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ABSTRACT 

Mitochondria play crucial roles in neuronal activity by providing adenosine 

triphosphate (ATP) and buffering calcium to power and regulate synaptic activity. 

Mitochondrial dysfunction contributes to synaptic deficits and has been shown to be an 

early event in neurodegenerative diseases, like Alzheimer’s disease (AD). Recent 

evidence suggests astrocytes contribute to maintaining a healthy neuronal mitochondrial 

network by either degrading dysfunctional mitochondrial shed by neurons, and by 

donating healthy mitochondria. However, the relevance of these processes in AD is yet 

to be determined. Hence, using neuronal and astrocytic primary cultures isolated from 

the AppNL-G-F AD mouse model, we investigated the mechanisms involved in astrocyte-

neuron mitochondrial transfer. We found that AppNL-G-F neurons have substantial deficits 

in mitochondrial anterograde transport, together with a reduced number of pre-synaptic 

mitochondria at the early stages of the disease, which likely reflects metabolic alterations 

at the synapse. On the other hand, astrocytes showed no bioenergetic nor movement 

impairments. However, we observed that WT, but not AppNL-G-F astrocytes, increase the 

expression of mitochondria-associated genes when in co-culture with AppNL-G-F neurons, 

suggesting AppNL-G-F astrocytes might not be as efficient in providing support to affected 

neurons. To further assess this, we collected extracellular vesicles containing 

mitochondria (mito-EVs) from the conditioned media and observed that astrocytes engulf 

mitochondria released by neurons through actin-dependent mechanisms. Interestingly, 

the uptake of AppNL-G-F-derived mito-EVs by astrocytes was impaired, in comparison to 

WT-derived mito-EVs, leading to a higher accumulation of extracellular ATP. We also 

observed that, following engulfment, only a fraction of mitochondria integrated the 

astrocytic mitochondrial network, while another population appeared to undergo 

transmitophagy. However, this process might be impaired in AppNL-G-F astrocytes, as 

shown by a decreased number of mitophagy events and downregulation of mitophagy-

related genes. Altogether, these data indicate neuronal mitochondria are captured and 

directed to mitophagy in astrocytes and that this might be affected in the AppNL-G-F model. 

Future experiments are still required to understand the dynamics between each neuronal 

and astrocytic phenotype and the possible implications of these outcomes for AD 

pathology. 

KEY WORDS: Alzheimer’s disease; mitochondrial transport and transfer; mito-EVs; 

mitophagy 
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RESUMO 

As mitocôndrias desempenham um papel crucial para a atividade neuronal, 

através do fornecimento de adenosina trifosfato (ATP) e regulação da concentração de 

cálcio, potenciando e regulando a atividade sináptica. A disfunção mitocondrial resulta 

em défices sinápticos e é considerada um evento inicial em doenças 

neurodegenerativas, como a doença de Alzheimer (DA). Evidências recentes sugerem 

que os astrócitos ajudam a manter uma rede mitocondrial neuronal saudável, não só 

através da degradação de mitocôndria disfuncionais libertadas pelos neurónios, mas 

também pela doação de mitocôndrias saudáveis. No entanto, a relevância destes 

processos na DA ainda não foi determinada. Assim, usando culturas primárias de 

astrócitos e neurónios isolados de murganhos AppNL-G-F, um modelo da DA, 

investigámos os mecanismos envolvidos na transferência mitocondrial entre astrócitos 

e neurónios. Observou-se que os neurónios AppNL-G-F apresentam défices substanciais 

no transporte mitocondrial anterógrado, juntamente com um número reduzido de 

mitocôndrias pré-sinápticas nos estadios iniciais da doença, o que provavelmente se 

reflete em alterações metabólicas na sinapse. Por outro lado, os astrócitos não 

apresentaram alterações bioenergéticas nem de movimento. No entanto, os astrócitos 

WT, ao contrário dos AppNL-G-F, aumentam a expressão de genes associados à 

mitocôndria quando em co-cultura com neurónios AppNL-G-F, sugerindo que os astrócitos 

AppNL-G-F poderão não ser tão eficientes a ajudar neurónios disfuncionais. Para validar 

estas observações, recolhemos vesículas extracelulares contendo mitocôndrias (mito-

EVs) do meio condicionado e observamos que os astrócitos internalizam mitocôndrias 

libertadas pelos neurónios através de mecanismos dependentes de actina. 

Curiosamente, a captação de mito-EVs derivadas das culturas AppNL-G-F pelos astrócitos 

parece estar comprometida, em comparação com a captação de mito-EVs WT. Também 

verificamos que, após a internalização, apenas uma fração das mitocôndrias acabou 

por integrar a rede mitocondrial do astrócito, enquanto que a restante população parece 

ser direcionada para transmitofagia. Este processo parece estar comprometido em 

astrócitos AppNL-G-F, como evidenciado pela diminuição do número de eventos de 

mitofagia e da expressão de genes relacionados com mitofagia. Coletivamente, estes 

dados indicam que as mitocôndria neuronais são captadas e direcionadas para 

mitofagia e que isto poderá estar afetado no modelo AppNL-G-F. Experiências futuras são 

necessárias para entender como é que o fenótipo de cada tipo celular influência os 

resultados obtidos e as possíveis implicações para a patologia da DA. 

PALAVRAS-CHAVE: Doença de Alzheimer; transferência e transporte mitocondrial; 

mito-EVs; mitofagia 
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1. INTRODUCTION 

 

1.1. ALZHEIMER’S DISEASE 

Alzheimer’s disease (AD) is a multifactorial neurodegenerative disease mostly 

affecting the cerebral cortex and hippocampus, leading to progressive memory and 

cognitive decline (Kumar et al., 2015; Masters et al., 2015). With an overall mean 

incidence of 1-3% and a total prevalence of 10-30% in the elderly population, AD is one 

of the most common forms of dementia worldwide, accounting for 60-80% of all cases 

(Alzheimer's Association, 2020; Masters et al., 2015). AD was firstly reported by Alois 

Alzheimer, back in 1907, after he described the presence of extracellular neurotic 

plaques and intracellular fibrils in the brain of a 55-year-old woman (Stelzmann et al., 

1995). Despite the advances made since then, leading to a deeper understanding of the 

mechanisms involved in the pathophysiology of the disease, development of better 

diagnostic techniques, and thousands of clinical trials conducted in the search for 

effective treatments, there is still a need for drugs that can prevent the progressive 

neurodegeneration observed in AD. Therefore, it is urgent to provide novel insights into 

the molecular mechanisms driving this disease and, with that, develop new diagnostic 

techniques and treatments that may have a positive impact on the lives of millions of 

people. 

 

1.1.1. Pathophysiological hallmarks and aetiology 

The efforts made throughout the years to unravel the mechanisms driving AD 

have provided valuable understanding about the pathophysiology of the disease. 

Pathophysiological hallmarks of AD include the accumulation of extracellular plaques 

and neurofibrillary tangles (NFTs) throughout the cortex and hippocampus, which are 

now known to be made up of amyloid β-peptide (Aβ)  and tau protein, respectively 

(Glenner & Wong, 1984; Grundke-Iqbal et al., 1986; Masters et al., 1985). The disease 

is also characterized by neuronal death, particularly of cholinergic neurons of the 

forebrain and glutamatergic neurons in the cortex and hippocampus (Francis, 2005; 

Wenk, 2003). Cerebrovascular damage, synapse loss, activation of microglia and 

astrocytes, and mitochondrial dysfunction have also been more recently implicated in 

AD’s pathophysiology (Querfurth & Laferla, 2010). However, and despite all the 

hypotheses proposed over the years, there is still some controversy regarding what is 

the initial event that triggers the disease. Currently, there are two main hypotheses 

accepted by the scientific community to explain AD’s aetiology – the amyloid cascade 

hypothesis and the tau hypothesis. 
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1.1.1.1. The amyloid cascade hypothesis 

Amyloid precursor protein (APP) is a transmembrane protein found at high levels 

in neuronal cells and thought to be involved in synaptic plasticity (Masters et al., 2015). 

APP can be metabolized through one of two different pathways – the amyloidogenic or 

the non-amyloidogenic pathway, as represented in Figure 1. In the non-amyloidogenic 

pathway, APP is first cleaved by α-secretase, yielding the sAPPα and C83/α-CTF 

peptides. α-CTF is subsequently cleaved by γ-secretase, which results in the production 

of other two peptides, APP intracellular cytoplasmic domain (AICD) and p3. On the other 

hand, in the amyloidogenic pathway, the first step is carried out by β-APP cleaving 

enzyme 1 (BACE1), also known as β-secretase, instead of α-secretase. This results in 

the production of the sAPPβ and C99/β-CTF peptides. Then, similarly to the non-

amyloidogenic pathway, β-CTF is cleaved by γ-secretase, producing AICD and Aβ 

(Kumar et al., 2015; O’brien & Wong, 2011).  

 

 

 

 

 

 

 

Figure 1 – APP processing pathways. In the non-amyloidogenic pathway, cleavage of APP within the Aβ 

sequence, shown in dark blue, by α-secretase yields sAPPα and α-CTF. The latter is further cleaved into p3 

and AICD by γ-secretase. However, in the amyloidogenic pathway, β-secretase cleaves APP at the bond 

between Met671 and Asp672 (β-site), originating sAPPβ and β-CTF. Subsequent cleavage of β-CTF by γ-

secretase forms Aβ and AICD. Aβ is a small peptide with propensity to aggregate and deposit, forming 

extracellular amyloid plaques. Adapted from Dentoni, 2021. 

Aβ is a 38-43 amino acid peptide and, as a product of the normal metabolism of 

APP, it has physiological functions in the cell. Although not fully understood, it has been 

suggested that Aβ contributes to negatively control synaptic activity, as its absence can 

lead to excessive synaptic activity and, ultimately, excitotoxicity (Kamenetz et al., 2003; 

Pearson & Peers, 2006). However, at high concentrations, this peptide can become toxic 

since it can self-aggregate and deposit in the brain. So, it is crucial that a good balance 

between Aβ production and clearance exists to secure homeostasis. Accordingly, the 

amyloid cascade hypothesis postulates that AD results from an imbalance between Aβ 

production and clearance (Selkoe & Hardy, 2016). Polymorphisms in the apolipoprotein 

E (APOE) gene, particularly the APOE4 isoform, are considered major risk factors for 

AD, as it leads to an earlier age of onset (Corder et al., 1993; M. X. Tang et al., 1996). 

Studies indicate APOE4 promotes AD in a wide variety of ways. This protein appears to 
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not only enhance Aβ production by modulating the activity of γ-secretase but also impairs 

Aβ lysosomal degradation and proteolytic cleavage by neprilysin and the insulin-

degrading enzyme, thus affecting Aβ clearance. Furthermore, APOE4 has been shown 

to promote Aβ aggregation and Aβ oligomers stabilization (Safieh et al., 2019).  

Aβ exists in many different isoforms of which the most abundant ones are Aβ40 

and Aβ42. Of the two, Aβ42 has been shown to be more toxic and prone to aggregation 

than other isoforms. Unsurprisingly, the ratio Aβ42/Aβ40 is increased in AD (Hecimovic et 

al., 2004; Kumar-Singh et al., 2006). Toxic effects of Aβ42 include induction of oxidative 

damage, and synaptic and mitochondrial dysfunction (Kumar et al., 2015). Also, the 

observation that Aβ seems to promote tau protein phosphorylation provides strong 

evidence to support the amyloid cascade hypothesis (De Felice et al., 2008).  

While sporadic AD (SAD) may be the most common type of AD among patients, 

it has been the study of familial cases of AD (FAD) that have brought some of the 

strongest lines of evidence supporting the idea that Aβ is the causative effect of this 

disease. In this small subgroup of patients, which represents <1% of all cases, the 

various mutations detected so far affect genes coding for APP, presenilin 1 and 2 (PS1 

and PS2, respectively) (Bekris et al., 2011). 

As of today, about 32 APP mutations have been reported (Bekris et al., 2011). 

Some of the most relevant ones for this thesis include the Swedish double mutation 

(KM670/671NL), near BACE1’s cleavage site, the Iberian mutation (I716F), close to the 

γ-secretase’s cleavage site, and the Arctic mutation (E693G), found within the protein 

sequence. The Swedish and Iberian mutations modify APP processing. This favours the 

production of Aβ, especially the more toxic and less soluble Aβ42 isoform, increasing the 

ratio of Aβ42/Aβ40. In its turn, the Arctic mutation promotes Aβ aggregation and deposition 

(Saito et al., 2014). Another important mutation found in the App gene is the A673T 

mutation located close to the β-secretase cleavage site. This variant was shown to be 

protective, and carriers do not develop the disease. This was linked to the decrease in 

APP cleavage by BACE of approximately 40%, reducing the production of Aβ in vitro. 

This suggests that reducing the frequency of APP processing through the amyloidogenic 

pathway would probably have protective effects (Jonsson et al., 2012). 

PS1 or PS2 are components of the γ-secretase complex and, just like most 

mutations known for APP, mutations in these proteins predominantly lead to a rise in the 

Aβ42/Aβ40 ratio (Bekris et al., 2011). Also, the discovery that people with Down’s 

syndrome, who possess a third copy of the chromosome 21 where the APP gene is 

located, have a high increase in the production of Aβ and develop AD-like symptoms, 

including dementia and cognitive deterioration, and pathological hallmarks such as the 
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presence of amyloid plaques, NFTs, and mitochondrial dysfunction, early in life further 

supports this hypothesis (Head et al., 2012; Wisniewski et al., 1985).  

Nonetheless, this hypothesis fails to explain relevant aspects such as why are 

amyloid plaques also found in healthy non-demented patients or why do some AD 

patients present only very few plaques (Edison et al., 2007; Fagan et al., 2009; Li et al., 

2008; Price et al., 2009)? Importantly, the distribution of Aβ plaques in the brain of AD 

patients does not seem to correlate with their degree of cognitive impairment, further 

questioning the validity of this hypothesis (Terry et al., 1991). 

 

1.1.1.2. The tau hypothesis 

Tau protein is a microtubule-associated protein (MAPT) involved in the assembly 

and stabilization of microtubules (Drubin & Kirschner, 1986). The function of this protein 

is dependent on its phosphorylation state. When phosphorylated, tau loses its ability to 

bind to microtubules, which leads to their disorganization and disintegration (Mandelkow 

et al., 1995; Rodríguez-Martín et al., 2013). As one of the main components of the 

cytoskeleton and due to its involvement in axonal transport, the collapse of the 

microtubule network affects both cellular structure and axonal transport of various 

cellular organelles. Consequently, this compromises cellular function and may lead to 

cell death (Kolarova et al., 2012). This, together with the discovery that the main 

component of NFTs is hyperphosphorylated tau protein, led to the establishment of the 

tau hypothesis for AD postulating that the cause of the disease is the accumulation of 

hyperphosphorylated forms of tau (Kosik et al., 1986).  

Over the last years, this hypothesis has gained momentum after the observation 

that, unlike what happens with Aβ pathology, the distribution and the increasing 

accumulation of NFTs highly correlates with the severity and progression of cognitive 

impairment and clinical symptoms in AD patients (Bejanin et al., 2017; Ghoshal et al., 

2002; Okamura & Yanai, 2017). However, the fact that Aβ has been shown to induce tau 

hyperphosphorylation has challenged this hypothesis, as it suggests that Aβ rather than 

tau could be the trigger for AD (M. Jin et al., 2011; Kametani & Hasegawa, 2018). 

1.1.2. Mouse models in AD 

Over the years, many experimental models have been developed in order to 

study AD. Most of what is known today about AD’s pathophysiology comes from studies 

carried out using these models, which are also extremely relevant to the initial testing of 

novel therapeutical strategies for this disease.  

To date, transgenic mice remain the most widely used animal models in AD 

research. These include models based on Aβ pathology, such as the PDAPP, which 
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carries the APP Indiana mutation (V717F) (Games et al., 1995), the Tg2576, expressing 

the Swedish double mutation (K670N/M671L) (Hsiao et al., 1996), and various APP/PS1 

mouse models containing different sets of mutations in App and Psen1, detailed in Table 

1. Overall, these models present amyloid plaque formation in the cortex and 

hippocampus, gliosis, synaptic dysfunction, and cognitive impairment, but they lack other 

AD hallmarks, namely the presence of NFTs, general neurodegeneration, and brain 

atrophy (Drummond & Wisniewski, 2017). Accordingly, tau pathology-based transgenic 

mouse models, with or without Aβ pathology, were developed in an attempt to create 

more representative models of AD pathophysiology. Among these, the 3xTg mouse 

model (Table 1), carrying mutations in the genes coding for APP, PS1 and MAPT, is 

considered to be the most complete model of AD. This model presents Aβ accumulation 

in neurons and plaque formation in the cortex and hippocampus, followed by NFTs 

formation. Cognitive and synaptic impairments are also evident, together with 

astrogliosis and localized neurodegeneration (Drummond & Wisniewski, 2017; Oddo, 

Caccamo, Kitazawa, et al., 2003; Oddo, Caccamo, Shepherd, et al., 2003). 

Table 1 – Mouse models commonly used in AD research. 

Despite all the valuable insights these models have provided so far, they present 

two major challenges. Transgenic mouse models are based on mutations found in FAD 

patients, which reflect only a very small percentage of total AD cases and present quite 

a different pathology from SAD (Drummond & Wisniewski, 2017; Colin L. Masters et al., 

2015). This may compromise the translatability of results to humans and may account 

for the high number of failed clinical trials in AD. Moreover, overexpression of APP and 

Model Mutation AD pathology Reference 

PDAPP Indiana (AppV717F) 
Extracellular Aβ plaques in cortex and 
hippocampus, gliosis, and cognitive 

and synaptic impairment 

(Games et 
al., 1995) 

Tg2576 Swedish (AppK670N/M671L) 
Aβ plaques in the cortex, hippocampus 
and cerebellum, gliosis, synaptic loss, 
and memory and learning impairment 

(Hsiao et 
al., 1996) 

3xTg 
Swedish (AppK670N/M671L), 

PS1M146V, TauP301L 

Intraneuronal Aβ, plaques in cortex 
and hippocampus, NFTs, synaptic 

dysfunction   

(Oddo et 
al., 2003) 

AppNL-F 
Swedish (AppK670N/M671L), 

Iberian (AppI716F) 
Aβ plaque formation, gliosis, synaptic 
dysfunction, and memory impairment 

(Saito et 
al., 2014) 

AppNL-G-F 
Swedish (AppK670N/M671L), 
Iberian (AppI716F), Arctic 

(AppE693G) 

Aβ plaques, neuroinflammation, 
synaptic loss, and memory impairment  

(Saito et 
al., 2014)   
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tau at non-physiological levels may account for some of the pathologic changes seen in 

these mice, resulting in confounding effects regarding AD’s pathophysiology and 

associated cellular and molecular mechanisms (Drummond & Wisniewski, 2017; Hall & 

Roberson, 2012). 

The most recently developed knock-in (KI) mouse models (Table 1) aim at 

preventing the non-physiological expression of APP. In these models, APP FAD 

mutations are inserted in the humanized mouse Aβ sequence (Saito et al., 2014). Since 

the protein is not being overexpressed, APP and Aβ are expressed at normal levels in 

the correct cell types and brain regions, which avoids possible confounding effects due 

to protein overexpression. However, the problem regarding the translatability of findings 

to SAD patients persists in these models (Drummond & Wisniewski, 2017). Also, these 

models are only representative of amyloid pathology, as they do not present increase 

tau phosphorylation nor brain atrophy (Saito et al., 2014). Two of the most relevant APP 

KI mouse models include the AppNL-F and AppNL-G-F mice. The AppNL-F mouse model has 

the Swedish double mutation and the Iberian mutation. Amyloid plaque formation and 

gliosis start around 6 months, followed by synaptic dysfunction at 9 months and memory 

impairment at 18 months. The AppNL-G-F mouse model has an additional mutation – the 

Arctic mutation. This results in a much more aggressive phenotype with Aβ plaques first 

appearing at 2 months, followed by neuroinflammation at 3 months, synaptic loss at 4-5 

months and, finally, memory impairment at around 6 months old (Saito et al., 2014). 

