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Abstract
Long life expectancy and low fertility rates are the main factors that have conditioned the increase on aged population and aged-related diseases, particularly 
dementias and specifically Alzheimer’s disease (AD). AD has been largely associated with soluble oligomeric forms of β-amyloid peptide (Aβ) and its multiple 
neurotoxic effects. One of them relies on its ability to form non-selective pores on cell membranes inducing calcium overload and, in our hands, ATP leakage. 
In this review, we will summarize the Aβ-induced intracellular alterations that culminate with mitochondrial dysfunction, and how they determine the ultimate 
neurodegenerative conditions such as synaptic failure, and neuronal death.  Identification of molecular o phenotypic changes on mitochondria could represent a new 
start point to further address innovative experimental approaches to develop an appropriate therapy.  The full understanding of the role and behavior of key fusion/
fission proteins will be relevant to define the no return point on the life/death cycle of neurons and synaptic network function. 
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Introduction
Resulting from a tight interaction between genetic, epigenetic 

and environmental factors, aging entails a physiological phenomenon 
that reduces the efficiency of functioning organs, tissues and cells. 
Epigenetic changes play a central role on aging processes, as they may 
be one of the central mechanisms by which aging predisposes to many 
age-related diseases [1].

There are almost 900 million people aged 60 years and over living 
worldwide [2]. Declining fertility rates in most countries and life 
expectancy rise contribute to rapid increases in this number, and can 
be directly associated with higher prevalence of chronic or age-related 
diseases.  One of the ageing-related group of disorders are dementias, 
syndromes caused  by alterations and dysfunctions of important brain 
areas related with key cognitive functions (i.e., hippocampus and 
substantia nigra). These pathologies are characterized by a progressive, 
global deterioration in intellect including memory, learning, orientation, 
language, comprehension and judgment [3].  Dementia represents one of 
most important public health priorities given the physical, psychological, 
social and economic impact on caregivers, families and society.

Today, over 46 million people live with dementia, which accounts 
for more than total Spain’s population. This number is estimated to 
increase to 131.5 million by 2050, entailing huge economic impact 
evaluated in US $818 billion, and soon to become a trillion dollar cost 
by 2018 [4]. In terms of demographic implications, approximately 
58% of all people with dementia live in countries currently classified 
by the World Bank as low or middle income countries, a proportion 
appraised to 63% by year 2030 and 68% by 2050 [2].

 Alzheimer’s disease (AD) is the most common cause of dementia 
and may contribute to 60-70% of cases. Today, nearly 44 million 
people have Alzheimer’s or a related dementia, a figure expected to 
double upon year 2040. As a neurodegenerative disease, AD comprises 
progressive memory loss and cognitive deterioration affecting memory, 
thinking, orientation, comprehension, calculation, learning capacity, 
language, and judgement. The impairment in cognitive function is 
commonly accompanied, and occasionally preceded, by loss of emotion 
control, social behavior, or motivation [3]. As yet, unfortunately, there 
is no reliable early peripheral biochemical marker for the AD and a 
definitive diagnosis can only be made on histologic examination of the 
brain at autopsy, where the two pathognomic hallmarks are found [5]. 
One of these distinctive lesions present within the diseased brain are 
the extracellular senile or amyloid plaques, shaped after  progressive 
deposition of amyloid beta (Aβ) peptides and which, upon mature 
states, may be accompanied by degenerating neuronal processes and 
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reactive glia [6]. The other main pathological feature relates to an 
intraneuronal filament-shaped structure called neurofibrillary tangle, 
composed by an hyperphosphorylated form of the microtubule-
binding protein Tau [7].

