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Background: Differences in the size of cardiac muscle cells observed in normal
and hypertrophic hearts have been assessed through different methodologies.
Spontaneously hypertensive rats are often used as an experimental model of
essential hypertension in humans, which allows researchers to study the relation
between hypertension and cardiac hypertrophy. It has been shown that ventricular
hypertrophy in mammals progresses and ventricular failure develops in the end
stage of hypertrophy. The aim of the present study was to analyse a number of
morphometric markers and compare them between male normotensive Wistar
rats (WR) and male spontaneously hypertensive rats (SHR).

Materials and methods: The total number of male WR was 15, distributed in five
age groups, each containing three animals: 2-week-old; 1-month-old; 3-month-
-old; 6-month-old; 12-month-old. The male SHR were distributed in two age
groups, each containing three animals: 1-month-old (young) and 6-month-old

(adult).

Results: As aging progressed, both in male normotensive WR and in male SHR we
noted a statistically significant increase in the morphometric parameters thickness
of the free wall and the cross-sectional area of the cardiomyocytes and their nuclei
and a decrease in the cardiomyocytic density in both ventricles. These changes
were more pronounced and occurred at an earlier age in SHR.

Conclusions: The present study analyses in detail the alterations in the myocardium
of the left and right ventricle, initiated by age-related hypertrophy, as well as hy-
pertrophy induced by arterial hypertension. (Folia Morphol 2018; 77, 2: 253-265)
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INTRODUCTION a few researchers have tried to measure the length

Differences in the size of cardiac muscle cells of the cardiomyocyte [1, 5]. The irregular shape of
observed in normal and hypertrophic hearts have cardiomyocytes and the location of the intercalated
been assessed by a small number of studies. Most of discs make it difficult to determine the length of the
literature data are limited only to measurements of separate cells in tissue sections. While studying nor-
the cellular diameter or the cross-sectional area and mal human hearts, Ashley [5] measured the diameter
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of cardiomyocytes at the level of the nucleus and
discovered that it is longer in cells from the papillary
muscles as opposed to cells from the free wall of both
the left (LV) and the right ventricle (RV); furthermore,
muscle fibres in the LV are bigger than those in the
RV. In young spontaneously hypertensive rats (SHR),
the diameter of cells in a papillary muscle from the LV
is longer than that of cells in the free wall; from the
215t week onwards, the diameter of cells in the free
wall becomes longer than that of cells in the papillary
muscles [6]. Anversa et al. [3] reported a larger cross-
sectional area in subendocardial cardiomyocytes from
normotensive rats, while in the case of hypertrophy
caused by hypertension, it is subepicardial cells which
become larger than subendocardial. The authors also
observed that the cellular length measured in tis-
sue sections is longer in cells from the subepicardial
layer in comparison to subendocardial cells both in
normotensive rats and in SHR.

Spontaneously hypertensive rats are often used
as an experimental model of essential hypertension
in_ humans, which allows researchers to study and
influence the relation between hypertension as the
initiating factor and cardiac hypertrophy as a con-
sequence to it [10, 32]. It has been shown that ven-
tricular hypertrophy in mammals is a process which
takes place for life and progresses as aging advances
[9, 30, 31]. Engelmann et al. [8] analysed cardiac
hypertrophy at the onset of its development, its full
establishment as a morphological feature and its
progression by assessing morphological alterations
in the subepicardial and middle layers in the free wall
of the LV. Their results show that focal necrosis is first
observed in the subepicardial and middle layers at as
early as 6 months of age in SHR. Some authors [18,
28, 29] reported the presence of a secondary growth
phase in the LV in SHR, while according to others[35]
ventricular growth becomes stable between 7 and
15 months of age. The increased interstitial space,
aging of the cardiomyocytes and the increase in the
mean diffusion distance probably contribute to the
occurrence of ventricular failure observed in the end
stage of hypertrophy [8, 11].