 

1.2. MITOCHONDRIA 

Over the years, several organelles have been shown to be highly affected in AD, 

leading to dysfunction of many cellular functions. Among these, mitochondria have 

increasingly been implicated in AD pathology, as accumulating studies show pronounced 

mitochondrial dysfunction in this disease. Mitochondria are cellular organelles believed 

to have been originated circa 2 billion years ago when an α-proteobacterium was 

engulfed and incorporated into a pre-eukaryotic cell in a process known as 

endosymbiosis (Dyall et al., 2004). Mitochondria are very curious organelles in the sense 

that, unlike the remaining cellular compartments found in animal cells, they possess their 

own genomic material. In fact, some of the most robust lines of evidence supporting the 

endosymbiotic theory derive from phylogenetic studies tracking the origin of 

mitochondrial-encoded genes to α-proteobacteria (Andersson et al., 2003). However, 

mitochondrial DNA (mtDNA) underwent many mutations throughout the ages, and 

several of its genes were even transferred to the nuclear genome. Currently, the human 

mitochondrial genome consists of a small, circular DNA molecule coding for 13 proteins. 

Mitochondria are now recognized as crucial cellular organelles that evolved, adapted 
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and gained a myriad of new functions besides their original role as adenosine 

triphosphate (ATP) producers (Friedman & Nunnari, 2014; Gabaldón & Huynen, 2004).  

1.2.1. Mitochondrial structure 

Structurally, mitochondria pose as unusual organelles since they are comprised 

of two different membranes – the outer mitochondrial membrane (OMM) and inner 

mitochondrial membrane (IMM) – separated by the intermembrane space (IMS), as 

illustrated in Figure 2 (Alberts et al., 2017; Freya & Mannellab, 2000). The OMM is 

permeable to several metabolites and ions, like calcium (Ca2+), that can passively diffuse 

through porin molecules. On the other hand, the IMM is impermeable to most molecules 

and possesses transporters through which only very specific molecules can be 

exchanged (Alberts et al., 2017). Additionally, protein transport complexes, such as the 

translocase of the outer membrane (TOM) and the translocase of the inner membrane 

(TIM), are present at the OMM and IMM, respectively. As most mitochondrial proteins 

are nucleus-encoded, these complexes are crucial to ensure mitochondrial proteins are 

imported into the organelle (Newmeyer & Ferguson-Miller, 2003). The IMM has yet 

another particular characteristic. This membrane is folded into cristae that protrude into 

the mitochondrial matrix and highly increase the IMM’s surface area, contributing to a 

more efficient rate of respiration and redox reactions. The mitochondrial matrix is 

enclosed within the IMM and contains several copies of mtDNA as well as enzymes and 

constituents of the tricarboxylic acid (TCA) cycle (Alberts et al., 2017; Freya & Mannellab, 

2000). 

1.2.2. Mitochondria, bioenergetic hubs and beyond 

Mitochondria are indispensable for eukaryotic cells. These organelles are mainly 

acknowledged by their involvement in ATP production, which fuels virtually all cellular 

functions. Nonetheless, mitochondria are much more than simple energy suppliers and 

participate in a wide variety of cellular mechanisms controlling cell survival and death, 

as described ahead. 

Bioenergetics – mitochondria are the major source of energy in the cell. It is at its 

heart that the final steps of amino acids, fatty acids, and sugars’ metabolism takes place. 

In most cells, glucose firstly undergoes glycolysis, a process through which it is broken 

down into pyruvate. Pyruvate is then transported into the mitochondrial matrix where it 

is converted into acetyl coenzyme A (acetyl-CoA) by the action of the enzyme pyruvate 

dehydrogenase (PDH). Similarly, fatty acids and amino acids can also be converted into 

acetyl-CoA. As shown in Figure 2, this molecule then enters the TCA cycle being further 

metabolized, while electron donors – NADH and FADH2 – are generated. NADH and 
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FADH2 donate their electrons to the complexes I-IV of the electron transport chain (ETC) 

embedded in the mitochondrial cristae. The electrons travel along the chain until they 

are finally accepted by O2, at complex IV, producing H2O. During this process, known as 

oxidative phosphorylation (OXPHOS), protons are also pumped into the IMS, which 

generates a proton gradient across the IMM and helps to establish a negative 

mitochondrial membrane potential (∆ψm). This potential gradient is ultimately used to 

power complex V, also known as ATP synthase, to produce ATP. Furthermore, ∆ψm is 

also involved in promoting ion and metabolite exchange and protein import (Osellame et 

al., 2012). 

  

 

 

 

 

 

 

 

 

 

Figure 2 – Mitochondrial structure and function. Mitochondria are comprised of an OMM and an IMM, 

separated by the IMS. In the innermost mitochondrial compartment – the matrix – several copies of mtDNA 

can be found. Even so, most mitochondrial genes are nucleus-encoded, which implicates these proteins 

must be imported into the organelle through the TOM and TIM complexes. Some of these proteins integrate 

the complexes of the ETC, also known as the respiratory chain. The ETC uses the energy provided by the 

flux of electrons donated by NADH and FADH2, electron donors formed during the TCA cycle, to generate 

mitochondrial membrane potential (∆ψm) and drive ATP synthesis. Adapted from Dentoni, 2021. 

Reactive oxygen species (ROS) production – as previously mentioned, the final 

acceptor of the electrons transferred along the ETC is O2, at complex IV. However, in 

some cases, electrons leak from the complexes prematurely. These unpaired electrons 

are thereby directly taken up by O2, forming superoxide and other ROS (Osellame et al., 

2012). At physiological levels, ROS are fundamental for many cellular functions since 

they act as signalling molecules. On the contrary, if present at high concentrations, ROS 

become highly toxic. Thus, a fine balance between ROS production and clearance must 

be achieved to prevent ROS negative effects, which might include DNA damage, protein 

oxidation, and lipid peroxidation, a process collectively known as oxidative stress (Mittler, 

2017).  

 Ca2+ signalling – Ca2+ plays important roles in mitochondria, as it helps maintain 

∆ψm and is involved in mitochondrial metabolism and apoptosis (Duchen, 2000). Hence, 

mitochondria also contribute to Ca2+ signalling by storing and exchanging Ca2+ with the 
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cytosol and the endoplasmic reticulum (ER) to meet their own requirements. Part of the 

Ca2+ transferred from ER to mitochondria occurs at mitochondria-ER contact sites 

(MERCS) through a complex constituted by the inositol 1,4,5-triphosphate receptor 

(IP3R) at the ER, and the voltage-dependent anion-selective channel protein 1 (VDAC1) 

at the OMM, both chaperoned by the glucose-regulated protein 75 (GRP75). Ca2+ is then 

imported into the matrix through the mitochondrial Ca2+ uniporter (MCU) complex 

(Rowland & Voeltz, 2012). The crucial role MERCS play in Ca2+ signalling is related to 

the fact that the MCU is a low-affinity transporter. The release of high amounts of Ca2+ 

at the contact sites creates local regions of extremely high Ca2+ concentrations, thus 

enabling efficient transfer of this ion into mitochondria (Rizzuto et al., 1998). However, it 

is important to tightly control Ca2+ uptake by mitochondria as high concentrations may 

result in mitochondrial permeability transitional pore (mPTP) opening and, consequently, 

apoptosis (Hajnóczky et al., 2006). 

 Cell death – another crucial role mitochondria play in cells is promoting cell death 

through apoptosis. Upon certain stimuli, the mPTP opens, increasing the permeability of 

the OMM. As a consequence, ∆ψm is lost, production of ATP ceases and many proteins 

normally located in the IMS are suddenly released to the cytosol. Among these, 

cytochrome c is of most importance as, once in the cytosol, it activates the caspase 

cascade, leading to apoptosis (Newmeyer & Ferguson-Miller, 2003; Zamzami & 

Kroemer, 2001). 

1.2.3. Neuronal mitochondria 

Neurons have extremely high metabolic needs as they must constantly maintain 

transmembrane ionic gradients and sustain the activity of millions of synapses 

(Rangaraju et al., 2019). In fact, it is estimated that, at rest, a single cortical neuron 

spends about 4.7 billion ATP molecules per second (Zhu et al., 2012). While it is true 

that, before differentiating, neurons mainly rely on glycolysis to meet their metabolic 

requirements, they gradually switch to OXPHOS, becoming increasingly dependent on 

mitochondria (X. Zheng et al., 2016). Even so, glycolysis is still necessary after 

maturation for certain activities, such as vesicular fast axonal transport (Zala et al., 2013). 

It is also important to recognize that neurons are differentiated cells consisting of diverse 

regions engaging in quite different activities. This reflects unique metabolic requirements 

from each neuronal segment. 

In mature neurons, most ATP is consumed by the activity of Na+/K+-ATPases and 

plasma membrane Ca2+-ATPases (PMCA) scattered throughout the cell to maintain ionic 

gradients across the membrane and, consequently, neuronal excitability (Ames, 2000). 

Also, the synapse is undoubtedly one of the most energetically demanding neuronal 
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regions (Lennie, 2003). Here, mitochondria contribute with ATP not only to maintain ionic 

gradients but also to regulate neurotransmission, as represented in Figure 3. Variations 

in the mitochondrial pool at the synapse have been shown to largely affect the probability 

of synaptic vesicle (SV) exocytosis due to differences in ATP availability and Ca2+ signals 

(T. Sun et al., 2013). Accordingly, mutations in the dynamin-related protein 1 (Drp1) 

gene, involved in mitochondrial fission, as it will be described further ahead, seem to 

decrease the number of synaptic mitochondria, which leads to deficits in SV 

replenishment close to the release sites, impairing neurotransmission (Verstreken et al., 

2005). ATP has further been shown to power myosin ATPase during vesicle mobilization 

(Bi et al., 1997). Despite all this, it is SV recycling which appears to be the most 

energetically demanding process during neurotransmission (Pathak et al., 2015; 

Rangaraju et al., 2014). Altogether, these studies elucidate how fundamental 

mitochondrial ATP is to enable appropriate SV dynamics and, hence, synaptic 

transmission.  

Ca2+ buffering by mitochondria is also crucial during neurotransmission, as 

depicted in Figure 3. Upon the arrival of an action potential to the presynaptic terminal, 

voltage-gated Ca2+ channels (VGCC) open, which results in a fast influx of this ion and, 

consequently, SV exocytosis (Jahn & Fasshauer, 2012). Mitochondria intervene in this 

process by buffering large amounts of Ca2+ to later gradually release it back to the 

cytosol. These two effects seem to be rather contradictory at first but they work together 

to tightly regulate neuronal response to stimuli. Initial Ca2+ buffering attenuates transients 

in Ca2+ levels, decreasing the probability of SV release and allowing a faster recovery 

following stimulation (Billups & Forsythe, 2002). It also keeps Ca2+ concentration within 

a certain range to prevent spontaneous SV release (Alnaes & Rahamimoff, 1975). 

During post-tetanic potentiation (PTP), a short period following high-frequency action 

potentials, mitochondria slowly release the previously sequestred Ca2+. This increases 

SV release probability, which is critical for synaptic plasticity mechanisms (Y. G. Tang & 

Zucker, 1997; Yang et al., 2021). Furthermore, a study has suggested that mitochondrial 

contribution for Ca2+ homeostasis at the synapse is more indirect as they provide ATP 

to power the activity of the PMCA, thus decreasing intracellular Ca2+ (Zenisek & 

Matthews, 2000). Similarly, Ca2+ may also have secondary roles in synaptic transmission 

as it activates several enzymes of the TCA cycle and complexes of the ETC, increasing 

mitochondrial-derived ATP production (Llorente-Folch et al., 2015). 
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Figure 3 – Mitochondrial function at the pre-synapse. Mitochondria are transported to active synapses 

through the Miro-Trak-KIF5 transport complex where they are arrested upon Ca2+ binding to Miro. As shown 

in green, once at the presynaptic terminal, these organelles, in coordination with the ER, buffer Ca2+, which 

activates enzymes of the TCA and complexes of the ETC to power ATP synthesis in mitochondria. 

Mitochondrial-mediated Ca2+ sequestration regulates exocytosis, endocytosis and SV refilling as Ca2+ 

activates all three processes. The pathways highlighted in blue showcase how mitochondrial-derived ATP 

is involved in maintaining ionic gradients by activating Na+/K+ ATPases and PMCA and driving vesicle 

mobilization to the active zone, exocytosis, endocytosis, and neurotransmission reload into SV. Adapted 

from Dentoni, 2021. 

1.2.4. Mitochondrial dynamics 

For a long time, mitochondria were thought to be static and isolated organelles. 

However, it is now known that mitochondria are actually extremely dynamic structures. 

In response to cellular demands and depending on their own integrity and health, 

mitochondria can fuse with one another, divide, move throughout the cell and undergo 

turnover. These processes further regulate one another and are of high importance to 

maintain a healthy and well-distributed mitochondrial network capable of meeting cellular 

metabolic demands. 

 

1.2.4.1. Mitochondrial network, a balance between fusion and fission 

Mitochondrial morphology, number, function, and distribution throughout the cell 

are tightly regulated by a balance between mitochondrial fusion and fission (Tilokani et 

al., 2018). Mitochondrial fusion involves merging two or more mitochondria into one 

through the coordinated action of three dynamin-related GTPases. First, mitofusin 1 and 

2 (Mfn1 and Mfn2) work together to enable OMM fusion (H. Chen et al., 2003), followed 

by optic atrophy 1 (OPA1), which mediates IMM fusion (H. Chen et al., 2005; Cipolat et 

al., 2004). This process generates tubular mitochondria and allows the exchange of 
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mitochondrial content, such as metabolites, proteins, and mtDNA, between different 

mitochondria, which promotes mitochondrial function while preventing the accumulation 

of damaged mitochondria (X. Zhu et al., 2013). In its turn, mitochondrial fission is crucial 

for mitochondrial movement, degradation, and during cell division as it ensures equal 

distribution of mitochondria to daughter cells (Otera et al., 2013). Fission is mainly 

mediated by the cytosolic GTPase Drp1 which, upon being recruited to the OMM and 

attached to its adaptors Fis1 (Mozdy et al., 2000), Mdv1 (Tieu & Nunnari, 2000), and 

Caf4 (Griffin et al., 2005), forms a ring-like structure that constricts the membrane until 

division occurs, forming smaller rounded mitochondria (Smirnova et al., 2001). ER was 

also observed to mediate constriction of mitochondria and facilitate the formation of Drp1 

coils and subsequent fission (Friedman et al., 2011).  

 

1.2.4.2. Mitochondrial transport 

Mitochondrial biogenesis is thought to mainly occur close to the nucleus where 

most mitochondrial proteins are encoded (A. F. Davis & Clayton, 1996). This, allied to 

the limited diffusion capacity of ATP in the cytosol (Hubley et al., 1996), requires 

mitochondria to constantly move between cellular regions to meet local metabolic 

requirements. Even though this occurs in all cell types, intracellular mitochondrial 

transport is of particular relevance in long and polarized cells such as neurons (Z. H. 

Sheng, 2014). Neuronal mitochondria can be seen constantly travelling throughout the 

cell, both towards and away from the soma – retrograde and anterograde directions, 

respectively –, at velocities that can range from 0.2-2 µm/sec (Chen & Sheng, 2013; 

Kang et al., 2008). Interestingly, it has been reported that mitochondria with high ∆ψm, 

hence considered healthy and active, normally undergo anterograde transport to reach 

distal cellular regions, like the synapse, which has higher metabolic demands. On the 

other hand, low ∆ψm mitochondria are regarded as damaged and preferentially travel in 

the opposite direction, probably to be degraded in the soma (Miller & Sheetz, 2004). 

Mature neurons, however, appear to have higher expression of syntaphilin (Zhou et al., 

2016), an axonal mitochondria docking protein (Kang et al., 2008). This may account for 

the decreased percentage of motile mitochondria seen in mature neurons as they tend 

to spend more time at the presynapse (Lewis et al., 2016; Smit-Rigter et al., 2016). 

Long-distance transport depends on microtubules, polarized structures formed 

by the assembly of α- and β-tubulin heterodimeric subunits (Conde & Cáceres, 2009). 

To travel along microtubules, cargoes must associate with motor proteins that use 

energy generated by ATP hydrolysis to drive mitochondrial transport. Movement towards 

the plus end of the microtubule is generally mediated by members of the kinesin 

superfamily proteins (KIF), while dynein mediates transport directed towards the minus 
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extremity. Since the plus end of axonal microtubules is always directed distally and the 

minus end faces the soma, KIF and dynein drive axonal anterograde and retrograde 

mitochondrial transport, respectively (Hirokawa et al., 2010).  

In neurons, the kinesin family member 5 (KIF5) is essential for mitochondria 

axonal anterograde transport (Pilling et al., 2006; Tanaka et al., 1998). Three isoforms 

of KIF5 proteins are known in mammals – KIF5A, KIF5B, and KIF5C. KIF5B is expressed 

across all cell types, whilst KIF5A and KIF5C are neuron-specific (Kanai et al., 2000). 

Interestingly, KIF5 does not directly attach to mitochondria, but instead uses adaptor 

proteins – the trafficking kinesin-binding proteins 1 and 2 (Trak1 and 2) (van Spronsen 

et al., 2013). The importance of these proteins in mitochondrial transport is highlighted 

by studies showing that knock out or expressing mutants of Trak1 impairs mitochondrial 

motility in axons of hippocampal neurons (Brickley & Stephenson, 2011), whereas 

increasing Trak2 expression improves movement of axonal mitochondria (Yanmin Chen 

& Sheng, 2013). Trak1 and Trak2 further bind the mitochondrial Rho GTPases 1 and 2 

(Miro1 and 2). Miro are OMM proteins possessing two EF-hand Ca2+-binding motifs and 

two GTPase domains shown to be critical during mitochondrial trafficking (Fransson et 

al., 2006). Recently, it was reported that increasing the expression of Miro1 improves 

mitochondrial transport, probably by enhancing the recruitment of Trak2 to mitochondria, 

hinting at the importance of the Miro1-Trak2 complex for mitochondrial movement, 

particularly in hippocampal neurons (MacAskill, Brickley, et al., 2009). Miro involvement 

in mitochondrial motility seems to be related to its role as a Ca2+ sensor. When 

intracellular Ca2+ levels are elevated, this ion links to Miro’s EF-hand motifs, changing its 

conformation. The exact effects of this conformational change are not fully understood 

yet, but this interaction certainly halts mitochondrial transport (Saotome et al., 2008; 

Xinnan Wang & Schwarz, 2009). Thus, whenever mitochondria pass by an active 

synapse, where Ca2+ levels are high, mitochondria are arrested at these sites producing 

ATP and regulating Ca2+ concentration to enable synaptic transmission (MacAskill, 

Rinholm, et al., 2009). Therefore, as shown in Figure 3, the Miro-Trak-KIF5 complex 

forms the transport machinery responsible for modulating axonal mitochondria 

anterograde transport. 