Aβ peptide toxicity, synaptic failure and neurodegen-
eration

Aβ  peptide is produced by endoproteolysis of the amyloid 
precursor protein (APP), which is achieved by the sequential cleavage 
of APP by enzyme complexes termed β- and γ –secretases. APP can 
undergo proteolytic processing by one of two pathways that take 
place in different intra-cellular compartments. Most is processed 
through the non-amyloidogenic pathway, which occurs near or at 
the plasma membrane [8]; the first enzymatic cleavage is mediated by 
α-secretase which occurs within the Aβ domain, thereby preventing 
the generation of Aβ peptide and releasing instead a larger ectodomain 
(sAPPα) and a smaller carboxy-terminal fragment (C83). C83 can 
undergo an additional cleavage mediated by γ-secretase to generate 
extracellular peptide P3 [9] (Figure 1.2). The alternative amyloidogenic 
pathway leading to Aβ generation comprises a β-secretase (β-site 
APP cleaving enzyme 1; BACE1) mediated cleavage, releasing an 
ectodomain (sAPPβ) and a 99-aminoacid-C-terminal fragment, which 
subsequently becomes a γ-secretase scission substrate for a 38 to 43 
aminoacid product: the amyloid-beta peptide, along with its cytosolic 
counterpart AICD (APP Intra-Cellular Domain) [10] (Figure 1.1). The 
amyloidogenic cascade takes place at endosomal/lysosomal structures 
[11], at Golgi-derived vesicles [12], and/or in the ER/intermediate 
compartment [13]. The γ-secretase has been identified as a complex 
of enzymes composed of presenilin 1 or 2, (PS1 and PS2), nicastrin, 
anterior pharynx defective and presenilin enhancer 2 [14]. Mutations 
in three genes — APP, PS1 and PS2 — are known to cause autosomal 
dominant AD or familial AD (FAD), which generally manifests with an 
early-onset pathogenesis [15].

Most of the Aβ peptide produced is 40 residues in length (Aβ1-40), 
whereas a small proportion (approximately 10%) is the 42 residue 
variant (Aβ1-42), the latter being more hydrophobic and prone to fibril 
formation [16]. Although the classical view according to Hardy’s 
amyloid cascade hypothesis is that Aβ is deposited extracellularly 
[17], emerging evidence from transgenic mice and human patients 
indicates that this peptide can also accumulate intraneuronally, which 
may contribute to disease progression [18]. In fact, and because there 
is a relatively poor correlation between the numbers of plaques and 
the degree of cognitive impairment, it has been proposed that different 
soluble oligomeric forms of Aβ (SOAβ) could be responsible for all the 
neurotoxic damage, synaptic failure and neurodegeneration [19].

Although the exact mechanism of SOAβ toxicity is not entirely 
defined, there is growing evidence suggesting that SOAβ excess is 
able to disrupt the membrane causing a pore-like structure formation 
(Figure 1.3) which leads to ionic dyshomeostasis [20,21]. Furthermore, 
a proposed model that explains SOAβ-induced synaptotoxicity relies 
on its membrane perforation property, which can be associated to 
intracellular calcium overload and subsequent synaptic depletion [22]. 
More interestingly, membrane disruption not only relates to ionic influx 
but also appears to enable the leakage of some key neuronal metabolites; 
previous studies showed that SOAβ increased the extracellular level of 
ATP from cell cultures or slices [23,24]. Both leakage and depletion of 
ATP as well as cellular calcium dysregulation and cytosolic overload, 
involves prominent cellular alterations, including oxidative stress 
and free radical damage [25].  More importantly, energetic imbalance 
caused by ATP leakage [24], carries many detrimental effects on ATP-
dependent neuronal processes, like exocytosis, neuronal transport and 
thus leading mitochondria to an impending dysfunctional state [26] 
(Figure 1.4)

Mitochondria, the energy-generating organelles in eukaryotic 
cells, play essential roles in these fundamental cellular processes, such 
as the supply of metabolic intermediates supporting biosynthetic and 

Figure 1. APP processing and its effect on mitochondrial biogenesis. In the amyloidogenic pathway (orange arrows), internalized APP on early endosomes gets sequentially cleaved by 
β-secretase, releasing the soluble extracellular domain of APP (sAPPβ), and then by the γ-secretase complex, which generates Aβ peptide and the APP intracellular carboxy-terminal domain 
(AICD) (1.1).By the other hand, during the non-amyloidogenic pathway (green arrows), a first cleavage by α-secretase prevents formation of Aβ, instead producing sAPPα and p3 peptide 
followed by a second cleavage by γ-secretase, producing AICD (1.2) Aβ peptide rapidly aggregates to form oligomers, protofibils and fibrils en route to the deposition of amyloid plaques 
(2.3). In its soluble oligomeric form (SOAβ), Aβ is able to disrupt the membrane by its insertion and formation of a non-specific pore-like structure that provokes calcium overload and ATP 
leakage, both impinging on mitochondrial function (2.4). AICD (generated in both pathways mentioned above), has been proposed to act as a transcriptional regulator through a mechanism 
involving interaction with the adaptor protein Fe65 and the action of Tip60, which could affect the PGC-1α gene expression –amongst others factors- having possible repercussions over 
mitochondrial function (2.5).
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bioenergetic needs of the cell [27], apoptosis [28], calcium homeostasis 
[29,30], cell signaling [31], among others. All of these functions 
were found to be altered in neurodegenerative diseases, particularly 
in early stages of AD. Wide evidence has reported the presence of 
increased intracellular concentrations of Aβ in different in vitro and 
in vivo studies [32,33], suggesting that Aβ could be the responsible 
for the induction of mitochondrial dysfunction typically observed in 
AD. Although Aβ shows no precise location within mitochondrial 
compartments, experimental evidence supports the idea that both local 
production and direct import either from ER or from cytosol, could be 
the source of Aβ, the latter via mitochondrial TOM/TIM (translocase 
of the outer membrane/ translocase of the inner membrane) protein-
import machinery [34]. However, the mechanistic details of how Aβ 
gains access to the different mitochondrial sub-compartments, as well 
as how it exerts its mitotoxic effects remain currently unestablished. 
Therefore, mitochondria have been proposed as early sensors of cellular 
damage and as indicators of the “point of no return during apoptosis”. 

