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Abstract—Mitochondrial ultrastructure in cardianyocytes fran 3- and 24-month-old Wistar and CXYS rats vas inestigat

ed using a new approach designed for morphetric analysis. The data fully confirm the electron microscopy data: the area
of the inner mitochondrial membrane per unitalume of mitochondria vas significantly decreased with age, as found on
heart muscle section. In 3-month-old Wétar rats fran the control group, this parameter as 41.3 + 1.52am%um?®, where

as in OXYS rats it vas decreased to 30.57 + 1.74n%um?3. With age, an area of the inner mitochondrial membrane per unit
volume of mitochondria declined in both rat strains: Mtar— from 41.3 + 1.52 to 21.47 + 1.2am%um?3, OXYS - from
30.57 + 1.74 to 16.3 = 0.8am*um?2. A new method that w designed and used for morphretric analysis notably simpli

fies the process of morphoetric measurements and opens up good opportunities for its further optimization using image
recognition technology
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Currently, more attention is gien to the studies their ultrastructure [16-20]. Therefore, ingstigation of
investigating age-related processes including agethe age-related morphological changes in mitochondria is
dependent changes in organs and body tissues \ery pramising direction, as alterations in mitochondri
Examination of age-related changes in magardium rep  al ultrastructure occur much before clinical sympias of
resents one of the lead directions in this area, as hear diglisease are manifested. At the same time, specific features
eases are among the major causes of mortality in thef the mitochondrial ultrastructure point to changes in
human population. According to the Wrld Health functional state of the body tissue and, consequenthe
Organization, eery year the proportion of cardigascular onset of deeloping pathology
diseases among age-related pathologies increases [1]. Not only a qualitative, but also a quantitatie e\alu-