Dynein motor proteins mediate mitochondrial retrograde movement in axons 

(Pilling et al., 2006). Whether dynein attaches directly or indirectly to mitochondria is still 

not very well established, although some adaptor proteins have been suggested to 

mediate dynein-mitochondria binding. Evidence suggests that Trak has dynein-binding 

sites, indicating that it can also participate in dynein-dependent transport (van Spronsen 

et al., 2013). Additionally, Miro may also be involved in axonal mitochondria retrograde 

transport as deletion of Miro in Drosophila compromises kinesin- and dynein-mediated 
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mitochondrial transport alike (Russo et al., 2009). In fact, mitochondria appear to 

simultaneously associate with both dynein and KIF5, as suggested by studies 

demonstrating dynein and kinesin co-localization with mitochondria moving in both 

directions (N. Hirokawa et al., 1990; Xinnan Wang & Schwarz, 2009). However, this does 

not seem to lead to a competitive mechanism to determine the direction of movement as 

inhibition of kinesin-mediated transport does not necessarily favour dynein-mediated 

transport (MacAskill, Rinholm, et al., 2009; Wang & Schwarz, 2009). Thus, kinesin and 

dynein seem to act together to tightly regulate mitochondrial transport upon variations in 

cellular needs.  

It is also important to address that moving a mitochondrion for such long 

distances comes with its obstacles. As previously stated, most mitochondrial proteins 

are nucleus-encoded. So how can mitochondria maintain their protein composition to 

remain functional when they are located so far away from the soma? Recent studies 

have demonstrated mRNAs encoding mitochondrial proteins are locally translated at 

axons and synapses, contributing to mitochondrial integrity and neuronal health (Cioni 

et al., 2019; Kuzniewska et al., 2020). Alternatively, healthy mitochondria could also be 

transferred from neighbouring cells, such as astrocytes, to quickly replenish defective 

mitochondria with functional ones, as it has been reported (Hayakawa et al., 2016). 

Furthermore, the cell’s degradation machinery is predominantly found in the soma, and 

studies show that damaged mitochondria undergo retrograde transport to be eliminated 

(Y. Zheng et al., 2019). Following the same line of thought, this poses as a challenging 

process since high amounts of energy are required to drive mitochondrial transport and 

dysfunctional mitochondria typically showcase loss of ∆ψm and impairment of ATP 

production. Indeed, it is yet to be unravelled how damaged mitochondria might obtain 

sufficient ATP to travel back to the soma. 

 

1.2.4.3. Mitophagy 

When damaged, mitochondria produce a myriad of stress molecules, such as 

ROS, which compromise a series of vital cellular mechanisms and promote apoptosis 

(Hamacher-Brady & Brady, 2016). In fact, accumulation of dysfunctional mitochondria 

has been shown to be involved in ageing, inflammation, and many diseases, such as 

neurodegenerative disease (Chan, 2006; Green et al., 2011). Thus, to prevent cellular 

dysfunction, cells rely on quality control mechanisms responsible for removing aged or 

dysfunctional mitochondria.  

Autophagy is a quality control process mainly involved in the degradation of 

proteins and dysfunctional or unnecessary organelles. During this process, 

autophagosomes, double-membrane structures that enclose the material to be 
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degraded, are formed (Mizushima, 2007). Autophagosome elongation is dependent on 

proteins belonging to the microtubule-associated protein light chain 3 (LC3) family. In 

normal conditions, LC3 exists in the cytosol in the form of LC3-I. Upon autophagy 

induction, LC3-I is conjugated with phosphatidylethanolamine, forming LC3-II, which can 

then be integrated into the autophagosome, enabling its elongation. The gamma-

aminobutyric acid receptor associated-protein family is involved in autophagosome 

maturation and closure (Hamacher-Brady & Brady, 2016; Weidberg et al., 2010). The 

autophagosome then fuses with lysosomes, forming the autophagolysosomes where the 

content transported in the autophagosomes will be degraded by hydrolases (Mizushima, 

2007).  

Autophagy can be selective or non-selective. Mitophagy involves the selective 

degradation of mitochondria through autophagy and is normally induced by hypoxia or 

loss of ∆ψm (Hamacher-Brady & Brady, 2016). Mitophagy can occur through two main 

mechanisms – the PINK1/Parkin pathway or receptor-mediated mitophagy (Figure 4). 

In healthy conditions, the serine/threonine kinase PTEN-induced putative kinase 

1 (PINK1) is readily imported into the IMS where it is cleaved by the presenilin-associated 

rhomboid-like protein. However, as depicted in Figure 4a, upon mitochondrial 

uncoupling, mitochondrial import of PINK1 ceases and it accumulates in the OMM (S. 

M. Jin et al., 2010). PINK1 exerts its kinase activity at the OMM by phosphorylating Mfn2, 

ubiquitin, and Parkin. Consequently, the E3 ubiquitin ligase Parkin is recruited to the 

OMM where it ubiquitylates several proteins anchored to the OMM (Yu Chen & Dorn II, 

2013; Kane et al., 2014; Shiba-Fukushima et al., 2012). Then, p62, optineurin (OPTN) 

and other autophagy receptors are recruited to the OMM, where they bind to both the 

ubiquitylated proteins of the OMM through their ubiquitin-binding domain, and to LC3-II 

in the autophagosome via their LC3-interacting region (LIR) domain, leading to 

mitochondrial enclosure in the autophagosome (Geisler et al., 2010; Wong & Holzbaur, 

2014).  

Additionally, autophagic stimuli result in phosphorylation and consequent 

activation of Unc-51-like autophagy activating kinase 1 (ULK1), a serine/threonine kinase 

involved in autophagy regulation (Wani et al., 2015). The autophagy and beclin 1 

regulator 1 (AMBRA1) is a substrate of phosphorylated ULK1 (p-ULK1) (Di Bartolomeo 

et al., 2010) and, once phosphorylated by this enzyme, translocates to the OMM where 

it interacts with Parkin and stimulates autophagosome formation (van Humbeeck et al., 

2011).  

On the other hand, receptor-mediated autophagy, shown in Figure 4b, is 

dependent on the phosphorylation state of the LIR motifs of mitophagy receptors located 

at the OMM. Some of these receptors include BCL2/adenovirus E1B 19 kDa interacting 
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protei n 3 (Bnip3), its homologue Bnip3/Nix, and FUN14 domain-containing protein 1 

(FUNDC1). Similarly to AMBRA1, FUNDC1 activity and binding to LC3-II is promoted by 

its phosphorylation by p-ULK1 (Wu et al., 2014). Furthermore, AMBRA1 too possesses 

a LIR domain which directly binds to LC3-II mediating Parkin-independent mitophagy 

(Strappazzon et al., 2015). 

 

Figure 4 – Mitophagy mechanisms. (a) PINK1/Parkin-dependent mitophagy. Following mitochondrial 

damage, PINK1 accumulates in the OMM and recruits Parkin to mitochondria. PINK1 and Parkin 

phosphorylate and ubiquitinate several OMM components, respectively, targeting them for autophagy. 

Alternatively, SIAH1, Gp78, MUL1, ARIH1, and SMURF1 may also act as E3 ubiquitin ligases. The adaptor 

proteins OPTN, p62, and NDP52 then simultaneously bind the ubiquitinated proteins and LC3-II, initiating 

the mitophagy process. The PINK1/Parkin pathway both influences and is influenced by mitochondrial 

fusion-fission and transport. (b) Receptor-mediated mitophagy. FUNDC1, BNIP3, and NIX localize to the 

OMM and directly bind LC3 depending on their phosphorylation state, whereas other molecules like PHB2 

and cardiolipin are exposed at the OMM upon mitochondrial impairment where they interact with LC3 to 

mediate mitochondrial clearance. Parkin may also ubiquitinate BNIP3/NIX showcasing the crosstalk 

between both mitophagy pathways. The phosphorylation state of FUNDC1 is regulated by the CK2/Sc 

kinases and PGAM5 phosphatase, which modulates mitochondrial network under hypoxic conditions. During 

mitophagy, Drp1 is recruited to the OMM while Opa1 is liberated, resulting in the generation of small 

mitochondria, which are more easily captured by the autophagosome. Adapted from Palikaras et al., 2018. 

 

Importantly, mitochondrial transport has been associated with mitophagy as 

dynein is involved in transporting autophagosomes towards the lysosomes. The dynein 

complex also appears to regulate the availability of AMBRA1 to participate in autophagy 

(Di Bartolomeo et al., 2010). Recent evidence further suggests that, in migrating cells, 

KIF5B, myosin19, and Drp1 contribute to mitochondrial quality control maintenance by 

regulating the traffic of small, damaged mitochondria to the periphery of the cell where 

they are packed into mitosomes. These vesicular structures then dispose of the 

dysfunctional mitochondria enabling faster recovery of mitochondrial health following 

mitochondrial stress (Jiao et al., 2021). 

1.2.5. Mitochondrial dysfunction in AD  

Mounting evidence supports that mitochondria play central roles in AD’s 

pathology. Positron emission tomography studies have revealed that, compared to 
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healthy subjects, cerebral glucose metabolism in AD patients is highly decreased. 

Activity levels of enzymes involved in mitochondrial ATP production, including 

cytochrome c oxidase, ATP synthase, and PDH are reduced in AD brains, which impairs 

∆ψm and ATP synthesis. Accordingly, ROS production and consequent lipid peroxidation 

and protein and DNA oxidative damage are also increased in AD post-mortem brains 

(Perez Ortiz & Swerdlow, 2019). More recently, a large-scale proteomic analysis of AD 

brain and cerebrospinal fluid also revealed that protein network modules linked to sugar 

metabolism and mitochondrial function emerged as one of the most significant modules 

associated with AD pathology and cognitive impairment (Johnson et al., 2020). Indeed, 

introducing mtDNA from AD or mild cognitive impairment (MCI) patients in mtDNA 

deprived cells results in decreased ATP production, enhanced oxidative stress and 

apoptosis, impairment of Ca2+ buffering, depolarization and fragmentation of 

mitochondria, and increased Aβ production, supporting Swerdlow and Khan’s theory that 

mitochondrial dysfunction might be the trigger for AD (Swerdlow & Khan, 2004). Data 

collected from 3xTg-AD mice further indicates that mitochondrial bioenergetics 

impairment precedes Aβ plaque formation (Yao et al., 2009). Furthermore, our group 

has shown that Aβ peptide localizes at mitochondria cristae and is imported into 

mitochondria via the TOM import machinery (Hansson Petersen et al., 2008). At 

mitochondria, Aβ interacts with several enzymes, including mitochondrial complex IV and 

the mPTP-integrating protein Cyclophilin D, causing mitochondrial dysfunction and 

oxidative damage (Manczak et al., 2006).  

Mitochondrial biogenesis also seems to be impaired in AD as shown by a reduced 

number of mitochondria as well as lower levels of peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha (PGC-1α), mitochondrial transcription factor 

A (TFAM), and nuclear respiratory factor 1 and 2, proteins involved in generating new 

mitochondria, in human AD hippocampus and AppSwe models (Qin et al., 2009; B. Sheng 

et al., 2012). Reduced mitochondrial biogenesis in AD may further relate to fusion and 

fission deregulation. Wang et al. described the presence of fragmented mitochondria, 

which accumulated in the perinuclear region, in an APP overexpression model (Xinglong 

Wang et al., 2008). Later, fragmented mitochondria were also observed in AD brains 

accompanied by upregulation of Fis1 and downregulation of Drp1, Mfn1 and 2, and Opa1 

(Xinglong Wang et al., 2009). Interestingly, both Aβ and hyperphosphorylated tau seem 

to promote excessive mitochondrial fragmentation by associating with Drp1 and 

increasing its GTPase activity (Manczak et al., 2011; Manczak & Reddy, 2012).  

Mitochondrial distribution to the synapses is also deficient in AD models. Aβ has 

been reported to decrease the number of motile mitochondria, anterograde transport, 

and the mean velocity of mitochondrial movement in hippocampal neurons in vitro. 
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Importantly, this is concomitant with increased mitochondrial fission and synaptic mRNA 

and protein levels downregulation (Calkins et al., 2011). Tau hyperphosphorylation 

compromises microtubule assembly and stabilization, leading to increased inter-

microtubule distance and defects in mitochondria trafficking (Kopeikina et al., 2011). 

Remarkably, the ability of tau to impair axonal transport does not necessarily involve 

microtubule dysfunction as in many models retrograde transport is not affected (LaPointe 

et al., 2009). Altogether, these data suggest that Aβ and tau alter mitochondrial fusion-

fission dynamics and movement towards the synapse, which may account for the 

synaptic degeneration and consequent cognitive decline characteristic of AD. Synaptic 

mitochondria seem to be more susceptible to age-dependent accumulation of Aβ (Du et 

al., 2010). Indeed, synaptic mitochondrial are more dysfunctional than non-synaptic 

mitochondria and the degree of mitochondrial impairment correlates with both Aβ 

accumulation and degree of cognitive decline, further highlighting the importance of 

synaptic mitochondria in AD pathology (Dragicevic et al., 2010). 

Mitophagy mitigates cognitive impairment and Aβ and tau pathology in AD 

models (Fang et al., 2019). However, dysfunctional mitochondria build up in AD, 

suggesting mitophagy is vastly compromised. Deficiency in autophagosome fusion with 

lysosomes (Boland et al., 2008; Coffey et al., 2014) and downregulation of PINK1 and 

Parkin protein levels due to Aβ and hyperphosphorylated tau-induced toxicity (Oliver & 

Reddy, 2019) have been appointed as likely causes of mitophagy impairment in AD. 

Communication between the ER and mitochondria is also important in AD. Our 

group and others have shown that APP, Aβ and C99, and PS1 and PS2 locate at 

mitochondria-associated ER membranes (MAMs) (Area-Gomez et al., 2012; Del Prete 

et al., 2017). Furthermore, APP and APP-derived fragments, including AICD and C83, 

localize with the OMM, which indicates APP processing might occur at these sites, 

contributing to mitochondrial dysfunction (Pavlov et al., 2011). Indeed, Aβ has been 

shown to be generated in MAMs (Schreiner et al., 2015). Increased number of MERCS 

and MAM-associated proteins have been reported in fibroblasts from both SAD and FAD 

subjects (Area-Gomez et al., 2012) and AD models (Del Prete et al., 2017; Hedskog et 

al., 2013; Leal et al., 2020), an event observed before the appearance of plaques. This 

is consistent with the idea that Aβ may be produced at MAMs where it can associate with 

mitochondria leading to mitochondrial dysfunction. On the other hand, Mfn2 knockdown 

also increases MERCS number while decreasing Aβ production, hinting that this protein 

could be a potential target for AD prevention and treatment (Leal et al., 2016). 

Collectively, these data denote mitochondria’s pivotal roles in AD, making them 

appealing therapeutical targets. To date, drugs targeting mitochondria have largely 

focused on modulating oxidative stress. For instance, MitoQ is an antioxidant able to 
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prevent oxidative damage, reduce Aβ production, astrogliosis, synaptic loss, and 

improve cognition (Mcmanus et al., 2011). In vitro studies have shown the positive impact 

of SS31 mitochondrial-target peptide on mitochondrial function and transport, and 

synaptic function (Calkins et al., 2011). Besides antioxidants, oxaloacetate, an 

intermediate of the TCA cycle, seems to be beneficial to mitochondrial function and 

biogenesis, neuroinflammation, and neurogenesis (Wilkins et al., 2014). Recently, 

luteolin has also emerged as a mitochondrial function enhancer by increasing the 

number of MERCS and Ca2+ shuttling to mitochondria, mitigating mitochondrial and 

locomotor deficits in Huntington disease models, hinting that this molecule could also be 

promising for AD (Naia et al., 2021). 

 

1.3. ASTROCYTES 

In the central nervous system (CNS), neurons are found in the midst of glial cells, 

including microglia, astrocytes, oligodendrocytes and NG2 glia. Among these, 

astrocytes, so-called due to their star-shaped morphology, are the most abundant ones. 

Through their numerous and ramified processes, astrocytes connect not only with 

neighbouring astrocytes via gap junctions, but also with neurons, both at the axonal and 

synaptic level, and blood vessels (Sofroniew & Vinters, 2010). This intricate network 

astrocytes establish with other neural components put them at the heart of the CNS and 

enables them to regulate many cerebral functions. 

1.3.1. Physiological roles of astrocytes 

Initially regarded as simple supportive cells, throughout the years, astrocytes 

have been shown to be involved in a wide variety of vital functions in the CNS, ranging 

from neurotransmission, regulation of blood flow and metabolism, to neuroinflammation. 

Regulation of blood flow – neuronal activity requires high O2 and nutrient supply 

to generate energy. As they contact both blood vessels and the synapse, astrocytes are 

the main regulators of blood flow in response to oscillations in synaptic activity. In fact, 

these cells produce and release molecules such as prostaglandins, nitric oxide, and 

arachidonic acid, thus controlling vasoconstriction and dilatation (Iadecola & 

Nedergaard, 2007; Koehler et al., 2009). Interestingly, MERCS localized in astrocytic 

endfeet were shown to be important for vascular remodelling (Gӧbel et al., 2020). 

Brain homeostasis – astrocytes modulate various aspects of the extracellular 

environment including fluid, ion, and neurotransmitter homeostasis. These cells express 

a myriad of ionic channels, such as K+ channels, Na+/H+ exchangers, and bicarbonate 

transporters (Sofroniew & Vinters, 2010). Particularly important during neuronal activity 

is K+ buffering by astrocytes. Triggering of action potentials involves efflux of K+ from 
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neurons, which results in extracellular accumulation of this ion and neuronal 

depolarization. Astrocytes uptake large quantities of K+, thus controlling neuronal 

excitability and preventing excitotoxicity (Kofuji & Newman, 2004). This is coupled to 

water movements across astrocytes’ membranes due to activation of water channels 

known as aquaporins that densely populate perisynaptic and endfeet processes 

contacting blood vessels (Nagelhus et al., 2004). Astrocytes also express 

neurotransmitter transporters involved in removing these molecules from the synapse to 

modulate synaptic activity, as it will be discussed further ahead.  

Metabolic support – astrocytes are the primary storage site of glycogen in the 

CNS. Importantly, glycogen reserves in these cells appear to be strategically located 

near synapses (Phelps, 1972). During sustained neuronal activity, glutamate release 

activates Na+-dependent glutamate transporters in astrocytes. This increases Na+ 

concentration in astrocytes and induces break down of the glycogen reserves into 

lactate, which is then transported into and used by active neurons (Magistretti, 2006). 

Also, astrocytes endfeet can easily uptake glucose from blood vessels to rapidly meet 

changes in metabolic requirements (Sofroniew & Vinters, 2010). Astrocytes further 

uptake apoE-positive lipid particles containing toxic fatty acids produced and released 

by neurons during periods of intense activity. Once inside the astrocytes, these toxic fatty 

acids are loaded into lipid droplets and detoxified, thus protecting neurons during 

neuronal activity (Ioannou et al., 2019b). 

Synaptic transmission – the idea that synaptic transmission exclusively depends 

on communication between pre- and post-synaptic neurons has long been surpassed. 

In reality, accumulating evidence reveals that astrocytes also respond to and modulate 

synaptic activity. These observations led to the establishment of the tripartite synapse 

concept, postulating that synaptic transmission results from bidirectional communication 

between astrocytes and neurons (Perea et al., 2009). Contrarily to neurons, astrocytes 

are incapable of generating action potentials. Instead, the excitability of these glial cells 

relies on variations in cytosolic Ca2+ concentration that can either occur spontaneously 

or be induced by neurotransmitter release, like glutamate, from the pre-synaptic neuron 

(Charles et al., 1991; Cornell-Bell et al., 1990). Indeed, astrocytes express many different 

neurotransmitter receptors which, upon activation, induce Ca2+ release from the ER 

(Perea et al., 2009). Rises in intracellular Ca2+ concentration in astrocytes stimulates the 

release of gliotransmitters like glutamate, D-serine, and gamma-Aminobutyric acid 

(GABA), influencing neuronal activity and may underlie mechanisms of PTP (Angulo et 

al., 2008; Fellin et al., 2004; Jourdain et al., 2007; Oliet & Mothet, 2009). Neuronal activity 

further induces Miro1-driven mitochondrial confinement within astrocytic processes 

close to synapses. These mitochondria might control astrocyte excitability by buffering 
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Ca2+, modulating gliotransmission and, consequently, neuronal activity (T. Stephen et 

al., 2015). 

