
According to the dominating “amyloid cascade”

hypothesis the central event in the pathogenesis of the

Alzheimer’s disease (AD) – the most common form of

senile dementia – is accumulation of neurotoxic forms of

the amyloid-beta peptide (Aβ), which leads to formation

of amyloid plaques, hyperphosphorylation of tau-protein

and formation of neurofibrillary tangles, synaptic loss,

neuron death, inflammation, mitochondrial dysfunction,

and oxidative stress [1]. However, this hypothesis is fully

justified only for the early-onset hereditary form of AD

(~5% of cases), and in the case of a late-onset sporadic

form of the disease (further – AD) accounting for ~95% of

cases hyperproduction of Aβ is a secondary event. More

evidence is available now favoring the mitochondrial dys-

function as an initiating factor for AD development.

According to the “mitochondrial cascade” hypothesis [2],

oxidative stress and decrease in ATP synthesis result in

overproduction of Aβ that exhibits toxic effect on mito-

chondria, thus aggravating neurodegenerative processes.

At the same time, it became clear in recent years that the

enhanced generation of reactive oxygen species (ROS) is

neither the initiator no the main cause of aging [3]. It has

been also demonstrated that mitochondrial dysfunction

could facilitate aging and development of age-related dis-

eases independently on formation of ROS, and that their

development is associated not only with the metabolic

dysfunction but also with the disruption of mitochondrial

dynamics [4] – balance between fission and fusion, which

regulates mitochondrial morphology in response to

changes in cellular energy demand [5]. It was demonstrat-

ed on the animal AD models and during investigation of

the patients’ brain samples that the imbalance of mito-

chondrial dynamics is one of the early signs of the disease
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Abstract—Growing evidence suggests that mitochondrial dysfunction is closely linked to the pathogenesis of sporadic

Alzheimer’s disease (AD). One of the key contributors to various aspects of AD pathogenesis, along with metabolic dys-

function, is mitochondrial dynamics, involving balance between fusion and fission, which regulates mitochondrial number

and morphology in response to changes in cellular energy demand. Recently, Zhang et al. ((2016) Sci. Rep., 6, 18725)

described a previously unknown mitochondrial phenotype manifesting as elongated chain-linked mitochondria termed

“mitochondria-on-a-string” (MOAS) in brain tissue from AD patients and mouse models of AD. The authors associated

this phenotype with fission arrest, but implications of MOAS formation in AD pathogenesis remain to be understood. Here

we analyze the presence and number of MOAS in the brain of OXYS rats simulating key signs of sporadic AD. Using elec-

tron microscopy, we found MOAS in OXYS prefrontal cortex neuropil in all stages of AD-like pathology, including mani-

festation (5-month-old rats) and progression (12-18-month-old rats). The most pronounced elevation of MOAS content (8-

fold) in OXYS rats compared to Wistar controls was found at the preclinical stage (20 days) on the background of decreased

numbers of non-MOAS elongated mitochondria. From the age of 20 days through 18 months, the percentage of MOAS-

containing neuronal processes increased from 1.7 to 8.3% in Wistar and from 13.9 to 16% in OXYS rats. Our results support

the importance of the disruption of mitochondrial dynamics in AD pathogenesis and corroborate the existence of a causal

link between impaired mitochondrial dynamics and formation of the distinctive phenotype of “mitochondria-on-a-sting”.
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[6, 7]. Zhang et al. [8], who discovered in the neuropil of

the brain samples from AD patients and from a number of

transgenic mice lines – AD models (3xTgAD, APP/PS1,

Tau, and others) the elongated (>10 µm) mitochondria

with previously unknown morphology characterized by an

alternation of areas of normal thickness with narrowed

segments (60-100 nm), link this phenomenon with the

change in mitochondrial dynamics. The authors termed

these mitochondria “mitochondria-on-a-string”

(MOAS). Their formation as a result of fission arrest,

which was observed in the brain of wild type mice in

response to hypoxia and in the brain of aging animals, has

been considered by the authors as a compensatory reac-

tion aimed at the neuron survival under conditions of

energy deficit ensuring protection from mitophagy.

Mitochondria with such morphology were detected in

another study in the brain cortex of old rhesus monkeys

[9], but the authors associate their emergence with age-

related disorder of mitochondrial dynamics leading to the

disruption of axonal transport [10]. Hence, the question

on the role of this phenomenon remains open and requires

further investigation using various models and organisms.