In this context, some molecular events on mitochondrial functioning 
are interesting to take into consideration, since experimental evidence 
shows that mitochondrial toxicity mechanisms encompass multiple 
deregulations across the organelle upon direct interactions between Aβ 
and all kinds of mitochondrial proteins;  calcium dyshomeostasis [35], 
mitochondrial dynamics and morphology alteration [36], oxidative 
phosphorylation reduction [37], increase in ROS production [38], 
DNA/RNA mutation induction [39], apoptosis induction [40], etc. All 
of these dysfunctional features could provide as early biomarkers of 
AD’s onset. 

Mitochondrial homeostasis is maintained through quality control 
measures that include balanced biogenesis of new mitochondria, 
autophagic degradation of dysfunctional mitochondria/mitophagy, 
mitochondria-specific protein refolding/turnover pathways, and 
mitochondrial fission/fusion events [41]. Mitochondrial biogenesis is 
a highly regulated cellular process controlled by the transcriptional 
coactivator PGC-1α, whose expression and activity regulation rely 
upon receptor tyrosine kinases, G protein–coupled receptors, and 
nitric oxide synthase through cGMP, AMPK activation, and SIRT1-
mediated deacetylation [42].   

Mitochondrial biogenesis pathways: restoring metabolic 
and energetic capacities

Peroxisome proliferator-activated receptor gamma coactivator 
1-alpha (PGC-1α), as a transcriptional coactivator functions through 
physical interaction with transcription factors directly bound to 
DNA promoter regions. For example, PGC-1α N-terminus interacts 
with different hormone nuclear receptors, including PPARs, HNF4α, 
GR and ERRα. In addition, other protein components bind to 
transcription factors such as, MEF2C or FoxO1YY1 [43] and more 
importantly to nuclear respiratory factor (NRF) 1 and 2, leading to 
increased expression of mitochondrial transcription factor A and other 
nuclear-encoded mitochondrial proteins, for example ATP synthase 
subunits. Collectively, these PGC-1α effects culminate in the regulation 
of mitochondrial biogenesis and energy metabolism [44].

The mechanisms through which PGC-1α activates gene expression 
are poorly understood. Initial studies identified an extremely powerful 
autonomous transcriptional activity at the N-terminal region, for 
it shows to dock two other coactivators with acetyl transferase 
activity, SRC-1 and CBP/p300. Moreover, PGC-1α has been found in 
association with the GCN5 and TIP60 acetyl transferases complexes 

and many of their associated protein components [45]. GCN5 directly 
acetylates PGC-1α and negatively regulates its transcriptional activity 
through nuclear sub-localization. How spatially and temporally all 
these complexes are assembled to PGC-1α to control expression of 
genes is unknown. A current assembly model suggests that PGC-1α 
binds to specific transcription factors at promoters, then, additional 
recruitment of p300 and TRAP complexes would open the chromatin 
through histone acetylation thereby allowing initiation of RNA polII 
mediated transcription [43]. To terminate gene expression, GCN5 
would acetylate PGC-1α resulting in relocalization to repressive 
subnuclear foci where it appears to co-localize with transcriptional 
repressor RIP140. Conversely, SIRT1 activation will maintain PGC-1α 
in a deacetylated active form bound to the chromatin and increasing 
rates of transcription [43]. 