Astrocytes further ensure neurotransmitter homeostasis and prevent 

excitotoxicity by removing neurotransmitters, such as glutamate and GABA, from the 

synaptic cleft following an action potential. Once inside the astrocytes, these 

neurotransmitters are recycled into their precursor, glutamine. The inactive molecule can 

then be released to the synaptic space to be taken up by neurons where they are packed 

into SV after being reconverted back into their active forms (Bak et al., 2006). 

Neuroinflammation and glial scar formation – astrocytes respond to CNS injury 

by undergoing a series of morphological, molecular and functional changes collectively 

known as reactive astrogliosis. Depending on the nature, severity, and time after the 

stimuli, astroglia might present either pro- or anti-inflammatory phenotypes (Liddelow & 

Barres, 2017; Sofroniew & Vinters, 2010). In their reactive state, astrocytes also extend 

their processes to form a tissue lining – the glial scar – that envelops the lesion site. 

Astrogliosis and scar formation have been shown to be beneficial and improve CNS 

recovery by promoting wound closure, blood-brain barrier repair, providing neuronal 

protection, and restricting the spread of inflammation (Sofroniew, 2015). Nonetheless, a 

fine balance between pro- and anti-inflammatory functions must be maintained to 

guarantee that the inflammatory response is sufficient to eliminate the danger, but not 

too excessive that it becomes harmful. 

1.3.2. Astrocytes involvement in AD 

Early evidence indicating that astrocytes may play a role in AD came from Alois 

Alzheimer who described the presence of astroglia surrounding neurotic plaques 

(Alzheimer, 1910). Since then, this has also been reported in the brain of AD mouse 

models (Matsuoka et al., 2001) as well as in AD patients (Nagele et al., 2003). These 

reactive astrocytes are thought to participate in Aβ clearance. Indeed, astrocytes located 

in the vicinity of amyloid plaques were found to have higher expression levels of enzymes 

involved in Aβ degradation, like neprilysin and metalloproteinases 2 and 9 (Apelt et al., 

n.d.; Yin et al., 2006). Astrocytes are the main producers of ApoE in the CNS (Mahley, 

2016). ApoE knockout astrocytes fail to engulf Aβ deposits compared to WT mice 

(Koistinaho et al., 2004) and astrocytes expressing ApoE4 are less efficient than ApoE3 

astrocytes in removing Aβ plaques (Simonovitch et al., 2016), thus suggesting the crucial 

role of astrocytes in the elimination of this peptide. Importantly, ApoE4 astrocytes are 

also less efficient in mobilizing neuronal lipid droplets, decreasing fatty acid oxidation 

and contributing to lipid dysregulation and bioenergetic deficits (Qi et al., 2021). 

Conversely, AD-like pathology induces Aβ production by astrocytes. AD and stressed 
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astrocytes express high levels of BACE1 (Roßner et al., 2005) as do astrocytes 

surrounding Aβ deposits in AD mice models (Heneka et al., 2005; Roßner et al., 2001). 

Importantly, the degree of astrogliosis seems to correlate with the degree of cognitive 

decline further suggesting that astrocytes might play a central role in disease progression 

(Simpson et al., 2010).  

Gliotransmission is also affected in AD. Exposure of cultured astrocytes to Aβ 

increases cytosolic Ca2+ concentration altering gliotransmitter release (Lee et al., 2014). 

Neuronal-astrocyte communication is further impaired due to Aβ-induced release of 

glutamate from astrocytes (Talantova et al., 2013) and dysfunction of glutamate 

receptors (Mota et al., 2014). Similarly, the synthesis of the inhibitory neurotransmitter 

GABA has been suggested to be increased in astrocytes from APP/PS1 mice (Mitew et 

al., 2013). Interestingly, preventing GABA production and release from astrocytes 

restores cognitive functions and impairments in synaptic plasticity (Jo et al., 2014). 

Neurotransmitter turnover also appears to be altered as shown by reduced levels of 

glutamine, the precursor molecule of glutamate and GABA, in an AD rat model (Nilsen 

et al., 2014) and glutamine synthase, which converts glutamate and GABA into 

glutamine, in post-mortem AD brains (Robinson, 2000). Altogether, these findings 

indicate that impairment in gliotransmission may underlie mechanisms of neurotoxicity 

and contribute to AD pathology. 

Finally, accumulating evidence reports that Aβ compromises astrocyte use of 

glucose (Schubert et al., 2009; Soucek et al., 2003), and affects mitochondrial function 

and mitochondria-ER coupling (Dematteis et al., 2020). On top of that, glucose and 

lactate transporters have been found to be decreased in cultured astrocytes from AD 

mice (Merlini et al., 2011), suggesting that these cells fail to provide neurons with 

adequate metabolic support. In agreement, neurons co-cultured with astrocytes pre-

treated with Aβ had a worse survival rate than the ones co-cultured with non-treated 

astrocytes (Allaman et al., 2010). 

 

1.4. INTERCELLULAR MITOCHONDRIAL TRANSFER 

Normal cell physiology, tissue homeostasis, and cell survival largely depend on 

intercellular communication. It has long been recognized that cells communicate through 

hormones, growth factors, cytokines, and many other molecules to assemble appropriate 

responses to a myriad of stimuli (Murray & Krasnodembskaya, 2019). Lately, a new 

mode of communication between cells related to the transfer of cellular organelles, 

including mitochondria, has gained some attention. Spees and colleagues provided the 

first evidence of functional mitochondrial intercellular transport by showing that human 

stem cells donate healthy mitochondria to mtDNA-deprived cells, rescuing aerobic 
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respiration in the recipient cells. However, at the time, they were unable to ascertain 

exactly how this occurred (Spees et al., 2006). Since then, many studies have emerged 

demonstrating the beneficial effects of this process, while elucidating the possible 

underlying mechanisms. 

1.4.1. Mechanisms of intercellular mitochondrial transfer 

Mitochondrial transfer is likely triggered by the release of damage signals from 

the cells carrying dysfunctional mitochondria. The signalling and regulatory mechanisms 

involved in this exchange remain unclear, but it is now well established that, as depicted 

in Figure 5, mitochondrial transfer occurs via three main ways – formation of tunnelling 

nanotubes (TNTs), release and capture of extracellular vesicles (EVs), and cellular 

fusion. 

Tunnelling nanotubes – TNTs consist of cytoplasmic protrusions that form open 

channels allowing direct communication between two cells. These structures range from 

50-200 nm in width and can extend for several cell diameters (Rustom et al., 2004). 

Rustom et al. were the first ones demonstrating cellular organelles may be transferred 

between cells via TNTs (Rustom et al., 2004). Following this, Liu and colleagues showed 

that TNT-mediated mitochondrial transfer occurs from mesenchymal stem cells (MSCs) 

to damaged human umbilical vein epithelial cells (HUVECs), leading to restoration of 

aerobic respiration in HUVECS. Interestingly, mitochondrial exchange was ablated upon 

inhibition of nanotube formation (Liu et al., 2014). Accordingly, mitochondrial transfer 

rescues UV-injured PC12 cells from apoptosis, but this is prevented by either disruption 

of TNT development or co-culturing the UV-damaged PC12 cells with unhealthy cells (X. 

Wang & Gerdes, 2015). The fundamental role of TNTs in mitochondrial transfer is further 

highlighted by the observation that impairment of TNT formation largely affects this 

process, whereas inhibition of mechanisms like phagocytosis, endocytosis, or exocytosis 

has almost no impact (Bukoreshtliev et al., 2009). TNTs also allow, on the other hand, 

the spread of seeds as pathological tau protein assemblies and Aβ can be transported 

(Abounit et al., 2016). 

TNT formation appears to depend on the detection of stress signals since 

shielding phosphatidylserines at the surface of apoptotic cells hinders TNT-mediated 

intercellular contacts (Liu et al., 2014). Furthermore, serum starvation and hydrogen 

peroxide (Y. Wang et al., 2011), as well as treatment with stress agents like ethidium 

bromide (Cho et al., 2012) or rotenone (Ahmad et al., 2014), induce TNT generation. 

TNTs have been shown to emerge from the cells accepting mitochondria (X. Wang & 

Gerdes, 2015; Y. Wang et al., 2011). However, further studies are still required to 

determine whether this could be generalized to other cell types or not. 
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Nanotubes are commonly actin-based, but certain cell types, such as astrocytes 

and primary neurons, might present thicker TNTs made up of microtubules (Xiang Wang 

et al., 2012). These cytoskeleton filaments provide the highways through which cellular 

organelles and membrane vesicles are transported from one cell to the other. Therefore, 

motor proteins, particularly Miro1, seem to have key roles in promoting intercellular 

mitochondrial transport through TNTs (Ahmad et al., 2014; Babenko et al., 2018). 

Interestingly, it was also recently shown that the transfer of mitochondria within the 

dendritic network rely on contact between the ER and mitochondria (Gao et al., 2019). 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 – Mechanisms mediating intercellular mitochondrial transfer. Mitochondrial transfer is likely 

triggered by the detection of danger signals released by cells containing dysfunctional mitochondria. 

Mitochondrial donation can occur via (A) transport through TNTs, (B) EVs-containing mitochondria (mito-

EVs), or (C) cell fusion. This process appears to be regulated by connexin 43, which promotes cell-cell 

attachment via gap junction, and Miro1. Mitochondrial integration into the stressed cell’s mitochondrial 

network results in restoration of mitochondrial and, consequently, cellular function. Adapted from 

Mohammadalipour et al., 2020. 

Extracellular vesicles – virtually all cell types release vesicles to the extracellular 

space. These are then captured by neighbouring or distant cells, unloading their cargo 

in their cytoplasm. Therefore, EVs are important mediators of several physiological and 

pathological processes in the organism (Torralba et al., 2016). EVs are a heterogeneous 

group of vesicles and, depending on size and biogenesis, they can be further classified 

into exosomes, microvesicles, and apoptotic bodies. Exosomes are formed during 

endosome maturation and comprise the smallest EVs, ranging between 30-100 nm in 

diameter, whereas microvesicles may vary between 50-1000 nm in diameter and are 

formed through the sequential protrusion, budding and fission of the plasma membrane. 

Apoptotic bodies are generated during apoptosis and can be smaller, 50-1000 nm wide, 

or larger, one to several µm, vesicles (Murray & Krasnodembskaya, 2019).  

Even though exosomes are likely too small to carry whole mitochondria, evidence 

suggests these structures may transport mtDNA (Guescini et al., 2010). On the other 
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hand, larger EVs have been consistently reported to contain entire mitochondria (mito-

EVs), which are captured by cells with defective mitochondria resulting in improvement 

of mitochondrial and cellular function. A recent report from the Efrat Levy lab showed 

that mito-EVs contain a specific subset of mitochondrial constituents. OXPHOS 

complexes and PDH complex subunits were almost fully represented, as well as other 

energy production pathways, such as TCA cycle, fatty acid β-oxidation, and membrane 

transporters of metabolites directly linked to energy production. In contrast, cytosol-to-

mitochondria peptide import machinery was scarcely found (D’Acunzo et al., 2021). 

Notably, authors reported that mito-EVs cargo alter during pathophysiological processes 

where mitochondrial dysfunction is present. In the pioneering study developed by Islam 

et al. EV-mediated mitochondrial transfer from MSCs to lung alveolar epithelial cells 

improved the recipient cells´ ATP levels and protected against acute lung injury. 

Interestingly, connexin 43 seems to regulate this mitochondrial exchange by promoting 

the attachment of the donor and recipient cell via the establishment of gap junctions, 

leading to the formation of TNTs and EVs (Islam et al., 2012). Oxidative phosphorylation 

was found to be enhanced in macrophages after internalizing MSCs-derived mito-EVs 

(Phinney et al., 2015), while neural stem cells too release intact, healthy mitochondria 

inside EVs to restore mitochondrial function in target cells (Peruzzotti-Jametti et al., 

2021).  

Cell fusion – this is a rare form of intercellular communication involving the 

permanent or transient fusion of the plasma membrane of two independent cells, while 

the nuclei remain unaffected. Cell fusion enables cytosolic components and organelles, 

like mitochondria, to be shared between the merging cells (Murray & Krasnodembskaya, 

2019). Both embryonic and adult stem cells were found to fuse with cardiomyocytes, 

hepatocytes, and neurons, probably contributing to their differentiation, plasticity and 

survival (Alvarez-Dolado et al., 2003). However, as most investigations on this topic use 

pluripotent or multipotent stem cells as one of the fusion cells, the physiological 

relevance of this process has been highly challenged (Torralba et al., 2016).  

1.4.2. Astrocyte-neuron mitochondrial transfer 

As reviewed in section 1.3.1. Physiological roles of astrocytes, astrocytes 

support neurons in a wide variety of functions. Mounting evidence now links mitochondria 

to astrocytes’ neuroprotective roles. Indeed, inhibiting astrocytic mitochondria fails to 

protect neurons against toxicity (Voloboueva et al., 2007) and they further appear to aid 

neuronal cells in maintaining their mitochondrial network healthy. Neurons release 

damaged mitochondria to be degraded and recycled in astrocytes, in a process known 

as transmitophagy (C. H. O. Davis et al., 2014; Morales et al., 2020). On the other hand, 



INTRODUCTION 

26 

the groundbreaking study carried out by Hayakawa and colleagues revealed that, 

following uptake of extracellular mitochondrial particles released by astrocytes in a 

process dependent on CD38 signalling, ATP levels and neuronal viability were restored 

in neurons subjected to ischaemia (Hayakawa et al., 2016). Co-culturing cisplatin-treated 

neurons with astrocytes protected against neuronal death, neuronal mitochondria 

depolarization and Ca2+ abnormalities caused by the cisplatin treatment. These 

beneficial effects were associated with Miro1-dependent mitochondrial transfer from 

astrocytes to the treated neurons (English et al., 2020). These observations further 

extend to neurodegeneration models since, in a rotenone-induced in vitro Parkinson’s 

disease (PD) model, iPSC-derived astrocytes donated functional mitochondria to 

dopaminergic neurons halting their degeneration (Cheng et al., 2020).  

Taken together, these studies suggest astrocyte-neuron mitochondrial transport 

underlies important rescue mechanisms to preserve neuronal function and survival, 

hinting that this could become a promising therapeutical strategy for CNS diseases. In a 

rat model of PD, xenogeneic/allogeneic mitochondrial transplantation enhanced the 

survival of dopaminergic neurons and improved neuronal function (Chang et al., 2016), 

while systemic intravenous mitochondrial injection in a PD mouse model blocked PD 

progression (Shi et al., 2017). Following ischaemia, autologous mitochondrial injection 

in the heart’s affected area improved post-ischemia recovery (Masuzawa et al., 2013). 

Nonetheless, very few clinical trials have been launched so far to treat 

neurodegenerative diseases, stroke and traumatic brain injury recurring to this 

technique.  
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2. RESEARCH AIMS 

Moving mitochondria along neuronal arborizations consumes high amounts of 

energy. In AD, mitochondrial function and transport to the synapse are severely 

compromised. Under these circumstances, it would be more energetically favourable for 

neurons if mitochondria could reach the synapse from closer locations, such as 

astrocytic processes at the tripartite synapse, and be eliminated from there when 

damaged. Indeed, astrocytes can not only transfer healthy mitochondria to stressed 

neighbouring neurons, improving their function and survival but also receive neuronal 

mitochondria for degradation. However, the relevance of these processes in 

neurodegenerative diseases and, particularly, in AD is still widely unknown. Therefore, 

we hypothesize that intercellular mitochondrial transfer occurs between astrocytes and 

neurons and that this process is impaired in AD, contributing to the loss of the pre-

synaptic mitochondrial pool and deficient mitochondrial elimination, leading to synaptic 

dysfunction and neuronal death. Furthermore, we propose that to do so, astrocytes 

undergo transcriptomic changes to acquire the necessary machinery to carry out these 

processes. 

Therefore, the overall goal of the thesis herein presented was to further elucidate 

the mechanisms underlying intercellular mitochondrial transfer between neural cells in 

AD. To this end, experiments were carried out in neuronal and astrocytic WT and AppNL-

G-F primary cultures. We established astrocyte-neuron co-cultures and used a 

combination of biochemical, functional and imaging techniques to determine whether 

mitochondrial transfer occurred. Furthermore, several techniques, including ATP assays, 

western blotting, and flow cytometry were implemented to evaluate the health of the 

mitochondria being transferred. More specifically, the aims of this thesis included: 

• Characterization of bioenergetics and mitochondrial trafficking and 

elimination in neuronal and astrocytic primary AppNL-G-F cultures. 

• Assessment of transcriptomic remodelling of astrocytes co-cultured with 

neurons. 

• Exploring the specific mechanisms underlying mitochondrial exchange 

between astrocytes and neurons in vitro and how this is affected in AppNL-G-F 

co-cultures. 
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3. METHODS AND MATERIALS 

 

3.1. Animal models and ethical considerations 

In order to study the hypothesis herein proposed, the C57B6/J App knock-in (KI) 

mouse model containing the Swedish (K670N/M671L), Iberian (I716F) and Arctic 

(E693G) mutations (AppNL-G-F), previously described by Saito et al. (2014), was used. 

Additionally, C57B6/J wild-type (WT) mice were used as controls. The animals were 

housed at Comparative Medicine´s Annex (KM-A) at Karolinska Institutet under 12:12h 

light/dark cycles, controlled temperature (22-23°C) and ad libitum access to food and 

water. Ethical approval to all studies was given by the “Regionala 

Etikprövningsnämnden” (Regional Ethics Review Board, ref no. 12779/2019). All 

experiments were performed taking into account the guidelines given by the Institutional 

Animal Care and Use of Committee and the European Community directive 

(2010/63/EU). 

 

3.2. Primary cell cultures 

Primary cortical neurons (PCN) and primary cortico-hippocampal astrocytes were 

isolated from 17 days old C57B6/J WT and AppNL-G-F mouse embryos. Dissection was 

performed in ice-cold Hank’s balanced salt solution (HBSS) (ThermoFisher, Cat. no. 

14025092). Cortices were incubated for 10 minutes (min) in Accutase solution (Sigma 

Aldrich, Cat. no. A6964). Digestion was stopped by diluting Accutase 1:4 in 

unsupplemented neurobasal medium (ThermoFisher, Cat. no. 21103049), followed by 

centrifugation at 170 xg for 3 min. Tissue was then mechanically dissociated in 

neurobasal medium supplemented with 2 mM L-Glutamine (ThermoFisher, Cat. no. 

A2916801) and 1x B27 (Gibco, Cat. no. 17504044). For astrocytes culture, only 

mechanical dissociation was performed in DMEM/F12 medium (Sigma Aldrich, Cat. no. 

D5030) supplemented with 10% of heat-inactivated Fetal Bovine Serum (HI-FBS) 

(Gibco, Cat. no. 10270106) and 0.5% N2 (ThermoFisher, Cat. no. 17502048). The cell 

homogenates were filtered using 40 µm cell strainers (Corning, Cat. no. 352340). 

