
Currently, more attention is given to the studies

investigating age-related processes including age-

dependent changes in organs and body tissues.

Examination of age-related changes in myocardium rep-

resents one of the lead directions in this area, as heart dis-

eases are among the major causes of mortality in the

human population. According to the World Health

Organization, every year the proportion of cardiovascular

diseases among age-related pathologies increases [1].

Based on the free radical theory proposed by

Harman [2], a mitochondrial theory of aging was formu-

lated that was further extended by V. P. Skulachev.

According to this theory, changes in functional state of

mitochondria resulting in excessive generation of reactive

oxygen species (ROS) is the main factor in development

of the age-related changes in organs and body tissues [3-

7]. Oxidative stress caused by ROS plays a central role in

normal physiological aging and etiology of many serious

myocardial pathologies [8-15]. The functional state of

mitochondria is well known to be related to changes in

their ultrastructure [16-20]. Therefore, investigation of

the age-related morphological changes in mitochondria is

a very promising direction, as alterations in mitochondri-

al ultrastructure occur much before clinical symptoms of

disease are manifested. At the same time, specific features

of the mitochondrial ultrastructure point to changes in

functional state of the body tissue and, consequently, the

onset of developing pathology.

Not only a qualitative, but also a quantitative evalu-

ation of the obtained data by morphometric and stereo-

logical analysis of mitochondrial ultrastructure play an

important role while examining mitochondrial ultrastruc-

ture. During such studies, a common approach is to

measure length and width of the mitochondria as well as

total and mean cross-sectional area, mitochondrial vol-

ume fraction per section, and area of the inner mitochon-

drial membrane per unit volume of mitochondria [21,

22]. A common method is based on using the sets of

points, lines, concentric arcs and circles overlapped over

an image followed by counting the number of points fit-

ting within the structures or a number of test line inter-

sections [23-25]. Such methods require a high labor input
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Abstract—Mitochondrial ultrastructure in cardiomyocytes from 3- and 24-month-old Wistar and OXYS rats was investigat-

ed using a new approach designed for morphometric analysis. The data fully confirm the electron microscopy data: the area

of the inner mitochondrial membrane per unit volume of mitochondria was significantly decreased with age, as found on

heart muscle section. In 3-month-old Wistar rats from the control group, this parameter was 41.3 ± 1.52 µm2/µm3, where-

as in OXYS rats it was decreased to 30.57 ± 1.74 µm2/µm3. With age, an area of the inner mitochondrial membrane per unit

volume of mitochondria declined in both rat strains: Wistar – from 41.3 ± 1.52 to 21.47 ± 1.22 µm2/µm3, OXYS – from

30.57 ± 1.74 to 16.3 ± 0.89 µm2/µm3. A new method that we designed and used for morphometric analysis notably simpli-

fies the process of morphometric measurements and opens up good opportunities for its further optimization using image

recognition technology.
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and a large number of measurements as well as time con-

sumed for calculations. Using computer software to ana-

lyze electron microscopy data such as image recognition

and processing can simplify and to lower a number of

measurements necessary to evaluate morphometric

parameters of mitochondria, particularly, area of the

inner mitochondrial membrane per unit volume of mito-

chondria as one of the most important morphometric

parameters that allows assessment of the functional state

of mitochondria. Using graph software suites opens up an

opportunity for further automation of the analysis of elec-

tron microscopy images.

The current study was aimed at applying a new

method that we proposed for morphometric analysis of

mitochondria both in automated and semi-automated

mode to assess results of electron microscopy examina-

tion. This method was used for morphometric processing

of the aging-related ultrastructural changes in cardio-

myocyte mitochondria isolated from Wistar and OXYS rat

strains. Interestingly, OXYS rat strain represents a unique

model for examining the role of oxidative stress in devel-

opment of age-related pathologies. Rats of this strain are

characterized by early involutive changes in internal

organs and impaired functioning of the central nervous

system typical for other aging animals and human. An

enhanced generation of oxygen radicals detected in body

tissues is a key characteristic of the OXYS rat strain [26].

