 

osservate durante il processo di rimodellamento dell cristae. La Corea di Huntington è 

una patologia neurodegenerativa genetica causata dalla anomala espansione di un 
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dominio poliglutamminico nella proteina Huntingtin. La principale caratteristica clinica 

della patologia è la perdita selettiva di neuroni GABA-ergici dello striatum che causa 

l‟insorgenza di disturbi motori e cognitivi. Abbiamo deciso di caratterizzare le alterazioni 

morfologiche dei mitocondri e il loro effetto sulla morte cellulare in due diversi modelli 

della malattia: linfoblasti immortalizzati isolati da pazienti e precursori di neuroni striatali 

derivati da un modello murino transgenico avente una espansione delle ripetizioni CAG 

nel gene endogeno per la proteina huntingtin. L‟analisi tramite microscopia confocale di 

cellule trasfettate con una proteina fluorescente gialla diretta ai mitocondri (mtYFP) ha 

rivelato che le cellule aventi la mutazione presentavano un reticolo mitocondriale 

frammentato se paragonate alle relative cellule di controllo. È importante notare che la 

frammentazione è risultata essere più evidente in linfoblasti da pazienti omozigoti che 

da eterozigoti indicando una correlazione tra la severità del fenotipo e il genotipo. 

Abbiamo poi controllato se il fenotipo morfologico potesse essere causato da alterazioni 

nei livelli delle proteine che controllano la forma dei mitocondri. I nostri esperimenti non 

hanno rivelato differenze nei livelli di espressione, ma abbiamo osservato che la 

proteina Drp1 era maggiormente associata ai mitocondri isolati da cellule di Huntington 

che dalle wt. Inoltre, esperimenti di crosslinking hanno evidenziato una aumentata 

oligomerizzazione di Drp1 nelle cellule aventi la mutazione. Questi dati hanno suggerito 

che l‟eccessiva attivazione dell‟apparato di fissione potesse essere la causa della 

frammentazione osservata. Abbiamo inoltre riscontrato alterazioni nella abbondanza 

relativa delle isoforme di OPA1 allo stato stazionario e del loro processamento in 

risposta a trattamento con staurosporina. Questo dato spinge ad ipotizzare un 

potenziale meccanismo molecolare attraverso il quale Drp1 possa regolare la struttura 

delle cristae. Abbiamo poi cercato di correggere il fenotipo morfologico promuovendo la 

fusione o inibendo la fissione dei mitocondri. L‟overespressione di proteine profusogene 

OPA1 e MFN1 e di mutanti dominanti negativi di Drp1 e di calcineurina è risultata nella 

correzione del difetto morfologico. Il passo successivo è stato quello di indagare il 

significato funzionale delle alterazioni osservate, in particolare nella morte cellulare. 

Analisi tramite citofluorimetria condotta sui linfoblasti ha evidenziato una aumentata 

sensibilità alla morte indotta da staurosporina in cellule da paziente. Il risultato è stato 

confermato nel modello neuronale murino in cui è stato analizzato il processamento 

della proteina PARP (poly ADP-ribose polymerase), un evento caratteristico 

dell‟apoptosi. L‟overespressione di OPA1 e di DRP1K38A o il trattamento con l‟inibitore 

farmacologico di calcineurina FK506 ha riportato la sensibilità all‟apoptosi in cellule di 
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Huntington a livelli paragonabili a quelli delle cellule di controllo. Al contrario, 

l‟overespressione di MFN1 non ha conferito protezione contro la morte cellulare, 

suggerendo che la fusione mitocondriale per se non è sufficiente a contrastare gli 

stimoli apoptotici. L‟analisi della cinetica del rilascio di citocromo c da mitocondri isolati 

in risposta al trattamento con lo stimolo apoptotico cBID, attraverso l‟uso di uno 

specifico saggio ELISA, ha evidenziato che mitocondri da cellule di Huntington 

rilasciano il citocromo c più velocemente che i relativi controlli. Inoltre, esperimenti di 

crosslinking hanno dimostrato che l‟aumentato rilascio di citocromo c correla con una 

più rapida distruzione degli oligomeri di OPA1. L‟aumentato rimodellamento delle 

cristae nei mitocondri da cellule aventi l‟espansione poliglutamminica è stato 

confermato attraverso analisi di microscopia elettronica in seguito a trattamento con 

staurosporina. In cellule mutate il numero medio di cristae per mitocondrio allo stato 

stazionario è risultato ridotto e le cristae risultano profondamente alterate e 

riorganizzate dopo trattamento con lo stimolo apoptotico. L‟overespressione di OPA1 e 

di DRP1K38A ha aumentato il numero di cristae correttamente strutturate e ha inibito il 

loro rimodellamento durante l‟apoptosi.                   

In conclusione, i dati presentati in questa tesi di dottorato mostrano che la regolazione 

della frammentazione mitocondriale da parte dell‟asse calcineurina-DRP1 gioca un 

ruolo cruciale nella progressione della cascata apoptotica. Abbiamo potuto dimostrare 

che questa via è alterata nella Corea di Huntington e partecipa all‟aumentata apoptosi 

che caratterizza questa patologia neurodegenerativa. Inoltre, questo modello ci ha 

permesso di chiarire la relazione tra la regolazione della forma del reticolo mitocondriale 

e la struttura delle cristae, identificando in OPA1 un possibile nesso molecolare (Costa 

et al., sottomesso, EMBO Mol. Med.).   
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2 Summary 
 

Mitochondria are essential organelles for the life of the cells since they are the major 

source of cellular ATP (Danial et al., 2003), they regulate Ca2+ signalling (Rizzuto et 

al., 2000) and programmed cell death (Green and Kroemer, 2004). Mitochondria 

amplify the intrinsic apoptotic pathway by releasing protein cofactors, like cytochrome 

c, that are crucial for the activation of effector caspases required for cell demise. The 

majority of cytochrome c and the other components of the respiratory chain are 

restricted in the cristae compartment. Thanks to the development of 3D electron 

microscopy techniques, it has been demonstrated that cristae are not just invagination 

of the inner mitochondrial membrane as previously depicted by Palade in 1952, but 

distinct compartments of it, separated from the intermembrane space by narrow 

tubular cristae junctions (Mannella et al., 1994). During apoptosis, to reach a complete 

release of cytochrome c mitochondria undergo ultrastructural changes collectively 

called cristae remodelling characterized by the fusion of individual cristae and the 

widening of tubular narrow cristae junctions (Scorrano et al., 2002). The ultrastructural 

remodeling is accompanied by changes in the shape of mitochondrial network that 

undergoes massive fragmentation. 

The shape of mitochondria is determined by the equilibrium between fusion and 

fission processes, controlled by a family of “mitochondria-shaping proteins”, many of 

which are dynamin-related GTPases. In mammalian cells, mitochondrial fusion 

depends on mitofusin 1 and 2 in the outer mitochondrial membrane and on the inner 

membrane protein optic atrophy 1 (OPA1) (Olichon et al., 2002). In our laboratory it 

has been demonstrated that OPA1 requires mitofusin 1 in order to promote 

mitochondrial fusion (Cipolat et al., 2004). Fission requires the additional step of 

translocation of dynamin-related protein 1 (Drp1) from the cytosol to mitochondria 

where it presumably docks on hFis1, its adaptor in the outer membrane. 

Oligomerization of Drp1 is believed to provide the mechanical force to constrict 

mitochondrial membranes and to fragment the organelle (Hinshaw et al,, 1999; 

Smirnova et al, 2001). Translocation of Drp1 to mitochondria depends on its 

dephosphorylation by calcineurin and other phosphatases (Cereghetti et al., 2008). 

A growing body of evidence suggests that mitochondria shaping proteins participate in 

cell death. In our laboratory it has been recently demonstrated that OPA1 protects 

from apoptosis by preventing cytochrome c release independently of mitochondrial 
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fusion. OPA1 keeps in check the cristae remodelling pathway and tightness of cristae 

junctions correlates with oligomerization of two forms of OPA1, a soluble 

intermembrane space and an integral inner membrane one (Frezza et al., 2006; 

Cipolat et al., 2006). Moreover, other works showed that the expression of a dominant 

negative mutant of Drp1, with disrupted enzymatic activity, prevents mitochondrial 

fragmentation, cytochrome c release and cell death induced by intrinsic apoptotic 

stimuli (Frank et al., 2001). Interestingly, Drp1 seems to specifically regulate the 

release of cytochrome c, suggesting that the mitochondrial subcompartmentalization 

of the pro-apoptotic factor can be altered by Drp1 (Parone et al., 2006). 

The aim of my thesis has been to study the  role of calcineurin-dependent 

mitochondrial fission in cell death and in the pathogenesis of Huntington‟s Disease. 

Recently our laboratory demonstrated that mitochondrial depolarization triggers 

activation of the cytosolic phosphatase calcineurin. Calcineurin dephosphorylates 

Drp1 on Ser637, stimulating its translocation to mitochondria, and ultimately leading to 

the fragmentation of the organelle (Cereghetti et al., 2008). To further characterize the 

importance of this pathway in apoptosis we focused on a new specific inhibitor of 

calcineurin, a peptide, PPD1, corresponding to the peptidylproplyl isomerase domain 

of immunophilin FK506 binding protein 52. Besides being genetically encoded and 

therefore more stable than small pharmacological inhibitors, PPD1 doesn‟t affect the 

interaction of Drp1 with the dynein motor complex, also implied in the translocation of 

Drp1 to mitochondria, as we showed by co-immunoprecipitation experiments. Time 

course confocal microscopy analysis of HeLa cells transfected with a red fluorescent 

protein targeted to mitochondrial matrix (mtRFP) showed that expression of PPD1 

strongly delays mitochondrial fragmentation induced by mitochondrial depolarization. 

This effect can be ascribed to the observed reduction of Drp1 translocation to 

mitochondria. We then wanted to check whether PPD1-dependent inhibition of 

fragmentation could interfere with apoptosis. To this aim, we analyzed the kinetics of 

cell death induced by a panoply of intrinsic apoptotic stimuli. The overexpression of 

PPD1 could protect from apoptosis induced by staurosporine, hydrogen peroxide, 

etoposide and thapsigargin. Moreover, the cytoprotective effect of PPD1 was strongly 

confirmed by a clonogenic assay in which cells expressing PPD1 showed higher 

ability in surviving and generating new colonies despite the treatment with 

staurosporine. To understand whether PPD1 could affect the release of cytochrome c 

we overexpressed mtRFP as marker of the mitochondrial network and then we 
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immunodecorated cytochrome c with a FITC-conjugated secondary antibody. 

Overexpression of PPD1 prevented cytochrome c release in response to 

staurosporine. We then wished to ascertain whether PPD1 inhibits apoptosis by 

blocking the DRP1 pathway. To exclude the possibility that the observed protection 

exerted by PPD1 was due to the inhibition of dephosphorylation of other calciuneurin 

substrates involved in apoptosis, like the Bcl-family protein BAD, we turned to a 

genetic approach. We analyzed the effect of PPD1 on apoptosis in wt and Bad-/- 

mouse embryonic fibroblasts (MEFs). Our expreriments demonstrated that BAD is 

dispensable for the antiapoptotic action of PPD1, since the overexpression of the 

peptide could protect Bad-/- MEFs from cell death induced by staurosporine. Moreover, 

the co-expression of PPD1 and a dominant negative mutant of Drp1 (DRP1K38A) did 

not protect more, suggesting that they act via the same pathway. These data further 

support the decisive role of mitochondrial fission and the cellular cues that regulate 

mitochondrial shape in apoptosis (Cereghetti, Costa et al., in revision, Cell Death and 

Differentiation).  

Increasing evidence show that in pathological conditions characterized by increased 

apoptosis, as in neurodegenerative diseases, mitochondria display changes in shape 

and ultrastructure. In particular, our attention was caught by electron microscopy 

images of mitochondria from lymphoblasts from Huntington‟s Disease patients that 

showed deep ultrastructural alterations strongly resembling cristae remodelling. 

Huntington‟s disease is a dominant genetic neurodegenerative disorder caused by the 

polyglutamine expansion in the huntingtin protein. The disease is characterized by 

specific loss of medium spiny neurons in the striatum, resulting in motor and cognitive 

symptoms. We therefore decided to characterize the mitochondrial morphological 

alterations and their effect on cell death in two different models of Huntington‟s 

Disease: immortalized lymphoblasts from patients and striatal neuronal precursors 

from knock-in mouse models bearing a polyglutamine expansion in the endogenous 

huntingtin gene. Confocal imaging analysis of mitochondrially targeted yellow 

fluorescent protein (mtYFP) revealed that HD cells display fragmented mitochondrial 

network if compared with the relative controls. Notably, the fragmentation was more 

severe in homozygous than in heterozygous patients, supporting a phenotype-

genotype correlation. We then checked whether the morphological phenotype could 

be ascribed to alterations in levels of mitochondria-shaping proteins. Despite no 

differences in their total levels, more Drp1 was retrieved on mitochondria isolated from 
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HD cells than in wt. Moreover, crosslinking experiments revealed that Drp1 was more 

oligomerized in HD cells. These data suggested that an over-activation of the fission 

machinery could account for the observed fragmentation. Interestingly, OPA1 isoforms 

pattern at steady state and their processing upon staurosporine treatment was altered 

in HD cells, indicating a possible molecular mechanism through which Drp1 could 

regulate cristae morphology. We then decided to check whether we could correct the 

morphological phenotype either promoting mitochondrial fusion or inhibiting the 

mitochondrial fission machinery. To this aim, we co-transfected our cell lines with 

mtYFP and empty vector or OPA1, MFN1, DRP1K38A and a dominant negative mutant 

of calcineurin. We observed that both the overexpression of pro-fusion proteins and 

the inhibition of the fragmentation pathway could correct the mitochondrial shape 

alterations. The following step was to understand which was the functional meaning of 

the observed morphological defects and whether they could influence apoptosis. Flow 

cytometric analysis of cell death of lymphoblasts revealed that cells from HD patients 

are more susceptible to staurosporine. The same was confirmed in neurons from HD 

mice, which show increased poly ADP-ribose polymerase (PARP) cleavage, an 

hallmark of apoptosis. Interestingly, the overexpression of OPA1 and DRP1K38A or the 

treatment with the calcineurin inhibitor FK506 restored the apoptotic susceptibility of 

HD cells to wt levels. However, the overexpression of MFN1 did not confer protection 

towards cell death, meaning that fusion per se is not sufficient for counteracting 

apoptotic stimuli. The analysis of the kinetic of cytochrome c release from isolated 

mitochondria upon treatment with the apoptotic stimulus cBID, using a specific ELISA 

assay, showed that HD organelles release cytochrome c faster than the relative 

control. Moreover, crosslinking experiments demonstrated that the enhanced release 

of cytochrome c correlates with a faster disruption of OPA1 oligomers. The increased 

cristae remodelling process in HD mitochondria was further confirmed by electron 

microscopy imaging of mitochondrial ultrastructure upon treatment with staurosporine. 

HD cells showed decreased number of cristae per mitochondrion at steady state and 

the cristae compartment became highly deranged and reorganized following the 

apoptotic stimulus. Importantly, overexpression of OPA1 and DRP1K38A could clearly 

increase the number of properly structured cristae and inhibit their reorganization 

during apoptosis. 

In conclusion, the data presented in this doctoral thesis show that the calcineurin-

DRP1 axis-dependent regulation of mitochondrial fragmentation plays a crucial role in 
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the progression of the intrinsic apoptotic cascade. Furthermore, we could demonstrate 

that this pathway is altered in Huntington‟s disease and could account for the 

increased cell death that characterizes this neurodegenerative disorder (Costa et al., 

submitted, EMBO Mol. Med.).            
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3 Introduction 
 

Eukaryotic cells are surrounded by a plasma membrane (PM) and contain extensive 

internal membranes that enclose specific compartments, the organelles, and separate 

them from the rest of the cytoplasm, the region of the cell lying outside the nucleus. 

Most eukaryotic cells contain many mitochondria, which occupy up to 25% of the 

cytoplasmic volume.  

Mitochondria are the main site of ATP production. In addition to supplying cellular 

energy, they are involved in a range of other processes, such as signalling, cellular 

differentiation and death, as well as the control of the cell cycle and cell growth. Finally, 

mitochondria have been implicated in several human diseases, including degenerative 

disorders and cancer and may play a role in the aging process. 

Mitochondria are complex organelles and their elaborate structure is very important for 

their function. In certain cell types they are organized in networks of interconnected 

mitochondria. Ultrastructurally, the IM can be further subdivided in an inner boundary 

membrane and in the cristae compartment, bag-like folds of the IM connected to it via 

narrow tubular junctions. The ultrastructure and the reticular organization of the 

organelle are determined by mitochondria-shaping proteins that impinge on the 

equilibrium between fusion and fission processes.  

We will now discuss the mechanisms involved in the regulation of mitochondrial 

dynamics and apoptosis. Moreover, we will focus on the role of the proteins that 

regulate mitochondrial morphology and ultrastructure in neurodegeneration.  