Okabe et al. [24] found no significant differences
in the dimensions of the cardiomyocytes in the sub-
epicardial layer of the LV wall in young normotensive
Wistar-Kyoto rats (WKY) and SHR (3-8-week-old).
In WKY the adolescent period between the age of
8 and 15 weeks was characterised by a continuous
growth of cardiomyocytes from the LV with the same
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length/width ratio as in the group of younger animals.
On the contrary, in SHR, the length/width ratio of LV
cardiomyocytes was significantly reduced due to the
fact that their dimensions increased more in width
than in length [24]. Okabe et al. [24] also found that
in WKY the age-associated reduction in the number
of side-to-side junctions occurred gradually over the
postnatal period, while in SHR, this reduction acceler-
ated from age 15 weeks onwards [24]. This may be
considered a sign of structural dissociations which
are probably caused by the accumulation of colla-
gen and the increase in the intercellular space in the
hypertrophied myocardium [24].

The aim of the present study was to analyse
and compare a number of morphometric markers
(thickness of the wall, cross-sectional area of the
cardiomyocytes, cross-sectional area of the nuclei,
nuclear-cytoplasmic ratio [NCR], cardiomyocytic den-
sity) traced among five age groups of male normo-
tensive Wistar rats (WR) and two age groups (young
— 1-month-old and adult — 6-month-old) male
SHR. The dynamic changes in some of the cellular
parameters (cross-sectional area of the nuclei, NCR,
cardiomyocytic density), which were presented and
compared have been studied for the first time and no
correlations were found in literature, which expands
our knowledge of quantitative characteristics of the
cardiomyocytes during the postnatal development of
normotensive WR and SHR.

MATERIALS AND METHODS

In the present study, we used histological material
from the hearts of male normotensive WR and SHR.
The total number of WR was 15, distributed in five age
groups, each containing three animals: 2-week-old;
1-month-old; 3-month-old; 6-month-old; 12-month-
-old. The SHR were distributed in two age groups, each
containing three animals: 1-month-old (young) and
6-month-old (adult). All experiments were conducted
with the approval of the University Committee on
Animal Resources (No. 4866). All animals received
humane care in compliance with the “Principles of
laboratory animal care” formulated by the National
Society for Medical Research and the “Guide for the
care and use of laboratory animals” prepared by
the National Institute of Health (NIH publication No.
86-23, revised 1996). The animals were anaesthetised
with ether and cervical dislocation was performed.
The hearts were removed from the chest cavity and
were placed in physiological saline in order to rinse
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the blood in the cardiac cavities. After a short fixation
in 10% neutral buffered formalin, a transverse section
was performed through the middle of the heart, a lit-
tle below the level of the cardiac valves, thus dividing
the heart into two halves. The hearts were then placed
again in 10% neutral buffered formalin for immer-
sion fixation. Afterwards, they were fixed in paraffin
blocks, from which we prepared 7 um wide paraffin
tissue slides. These slides represented a series of trans-
verse cross-sections through the ventricles, which were
stained with haematoxylin and eosin (H&E).

The morphometric analysis was performed on
five slides from the heart of each animal. Quantita-
tive data were obtained with a computerised system
for image analysis NIS-Elements Advanced Research
(Ver. 2.30). The areas of interest in each slide were
first found on low magnifications (x100, x200),
taking into account the respective age group. Af-
terwards, at magnification x400 we photographed
an area of the myocardium, containing transversely
cut cardiomyocytes, and a zone with surface area of
0.04 mm? was marked. The borders of the cardio-
myocytes within the zone were outlined. Due to the
fact that cardiomyocytes are elongated, the contours
frequently passed through the cells; therefore, in
order to make a good comparison of the data, it was
decided that the marked zone should include these
cells which are adjacent, on the inside or outside, to
two perpendicular contours and, respectively, should
not include cells which are adjacent, on the inside
or outside, to the other two borders. After outlining
the borders, the following morphometric parameters
were obtained automatically: thickness of the free
wall of the LV and RV (um); cross-sectional area of
the cardiomyocyte (um?); cross-sectional area of the
nuclei (um?); NCR; cardiomyocytic density — calcu-
lated as number of cells per unit of surface area of
the slide (number of cellsymm?).