Based on the free radical theory proposed byation of the obtained data by morphuoetric and steree
Harman [2], a mitochondrial theory of aging as formu  logical analysis of mitochondrial ultrastructure pjaan
lated that was further extended by .VP. Skulachev important role while examining mitochondrial ultrastrue
According to this theory changes in functional state of ture. During such studies, a eomon approach is to
mitochondria resulting in excessesgeneration of reactey measure length and width of the mitochondria aslvas
oxygen species (&S) is the main factor in deslopment total and mean cross-sectional area, mitochondriablv
of the age-related changes in organs and body tissues [3ime fraction per section, and area of the inner mitochon
7]. Oxidative stress caused bydS pla/s a central role in  drial membrane per unit glume of mitochondria [21,
normal physiological aging and etiology of many serious22]. A canmon method is based on using the sets of
myocardial pathologies [8-15]. The functional state of points, lines, concentric arcs and circlesverlapped aer
mitochondria is well known to be related to changes in an image folloved by counting the number of points fit
I ting within the structures or a number of test line inter
* To wham correspondence should be addressed. sections [23-25]. Such methods require a high labor input
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and a large number of measurements adllvas time con  4°C, and further fixation in 1% osmium tetroxide buffer
sumed for calculations. Using aoputer softvare to ana  for 1.5 h, and dehsgration in solutions with ascending
lyze electron microscopy data such as image recognitioralcohol concentrations (70% alcohol solution & satu
and processing can simplify and to lewvw a number of rated by uranyl acetate). After that, tissueaw embedded
measurements necessary to atwate morphanetric in Epon-812 epoxy resin. Serial ultrathin sectionseve
parameters of mitochondria, particularlyarea of the made using a Leica ultramicrotme (Germany) followned
inner mitochondrial membrane per unit ®@lume of mito- by lead staining according to Reynolds. The datene
chondria as one of the most important morpimeetric  viewed and photographed using an H-12 electron micro
parameters that allow assessment of the functional statescope (Hitachi, Japan). Final images ave scanned at
of mitochondria. Using graph softare suites opens up an 1200 and 2400 dpi resolution.
opportunity for further autanation of the analysis of elec Morphometry and statistical angbis For morpho-
tron microscopy images. metric examination, 50 electron microscopy images of
The current study ws aimed at applying a new myocardial tissue fron each group wre selected. Each
method that we proposed for morphmetric analysis of image was scanned at a preset resolution (dpi) allowing
mitochondria both in autanated and semi-autmated calculation of its scale, i.e. number of pixels per unit of
mode to assess results of electron microscopy examinaactual length (1Inm), according to the formula:
tion. This method was used for morphmetric processing
of the aging-related ultrastructural changes in cardio- K pixinm = M-R/25.4-1C, )
myocyte mitochondria isolated fran Wistar and OXYS rat
strains. InterestinglyOXYS rat strain represents a unigue whereM — magnification of a microscope, R— scan res
model for examining the role of oxidates stress in del  olution.
opment of age-related pathologies. Rats of this strain are  Single mitochondria vere outlined manually on each
characterized by early imdutive changes in internal image folloned by delineating their inner membranes
organs and impaired functioning of the central nasus (Fig. 1, a-c). Wdth of line used to delineate inner mem
system typical for other aging animals and human. Anbranes vas picked according to thk magnitude (pixel/nm)
enhanced generation of oxygen radicals detected in bodyalculated according to formula (1) by taking the mean
tissues is a key characteristic of theX®¥S rat strain [26]. width of the inner mitochondrial membrane on image
equal to 75A (Fig. 1, a-c). By taking into consideration the
scale of image as ell as the known section thickness
MATERIALS AND METH ODS ~700A, various morphanetric parameters such as an area
of the inner mitochondrial membrane inside sectiorol
Animals.A model a premature aging & deeloped ume, total length of the inner mitochondrial membrane,
at the Institute of Cytology and Genetics, Siberian and wlume of mitochondria inside section are calculated
Branch of the Russian Academy of Sciences, using thaising Adobe Photoshop suite sofare (Adobe Systems,
OXYS rat strain inbred with Wétar rats most susceptible Inc., U SA). Herein, it was assumed that the membranes of
to cataractogenic effect of galactose diet [27, 28]. Theinterest vere located strictly perpendicularly toards a sec
final rat strain vas registered at the Rat Gente interna  tion plane, whereas non-perpendicular membrane®wd
tional database (http://rgd.mcwedu). To date, there has not be seen on the image, which gaan error not exceed
been obtained 99 generations of theX®S rat strain hav  ing 4%. Fran the data, area of the inner mitochondrial
ing the syndrane of accelerated aging. membrane (un?) per unit of \olume of mitochondria (uUnT)
For experiments, 24-month-old male Wtar (n = was calculated. Statistical processing of the morphetric
15) and XYS (0 = 15) rats vere used. They wre data vas performed by usingTATISTICA 8 software suite
obtained fran the Center for Collectie Use “Gene Bank (StatSoft Inc., USA). Significance leel was checked using
of Experimental Animals”, Institute of Cytology and the Mann-Whitney test.
Genetics, Siberian Branch of the Russian Academy of
Sciences. The animals ave housed in groups of fvper
cage, natural illumination, air temperature 22 + 2°C, and RESULTS
free access to ater and feed (RK-120-1; Laboratorsnab,
Russia). In control group, 3-month-old Wstar (n = 5) A typical picture of the mitochondrial ultrastructure
and OXYS (n = 5) rats were used to assess age-relatedn cardiomyocytes fran 3-month-old Wistar rats is pre
changes in mgcardial tissues. sented in Fig.2a. It was found that the mitochondrial
All procedures were performed according to the ultrastructure corresponded to the functionally actv
European Union Council Directive 86/609/EEC. orthodox state according to the classification by Green
Electron micioscopy For this examination, tissue of [29]. The inner mitochondrial membrane formed multi
the left ventricular wall was excised folload by fixation in  ple cristae deviating by dense parallel rewinto the
3% glutaraldehye in phosphate buffer (pH?.4) for 2 h, 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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accumulate destructig’ changes in their mitochondria
a 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. Interestinglynitochondrial
ultrastructure in 3-month-old OXYS rats vas similarly
altered as in 24-month-old Wétar rats. An electron
microscopy image of mitochondria fromm myocardial tissue
0.4 mm of 24-month-old OXYS rats is shown in Figdb. Profound
- disturbances in the internal ultrastructure of the mio
b chondria are evident. The inner mitochondrial membrane
forms scarce cristae that presertheir order only at sme
sites in the mitochondria. A marked translucency of mio
chondrial matrix is obsered. A major part of the mite
chondrial matrix is filled with electron-light areas.