 

3.1 Mitochondria 

 

Mitochondria are crucial organelles in life and death of eukaryotic cells. In the last few 

decades their role in cellular physiology and function has been reconsidered and the 

number of processes in which they are involved is likely to increase in the future. 

They produce most of the ATP needed for endoergonic processes and convey it to the 

sites of greater energy demand. They participate to and shape complex signalling 

processes such as cytosolic Ca2+ transients (Jouaville et al., 1995). During apoptosis 

they integrate diverse stimuli by releasing protein cofactor needed in the cytosol to 

grant the efficient activation of the caspases that execute cell destruction (Wang, 

2001). Defects in any of these processes can be detrimental for the cell: several 
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diseases are consequences of, or are aggravated by, mitochondrial dysfunction 

(Schapira, 2006). Moreover, evidence has been accumulating in favour of a direct 

implication of mitochondria in oncogenesis. Cancer cells display changes in cellular 

metabolism (the so called Warburg effect) (WARBURG, 1956) and tend to disable the 

mitochondrial pathway of apoptosis (Hanahan and Weinberg, 2000). Unlike any other 

organelle, except for chloroplasts, mitochondria appear to originate only from other 

mitochondria. They contain their own circular DNA (mtDNA), along with their own 

transcriptional and translational machinery. Mitochondrial ribosomes and transfer RNA 

molecules are similar to those of bacteria, as are components of their membrane. 

These and related observations led L. Margulis, in the 1970s, to propose an 

extracellular origin for mitochondria, the endosymbiotic theory (Margulis, 1971). 

Mutations in mtDNA are associated with a number of genetic, multisystemic diseases 

that highlight the importance of this organelle in physiology of multiple organs.  

 

3.1.1 The metabolic role of mitochondria 

 

Pioneering biochemical studies have long forged the concept that the mitochondrion is 

the “energy powerhouse” of the cell. It is the centre of cellular energetic metabolism, 

being the principal source of ATP for eukaryotic cells: only 5% of ATP generate by 

glucose is provided by glycolysis. ATP is required to drive most energy-dependent 

intracellular processes. Due to their function, mitochondria display very well-

characterized mechanisms to regulate production, consumption and conservation of 

cellular energy.  

The three major processes leading to ATP synthesis are: 

 The tricarboxylic acid cycle, located in the mitochondrial matrix, in which NADH 

and FADH2 are produced from organic compounds 

 The mitochondrial respiratory chain, in which electrons are sequentially 

transferred to oxygen by electron carriers, the respiratory chain complexes. To 

limit free energy dissipation, electrons from NADH are transferred stepwise from 

the IM-associated respiratory chain complexes with higher redox potential to the 

ones with lower. The complex I (NADH dehydrogenase) catalyzes the transfer 

of electrons from NADH to CoQ. Complex II (succinate dehydrogenase) 

transfers electrons directly from succinate to CoQ. Electrons are transferred by 

complex III (ubiquinone-cytochrome c reductase) from reduced CoQ to 
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cytochrome c, which in turns shuttle them to complex IV (cytochrome c 

oxidase). Complex IV finally catalyzes the electron transfer from cytochrome c 

to O2. Electrons transfer in complexes I, III and IV is coupled to proton pumping 

from the matrix to the intermembrane space. 

 The phosphorilating system, which uses the energy supplied by the respiratory 

chain to catalyze the synthesis of ATP from ADP and Pi. 

In 1961 Mitchell proposed that the fundamental mechanism of energy transduction in 

mitochondria is chemiosmosis (Mitchell, 1979), in which the free energy of oxidation of 

carboxylic acids is used to pump protons from the matrix to the intermembrane space 

establishing an electrochemical gradient. Since the inner mitochondrial membrane 

displays an extremely low passive permeability to ions in general and protons in 

particular, the result is the buildup of a proton electrochemical gradient (ΔμH+) across 

the membrane. The electrochemical gradient is the sum of two components: the proton 

concentration difference across the membrane (ΔpH) and the electrical potential 

difference across the membrane (Δψm). The estimated magnitude of the proton 

electrochemical gradient is about -220 mV (negative inside) and under physiological 

conditions most of the gradient is in the form of Δψm. The proton gradient is utilized to 

synthesize ATP: the F1F0-ATP synthase couples the transport of these protons back 

across the inner membrane into the matrix with the phosphorylation of ADP to produce 

ATP. 

Mitochondria are the site of many other metabolic processes, such as biosynthesis and 

degradation of fatty acids and amino acids, and synthesis of ketone-bodies and heme. 

They also play a major role in generation and detoxification of reactive oxygen species 

and in H+ and Ca2+ homeostasis 

 

3.1.2 Mitochondrial biogenesis 

 

Mitochondria perform essential cellular functions, yet can not be synthesized de novo 

(Attardi and Schatz, 1988). Instead, these organelles are derived from pre-existing 

mitochondria and specific cellular mechanisms act to ensure their faithful transmission 

to the progeny. 

A growing list of key protein components of the inheritance process emerged from 

analysis of conditional mutants of the budding yeast Saccharomyces cerevisiae that 



18 

 

were defective for mitochondrial distribution and morphology (the mdm mutants) 

(Berger and Yaffe, 1996; Koehler et al., 1999; Hermann and Shaw, 1998). 

Mitochondria consist of four distinct compartments. The mitochondrial outer and inner 

membranes serve as barriers for the maintenance and integrity of two soluble 

compartments, the mitochondrial intermembrane space (IMS) and mitochondrial 

matrix. The outer membrane is composed of about half lipid and half protein, contains 

specific transports and pores that render the membrane permeable to molecules 

having molecular weights as high as 10 KDa. The OMM is similar to the outer 

membrane of gram-negative bacteria. The inner membrane is less permeable, 

constituted for approx. 80% of proteins, a higher proportion than that occurring in other 

cellular membranes.  

Mitochondria contain their DNA: in vertebrates, mtDNA consists of a double stranded 

covalently closed circular DNA molecule of about 16.5 kb. Many mtDNA molecules are 

packaged within mitochondria into small clusters called nucleoids (Jacobs et al., 2000), 

that vary in size and number in response to physiological conditions (Nosek and 

Tomaska, 2003; Legros et al., 2004; Malka et al., 2006). Nucleoid structure is 

stabilized by TFAM, or mtTFA, which binds to mtDNA and regulates its abundance 

(Kanki et al., 2004). The maintenance of the mtDNA integrity is important for keeping 

proper cellular functions both under physiological and pathological conditions (Kang et 

al., 2007). 

Mitochondria contain about 1500 different proteins, only half of which have been 

identified (Calvo et al., 2006). mtDNA encodes 13 mRNAs for subunits of the oxidative 

phosphorylation complexes (OXPHOS) (Anderson, 1981; Fernandez-Silva et al., 

2003). Proteins of mitochondrial origin are translated on mitochondrial ribosomes 

bound to the matrix side of the inner membrane, and cotranslationally inserted into the 

proper compartment (Allen et al., 2005; Poyton and McEwen, 1996). Ninetynine 

percent of the  1,000 different mitochondrial proteins are produced on cytosolic 

ribosomes and are imported into the organelle (Sickmann et al., 2003; Prokisch et al., 

2004). The correct delivery and sorting of nuclear encoded mitochondrial precursors to 

each of these four compartments is pivotal in the maintenance of normal organelle 

function and structure. However, in addition to be delivered to the correct 

submitochondrial location, many proteins have to be further assembled into homo- or 

hetero-oligomeric structures in order to fulfill their functions. Translocation machineries 
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within the outer and inner membranes in addition to translocation mediators within the 

organelle's soluble regions exist and execute these delicate tasks (Koehler, 2004). 

Nuclear-encoded mitochondrial proteins are imported by the TOM complex. 

Subsequently, they follow different pathways. Presequence-carrying proteins are 

transported by the TIM23 complex and the motor PAM into the matrix, where 

mitochondrial processing peptidase (MPP) cleaves off the presequences. Small 

proteins of the intermembrane space (IMS) are imported via the mitochondrial 

intermembrane space assembly machinery (MIA). β-barrel precursors of the outer 

membrane (OM) are transferred by the Tim9–Tim10 chaperone complex from TOM to 

SAM. Precursors of inner membrane (IM) carriers use Tim9–Tim10 for transfer to the 

TIM22 complex that drives insertion into the inner membrane. 

The protein translocases in the four mitochondrial compartments do not function as 

independent complexes but cooperate in a dynamic manner. This includes transient 

contacts between translocases located in different compartments and the involvement 

of protein complexes that have previously been thought not to be related to protein 

biogenesis, such as the respiratory chain and mitochondrial morphology components. 

 

3.1.3 Mitochondrial ultrastructure 

 

Since the 1950s, electron microscopy (EM) has detailed the substructure of the cell. 

Sjöstrand and Palade led pioneering work on electron microscopy of mitochondria. 

They both recognized that mitochondria have two very different membranes, an outer 

(OMM) and a highly convoluted inner (IMM) membrane. It was proposed that 

mitochondria posses two soluble compartments: the intermembrane space (IMS), 

between the OM and the IM, and the matrix, the central electrondense space. Palade‟s 

model evolved into that currently depicted in textbooks in which the inner mitochondrial 

membrane is one continuous closed surface with a complex morphology, folded in 

ridges called cristae (Figure 1A). This model, sometimes called the baffle model, 

depicts the cristae with broad openings to the intermembrane space on one side of the 

mitochondrion and protruding across the  matrix nearly to the other side (Palade, 

1952).  

Some years later Hackenbrock demonstrated that the structure of mitochondrial 

membrane is linked to the metabolic state of mitochondria. For example, the matrix 

“contracts” during changes in osmotic or metabolic state, producing a condensed 
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conformation in which the inner membrane is pulled away from the outer membrane 

except at loci he called „contact sites‟ (Hackenbrock, 1966). By contrast, mitochondria 

observed in situ are usually found in the orthodox conformation, characterized by a 

relatively large matrix volume and the non-cristal component of the inner membrane 

closely apposed to the outer membrane with a small intermembrane space. 

The need to reinvestigate the issue of mitochondrial compartmentation provided the 

impetus to apply a new 3D imaging technology, EM tomography, to this problem. In 

EM tomography, multiple projection images representing many different views are 

collected from a specimen whose thickness can range from 0.25 to 1.5 μm or more. 

Imaging of these thick specimens is obtained using electron microscopes operating at 

high voltages (400–1200 kV) equipped with precision tilting stages. The first 

applications of EM tomography to mitochondria were performed by Mannella and co-

workers on rat-liver mitochondria (Mannella et al., 1994). Sections used were 0.5 μm 

thick, representing a large segment of the intact, isolated organelles, typically 

ellipsoids, 0.5–2 μm in size. The resulting tomograms provided striking evidence that 

the standard baffle model was incorrect, at least for isolated rat-liver mitochondria, 

which are among the most commonly used for bioenergetic investigations.  

When Frey, Perkins and co-workers applied high-voltage electron tomography coupled 

with three-dimensional image reconstruction in situ in several different tissues, they 

identified the cristae as a novel compartment. Cristae are separated from the inner 

boundary membrane, shaped like bags and connected by narrow tubular junctions 

(with a diameter of approximately 28 nm) to the thin intermembrane space (Perkins et 

al., 2001) (Figure 1 B).  
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In contrast to the standard baffle model for mitochondrial structure, this new structural 

organization strongly suggest that diffusion between internal compartments is 

restricted, which has profound functional implications. Because oxidative 

phosphorylation relies on rapid diffusion of ions and substrates to sites of transport or 

reaction on the mitochondrial inner membrane, the number and shape (diameter and 

length) of cristae junctions could regulate rates of ATP phosphorylation under certain 

conditions (Perotti et al., 1983; D'Herde et al., 2001). Likewise, the shape and volume 

of cristae can be expected to affect the diffusion of cytochrome c between intracristal 

and intermembrane compartments (Bernardi and Azzone, 1981; Scorrano et al., 2002).  

 

3.1.4 Mitochondrial movement and transport 

 

Mitochondria distribution and transport inside a cell is likely to be a very well-regulated 

process. These organelles are often enriched at cellular sites where energy demand is 

greater, or where their metabolic function is required, like at the level of the synaptic 

button. This implies that mitochondria are (i) mobile; (ii) use cytoskeletal proteins as 

Figure 1: Mitochondrial 

ultrastructure. (A) A text book like 

representation of the buffle model 

adapted from (Frey and Mannella, 

2000) (B) Three-dimensional 

reconstructions of isolated rat liver 

mitochondria obtained by high-voltage 

electron microscopic tomography. OM: 

outer membrane, IM: inner membrane, 

C: selected cristae; arrowheads point 

to narrow tubular regions that connect 

cristae to periphery and to each other. 

Bar, 0.4 µm. Adapted from (Frey and 

Mannella, 2000). (C-D) Representative 

surface-rendered views of electron 

microscopy tomography 

reconstructions of class I (C) and II 

mitochondria (D). The OM is depicted 

in red, the inner boundary membrane 

in yellow, and the cristae in green. 
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tracks for their directional movement; (iii) are transiently or permanently stopped where 

their presence is required via interactions with specialized cellular structures. 

Mitochondrial transport depends on the actin cytoskeleton in budding yeast 

(Fehrenbacher et al., 2004) and on both actin and microtubules in mammalian cells 

(Morris and Hollenbeck, 1995; Hollenbeck and Saxton, 2005). Depending on the 

cellular context, these transport processes can ensure proper inheritance of 

mitochondria or can recruit mitochondria to active regions of the cell. For example, in 

budding yeast, mitochondria are transported into and retained in the developing bud to 

ensure mitochondrial inheritance to the daughter cell (Fehrenbacher et al., 2004). 

Energy-dependent molecular motors transport mitochondria along cytoskeletal 

filaments. Along microtubules, multiple kinesin family members and cytoplasmic dynein 

have been implicated in anterograde and retrograde mitochondrial transport, 

respectively (Hollenbeck and Saxton, 2005).  

Recent work has clarified the linkage between mitochondria and kinesin-1. Genetic 

screens in D. melanogaster identified milton and miro, both of which are required for 

anterograde mitochondrial transport in neurons (Guo et al., 2005; Stowers et al., 

2002). Milton interacts directly with kinesin and miro, which is a mitochondrial outer 

membrane protein that has GTPase and Ca2+ binding EF-hand domains (Glater et al., 

2006). It is very likely that miro is not only an adaptor for milton, but is also a critical 

regulator of kinesin-dependent mitochondrial transport: either the GTPase activity or 

calcium binding can regulate miro's conformation and, therefore, its ability to recruit 

milton or arrange the milton–kinesin complex at the surface of mitochondria. In yeast, 

disruption of the Miro orthologue Gem1p results in abnormalities in mitochondrial 

morphology and poor respiratory activity (Frederick et al., 2004). Both GTP-binding 

and Ca2+-binding motifs are essential for Gem1 function, which appears not to be 

involved in fusion or fission.  

Depending on the cell type, mitochondria can also travel along actin filaments under 

the control of myosin motors (Hollenbeck and Saxton, 2005). 

3.2 Mitochondria shape and dynamics 

 

Mitochondria are dynamic organelles able to change number and shape in living cells 

during development, mitosis -when they co-ordinately divide into daughter cells (Catlett 

and Weisman, 2000) and in response to physiological or toxic conditions.  
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Mitochondrial structure is very heterogeneous and can range from small, individual 

spheres to interconnected and branched tubules. The different and dynamic changes 

in mitochondrial shapes were already noticed in early times by cytologists who 

observed living cells under light microscopy: due to the high heterogeneity of 

mitochondrial shape, they christened this organelle “mitochondrion”, a combination of 

the Greek word for μίτος or mitos, “thread” and χονδρίον or khondrion, “grain”. 

In the cytosol of certain cell types, mitochondria can be organized in a net, where 

individual organelles dynamically fuse and divide (Legros et al., 2002) to generate 

functional units of fused mitochondria, where a stimulus or a signal hitting one end of 

the mitochondrial wire can be readily transmitted to other distal components of the net 

(Amchenkova et al., 1988). This property is useful to rapidly convey signals across the 

cytoplasm, especially in large cells such as cardiomyocytes (Pacher and Hajnoczky, 

2001). On the other hand, in other cell types both shape and function of individual 

mitochondria are heterogeneous, with limited interconnectivity of the organelles 

(Collins et al., 2002).  

The morphological plasticity of mitochondria results from the equilibrium between 

fusion and fission events. Even more remarkably, imaging studies in live cells indicate 

that mitochondria constantly move and undergo structural transitions. Individual 

mitochondria move back and forth along their long axes on radial tracks. Occasionally 

two distinct mitochondria can encounter each other during these movements and 

undergo fusion, head to head or side to head. Conversely, long tubules can divide by 

fission events, giving rise to two or more distinct units. Mitochondria are organelles 

surrounded by two membranes making the fusion and fission complicated processes. 

Any fusion or fission event requires the coordinate fusion-division of four lipid bilayers 

in a coordinate and complete manner. 