Statistical analysis

The obtained quantitative data were demonstrat-
ed with diagrams and were statistically evaluated
through a Student t-test. Statistically significant dif-
ferences were read in the case of p < 0.05. Microsoft
Office Excel 2010 was used to process the data and to
demonstrate the obtained results in an adequate way.

RESULTS

Results were obtained through assessment of
randomly selected zones of the myocardium with

Figure 1. Photomicrograph of left ventricle, age — 3 months,
Wistar rat, haematoxylin and eosin, size bar: 100 um.
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Figure 2. Photomicrograph of left ventricle, age — 6 months,
Wistar rat, haematoxylin and eosin, size bar: 200 «m.

no significant ruptures resulting from the process-
ing technique of the histological material that could
compromise the proper data analysis (Figs. 1-7).
We organised the results in the form of tables and
diagrams, representing the respective quantitative
data for LV and RV in normotensive WR and SHR. The
comparative analysis gave a numerical representation
of the degree of growth of the myocardium, the in-
dividual cardiomyocytes and their nuclei depending
on the degree of afterload of the respective ventricle.

The rate at which the thickness of the free wall
of the LV increased in young (1-month-old) SHR was
comparable to that in adult (6-month-old) normo-
tensive WR. Similar changes were observed in adult
(6-month-old) SHR in which the thickness of the
free wall of the LV exceeded even that observed in
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Figure 3. Photomicrograph of right ventricle, age — 1 month,
Wistar rat, haematoxylin and eosin, size bar: 100 «m.

Figure 4. Photomicrograph of left ventricle, age — 1 month,
spontaneously hypertensive rats, haematoxylin and eosin, size
bar: 200 um.

Figure 5. Photomicrograph of left ventricle, age — 6 months,
spontaneously hypertensive rats, haematoxylin and eosin, size
bar: 100 m.
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Figure 6. Photomicrograph of right ventricle, age — 1 month,
spontaneously hypertensive rats, haematoxylin and eosin, size
bar: 100 m.

Figure 7. Photomicrograph of right ventricle, age — 6 months,
spontaneously hypertensive rats, haematoxylin and eosin, size
bar: 200 um.

senescent (12-month-old) normotensive WR. A thor-
ough comparative analysis of the changes in the thick-
ness of the free wall of the RV in all groups showed
a relatively smooth increase, with no significant
peaks; we also noted that in SHR the thickness again
exceeded the value of this parameter in the respec-
tive age groups of normotensive WR (Fig. 8, Table 1).

We observed a similar tendency in the values of
two other parameters — cross-sectional area of the
cardiomyocytes (Fig. 9, Table 2) and of their nuclei
(Fig. 10, Table 3). Changes in these markers in cardio-
myocytes from the LV of young (1-month-old) SHR
were comparable to those of 3-month-old normo-
tensive WR, while in cardiomyocytes from the RV, the
values of the parameters in young (1-month-old) SHR
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Figure 8. Graphical representation of the comparative analysis of the morphometric parameter thickness of the free wall of the left (LV) and
right ventricle (RV) in normotensive Wistar rats (WR) and spontaneously hypertensive rats (SHR).