Following that, neurons were plated in supplemented neurobasal medium in 0.1 mg/mL 

poly-D-coated plates (Sigma Aldrich, Cat. no. P7280) at a density of 45-53 x 103 

cells/cm2. Every six days the medium was changed by replacing only half of the medium 

with fresh neurobasal supplemented medium. Astrocytes were plated in non-coated T75 

flasks (Sarstedt, Cat. no. 83.3911.002) and kept in supplemented DMEM/F12 medium. 

The medium was changed every three-four days. At this stage, both astrocytes and 

microglia are present.  



METHODS AND MATERIALS 

 

30 

To obtain pure astrocytic cultures, astrocytes were passaged, and microglia 

removed following a previously published protocol (Saura et al., 2003) with minor 

modifications.  At DIV13-14, or once astrocytes reached confluence, the media was 

removed and 5 mL Dubelco’s Phosphate Buffered Saline (PBS) buffer (Gibco, Cat. no. 

14190-094) was added to wash the cells. Then, 3 mL of 0.08% Trypsin-EDTA (0.25% 

Trypsin-EDTA (ThermoFisher, Cat. no. 25200056) diluted in DMEM/F12 without FBS, 

was added. The cells were placed in the incubator at 37 °C for 25-30 min. This allowed 

the astrocytes to detach as a single layer, while microglia remained attached to the flask. 

Afterwards, 5 mL of supplemented DMEM/F12 was added to the flask to stop 

trypsinization. The cells were centrifuged for 3 min at 170 xg and the supernatant was 

removed. To dissociate astrocytes in single cells, 1 mL of 0.25% Trypsin-EDTA was 

added to the astrocytes and the cells were incubated at 37 °C for 1 min. After the 

incubation period, the cells were homogenized 2-3 times with a pipette to finalize 

astrocyte dissociation and a washing step was performed by adding 4 mL of 

supplemented DMEM/F12. A 3 min centrifugation at 170 xg followed, and the 

supernatant was discarded. Finally, 1-2 mL of fresh supplemented DMEM/F12 was 

added and the cells were plated at a density of 20 x 103 cell/cm2. Both neurons and 

astrocytes were kept in a humified incubator at a temperature of 37 °C and 5% CO2/95% 

air. 

The purity of both neuronal and astrocytic cultures was accessed. Neuronal 

cultures displayed a purity of 86% (Figure S1a), while astrocytic cultures presented a 

purity of 94%, with 6% contamination by Iba1+ microglia (Figure S1b).  

 

3.3. Astrocyte-neurons co-cultures 

Two different types of co-cultures were established depending on the 

experiments to be performed. To study astrocytes-neuron mitochondrial transfer and 

gene expression in astrocytes, the two cell types were co-cultured in two different layers 

in 6-well plates. To achieve this, paraffin wax (Sigma Aldrich, Cat. no. 327204-1KG) was 

melted and 4 paraffin dots were made in each well. The plates were sterilized under UV 

light for 20 min, coated with 0.1 mg/mL poly-D-lysine, and the astrocytes plated in 

supplemented DMEM/F12 medium. Co-cultures were performed when astrocytes 

reached confluence. For that, conditioned media (CM) was recovered from the neuronal 

cultures and filtered with 0.2 µm filters (VWR, Cat. no. 28145-501) to remove cell debris 

and any mitochondria that might have been released to the CM until the moment of co-

culture. Then, neurons at DIV12 plated in coverslips were placed on top of the paraffin 

dots. The co-cultures were maintained in 3 mL of supplemented neurobasal medium, in 

a proportion of 1:1 of filtered CM media and fresh supplemented neurobasal media. To 
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evaluate mitophagy in astrocytes, co-cultures were established in 10 mm MatTek dishes 

(MatTek Life Sciences, Cat. no. P35G-1.5-10-C). Prior to co-culture, astrocytes were 

plated in 12-well plates and transfected with either MitoDsRed or mt-Keima plasmid, as 

described below, while neurons were plated at the periphery of MatTek dishes. Co-

cultures were performed at neuronal DIV12 and 48 hours (h) after astrocytes 

transfection. Astrocytes were detached with 0.25% Trypsin-EDTA and trypsinization was 

blocked after 5 min with DMEM/F12 with FBS (1:4). Cells were centrifuged at 170 xg for 

3 min. The supernatant was discarded, and the astrocytes were diluted in supplemented 

neurobasal media. The cells were added dropwise in the 10 mm glass centre of the 

MatTek dishes with neurons plated in the periphery.  

Astrocytic cellular and mitochondrial morphology were evaluated to make sure 

media change from DMEM/F12 to neurobasal did not affect these parameters (Figure 

S2). Experiments were performed 48 h after co-culture. 

 

3.4. Cell transfection 

To identify mitochondrial network in neurons and astrocytes in living cells, the 

pLV-mitoDsRed vector, kindly given by Pantelis Tsoulfas, was used (Addgene, Cat. no. 

44386; http://n2t.net/addgene:44386; RRID: Addgene_44386) (Kitay et al., 2013). This 

plasmid contains the sequence for a fusion protein constituted by the P1 isoform of F1F0-

ATP synthase, which targets the protein to the IMM, and DsRed, a red fluorescent 

protein. Mitophagy in live astrocytes was assessed recurring to the mKeima-Red-Mito-

7, a gift from Michael Davidson (Addgene, Cat. no. 56018; http://n2t.net/addgene:56018; 

RRID: Addgene_56018). The mt-Keima plasmid codes for a fusion protein consisting of 

the sequence for COX8, a subunit of the cytochrome c oxidase complex of the ETC, and 

Keima. Keima is a pH-dependent fluorescence protein that has a single emission 

wavelength at 620 nm. However, depending on the pH properties of the environment, its 

excitation spectrum changes. In neutral pH, excitation occurs at around 440 nm (green), 

while in acidic environments, like the one present within lysosomes, the excitation 

spectrum changes to 586 nm (red). Therefore, and since Keima is resistant to 

degradation in the lysosome, this plasmid is highly suitable to study mitophagy (N. Sun 

et al., 2017). 

Both plasmids were amplified in bacteria growth in LB media (Sigma Aldrich, Cat. 

no. L3022.) supplemented with 100 µg/mL ampicillin (ThermoFisher, Cat. no. 11593027) 

and extracted and purified using the EndoFree® Plasmid Maxi Kit (Qiagen, Cat. no. 

12362), according to the manufacturer’s protocol. Cells were transfected with 

Lipofectamine 2000 reagent (ThermoFisher, Cat. no. 11668019) following the 

manufacturer’s instructions. Briefly, liposomes were obtained in opti-MEM media 
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(ThermoFisher, Cat. no. 31985062) and 1.6 µg of DNA was used for 12-well plates and 

0.2 µg of the plasmids were used for MatTek dishes. Neurons were transfected for 1.5 h 

in half-volume of neurobasal CM, while astrocytes were transfected for 2 h in opti-MEM 

medium. Once the transfection period ended, the transfection solution was removed and 

fresh supplemented DMEM/F12 was added to the astrocytes; for neurons, half of 

supplemented neurobasal medium and half of the CM previously saved was used. 

 

3.5. Evaluation of mitochondrial function in neurons 

Mitochondrial membrane potential measurement – tetramethylrhodamine, methyl 

ester (TMRM) is a cell-permeant cationic dye that accumulates in healthy mitochondria 

with intact ∆ψm, emitting bright fluorescence. Mitochondria depolarization leads to TMRM 

extrusion from mitochondria and, consequently, a decrease in the signal. Therefore, to 

assess ∆ψm integrity in neurons, cells were incubated with 10 nM TMRM (ThermoFisher, 

Cat. no. T668) in 1 x artificial cerebrospinal fluid (ACSF) with NaHCO3, prepared by 

diluting 10 x ACSF (NaCl 124 mM, KCl 2.5 mM, NaH2PO4 1.25 mM, glucose 10 mM) + 

26 mM NaHCO3 in H2O, and supplemented with 1.5 mM CaCl2 and 1.5 mM MgCl2 for 30 

min at 37 ºC. After the incubation period, neurons were washed and imaged in 

supplemented 1 x ACSF without NaHCO3. The experiment was carried out at 37 ºC and 

the z-stack images were acquired using a 63x objective with NA=1.4 in the LSM980-Airy 

confocal microscope (Zeiss). The Fiji software was used to process the z-stack images 

into a 3D reconstruction. ROIs were drawn using the segmented line, a threshold was 

applied to the obtained image and fluorescence intensity was measured. 

ATP measurement – the CellTiter-Glo® Luminescent Cell Viability Assay 

(Promega, Cat. no. G7570) was used to measure ATP levels. This assay can induce cell 

lysis and takes advantage of the properties of luciferase to catalyze a reaction that 

produces a luminescence signal directly proportional to the amount of ATP present in 

the sample. Therefore, at DIV12, media from neurons plated in 96-well plates was 

removed and replaced by 100 µL of unbuffered DMEM 5030 media (Sigma Aldrich, Cat. 

no. 5030) supplemented with 10 mM sodium pyruvate (ThermoFisher, Cat. no. 

11360070) and 2 mM L-Glutamine (pH 7.2-7.4). Cells were incubated at 37 ºC for 1 h. 

After incubation, 100 µL of the CellTiter-Glo® reagent was added to the cells, which were 

then placed in the shaker for about 2 min. Incubation of 10 min at RT followed and 

luminescence levels were measured in a plate reader. Results were normalized to 

protein content. 
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3.6. Seahorse analysis 

Seahorse is a technique widely used to study cellular metabolic function. This 

technique allows the measurement of oxygen consumption rate (OCR) and extracellular 

acidification rate (ECAR) in live cells, thus providing information on key cellular functions, 

such as mitochondrial respiration and glycolysis, respectively. Therefore, to assess 

metabolic function in astrocytes, cells were grown in poly-D-coated 96-well Seahorse 

XF96 microplates (Agilent). The day before the experiment, the sensor cartridge 

(Seahorse Bioscience) was calibrated by placing it on a 96-well calibration plate 

(Seahorse Bioscience) filled with sterile ddH2O in a humified CO2-free incubator at 37 

°C, overnight. The next day, the ddH2O was replaced by XF calibrant solution (Seahorse 

Bioscience), previously warmed up overnight in the CO2-free incubator. The cartridge 

sensor was left in the incubator with the calibrant solution for 1 h. For OCR 

measurements, cell media was replaced by unbuffered DMEM supplemented with 17.5 

mM glucose, 0.5 mM pyruvate and 2.5 mM L-glutamine, pH = 7.2-7.4. OCR was 

measured using the Seahorse® XF96 analyzer (Agilent) at baseline, and after sequential 

stimulation with 1 µM oligomycin A (Sigma Aldrich, Cat. no. 75351), 1 µM carbonyl 

cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) (Sigma Aldrich, Cat. no. C2920), 

and 0.5 µM of both antimycin A (Ant A) (Sigma Aldrich, Cat. no. A8674) and rotenone 

(Rot) (Sigma Aldrich, Cat. no. R8875). Accordingly, mitochondrial basal respiration, 

maximal respiration, ATP production and spare respiratory capacity (SRC) were 

automatically calculated using the Seahorse XF Cell Mito Stress test report generator 

from Wave 2.6.1 software (Agilent). Data were given in pmol O2/min and normalized for 

protein content. 

ECAR was also measured to determine the glycolytic function of the cells. This 

was carried out in unbuffered DMEM medium supplemented with 2.5 mM L-glutamine. 

ECAR values were sequentially obtained at baseline and following sequential stimulation 

with 15 mM glucose, 1 µM oligomycin A, and 50 mM 2-Deoxy-D-glucose. Glycolysis, 

glycolytic capacity, glycolytic reserve values were obtained using the Seahorse XF 

Glycolytic Stress Test Summary Report from Wave 2.6.1 software. Data were presented 

in mpH/min/µg protein.   

 

3.7. Mitochondrial movement and displacement 

 MitoDsRed-transfected astrocytes or PCN were washed and incubated in 1 x 

ACSF, prepared by diluting 10 x ACSF in H2O, supplemented with 1.5 mM CaCl2 and 

1.5 mM MgCl2, and mitochondrial movement studies were carried out at 37 °C. Live 

imaging was performed using a 63x objective with NA=1.4 in the LSM980-Airy confocal 

microscope (Zeiss). Acquisitions were done with a pinhole aperture of 150 µm and 
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images taken every 5 sec for a total of 120 frames or every 10 sec for a total of 30 frames, 

for neurons or astrocytes, respectively. All images were corrected to fluorescence 

variations using Bleach Correction plugin developed by Miura and Rietdorf, and time 

lapse-dependent x-y drift applying the TurboReg plugin. In neurons, mitochondrial 

movement analysis was done using the Kymograph Macro in Fiji (Rietdorf and Seitz, 

2004). ROIs were drawn using segmented line following mitochondria trajectory across 

projections. Kymographs were generated in an x-y dimension (distance, time) (López‐

Doménech et al., 2018) with minor modifications: mitochondrial network was thresholded 

and the area subtracted with the mitochondrial area of the previous timepoint (- 10 sec). 

The resultant area is the mitochondrial fraction that moved during the time between 

frames. This process was repeated for ten pairs of frames and averaged as a single 

displacement value.  

 

3.8. Mitophagy events assessment in astrocytes 

After 48 h of co-culture with neurons, astrocytes transfected with mt-Keima were 

washed and incubated in 1 x ACSF supplemented with 1.5 mM CaCl2 and 1.5 mM MgCl2. 

Then, live imaging was performed at 37 ºC to assess the number of mitophagy events in 

astrocytes. The z-stack images were taken on the LSM980-Airy confocal microscope 

using a 63x lens with NA=1.4%. Fluorescence was detected by using two different 

excitation wavelengths – 458 nm (green) and 561 nm (red) – and emission at 620 nm. 

The Fiji software was used to analyze the obtained images. Z-stack images were 

processed, and ROIs were designed in the resultant 3D reconstructions. A threshold was 

applied, and fluorescence was measured in both green and red channels. The ratio of 

the % area of red to green signal indicates the % of mitochondria localizing within the 

lysosome.  

 

3.9. Evaluation of mitochondria in the CM 

Astrocyte-neuron co-cultures were performed in 6-well plates, as described 

above. To evaluate the presence and health of mitochondria in the CM, 9 mL of CM, per 

condition, were collected 48 h after co-culture. The CM was centrifuged at 1,000 xg for 

10 min to remove cell debris. Then, one of the following experiments were performed: 

ATP measurement – after the first centrifugation of the CM, the supernatant was 

collected and centrifuged once again at 13,000 xg for 25 min, followed by a washing step 

with 1 mL of PBS. The resultant mitochondrial pellet was resuspended in 50 µL of PBS 

and added to an equal amount of the Cell Titer-Glo® reagent in a 96-well white plate. 
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Following incubation of 30 min at RT, the luminescence levels were measured in a plate 

reader (Tecan). ATP levels are normalized for the number of cells. 

Mitochondria membrane potential measurement – following removal of cell 

debris, the supernatant was incubated with 1 µM JC-1 dye (ThermoFisher, Cat. no. 

T3168) for 30 min at 37 ºC. JC-1 is a commonly used dye to evaluate ∆ψm as it 

accumulates in mitochondria with healthy membrane potential. Accumulation inside the 

mitochondria results in the formation of JC-1 aggregates, which shifts the dye’s 

fluorescence emission spectrum from 529 nm (green) to 590 nm (red). Thus, at the end 

of the incubation period, the CM was analyzed on a flow cytometer (BD Biosciences). To 

determine ∆ψm integrity, 488 nm excitation was applied to the sample using a PE-A filter, 

and the number of red fluorescent particles was counted. Carbonyl cyanide m-

chlorophenyl hydrazone (CCCP) (Sigma Aldrich, Cat. no. C2920-10MG), which induces 

mitochondrial depolarization, was used as control. 

Protein analysis – after the first centrifugation, the supernatant was centrifuged 

again at 13,000 xg for 25 min to pellet the mitochondria. The supernatant was then 

discarded, and the pellet was resuspended in 15 µL of RIPA buffer (150 mM NaCl, 50 

mM Tris pH 7.5, 1 % Triton X-100, 0.5 % sodium deoxycholate, 0.1 % SDS) 

supplemented with 1:100 protease inhibitor cocktail (GBiosciences, Cat. no. 786-433) 

and phosphatase inhibitors (Promega, Cat. no. G8000). Samples were incubated on ice 

for 30 min and denatured with sample buffer (Li-Cor, Cat. no. 928-40004) for 5 min at 95 

ºC. Western blotting was performed as described in section 3.13. Protein extracts and 

Western Blotting and the membranes incubated with primary antibodies against 

TOM20, PDH and OxPHOS proteins (Table 2). 

 

3.10. Mitochondrial endocytosis/phagocytosis 

Astrocytes and PCN were plated separately in 6-well plates. At neuronal DIV13, 

the media from astrocytes was removed and the cells were incubated at 37 ºC for 30 

min, with DMSO, 20 µM PitStop2 (Sigma Aldrich, Cat. no. SML1169-5MG), a clathrin-

mediated endocytosis inhibitor, or 10 µM Cytochalasin D (CytoD) (Sigma Aldrich, Cat. 

no. C8273-1MG), an actin-mediated phagocytosis and endocytosis inhibitor, diluted in 

500 µL neurobasal media as previously described (Peruzzotti-Jametti et al., 2021). 

During the incubation period, the CM from neurons was centrifuged at 1,000 xg for 10 

min at RT to remove cell debris. The supernatant was recovered and treated with either 

DMSO or with the inhibitors at the previously indicated concentrations. 1.5 mL of the 

treated neuronal CM was added to the astrocytes and another incubation of 30 min at 

37 ºC followed. 6 mL of CM were collected per condition, and ATP levels were measured 

as described in section 3.9. Evaluation of mitochondria in the CM. 
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3.11. Assessment of mitochondrial engulfment by astrocytes and inclusion in 

the mitochondrial network or lysosomes 

Astrocytes were plated in 10 mm MatTek dishes, while PCN were plated in 6-well 

plates. At DIV6, 6 mL of neuronal CM per condition was recovered and centrifuged at 

1,000 xg for 10 min at RT. Then, the supernatant was incubated for 30 min at 37 ºC with 

250 nM MitoTracker Orange (ThermoFisher, Cat. no. M7510) Following the incubation, 

the CM treated with MitoTracker Orange was centrifuged at 13,000 xg for 25 min at RT. 

The supernatant was then discarded and the mito-EVs pellet was resuspended in the 

appropriate volume of supplemented DMEM/F12 and added on top of the astrocytes. As 

a positive control, astrocytes were incubated for 30 min with CytoD (10 µM) to block 

endocytosis/phagocytosis of mito-EVs. Cells were incubated at 37 ºC for 1 h. Astrocytes 

were fixed with 4% PFA (Sigma Aldrich, Cat. no. 158127) for 15 min at RT. 

Immunocytochemistry and image analysis and acquisition proceed as described in 3.12. 

Immunocytochemistry section. Anti-TOM20 or anti-LAMP1 primary antibodies were 

used to label mitochondrial network or lysosomes, respectively (Table 2).  

 

3.12. Immunocytochemistry and image analysis 

Cells were fixed using 4 % PFA in PBS for 15 min at RT. Then, 0.2% Triton X-

100 (Sigma Aldrich, Cat. no. X100-1L) in PBS was added for 2 min to permeabilize the 

cells, followed by 1 h blocking period with 3 % Bovine Serum Albumin (BSA)/PBS (Sigma 

Aldrich, Cat. no. A6003). The cells were incubated overnight at 4 °C with primaries 

antibodies (Table 2) diluted in 3 % BSA/PBS solution.  After three washing steps, the 

cells were incubated for 1 h at RT with the appropriate Alexa Fluor secondary antibodies 

(Table 2) diluted in 3 % BSA/PBS. Nuclei were stained using a 4 µg/mL Hoechst solution, 

prepared in PBS, and incubated for 15 min at RT. Lastly, the Antifade mounting media 

(VectaShield Plus, Cat. no. H-1900) was used to mount the coverslips. The z-stack 

images were acquired using a Plan-Apochromat/1.4NA 63x lens on Zeiss LSM880 or 

LSM980 confocal microscopes. Z-stack images were processed, and a 3D 

reconstruction was performed in the Fiji software. To evaluate mitochondrial morphology, 

a selected face of the 3D was thresholded to create a binary image that was further used 

to analyze mitochondrial area and aspect ratio. For evaluation of mitochondrial 

engulfment and integration in the astrocytic mitochondrial network, 3D reconstructions 

of the z-stack images acquired from the samples labelled for TOM20 were performed. 

