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Alkaline dissociation of the myocardium from rats with modeled anthracycline cardiomyo-
pathy revealed decreased absolute number of cardiomyocytes, disturbances in their intra-
cellular regeneration, although no sings of necrosis were observed. Regeneration and plastic
insufficiency of the myocardium due to structural changes in the nuclei and disturbances in
myofibril reproduction resulting from selective suppression of synthesis of contractile pro-
teins in the cardiomyocytes leads to the death of up to 30% cardiomyocytes.
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There are various ultrastructural manifestations of
plastic insufficiency of cardiomyocytes (CMC) (2,
5,7], however, the contribution of these alterations
into disturbances of the myocardial contractile fun-
ction cannot be determined without quantitative ste-
reological assessment of changes in the total weight
of contractile myocardium and the total number of
CMC [2].

Direct and irreversible disturbances in transcrip-
tion and translation mechanisms result in rapid death
of CMC [4,7,8]. However, this process cannot be re-
vealed by light and electron microscopy, because cell
death is not accompanied by coagulation or colliqua-
tive necrosis [8,9]. At the same time, true mechanisms
underlying the dynamics of CMC population during
pathological reactions remain unknown.

Our aim was to evaluate the absolute number of
CMC in rat myocardium during regeneration and plas-
tic insufficiency.
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MATERIALS AND METHODS

Experiments were carried out on male Wistar rats
(n=195) weighing 160-220 g. Anthracycline cardio-
myopathy is the basic model allowing detailed chro-
nometry of plastic deficiency of CMC, since it is ac-
companied by direct inhibition of DNA-dependent
RNA synthesis [2,6,7]. In series I, the rats (n=60) were
injected intraperitoneally with daunomycin hydrochlo-
ride in a single dose of 30 mg/kg. For light and elec-
tron microscopy, the rats were decapitated 1, 2, 3, 6,
9,12, and 18 h and 1, 2, 3, 4, and 5 days postinjec-
tion. Control rats (n=42) were intraperitoneally injec-
ted with single or fractional dose of saline (total dose
15 ml/kg).

In series 11, the rats were injected intraperitone-
ally with fractional daunomycin during 3, 5, and 6
weeks. When the total dose of 30 mg/kg (the maxi-
mum toxic dose) was attained, the rats were decapi-
tated 1-5 or 3-6 days after the last injection.

In series I the rats were weighted daily. In series
11 the rats were weighted before each injection.

The qualitative parameters of CMC population in
the left ventricle were studied by the method of alka-
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line dissociation of fixed myocardium [7] in 19 con-
trol and 19 experimental rats in series I and in 12 ex-
perimental rats in series II.

The tissue and ultrastructural stereological analy-
sis was carried out as described elsewhere [3]. The re-
sults were analyzed statistically using Student’s ¢ test
at p<0.05.

RESULTS

Initially, ultrastructural changes in rat myocardium
first appear in the nuclei and nucleoli: heterochroma-
tin lumps disappeared, while collapse and nucleolus
annulation developed virtually in all CMC (Fig. 1, q,
b). Fragmentation and nucleousi annulation (Fig. 1, c,
d) appeared after inhibition of protein synthesis not
only at the transcription, but also at the translation level
and reflect the decrease in ATP concentration [2].

A direct correlation was revealed between syn-
thetic activity in CMC nuclei and glycogen content in
their cytoplasm. Initial increase in glycogen content
(Fig. 2, a) followed by its sequestration and autophagy
in CMC attest to reduced activity or synthesis of the
enzymes responsible for its utilization. During mo-
deration of synthetic and metabolic processes, glyco-
gen becomes a ballast for the cells, and it is seques-
trated and degraded in autophagosomes.

Two days after injection of the cardiotoxic dose
of daunomycin, multiple concentric membrane struc-
tures around fragments of sarcoplasmic reticulum or
sometimes mitochondria were regularly observed in
rat CMC (Fig. 2, b). Activation of autophagy in CMC
cytoplasm after inhibition of protein synthesis attests to
regression or involution aimed at matching the cyto-
plasmic volume with the functional state of the nucleus.

The most prominent manifestation of disturbances
in protein synthesis was observed in the contractile ap-
paratus, i.e. myofibrils. Despite lysis and thinning of
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myofibrils (Fig. 2, ¢), the cytoplasm did not become
empty, because the muscle fibers thinned.

Total swelling of mitochondria, clarification of
their matrix, and fragmentation of their crystae were
observed in some CMC starting from day 3 postinjec-
tion (Fig. 2, d).

Optic and polarized microscopy revealed no focal
degenerative and necrobiotic alterations in CMC.

The comparative stereological analysis of myocar-
dial structures showed that the volume density of
muscle fibers significantly decreased in the test rats
(p<0.001). On day 5 after administration of the car-
diotoxic dose of daunomycin (either by single or frac-
tional injections), the absolute total weight of ventric-
ular myocardium in test rats decreased by 32.8-38.4%
(p<0.001).

Alkaline dissociation of the myocardium showed
that the concentration of CMC nuclei and total num-
ber of CMC in test rats decreased by 21% and 30%,
respectively (Table 1).

Among known processes leading to rapid and syn-
chronous decrease in the number of all CMC struc-
tures, drastic decrease of RNA synthesis is the most
probable candidate for the role of proteolysis induc-
tor. Based on this working hypothesis, we interpret the
numerical deficiency of CMC population as an ex-
treme manifestation of plastic insufficiency of cardi-
ac muscle cells.