Table 1. Numerical representation of the comparative analysis of the morphometric parameter thickness of the free wall of the left
and right ventricle in normotensive Wistar rats (\WR) and spontaneously hypertensive rats (SHR)

WR Left ventricle — Thickness of the free wall [um] ~ SHR Left ventricle — Thickness of the free wall [um] T-test
Age Mean value Standard deviation Age Mean value Standard deviation

2 weeks 1006.0 22.6

1 month 1362.0 21.2 1 month 22523 266.5 P < 0.001
3 months 1702.7 123.7

6 months 2596.3 60.1 6 months 32248 200.1 P < 0.001
12 months 2848.3 413

WR Right ventricle — Thickness of the free wall [um] ~ SHR Right ventricle — Thickness of the free wall [um] T-test
Age Mean value Standard deviation Age Mean value Standard deviation

2 weeks 455.7 21

1 month 540.7 1145 1 month mz2 70 P < 0.001
3 months 561.3 96.8

6 months 571.3 2.12 6 months 1239.0 18.3 P < 0.001
12 months 989.8 21.2

exceeded those in 3-month-old normotensive WR.
We noted that the results in adult (6-month-old) SHR
were comparable to those in senescent (12-month-
old) normotensive WR both for cardiac muscle cells
from the LV and the RV. Furthermore, the values for
the cross-sectional area of the cardiomyocytes in
adult SHR were higher than those in senescent nor-
motensive WR and a statistically significant difference
between the two groups was read.

We clearly noted a tendency for decrease in the
NCR both in normotensive WR and in SHR. Con-
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sidering that the cross-sectional areas of the car-
diomyocytes and their nuclei from both ventricles in
young (1-month-old) SHR were comparable to those
in 3-month-old normotensive WR, we expected that
the NCR in these age groups would have similar and
comparable values. As the graphic shows, we noted
similar results for the NCR in young SHR and adult
normotensive WR. In adult (6-month-old) SHR the
NCR was comparable to that in senescent (12-month-
-old) normotensive WR, which followed the same
pattern as the parameter cross-sectional area for
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Figure 9. Graphical representation of the comparative analysis of the morphometric parameter cross-sectional area of the cardiomyocytes in
normotensive Wistar rats (WR) and spontaneously hypertensive rats (SHR); LV — left ventricle; RV — right ventricle.

Table 2. Numerical representation of the comparative analysis of the morphometric parameter cross-sectional area of the
cardiomyocytes in normotensive Wistar rats (WR) and spontaneously hypertensive rats (SHR)

WR Left ventricle — Cross-sectional area [um?] SHR Left ventricle — Cross-sectional area [um?] T-test
Age Mean value Standard deviation Age Mean value Standard deviation

2 weeks 136 8.1

1 month 21147 35.3 1 month 3153 317 P < 0.001
3 months 354.2 411

6 months 490.1 55.9 6 months 652.7 69.2 P < 0.001
12 months 568.5 62.4

WR Right ventricle — Cross-sectional area [um?]  SHR Right ventricle — Cross-sectional area [um?) T-test
Age Mean value Standard deviation Age Mean value Standard deviation

2 weeks 54.2 10.1

1 month 65.8 126 1 month 158.8 181 P < 0.001
3 months 107.7 16.6

6 months 2236 39.2 6 months 4574 51.6 P < 0.001
12 months 391.6 455

both cardiomyocytes and their nuclei (Fig. 11, Table 4).
Changes in the NCR had a relatively smooth rate
due to the fact that the cross-sectional areas of the
cardiomyocytes and their nuclei increased uniformly.
We noted that the dynamics of this parameter were
not well defined as was expected. Most probably, this
was due to the fact that advancing age was related
to an increase in the number of binucleated cells as
a result of the development of cardiomyocytic hyper-
trophy. Moreover, the volume of the cardiac muscle
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cell increases as well; this measurement does not
participate in the calculation of the NCR. Nevertheless,
the NCR showed a tendency for the cardiomyocytes
to enlarge as aging advanced.

Changes in the parameter cardiomyocytic density
from both ventricles were inversely proportional to
those observed for the cross-sectional area. Over
the whole postnatal period, the values decreased in
both ventricles. We noted that the parameter in cells
from the LV in young (1-month-old) SHR was not
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Figure 10. Graphical representation of the comparative analysis of the morphometric parameter cross-sectional area of the cardiomyocytic
nuclei in normotensive Wistar rats (WR) and spontaneously hypertensive rats (SHR); LV — left ventricle; RV — right ventricle.