Dynamic control of mitochondrial structure is performed by a growing set of 

“mitochondria-shaping” proteins that include both pro-fusion and pro-fission members. 

3.2.1 Mitochondria-shaping proteins 

 

Several members of the “mitochondria-shaping” protein family are dynamins-related 

proteins. Dynamins are ubiquitous mechano-enzymes that hydrolyze GTP to regulate 

fusion, fission, tubulation and elongation of cellular membranes (McNiven et al., 2000). 

The role of dynamins in controlling mitochondrial shape was initially identified by 

genetic screens in budding yeast, where deletion of specific genes resulted in gross 
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alterations of the mitochondrial network, and ultimately in functional abnormalities 

including loss of mitochondrial DNA, growth defects and petite strains (Dimmer et al., 

2002; Shaw and Nunnari, 2002). 

3.2.1.1 Proteins involved in mitochondrial fusion 

3.2.1.1.1 Fzo/ Mitofusin-1,-2 

 

The first mediator of mitochondrial fusion identified was the D. melanogaster Fuzzy 

onion protein (Fzo1), an evolutionarily conserved, large transmembrane GTPase 

localized in the outer mitochondrial membrane. In Drosophila the Fzo gene is activated 

during spermatogenesis and mutations in the gene are responsible for sterility in the 

male fly (Hales and Fuller, 1997). Fzo1 mediates the formation of two giant 

mitochondria (the so called Nebenkern structure) in the spermatide, required to give 

energy to the flagellum.  

The S. cerevisiae orthologue of Fzo1 mediates mitochondrial fusion events during 

mitotic growth and mating and is it required for long-term maintenance of mitochondrial 

DNA (Hermann et al., 1998; Rapaport et al., 1998). Fzo1p has two homologues in 

mammals, MFN1 and MFN2 (Santel and Fuller, 2001), which both control 

mitochondrial fusion. MFN1 and -2 display high (81%) homology and similar 

topologies, both residing in the OM (Rojo et al., 2002; Chen et al., 2003; Santel et al., 

2003) They possess an N-terminal GTPase domain, two transmembrane domains 

spanning the outer mitochondrial membrane and two coiled coil motifs crucial for 

protein–protein interaction (Rojo et al., 2002; Santel and Fuller, 2001).  

Despite their highly similarity, the two mitofusins display some structural and functional 

divergences. MFN2 possesses a p21ras-binding domain at its N-terminal, which is not 

retrieved in MFN1 (Chen et al., 2004). Moreover, in silico analysis of MFN2 reveals 

that this protein also has a proline-rich-domain between aminoacids 576 and 590, 

which is poorly conserved in MFN1. Proline-rich domains are involved in the binding to 

other proteins (Kay et al., 2000). MFN1 and MFN2 are believed to dock two juxtaposed 

mitochondria via their coiled coil domains (Koshiba et al., 2004). However, MFN2 

seems to have a different role from MFN1. First, it has been shown that MFN1 has a 

higher GTPase activity than MFN2, although its affinity for GTP is lower (Ishihara et al., 

2004). In agreement with this, MFN1 exhibits a higher capacity to induce fusion 

(Ishihara et al., 2004). The differential role played by the two mitofusins during 
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mitochondrial fusion was first demonstrated by directly measuring mitochondrial fusion 

rates in Mfn1-/- and Mfn2-/- cells. These experiments substantiated that cells 

containing only MFN1 retain more fusion activity than those that contain only MFN2 

(Chen et al., 2003). Extending these cell biological observations, genetic ablation of 

the two genes in the mouse does not result in the same phenotype: Mfn1-/- mice die in 

midgestation, whereas Mfn2-/- embryos display deficient placentation (Chen et al., 

2003).  

A recent work from our lab demonstrated that MFN2 is localized not only on the outer 

mitochondrial membrane but also on ER and it is enriched at the ER-mitochondria 

interface. Besides controlling ER morphology, MFN2 on ER forms homotypic and 

heterotypic complexes with MFN1 and MFN2 on the outer mitochondrial membrane 

and it controls the tethering between the two organelles. The regulation of this 

juxtaposition is crucial for the mitochondrial Ca2+ uptake upon Ca2+ release from ER 

stores (de Brito and Scorrano, 2008). 

 

3.2.1.1.2 Mgm1p/ Msp1p/Opa1 

 

Optic atrophy 1 (OPA1) is a dynamin-related protein located in the IMM. Mgm1p, the 

yeast homologue of OPA1, has been identified in a genetic screen for nuclear genes 

required for the maintenance of mtDNA in the budding yeast S. cerevisae (Jones and 

Fangman, 1992). Years later, Pelloquin and colleagues isolated Msp1p, the S. pombe 

orthologue (Pelloquin et al., 1999). The human gene of Opa1 was identified in 2000 by 

two independent groups (Delettre et al., 2000; Alexander et al., 2000). Albeit Mgm1p 

and Opa1 display a sequence identity of only approx. 20%, they maintain a highly 

conserved secondary structure, consisting of a N-terminal mitochondrial targeting 

sequence (MTS) composed of scattered positively charged amino acid residues, two 

consecutive hydrophobic segments, a GTPase domain, a middle domain, and a C-

terminal coiled-coil domain that may correspond to GTPase effector domain GED 

(Satoh et al., 2003). The pleckstrin homology and proline-rich domains, found in 

classical dynamins, are missing. The functional analysis of Mgm1p and Msp1 reveals 

that both proteins are required for the maintenance of fusion-competent mitochondria 

in S. cerevisiae and pombe (Wong et al., 2003). The high degree of secondary 

structure conservation suggests that the function of OPA1 is conserved in mammals. 

On the other hand, it was less clear whether OPA1 played a role in fission, or in fusion 
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of mitochondria, since high levels of OPA1 can drive fragmentation of the 

mitochondrial reticulum (Griparic et al., 2004; Misaka et al., 2002; Olichon et al., 2003). 

However, in our laboratory it has been shown that a linear relationship between OPA1 

levels and mitochondrial fusion exists, as overexpression of OPA1 enhances fusion, 

while its downregulation by siRNA represses it in mouse embryonic fibroblasts. 

Moreover, a genetic approach demonstrated that OPA1 requires MFN1 on the outer 

mitochondrial membrane to exert its fusion effect (Cipolat et al., 2004). We will discuss 

later the role of OPA1 in apoptosis and in disease.   

 

3.2.1.2 Proteins involved in mitochondrial fission 

3.2.1.2.1 Dnm1p/Dlp1/Drp1 

 

The two proteins FIS (fission) 1 and DRP1 regulate mitochondrial fission in mammals. 

The dynamin-like-protein (Dlp) 1p in yeast, DRP-1 in C. elegans, and DLP1/DRP1 in 

mammals are homologues. DRP1 exists largely in a cytosolic pool, but a fraction is 

found in spots on mitochondria at sites of constriction (Labrousse et al., 1999; 

Smirnova et al., 2001). DRP1 contains a dynamin-like-central domain and a C-terminal 

GTPase effector domain (GED), in addition to its N-terminal GTPase. DRP1 can 

oligomerize, in vitro, into ring-like structures and intermolecular oligomerization is 

observed at membrane constriction sites. Given these similarities with dynamin, DRP1 

has been proposed to couple GTP hydrolysis with mitochondrial membrane 

constriction and fission (Hinshaw, 1999; Smirnova et al., 2001). 

 

3.2.1.2.2 Fis1p/hFis1 

 

Fis1p is a 17-kDa integral protein of the outer mitochondrial membrane (James et al., 

2003). Its N-terminal domain is exposed to the cytoplasm and forms a tetratricopeptide 

(TPR)-like fold (Suzuki et al., 2003). The C-terminal domain of FIS1 possesses a 

predicted TM domain and a short stretch of amino acids facing the IMS. FIS1 is 

thought to recruit DRP1 to punctuate structures on mitochondria during mitochondrial 

fusion. It is therefore considered the limiting factor in the fission reaction (Stojanovski 

et al., 2004). Moreover it has been shown that hFis1 is a bifunctional protein which 

independently regulates fission and apoptosis (Alirol et al., 2006). 
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3.2.1.2.3 Mff 

 

Mff is a novel component of the mammalian mitochondrial fission machinery. Mff is a 

tail-anchored membrane protein located in the outer mitochondrial membrane and on 

peroxisomes. The hydrophobic carboxy-terminal segment serves as a membrane 

anchor, while the amino-terminal conserved repeats and the coiled coil domain might 

be involved in the interaction with other proteins. The silencing of Mff by siRNA inhibits 

mitochondrial fragmentation and leads to the appearance of an elongated 

mitochondrial network, similar to that obtained by silencing of Fis1 and DRP1. The 

topological and functional similarities between Mff and FIS1 suggests that they act in 

the same pathway, but the fact that they are not found in the same complex suggests 

that they fulfill different functions in the process of mitochondrial and peroxisomal 

fragmentation (Gandre-Babbe and van der Bliek, 2008). 

 

3.2.1.2.4 Endophilin b1 

 

Endophilin B1, a member of the endophilin family of fatty acid acyl transferases that 

participate in endocytosis, has been shown to play a role in mitochondrial fission 

(Karbowski et al., 2004). During endocytosis, endophilin 1 builds complexes with 

dynamin I, the dynamin responsible for the severing of the neck of the nascent 

endocytic vesicle, and provides the required lipid modification (Schmidt et al., 1999).  

Endophilin B1 partially colocalizes and cofractionates with mitochondria and its 

downregulation by siRNA leads to changes in mitochondrial shape, as well as the 

formation of OM-bound structures resembling those formed by vesicles in neuronal 

terminals after inactivation of endophilin 1.  

Members of the endophilin family, which are all Bin-Amphiphysin-Rvs(BAR)-domain 

proteins (like for example amphiphysin and endophilin 1), are supposed to participate 

in the regulation of membrane curvature, a process required for membrane scission 

during dynamin-mediated endocytosis (Gallop et al., 2006). However, the mechanism 

by which BAR-domain proteins and related components regulate membrane scission 

has recently been questioned. First, it has been proposed that BAR-domain proteins 

have an acyl transferase activity that promotes membrane fission by altering 

membrane curvature from positive to negative (Schmidt et al., 1999). Later studies by 

the laboratory of H. McMahon demonstrated that BAR-domain proteins have no fatty 
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acyl transferase activity as previously believed (Gallop and McMahon, 2005). The 

amphipathic helices of BAR domains alter membrane curvature by inserting into the 

phospholipids bilayers and not by displaying a fatty acyl transferase activity (Gallop et 

al., 2006). Similarly, endophilin B1 seems to participate in the control of the 

morphology of OM by altering membrane curvature. Whether this is a direct effect, or it 

requires the recruitment of other proteins, such as phospholipase D and/or other 

mitochondria-shaping proteins, remains to be elucidated. 

 

3.2.1.2.5 Mtp18 

 

MTP18, a nuclear-encoded mitochondrial membrane protein, is suggested to be a 

component required for mitochondrial fission in mammalian cells(Tondera et al., 2004; 

Tondera et al., 2005). MTP18 is supposed to be an intramitochondrial protein exposed 

to the IMS, however it is still not clear whether MTP18 is an OM or IM protein. 

Interestingly MTP18 is a downstream effector of phosphatidyl-inositol 3-kinase (PI3-K) 

signalling. It has been reported that overexpression of MTP18 leads to mitochondrial 

fragmentation. On the other hand, after downregulation of MTP18 levels by siRNA, 

mitochondria appear filamentous. Thus, MTP18 could be a regulator of mitochondrial 

shape that responds to activation of PI3-K, coupling morphology of the reticulum to 

cellular cues. 

 

3.2.2 Mechanisms of mitochondrial fusion and fission 

 

Several important characteristics of mitochondria make their fusion mechanism 

particularly intriguing. First, unlike almost all other intracellular fusion events, neither 

SNAREs nor the AAA-ATPase NSF have been implicated in the fusion reaction. 

Indeed, there are specific, dedicated mitochondrial fusion molecules, suggesting that 

the machinery evolved independently and is uniquely tailored for this organelle. 

Second, mitochondria have two membranes: therefore, the fusion of four sets of lipid 

bilayers must be coordinated. Third, unlike viral fusion and most SNARE-mediated 

fusion, mitochondrial fusion is homotypic. Finally, mitochondrial fusion it is likely to be 

influenced by cellular energetic demands, apoptotic stimuli and developmental cues. 

Taken together, these characteristics suggest that mitochondria fuse through a novel 
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mechanism that reflects their unique endosymbiontic origin and double membrane 

architecture. 

Why do mitochondria continually fuse and divide? Recent studies show that these 

processes have important consequences for the morphology, function and distribution 

of mitochondria. First, fusion and fission control the shape, length and number of 

mitochondria. The balance between these opposing processes regulates mitochondrial 

morphology. Second, fusion and fission allow mitochondria to exchange lipid 

membranes and intramitochondrial content. Such exchange is probably crucial for 

maintaining the health of a mitochondrial population. When mitochondrial fusion is 

abolished, a large fraction of the mitochondrial population loses nucleoids (Chen et al., 

2007). In addition to mtDNA, other components, such as substrates, metabolites or 

specific lipids, can be restored in defective mitochondria by fusion. Third, the shape of 

mitochondria affects the ability of cells to distribute their mitochondria to specific 

subcellular locations. This function is especially important in highly polarized cells, 

such as neurons. Mitochondrial fusion and fission affect the mitochondrial distribution 

in dendrites. In hippocampal neurons, mitochondria accumulate at dendritic spines 

following neuronal stimulation. Inhibition of mitochondrial fission causes elongation of 

the mitochondria and decreases the abundance of dendritic mitochondria and the 

density of dendritic spines. Conversely, increased fission facilitates the mobilization of 

dendritic mitochondria and leads to an increased spine number (Li et al., 2004). 

Mitochondrial dynamics appears to be important for proper mitochondrial redistribution 

in lymphocytes during chemotaxis (Campello et al., 2006). Finally, mitochondrial fission 

facilitates apoptosis by regulating the release of intermembrane-space proteins into the 

cytosol. Moreover mitochondria actively participate in the regulation of Ca2+ signalling 

by taking up and releasing Ca2+ in response to physiological, inositol triphosphate 

coupled agonists. This process relies on the relative position of mitochondria in the 

cytosol, as well as on their juxtaposition to the ER, required for the production of 

microdomains of high [Ca2+], essential for the activation of the low affinity mitochondrial 

Ca2+ uniporter (Rizzuto et al., 2000). It is therefore conceivable that changes in 

mitochondrial shape influence mitochondrial participation in the Ca2+ game. This 

hypothesis is substantiated by the finding that excessive fission by Drp1 blocks 

propagation of Ca2+ waves (Szabadkai et al., 2004), while Fis1 reduces refilling of ER 

Ca2+ stores, probably by impairing capacitative Ca2+ entry from the plasma membrane 

(Frieden et al., 2004). Surprisingly, Fis1 promotes higher degrees of fragmentation 
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than Drp1, yet its effect on the propagation of mitochondrial Ca2+ waves are apparently 

much lower. A possibility is that Drp1 has a specific but yet not characterized function 

on mitochondrial Ca2+ propagation, in addition to its effect on mitochondrial 

morphology. 

 

3.2.2.1 Regulation of fission 

 

Mitochondrial fission in mammalian cells seems to follow the same mechanism 

described in yeast. Like in yeast, it has been shown that DRP1 is recruited to spots on 

mitochondria and it seems that constriction of the membranes takes place via 

interaction with FIS1, since it has been shown that recombinant DRP1 and 

recombinant FIS1 can interact in vitro (Yoon et al., 2003). However, this association 

has never been shown in vivo and reduction of FIS1 levels by siRNA does not disrupt 

DRP1 localization to mitochondria (Lee et al., 2004). While this could argue against the 

possibility that Fis1 acts as the mitochondrial receptor for DRP1, it should be 

considered that the residual level of FIS1 could till be sufficient to recruit DRP1 to 

mitochondria. A growing number of studies is contributing to the characterization of the 

signals that induce the recruitment of DRP1 to mitochondria and the turnover of the 

protein.  

 

3.2.2.1.1 Phosphorylation of DRP1 

 

Mitochondrial division is coordinated with the cell cycle in higher eukaryotes. Recent 

experiments using cultured human cells showed that mitochondrial scission is induced 

at the onset of mitosis, leading to partial fragmentation of mitochondria (Taguchi et al., 

2007). Revealing a direct link between the cell-cycle and the mitochondrial-division 

machinery, this burst of mitochondrial division is correlated with the cyclinB-cyclin-

dependent kinase (CDK1-dependent) phosphorylation of DRP1. This is the first 

demonstration that the addition of a phosphate moiety to DRP1 regulates its 

mitochondrial fission activity and in vitro assays using purified proteins coupled with 

cell-culture experiments indicate that the most potent mitotic phosphorylation event 

occurs on a serine residue (S616) in the carboxyl-terminal GTPase-effector domain 

(GED) of DRP1. 
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Recently Cribbs and Strack identified a crucial phosphorylation site that is conserved in 

all metazoans DRP1 orthologues (Cribbs and Strack, 2007). Ser637 is phosphorylated 

by cyclic AMP-dependent protein kinase and dephosphorylated by calcineurin, and its 

phosphorylation state is controlled by sympathetic tone, calcium levels and cell 

viability. Thus, DRP1 phosphorylation at Ser 637 provides a mechanism for the 

integration of cAMP and calcium signals in the control of mitochondrial shape. 