MATERIALS AND METHODS

Animals. A model a premature aging was developed

at the Institute of Cytology and Genetics, Siberian

Branch of the Russian Academy of Sciences, using the

OXYS rat strain inbred with Wistar rats most susceptible

to cataractogenic effect of galactose diet [27, 28]. The

final rat strain was registered at the Rat Genome interna-

tional database (http://rgd.mcw.edu). To date, there has

been obtained 99 generations of the OXYS rat strain hav-

ing the syndrome of accelerated aging.

For experiments, 24-month-old male Wistar (n =

15) and OXYS (n = 15) rats were used. They were

obtained from the Center for Collective Use “Gene Bank

of Experimental Animals”, Institute of Cytology and

Genetics, Siberian Branch of the Russian Academy of

Sciences. The animals were housed in groups of five per

cage, natural illumination, air temperature 22 ± 2°C, and

free access to water and feed (RK-120-1; Laboratorsnab,

Russia). In control group, 3-month-old Wistar (n = 5)

and OXYS (n = 5) rats were used to assess age-related

changes in myocardial tissues.

All procedures were performed according to the

European Union Council Directive 86/609/EEC.

Electron microscopy. For this examination, tissue of

the left ventricular wall was excised followed by fixation in

3% glutaraldehyde in phosphate buffer (pH 7.4) for 2 h,

4°C, and further fixation in 1% osmium tetroxide buffer

for 1.5 h, and dehydration in solutions with ascending

alcohol concentrations (70% alcohol solution was satu-

rated by uranyl acetate). After that, tissue was embedded

in Epon-812 epoxy resin. Serial ultrathin sections were

made using a Leica ultramicrotome (Germany) followed

by lead staining according to Reynolds. The data were

viewed and photographed using an H-12 electron micro-

scope (Hitachi, Japan). Final images were scanned at

1200 and 2400 dpi resolution.

Morphometry and statistical analysis. For morpho-

metric examination, 50 electron microscopy images of

myocardial tissue from each group were selected. Each

image was scanned at a preset resolution (dpi) allowing

calculation of its scale, i.e. number of pixels per unit of

actual length (1 nm), according to the formula:

Kpix/nm = M·Rs /25.4·106,                     (1)

where M – magnification of a microscope, Rs – scan res-

olution.

Single mitochondria were outlined manually on each

image followed by delineating their inner membranes

(Fig. 1, a-c). Width of line used to delineate inner mem-

branes was picked according to the k magnitude (pixel/nm)

calculated according to formula (1) by taking the mean

width of the inner mitochondrial membrane on image

equal to 75 Å (Fig. 1, a-c). By taking into consideration the

scale of image as well as the known section thickness

~700 Å, various morphometric parameters such as an area

of the inner mitochondrial membrane inside section vol-

ume, total length of the inner mitochondrial membrane,

and volume of mitochondria inside section were calculated

using Adobe Photoshop suite software (Adobe Systems,

Inc., USA). Herein, it was assumed that the membranes of

interest were located strictly perpendicularly towards a sec-

tion plane, whereas non-perpendicular membranes would

not be seen on the image, which gave an error not exceed-

ing 4%. From the data, area of the inner mitochondrial

membrane (µm2) per unit of volume of mitochondria (µm3)

was calculated. Statistical processing of the morphometric

data was performed by using STATISTICA 8 software suite

(StatSoft Inc., USA). Significance level was checked using

the Mann–Whitney test.