In addition, an area of the inner mitochondrial
membrane per unit slume of mitochondria was calculat
ed for OXYS rats while analyzing morphuoetric data of
electron microscopy images (Fig3). Even at age of
3 months, this parameter as substantially loer in OXYS
vs. Wistar rats (30.57 + 1.74 s 41.3 + 1.52um?%pm?3,
respectiely). By 24 months, mean area of the inner mito
chondrial membrane per unit @lume of mitochondria in
OXYS rats also dropped by ~2-fold similar to i¢tar rats
(from 30.57 + 1.74 to 16.3 + 0.8Am%pum?3).

0.4 mm

Fig. 2. Ultrastructure of cardianyocyte mitochondria in Wstar
rats: a) 3-month-old; b) 24-month-old.

mitochondria. The matrix of mitochondria vas prami-

nent, whereas the inter-membrane space (narrow lumens DISCU SSION
inside the cristae and bewen the inner and outer mito
chondrial membranes) ws electron light. A picture of the The results of our study indicate that the proposed

mitochondrial ultrastructure typical of cardimyocytes method of morphametric analysis for ealuating mito-
from 24-month-old Wistar rats is shown in Fig2b. It is  chondrial ultrastructure is highly productie. The mok
clear that internal mitochondrial ultrastructure in ltar  phometric analysis of the data not only fully pves but
rats starts to change significantly with age. In particylar g|so supplements electron microscopy obsatons

the number of mitochondrial cristae &s markedly unweiling a pattern of changes in cardioyocyte ultra
reduced, they started to lose strict parallel position, and

they did not fill the entire internal space of the mitochen

dria, thus resulting in the appearance of electron light 451
areas inside the mitochondrial matrix. Also, it is shown 40-
that sane cristae, being still mutually parallel, started to -8 8“’5
form a bending chord freely positioned inside the electron 2 22 3°7 = Wistar
light matrix. %Z E 30+

Morphometric analysis of 50 electron microscopy £ 5 < 251
images of cardimyocytes fran each animal group was E gg
performed to ewluate mitochondrial ultrastructure as ggé 207
well as to determine if the obseed age-related changesin = & § 151
mitochondrial ultrastructure hae a single pattern. The zg‘g 101
results of measuring surface area of the inner mitochon g g%
drial membrane per unit glume of mitochondria in

Wistar rats are shown in Fi@. It was found that at the age
of 3 months it reached 41.3 + 1.5@m?%pm?3, whereas at
age of 24 months this parameter as significantly
decreased 2-fold to 21.47 + 1_am2/“m 3, Fig. 3. Mean area of the inner mitochondrial membrane per unit
. . . : volume of mitochondria in cardionyocytes fran Wistar and
A_typlcal cardianyocyte mlto.chondnallultr_astructure OXYS rats upon aging: b < 0.01 \s. 3-month-old OXYS rats:
found in 3-month-old OXYS rats is shown in Figla. Note ** p< 0.01 6. 3-month-old Wistar rats; Ap < 0.01 \s. 24-month-

that as early as at age of 3 months, th¥Y® rats started to  old Wistar rats. Error bars correspond to standard error of mean.