However, the link between phosphorylation and DRP1-dependent mitochondrial shape 

changes is still unclear. A mechanistic explanation has been provided by a study that 

showed that cyclic-AMP-kinase-dependent phosphorylation of serine 637 in the GED 

can decrease the GTPase activity of DRP1 by inhibiting the intramolecular interactions 

known to increase the GTPase activity of DRP1 (Chang and Blackstone, 2007). 

However, in our laboratory it has been demonstrated that calcineurin-dependent DRP1 

dephosphorylation at serine 637 promotes the translocation of the protein from the 

cytosol to mitochondria in response to rise in cytoplasmic Ca2+ (Cereghetti et al., 

2008). During this thesis we further investigated the role of calcineurin-mediated 

mitochondrial fragmentation in apoptosis. 

3.2.2.1.2 Sumoylation of DRP1 

 

DRP1 has been shown to be sumoylated and to interact with SUMO1 by yeast two-

hybrid(Harder et al., 2004). Sumoylation is a process that involves the covalent binding 

of the small protein SUMO to the substrate, protecting it from binding to ubiquitin and 

therefore from degradation by the proteasome (Johnson, 2004). In a recent work, 

DRP1 has been demonstrated to be the substrate of the mitochondrial-anchored 

SUMO E3 ligase MAPL (Braschi et al., 2009). SENP5, a SUMO protease, can 

desumoylated Drp1, and overexpression of cytosolic SENP5 can reverse SUMO-1-

induced mitochondrial fragmentation (Zunino et al., 2007). Moreover, SENP5 is also a 

key player in cell-cycle progression (Di Bacco and Gill, 2006) and it regulates DRP1-

dependent mitochondrial fragmentation in mitosis (Zunino et al., 2009). Interestingly, 

the conjugation of SUMO1 to DRP1 is increased during cell death and this stimulation 

appears to be Bax/Bak dependent, suggesting a link between the apoptotic machinery 

and the regulation of the biochemical properties of DRP1 (Wasiak et al., 2007). 

 

3.2.2.1.3 Ubiquitinylation of DRP1 and MFNs: MARCH V 
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The ubiquitin ligase of the OM MARCH-V regulates targeting of DRP1 for degradation 

(Nakamura et al., 2006). The conjugation of the 76-amino acid protein ubiquitin to 

substrate proteins is involved in the regulation of a variety of cellular processes 

(Welchman et al., 2005) ranging from selective protein degradation to DNA repair 

(Huang and D'Andrea, 2006) and membrane protein trafficking (Staub and Rotin, 

2006). Recent findings indicate that ubiquitylation plays a direct role in mitochondrial 

membrane remodeling (Escobar-Henriques et al., 2006; Nakamura et al., 2006; 

Yonashiro et al., 2006; Neutzner and Youle, 2005). The work from the Yonashiro and 

Nakamura groups reported that inhibition of MARCH-V activity by expression of a 

dominant negative mutant causes mitochondrial fragmentation. The promotion of 

fusion by MARCH-V is due both to regulation of MFN2 and ubiquitinylation of DRP1. 

However, Karbowski and colleagues subsequently reported that inhibition of MARCH-

V increases elongation and interconnectivity of mitochondria and causes excessive 

recruitment of DRP1 to mitochondria (Karbowski et al., 2007). Thus, MARCH-V seems 

to be involved in the regulation of DRP1 subcellular trafficking and correct assembly at 

the scission sites on mitochondria. 

 

3.2.2.2 Regulation of fusion  

 

Fusion of mammalian mitochondria is thought to occur in a similar way as in yeast. The 

mammalian orthologues of Fzo1p, MFN1 and MFN2, are believed to dock two 

juxtaposed mitochondria via their coiled coil domains (Koshiba et al., 2004). In the 

case of MFNs, two molecules on opposing membranes can bind in trans to bridge 

mitochondria, maintaining a distance of 95 Å between the two membranes (Koshiba et 

al., 2004). But how is OMM fusion coordinated with IMM fusion? In yeast a 

multimolecular complex of Mgm1p, Ugo1p and Fzo1p apparently coordinates fusion of 

the two membranes. On the other hand, a mammalian orthologue of Ugo1p has not yet 

been identified and it is unclear whether OPA1 and MFN1 direclty interact to promote 

mitochondrial fusion.  

Studies in intact cells showed that in higher eukaryotes an intact IMM potential is 

required for mitochondrial fusion, which conversely appears to be independent of a 

functional cytoskeleton (Legros et al., 2002; Mattenberger et al., 2003). Taking 

advantage of the yeast model, mitochondrial fusion has been recently recapitulated in 
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vitro. This approach dissected the fusion process into two mechanistically distinct, 

resolvable steps: OMM fusion and IMM fusion. OMM fusion requires homotypic trans-

interactions of the Fzo1p, the proton gradient component of the inner membrane 

electrical potential, and low levels of GTP hydrolysis. Fusion of the IMM requires the 

electrical component of the inner membrane potential and high levels of GTP 

hydrolysis. However, time-lapse analysis of mitochondrial fusion in yeast and 

mammalian cells, in vivo, clearly shows that fusion of the OMM and IMM is temporally 

linked. These observations indicate that individual fusion machineries exist in each 

membrane and that they can communicate in vivo, resulting in coupled outer and inner 

membrane fusion (Meeusen et al., 2004).    

3.2.2.2.1 Phospholipase D 

 

Recent work reported the involvement of a novel phospholipase D isoform (mitoPLD), 

possessing a MTS that directs it to the external face of mitochondria, in fusion of the 

organelle. This lipid modifying enzyme participates in mitochondrial fusion by 

hydrolyzing cardiolipin to generate phosphatidic acid (Choi et al., 2006). Phosphatidic 

acid facilitates vescicular fusion driven by specialized SNARE-complexes. This 

indicates for the first time the existence of a common mechanism between SNARE-

mediate vesicle fusion and MFN-mediated mitochondrial fusion.  

3.2.2.2.2 Mitofusin Binding Protein 

 

Mitofusin-binding protein (MIB) regulates mitochondrial morphology via its interaction 

with MFN1 (Eura et al., 2006). MIB is a member of the medium.chain 

dehydrogenase/reductase protein superfamily and has a conserved coenzyme binding 

domain (CBD). MIB needs an intact CBD domain to interact with MFN1, this interaction 

results in inhibition of MFN1 function and mitochondrial fragmentation. Only 50% of 

MIB is associated with mitochondria, the rest is in the cytosol or seems to be on 

microsomes. However, the association of MIB with other membranes does not seem to 

affect their morphology.  

3.2.2.2.3 Degradation of mitofusins 

 

The yeast mitofusin, Fzo1, and likely Mfn1 and 2, is regulated by ubiquitination. During 

mating, yeast mitochondria fragment and Fzo1 levels decrease. Interestingly, this loss 
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of Fzo1 is attenuated by chemical inhibition (Neutzner and Youle, 2005) or genetic 

inactivation (Escobar-Henriques et al., 2006) of the proteasome. During vegetative 

growth, Fzo1 has been shown to be ubiquitinated on Lys 48 (Neutzner et al., 2007), 

suggesting a proteasome-mediated degradative process on the outer mitochondrial 

membrane. This resembles the ER-associated degradation (ERAD) pathway of 

membrane-spanning protein removal and degradation. A recent work from Cohen and 

colleagues confirmed that the degradation of Fzo1 by the 26S proteasome is regulated 

by the complex composed by the F-box Mdm30 protein and Sk1-Cullin-F-box ubiquitin 

ligases (Cohen et al., 2008). Expression levels of mammalian MFN1 and MFN2 can be 

increased by treating cells with proteasome inhibitors (Karbowski et al., 2007), 

suggesting that the ubiquitin proteasome pathway also regulates mitofusins in 

mammals.    

 

3.2.2.2.4 BAX and BAK and mitochondrial morphogenesis 

 

The proapoptotic BCL-2 family members BAX and BAK seem to play an additional role 

during life of the cell in controlling mitochondrial fusion. They are retrieved in a high-

molecular weight complex with MFN2 and their ablation reduces the rate of 

mitochondrial fusion. Moreover, in Bax/Bak knock out cells the inhibition of DRP1 

activity does not promote elongation of mitochondria, indicating that BAX and BAK 

activate mitochondrial fusion without interfering with the normal fission process. 

Consistent with a role of Bax and Bak in the regulation of Mitofusins activity, the 

presence of Bax and Bak has been shown to alter the assembly, mobility and 

distribution of Mfn2 complexes in healthy cells (Karbowski et al., 2006) and BAK 

affinity for MFN1 and MFN2 changes during apoptosis, likely contributing to 

mitochondrial fission during cell death (Brooks et al., 2007).  

 

3.2.2.2.5 OPA1 processing 

 

A further crucial level of control is exerted by the proteolytic cleavage of Mgm1/OPA1. 

In yeast, at steady state, Mgm1p exists in a long l-Mgm1p and a short s-Mgm1p form 

(Esser et al., 2002; Herlan et al., 2003) that results from the proteolytic cleavage of the 

long form by the rhomboid proteases Pcp1p (Herlan et al., 2003; McQuibban et al., 
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2003; Sesaki et al., 2003a). Both l-Mgm1p and s-Mgm1p are necessary for 

mitochondrial fusion, and deletion of Rbd1/Pcp1 results in loss of fusion activity. 

The regulation of OPA1 processing in mammalian cells is matter of intense studies: 

this field is complicated by the fact that in human cells OPA1 is present in 8 

alternatively spliced isoforms (Delettre et al., 2001). Opa1 variants are subject to a 

complex post-translational cleavage, represented experimentally by five bands on a 

Western Blot. Two higher molecular weight bands represent proteins integrated into 

the IMM, whereas three lower MW bands reflect forms that can be released into the 

IMS (Duvezin-Caubet et al., 2007).  

Several groups proposed different proteases to be involved in OPA1 processing. 

Mihara and colleagues demonstrated that in mammalian cells the m-AAA protease 

paraplegin is involved in a metal-binding site-dependent processing of OPA1 (Ishihara 

et al., 2006). Paraplegin is an ATP-dependent metallo-protease located in the 

mitochondrial inner membrane with its catalytic site exposed to the matrix (Ishihara et 

al., 2006). Dissipation of membrane potential, paraplegin overexpression, or induction 

of apoptosis, stimulated OPA1 processing along with mitochondrial fragmentation 

(produced by cleavage at S1, in exon 5, or S2 in exon 5b). 

More recently, Duvezin-Caubet and collaborators have reconstituted Opa1 processing 

in yeast. They demonstrated that homo-oligomeric m-AAA protease complexes 

composed of murine AFG3L1, AFG3L2, or human Afg3l2 subunits cleaved Opa1 with 

higher efficiency than paraplegin-containing m-AAA proteases, and  Opa1 processing 

proceeded normally in murine cell lines lacking paraplegin. Notably, certain Opa1 

processing products are preferentially formed depending on the splice variant analyzed 

and on the subunit composition of the m-AAA protease (Langer et al., 2001). Tissue-

specific differences in the subunit composition of m-AAA protease isozymes as well as 

in the expression of OPA1 isoforms could explain why deficiencies in paraplegin in 

mouse and human do result in cell type specific mitochondrial defects.  

Using Opa1-null cells, the group of D. Chan showed that only Opa1 mRNA splice 

forms that generate a long form in addition to one or more short forms support 

substantial mitochondrial fusion activity. By themselves, long and short Opa1 forms 

have little activity, but, when coexpressed they functionally complement each other. 

Loss of mitochondrial membrane potential destabilizes the long isoforms and 

enhances the cleavage of Opa1, regulated by the i-AAA protease Yme1L (Song et al., 

2007). These data were confirmed by Rojo and collaborators in a recent paper, where 
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they showed that metalloprotease-mediated processing of Opa1 is modulated by the 

inner membrane potential and is likely mediated by the YME1L protease (Guillery et 

al., 2008). 

More recently, a role for prohibitins (Merkwirth et al., 2008) and stomatin-like protein 2 

(Tondera et al., 2009) in the regulation of OPA1 cleavage has been proposed. 

Prohibitins are membrane proteins found also in the IMM with a scaffolding function. 

The ablation of prohibitins causes an excessive cleavage of OPA1 with a consequent 

fragmentation of the mitochondrial network. Interestingly, the work of Tondera and 

colleagues demonstrated that the processing of OPA1 is crucial also in stress-

response conditions. Indeed, the authors observed that upon specific stresses, the 

mitochondrial network elongates and the hyperfusion confers on cells a resistance to 

stress. The long form of OPA1 is necessary and sufficient to promote the stress-

induced hyperfusion and the long form maintenance during stress is ensured by SLP-

2, a mitochondrial inner membrane protein, member of the SPFH-family (prohibitin/ 

stomatin/ flotillin/ Hflk) with putative scaffolding function (Tondera et al., 2009).   

The issue of OPA1 processing is crucial if one thinks that OPA1 could be a central 

molecular player linking mitochondrial dysfunction with changes in mitochondrial 

morphology. Dissipation of the mitochondrial membrane potential leads to fast 

induction of proteolytic processing of Opa1 and concomitant fragmentation of 

mitochondria. Proteolysis of Opa1 is observed in patients and in various model 

systems of human disorders associated with mitochondrial dysfunction: in cybrid cells 

from a patient with myoclonus epilepsy and ragged-red fibers syndrome, in mouse 

embryonic fibroblasts harbouring an error-prone mitochondrial mtDNA polymerase γ in 

heart tissue derived from heart-specific TFAM knock-out mice and in skeletal muscles 

from patients suffering from mitochondrial myopathies (Duvezin-Caubet et al., 2006). 

In principle, mitochondrial dysfunction and depletion of mitochondrial ATP levels could 

lead to Opa1 processing, inhibition of mitochondrial fusion, and therefore to 

segregation of damaged mitochondria from the network of intact mitochondria 

(Duvezin-Caubet et al., 2006; Baricault et al., 2007). 

In our laboratory it has been demonstrated that OPA1 is a substrate of PARL, the 

mammalian orthologue of Pcp1p (Cipolat et al., 2006). Presenilin-associated 

rhomboid-like (PARL), originally identified in a yeast two-hybrid screen as an interactor 

of presenilin (Pellegrini et al., 2001), is an inner mitochondrial membrane protease of 

the rhomboid family, characterized by the ability of cleaving proteins in the 
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transmembrane domain. The PARL-mediated OPA1 processing results in the 

generation of a form of the protein soluble in the intermembrane space. The 

processing is not related to the regulation of the prototypical function of OPA1 in 

fusion, but to its role in apoptosis (Frezza et al., 2006). Indeed, Parl-/- mitochondria 

undergo faster apoptotic cristae remodelling and cytochrome c release. The role of 

OPA1 in apoptosis and mitochondrial cristae shape control will be discusse more in 

detail in the section 3.3.3.1.1.     

3.3 Apoptosis 

 

The term apoptosis was first coined by Currie and colleagues in 1972 to describe a 

common, conserved, programmed type of cell death that the authors repeatedly 

observed in various tissues and cell types, morphological distinct from necrotic cell 

death (Kerr et al., 1972).  

In multicellular organisms, apoptosis ensures the precise and orderly elimination of 

surplus or damaged cells. Cell death during embryonic development is essential for 

successful organogenesis and crafting of complex multicellular tissues: elimination of 

the webbing between digits in humans and mice, and the deletion of mammary tissue 

in males are good examples of this. During adulthood, it ensures the maintenance of 

normal cellular homeostasis and regulation of immunity. Conditions that increase or 

decrease normal cell death levels in different tissues can result in disease: insufficient 

apoptosis manifests as cancer or autoimmunity, while accelerated cell death is evident 

in acute and chronic degenerative diseases (Meier et al., 2000; Kroemer and Zitvogel, 

2007; Kerr et al., 1972). 

The fact that apoptosis is characterized by a stereotyped series of morphological and 

biochemical changes (Krammer, 2000) suggests that a common intracellular pathway 

ultimately leads to cell demise in a coordinated fashion, independently of the specific 

activating event. Depending on the cell type and the death stimulus, two main 

apoptotic pathways are activated: the intrinsic pathway, which is triggered by 

intracellular apoptotic signals and is almost always mediated by mitochondria; and the 

extrinsic pathway, which is triggered by activation of specific death receptors at the cell 

surface [reviewed in (Hacker, 2000)], and leads to pro-caspase 8 recruitment and 

activation. Caspase 8 can cleave other caspases (type I cells), or generate truncated 

Bid (tBid) that in turn triggers the mitochondrial amplification loop (type II cells). 
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3.3.1 Mitochondrial involvement in apoptosis 

 

Mitochondrial involvement in apoptosis has been well characterized in the last 10 

years. Its two main features include the release of proteins from the intermembrane 

space (IMS) and the initiation of a programme of dysfunction that includes the loss of 

the proton electrochemical gradient across the inner membrane. Molecular 

mechanisms are still under investigation and probably crosstalk mediate these two 

events (Bernardi et al., 2001). 