Then, the total number of MitoTracker+ particles detected in astrocytes was counted and 

classified into three different subgroups – TOM20+, TOM20-, and surrounded by TOM20+ 

doughnut. For co-localization analysis, Mander’s M2 coefficient was applied in z-stacked 

images. 
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Table 2 – List of primary and secondary antibodies. 

Antibody Species Dilution 
Category 

number 
Brand 

GFAP Mouse 1:1 000 MAB360 Millipore 

Iba1 Rabbit 1:150 09-19741 Wako 

Kif5β Rabbit 1:1000 ab167429 Abcam 

LAMP1 Rat 1:200 ab25245 Abcam 

LC3I/II Rabbit 1:1000 38685 Cell Signaling Technology 

MAP2 Chicken 1:1 000 ab5392 Abcam 

Miro1 Rabbit 1:750 HPA010687 Sigma Aldrich 

OxPHOS  Mouse 1:1000 ab110413 Abcam 

Parkin Mouse 
1:200 (ICC) 

1:1000 (WB) 
sc-32282 Santa Cruz Biotechnology 

PDH-E1α Mouse 1:1000 sc-377092 Santa Cruz Biotechnology 

p(Ser555)-ULK1 Rabbit 1:500 5869S  Cell Signaling Technology 

p62 Rabbit 1:300 5114 Cell Signaling Technology 

TOM20 Rabbit 
1:200 (ICC) 

1:1000 (WB) 
sc-11415 Santa Cruz Biotechnology 

Trak1 Rabbit 1:500 HPA005853 Sigma Aldrich 

Trak2 Rabbit 1:500 HPA015827 Sigma Aldrich 

β3-tubulin Mouse 1:2500 80016 Santa Cruz Biotechnology 

Alexa Fluor 488 

anti-mouse 
Mouse 1:500 A11001 Molecular Probes 

Alexa Fluor 488 

anti-rat 
Rat 1:500 A21208 Invitrogen 

Alexa Fluor 594 

anti-chicken 
Chicken 1:500 A32759 Invitrogen 

Alexa Flour 594 

anti-rabbit 
Rabbit 1:500 A11012 Life Technologies 

Alexa Fluor 633 

anti-rabbit 
Rabbit 1:500 A21071 Invitrogen 

IRDye 800CW 

anti-mouse 
Mouse 1:20 000 926-32212 Invitrogen 

IRDye 800CW 

anti-rabbit 
Rabbit 1:20 000 926-32213 Invitrogen 
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3.13. Protein extracts and western blotting 

Cells were lysed using RIPA buffer supplemented with protease and 

phosphatase inhibitors to obtain total cellular extracts. Subsequentially, a benzonase 

solution (1 M Tris pH = 8.0, 0.5 M MgSO4 and 1x benzonase (Millipore, Cat. no. 70664-

10KUN)) was used to degrade nucleic acids. The cell lysate was incubated on ice for 30 

min, followed by centrifugation of 5 min at 20,200 xg at 4 °C and the pellet, containing 

cell debris, was discarded. Protein concentration was determined by using the Pierce 

BCA Protein Assay Kit (ThermoFisher, Cat. no. 23225). Samples were denatured in 

sample buffer for 5 min at 95 ºC. 15-20 µg of protein were loaded into and separated on 

NuPAGE 4-12 % Bis-Tris gels (Invitrogen, Cat. no. NP0321BOX) in NuPAGE MES SDS 

running buffer (ThermoFisher, Cat. no. NP0002). For LC3I/II detection, NuPAGE 12% 

Bis-Tris gels were used (Invitrogen, Cat. no. NP0321BOX) in NuPAGE MOPS SDS 

running buffer (Invitrogen, Cat. no. NP0001). The ECL™ Rainbow™ Marker – Full 

Range (GE HealthCare, Cat. no. RPN800E) was used as the molecular marker. The 

proteins were transferred for 2 h to 0.45 µm nitrocellulose membranes (GE Healthcare, 

Cat. no. 10600002) and blocked for 1 h at RT with 5% BSA/TBS-T. Afterwards, the 

membranes were incubated overnight at 4 °C with the following primary antibodies 

(Table 2) diluted in 5% BSA/TBS-T: Kif5β, Trak1, Trak2, Miro1, OXPHOS, TOM20, PDH-

E1α, p62, LC3I/II, Parkin, and p(Ser555)-ULK1. b3-tubulin was used as the loading 

control. The membranes were washed and then, incubated with the appropriate 

secondary antibodies (Table 2) diluted in 1 % BSA/TBS-T for 1 h at RT. The Odyssey 

CLx Imaging System (LI-COR Biosciences) was used to develop the membranes and 

the Image Studio software (LI-COR Biosciences) was used for protein levels 

quantification. 

 

3.14. RNA extraction and real-time PCR (qPCR) 

Astrocyte-neurons co-cultures were established as described above and, after 

48h of co-culture, RNA was extracted from astrocytes using the RNeasy® Mini Kit 

(Qiagen, Cat. no. 74104) by following the manufacturer’s instructions. RNA 

concentration was determined using the Nanodrop 2000 spectrophotometer (Thermo 

Scientific) and the RNA integrity was confirmed by A260/280 > 1.9. Then, RNA was 

diluted to a final concentration of 10 ng/µL and converted into cDNA using the High-

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Cat. no. 4368814). The 

reaction was carried out in the S1000 thermocycler (Bio-Rad) with the following steps: 

10 min at 25°C, 120 min at 37°C and 5 min at 85°C. qPCR was performed using the 

TaqMan™ Fast Advanced Master Mix (Applied Biosystems, Cat. no. 4444557) with the 
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primers listed in table 3 and run in the Applied Biosystems™ 7500 fast qPCR system. 

Actin was used as the housekeeping gene. Results are expressed as double delta Ct 

values (ΔΔCt) using WT astrocytes as control. 

 

3.15. Lactate Dehydrogenase (LDH) release assay 

LDH assay is commonly used to study cellular cytotoxicity. When the plasma 

membrane is disrupted, such as during necrosis, the cytosolic enzyme LDH is released 

into the cell culture medium. LDH release was assessed using a commercially available 

colourimetric assay (Promega, Cat. no. G1780) according to the manufacturer’s 

instructions. Neurons and astrocytes were plated in 96-well plates. As a positive control, 

a few wells were incubated with 10 µL of lysis buffer 1 h prior to assay, to induce 

maximum LDH release. Cell media was collected to a clean 96-well plate and each well 

was further incubated with 50 μl of the CytoTox 96 reagent for 30 min at room 

temperature and protected from light. Absorbance was recorded at 492 nm and data 

normalized to protein levels.  

 

3.16. Synaptic mitochondria quantification by transmission electron microcopy 

(TEM) 

Three to four months-old animals were anaesthetized and perfused with 2% 

glutaraldehyde and 1% formaldehyde in 0.1 phosphate buffer solution through 

intracardial perfusion. Brains were stored in fixing solution until hemispheres were cut in 

a brain slicer matrix and coronal slices collected for sectioning. Leica Ultracut UCT was 

used to create ultrathin sections, and uranyl acetate and lead citrate were used as 

contrasting agents. Sections were examined at 100 kV using a Tecnai 12 BioTWIN 

transmission electron microscope. Digital images were acquired from the hippocampus 

Cornu Ammonis area 1 (CA1) at a primary magnification of 30,000 x. Ten different cells 

were snapped per brain and 30 to 40 synapses were analyzed per condition. A synapse 

was considered when the presence of both synaptic vesicles and post-synaptic density 

were detected. 

 

3.17. Statistical analysis 

 Data were analyzed using GraphPad Prism 8.00 (GraphPad software). Data did 

not follow a normal distribution, hence a non-parametric independent test (Mann-

Whitney U-test) was used to compare pairs of samples. For multiple sample 

comparisons, the Kruskal-Wallis test was applied. The existence of outliers was 

evaluated using the ROUT (Q=1%) method and excluded when identified. All values are 

shown as mean ± standard error of the mean (SEM), n = corresponds to number of 
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independent experiments or number of individual cells/animals, ns = non-significant, * p 

≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. Statistical significance was considered 

when p ≤ 0.05. 

Table 3 – List of primers. 

 

 

 
 

Gene Description Species Category number Brand 

Actb Actin beta Mouse Mm02619580_g1 
Applied 

Biosystems 

Ambra1 
Autophagy and Beclin 1 

Regulator 1 
Mouse Mm00554370_m1 

Applied 

Biosystems 

Atp5k 

ATP synthase, H+ transporting, 

mitochondrial F1F0 complex, 

subunit E 

Mouse Mm00833200_g1 
Applied 

Biosystems 

ATP8 ATP synthase F0 subunit 8 Mouse Mm04225236_g1 
Applied 

Biosystems 

Atp5k 

ATP synthase, H+ transporting, 

mitochondrial F1F0 complex, 

subunit E 

Mouse Mm00833200_g1 
Applied 

Biosystems 

Fundc1 FUN14 Domain Containing 1 Mouse Mm00511132_m1 
Applied 

Biosystems 

Kif5b Kinesin Family Member 5 beta Mouse Mm00515276_m1 
Applied 

Biosystems 

Park2 
Parkinson disease (autosomal 

recessive, juvenile) 2, parkin 
Mouse Mm00450186_m1 

Applied 

Biosystems 

Pink1 PTEN induced putative kinase 1 Mouse Mm00550827_m1 
Applied 

Biosystems 

Ppargc1a 

Peroxisome proliferator-

activated receptor gamma 

coactivator 1-alpha (PGC-1α) 

Mouse Mm01208835_m1 
Applied 

Biosystems 

Rhot1 
ras homolog gene family, 

member T1; Miro1 
Mouse Mm01304158_m1 

Applied 

Biosystems 

Rhot2 
ras homolog gene family, 

member T2; Miro2 
Mouse Mm00524478_m1 

Applied 

Biosystems 

Tfam 
Mitochondrial transcription 

factor A 
Mouse Mm00447485_m1 

Applied 

Biosystems 
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4. RESULTS 

 

4.1. Bioenergetic parameters are unaffected in AppNL-G-F cultures 

Mitochondrial dysfunction is a common feature of AD (Cenini & Voos, 2019). The 

use of App KI models for AD research has been gaining supporters, however, 

bioenergetic alterations have not been characterized so far. Therefore, we isolated PCN 

and astrocytes from AppNL-G-F mouse embryos and age-matched WT controls to evaluate 

the presence of bioenergetic impairment.  

Firstly, we assessed ∆ψm integrity in WT and AppNL-G-F PCN using TMRM+, a 

positively charged probe, which accumulates in mitochondria depending on its 

membrane potential. The more negative ∆ψm is, the more the probe accumulates, and 

the brighter the fluorescence will be when in non-quenching conditions. Confocal images 

revealed the presence of healthy mitochondria, as indicated by intense TMRM 

fluorescence, in the soma and neurites of WT and AppNL-G-F neurons alike (Figure 6a). 

TMRM fluorescence quantification further indicated that WT and AppNL-G-F PCN have no 

differences in ∆ψm (p = 0.4824) (Figure 6b). Neuronal mitochondrial function was also 

evaluated by measuring ATP levels in cells cultured in pyruvate-based media to favour 

OXPHOS-derived ATP, rather than from glycolysis. Consistently with TMRM data, 

mitochondrial ATP levels did not seem to be affected in PCN obtained from AppNL-G-F 

mice, when compared to WT (p = 0.4841) (Figure 6c).  

Bioenergetics in astrocytes was evaluated recurring to the Seahorse XF 

Analyzer. Mitochondrial respiration in these cells was evaluated by measuring OCR 

(Figure 6d). We found that WT and AppNL-G-F astrocytes had no differences in basal and 

maximal respiration, mitochondrial complex V-derived ATP production, and spare 

respiratory capacity (SRC) (Figure 6e-f). Additionally, ECAR measurements provided 

data on glycolytic function (Figure 6g). Glycolysis, glycolytic capacity, and glycolytic 

reserve also remained unchanged in AppNL-G-F astrocytes, relatively to WT (Figure 6h-i).  

This data indicates that both neuronal and astrocytic AppNL-G-F cultures preserve 

bioenergetic function, unlike what has been described for other AD models (Dematteis 

et al., 2020b; Hauptmann et al., 2009). 
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Figure 6 – Bioenergetic profile of AppNL-G-F PCN and astrocytes. (a) Representative confocal images 

showing TMRM fluorescence in WT and AppNL-G-F PCN. Neurons were incubated with 10 nM TMRM for 30 

min at 37 °C. Scale bar=40 µm. (b) TMRM fluorescence quantification standardized to WT (n=14 cells from 

3 independent cultures). (c) Quantification of mitochondrial ATP levels in neurons incubated, for 1 h, in 

pyruvate supplemented medium without glucose. Results are normalized to WT (n=5). (d) Mitochondrial 

respiration in WT and AppNL-G-F primary astrocytes following sequential injection of oligomycin (Oligo, 1 µM), 

FCCP (1 µM), and rotenone + antimycin A (Rot + Ant A, 0.5 µM each), as shown by representative traces 

of OCR. (e) Radar chart represents the fold-increase of OCR parameters relatively to basal respiration of 

WT astrocytes. (f) Quantification of OCR parameters retrieved from the Seahorse XF Cell Mito Stress Test 

and normalized to WT (n=4-6). (g) ECAR traces representing glycolytic activity in WT and AppNL-G-F 

astrocytes after sequential injection of glucose (15 mM), Oligo (1 µM), and 2-deoxy-D-glucose (2-DG, 50 

mM). (h) Spider chart exhibiting variations in ECAR parameters relatively to glycolysis of WT astrocytes. (i) 

Quantification of ECAR parameters retrieved from the Seahorse XF Glycolytic Stress Test and normalized 

to WT (n=4). Data presented as mean ± SEM. ns = non-significant 

 

 

4.2. Dysfunction of mitochondrial movement in AppNL-G-F neurons 

Mounting evidence indicates mitochondrial transport is highly compromised in AD 

(Reddy et al., 2012). Adequate mitochondrial transport is vital to meet variations in 

metabolic demands and maintain cellular homeostasis. Hence, we sought to determine 
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whether mitochondrial distribution is altered in neurons and astrocytes from the AppNL-G-

F KI mouse model. 

First, we recorded the movement of mitoDsRed-labelled mitochondria in neurites 

from WT and AppNL-G-F PCN, for 10 minutes. Analysis of the obtained kymographs 

(Figure 7a) revealed a significant decrease in the number of motile mitochondria in the 

KI neurons, relatively to WT (p = 0.0049) (Figure 7b). Further analysis of the motile 

mitochondria showed that mitochondrial anterograde transport was severely decreased 

and significantly slower in AppNL-G-F neurons, compared to WT cells (p = 0.0003 and p ≤ 

0.0001, respectively), while retrograde transport remained unchanged (Figure 7c-d). We 

then asked whether compromised mitochondrial anterograde transport would reflect 

alterations of the pre-synaptic mitochondrial pool. To investigate this, we imaged brain 

slices from 4 months old early-symptomatic AppNL-G-F mice. Indeed, we found a 

significant reduction in the number of mitochondria at the pre-synaptic terminal of AppNL-

G-F mice (p = 0.0137) (Figure 7e-f).  

We then assessed mitochondrial movement in astrocytes, as little is known about 

mitochondrial dynamics in this cell type. WT and AppNL-G-F astrocytes were transfected 

with mitoDsRed to label mitochondria and sequential images were obtained to quantify 

mitochondrial displacement, i.e., the percentage of mitochondria that changed their 

position over 30 seconds, represented in cyan in Figure 7g. In contrast to neurons, 

astrocytes showed no changes in mitochondrial movement (p = 0.8467) (Figure 7h).  

Finally, we investigated if changes in the protein expression of mitochondrial 

transport machinery could be underlying the alterations observed in mitochondrial 

movement in AppNL-G-F neurons. Remarkably, immunoblots of WT and AppNL-G-F extracts 

revealed no differences in the levels of mitochondrial transport proteins in both neurons 

and astrocytes (Figure 7i-j). 

Altogether, this data indicates mitochondrial anterograde transport is highly 

defective in AppNL-G-F neurons, possibly resulting in a decrease of the pool of pre-synaptic 

mitochondria at the early stages of the disease. Mitochondria are indispensable 

organelles at the pre-synapse, performing crucial roles during synaptic activity (Devine 

& Kittler, 2018). These findings may account for the early synaptic dysfunction that 

originates in pre-synaptic terminals observed in this AD model (Hark et al., 2021). 

However, further investigation would be needed to sustain this hypothesis. 
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Figure 7 – Mitochondrial movement is impaired in AppNL-G-F neurons, but not in astrocytes. (a) 

Representative kymographs (xx, distance vs yy, time) of mitochondrial transport in mitoDsRed-transfected 

WT and AppNL-G-F neurons were recorded over a period of 10 min. (b) % of motile mitochondria per neurite, 

(c) % of mitochondria moving anterogradely or retrogradely, and (d) average velocity (µm/s) of movement 

obtained through the analysis of kymographs (n=26-27 neurites from 4 independent cultures). (e) 

Representative TEM images showing mitochondria at the pre-synaptic terminal in the brain of 4 months old 

WT and AppNL-G-F mice. * indicates pre-synaptic terminals containing SV; yellow: with mitochondria, white: 

without mitochondria. Scale bar=500 nm. (f) The bar graph shows quantification of the number of 

mitochondria at the pre-synapse standardized to the number of synapses (n=27-40 analysed synapses from 

4 mice). (g) Confocal images depicting mitochondrial displacement in MitoDsRed-transfected WT and AppNL-

G-F astrocytes. Scale bar=8 µm (h) Quantification of the average area of mitochondrial displacement (n=14-

15 cells from 4 independent cultures). (i) Representative immunoblots of whole-cell extracts from WT and 

AppNL-G-F neurons and astrocytes. Blots were incubated with antibodies against the indicated mitochondrial 

transport proteins and β-tubulin was used as the loading control. (j) Bar graph showing mitochondrial 

transport machinery protein levels normalized to β3-tubulin (n=5-7). Data presented as mean ± SEM. * p ≤ 

0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. ns=non-significant.  
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4.3. Altered transcriptomic profile in astrocytes co-cultured with neurons  

Despite normal levels of ATP in AppNL-G-F PCN, the observations that 

mitochondrial anterograde transport is impaired and that the number of pre-synaptic 

mitochondria is decreased at early stages of the disease, suggest that ATP deficiency 

may occur at specific cellular compartments where energy requirements are higher, as 

the synapse, leading to neuronal stress. Astrocytes, in turn, support several neuronal 

functions by exchanging metabolites, neurotransmitters and even mitochondria, as 

recently described (Hayakawa et al., 2016; Sofroniew & Vinters, 2010). Although the 

signals that trigger mitochondrial transfer between these cells are not understood, we 

theorized that transcriptomic remodelling would be necessary to support neuronal 

functions.  