Table 3. Numerical representation of the comparative analysis of the morphometric parameter cross-sectional area of the
cardiomyocytic nuclei in normotensive Wistar rats (WR) and spontaneously hypertensive rats (SHR)

WR Left ventricle — Cross-sectional area [um?’] SHR Left ventricle — Cross-sectional area [um?] T-test
Age Mean value Standard deviation Age Mean value Standard deviation

2 weeks 85 22

1 month 10.1 1.2 1 month 16.6 1.6 P < 0.001
3 months 15.7 2.8

6 months 173 1.7 6 months 294 2.1 P < 0.001
12 months 28.7 21

WR Right ventricle — Cross-sectional area [um?] SHR Right ventricle — Cross-sectional area [um?] T-test
Age Mean value Standard deviation Age Mean value Standard deviation

2 weeks 55 16

1 month 6.1 22 1 month 9.6 2.3 P < 0.001
3 months 8.6 2.6

6 months 11.9 21 6 months 16.7 1.8 P < 0.001
12 months 15.5 21

comparable to that in 3-month-old and 6-month-old
WR, being significantly higher. The cardiomyocytic
density in the right ventricle for the same groups did
not exhibit such significant difference. The values in
adult (6-month-old) SHR were comparable to those
in senescent (12-month-old) normotensive WR in
both ventricles. The thorough analysis of the chang-
es in the cardiomyocytic density in the LV in adult
(6-month-old) SHR showed a decrease in the values
when compared to those in senescent (12-month-old)
normotensive WR (Fig. 12, Table 5).

The changes observed during the comparative
analysis of the studied morphometric parameters cor-
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related with a more clearly pronounced hypertrophy
in the free wall of the LV as aging advanced in the
groups of SHR. Changes were more dynamic in the
LV due to the fact that the higher arterial pressure in
the systemic circulation mostly affected its afterload.
It should be noted that age-related hypertrophy was
also observed in normotensive WR. Hypertrophic al-
terations were reflected in detail by the parameters
cross-sectional area of the cardiomyocytes (the values
of which showed an intensive increase over the post-
natal period) and cardiomyocytic density (the values
of which showed a smooth decrease, most notable
at the transition from young to adult animals). These
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Figure 11. Graphical representation of the comparative analysis of the morphometric parameter nuclear-cytoplasmic ratio (NCR) in normotensive
Wistar rats (WR) and spontaneously hypertensive rats (SHR); LV — left ventricle; RV — right ventricle.

Table 4. Numerical representation of the comparative analysis of the morphometric parameter nuclear-cytoplasmic ratio (NCR) in

normotensive Wistar rats (WR) and spontaneously hypertensive rats (SHR)

WR Left ventricle — NCR SHR Left ventricle — NCR T-test
Age Mean value Standard deviation Age Mean value Standard deviation

2 weeks 0.1 0.01

1 month 0.04 0.01 1 month 0.05 0.01 P < 0.001
3 months 0.04 0.01

6 months 0.03 0 6 months 0.03 0.01 P <005
12 months 0.04 0.01

WR Right ventricle — NCR SHR Right ventricle — NCR T-test
Age Mean value Standard deviation Age Mean value Standard deviation

2 weeks 0.09 0.02

1 month 0.09 0.01 1 month 0.05 0.02 P < 0.001
3 months 0.07 0.01

6 months 0.05 0.01 6 months 0.04 0.01 P < 0.001
12 months 0.04 0

changes were initiated at an earlier age in SHR as
compared to the corresponding age groups of nor-
motensive WR.