The mitochondrion is at the core of the intrinsic apoptosis pathway, and provides a 

reservoir for protein factors that induce caspase activation. Mitochondria release into 

the cytosol a plethora of pro-apoptotic factors, such as cytochrome c, Smac/DABLO 

and Omi/HtrA2, which inhibit the cytosolic inhibitor of apoptosis proteins (IAPs) 

responsible for caspase inhibition; AIF and endonuclease G, which migrate in the 

nucleus to induce chromatin cleavage and condensation (Kroemer and Zitvogel, 2007).  

The most studied protein cofactor released by mitochondria in response to an 

apoptotic stimulus is cytochrome c (Liu et al., 1996). Nevertheless, the precise 

mechanism whereby cytochrome c and other mitochondrial intermembrane space 

proteins are released is still under active investigation. 

Several hypothesis have been proposed to explain the egress of cytochrome c from 

mitochondria; these mechanisms may either function on their own or in cooperation: (i) 

in response to an apoptotic stimulus, the “BH3-only” subset of proapoptotic BCL-2 

family members senses death signals and transmits them to the “multidomain” 

proapoptotics like Bax and Bak. These ultimately oligomerize in the mitochondrial outer 

membrane and form pores permitting the physical efflux of cytochrome c and of the 

other mitochondrial apoptotic cofactors. (ii) proapoptotic BCL-2 family members 

interact with intrinsic proteins of mitochondria, triggering mitochondrial dysfunction and 

permeability transition. (iii) Mitochondrial membrane permeabilization may result from 

an alteration in membrane curvature or from the formation of lipidic pores in the OM. 

Anyway, permeabilization of the MOM alone results only in the partial release of 

cytochrome c into the cytosol: the complete release of cytochrome c occurring during 

apoptosis requires the structural remodelling of the mitochondrial cristae. 

Independently from the precise mechanism of cytochrome c egress from mitochondria, 

the BCL-2 family proteins appear as critical death regulators. This family of proteins, 

consisting of both pro- and antiapoptotic mem -helices 
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with sequence conservation clustered in BCL-2 homology (BH) domains. Antiapoptotic 

members exhibit the homology in all segments from BH1 to 4, while proapoptotic 

molecules lack stringent sequence conservation of the first α-helical BH4 domain. 

Proapoptotic molecules can be further subdivided into multidomain and BH3-only 

proteins. Multidomain proapoptotic members such as BAX and BAK display sequence 

conservation in BH1-3 domains. BH3- only members display sequence conservation 

solely in the amphipathic α -helical BH3 region (Scorrano and Korsmeyer, 2003). 

Nowadays it is clear that the decision to die or not depends on the balance resulting 

from the activation of proapoptotic and antiapoptotic members of the BCL-2 family 

(Danial and Korsmeyer, 2004). 

In a widely accepted model, the BH3-only members connect upstream proapoptotic 

signals to the mitochondrial pathway. Once activated, BH3-only proteins function as 

ligands for the multidomain proapoptotics BAX and BAK, induce their 

homo/heterooligomerization and ultimately release cytochrome c from mitochondria 

(Scorrano and Korsmeyer, 2003). As mentioned above, other mechanisms (for 

example: permeability transition or alteration of membrane curvature) may cooperate 

with multidomain proapoptotics during cytochrome c release. 

While such a model appears substantiated by several evidences, how antiapoptotic 

BCL-2 family members oppose their proapoptotic counterparts is less clear. It has 

been proposed that BCL-2 and BCL-XL sequester BH3-only molecules, preventing 

activation of the multidomain proapoptotics (Cheng et al., 2001). Alternatively, 

antiapoptotic proteins could keep BAX and BAK in an inactive conformation, 

antagonizing binding to the incoming BH3-only proteins (Willis et al., 2005). 

Once released, cytosolic cytochrome c binds to APAF-1, increasing its affinity for 

dATP/ATP. The complex composed by APAF-1, cytochrome c, dATP and ATP forms 

the apoptosome. The apoptosome is able to recruit procaspase-9, facilitate its auto-

activation and subsequently leads to the activation of downstream executioner 

caspases, cysteine proteases, that effect cell demise (Zou et al., 1999; Rodriguez and 

Lazebnik, 1999). Executioner caspases then cleave other intracellular substrates 

leading to the characteristic morphological changes in apoptosis such as chromatin 

condensation, nucloesomal DNA fragmentation, nuclear membrane breakdown, 

externalization of phosphatidylserine (PS) and formation of apoptotic bodies 

(Hengartner, 2000). 
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3.3.2 Mitochondrial network morphology and apoptosis 

 

Early in the course of programmed cell death, mammalian mitochondria coordinately 

fragment and undergo a reorganization of their cristae, called “cristae remodeling”, in 

order to release most of their cytochrome c content (Frank et al., 2001; Scorrano et al., 

2002; Germain et al., 2005). Mitochondrial fission is an early trait of apoptosis, 

occurring simultaneously to BAX translocation from the cytosol, and before activation 

of caspases (Frank et al., 2001). Although mitochondrial fragmentation is a common 

event during cell death, it is not yet clear whether fragmentation of the mitochondrial 

network is necessary and sufficient for induction of cell death. The fragmented 

appearance of mitochondria is caused by a combination of activation of the fission 

machinery and inhibition of the fusion one(Lee et al., 2004). The importance of 

mitochondria-shaping proteins and of mitochondrial shape changes in regulating 

mammalian apoptosis is substantiated by genetic evidences showing that inhibition of 

fission, as well as promotion of fusion counteract apoptosis by intrinsic, mitochondria 

utilizing stimuli [reviewed in (Youle and Karbowski, 2005)]. The dynamin-related 

protein Drp-1 and endophilin B1, a fatty acil transferase, translocate from the cytosol to 

foci on mitochondria early during apoptosis and they probably mediate mitochondrial 

apoptotic fission (Frank et al., 2001; Germain et al., 2005; Breckenridge et al., 2003). 

On the other hand, apoptosis can be inhibited by antagonizing the fission process. The 

down regulation of Drp-1 activity by RNAi or by overexpression of a dominant negative 

mutant Drp-1K38A, inhibits apoptosis and mitochondrial fragmentation, although Bax 

did translocate to mitochondria and coalesce into foci with Bak (Karbowski and Youle, 

2003; Frank et al., 2001). Inhibition of FIS1 also protects from apoptosis , while its 

overexpression induced apoptosis (James et al., 2003; Alirol et al., 2006).  

Recent works show that early in the course of cell death, MFN1 mediated fusion is 

suppressed and the concomitant overexpression of both mitofusins protects from 

apoptosis induced by intrinsic stimuli like BID and etoposide (Sugioka et al., 2004). 

Down regulation of OPA1 levels induces fragmentation of mitochondrial network, 

release of cytochrome c and apoptosis (Olichon et al., 2003). 

 

3.3.3 Apoptotic cristae remodelling and cytochrome c mobilization 
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As mentioned above, the permeabilization of the OMM by BAX and BAK activation 

alone results only in the partial release of cytochrome c in the cytosol. Additional steps 

as the fragmentation of the mitochondrial network (Frank et al., 2001) and the 

remodelling of the cristae characterized by fusion of individual cristae and opening of 

the cristae junctions are required to grant the complete release of the proapoptotic 

factor (Scorrano et al., 2002). 

Following several death stimuli, including the BH3-only protein BID (Scorrano et al., 

2002), BIK (Germain et al., 2005), BIM (Yamaguchi et al., 2008) or after Fas pathway 

activation (Mootha et al., 2001), mitochondria remodel their internal structure and 

cytochrome c is mobilized from the intra-cristae compartment toward the IMS for its 

subsequent release across the OMM. tBID induces transient openings of the PTP and 

the coordinated cristae remodelling has been proved BH3 independent, BAK 

independent, yet CsA inhibitable (Scorrano et al., 2002) (Figure 1 C, D).  

Cytochrome c is a water-soluble basic protein that is present as loosely and tightly 

bound pools attached to the inner membrane by its association with the anionic 

phospholipid cardiolipin. This association facilitates electron transport between 

complexes III and IV of the respiratory chain and the binding is specific and 

stoichiometric (Tuominen et al., 2002). During apoptosis, the detachment of 

cytochrome c from its high affinity cardiolipin binding sites is crucial for a complete 

release of the protein (Ott et al., 2002).  

 

3.3.3.1 Factors that affect the shape of cristae 

 

Several proteins have been implied in the regulation of the IMM topology. In the 

buddying yeast, mitochondrial F1FoATP synthase, is essential for normal cristae 

structure (Paumard et al., 2002). This role in inner membrane structure involves a 

dimeric form of ATP synthase that contains the additional subunits  and . As 

visualized by electron microscopy, the ATP synthase dimer has a dimeric interface 

with a sharp angle that could distort the local lipid membrane. This distortion might 

contribute to the high membrane curvature that characterizes cristae tubules (Dudkina 

et al., 2005; Minauro-Sanmiguel et al., 2005). Along this line, Mgm1p is required for the 

oligomerization of ATP synthase, suggesting a link between these two proteins in 

mitochondrial morphology (Amutha et al., 2004).  
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Another protein involved in cristae shape regulation is Mitofilin. Mitofilin, also known as 

heart muscle protein, is a 90 kDa inner-membrane protein, with predicted membrane 

anchor and coiled-coil domains with an amino-terminal transmembrane domain, while 

the majority of the protein is extruding into the intermembrane space (Gieffers et al., 

1997). John et al. have reported that down-regulation of mitofilin in HeLa cells by 

siRNA results in the formation of concentric onion-like inner mitochondrial membranes 

(John et al., 2005). The larger IMM structures were found to be composed of a 

complex, interconnected network of membranes totally lacking tubular connection to 

each other or to the peripheral inner membrane. Thus, the authors have proposed that 

mitofilin‟s physiological role is to maintain normal cristae morphology, in particular, the 

formation or stabilization of cristae junctions. Recently, the group of Capaldi 

demonstrated that mitofilin resides in a mitochondrial complex spanning from the IMM 

to the OMM that can have an implication in regulating protein import (Xie et al., 2007).   

3.3.3.1.1 The role of OPA1 in cristae remodelling 

 

Studies from our laboratory demonstrated that OPA1 is a crucial player in the 

regulation of cristae shape and remodeling. OPA1 is the only member of the dynamin-

related protein family known so far to be resident in the IMM and this suggested OPA1 

as the natural candidate to control IMM shape.   

Early studies showed that the mitochondrial fragmentation caused by down regulation 

of Opa1 was accompanied by organelle dysfunction and cytochrome c release. 

Interestingly, EM analysis of OPA1-depleted cells suggested that this protein may have 

a role in cristae maintenance (Griparic et al., 2004; Olichon et al., 2003; Sesaki et al., 

2003b; Sesaki et al., 2003a) since disorganized cristae with irregular shape, some of 

which showed large cristae junctions were observed. A possible role of OPA1/Mgm1 in 

structuring cristae is consistent with its mitochondrial localization which is basically in 

the cristae, as confirmed by biochemical (Griparic et al., 2004; Olichon et al., 2003) 

(Pelloquin et al., 1999; Wong et al., 2000) and immunogold staining (Vogel et al., 

2006), even if it is not clear whether it concentrates at the cristae junction. 

The evidence of a role of OPA1 in apoptotic cristae remodelling has been provided by 

a recent work from our laboratory. Cristae junctions are held together by OPA1 

oligomers formed by integral inner membrane long forms and more soluble PARL-

processed short forms. Incubating isolated mitochondria with BID induces a disruption 

of OPA1 oligomers and alters cristae morphology (Frezza et al., 2006). Furthermore, 
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the Bid-induced increase of cytochrome c release into the intermembrane space from 

within the cristae is blocked by overexpression of OPA1, whereas expression of Opa1 

mutated in the GTPase domain increases the width of cristae junctions. Interestingly, 

OPA1 efficiently protects cells lacking Mfn1, essential for OPA1-mediated 

mitochondrial fusion (Cipolat et al., 2004) and doubly Mfn null MEFs where fusion is 

completely abolished (Chen et al., 2003). Thus, OPA1 has genetically and molecularly 

distinct functions in mitochondrial fusion and cristae remodelling during apoptosis. 

The importance of a correct proteolytic processing of OPA1 in its role in cristae shape 

maintenance has been confirmed by a study from Merkwirth and colleagues that 

identified Prohibitin (Phb) 1 and 2 as regulators of OPA1 cleavage. Phb1 and 2 are 

membrane proteins located in the nucleus, plasma membrane and IMM with a 

potential scaffolding function. The ablation of prohibitins causes an impaired 

processing of OPA1 with the accumulation of short forms and disappearance of the 

long forms that leads to fragmented mitochondrial network and aberrant cristae 

morphogenesis. Moreover, the presence of altered cristae correlates with enhanced 

sensitivity to apoptotic stimuli and increased cytochrome c release (Merkwirth et al., 

2008).  

Interestingly, a study by the group of Shore showed DRP1-dependent remodeling of 

the IM during apoptosis, demonstrating for the first time a connection between 

mitochondrial fragmentation and cristae remodeling (Germain et al., 2005). More 

recently, Mopert and colleagues demonstrated that the inhibition of DRP1 expression 

by siRNA, besides inducing the formation of a highly branched mitochondrial network 

along with “bulge”-like structures, causes changes in the levels of Mitofusins and more 

importantly modifies the proteolytic processing of OPA1. The increase of short forms of 

OPA1 could correlate with the formation of bulges characterized by accumulated 

intramitochondrial cytochrome c deposits (Mopert et al., 2009). Whether OPA1 

processing alterations are a direct cause of the imbalance of the fission-fusion turnover 

or result from the mitochondrial dysfunctions induced by silencing of DRP1 (Parone et 

al., 2008a; Benard et al., 2007) is still unknown. However, these results suggest that 

OPA1 can work as a molecular link between mitochondrial network morphology, 

organelle dysfunction and inner mitochondrial membrane cristae structure.  

 

3.4 Mitochondrial dynamics and neurodegeneration 
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The nervous system is characterized by high energy demands to maintain proper 

neuronal functions such as axonal and dendritic transport, plasma membrane potential 

maintenance and release and reuptake of neurotransmitters at the synapses (Chan, 

2006). Mitochondrial function is essential to neuronal processes since, unlike other cell 

types, neurons cannot switch to glycolysis when oxidative phosphorylation is impaired. 

Therefore, it is not so surprising that mutations in proteins regulating mitochondrial 

shape and transport contribute to neurodegenerative diseases (Glater et al., 2006). 

Moreover, recent findings suggest that in other common hereditary and sporadic 

neuropathies, such as Parkinson‟s (Mandemakers et al., 2007) and Alzheimer Disease 

(Wang et al., 2009b; Cho et al., 2009), mitochondrial functions and shape are altered. 

 

3.4.1 Mitochondrial dynamics in neurons 

 

Synaptic function and maintenance are crucial for neuronal survival and efficient cell-

to-cell communication. In this regard, mitochondria are highly relevant since synapses 

have high energy and calcium buffering demands (Jonas, 2006). Several studies 

indicate that mitochondrial fission is necessary for synaptic maintenance and plasticity. 

DRP1 overexpression in hippocampal neurons from rat embryos promoted 

synaptogenesis, whereas overexpression of the pro-fusion OPA1 and of a dominant 

negative mutant of DRP1 blocked it, probably by affecting mitochondrial distribution, as 

indicated by the inhibition of the redistribution and the extension of mitochondria into 

the active dendritic protrusions induced by the stimulation of synapses (Li et al., 2004). 

Similarly, Bcl-XL increases synapse number and function by promoting GTPase activity 

of DRP1 (and thus DRP1 mediated fission) in cultured hippocampal neurons (Li et al., 

2008). These results have been definitely confirmed by the observation that primary 

cultures of neurons from the forebrain of conditional Drp1 knock out mouse showed a 

decreased number of neurites and defective synapses formation, likely due to the 

aggregation of mitochondria in the cell body (Ishihara et al., 2009). On the functional 

side, expression of a dominant negative Drp1 in Drosophila prevented the mobilization 

of the neurotransmitter reserve pool, substantiating the role of mitochondria in the 

proper function of synapses (Verstreken et al., 2005; Rikhy et al., 2007). 

Finally, an appropriate balance of mitochondrial fusion and fission events is also 

necessary to maintain and protect mtDNA (Rapaport et al., 1998; Nakada et al., 2001; 

Ono et al., 2001; Parone et al., 2008b). This function appears to be particularly 
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important for neurons, since mtDNA mutations are known to accumulate in the brain 

with age (Corral-Debrinski et al., 1992) and they are a common feature of 

neurodegenerative diseases.    