We established different co-culture conditions, as depicted in Figure 8a, and 

performed real-time PCR (qPCR) to look at differential gene expression of mitochondria-

related genes in WT and AppNL-G-F astrocytes across the different conditions. Astrocyte 

treatment with rotenone, an inhibitor of complex I of the ETC, was used to induce 

mitochondrial stress and, thus, ensure AD phenotype specificity of the obtained results. 

We found that WT astrocytes in co-culture with either WT or AppNL-G-F neurons upregulate 

the gene coding for KIF5β, an important regulator of the mitochondrial anterograde 

transport. On the other hand, AppNL-G-F astrocytes cultured alone showed severe 

downregulation of all the genes involved in mitochondrial transport, despite no changes 

in mitochondrial displacement. The most remarkable transcriptional alteration was 

observed in App KI astrocytes co-cultured with WT PCN, with an upregulation of all 

mitochondrial movement and biogenesis genes analysed, while co-culture with AppNL-G-

F PCN maintained gene expression at low levels (Figure 8b). The mitochondrial-encoded 

mt-Atp8 gene was downregulated across all conditions (Figure 8b), indicating a possible 

effect on mtDNA, that is not specifically induced by A since rotenone itself induces mt-

Atp8 downregulation without affecting ATP production or cellular viability (Figure S3). 

Mitochondrial biogenesis-related genes were highly downregulated in WT astrocytes-

WT PCN co-cultures. Interestingly, in AppNL-G-F astrocytes co-cultured with neurons an 

upregulation of the major mitochondrial transcription factor Tfam was observed, when 

compared to AppNL-G-F astrocytes cultured alone (Figure 8b). Furthermore, no differences 

were observed in Ppargc1a expression levels in AppNL-G-F astrocytes co-cultured with 

WT astrocytes, relatively to AppNL-G-F cultured alone, while co-culture with AppNL-G-F PCN 

resulted in downregulation of this gene (Figure 8b). 

Collectively, these findings suggest that astrocytes in co-culture with neurons can 

shape their mitochondrial-related transcriptome to assist neighbouring neurons. 
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However, AppNL-G-F astrocytes co-cultured with AppNL-G-F neurons presented gene 

downregulation suggesting that neuron-astrocyte communication can be impaired.   
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Figure 8 – Transcriptomic changes in astrocytes when in co-culture with neurons. (a) Schematic 

representation of the study conditions. (b) Heatmap presents the expression levels of mitochondrial 

transport, oxidative phosphorylation (OxPHOS), and mitochondrial biogenesis-related genes in astrocytes 

from the indicated conditions. Results are normalized to the WT astrocytes only condition. Red indicates 

upregulation, while blue indicates downregulation. β-actin was used as the housekeeping gene. Rotenone 

(10 nM) treatment was performed for 24 h (n=2-9). Data presented as mean ± SEM. 

 

4.4. EVs containing functionally intact mitochondria are released from PCN 

and captured by astrocytes through actin-dependent mechanisms 

It has been previously reported that astrocytes can improve neuronal function by 

transferring healthy mitochondria to stressed neurons (Hayakawa et al., 2016). Here we 

have shown deficits in mitochondrial transport in AppNL-G-F PCN, which could underlie 

synaptic deficits, and increased expression of mitochondrial transport-related genes in 

astrocytes co-cultured with neurons. Hence, we next studied if, in our model, 

mitochondrial transfer occurs between neurons and astrocytes. 

Both TNTs and EVs have been described as mediators of intercellular 

mitochondrial transfer (Torralba et al., 2016). Here, we decided to explore mitochondrial 

transfer via release of mito-EVs to the CM. Mito-EVs were isolated from the CM of 

astrocytes, PCN and astrocytes-PCN co-cultures by following the experimental setup 

depicted in Figure 9a. Then, mitochondrial presence in the CM and their structural and 

functional integrity were determined by analysis of protein content, ∆ψm and ATP levels 

measurement.  

Immunoblots revealed the presence of OMM, IMM and mitochondrial matrix 

proteins in EVs collected from the CM (Figure 9b). Since the samples were heated at 95 

°C before gel running, the heat-sensitive complex IV of the ETC is not visible. This data, 

particularly the presence of the matrix proteins PDH and SDHB, a protein that links 

glycolysis to the TCA cycle and a subunit of complex II of the ETC, respectively, suggests 
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that cells may release structurally intact mitochondria to the CM. Further analysis of mito-

EVs using electron microscopy will be needed to confirm this assumption. Interestingly, 

protein levels were the highest in CM derived from PCN cultures, decreasing in CM 

recovered from the co-cultures, while in WT astrocytes’ CM no proteins were detected 

(Figure 9b).  

 To evaluate if released mitochondria retained functionality, CM recovered 

from co-cultures was incubated with JC-1 for 30 min, and then analysed by flow 

cytometry. JC-1 is a fluorescent cationic dye that accumulates in mitochondria with high 

∆ψm, forming aggregates that emit red fluorescence. Upon loss of ∆ψm, JC-1 exits the 

mitochondria, and its fluorescence shifts from red to green. Flow cytometry results 

indicate that the released mitochondria maintain a healthy membrane potential, as 

shown by the number of red fluorescent particles detected in the study condition (green 

trace) (Figure 9c). CCCP-induced mitochondrial depolarization (red trace) reduced the 

number of red particles detected, while no red particles were identified in fresh media 

incubated with the dye (black trace), thus ensuring the specificity of the signal. 

We further evaluated ATP levels using a luminescence-based assay in 

mitochondrial-enriched pellets isolated from the CM. Accordingly, with the results 

obtained from western blotting (Figure 9b), we observed very low ATP levels in both WT 

and AppNL-G-F astrocyte-derived CM, while WT and AppNL-G-F neuronal CM exhibited 

similar high ATP levels (Figure 9d). ATP levels were significantly decreased when WT 

PCN were co-cultured with WT astrocytes, as compared to WT neurons cultured alone 

(p = 0.0282). The same tendency was observed between the conditions WT PCN only 

and AppNL-G-F astrocytes co-culture with WT PCN, although not significant (p = 0.0658) 

(Figure 9d). Decreased ATP levels were further observed in WT or AppNL-G-F astrocytes 

co-cultured with AppNL-G-F PCN, when compared to AppNL-G-F PCN cultured alone, 

however, these differences were also not significant (p = 0.2536 and p = 0.3276, 

respectively). Another interesting finding relates to the fact that ATP levels were 

significantly increased in WT and AppNL-G-F astrocyte co-cultures with AppNL-G-F neurons, 

in comparison with astrocytes from both phenotypes in co-culture with WT neurons (p = 

0.0145 and p = 0.0423, respectively) (Figure 9d). Hence, the aforementioned results 

collectively suggest that neurons, instead of astrocytes, release high amounts of 

functionally intact mitochondria in EVs, which might be captured by astrocytes in co-

culture as lower extracellular ATP is detected. Additionally, astrocytes appear to have 

decreased ability to uptake AppNL-G-F PCN-derived mito-EVs, in comparison with WT 

mito-EVs. 

 



RESULTS 

48 

a b

c e

f g

CM astrocytes co-culture PCN + JC-1 + DMSO

CM astrocytes co-culture PCN + JC-1 + CCCP

experimental media + JC-1

0

3

6

9

12

15

30

60

90

A
T

P
 l
e
v
e
ls

(r
e

la
ti

v
e

 t
o

 c
o

n
tr

o
l)

- W
T

N
LG

F

WT astrocytes + + +- -

Neurons

AppNL-G-F astrocytes - - - - -

-

+

W
T

N
LG

F
W

T
N
LG

F
✱ ✱

0.0145 0.0423

-

++

-

ns

✱

ns

ns

ns

0.0282

0.0658

-

0

2

4

6

8

10

A
T

P
 l
e
v
e
ls

(r
e

la
ti

v
e

 t
o

 c
o

n
tr

o
l)

CytoD (10 M)

PitStop2 (20 M)

-

-

+ -

- +

WT

-

-

+ -

- +

AppNL-G-F

✱✱

ns

ns

ns
0.0066

d

kDa

55

48

30

20

20 Tom20 (OMM)

Cx I Ndufb8 (IMM)

Cx II Sdhb (matrix)

Cx III Uqcrc2 (IMM)

Cx V Atp5a (IMM)

W
T
 a

st
ro

cy
te

s
W

T
 P

C
N

A
p
p

N
L-

G
-F  P

C
N

W
T
 a

st
ro

cy
te

s 
+
 W

T

P
C

N
 c

o-
cu

ltu
re

W
T
 a

st
ro

cy
te

s 
+

A
pp

N
L-

G
-F  P

C
N

 c
o-

cu
ltu

re

43 PDH (matrix)

T
O

M
2
0

-
T

O
M

2
0

+

Mitotracker

TOM20
Orthogonal views

0

50

100

150

%
 M

it
o

tr
a
c
k
e
r+

 p
a
rt

ic
le

s

p
e
r 

a
s
tr

o
c
y
te

TOM20-
TOM20+

surrounded by
TOM20+doughnut

W
T a

st
ro

cy
te

s

+ 
W

T P
C
N
 m

ito
E
Vs

s
u
rr

o
u
n
d
e
d
 b

y

T
O

M
2
0

+
 d

o
n
u
t

0

5

10

15

N
u

m
b

e
r 

o
f 

m
it

o
T

ra
c
k
e
r

p
a
rt

ic
le

s
 p

e
r 

a
s
tr

o
c
y
te

DMSO

CytoD

W
T a

st
ro

cy
te

s

+ 
W

T P
C
N
 m

ito
E
V
s

A
pp

N
L-

G
-F as

tro
cy

te
s

+ 
W

T P
C
N
 m

ito
E
V
s

✱✱
0.0012

✱

0.0492

W
T a

st
ro

cy
te

s

+
A
pp

N
L-

G
-F P

C
N
 m

ito
E
V
s

h i
Mitotracker

TOM20

A
s
tr

o
c
y
te

s
 +

W
T

 m
it
o

-E
V

s

A
s
tr

o
c
y
te

s
 +

W
T

 m
it
o

-E
V

s
 +

 C
y
to

D

 

Figure 9 – Astrocytes in co-culture uptake neuronal-derived mito-EVs. (a) Experimental setup for mito-

EVs isolation from the conditioned media (CM). (b) Representative immunoblots of mitochondrial-enriched 

pellets obtained from CM recovered from the indicated conditions. Blots were incubated with antibodies 

against ETC complexes subunits, TOM20, and PDH. (c) Flow cytometry results showcase the number of 

particles positive for JC-1 red fluorescence as a measure of ∆ψm of mitochondria in the CM. (d) The bar 

graph shows ATP levels quantification of mitochondrial-enriched pellets isolated from CM collected from the 

indicated conditions. Results are standardized to WT astrocytes (n=3-12). (e) Quantification of extracellular 

ATP levels in CM from WT or AppNL-G-F PCN previously added to astrocytes for 30 min. Cytochalasin D 

(cytoD, 10 µM) and PitStop2 (20 µM) were used as actin and clathrin-mediated endocytosis/phagocytosis 

inhibitors, respectively. Results are standardized to WT controls (n=4-8). (f) Representative confocal images 

showing MitoTracker+ particles (in red) in astrocytes. TOM20 (in green) was used to label mitochondrial 

network. Scale bar=2.6 µm. (g) The bar graph indicates the number of MitoTracker+ particles per astrocyte 

(n=9-24 cells from 2-3 independent cultures). (h) Representative confocal images showing three different 

populations of MitoTracker-labelled particles captured by astrocytes. Scale bar=2 µm. (i) Bar graph indicates 
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the percentage of each population of MitoTracker+ particle per astrocyte (n=12 cells from 2 independent 

cultures). Data presented as mean ± SEM. * p ≤ 0.05, ** p ≤ 0.01. 

 

To test the hypothesis that astrocytes are indeed taking up mito-EVs released by 

neurons, we incubated WT astrocytes with either WT or AppNL-G-F PCN-derived CM and 

used two mechanistically different compounds – cytoD, which inhibits actin 

polymerization (MacLean-Fletcher & Pollard, 1980), and PitStop2, a clathrin inhibitor 

(Von Kleist et al., 2011) – to block endocytosis/phagocytosis in astrocytes. We found that 

WT astrocytes incubated with WT PCN CM treated with cytoD had significantly increased 

ATP levels in the CM, relatively to the untreated condition (p = 0.0066) (Figure 9e), 

revealing that actin-dependent mechanisms mediate mito-EVs engulfment by 

astrocytes. A tendency for ATP levels to increase upon cytoD treatment of WT astrocytes 

incubated with AppNL-G-F neurons CM, compared to the untreated condition, was also 

observed, even though this was not significant. Additionally, PitStop2 treatment showed 

no effects in the amount of ATP levels found in the CM, compared to the controls (Figure 

9e).  

We then looked for visual confirmation of neuronal mitochondria engulfment by 

astrocytes. For this, we collected CM from PCN and incubated it with MitoTracker 

Orange to label mitochondria. MitoTracker-labelled mitochondria were further isolated 

from the CM and added to astrocytes for 1 h. Preliminary data revealed the presence of 

MitoTracker labelled particles inside astrocytes (Figure 9f). Treatment with cytoD 

considerably decreased the number of detected particles (Figure 9g). No changes were 

observed in the number of engulfed WT PCN-derived particles between WT or AppNL-G-

F astrocytes, however, decreased number of AppNL-G-F PCN-derived particles were 

engulfed (Figure 9g), confirming previous data (Figure 9d). Furthermore, we observed 

that while some of these particles were TOM20- and did not seem to integrate the 

astrocytic mitochondrial network, other particles were TOM20+, presenting yellow 

fluorescence, and appeared to be integrated within the host’s mitochondrial network, as 

observed in the depicted z-stack orthogonal views (Figure 9h, i). A third population of 

MitoTracker-labelled particles, representing about half of the detected particles, was 

found surrounded by TOM20+ doughnuts (Figure 9g, i). We hypothesize these particles 

were in the process of integrating the mitochondria network when the samples were 

fixed, although additional time-dependent experiments would be needed to confirm this 

finding. Taken together, these results provide evidence that astrocytes uptake 

mitochondria released by PCN in an actin-dependent mechanism and only a portion of 

these mitochondria integrate their mitochondrial network. On the other hand, under our 
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experimental setup is unlikely that astrocytes transfer mitochondria to neurons through 

mito-EVs. 

 

4.5. A fraction of the neuronal mitochondria are targeted to mitophagy following 

engulfment by WT astrocytes 

So far, we have observed that astrocytes engulf neuronal-derived mitochondria, 

but only a part of these seems to integrate the host’s mitochondrial network. Different 

reports have indicated that astrocytes degrade mitochondria released by neurons (C. H. 

O. Davis et al., 2014; Morales et al., 2020). Therefore, we hypothesized that a population 

of neuronal mitochondria taken up by astrocytes might undergo transmitophagy and that 

this process could be impaired in this AD model, contributing to the pathology. 

Firstly, we used mt-Keima to determine alterations in the number of mitophagy 

events in astrocytes in the presence or absence of neurons (Figure 10a). This pH-

sensitive mitochondria-targeted construct is ideal to study mitophagy as it gradually shifts 

its excitation wavelength from green to red, upon sensing the acidic environment of the 

lysosome. Despite no alterations in bioenergetic parameters, we observed AppNL-G-F 

astrocytes display decreased mitophagy (p = 0.0535). Interestingly, preliminary data 

indicates that both WT and AppNL-G-F astrocytes in co-culture show a tendency to 

increase mitophagy, in comparison with astrocytes cultured alone (Figure 10a, b).  A 

significant increase in mitophagy events was also observed with the mitochondrial 

uncoupler FCCP (p = 0.0122), as loss of ∆ψm triggers mitochondria elimination, validating 

the assay.  

Considering the previous results, we then sought out to specifically determine if 

captured mitochondria would undergo degradation. We used MitoTracker Orange to 

label mitochondria in CM from WT and AppNL-G-F PCN. Then, labelled mito-EVs were 

added to astrocytes culture and co-localization analysis between MitoTracker and 

LAMP1, a lysosomal protein, was performed in astrocytes (Figure 10c). Interestingly, we 

observed higher immunoreactivity of LAMP1 surrounding mito-EVs, clearly depicted in 

the inserts in Figure 10c. Using Mander´s overlap coefficient we found that in WT 

astrocytes, similar amounts of the engulfed WT and AppNL-G-F mitochondria co-localized 

with the lysosome.  Furthermore, WT and AppNL-G-F astrocytes showed no differences in 

WT PCN-derived mitochondria co-localization with the lysosomes (Figure 10c, d).  

We further enquired which mitophagy-related cascade would be involved in the 

observed increase of transmitophagy events. Therefore, we started by assessing 

alterations in mRNA levels of mitophagy-related genes. qPCR data revealed an 

upregulation of Fundc1 and Ambra1, involved in receptor-mediated mitophagy, in WT 
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astrocytes co-cultured with WT or AppNL-G-F neurons, as well as in AppNL-G-F astrocytes-

WT neurons co-cultures, relatively to control (Figure 10e).  

Figure 10 – Neuronal mitochondria undergo mitophagy in WT astrocytes. (a) Representative confocal 

images showing mt-Keima transfected WT and AppNL-G-F astrocytes in the presence or absence of neurons. 

Scale bar=20 µm. (b) The bar graph indicates the number of mitophagy events in astrocytes from the 

indicated conditions as determined by red-to-green ratio quantification (n=26-30 cells from no co-culture 

conditions; n=5-6 cells from co-culture conditions, 2-4 independent cultures). (c) Representative confocal 

images of MitoTracker (red) and LAMP1 (green) co-localization in WT astrocytes incubated with WT or 

AppNL-G-F neuronal mito-EVs. Scale bar=20 µm; insert=3 µm. (d) Mander’s coefficient indicating MitoTracker-

LAMP1 co-localization in WT astrocytes from the indicated conditions (n=9-23 cells from 3 independent 

cultures). (e) Heatmap presents mRNA levels of mitophagy-associated genes in astrocytes from the 

indicated conditions. Results are normalized to WT astrocytes only conditions. Red indicates upregulation 

and blue represents downregulation. The housekeeping gene used was β-actin. Rotenone (10 nM) treatment 

was performed for 24 h (n=2-5). (f) Representative immunoblots of whole-cell extracts from WT or AppNL-G-

F astrocytes from the indicated conditions. Immunoblots were incubated with antibodies against autophagy 
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and mitophagy proteins. β3-tubulin was used as the loading control. (g) Expression levels of the autophagy 

proteins LC3I, LC3II, and p62 (n=2-3 independent cultures). (h) Expression levels of mitophagy proteins 

Parkin and pULK1 (n=2-4 independent cultures). Data presented as mean ± SEM. * p ≤ 0.05. 

 

In contrast, these conditions showed no alterations in mRNA levels of the genes 

involved in PINK1-Parkin-dependent mitophagy investigated, apart from the AppNL-G-F 

astrocytes-WT neurons co-culture, which showed increased Parkin expression. We 

further observed that AppNL-G-F astrocytes alone or co-cultured with AppNL-G-F neurons 

presented downregulation of all mitophagy-related genes studied, compared to WT 

astrocytes (Figure 10e), suggesting these cells may display deficient elimination of 

mitochondria, corroborating mtKeima results (Figure 10b). Interestingly, when co-

cultured with AppNL-G-F neurons, AppNL-G-F astrocytes seemed to slightly upregulate these 

genes, in comparison to when cultured alone (Figure 10e). Furthermore, we looked at 

the expression levels of proteins involved in general autophagy, but also of mitophagy 

specific proteins (Figure 10f). Preliminary data indicate no differences in neither LC3II/I 

ratio nor in p62 levels, suggesting there might be no alterations in overall autophagy 

(Figure 10 f,g). Accordingly with data from qPCR (Figure 10e), Parkin expression levels 

showed no differences in WT astrocytes co-cultured with WT or AppNL-G-F neurons 

(Figure 10h) and its recruitment to mitochondria was also unchanged in WT astrocytes-

WT PCN co-cultures, in comparison with WT astrocytes cultured alone (Figure S4a-b). 