Regarding AD pathogenesis, it has been widely  associated with 
decreased expression and activity of proteins involved in mitochondrial 
bioenergetics, as it has been observed AD patients, an AD mouse 
model, and APP-mutated M17 cells [46]; additionally, mitochondrial 
dysfunction has confirmed in the triple transgenic AD mouse model 
where it was shown to precede plaque formation [47]. Mitochondrial 
dysfunction in AD may involve the action of APP and Aβ, and as 
previously mentioned, both were reported to target the mitochondria 
and impair mitochondrial function [25,48]. Moreover, APP-derived 
amyloid intracellular C-terminal domain AICD also appears to 
modulate mitochondrial functionality, for it has been proposed to act 
as a transcriptional regulator via a mechanism involving interaction 
with the adaptor protein Fe65 and the action of Tip60 [49,50] (Figure 
1.5).  In a recent study, AICD proved to upregulate PGC-1α promoter 
activity and mRNA levels on mutated MEF cells, the latter also reported 
in vivo in mouse brains. More importantly, AICD transcriptional effect 
was mediated by Fe65, and together they appear to have an impact 
on mitochondrial-associated features, such as ATP levels, oxygen 
consumption and mitochondrial membrane potential [51]. Taken 
together, these studies suggest that PGC-1α could stand as an important 
indicator of mitochondrial function, and changes on its expression or 
activity levels may represent an important event on induced toxicity.

Mitochondrial dynamics, the first intent to survive
Mitochondria form a dynamic cellular network that is tailored to the 

energetic and metabolic requirements of the cell.  In many eukaryotic 
cell types, mitochondria continuously move along cytoskeletal tracks 
and frequently fuse and divide. These concerted activities control 
mitochondrial morphology, intracellular distribution and determine 
their cell type-specific appearance, all of them highly relevant in 
high demand sites, such as exocytotic synaptic sites. The antagonistic 
and balanced activities of the fusion and fission  (collectively termed 
mitochondrial dynamics,)  machineries (Figure 2(B)) shape the 
mitochondrial compartment, bearing upon mitochondrial DNA 
inheritance and mitochondrial function maintenance [52]. A shift 
towards fusion favours the generation of interconnected mitochondria, 
whereas a shift towards fission produces numerous mitochondrial 
fragments. The large mitochondrial networks that are generated 
by fusion are beneficial in metabolically active cells, in which they 
contribute towards the dissipation of energy. By contrast, in quiescent 
cells mitochondria are frequently present as numerous morphologically 
and functionally distinct small spheres or short rods [53]. Mediators 
of mitochondrial dynamics have been highly conserved throughout 
evolution, which is in keeping with the critical regulatory roles of these 
proteins in both simple and complex organisms. The central groups of 
molecules involved in fission as well as in fusion are evolutionarily well-
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preserved large GTPases of the dynamin superfamily with a tripartite 
structure, a GTPase domain, a middle domain, and an assembly or 
GTPase effector domain (GED) at the C-terminus [54].

Regarding fission machinery, Dynamin-related protein 1 (Drp1) 
is the only known large GTPase actively mediating mitochondrial 
fission, showing high expression levels in tissues with particular 
energy demands, such as brain and muscle in humans [55]. On 
the cellular level, almost the entire Drp1 pool is cytosolic with only 
about 3% of the total protein content residing at the mitochondrial 
surface. In order to induce organelle fission, cytosolic Drp1 requires 
activation and subsequent translocation to the mitochondrial outer 
membrane. Here, Drp1 dimers form ring-like multimeric structures 
on prospective outer mitochondrial membrane (OMM) fission sites 
through a self-assembling process [56], followed by GTP hydrolysis-
driven conformational changes that—via ring constriction—lead 
to membrane severing and subsequent organelle division [57]. A 
hypothetic fission complex assembly model proposed by Otera et al. 
[58] outlined the OMM-bound mitochondrial fission factor (Mff) 
as an adaptor protein for Drp1 and mitochondrial elongation factor 
1 (Mief1) as an enabler for its translocation. By blocking GTPase 
activity, Mief1 mediates Drp1GTP oligomerization. Drp1GTP multimers 
then promote the oligomerization of Mff with unknown factors 
into fission complexes, leading to the stimulation of Drp1 GTPase 
activity to induce mitochondrial fission [58]. According to a recently 
proposed model, expression of mammalian Fis1—another integral 
OMM protein—is able to partially reverse an elongated mitochondrial 
phenotype by sequestering Mief1 via unblocking Drp1 GTP hydrolysis, 
culminating in organelle fission [59]. Fis1 for a long time was supposed 
to mediate Drp1 anchoring on the OMM, as was shown for yeast, where 
the molecular components interacting in fission and fusion processes 
were primarily elucidated. However, Fis1 is evenly distributed along a 
mitochondrion, whereas Drp1 binding is patchy [54].