 

3.4.2 Mutations in mitochondria-shaping proteins and neurodegeneration 

 

3.4.2.1 Opa1 and ADOA 

 

Mutations of OPA1 are associated with autosomal dominant optic atrophy (ADOA), 

also known as type I Kjer disease, the most common form of inherited optic 

neuropathy, with an estimated prevalence of 1:50000 (Alexander et al., 2000; Delettre 

et al., 2000). Linkage analysis has revealed that OPA1, mapping to 3q28-q29, is the 

major locus (Votruba et al., 1997) and a positional cloning approach similarly identified 

this gene as being responsible for OPA1-type DOA (Alexander et al., 2000). 

The clinical features of ADOA are the decrease in visual acuity, tritanopia 

(dyschromatopsia characterized by confusion in the blue-yellow hues), sensitivity loss 

in the central visual fields, and pallor of the optic nerve (Votruba et al., 1998; Ferre et 

al., 2005a). Classic DOA usually begins before 10 years of age, with a large variability 

in the severity of clinical expression, which may range from non-penetrant unaffected 

cases up to very severe, early onset cases, even within the same family carrying the 

same molecular defect (Delettre et al., 2002; Carelli et al., 2004). Histopathology 

studies have shown diffuse atrophy of the ganglion cell layer that predominates in the 

central retina and loss of myelin and nerve tissue within the optic nerve (Kjer et al., 

1996).  

Most of the mutations associated with ADOA cluster in the GTPase and in the coiled 

coil domain of Opa1 (Ferre et al., 2005b). Almost 50% of mutations in the OPA1 gene 

described to date are predicted to lead to a truncated protein and suggest that 

haploinsufficiency is the cause of the disease (Marchbank et al., 2002; Pesch et al., 

2001). Nearly 40% of mutations occurs in the GTPase domain and may cause a 

dominant negative effect, impairing the mechanoenzymatic activity of the protein 

complexes. This possibility is reinforced by the fact that two mouse models of Opa1 

mutation (a GTPase missense and a nonsense, truncative mutation) display minimal 

retinal defects in the heterozygous status (Alavi et al., 2007; Davies et al., 2007).  
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It remains unclear why Opa1-ADOA manifests with an apparently restricted clinical 

ocular phenotype, comprising RGC loss. Opa1 is ubiquitously expressed throughout 

the body: in the heart, skeletal muscle, liver, testis, and most abundantly in the brain 

and retina. In the human retina, Opa1 is present in the cells of the RGC layer, nerve 

fibre layer, the photoreceptor layer, and the inner and outer plexiform layers (IPL & 

OPL). A plausible hypothesis as to why RGC neurons may be more vulnerable to 

OPA1 inactivation could be a particular susceptibility to mitochondrial membrane 

disorders inducing mitochondrial dysfunction or mislocalization. Indeed, reports 

describe altered mitochondrial ATP synthesis and respiration in OPA1-inactivated cells 

(Amati-Bonneau et al., 2005a; Chen et al., 2005). Moreover, recent studies show the 

effect of mitochondrial morphology regulation on mitochondrial distribution in neurons 

and their contribution to dendrite formation and synaptic plasticity (Li et al., 2004). This 

could be of particular importance in RGC neurons that display a specific distribution of 

mitochondria in the cell body, myelinated and unmyelinated axons (Andrews et al., 

1999; Bristow et al., 2002; Wang et al., 2003). Additionally, the defects in ADOA can 

be ascribed to the loss of the crucial control exerted by OPA1 on the structural 

organization of the cristae and apoptosis (Arnoult et al., 2005; Griparic et al., 2004; Lee 

et al., 2004; Olichon et al., 2003; Frezza et al., 2006). It is worthy to note that miss-

sense point mutations in the highly conserved GTPase domain are responsible for a 

syndromic form of DOA associated with sensori-neural deafness, ataxia, axonal 

sensory-motor polyneuropathy, chronic progressive external ophthalmoplegia and 

mitochondrial myopathy (Amati-Bonneau et al., 2005b). Moreover, increasing evidence 

show a subclinical involvement of non-neuronal tissues, characterized by defects in 

mitochondrial dynamics (Delettre et al., 2000; Spinazzi et al., 2008), function (Lodi et 

al., 2004) and mtDNA content, thus revealing an unrecognized role of the Opa1 protein 

in mtDNA stability. 

 

3.4.2.2 Mfn2 and Charcot-Marie Tooth type 2A 

 

In 2004, work by Zuchner et al. mapped the mutations responsible for Charcot-Marie-

Tooth 2A (CMT2A), and identified MFN2 as being the gene responsible for the 

disorder. CMT is one of the most common inherited disorders in humans, with an 

estimated prevalence of one in 2500 individuals. CMT neuropathies can be divided into 

2 main groups, type 1 and type 2. In CMT1, nerve conduction velocities are 
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considerably reduced. In CMT2, the nerve conduction velocities are normal but 

conduction amplitudes are decreased, due to the loss of nerve fibres (Zuchner et al., 

2004). 

CMT2A is a neurodegenerative disorder characterized by the loss of sensory and 

motor axons at early stages of the disease and resulting in the degeneration of the 

neurons themselves during a later stage of the disease. The clinical symptoms of CMT 

are distal weakness of the lower limbs, sensory loss, decreased reflexes and foot 

deformities. Other symptoms include cranial nerve involvement, scoliosis, vocal cord 

paresis and glaucoma (Lawson et al., 2005). Mutations in MFN2 account for around 

20% of CMT2 cases, making this the most prevalent axonal form of CMT. Most MFN2 

mutations in CMT2A cluster within the GTPase and the RAS-binding domains and are 

missense mutations (Zuchner et al., 2004; Lawson et al., 2005; Kijima et al., 2005). 

Recently, a de novo truncation mutation in MFN2 has been associated to CMT2 and 

optic atrophy (also known as hereditary motor and sensory neuropathy VI, HMSN VI) 

(Zuchner and Vance, 2006).  

Mfn2 is up-regulated in the skeletal muscle of obese patients (Bach et al., 2003) and 

its over-expression suppresses vascular muscle cells proliferation in animal models of 

hypertension via sequestration of p21RAS, inhibition of the ERK/MAPK cascade and 

cell cycle arrest (Chen et al., 2004). 

  

3.4.2.3 Drp1 

 

To date just one clinical case involving mutations in the gene coding for DRP1 has 

been described (Waterham et al., 2007). The patient showed microcephaly, abnormal 

brain development and optic atrophy at birth and he died at 1 month of age. The 

elevated lactate concentrations in blood and cerebrospinal fluid suggested a 

compromised function of mitochondria and accumulation of cerotic acid in plasma 

suggested a defect in peroxisomal beta-oxidation. The disorder is caused by an 

heterozygous mutation (A395D) in the middle domain of DRP1, that acts in a 

dominant-negative manner, likely interfering with DRP1 homo-oligomerization. 

Consistently with the  role of DRP1 in the regulation of mitochondrial and peroxisomal 

shape (Koch et al., 2003; Li and Gould, 2003; Koch et al., 2005), fibroblasts form the 

patient display abnormally elongated mitochondria and peroxisomes. Several of the 

observed abnormalities were similar to CMT neuropathy (e.g., truncal hypotonia and 



48 

 

lack of tendon reflexes) and ADOA (e.g., optic atrophy) but the clinical course was 

more severe, suggesting that defects in mitochondrial fission have more severe 

consequences that alterations in fusion and that the clinical presentation can be 

exacerbated by the additional defect in peroxisomal fission.    

 

3.4.3 Mitochondria morphology in common neurodegenerative diseases: the 
case of Parkinson‟s Disease 

 

Parkinson disease (PD) is the second most common neurodegenerative disease after 

Alzheimer disease. PD is characterized by the progressively diminished ability to 

initiate voluntary movement due to the loss of dopaminergic neurons in the Substantia 

Nigra. Most of the cases of PD are sporadic, but genetic studies identified pathogenic 

mutations in five genes: alpha synuclein, PTEN-induced putative kinase 1 (PINK-1), 

the cytosolic ubiquitin E3 ligase protein Parkin (Shimura et al., 2000), DJ-1 and 

leucine-rich repeat kinase 2 (LRRK2) (Lesage et al., 2009). A mitochondrial 

involvement in PD pathogenesis is strongly supported by evidence that in sporadic 

cases activity of the mitochondrial respiratory chain complex I is significantly impaired 

and that several of the proteins mutated in the familiar forms are localized on 

mitochondria and regulate their functions (Henchcliffe et al., 2008). Parkinson-like 

clinical syndrome can be induced by pharmacological inhibition of complex I and this 

treatment causes DRP1-dependent mitochondrial fragmentation (De Vos et al., 2005), 

suggesting a role for abnormal mitochondrial dynamics in the disease. Interestingly, 

prevention of mitochondrial fission by overexpression of Mfn1 or dominant negative 

DRP1 protects from neuronal cell death (Barsoum et al., 2006). Genetic factors 

associated with PD also cause changes in mitochondrial dynamics. The ablation of the 

sensor of oxidative stress DJ-1 in MEFs causes mitochondrial fragmentation 

(Blackinton et al., 2009). More controversial is the effect of the PINK1/Parkin pathway 

on mitochondrial shape. Studies in Drosophila indicate that ablation of PINK1 causes 

deep remodelling of cristae structure and the phenotype can be rescued by Parkin 

overexpression (Clark et al., 2006; Park et al., 2006; Yang et al., 2006). Moreover, 

modulation of fission and fusion machineries in Drosophila single knock out for PINK1 

and Parkin suggests that this pathway promotes mitochondrial fission and/or inhibit 

fusion ((Deng et al., 2008; Poole et al., 2008; Park et al., 2009a; Yang et al., 2008). 

While some studies in mammalian cells support this notion (Yang et al., 2008; 
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Mortiboys et al., 2008), others show that silencing of PINK1 and Parkin cause 

mitochondrial fragmentation (Park et al., 2009b; Lutz et al., 2009; Exner et al., 2007; 

Sandebring et al., 2009), as also observed in fibroblasts from PD patients carrying 

PINK1 mutation (Exner et al., 2007; Grunewald et al., 2009). The role of parkin in 

mitochondrial dynamics may go beyond regulating fission and fusion.  A recent study 

from Narendra and colleagues (2008) shows that parkin is recruited to mitochondria 

upon mitochondrial depolarization and promotes organelle fission and mitophagy 

(Narendra et al., 2008). Therefore, it is tempting to speculate that PINK1 and parkin 

work in tandem to coordinate fission of dysfunctional mitochondria and target them to 

degradation (Dagda and Chu, 2009; Cherra, III et al., 2009). 

When this Thesis started, less was known about the role of mitochondrial dynamics in 

Huntington‟s Disease. Therefore, we focused on the study of mitochondrial 

morphological and structural alterations in HD and their contribution to the progression 

of the disorder. Molecular and pathological mechanisms involved in the pathogenesis 

of the disease will be described in detail in the following sections. 

 

3.5 Huntington’s Disease 

 

Huntington‟s Disease is an autosomal dominant neurodegenerative disorder that 

occurs with a frequency of approximately 1 in 10,000 individuals in most populations of 

Caucasian descent. (Hayden et al., 1981; Harper, 1991; Vonsattel and DiFiglia, 1998). 

The earliest mentions of Huntington‟s Disease date back to the first half of the XIX 

century when symptoms, progression and heredity of the disease started to be 

described. The name of the disorder is given by the American physician George 

Huntington who in 1872 presented a detailed definition of the disease and unknowingly 

described its autosomal dominant inheritance pattern. The precise causal gene, 

already mapped in human chromosome 4 in 1983, was isolated 10 years later and the 

mutation responsible for the onset of the disease was described (1993). Although in 

the last years considerable advances have been done in the understanding of the 

pathophysiology of this devastating disorder, the pathological mechanisms underlying 

the syndrome haven‟t been completely unravelled and an effective therapy is still 

missing, making Huntington‟s Disease the subject of intensive and increasing 

research. 
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3.5.1 Genetics of Huntington‟s disease 

 

Huntington‟s disease is an autosomal dominant genetic disorder caused by the 

expansion mutation beyond 36 CAG repeats in the IT15 gene, located in the short arm 

of chromosome 4 (4p16.3) (1993; Kremer et al., 1994). The mutation resides in the first 

exon of the gene encoding for the protein Huntingtin and results in the expansion of a 

polyglutamine domain. 

The age of onset of symptoms inversely correlates with the CAG repeat number (1993; 

Duyao et al., 1993; Andresen et al., 2007) and expansions of approximately 70 

glutamines are more present in juvenile case of HD. Homozygous patients show, 

despite a similar age of onset to heterozygous patient, higher severity and faster 

progression of the disorder (Squitieri et al., 2003). Moreover, particularly when the 

mutation is inherited paternally, the age of onset of the disease decreases due to an 

increase in the number of repeats in successive generations, a phenomenon termed 

genetic anticipation (Duyao et al., 1993; Leeflang et al., 1999; Wheeler et al., 1999; 

Kennedy and Shelbourne, 2000). Although the number of CAG repeats accounts in 

large part for the variance in the age of onset of the first symptoms, several studies 

show that heritable factors in humans can alter the course of HD. Thus, nowadays 

many research groups are focusing their efforts on the discovery of genetic modifiers 

that could disclose still unknown mechanisms and could also represent new potential 

therapeutic targets (Gusella and Macdonald, 2009).   

 

3.5.2 Symptoms and clinical features 

 

Huntington‟s Disease is associated with abnormality in voluntary and involuntary 

movements (choreoathetosis) that affects primarily limbs, the oro-bucco-facial regions 

and eyes and it progressively worsen over the course of the disease. Psychiatric 

disturbances like depression, apathy, violent behaviour are prevalent and may appear 

before the onset of significant motor impairment. Patients are commonly affected by 

cognitive deficits as impairment of general intellectual abilities and memory that are 

exacerbated in the late stages of the disease producing an intellectual state that 

approaches the range of mental retardation [for a review (Purdon et al., 1994)]. 

Moreover, patients shows muscle wasting and weight loss, despite constant caloric 

intake ((Sanberg et al., 1981; Kirkwood et al., 2001; Djousse et al., 2002a).The 
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majority of patients start to show the symptoms at 40-50 years of age and the disease 

terminates into death 10-20 years after the onset of the first clinical alterations (Martin 

and Gusella, 1986; Ho et al., 2001). 

Huntington‟s disease is characterized by progressive atrophy, loss of neurons and 

gliosis mainly in the basal ganglia and secondarily in the cortex. The most affected 

tissue is the striatum (caudate and putamen nuclei) that shows massive loss of 

GABAergic projection medium-sized spiny neurons, that correspond to the 95% of the 

striatal neuronal population (Vonsattel et al., 1985; Ferrante et al., 1991). In late stages 

of the disease also non striatal structures are affected, as cortex, globus pallidus, 

thalamus,substantia nigra and cerebellum. 

 

3.5.3 Huntingtin protein 

  

Huntingtin is a 350kDa protein that bears no homology to any known protein. It is 

ubiquitously expressed with highest levels in brain, testis and to a lesser extent in 

heart, liver and lung (Schilling et al., 1995; Sharp et al., 1995). At the cellular level, the 

protein is found in the cytoplasm, in neuritis and synapses where it associates with 

various vesicular structures, endoplasmic reticulum, the Golgi apparatus and 

microtubules (DiFiglia et al., 1995; Gutekunst et al., 1995; Velier et al., 1998; Metzler et 

al., 2001). Huntingtin is also detected in the nucleus where it interacts with 

transcription factors and spliceosome related proteins (De Rooij et al., 1996; Kegel et 

al., 2002; Takano and Gusella, 2002; Zuccato et al., 2001a). Interestingly, the protein 

has been observed directly associated with mitochondria (Gutekunst et al., 1998; 

Panov et al., 2002a; Choo et al., 2004a). According to its subcellular localization, 

Huntingting exerts different functions, from the regulation of organelle trafficking and 

vesicular endocytosis in the cytoplasm, to the control of the expression of specific 

target genes in the nucleus. A strong contribution to the understanding of the 

physiological functions of Huntingtin comes from the identification of its numerous 

molecular interactors (Kaltenbach et al., 2007). Relevant examples include the 

Huntingtin associated protein 1 (HAP1) which interacts with the dynactin complex 

supporting a role for Huntingtin in intracellular transport (Li and Li, 2005; Li et al., 

1998a) and huntingtin interacting protein 1 (HIP1) that binds alpha-adaptin and clathrin 

suggesting an involvement in endocytosis (Li et al., 1995; Kalchman et al., 1997; 

Wanker et al., 1997).   
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The generation of a KO mouse model for Huntingtin revealed that the protein is 

essential for embryonic development and it exerts an indispensable anti-apoptotic 

function since the null embryos show massive cell death in the ectoderm at E7.5 

(Zeitlin et al., 1995a). Interestingly, embryonic lethality can be rescued by the 

expression of a mutant form of Huntingtin, suggesting that the protein function during 

development is independent from the length of the polyglutamine domain (Dragatsis et 

al., 2000). Huntingtin is also necessary for neurogenesis and normal hematopoiesis 

(White et al., 1997a; Metzler et al., 2000).  