On the other hand, and consistent with qPCR findings (Figure 10e), 

phosphorylation/activation of ULK1, which is, in its turn, an activator of receptor-

mediated mitophagy proteins like FUNDC1 and AMBRA1, was increased in WT 

astrocytes co-cultured with WT neurons, but not in the presence of AppNL-G-F neurons 

(Figure 10f, h). Interestingly, AppNL-G-F astrocytes alone show a decrease in pULK1, 

which is rescued when in co-culture with AppNL-G-F PCN (Figure 10f, h). 

This data, although preliminary, indicates that a population of mitochondria 

captured by astrocytes is targeted to degradation and that receptor-mediated mitophagy 

mechanisms might play important roles in eliminating these organelles. However, AppNL-

G-F astrocytes seem to not be as effective in undergoing mitophagy, which could impair 

mitochondrial turnover, leading to the build-up of damaged mitochondria in AD. 

Nonetheless, further experiments will be needed to fully understand the dynamics 

between astrocytes and neurons leading to transmitophagy. 
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5. DISCUSSION 

In this thesis, we sought out to gain insight into the mechanisms of mitochondrial 

exchange between astrocytes and neurons and determine how this dynamic might be 

affected in the AppNL-G-F KI mouse model. Here, for the first time, we have provided 

evidence that AppNL-G-F PCN and cortico-hippocampal astrocytes exhibit no bioenergetic 

impairments at this stage of differentiation. Despite this, deficits in mitochondrial 

anterograde transport were detected in AppNL-G-F PCN, possibly accounting for the lower 

number of mitochondria in the pre-synaptic terminal at the early stages of the disease. 

AppNL-G-F astrocytes, in turn, showed no alterations in mitochondrial movement, however, 

mitophagy machinery seemed to be highly compromised. Furthermore, we reported that 

astrocytes co-cultured with neurons change the expression of mitochondria-related 

genes. We also observed that PCN release healthy mitochondria to the CM, which are 

then captured by astrocytes through actin-dependent mechanisms. Following 

engulfment, mitochondria either integrate the host’s astrocytic mitochondrial network or 

are directed to mitophagy. 

Neurons are cells with high metabolic needs and largely depend on mitochondria 

to fulfil their energetic requirements. Therefore, adequate mitochondrial function is vital 

for neuronal health and survival. Mitochondrial dysfunction has been extensively 

reported both in AD brains and many AD models (Baloyannis, 2006). Our group has also 

shown that Aβ associates with and internalizes in mitochondria, possibly mediating many 

of these effects (Hansson Petersen et al., 2008). Surprisingly, we found that AppNL-G-F 

PCN have no deficits in ∆ψm or ATP levels. In accordance with this, unpublished data 

from our group further shows no alterations in OCR and ECAR parameters in these 

neurons. Similarly, OCR and ECAR parameters remained unchanged in AppNL-G-F 

astrocytes, unlike previously described for other AD models (Dematteis et al., 2020). 

This surprising absence of bioenergetic dysfunction in AppNL-G-F cultures might be 

explained, in part, by the model herein used. Indeed, many AD studies reporting 

mitochondrial dysfunction so far have been performed in APP overexpressing AD 

models or after acute Aβ incubation. In these models, APP and, consequently, Aβ are 

not present at physiological levels, which may account for some of the pathological 

changes described (Saito et al., 2016). Since the AppNL-G-F model only expresses APP 

at physiological levels, Aβ-mediated deleterious effects on mitochondria could be less 

pronounced, hence explaining our findings. Additionally, our group has performed a 

longitudinal transcriptomic, functional, and image-based study of neuronal mitochondria 

from adult AppNL-G-F mice. We observed that at pre-symptomatic stages of the disease, 

this AD model shows upregulated mitochondrial function, which deteriorates with age 

and pathology progression (unpublished). In line with this, additional data from our group 
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shows upregulation in all OCR parameters in primary neurons isolated from AppNL-F mice 

(Dentoni, 2021), a milder AD model that develops the neuropathology later than AppNL-

G-F mice. Therefore, we hypothesize a transitory phase may exist at early symptomatic 

stages when no changes of mitochondrial function are observed. Upregulation of 

mitochondrial genes have also been observed in MCI but not in AD patients (Mastroeni 

et al., 2017), suggesting that App KI models resemble some metabolic changes 

observed in these patients. 

Neuronal bioenergetics, however, go beyond simply producing the necessary 

ATP as these cells must also ensure energy production occurs at regions with higher 

metabolic needs, like the synapse. Neurons are long, highly polarized cells and 

mitochondrial biogenesis primarily occurs in the soma. Therefore, mitochondria must 

travel long distances along the axon, a process energetically demanding by itself, to 

reach synaptic terminals where these organelles control Ca2+ homeostasis and provide 

ATP to modulate synaptic transmission (Devine & Kittler, 2018). Previous studies have 

shown that primary neurons from Tg2576 AβPP transgenic mice and Aβ25-35-treated 

mouse hippocampal neurons have reduced mitochondrial anterograde transport, while 

retrograde movement does not seem to be greatly affected (Calkins et al., 2011; Calkins 

& Reddy, 2011). Aβ25-35 treatment further resulted in decreased velocity of movement. 

Also, data from our group demonstrates that AppNL-F neurons have a significantly 

increased number of stationary mitochondria, despite increased OCR, together with 

downregulation of mitochondrial anterograde transport in favour of retrograde transport 

(Dentoni, 2021). Accordingly, we now report an overall downregulation in the number of 

motile mitochondria in AppNL-G-F PCN, accompanied by a substantial reduction of 

mitochondrial anterograde transport. Furthermore, mitochondrial speed during 

anterograde movement was also highly reduced. In contrast, we reveal mitochondrial 

distribution in AppNL-G-F astrocytes is not affected, thus providing one of the first reports 

regarding mitochondrial movement in astrocytes in AD models. Interestingly, we did not 

observe alterations in the levels of mitochondrial transport machinery proteins in AppNL-

G-F PCN nor astrocytes. Thus, we hypothesize functional mechanisms or local proteomic 

changes might underlie the deficits in mitochondrial trafficking found in AppNL-G-F 

neurons. Ca2+ interaction with Miro EF hand domains arrests mitochondrial transport and 

several reports have shown increased levels of cytosolic Ca2+ in AD neurons 

(Bezprozvanny & Mattson, 2008), resulting in lower affinity of Miro with kinesin and, 

consequently, mitochondrial anterograde transport impairment (Xinnan Wang & 

Schwarz, 2009). Moreover, Mfn2-Miro1 interaction was previously described to be 

necessary for axonal transport (Misko et al., 2010), while a consistent downregulation of 

Mfn2 is observed in this model or after acute Aβ incubation (Leal et al., 2020). However, 
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the relevance of these processes in the AppNL-G-F model remains to be explored. 

Inhibition of mitochondrial anterograde transport hinders mitochondria from reaching the 

pre-synaptic terminal, leading to synaptic dysfunction and loss (Z. H. Sheng & Cai, 2012). 

Here, we also observed depletion of the pre-synaptic mitochondrial pool in the brain of 

early symptomatic AppNL-G-F mice, indicating that, even though total ATP production by 

mitochondria is not affected in primary AppNL-G-F neurons, energy supply to the synapse 

might be compromised before synaptic loss occurs. Corroborating these evidence, two 

recently published studies established axonal terminals determine neuronal vulnerability 

in AD with a molecular framework selective for regulation of neurotransmitter secretion, 

microtubule-based movement, and autophagy (Hark et al., 2021; Roussarie et al., 2020). 

Astrocytes detect variations in neuronal activity and provide neuronal support in 

a myriad of ways both under physiological and pathological conditions. Neuronal activity 

has been shown to induce mitochondrial network rearrangement and upregulation of 

antioxidant defence-associated genes in astrocytes (Ioannou et al., 2019a; T. L. Stephen 

et al., 2015). Additionally, reports of mitochondrial transfer in the CNS, involving 

astrocytes and neurons, emerged recently (Hayakawa et al., 2016). Therefore, and 

considering the deficits in mitochondrial transport and pre-synaptic mitochondria here 

reported, which likely affect local metabolism, we investigated whether astrocytes could 

regulate the expression of mitochondrial-related genes and, thus, be better equipped to 

support neighbouring affected neurons. We found that WT astrocytes in the presence of 

either WT or AppNL-G-F neurons upregulate KIF5β, a major component of the 

mitochondrial transport machinery. It has been shown previously that overexpression of 

mitochondrial movement proteins such as Miro1 can enhance mitochondrial transfer 

(Babenko et al., 2018). Thus, these results suggest mechanisms of intercellular 

mitochondrial transfer could occur between astrocytes and neurons in these co-cultures. 

On the other hand, AppNL-G-F astrocytes cultured alone or in the presence of AppNL-G-F 

PCN show downregulation of the mitochondria-related genes here investigated, 

relatively to WT astrocytes. Consistent with this data, a recent study involving whole-

genome microarray showed downregulation of mitochondrial genes in primary 

hippocampal astrocytes from the 3xTg AD mouse model, compared to non-transgenic 

mouse (Ruffinatti et al., 2018). This study further showed massive downregulation of cell-

cell communication genes in 3xTg astrocytes, indicating that AD astrocytes might be less 

capable of interpreting and producing adequate responses to support neuronal demands 

and activity. Remarkably, we also found that co-culturing AppNL-G-F astrocytes with WT 

PCN, instead of AppNL-G-F PCN, increased the expression of several mitochondrial 

transport and biogenesis-associated genes assessed, indicating that the presence of 

WT neurons could potentially improve astrocytic phenotype.  
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Further experiments on the astrocyte-neuron mitochondrial dynamics here 

involved, revealed that astrocytes uptake mitochondria released by neurons. 

Surprisingly, AppNL-G-F astrocytes have a similar ability to engulf mito-EVs as compared 

to WT astrocytes. Instead, deficits in the engulfment of AppNL-G-F-derived mito-EVs are 

observed regardless of the astrocytic genotype. These data suggest that neuronal 

genotype accounts for most of the alterations observed in mitochondrial exchange 

between these cells. Differential proteomics between mito-EVs released by WT and 

AppNL-G-F could underly these differences. Indeed, EVs isolated from the brains of AD 

patients are highly enriched in Aβ, phosphorylated tau, and other signature proteins not 

found in EVs from control patients (Muraoka, DeLeo, et al., 2020; Muraoka, 

Jedrychowski, et al., 2020). Alterations on mito-EVs cargo were also found in brains from 

Down Syndrome models that overexpress App, including downregulation of ETC 

complexes (D’Acunzo et al., 2021). Therefore, AppNL-G-F mito-EVs protein content could 

be different from WT mito-EVs and perceived as danger signals by astrocytes, leading 

to AppNL-G-F mito-EVs accumulation in the CM. Nonetheless, full proteomic 

characterization of each mito-EVs phenotype would be necessary to sustain this theory. 

A recent study by Mochly-Rosen lab further showed that the release of fragmented and 

dysfunctional mitochondria into the neuronal milieu can propagate inflammatory 

neurodegeneration (Joshi et al., 2019), highlighting the importance of efficient elimination 

of extracellular mitochondria.  

Different mechanisms for mito-EVs internalization have been described. In line 

with previous studies (Peruzzotti-Jametti et al., 2021; Sinclair et al., 2016), we found that 

incubating cytoD-treated astrocytes with neuronal CM blocked mito-EVs uptake by 

neurons as indicated by the high levels of ATP in the CM and decreased number of 

MitoTracker+ particles detected in astrocytes, thus providing evidence that neuronal 

mitochondria uptake by astrocytes is an actin-dependent process. Interestingly, we 

observed that only a small part of the engulfed mitochondria appeared to be fully 

integrated into the astrocytic mitochondrial network, while others seemed to be in the 

process of integrating the network. A recent report from Pluchino’s group demonstrated 

that, within 6 h after treating macrophages with neural stem cells-derived mito-EVs, most 

exogenous mitochondria were found either attached or included in the host 

macrophage’s mitochondrial network (Peruzzotti-Jametti et al., 2021). Importantly, this 

was more evident in macrophages challenged with lipopolysaccharide, which induces a 

reactive, pro-inflammatory phenotype in these cells, prior to treatment with mito-EVs, 

indicating that the rate and speed of mitochondrial engulfment and incorporation in the 

host’s mitochondrial network might depend on cellular health and needs. The period of 

time these processes take to occur could also be affected by the type of cell capturing 
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the mitochondria, as different cell types might have different susceptibility for accepting 

exogenous material. Therefore, additional experiments with different time points should 

be carried out to assess if the population of mitochondria incorporated in the astrocyte’s 

mitochondrial network would increase over time. Furthermore, we found yet another 

significant population of neuronal-derived mitochondria in astrocytes that did not appear 

to express TOM20 nor localize with the host’s mitochondrial network, indicating these 

remaining mitochondria might have a different fate.  

TOM20 is an integral protein of the mitochondrial TOM complex involved in 

protein import to mitochondria. The absence of TOM20 could hinder nuclear-encoded 

mitochondrial proteins from being imported into the organelle and, consequently, lead to 

mitochondrial impairment. Damaged mitochondria are typically targeted to degradation 

and recent reports have demonstrated that astrocytes contribute to neuronal 

homeostasis by capturing and degrading mitochondria shed by neurons to the 

extracellular environment (C. H. O. Davis et al., 2014). Therefore, we then asked whether 

a fraction of the captured mitochondria by astrocytes could be targeted for elimination. 

Our preliminary data shows a slight upregulation of mitophagy in WT and AppNL-G-F 

astrocytes cultured with neurons, while a % of neuronal-derived mitochondria also co-

localize with lysosomes in astrocytes. However, AppNL-G-F astrocytes cultured alone 

showed decreased mitophagy events associated with downregulation of mitophagy-

related genes. These data are in accordance with a recent work from Vilhelm Bohr lab 

where they show both PINK1/Parkin-mediated and receptor-mediated mitophagy are 

severely impaired in AD patients and both Aβ and tau models (Fang et al., 2019). 

Interestingly, this downregulation was partially restored in AppNL-G-F astrocytes upon co-

culture with AppNL-G-F PCN, suggesting that, even though these astrocytes might have 

deficient capacity of undergoing mitophagy, they still retain some ability to respond to 

and support neuronal function. Upregulation of mitophagy in co-cultures seemed to be 

mainly receptor-mediated, as a general upregulation of Ambra1 and Fundc1 was 

observed. Accordingly, we found that phosphorylation/activation of ULK1, a kinase 

which, upon phosphorylation, activates AMBRA1 and FUNCD1, among other proteins, 

was increased in WT astrocytes in the presence of WT PCN, but rather decreased in 

AppNL-G-F astrocytes cultured alone or in the presence of WT PCN.  Altogether, these 

results suggest that not all mitochondria released by PCN might retain fully functional 

integrity, being flagged to receptor-mediated mitophagy in astrocytes, which is impaired 

in the AppNL-G-F model. Although we have observed increased mRNA expression and 

immunoreactivity of proteins from the initial steps of mitophagy in astrocytes, we cannot 

rule out that mito-EVs could have been previously signalled to mitophagy in neurons. 

Indeed, a recent study reported that, in a Parkinson’s disease model, damaged 
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mitochondria are released by neurons and undergo transmitophagy in nearby astrocytes 

(Morales et al., 2020). The authors further observed that mitophagy started in 

dopaminergic neurons (showing high Pink1, parkin and AMBRA1 immunoreactivity and 

development of autophagosomes) but finalized in neighbouring astrocytes where 

autophagolysosomes were detected. Further investigation will still be needed to 

determine whether the mitochondria co-localizing with the lysosomes correspond to 

TOM20- mitochondria and the exact mechanisms involved in the elimination of neuronal 

mitochondria in astrocytes.  
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6. CONCLUDING REMARKS AND FUTURE PERSPECTIVES 

Our work provides substantial evidence of neuron to astrocyte mitochondrial 

transfer and that this exchange could be affected in the AppNL-G-F mouse model, leading 

to defects in mitochondria turnover and contributing to AD pathology. However, as 

previously mentioned, further experiments are still lacking to fully understand the 

contribution of each neuronal and astrocytic phenotype to the obtained outcomes. Also, 

additional questions remain unanswered, such as why are neurons releasing such high 

amounts of mitochondria? And can the increased levels of extracellular mitochondria in 

App KI neurons co-cultured with astrocytes influence neurodegeneration?  Furthermore, 

here we did not observe astrocyte to neuron mitochondrial transfer under our 

experimental setup. Indeed, AppNL-G-F neurons showed deficits in mitochondrial transport 

to the pre-synaptic terminal and, consequently, reduced number of mitochondria at these 

locations, which has been shown to lead to synaptic dysfunction. Therefore, and 

according to previous reports that mitochondrial transfer occurs from healthy to stressed 

and dysfunctional cells, we expected that astrocytes could aid AppNL-G-F neurons by 

transferring healthy mitochondria. One explanation to why we did not observe this might 

relate to the fact that other mechanisms of mitochondrial transfer, such as TNTs, could 

be involved in the process, as previously reported. Indeed, we showed WT astrocytes in 

co-culture with neurons upregulate mitochondrial transport-related genes. While it is true 

upregulation of these genes could be related to the need of integrating neuronal 

mitochondria in the host’s mitochondrial network or transporting them towards 

lysosomes, as we described here, it could also be a way for the cell to get equipped with 

the necessary transport machinery to move mitochondria through TNTs. Therefore, 

further experiments and the establishment of co-cultures that allow the formation of TNTs 

between astrocytes and neurons should be carried out in the future to further assess 

mechanisms of mitochondrial exchange between these cells.  
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1. Authorization for use of Figure 4 – Mitophagy mechanisms 
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Figure 11 – Characterization of neuronal and astrocytic primary cultures. (a) The bar graph shows the 

percentage of neurons (MAP2+), astrocytes (GFAP+), and microglia (Iba1+) in neuronal cultures (n=3). (b) 

The bar graph shows the percentage of astrocytes (GFAP+), microglia (Iba1+), and neurons (MAP2+) in 

astrocytic cultures (n=3). Data presented as mean ± SEM.  
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3. Supplementary Figure 2 

 

 

Figure 12 – Astrocytes kept in neurobasal media for 48 h do not present alterations in (a) cellular 

area, (b) cellular area occupied by mitochondria, and (c) mitochondrial morphology (n=12-13 from 3 

independent cultures). Data presented as mean ± SEM. 

 

 

 

4. Supplementary Figure 3 

 

 

 

 

 

 

 

 

Figure 13 – Rotenone induces mitochondrial stress in neurons and astrocytes. (a) ATP and (b) lactate 

dehydrogenase (LDH) levels in neurons and astrocytes incubated with 0, 5, 10, 15 or 25 nM rotenone for 24 

h (n=5 independent cultures run in triplicates). Data presented as mean ± SEM. * p ≤ 0.05, ** p ≤ 0.01 
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5. Supplementary Figure 4 
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Figure 14 – Parkin recruitment to mitochondria is unchanged in WT astrocytes-WT PCN co-cultures. 

(a) Representative images showing Parkin (in green) co-localization with mitochondrial network (MitoDsred) 

in WT astrocytes cultured alone or in the presence of WT PCN. Scale bar= 20 mm. (b) Mander’s coefficient 

indicates Parkin co-localization with mitochondria in WT astrocytes from the indicated conditions (n=21-22 

cells from 2 independent experiments). Data presented as mean ± SEM.  

 