Drp1 translocation to the OMM and GTPase activation are 
provoked by a variety of stressors from outside and inside the cell 
inducing mitochondrial fragmentation as an early process in apoptosis 
or mitophagic clearance of dysfunctional parts. Also during mitosis, 
studies have shown enhanced fragmentation activated by Cdk1/cyclinB 
and aurora A-mediated phosphorylation at S616 (in human Drp1) [60]. 
On the other hand, fission can be inhibited by protein kinase A-based 
phosphorylation of a serine within the GED domain (S637 for human, 
S656 for rat Drp1) blocking GTPase activation and probably also Drp1 
recruitment to the OMM [61], while dephosphorylation of S637 by 
the Ca2+-dependent phosphatase calcineurin promotes mitochondrial 
fission [62]. In addition, mitochondrial E3 ubiquitin ligases MARCH5 
and Parkin participate in the regulation of mitochondrial division, 
the former being a positive regulator [63] whereas the latter promotes 
Drp1 proteasome-dependent degradation [64].  Finally, nytrosyslation 
and sumoylation stabilize the mitochondrial pool of Drp1 and enhance 
fission, further substantiating the importance of posttranslational 
modification in regulating morphology of the organelle [65].

Exceeding fission occurs for example, in the preparation of mitosis, 
or as a reaction to external stresses (e.g., exposure to elevated ROS 
levels [66], or uncouplers of oxidative phosphorylation [67] often as 
an initiation of apoptotic cell death, including neuronal degenerations 
or premature senescence. If fission results in mitochondrial fragments 
with different physiological performance, i.e., one with high and the 
other with reduced MMP), those with low MMP are no longer able 
to fuse [68] and are prone to autophagic degradation (Figure 2 (B)). 
By this, fission is an important step in getting rid of dysfunctional 
mitochondria or mitochondrial components and could help to identify 
the point of no return on neuronal death.

On the other hand, Mitofusins (Mfn1 and Mfn2) are the 
motors driving OMM fusion. With an N-terminal GTPase domain 

Figure 2. Mitochondrial structure and dynamics (2A). Mitochondrial structure, depicting its basic components: Outer and Inner mitochondrial membranes separated by an Intermembrane 
space, mitochondrial cristae, resulting from inner membrane invaginations and an interior matrix, containing the enzymes that are responsible for the citric acid cycle reactions. (2B). 
Mitochondrial dynamics are actively regulated processes designed to prevent cell damage and death through its multiple protective responses. PGC-1α–mediated mitochondrial biogenesis 
increases mitochondrial numbers and replaces damaged mitochondria. In addition, mitofusin-mediated fusion dilutes accumulated damage, including mitochondrial DNA mutations and 
oxidized proteins. When mitochondrial damage exceeds a critical level, Drp1-mediated asymmetric fission divides a mitochondrion into a larger, polarized healthy portion (which can 
reintegrate with the network) and a smaller depolarized, abnormal portion. This isolates the diseased mitochondria, allowing them to be packaged into autophagic vacuoles that are 
transported to lysosomes for elimination by mitophagy. Excessive fission causes cell death, whereas excessive mitophagy causes autophagic stress; both promote cell damage and death. 
(2C).Mitochondrial fission arrest phenotype that results in elongated interconnected organelles, “mitochondria-on-a-string” (MOAS), described by Zhang et al. [84]  where multiple teardrop 
shaped mitochondria (~0.5 µm in diameter) were connected by thin double membranes extending up to 5 µm long. This unusual mitochondrial structure could be easily mistaken for multiple 
individual organelles if the membrane connections are missed.
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and C-terminal coiled-coil regions toward the cytosol, their two 
transmembrane regions anchor to the OMM and thus mediate the 
tethering of two adjacent mitochondria through their hydrophobic 
repeats (HR2) [28]. IMM fusion is mediated by OPA1 (optic atrophy 
protein 1), an integral protein that faces the intermembrane space 
and controls IMM structure and its remodeling through cristae 
shaping [69] (Figure 2 (A)). OPA1 is also required to maintain 
MMP in concert with Mfn1, as IMM fusion requires an intact MMP 
[67,70]. Ablation of Mfn2 in mice is embryonically lethal and MFN2 
mutations in humans cause Charcot–Marie–Tooth type IIa (CMTIIa), 
a peripheral sensorimotor neuropathy characterized by degeneration 
of long peripheral axons, whereas OPA1 mutations cause autosomal-
dominant optic atrophy [71]. Silencing of Mfn1 or Mfn2 results in 
mitochondrial fragmentation and increased sensitivity to apoptotic 
stimuli. Furthermore, overexpression of Mfn1 or 2, in addition 
to increasing mitochondrial connectivity, results in delayed Bax 
activation, cytochrome c release, and apoptotic death, suggesting a role 
for mitofusins in cell death [28].  