We have shown recently that the structural-function-

al changes of mitochondria in hippocampal neurons

including the changes in their dynamics precede the

development of AD symptoms in OXYS rats – a model of

the sporadic form of this disease created in the Institute of

Cytology and Genetics, Siberian Branch of the Russian

Academy of Sciences. Manifestation and progression of

all key signs of AD (destructive changes and death of neu-

rons, synaptic loss, hyperphosphorylation of tau-protein,

enhanced accumulation of Aβ1-42 and formation of

amyloid plaques in the brain, memory loss, and dimin-

ished cognitive ability [11-13]) occur in OXYS rats on the

background of increasing mitochondrial dysfunction and

significant reduction in the specific content of mitochon-

dria in hippocampal neurons. The changes of mitochon-

drial dynamics in the hippocampal neurons from OXYS

rats occur simultaneously with the changes in the content

and/or ratio of the levels of proteins directly participating

in fusion and fission of mitochondria – MFN1, MFN2,

and DRP1 [14]. The increasing signs of structural

changes of microtubules and their disorganization as well

as accumulation of the large mitochondria in axons have

been observed in OXYS rats with aging, which indicates

the disruption of axonal transport [12, 13, 15, 16]; these

phenomena play a critical role in AD pathogenesis [17].

The objective of this study was to analyze the occur-

rence and to evaluate the content of MOAS (observed in

AD patients) in the axons of the prefrontal cortex from

OXYS rats at different stages of the disease development:

at the age of 20 days – the period prior to the develop-

ment of AD signs, at the age of 5 months – the period of

manifestation of AD signs, and at the age of 12 and 18

months – the period of their active progression. Wistar

rats of the same age served as a control.

MATERIALS AND METHODS

Animals. The work was carried out on 12 male OXYS

rats and on 12 male Wistar rats (control) aged 20 days, 5,

12, and 18 months based in the Center of Genetic

Resources of Laboratory Animals at the Institute of

Cytology and Genetics, Siberian Branch of the Russian

Academy of Sciences (RFMEFI61914X0005 and

RFMEFI61914X0010). Animals were kept in a vivarium

under standard conditions with fixed illumination mode

(12 h light/12 h dark) and free access to water and food

(granulated animal feed Chara; ZAO Assortment-Agro,

Russia).

Preparation of samples and electron microscopy

examination. Rats were sedated with carbon dioxide and

decapitated. The isolated prefrontal cortex was fixed with

2.5% glutaraldehyde, postfixed with osmium tetroxide,

and embedded into an Epon 812 resin. A 1 × 1 mm region

of the resin block that corresponds to layers III-V of the

cortex was used for preparation of ultrathin slices on a

LEICA ULTRACUT EM UC6 ultramicrotome (Leica

Microsystems GmbH, Germany). Ultrathin slices were

examined with a JEM 1400 electron microscope (JEOL

Ltd., Japan) in the Center for Collective Use for

Microscopic Analysis of Biological Objects (Siberian

Branch of the Russian Academy of Sciences) under

12,000-30,000× magnification. Using the ImageJ pro-

gram, the number of longitudinal cross-sections of axons

(n � 24 per group, total n = 414) on the produced images

as well as mitochondria contained in them were counted.

The imaged mitochondria were classified into three mor-

phological types: mitochondria with spindle-like seg-

ments alternating with thin long membrane segments

(Fig. 1, a-c), elongated mitochondria with constant

cross-section diameter (Fig. 1, d and e), and ovoid mito-

chondria (Fig. 1f).

Statistical processing. In order to reveal statistically

significant differences in the investigated parameters, the

data were processed using the STATISTICA 10 program.

A factorial dispersion analysis (ANOVA) with post-hoc-

comparison of group means (Newman–Keuls test) and

non-parametric analysis (Mann–Whitney criterion) with

post-hoc-analysis according to the Fisher criterion were

used. Genotype and age were considered as independent

factors. The data are presented as means ± S.E.M. The

results were considered statistically significant at p < 0.05.

RESULTS AND DISCUSSION

The relative content of MOAS (the number of

MOAS per one section of the axon of cortical neuron)

(Fig. 2a) depended only on the genotype of animals, it

was higher for OXYS rats (F1,407 = 6.51, p < 0.02) and was

age-independent (F3,406 = 1.36, p = 0.26). It is essential

that the most significant differences between the rat lines
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were observed at the age of 20 days, when the content of

MOAS in axons from the OXYS rats was 8-fold higher

than that in axons from the Wistar rats (0.139 ± 0.058 ver-

sus 0.017 ± 0.017, p < 0.019). Thus, unlike the results of

Morozov et al. [9] who reported the age-dependent accu-

mulation of MOAS in the dendrites of the prefrontal cor-

tex of rhesus monkeys, we did not find any increase in the

MOAS content in axons from the brain of either Wistar or

Fig. 1. Ultrastructural characteristics of morphological types of mitochondria in axons from Wistar and OXYS rat brain. Mitochondria-on-a-

string (MOAS) in axons from OXYS rats (a-c) are characterized by spindle-like segments (black arrows) alternating with narrow segments of

approximately 1 µm length (short black arrows). Elongated mitochondria (white arrows) represent another type of large non-ovoid mito-

chondria found in the axons from Wistar (d) and OXYS (e) rats. Separate ovoid mitochondria (white stars) comprise the majority of mito-

chondria in brain neuropil (f). Scale – 1 µm.
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Fig. 2. Frequency of occurrence of mitochondria-on-a-string (MOAS) in axons from the brain of Wistar and OXYS rats. Dispersion analysis

revealed elevated content of MOAS (F1,407 = 6.51, p < 0.02) in axons from the cortex of OXYS rats (a). Data presented as a mean value ±