DISCUSSION

Data from the studies of Anversa et al. [4] show
that with advancing age, a significant loss of muscle
fibres is observed in both ventricles. The compara-
tive analysis of cardiomyocytic density in the present
study also confirms the presence of age-related loss
of cardiac muscle cells. The rate at which this phe-
nomenon is expressed is almost identical in both
ventricles but persists longer in the LV. Over the period
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4-12 months, a 19% decrease in the total number of
cardiomyocytes from both ventricles was calculated
by Anversa et al. [4]. Over subsequent age intervals,
a similar decrease was observed in the LV, while in the
RV the initial loss undergoes a full reverse until the
12th month. This proves that the loss of functional
muscle tissue over the course of aging precedes the
onset of ventricular dysfunction. The studies of An-
versa et al. [4] also support the thesis that a similar
phenomenon is seen in human hearts. The mecha-
nisms, which take a central place in the development
of cardiomyocytic loss and the formation of zones of
interstitial and replacement fibrosis, are not entirely
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Figure 12. Graphical representation of the comparative analysis of the morphometric parameter cardiomyocytic density in normotensive
Wistar rats (WR) and spontaneously hypertensive rats (SHR); LV — left ventricle; RV — right ventricle.

Table 5. Numerical representation of the comparative analysis of the morphometric parameter cardiomyocytic density in normotensive

Wistar rats (WR) and spontaneously hypertensive rats (SHR)

WR Left ventricle — Number of cells/mm? SHR Left ventricle — Number of cells/mm? T-test
Age Mean value Standard deviation Age Mean value Standard deviation

2 weeks 21935 168.6

1 month 1987.3 150.9 1 month 1567.1 108.6 P < 0.001
3 months 950.5 54.1

6 months 880.7 65.2 6 months 624.8 128.3 P < 0.001
12 months 800.6 137

WR Right ventricle — Number of cells/mm? SHR Right ventricle — Number of cells/mm? T-test
Age Mean value Standard deviation Age Mean value Standard deviation

2 weeks 1502.2 1133

1 month 1468.6 55.9 1 month 1159.5 109.6 P >0.05
3 months 1281.3 114.6

6 months 12371 208.1 6 months 113.7 1515 P < 0.001
12 months 7439 143.1

clear. The role of local ischaemia has been discussed,
as the adaptive abilities of the coronary vessel reserve
and its sustainability decrease in the process of aging
[12]. Anversa et al. [4] also show that cellular hyper-
plasia also participates in the hypertrophic response
of the myocardium during the process of aging. For
this reason, measuring only the mean volume of the
cardiomyocyte may lead to an insufficient precision
of the assessment of the growth of cardiac muscle
cells. The effect which aging has on both ventricles
has a different quantitative dimension which was sup-
ported by the results of our study. Although the study
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of Anversa et al. [4] shows that cardiomyocytic loss in
the two ventricles is comparable, the degree of cel-
lular hyperplasia in the LV is higher than that in the
RV. Over the course of the studied 25-month interval,
the muscle component increased 1.75 times in the RV
and 2.2 times in the LV. It can be stated therefore that
the myocardium of the RV has a significantly higher
reserve capacity with regard to growth as opposed
to the LV. These differences are believed to arise from
the fact that the stress experienced by the LV over the
period of postnatal development is significantly higher,
which depletes its reserve capacity at a younger age.
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It is well known that with cessation of myocytic
proliferation during the process of postnatal develop-
ment, the physiological, as well as the induced growth
of the myocardium, mostly take place hypertrophy
of the cardiac muscle cells [20]. This fact has been
confirmed from our morphometric data with regard
to cardiomyocytic density. Other studies point out
that cardiomyocytes from the atria [23] and the ven-
tricles [4, 27] may be stimulated through induction
of nuclear hyperplasia. Literature data support the
hypothesis that nuclear hyperplasia correlates with
a similar increase in the number of cells [26, 27].
This mechanism probably plays a role in the senes-
cent myocardium as means to preserve the heart’s
pumping function at the onset of heart failure and
represents the myocardium’s final response before
the onset of ventricular dysfunction and death [4].
According to our data, nuclear hyperplasia, reflected
in the parameter cross-sectional area of the nucleus
is most pronounced between 6 and 12 month of the
postnatal development, which supports the above
hypothesis. The comparative analysis in the present
study even shows that nuclear hyperplasia in normo-
tensive 12-month-old WR is comparable to that in
6-month-old SHR. These data indirectly support the
fact that this is one of the finals responses intended
to preserve the pumping function of the myocardium
before the onset of impaired ventricular function.