 

3.5.4 Models for Huntington‟s Disease 

 

Several models for HD have been generated expressing the mutant gene in a number 

of different organisms, including C. Elegans, drosophila, mice and rats (Steffan et al., 

2001; Faber et al., 1999; von Horsten et al., 2003). Rodent models appear to be the 

most useful for examining the contribution of different cellular mechanisms of disease 

and for testing the efficacy of putative therapeutics. Mouse models of HD fall into three 

broad categories:  

(i) mice expressing exon-1 fragments of human huntingtin gene containing 

polyglutamine mutations, in addition to both murine wt huntingtin alleles 

[R6/2 (Cha et al., 1998; Lodi et al., 2000); R6/1; N171 (Schilling et al., 1999); 

HD 100 and HD 46 (Laforet et al., 2001); Tet-Off (Yamamoto et al., 2000)];  

(ii) mice expressing the full length human huntingtin gene [YAC (Hodgson et al., 

1999a); HD 89 (Schilling et al., 1999)];  

(iii) mice with pathogenic CAG repeats inserted in the endogenous murine allele 

[Hdh knock-in (Wheeler et al., 2000; White et al., 1997b); CAG knock-in 

(Levine et al., 1999); Hdh 150Q (Lin et al., 2001) ; Hdh 4/6 knock-in 

(Shelbourne et al., 1999); HD/Hdh chimera (ishiguru H. 2001)]. 

Even if the phenotypes vary greatly between mouse models some generalities can be 

drawn from comparing the available mouse lines. Firstly, mice require longer CAG 

repeats than human to elicit pathogenic events. Second, the age of onset of the 

symptoms decreases when the N-terminal fragment of mutant huntingtin is expressed. 

However, although the expression of full length mutant huntigtin causes slower 

progression of the disease, the pattern of neurodegeneration resembles more closely 

human HD pathology.   
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Cell lines from peripheral tissues from HD patients have also been established. Even if 

the most affected tissue in HD is the striatum, myoblasts, fibroblasts and blood cell 

lines have been demonstrated to reflect changes observed in HD brains, hence 

representing a good model to study the disease. In particular, B lymphocytes cell lines 

have been widely used to study calcium homeostasis alteration and mitochondrial 

dysfunctions (Panov et al., 2002b; Almeida et al., 2008).     

 

3.5.5 Pathological mechanisms 

 

The mechanisms that lead to neuronal cell loss in Huntington‟s Disease are believed to 

be activated by the contribution of both the gain of toxic functions of mutant huntingtin 

and the loss of functions of the wt protein. It is worthy to mention that Huntington‟s 

Disease is one of the nine known inherited neurological diseases caused by the CAG 

repeat expansion mutation. This group of related diseases includes the spinal bulbar 

muscular atrophy (SBMA), several spinocerebellar ataxias (SCAs) and dentatorubral-

pallidoluysian atrophy (DRPLA), each of them showing a different neurodegenerative 

pattern (Zoghbi and Orr, 2000). This suggests that although the mutation can evoke 

toxicity per se, the context of the protein in which it is present confers stringent 

mechanistic and tissue specificity.  

In this section we summarize the main processes responsible for the deregulation of 

relevant intracellular pathways in HD.  

3.5.5.1 Proteolytic cleavage of mutant huntingtin 

 

A key step necessary to induce neurodegeneration in HD is the proteolytic cleavage of 

mutant Huntingtin (Wellington et al., 2000; Peters et al., 1999). The short forms of the 

protein containing a pathological polyQ expansion show higher toxicity than the full 

length with identical number of repeats. The short forms are found in the brain of 

patients and some murine models and they particularly accumulate in the nucleus 

(Hackam et al., 1998). Several proteases are responsible of the processing including 

caspase-1, -3, -6, calpains and yet uncharacterized aspartyl proteases (Kim et al., 

2001; Graham et al., 2006). Consistently, inhibition of caspase cleavage by generation 

of a caspase-6-resistant form of mutant Huntingtin protected transgenic mice from 

striatal atrophy and neurodegeneration (Graham et al., 2006). 
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3.5.5.2 Aggregate formation: a toxic or protective event? 

 

Proteins that carry an expanded polyglutamine domain often undergo conformational 

transition and are prone to aggregation (Scherzinger et al., 1997; Nagai et al., 2000). 

One of the major pathological hallmark of HD and other polyglutamine disorders is the 

presence of aggregates of the mutated protein both in the nucleus as neuronal 

intranuclear inclusions and in other cellular compartments such as neurites (DiFiglia et 

al., 1997a). Mutant Huntingtin has been proposed to form insoluble aggregates either 

through “polar zippers” or by transglutaminase-mediated events (Sipione and 

Cattaneo, 2001). The role of the nuclear inclusions in the progression of the disease is 

highly controversial since their formation doesn‟t correlate with neuronal cell death 

(Gutekunst et al., 1999a; Saudou et al., 1998; Kim et al., 1999; Arrasate et al., 2004); 

rather they could represent a protective mechanism of the cell to sequester and 

inactivate the soluble and more toxic pool of polyQ Huntingtin (Saudou et al., 1998). 

Although nuclear inclusions are not directly linked to induction of apoptosis they do 

cause the disruption of intracellular homeostasis and the development of neuronal 

dysfunction and severe symptoms, mainly sequestering the wt huntingtin molecules 

and other important cellular proteins. On the other hand neuropil aggregates correlate 

better with neuronal degeneration (Gutekunst et al., 1999b; Li et al., 2000).   

3.5.5.3 Clearance of mutant huntingtin: inhibition of the proteasome and 
induction of autophagy  

 

The brain seems uniquely susceptible to protein misfolding, as most of the major 

neurodegenerative diseases are associated with large intracellular inclusions (Zhou et 

al., 2003). Indeed, the mechanisms of protein quality control, degradation and 

clearance are altered in HD and the molecular regulators of these pathways are 

considered promising therapeutic targets. Mutant Huntingtin and intracellular inclusions 

are associated with proteasome impairment that may arise both from the inability of the 

proteasome to fully digest soluble expanded polyglutamine protein, releasing toxic 

polyglutamine stretches (Bence et al., 2001; Jana et al., 2001a; Venkatraman et al., 

2004; Holmberg et al., 2004), and from the sequestration into aggregates of 

proteasome subunits and ubiquitin conjugation enzymes ((Jana et al., 2001a). 

Consistent with a role for the proteasome in the clearance of the mutant protein, 

aggregates formed by expanded Huntingtin are decorated by ubiquitin (Bennett et al., 
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2007; Rubinsztein, 2006a; Williams et al., 2008; Williams et al., 2008; Williams et al., 

2008; Rubinsztein, 2006b; Berger et al., 2006). Additionally, Huntingtin aggregates 

may sequester important players of the protein quality control machinery as 

chaperones Hsp40 and Hsp70, preventing them from exerting their protective function 

and ultimately leading to intracellular accumulation of misfolded proteins (Wyttenbach 

et al., 2000; Cowan et al., 2003). Thus, it is not surprising that induction of autophagy, 

a process whereby cells can eliminate aggregation prone proteins, has been shown to 

be protective in cells, Drosophila and mouse models for HD (Ravikumar et al., 2002; 

Ravikumar et al., 2004) (Williams et al., 2008). Interestingly, an increase in the number 

of autophagosomes has been reported in brains from HD patients (Sapp et al., 1997) 

and in cellular and mouse models. The increased autophagic activity is the result of the 

sequestration of the autophagy inhibitor mTOR into the polyglutamine aggregates, 

further supporting the protective role of aggregates (Ravikumar et al., 2004).         

 

3.5.5.4 Transcriptional deregulation 

 

Several reports indicate that mutant huntingtin affects the transcription of many 

functional classes of genes [for a review see (Sugars and Rubinsztein, 2003)], and of 

particular importance is the decreased expression of BDNF (brain derived neutrophic 

factor), an essential factor for differentiation and maintenance of neurons in the brain 

(Zuccato et al., 2001b). The molecular mechanisms by which mutant huntingtin can 

alter gene transcription span from the sequestration of transcription factors into 

aggregates, as first observed for the CREB-binding protein (Steffan et al., 2000) 

(Nucifora, Jr. et al., 2001) to the inhibition of the Sp1/TAFII130 (regulates 

dopaminergic receptor expression) transcriptional pathways by the direct interaction 

with the soluble polyQ protein (Yu et al., 2002) (Li et al., 2002) . Moreover, the 

mutation in huntingtin decreases its interaction in the cytoplasm with REST/NRSF 

(repressor element-1 transciption factor/neuron restrictive silencer factor) leading to 

the accumulation of the repressor in the nucleus where it inhibits the transcription of 

target genes as BDNF (Zuccato et al., 2003). More recently, mutant Huntingtin has 

been shown to down-regulate specifically in medium spiny neurons the expression of 

the peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-

1alpha), a transcriptional coactivator that regulates several metabolic processes as 

mitochondrial biogenesis and respiration (Weydt et al., 2006) .       
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3.5.5.5 Alterations of intracellular trafficking 

 

Alteration of intracellular trafficking of vesicles and organelles participates in the 

development of HD and it represents an example of the loss of physiological functions 

of huntingtin due to the expansion of the polyglutamine domain. Indeed, while wt 

huntingtin can regulate anterograde and retrograde transport interacting, together with 

the partner HAP1, with dynein and kynesis motor complexes, the mutant form of the 

protein binds more tightly to such complexes, causing the detachment of motor 

proteins from microtubules and the general reduction in the transport of important 

neuronal factors as BDNF (Gauthier et al., 2004; Li et al., 1998b; Gunawardena et al., 

2003). Moreover, mutant huntingtin can form aggregates that accumulate in axonal 

processes and terminals. Here they can sequester soluble motor proteins titrating them 

from other cargoes and pathways (Szebenyi et al., 2003; Trushina et al., 2004). 

Aggregates can also act as physical road blocks in the narrow axons, leading to the 

accumulation of vesicles and organelles in swollen axonal projection (DiFiglia et al., 

1997b; Sapp et al., 1999).   

  

3.5.5.6 Excitotoxicity 

 

The “excitotoxicity hypothesis” is one of the hypotheses that have been put forward to 

explain the specific sensitivity of medium spiny neurons of the striatum to degeneration 

in HD. Excitotoxicity is defined as cell death deriving from the toxic action of excitatory 

amino acids (LUCAS and NEWHOUSE, 1957; Rothman and Olney, 1995). In 

mammalian central nervous system the major excitatory neurotransmitter is glutamate 

(review in (Hebb, 1970), and prolonged exposure to it can cause excessive influx of 

ions, especially calcium, and water into the cell, leading to the activation of enzymes 

that degrade proteins, nucleic acids and membranes (reviewed in (Berliocchi et al., 

2005). The striatum receives massive glutamate signalling from cortical afferents and it 

is widely accepted that aberrant activity of the post-synaptic ionotropic glutamate 

receptors NMDA plays a role in the pathogenesis of the disease. Consistently, studies 

in post-mortem brains from HD patients show a preferential loss of striatal neurons 

with high expression of NMDAR (Young et al., 1988) and treatment of animal models 

with NMDAR agonists replicate behavioural and neuropathological features of HD 

(Schwarcz et al., 1984; Sanberg et al., 1989; Hantraye et al., 1990). In several mouse 
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models, an increased release of glutamate from cortical afferents onto striatal spiny 

neurons has been observed in early symptomatic stages (Cepeda et al., 2003), 

concomitantly with an impairment in clearance of glutamate from the synaptic cleft 

caused by reduced expression of glutamate transporter (EAAT1/GLT1) in astrocytes 

(Arzberger et al., 1997; Behrens et al., 2002). Moreover, the observation that in a 

variety of HD models striatal neurons showed enhanced NMDA-evoked currents 

suggested a functional interaction between polyQ expansion in Huntingtin and NMDAR 

activity (Laforet et al., 2001; Zeron et al., 2002; Zeron et al., 2004a). It has been 

proposed that mutant Huntingtin could increase the amount of receptor (and stabilize 

it) at the plasma membrane enhancing the forward intracellular trafficking, physically 

binding to common interactors  as PSD95 (Sun et al., 2001; Fan et al., 2009) and 

altering post-transcriptional modifications of NMDAR subunits (Song et al., 2003). In 

addition to the  alterations at the synaptic and receptor levels, HD neurons show 

perturbed calcium homeostasis and thereby defects in the response to the 

downstream signalling pathway initiated by NMDAR activation (Hodgson et al., 1999b; 

Seong et al., 2005; Hansson et al., 2001). This alteration can be in large part assigned 

to the fact that mitochondria in HD have reduced calcium buffering capacity and are 

more sensitive to calcium-induced depolarization eventually leading to enhanced 

apoptosis (Panov et al., 2002b; Choo et al., 2004b). Thus, mitochondria play a critical 

role in the process of excitotoxicity bearing the power of deciding neuronal cell fate.  

Mitochondrial alterations in HD will be discussed more in detail in the following chapter 

(Figure 2).    

 

3.6 Mitochondria in Huntington’s Disease 

 

3.6.1 Metabolic defects 

 

HD patients exhibit well described metabolic defects ((Leenders et al., 1986; Jenkins et 

al., 1993a) that have been linked to mitochondrial dysfunction. Patients show weight 

loss despite adequate caloric intake in the early stages of the disease (Djousse et al., 

2002b) and positron emission tomography (PET) revealed that striatal glucose uptake 

and consumption is reduced in gene carriers even years before the onset of the motor 

symptoms (Kuhl et al., 1982; Antonini et al., 1996). Defects in glycolysis have also 
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been suggested by findings that symptomatic HD patients have elevated lactate 

production in basal ganglia and cortex, detected by proton nuclear magnetic 

resonance (1H-NMR) imaging (Jenkins et al., 1993b). Accordingly, skeletal muscle 

from HD patients and mutation carriers show a significant delay in the recovery of 

phosphocreatine levels after exercise (Saft et al., 2005), indicative of a decreased 

synthesis of ATP. 

A number of studies revealed impaired activity of enzymes of the tricarboxylic acid 

(TCA) cycle, in particular of aconitase (Tabrizi et al., 1999), and of the mitochondrial 

respiratory chain complexes II, III (Stahl and Swanson, 1974; Brennan, Jr. et al., 1985) 

and IV (Browne et al., 1997a) in HD striatum. The relevance of succinate 

dehydrogenase (SDH) defects to the HD phenotype is underscored by the fact that 

systemic administration of mitochondrial toxins that selectively inhibit SDH, namely 3-

nitropropionic acid (3-NP) and malonate, induce striatal-selective lesions in humans 

and animal models that resemble those seen in HD (Browne and Beal, 2002).    

Further evidence that energetic defects contribute to neurodegenerative process in HD 

is provided by the findings that agents that enhance energy production in the brain 

exert beneficial effects. Indeed, administration of coenzyme Q10 (Koroshetz et al., 

1997; Ferrante et al., 2002), creatine (Matthews et al., 1998; Ferrante et al., 2000) or 

the pyruvate dehydrogenase activator dichloroacetate (Andreassen et al., 2001) to 

mouse models and patients slows the progression of the disease and attenuates 

striatal degeneration. 

The molecular basis of the impaired mitochondrial energy production in HD remains 

unclear. Recently, a role for PGC-1alpha (peroxisome proliferator-activated receptor-

gamma coactivator 1alpha), a transcription factor implicated in energy homeostasis, 

adaptive thermogenesis, beta-oxidation of fatty acids, and glucose metabolism 

regulation[ for a review (Puigserver and Spiegelman, 2003)], has been proposed in 

HD. Striata from HD patients and mouse models show decreased expression levels of 

PGC1alpha and its target genes. How can mutant huntingtin influence PGC-1alpha 

levels and activity? Cui and colleagues (2006) suggest that mutant huntingtin may 

interfere with the transcription of PGC-1alpha, whereas Weydt and colleagues (2006) 

propose that mutant huntingtin may bind to PGC-1alpha, impairing its ability to 

upregulate expression of its downstream target genes. However, further studies are 

necessary to definitively demonstrate the role of PGC-1alpha in HD.  
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A direct consequence of the impaired ATP production is the disruption of cellular 

energy-dependent processes, as the control of resting membrane potential in neurons 

by the Na+/K+ ATPase pump. If the impairment of the ATPase pump is severe enough 

to prevent membrane repolarization, voltage dependent ion channels as NMDAR can 

be activated even in presence of normally inert levels of agonist, leading to 

excitotoxicity (Novelli et al., 1988; Zeevalk and Nicklas, 1991). The reduced production 

of ATP also results in decreased cellular cAMP levels and reduced cAMP responsive 

element (CRE)-mediated gene transcription (Gines et al., 2003). Of note, one of the 

target genes of this pathway is BDNF that shows reduced expression in HD. 

Furthermore, the adenylate cyclase stimulator forskolin abrogates toxicity induced by 

the expression of mutant huntingtin in neuronal PC12 cell line (Wyttenbach et al., 

2001).   