RESULTS

A typical picture of the mitochondrial ultrastructure

in cardiomyocytes from 3-month-old Wistar rats is pre-

sented in Fig. 2a. It was found that the mitochondrial

ultrastructure corresponded to the functionally active

orthodox state according to the classification by Green

[29]. The inner mitochondrial membrane formed multi-

ple cristae deviating by dense parallel rows into the

organelle and filling up the entire internal space of the
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Fig. 1. Method used for isolation of mitochondrial membranes is depicted using Adobe Photoshop. a) Baseline electron microscopy image of

mitochondria in 3-month-old OXYS rats; b) the outer mitochondrial membrane is highlighted in red; c) the inner mitochondrial membrane

is highlighted in blue.
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mitochondria. The matrix of mitochondria was promi-

nent, whereas the inter-membrane space (narrow lumens

inside the cristae and between the inner and outer mito-

chondrial membranes) was electron light. A picture of the

mitochondrial ultrastructure typical of cardiomyocytes

from 24-month-old Wistar rats is shown in Fig. 2b. It is

clear that internal mitochondrial ultrastructure in Wistar

rats starts to change significantly with age. In particular,

the number of mitochondrial cristae was markedly

reduced, they started to lose strict parallel position, and

they did not fill the entire internal space of the mitochon-

dria, thus resulting in the appearance of electron light

areas inside the mitochondrial matrix. Also, it is shown

that some cristae, being still mutually parallel, started to

form a bending chord freely positioned inside the electron

light matrix.

Morphometric analysis of 50 electron microscopy

images of cardiomyocytes from each animal group was

performed to evaluate mitochondrial ultrastructure as

well as to determine if the observed age-related changes in

mitochondrial ultrastructure have a single pattern. The

results of measuring surface area of the inner mitochon-

drial membrane per unit volume of mitochondria in

Wistar rats are shown in Fig. 3. It was found that at the age

of 3 months it reached 41.3 ± 1.52 µm2/µm3, whereas at

age of 24 months this parameter was significantly

decreased 2-fold to 21.47 ± 1.22 µm2/µm3.

A typical cardiomyocyte mitochondrial ultrastructure

found in 3-month-old OXYS rats is shown in Fig. 4a. Note

that as early as at age of 3 months, the OXYS rats started to

accumulate destructive changes in their mitochondria

manifested as the first signs of disturbed internal organiza-

tion. Some parts of the organelle contain cristae that start-

ed to lose dense mutually parallel position, with appear-

ance of electron-light areas. Interestingly, mitochondrial

ultrastructure in 3-month-old OXYS rats was similarly

altered as in 24-month-old Wistar rats. An electron

microscopy image of mitochondria from myocardial tissue

of 24-month-old OXYS rats is shown in Fig. 4b. Profound

disturbances in the internal ultrastructure of the mito-

chondria are evident. The inner mitochondrial membrane

forms scarce cristae that preserve their order only at some

sites in the mitochondria. A marked translucency of mito-

chondrial matrix is observed. A major part of the mito-

chondrial matrix is filled with electron-light areas.

In addition, an area of the inner mitochondrial

membrane per unit volume of mitochondria was calculat-

ed for OXYS rats while analyzing morphometric data of

electron microscopy images (Fig. 3). Even at age of

3 months, this parameter was substantially lower in OXYS

vs. Wistar rats (30.57 ± 1.74 vs. 41.3 ± 1.52 µm2/µm3,

respectively). By 24 months, mean area of the inner mito-

chondrial membrane per unit volume of mitochondria in

OXYS rats also dropped by ~2-fold similar to Wistar rats

(from 30.57 ± 1.74 to 16.3 ± 0.89 µm2/µm3).

DISCUSSION

The results of our study indicate that the proposed

method of morphometric analysis for evaluating mito-

chondrial ultrastructure is highly productive. The mor-

phometric analysis of the data not only fully proves but

also supplements electron microscopy observations

unveiling a pattern of changes in cardiomyocyte ultra-

Fig. 2. Ultrastructure of cardiomyocyte mitochondria in Wistar

rats: a) 3-month-old; b) 24-month-old.
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Fig. 3. Mean area of the inner mitochondrial membrane per unit

volume of mitochondria in cardiomyocytes from Wistar and

OXYS rats upon aging; * p < 0.01 vs. 3-month-old OXYS rats;