3-month-old 24-month-old
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test lines determine relat® wolume, area, mean length,
a width of organelles, and other parameters. In particular
this approach vas applied for examining ngcardium in
Syrian hamsters upon aging [31]: itas demonstrated
that a marked age-related decrease in the@lume of sar
coplasmic reticulum paralleled simultaneous ekaon of
the fat drop count. In addition, mean area of the inner
mitochondrial membrane per unit glume of mitochon
dria was decreased. Frenzel anceimann found that the
b mitochondrial volume fraction both in the left and right
ventricles vere decreased in 2gar-old vs. 6-week-old
Wistar rats fran control group. Mean size of mitochon
dria was decreased by 36 and 11% for the left and right
ventricles, respectigly [32].
Other methods including a manual calculation of
structure profiles using electron microscopy images alw
05 mm | as analysis of images performed by using a specially
designed cmputer software wre also used for morpho-
_ _ o , metry of cardianyocytes. These methodsese also based
Fig. 4. Internal ultrastructure of mitochondria in cardienyocytes . . . .
from OXYS rats: a) 3-month-old, arrow depict electron-light on a basic method of 09“”“”9 points and “r_]es [33, 34].
areas; b) 24-month-old. Often, all the aforementioned methods require defop-
ment of special test systems most perfectly fitting to the
specifics of the particular studyerhaps, this mg explain
structure of mitochondria found upon aging. The data the fact that attention in such studies is mainly giv to
about the magnitude of an area of the inner mitochondri ewaluating condition of entire body tissue or dynamic
al membrane per unit@lume of mitochondria vere found changes in the number of nofibrils, whereas morphme-
to fully agree with the data of visual obsations, thus try of the internal organization of cardimyocyte mito-
allowing ewaluation of the degree of ultrastructural alter chondria remains poorly inestigated as the point-and-
ations in the mitochondria. In particulara significant age- line system manually used for analysis of the internal
related reduction of this morphmetric parameter in both organization of mitochondria cannot preide a precise,
Wistar and XYS rats vas obsersd (Fig. 3) that may evi  objective, and statistically significant eluation of the
dence dysfunction of mitochondria and the nogardium  mitochondrial ultrastructure. W& attempted to fully aban
as a whole. Whereas in 3-month-old ¥far rats fran con-  don using the generally accepted application of point-
trol group, it was 41.3 + 1.5am?%um?, in OXYS rats of the and-line system. The results of preliminary studies
same age the area of the inner mitochondrial membraneobtained during deglopment of the proposed method
per unit wlume of mitochondria vas reduced by almost rewaled that it vas effectie [35]. The method used in the
25% and conprised 30.57 + 1.74im%um?3. It should be current study significantly simplifies morphmetric meas
noted that these parameters in both groupsm reduced urements and opens up good opportunities for its further
in approximately the same &y 2-fold compared to the optimization by using image recognition technologyn
baseline: Wistar rats— from 41.3 = 1.52 to 21.47 £ our opinion, application of morphanetric methods
1.22 um?um?3, OXYS rats— from 30.57 + 1.74 to 16.3 + together with histology and biochemical methods is con
0.89 um?#um?. Howe\er, area of the inner mitochondrial sidered highly perspectévin not only finding and under
membrane per unit vlume of cardianyocyte mitochon  standing correlations beteen parameters of mitochondr
dria was significantly reduced in ®YS rats conpared to ial ultrastructure and their functional state but also for
Wistar rats fran control group (16.3 + 0.89 s. 21.47 + ewaluating functional status of the body tissue as a whole.
1.22 um?%um?, respectiely). Thus, akin to the data of
visual obserations, morphanetric analysis of the mite This study vas conducted with the financial support
chondrial ultrastructure demonstrated that the age-relatedfrom the Russian Science dundation (project No. 14-
changes in mitochondrial ultrastructure in cardimyo- 50-00029).
cytes deelop much earlier in XYS rats conpared to con
trol Wistar rats and deteriorate with age.
In most cases, a point-count system proposed by A. REFERENCES
A. Glagolev [30] and later described by el [23] has
been used to measure different morpimetric parameters 1. Ten Prominent Causes of Mortalityolddwide(2014) World
of cells and body tissues.eReentage of points fitting the Health Organization, Nevs Bulletin No. 310 (http://www.
structure profile as wll as a number of intersections with ~ Who.int/mediacentre/factsheets/fs310/en/).
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