 

3.6.2 Apoptosis 

 

The role of apoptosis in neurodegeneration associated with Huntington‟s Disease has 

been highly debated [review (Hickey and Chesselet, 2003)]. The increased activation 

of certain apoptotic pathways and the enhanced activity of caspases in HD are widely 

accepted to deeply contribute to the pathology, deregulating cellular homeostasis and 

promoting the proteolytic processing of mutant huntingtin further augmenting its 

toxicity. However the evidence for a pure apoptotic process contributing to HD cell 

death is controversial. Several studies show that striatal neurons from HD brains are 

characterized by enhanced cytochrome c release from mitochondria to the cytosol 

(Kiechle et al., 2002) and increased activity of calpain (Gafni and Ellerby, 2002), 

caspase-1 (Ona et al., 1999) and -8 (Sanchez et al., 1999). Early studies clearly 

identified apoptotic-like cells by TUNEL labelling on post-mortem striatum from HD 

patients (Dragunow et al., 1995a; Portera-Cailliau et al., 1995a; Thomas et al., 1995), 

but the apoptotic specific pattern of DNA laddering was not always confirmed, raising 

the possibility that other cell death processes as necrosis can occur in parallel with 

apoptosis (Dragunow et al., 1995b; Portera-Cailliau et al., 1995b). It is worth 

mentioning that the detection of apoptosis in patients brains can be influenced by the 

amount of delay before autopsy and more importantly by the fact that apoptosis is a 

transient event and affects only a limited number of cells at a time (Gavrieli et al., 

1992). Furthermore, the observation of activated astrocytes in HD brains suggests 
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neuroinflammation, which is generally absent in apoptotic conditions (Hedreen and 

Folstein, 1995). 

Genetic models for HD show different extent and timing in the appearance of apoptotic 

neurons in the striatum and this seems to depend on the specific rate of progression of 

the pathology and pattern of neurodegeneration that characterize each model 

(Turmaine et al., 2000; Iannicola et al., 2000; Reddy et al., 1998). Interestingly, 

neurochemical models, as that one induced by the administration of the 3-

nitropropionic acid (3-NP), show a clear activation of the intrinsic apoptotic pathway 

(Almeida et al., 2004; Kim and Chan, 2001). 

The link between apoptosis and mutant huntingtin has been clarified by many works on 

in vitro models. Expression of full length or N-terminal fragments of mutant huntingtin 

in different neuronal and non neuronal cell lines have been shown to induce 

cytochrome c release, caspase activation and DNA fragmentation in a CAG repeat 

number-dependent fashion (Jana et al., 2001b; Liu, 1998). Striatal cell lines isolated 

from different mouse models show higher rates of apoptosis upon NMDAR activation. 

Moreover, lymphoblasts and myoblasts from HD patients display increased sensitivity 

to mitochondria-mediated apoptosis and the pan-caspase inhibitor zVAD can protect 

from cell death (Sawa et al., 1999; Ciammola et al., 2006). Importantly, p53, a 

transcription factor that regulates the expression of various proteins, such as the 

proapoptotic proteins Bax and Puma (Miyashita and Reed, 1995), is shown to interact 

with the N-terminal part of mutant huntingtin in HD lymphoblasts (Steffan et al., 2000) 

and neuronal cell lines expressing the mutant protein. This interaction leads to 

increased nuclear levels and transcriptional activity of p53, phenomenon observed also 

in HD mice and patients. Interestingly the genetic ablation and the inhibition of p53 

suppresses neurodegeneration in different models for HD (Bae et al., 2005).   

A further support for a role of the activation of apoptosis in HD is the evidence that wt 

huntingtin exerts an anti-apoptotic effect and this function is lost upon mutation. As 

mention above, ko mice for Huntingtin are embryonically lethal and show massive 

apoptotic cell death at E7.5 (Zeitlin et al., 1995b). Moreover, a work from Rigamonti R. 

(2000) and colleagues shows that expression of wt huntingtin in neurons protects from 

different stresses as proapoptotic stimuli. The authors show that huntingtin acts 

upstream of caspase-3 activation, inhibiting the conversion of procaspase-9 into active 

caspase-9.  
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Another mechanisms whereby wt huntingtin exerts its antiapoptotic effect may involve 

the interaction with HIP-1. When the polyQ domain is expanded, the huntingtin/HIP-1 

interaction is disrupted and HIP-1 is released. HIP-1, which bears a death effector 

domain, can then bind to its partner hippi that in turn activates caspase-8 leading to 

apoptosis (Gervais et al., 2002).    

Interestingly, minocycline, a tetracycline analog, that has been reported to exert 

neuroprotective effect over various experimental models, slows the progression of 

symptoms as psychiatric and motor disturbances in patients and mouse models for 

HD. Besides its anti-inflammatory effect, minocycline is also known to reduce 

mitochondrial permeability transition mediated cytochrome c release and the 

expression of caspase-1 and -3 (Bonelli et al., 2003). More recently, a screening 

identified a compound, methazolamide, that inhibits cytochrome c release, likely acting 

at the level of outer mitochondrial permeabilization, and is effective in slowing the 

progression of HD in R6/2 mice (Wang et al., 2008).     

 

3.6.3 Oxidative stress 

 

The generation of reactive oxygen species (ROS) and the resulting oxidative stress is 

a feature of Huntington‟s Disease (Browne et al., 1997b; Grunewald and Beal, 1999). 

Studies of post-mortem human HD brains show high levels of oxidative damage as 

cytoplasmic accumulation of lipofuscin, a product of unsaturated fatty acids 

peroxidation (Braak and Braak, 1992), DNA strand breaks  (Dragunow et al., 1995b) 

and oxidative markers in mitochondrial and nuclear DNA bases (Polidori et al., 1999), 

and protein nitration (Browne et al., 1999). Moreover, the oxidative alterations 

observed in patients are recapitulated in genetic and pharmacological animal models 

for HD [for a review see (Browne and Beal, 2006; Tolkovsky et al., 2002)]. 

Mitochondria are considered the primary source of ROS in neurons and mitochondrial 

dysfunctions in HD, such as ATP production defects due to inhibition of electron 

transport chain and abnormal calcium handling especially during exposure to 

excitotoxins, are likely to be linked to the increase in ROS levels. However, a recent 

work from Brennan and colleagues (2009) shows that neurons mainly rely on NADPH 

oxidases (NOX) to produce ROS during excitotoxicity, leading us to re-examine the 

role of mitochondria in neuronal cell death.   
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Figure 2. Mitochondrial dysfunctions in Huntington’s Disease. (a) mHtt block of PGC1- promoter results in decreased 

expression of nuclear-encoded mitochondrial proteins that are necessary for respiration and oxidative damage defense. (b) mHtt 

can have direct effects on mitochondria inhibiting complex  and increasing sensitivity to Ca
2+

-induced mitochondrial permeability 

transition pore (mPTP) opening. Respiratory inhibition leads to decreased energy production and mitochondrial membrane 

potential (m) in addition to increased reactive oxygen species (ROS) production. The bioenergetic decline can cause increased 

vulnerability to excitotoxic stimuli. (c) mHtt interferes with mitochondrial trafficking along microtubules directly interacting with motor 

complexes. (d) mHtt alters mitochondrial morphology and cristae structure.  

 

3.6.4 Deregulation of calcium homeostasis 

 

Strong evidence support a role of mitochondrial regulation of Ca2+ homeostasis in HD. 

Several studies on mitochondria from HD patients lymphoblasts, mouse models brains 

and neuronal HD cell lines revealed a reduction in mitochondrial membrane potential 

and an enhanced sensitivity to Ca2+-induced permeability transition (Panov et al., 

2002b; Choo et al., 2004b; Gizatullina et al., 2006). A key study in this field from Panov 

and colleagues (2002) demonstrated that the mitochondrial calcium retention capacity 

reduction correlates with the length of the polyglutamine expansion in Huntingtin. 

Moreover, the authors showed that the incubation of isolated mitochondria with GST 
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fusion proteins containing expanded polyglutamine domains can directly reduce 

mitochondrial membrane potential and impair Ca2+ handling. Consistently, isolated 

mitochondria from mouse liver show decreased calcium threshold for mPTP opening if 

incubated with a recombinant N-terminal fragment of Huntingtin bearing an expanded 

polyglutamine domain (Choo et al., 2004b). These findings support the hypothesis that 

mutant huntingtin can cause mitochondrial dysfunctions through the physical 

interaction with this organelle. 

Mitochondria from brain from YAC72 HD mice show slower clearance of extra-

mitochondria calcium and inability to return to baseline calcium levels (Panov et al., 

2002b). At the cellular level these dysfunctions result in slower recovery rate of 

cytosolic calcium concentration upon NMDAR activation and increased mitochondrial 

depolarization upon sustained NMDAR stimulation (Fernandes et al., 2007), ultimately 

leading to permeability transition dependent cytochrome c release and apoptosis 

(Zeron et al., 2004b). 

 

3.6.5 Alterations in mitochondrial movement 

 

As we discussed above, mitochondria are not only the main source of energy of the 

cell but also vital regulators of calcium homeostasis. To properly exert their functions, 

mitochondria must be trafficked appropriately to reach specific cellular compartments 

with high energy and calcium buffering demands, such as synapses. This has a 

specific relevance in neurons where axons and dendrites can extend well beyond the 

cell body. In addition, mitochondrial trafficking may be important for transporting 

damaged mitochondria to cellular locations where they can be repaired or degraded 

(De Vos et al., 2000). Indeed, the persistence of injured mitochondria can lead to 

increased reactive oxygen species production and apoptosis (Lee and Wei, 2000; Orr 

et al., 2008a).  

Several studies in neurons from HD mouse models show an impairment in the 

trafficking of mitochondria along axons. HD mitochondria show abnormal distribution in 

the cell, they travel shorter distances than their normal counterparts and they appear to 

stop more frequently becoming progressively immobilized (Trushina et al., 2004) (Orr 

et al., 2008a; Mormone et al., 2006). Different mechanisms have been proposed to 

explain this phenotype. Trushina and colleagues (2004) showed that in mouse and HD 

patients neurons mutant Huntingtin aggregates sequester wt huntingtin and the soluble 
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pool of motor proteins leading to a general decrease in mitochondrial trafficking. On 

the other hand, the work of Chang and colleagues (2006) showed that mitochondrial 

movement is specifically decreased at the sites of cytosolic mutant huntingtin 

aggregates that act as physical roadblocks in the narrow axons. A further hypothesis is 

that the association of the N-t fragment of mutant huntingtin with mitochondria can 

reduce the interaction of the organelles with microtubule-based transport proteins, 

leading to the trafficking phenotype (Orr et al., 2008b). It would be interesting to 

elucidate the mechanisms causing the defects in mitochondrial trafficking since they 

seem to appear earlier than other mitochondrial alterations, suggesting that they can 

contribute to mitochondrial dysfunction. 

 

3.6.6 Mitochondrial morphology and ultrastructure 

 

Mitochondria are dynamic organelles that undergo morphological and ultrastructural 

changes in respose to specific physiological and pathological conditions. A growing 

body of evidence shows that mitochondrial morphology intimately correlates with 

mitochondrial functional parameters as ATP production, ROS generation, movement 

and apoptosis. In HD, early studies on brain biopsies from patients revealed the 

presence of mitochondria characterized by abnormal ultrastructure and morphology 

(Tellez-Nagel et al., 1974; Goebel et al., 1978). Alteration in mitochondrial cristae 

structure has been observed also in excitotoxic models for HD (Portera-Cailliau et al., 

1995b). Despite the early observation of these alterations, it is currently unknown 

which is the role of mitochondrial structural defects in the progression of the disease 

and which is the mechanism whereby mutant huntingtin can influence mitochondrial 

morphology. Indeed, in the last few years many groups have started to focus their 

research on this previously unexplored topic. Electron microscopy analysis on 

lymphoblasts, myoblasts and fibroblasts from HD patients showed that mitochondria 

display less and remodelled cristae and the severity of ultrastructural defects 

correlates with the genotype (Squitieri et al., 2006; Squitieri et al., 2009). Moreover, in 

lymphoblasts from heterozygous patients mitochondria appear redistributed and 

clustered at one pole of the cell (Mormone et al., 2006), suggesting that alterations 

occur not only at the ultrastructural level but the pattern of the mitochondrial network is 

also affected. A recent work from Wang and colleagues (2008) shows that expression 

of the N-terminal fragment of mutant Huntingtin in HeLa cells induces reduction in the 
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movement and in the fusion rate of mitochondria. Additionally, upon serum starvation 

or H2O2 treatment cells bearing mutant Huntingtin display deep fragmentation of the 

mitochondrial network, reduction in ATP levels and enhanced cell death. Interestingly, 

these defects can be corrected both inhibiting the fission machinery overexpressing a 

dominant negative form of Drp1 and promoting mitochondrial fusion through the 

overexpression of Mfn2 (Wang et al., 2009a). Fragmentation of the mitochondrial 

network has been observed also in a pharmacological model for HD. Primary cortical 

neurons treated with 3-NP show an immediate drop in ATP levels and a mild rise in 

reactive oxygen species followed by a NMDA activation-dependent more pronounced 

rise in ROS that ultimately causes mitochondrial fragmentation and neuronal cell death 

(Liot et al., 2009).       

These findings suggest that mitochondria shape changes play a role in neuronal cell 

death and that the correction of morphological defects can potentially restore metabolic 

and other mitochondrial functional alterations associated with HD. However, although 

the description of the morphological defects in HD is becoming more detailed and 

complete, the mechanism that links Huntingtin mutation to mitochondria shape and the 

responsible molecular players are still unknown.  

The aim of this thesis project was therefore to understand  

(i) which pathways impinging on mitochondrial morphology and ultrastructure 

are altered in HD,  

(ii) how they affect mitochondrial morphology, cell dysfunction and death.  

(iii) Whether they can be targeted to correct the viability of cells from HD mode



66 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



67 

 

4 Results 
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5 Conclusion and Perspectives 
 

In this Thesis we analyzed the role of calcineurin-dependent mitochondrial fission in 

cell death and the relevance of this pathway in the pathogenesis of Hungtinton‟s 

disease. 

Our results show that the specific inhibition of the phosphatase calcineurin by the 

peptide PPD1, corresponding to the peptidylprolyl isomerase domain of FKBP52, 

inhibits apoptosis delaying cytochrome c release. Notably, the protective role of 

calcineurin inhibition results from the block of the translocation of the pro-fission 

protein Drp1 to mitochondria and the subsequent inhibition of mitochondrial 

fragmentation during apoptosis. These data further support the view that Drp1 and 

mitochondrial fission participates in cell death. 

Increasing evidence indicates that mitochondrial dynamics are essential for neuronal 

synaptic maintenance and plasticity and abnormal mitochondrial fragmentation is a 

hallmark of several neurodegenerative diseases associated with increased apoptosis. 

We showed that in Huntington‟s disease mitochondria are highly fragmented and this 

is due to the hyper-activation of the mitochondrial fission machinery as demonstrated 

by the higher oligomerization and increased translocation of Drp1 to mitochondria. 

Moreover, we observed alterations in the processing of OPA1 in cells bearing the 

mutation in huntingtin gene. Huntington‟s disease cells displayed enhanced 

susceptibility to cell death and faster release of cytochrome c in response to intrinsic 

apoptotic stimuli. We were able to correct the morphological phenotype by 

overexpressing pro-fusion proteins and inhibiting the fission machinery. However the 

protection from cell death was achieved only when the calcineurin-Drp1 axis was 

inhibited or OPA1 was overexpressed, but not upon overexpression of MFN1. 

Moreover, overexpression of OPA1 and a dominant negative form of Drp1 could 

restore normal cristae structure and protect from cristae remodelling during apoptosis. 

These data suggest that regulation of mitochondrial morphology per se is not sufficient 

to protect from cell death, but it has to correlate with preservation of mitochondrial 

ultrastructure. While the role of OPA1 in the regulation of cristae structure has been 

well characterized, the precise mechanism by which inhibition of Drp1 affects 

mitochondrial ultrastructure remains unclear. Recent reports show that Drp1 ablation 

causes changes in the cleavage of the inner membrane Opa1 (Mopert et al., 2009) 

raising the possibility that the pro-fission dynamin-related protein could indirectly 
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influence cristae morphology acting of OPA1 regulation and activity. In Huntington‟s 

disease the picture is even more complicated because of the presence of 

mitochondrial metabolic defects, being OPA1 processing dependent on ATP levels 

(Baricault et al., 2007). The data collected so far are not sufficient to understand which 

is the primary cause of the observed mitochondrial defects but our results show that 

regulation of morphology and ultrastructure can dominantly affect cell death. Moreover, 

recent reports show that correction of mitochondrial shape can restore ATP production 

in cells bearing mutated huntingtin (Wang et al., 2008), confirming the intimate link 

between mitochondrial shape and bioenergetics and further supporting the importance 

of mitochondrial dynamics in the disease. Although a single gene mutation causes 

Huntington‟s disease, the outcome is highly complex and our work characterized a 

novel pathological mechanism and identified molecular players that could serve as 

potential therapeutic targets.                                   
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