Fusion and fission are guided by lipids generated by mitochondrial 
phospholipase D, notably phosphatidic acid [72]. The small, negatively 
charged lipid head group of phosphatidic acid causes negative 
curvature of lipid bilayers and recruits adaptor proteins, promoting 
fusion. However, phosphatidic acid can be hydrolyzed by lipin 1, 
creating diacylglycerol, which promotes fission [73]. Furthermore, 
organelle interactions are crucial for mitochondrial lipid biosynthesis, 
which occurs at “mitochondria-associated membranes” (MAMs)—
patches of ER membranes attached to mitochondria, containing 
several phospholipid and glycosphingolipid biosynthetic enzymes. 
Mitofusin 2 is also located in the endoplasmic reticulum, where it 
alters morphologic features and promotes endoplasmic reticulum–
mitochondrial tethering [68], thereby enhancing mitochondrial 
calcium uptake and handling [74]. 

Membrane transport and fusion are intimately related processes 
that must be coordinately regulated to achieve proper organellar 
trafficking, and it is likely that molecular adaptor complexes at the outer 
mitochondrial membrane will serve dual roles in transport and fusion. 
In fact, a study performed by Misko et al. [75] revealed that Mfn2 is 
directly involved in and required for axonal mitochondrial transport, 
distinct from its role in mitochondrial fusion. Mfn2 disruption altered 
mitochondrial movement selectively, leaving transport of other 
organelles intact. Importantly, both Mfn1 and Mfn2 interact with 
mammalian Miro and Milton proteins, members of the molecular 
complex that link mitochondria to kinesin motors, but only Mfn2 
knockdown provokes an alteration in attachment to microtubule based 
transport systems [75]. Stated briefly, mitofusins have been reported to 
perform numerous functions, including the regulation of mitochondrial 
fusion ER-mitochondrial tethering [74], apoptotic cell death and outer 
membrane permeability [28], oxidative phosphorylation and gradient 
coupling and microtubule-based mitochondrial transport.

In terms of the impact of fission and fusion in AD, as mentioned 
above, neurons are particularly vulnerable to mitochondrial 
dysfunction because of their high metabolic rate dependence and 
complex morphology. Mitochondria are of pivotal importance for 
synaptic development and plasticity, and changes in its distribution 
and/or function can result in synaptic dysfunction, loss of 
neurotransmitter release and active vesicular recycling [76]. During the 
past few years evidence has been emerging indicating that dysregulated 
mitochondrial structure and morphology may represent an important 
component in the complex pathogenesis of AD. Neurons that are either 

overexpressing APP or exposed to toxic Aβ peptides display abnormal 
levels of mitochondria shaping proteins in association with perinuclear 
aggregates [77,78]. These findings are paralleled by studies of AD 
patient brains reporting abnormal expression levels of mitochondrial 
morphogenic proteins, one specifically revealing abnormal 
interactions between Drp1 and Aβ, which could initiate mitochondrial 
fragmentation in neurons affected by AD [79]. Moreover, increased 
expression levels of the mitochondrial fission genes Drp1 and Fis1 
and decreased expression levels of the mitochondrial fusion genes 
Mfn1, Mfn2, Opa1 and Tomm40 were reported in postmortem brain 
specimens from patients with AD at early, definite and severe stages 
of progression. Reduced levels of DRP1 and increased mitochondrial 
length were found in AD fibroblasts in one study [80]. Additionally, 
specific post-translational Drp1 modifications have recently 
been implicated with AD. For example, increased levels of Drp1 
phosphorylation at position S616 are found in AD brains. Aβ-mediated 
DRP1 activation by S-nitrosylation was also observed [81], promoting 
mitochondrial fission.