** p < 0.01 vs. 3-month-old Wistar rats; ^ p < 0.01 vs. 24-month-

old Wistar rats. Error bars correspond to standard error of mean.
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structure of mitochondria found upon aging. The data

about the magnitude of an area of the inner mitochondri-

al membrane per unit volume of mitochondria were found

to fully agree with the data of visual observations, thus

allowing evaluation of the degree of ultrastructural alter-

ations in the mitochondria. In particular, a significant age-

related reduction of this morphometric parameter in both

Wistar and OXYS rats was observed (Fig. 3) that may evi-

dence dysfunction of mitochondria and the myocardium

as a whole. Whereas in 3-month-old Wistar rats from con-

trol group, it was 41.3 ± 1.52 µm2/µm3, in OXYS rats of the

same age the area of the inner mitochondrial membrane

per unit volume of mitochondria was reduced by almost

25% and comprised 30.57 ± 1.74 µm2/µm3. It should be

noted that these parameters in both groups were reduced

in approximately the same way, 2-fold compared to the

baseline: Wistar rats – from 41.3 ± 1.52 to 21.47 ±

1.22 µm2/µm3, OXYS rats – from 30.57 ± 1.74 to 16.3 ±

0.89 µm2/µm3. However, area of the inner mitochondrial

membrane per unit volume of cardiomyocyte mitochon-

dria was significantly reduced in OXYS rats compared to

Wistar rats from control group (16.3 ± 0.89 vs. 21.47 ±

1.22 µm2/µm3, respectively). Thus, akin to the data of

visual observations, morphometric analysis of the mito-

chondrial ultrastructure demonstrated that the age-related

changes in mitochondrial ultrastructure in cardiomyo-

cytes develop much earlier in OXYS rats compared to con-

trol Wistar rats and deteriorate with age.

In most cases, a point-count system proposed by A.

A. Glagolev [30] and later described by Weibel [23] has

been used to measure different morphometric parameters

of cells and body tissues. Percentage of points fitting the

structure profile as well as a number of intersections with

test lines determine relative volume, area, mean length,

width of organelles, and other parameters. In particular,

this approach was applied for examining myocardium in

Syrian hamsters upon aging [31]: it was demonstrated

that a marked age-related decrease in the volume of sar-

coplasmic reticulum paralleled simultaneous elevation of

the fat drop count. In addition, mean area of the inner

mitochondrial membrane per unit volume of mitochon-

dria was decreased. Frenzel and Feimann found that the

mitochondrial volume fraction both in the left and right

ventricles were decreased in 2-year-old vs. 6-week-old

Wistar rats from control group. Mean size of mitochon-

dria was decreased by 36 and 11% for the left and right

ventricles, respectively [32].

Other methods including a manual calculation of

structure profiles using electron microscopy images as well

as analysis of images performed by using a specially

designed computer software were also used for morpho-

metry of cardiomyocytes. These methods were also based

on a basic method of counting points and lines [33, 34].

Often, all the aforementioned methods require develop-

ment of special test systems most perfectly fitting to the

specifics of the particular study. Perhaps, this may explain

the fact that attention in such studies is mainly given to

evaluating condition of entire body tissue or dynamic

changes in the number of myofibrils, whereas morphome-

try of the internal organization of cardiomyocyte mito-

chondria remains poorly investigated as the point-and-

line system manually used for analysis of the internal

organization of mitochondria cannot provide a precise,

objective, and statistically significant evaluation of the

mitochondrial ultrastructure. We attempted to fully aban-

don using the generally accepted application of point-

and-line system. The results of preliminary studies

obtained during development of the proposed method

revealed that it was effective [35]. The method used in the

current study significantly simplifies morphometric meas-

urements and opens up good opportunities for its further

optimization by using image recognition technology. In

our opinion, application of morphometric methods

together with histology and biochemical methods is con-

sidered highly perspective in not only finding and under-

standing correlations between parameters of mitochondr-

ial ultrastructure and their functional state but also for

evaluating functional status of the body tissue as a whole.

This study was conducted with the financial support

from the Russian Science Foundation (project No. 14-

50-00029).
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