The different values of the parameters of car-
diomyocytic growth in SHR and normotensive rats
are due to the different workload on the ventricles,
which in turn is determined by the higher systemic
arterial pressure in SHR. In SHR, the cellular volume
increases by 151% which is achieved through an in-
crease in the cross-sectional area by 77% and a total
increase in the longitudinal size of the cardiomyocytic
population by 42% [2]. Conversely, the mass of the
cardiomyocytes in normotensive rats increases by
124% which is achieved through an increase in the
cross-sectional area by 47% and an increase in the lon-
gitudinal size of the cardiac muscle cells by 53% [2].
These data make it evident that in this group of rats,
the increase in the diameter (21%) is less than half of
the calculated increase in the longitudinal size (53%),
while the rate of increase in the diameter (33%) and
the length (42%) are closer to those observed in SHR.
It has been found that the progressive increase in the
diameter and cross-sectional area in SHR is achieved
through a continuous increase in the systemic
arterial pressure [17, 19, 25, 34]. Wagner et al. [37]
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reported that at age 10-12 weeks, the body weight
of both WKY rats and SHR was identical; however,
the heart weight in SHR was 30% higher than that of
WHKY rats. Furthermore, they found that SHR develop
cardiac hypertrophy as early as 4 weeks of age and
systolic and diastolic dysfunction at 2-3 months.
This phenomenon can be objectified quantitatively
by a significant increase in the ratio between heart
weight and body weight, a general increase in the
heart weight and arterial hypertension [37]. These
changes in the parameters may be interpreted as
a compensatory response of the myocardium at the
cellular level, intended to decrease the effects of in-
creased pre- and afterload of the heart [2]. Our previ-
ous studies have shown that the myocardial response
to increased stress includes ventricular remodelling
with accumulation of collagen and development of
reactive fibrosis [21], a specific location-targeted up-
regulation of enzymes of the NOS group [13-15] and
a decrease in the capillary density [16].

No literature data are found with regard to the
parameters cross-sectional area of the cardiomyocytic
nuclei and NCR. These two morphometric markers
provide a general understanding of the age-related
hypertrophic alterations in the cardiac muscle cells.
Furthermore, they give a fairly accurate assessment of
the changes in cardiomyocytes as a result of increased
afterload in the ventricles (like in hypertrophic condi-
tions). The results of the present study demonstrate
that the growth rate of the nuclei follows in a similar
pattern the growth rate of the cardiac muscle cells
both in the LV and in the RV. This dynamic is identical
both in the age groups of normotensive WR and SHR.

During the period of growth of the normotensive
WKY and the SHR (3-8-week-old) the dimensions of
the cardiomyocytes in the subepicardial layer of the
LV wall are identical and increase identically without
any significant discrepancies in the length/width ratio
[24]. Over the period of adolescence (8-15-week-
-old) cardiomyocytes in the LV of WKY grew with the
same length/width ratio as observed in the group of
younger rats. On the contrary, in SHR, the length/
/width ratio of LV cardiomyocytes was significantly
reduced due to the fact that their dimensions in-
creased disproportionately — more in width than in
length [24]. Our findings show that the values of the
morphometric parameters are higher in 1-month-old
male SHR as compared to male normotensive Wistar
rats of the same age. When comparing between adult
(35-week-old) WKY and senescent (63-week-old)
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WKY, Okabe et al. [24] noted a marked thinning of
lateral branches in the group of senescent animals. A
similar finding was reported for the groups of adult
and senescent SHR, where a significant reduction in
the number of lateral branches was observed in se-
nescent animals [24]. This decrease in the number of
lateral branches may suggest possible dissociations of
their end-to-end junctions with parallel neighbouring
cells [24]. Moreover, the hypertrophied myocardium
contained zones of replacement fibrosis in the place
of cardiomyocytes which had undergone atrophic
deformations and/or loss [24]. The presence of such
replacement fibrosis has been confirmed by our
previous studies [21]. These changes in the normal
architectonics of the myocardium may predispose
it towards development of arrhythmias due to the
discontinuous conduction [24].