Transport, distribution, and dynamics of mitochondria are all 
altered in AD patients and mouse models [77,82]. The progressive Aβ 
accumulation in mitochondria of APP mutant mice is associated with 
diminished activity of respiratory chain complexes III and IV, and a 
reduction in oxygen consumption [83], both considered preludes for 
oxidative stress.

Accordingly, to determine the role of FAD mutations in 
mitochondrial dynamics, a study that employed three transgenic mouse 
models revealed a consistent reduction of mitochondrial activity, where 
inhibition of axonal trafficking was among the earliest abnormalities 
detected before the onset of memory phenotype or formation of 
amyloid deposits. In transport-impaired neurons no correlation 
was found with Aβ levels, but the neurons were more susceptible to 
excitotoxicity. Interestingly, levels of fission and fusion proteins were 
not altered in any of these strains; however, mitochondrial length in 
APP and PSEN1 mutant mice showed a modest although inconsistent 
increase [84].

As pointed previously, Aβ has been shown to cause increased 
fission and decreased fusion, resulting in mitochondrial fragmentation, 
decreased mitochondrial density and, importantly, altered synaptic 
localization [78,80]. While changes in mitochondrial morphology 
affect the entire organelle, methods utilized to date to monitor 
mitochondrial dynamics primarily include fluorescence microscopy 
or/and conventional electron microscopy (EM), which reveals 
morphological changes in a thin section of the organelle. To account 
for a three-dimensional architecture of the brain tissue and organelles, 
a study developed 3-dimensional electron microscopy (3D EM) 
reconstruction of standard transmission electron microscopy (TEM) 
images and examined mitochondria in the CA1 hippocampal region 
from 5 transgenic mouse models carrying human FAD mutations and 
in postmortem brain tissue from AD patients. Surprisingly, instead of 
observing multiple small mitochondria produced by excessive fission 
previously reported for AD, an unknown mitochondrial phenotype 
was identified; elongated interconnected organelles where multiple 
teardrop shaped mitochondria (~0.5 µm in diameter) were connected 
by thin double membranes extending up to 5 µm long [84] (Figure 2 
(C)). This new phenotype, later called M.O.A.S (as in “mitochondria 
on a string”) may emerge at the final stages of fission process (a 
fission arrest phenotype) and was not associated with altered levels 
of expression of fission/fusion proteins nor altered translocation of 
activated  Drp1-S616  to mitochondria, but with reduced GTPase 
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activity. Since MOAS formation was also observed in the brain tissue 
of WT mice in response to hypoxia or during chronological aging, 
fission arrest may represent fundamental compensatory adaptation 
to bioenergetic stress providing protection against mitophagy, which 
could preserve residual mitochondrial function. This study confers a 
major role of mitochondrial dynamics in regulating neuronal survival, 
as it reveals greater complexity of mitochondrial fission/fusion 
that includes sustained transition state dynamics, emphasizing the 
importance of utilizing advanced 3D tools to study complex tissues 
and organelles.

Conclusions and remarks
To develop new therapies for AD, we need a clearer understanding 

of how Aβ and mitochondria change during AD development and 
progression and how they affect each other. It is now generally accepted 
that the dysregulation of mitochondrial dynamics is either causative or 
at least a significant factor in the pathogenesis of a spectrum of human 
diseases, including neurodegenerative diseases. How mitochondrial 
dynamics is regulated under physiological and pathological conditions 
is not understood. Major goals of future research are to enlighten what 
governs the physiological regulation of mitochondrial dynamics, what 
determines the origin of a degenerative process in sporadic AD and the 
role mitochondria have in this process. To further address therapeutic 
targets related to fission and fusion imbalance, Drp1 role needs to be 
clearly defined regarding its participation in Aβ-induced mitochondria 
fragmentation.

Identification of a new M.O.A.S. phenotype by Trushina and 
co-workers [85], accounts for an undeniable contribution to the 
understanding of mitochondrial function and represents what could 
be a new predictor for the “no return point” regarding its fundamental 
role in maintaining synaptic functional integrity and neuronal 
survival. Taken together, this could represent a new start point ensuing 
innovative strategies and experimental approaches to develop an 
appropriate therapy.  
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