S.E.M; * – significant difference. The increase of MOAS fraction in the total number of mitochondria in axons from cortex of OXYS rats

occurs on the background of the decrease of the fraction of elongated mitochondria (b).
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OXYS rats with aging. At the same time, the fraction of

axons containing MOAS in Wistar rats increased from

1.7% at the age of 20 days to 8.3% at the age of 18 months,

while it did not change significantly in OXYS rats (13.9%

at the age of 20 days and 16% at the age of 18 months,

which was twice as much as in the Wistar rats of the same

age).

The increase in the number of MOAS in the axons

from OXYS rats can be explained by the impaired fission

of elongated mitochondria into separate ovoid organelles

[9], which hinders their further transport. The number of

elongated mitochondria per one axon did not change

with the age in Wistar rats (p = 0.47), while it decreased

in OXYS rats and was 1.8-fold lower (p < 0.036) at the age

of 5 months, and 3- and 2.4-fold lower at the age of 12

and 18 months (p < 0.005 and p < 0.011, respectively)

than at the age of 20 days. Thus, the fraction of

MOAS (percentage of the total amount of mitochondria

in neuropil) increased in OXYS rats on the background of

the decrease of the fraction of elongated mitochondria

(Fig. 2b). In particular, their fraction decreased more

than twice from the age of 20 days to 12 months (from 47

to 20%, p < 0.002), while the fraction of ovoid mitochon-

dria did not change. It must be noted that the total

amount of mitochondria of all morphological types –

ovoid mitochondria, elongated mitochondria, and

MOAS – in the axons from cortex of both Wistar and

OXYS rats did not differ and did not change significantly

with aging.

The authors who were the first to describe the phe-

nomenon of MOAS formation [8, 9] associated their

emergence not with the shift of balance between fission

and fusion of mitochondria but with the impaired func-

tioning of the protein complex responsible for formation

of membrane constriction and for its cleavage during

mitochondria fission, where a major role belongs to the

DRP1 protein. At the same time, according to their data,

MOAS are formed on the background of constant content

of the DRP1 protein, a classic marker of mitochondrial

dynamics [8]. As was mentioned above, the disruption of

balance between fusion and fission of mitochondria in

neurons from hippocampus from OXYS rats occurs on the

background of the changing ratio of the protein markers

of fusion and fission (MFN1/DRP1) due to increase in

DRP1 level with age. But, as we have shown previously

[14], at the age of 20 days in the absence of AD signs, both

the content of the MFN1 protein and the MFN1/DRP1

ratio and, correspondingly, formation of large mitochon-

dria were increased in neurons of the hippocampus of

OXYS rats. It is generally accepted that the increased

content of large mitochondria formed as a result of fusion

of small mitochondria during formation of the mitochon-

drial network is directed to the increase in energy supply

under conditions of decreased activity of respiratory

chain [5], which we observed in 20-day-old OXYS rats

[14], and can be considered as a compensatory reaction.

As shown in the present work, the enhanced formation of

MOAS in OXYS rats is observed already at the age of 20

days, which, according to the hypothesis of Zhang et al.

[8], also can be considered as an adaptive response to the

bioenergetic stress. At the same time, it can be suggested

that the long-term elevation of the number of MOAS can

negatively affect the axonal transport – disrupt the traffic

of organelles along the elements of cytoskeleton creating

“jams” in neuronal axons and preventing further vesicu-

lar transport and transport of mitochondria [18]. As a

result, the abnormal mitochondrial transport leads to the

synaptic starvation and ineffective elimination of the

damaged mitochondria, disrupts synaptic functions and

causes neuron degeneration in AD [18].

Thus, MOAS recently detected in axons from cortex

of AD patients and transgenic animals modeling early

stage of the disease as well as of old rhesus monkeys [8, 9]

are also present in insignificant amounts in Wistar rats,

and the fraction of axons containing MOAS increases

with age. The number of MOAS in the axons from the

cortex of OXYS rats (model of sporadic form of AD) is

significantly elevated, including the early pre-clinical

stage of the disease. At present, the importance of this

phenomenon is not quite clear, however, the produced

results confirm the significance of the disruption of mito-

chondrial dynamics in the AD pathogenesis, as well as its

association with the formation of mitochondria with the

characteristic morphology – “mitochondria-on-a-

string”.
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