Under conditions of low-pressure hypoxia,
Moravec et al. [22] report the presence of RV hyper-
trophy due to cardiomyocyte growth and prolifera-
tion of the extracellular matrix which continues to
develop even after hypoxia has been reversed. They
note that chronic hypoxia leads to a unilateral cardiac
hypertrophy. The weight of the LV remains unchanged
or even decreased due to peripheral vasodilatation
and decreased systemic vascular resistance. On the
contrary, due to pulmonary vasoconstriction, the RV
operates against an increased pressure. Some authors
consider that a harmonious growth of the RV may be
maintained until maturation by factors which induce
continuous growth stimulation, one such factor being
the long-term exposure to low pressure hypoxia [22].
The concomitant presence of neoangiogenesis and
polyploid muscle cells described by Moravec et al. [22]
is the main factor behind the quantitative aspects of
RV hypertrophy. Moreover, they report that during the
early postnatal period, the simultaneous acceleration
of myocyte growth and capillary proliferation is often
observed [16]. Similar results were obtained in other
models of ventricular hypertrophy due to chronic me-
chanical overloading [36]. The comparative analysis
of the morphometric parameters in the RV showed
a smooth change in the values over time, with no
drastic peaks as aging progressed in the examined
groups of animals.

In their study, Cury et al. [7] used cardiac tissue
from senescent rats under physiological aging con-
ditions and analysed the length of the sarcomeres,
as well as several morphometric parameters of the
mitochondria. Based on previous measurements, they

reported an increase in the length of the sarcom-
eres in adult as compared to young animals [7]. The
mitochondrial volume density in the aged rat heart
was 33.83%, which was consistent with data from
previous studies and the authors concluded that no
significant loss of mitochondrial volume density was
observed with advancing age [7]. The values for the
parameter mitochondrial area in aged rat cardiomyo-
cytes were much more variable [7]. The thickness of
the mitochondrial cristae was investigated for the first
time and didn't appear to have a large variation [7]. In
the heart tissue of cardiomyopathic patients, Tandler
et al. [33] report the presence of mitochondria with
a significant increase in the quantitative characteristics,
known as megamitochondria. These mitochondria,
however, are characterised only by increase in the
number and not the thickness of the cristae [7]. The
cellular organelle which can be investigated and as-
sessed quantitatively through the methods of light
microscopy is the nucleus. Our results showed that
aging in the two groups of animals (male normoten-
sive WR and male SHR) leads to significant changes
in the cardiomyocytic nuclei, especially in the LV.
Cardiomyocytic nuclei from the RV grew slowly and
without any drastic peaks. A similar decrease in the
morphometric parameter nuclear-cytoplasmic ratio
was noted. These data confirm that aging of the
myocardium, both under physiological and patho-
logical conditions, is associated not only with gross
changes of the myocardial architectonics, but also
fine alterations of the cellular organelles.

CONCLUSIONS

The present study and the collected quantitative
data, carefully analysed and traced over the course
of the postnatal period, demonstrate a detailed and
thorough assessment of changes in the myocardium
and the cardiomyocytes in the LV and RV, initiated
by age-related hypertrophy, as well as hypertrophy
induced by arterial hypertension. Our results make it
evident that these alterations are more pronounced
and occur at an earlier age in the groups of SHR, as
opposed to normotensive WR.
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