Generally, cell death during plastic insufficiency
of the myocardium was similar to programmed cell
death, i.e. apoptosis. We denoted this process as CMC
“disappearance” [8], since the mechanism of elimina-
tion of numerous muscle cells in contractile myocar-
dium is not clearly understood.

In contrast to necrosis, apoptosis and disappear-
ance of CMC do not lead to the formation of leuko-
cytic infiltrates and sclerotic foci. Evaluation of the
total CMC count in the ventricular wall revealed that

TABLE 1. Population of CMC in Daunomycin-Treated Rats (M+m)

Index Control Test
Concentration of CMC nuciei, 10° mg 29.3220.74 23.15+0.84**
Number of CMC nuclei per heart, 10° 18.87+0.85 12.02+0.39**
Number of CMC per heart, 108 9.64+0.43 6.16+£0.19*
Number per 1000 CMC:
nuclei 1958.0%4.4 1949.0+4.8
cells mononuclear 88%3 90.8+2.3
binuclear 882.0x4.1 881.4+3.5
trinuclear 13.2+0.9 13+1
polynuclear 16.8+1.8 14.8x1.6

Note. **p<0.001, “p<0.01 compared to the control.
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Fig. 1. Ultrastructural alterations in cardiomyocyte nucleoli in rat treated with daunomycin. a) fibrillar and granular components of nucleolu; in
control rat, x20,000; b) nucleolus collapse 12 h postinjection, x18,000; ¢} annular nucleoli 1 day postinjection, x22,000; d) nucleolus fragmentation
2 days postinjection, x16,000.
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Fig. 2. Changes in cardiomyocyte cytoplasm in rats treated with daunomycin. a) lysis of myofilaments and o-glycogen rosettes 1 day postinjection,
x16,000; b) autophagosomes {myelin figures) among mitochondria 2 days postinjection, x24,000; c) lysis of myofilaments along the perimeter
of myofibrils and disintegration of mitochondria, x18,000; d) total destruction of mitochondria in cardiomyocytes 2 days postinjection,x10,000.
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the heart rapidly lost about 30% cells without appar-
ent disturbances in myocardial structure. Irreversible
cardiac contractile insufficiency caused by disturbed
plastic metabolism in the myocardium occurs after
loosing of no less than '/, absolute total weight of CMC.

Investigation of the effect of cytostatics on CMC
number and DNA content in children and adults trea-
ted with various cytostatics (cyclophosphamide, vinc-
ristine, purinetol, and methotrexate) [10] revealed sim-
ilar changes in CMC number in all children, while the
number of CMC in adults did not significantly differ
from normal.

Elimination of CMC with nuclei of different ploi-
dy is little studied. The drastic decrease in the num-
ber of polyploid nuclei in human and rat myocardium
under the effect of daunomycin can result from eli-
mination of CMC with tetraploid nuclei, rather than
from inhibition of DNA synthesis in the muscle nu-
clei. Our data showed that CMC with different num-
ber of nuclei are subjected to the same degrec of elimi-
nation, which is confirmed by the constant ratio be-
tween mono-, bi-, tri-, and polynuclear CMC in the
myocardium of test and control animals in all experi-
mental models [2,6].

Elimination of CMC in the absence of necrosis is
most likely based on rapid lysis and autophagy of in-
tracellular structures with subsequent resorption of re-
sidual bodies and autophagosomes by macrophages,
i.e. processes involved in genetically programmed re-
newal of cell population in normal tissues, cell elimi-
nation during early morphogenesis, and metamorpho-
sis [11].

According to modern views [1], the most charac-
teristic sign of programmed cell death is its depen-
dence on de novo protein and mRNA synthesis. It is
usually accompanied by DNA fragmentation between
nucleosomes by Ca*- and Mg**-dependent endoge-
nous endonucleases (electrophoretic separation yields
“ladder” distribution of oligonucleosomal fragments
corresponding to their molecular weight). This type of
cell death is usually called apoptosis [1].

The cytological signs of apoptosis are condensa-
tion of nuclear chromatin and cytoplasm, formation of
apoptotic bodies and vesicles on the membrane, and
pronounced reduction of the cell volume [14]. It is
important that programmed death can occur without
DNA fragmentation (non-ladder type) and morpho-
logical signs characteristic of apoptosis [15]. The ca-
ses, when the morphological signs of apoptosis and in-
ternucleosomal DNA fragmentation are not accompa-
nied by de novo protein and mRNA synthesis are not
considered as programmed cell death [13).

The changes in expression pattern of the immedi-
ate early genes caused by endogenous and exogenous
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signals disturbing the process of re-programming of
activity of delayed genes are considered as the mole-
cular and genetic mechanisms of apoptosis during pro-
liferation and differentiation. They lead to destabiliza-
tion of chromatin, DNA, and genetic instability that
may trigger the program of cell death [1].

All our experimental models of CMC plastic in-
sufficiency [2] demonstrated ultrastructural signs of
moderation of biosynthetic processes, while among
the cytological sings characteristic of apoptosis only
reduction of cell volume was observed. Nevertheless,
the processes of self-organization of the supermolecu-
lar structures and macromolecules (i.e. specific pro-
gram) underlie atrophic (involutional) changes in CMC
caused by regeneration and plastic insufficiency. In
this respect, the final stages of morphofunctional re-
arrangement in CMC during regeneration and plastic
insufficiency resemble apoptosis.
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