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Mortality and morbidity during the prenatal period of development remain a real problem at the present time. The Scientific
Committee EURO-PERISTAT has revealed that mortality of fetuses associated with congenital abnormalities is on average 15—
20% across Europe. Hypoxia is one of the top causes of death of fetuses. Since the heart begins to function before birth, influence
of teratogenic factors leads to formation of anomalies of its development. Congenital heart defects are the most common of these
and occur with a frequency of 24%. Abnormalities associated with the atrium occur with frequency of 6.4 per 10,000 cases.
Investigation of structural changes of the atrial myocardium is a key for understanding of pathogenic mechanisms of
cardiovascular diseases that are caused by influence of hypoxia. Nowadays, a great deal of research is being dedicated to normal
cardiogenesis and much less work is focused on abnormal heart development. There are numerous teratogenic factors such as
alcohol, retinoic acid, hyperthermia, hypoxia that are most common causes of heart diseases. The attention of researchers has been
predominantly focused on study of changes of the ventricular myocardium under the effect of hypoxia. It is known that the atrium
is different from the ventricles by derivation, development and structure. Therefore, the effects of pathological factors on the atrial
myocardium will be different as complared to their effect on the ventricles. Also, almost all research has focused on study of
consequences of hypoxia at the late stages of cardiogenesis. However, the greatest number of abnormalities is associated with the
early embryonic period, as structures that continue development are more sensitive to the effects of harmful factors. Thus,
comparative analysis of scientific research devoted to morphological study of atrial myocardium transformations on the cellular
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and ultrastructural levels under the influence of hypoxia during the stages of cardiogenesis is an important task.
Keywords: cardiogenesis; atria; ultrastructure of cardiomyocytes; rats.
Introduction

Consequences of prenatal hypoxia influence take first place among
the causes of fetal mortality (Nichols et al., 2012). Hypoxia inhibits in-
trauterine growth and results in low birth weight and premature infant
mortality (Patterson & Zhang, 2010). Low oxygen content is the main
factor that adversely affects cardiogenesis (Giussani et al., 2012). 0.2-4.0%
of all pregnancies in developed industrial countries are complicated by
cardiovascular diseases (Regitz-Zagrosek et al., 2011). Additionally, ef-
fects of prenatal hypoxia lead to formation of heart defects and cardio-
myopathies in adults (Giussani et al., 2014; Rooket al., 2014; Mozaffa-
rian et al., 2015).

In contrast to adults, development of fetuses is accompanied by
influence of hypoxia. Fetal hearts due to their high ability of adaptation
develop in low oxygen tension for a long time (Breckenridge et al., 2013).
Moreover, physiological hypoxia is a required condition of cardiogenesis.
It is well known that hypoxia inducible factor 1 (HIF-1) and vascular
endothelial growth factor (VEGF) play a crucial role in the formation of
coronary vessels of the myocardium (Patterson & Zhang, 2010). Howe-
ver, pathological hypoxia influence (level of oxygen pressure is 8-12%
in the mother’s blood) damages the structure of the myocardium and
increases the risk of cardiovascular disease as a consequence (Altimiras
& Phu, 2000; Marei, 2002; Sugishitaa et al., 2004). Modified expression
of cardioprotective genes increases the vulnerability to the development
of ischemia and reperfusion injury syndrome in the future (Bruneau,
2003; Schell et al., 2005; Zhang, 2005; Wilhide et al., 2011). Nowadays,
cardiovascular diseases take first place among causes of death in adults
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(Smith et al., 2012; Mozaffarian et al., 2015). Consequently, the influence
of hypoxia on cardiogenesis is a highly relevant issue, which is confirmed
by the constantly high percentage of articles in scientific databases (Med-
line, PubMed). However, despite the large number of works, many issues
remain unclear.

Atrial myocardium development
during early stages of cardiogenesis

At the early stages of cardiogenesis (up to 8 weeks of human deve-
lopment) major morphological changes are associated with formation of
the chambers and septum of the heart (Goodlett, 2011). Numerous
harmful factors, in particular hypoxia, have a negative effect on organ
formation (McCutcheon et al., 1982), resulting in abnormal structure
(Elmstedt et al., 2013). A wide range of birth defects, the formation of
which occurs in the early stages of cardiogenesis is evidence of the
vulnerability of the embryonic heart during this period. This necessitates
the use of a significant arsenal of research methods: light microscopy
(Ream et al., 2008), immunohistochemistry (Garlanda et al., 1997; Azar
et al., 2003; Dong & Thompson, 2006; Tonne et al., 2011), electron
microscopy (Schaper et al., 1985; McKenzie et al., 1994; Zhang &
Pasumarthi, 2007; Oxford et al., 2011; Cury et al., 2012), microcomputer
tomography (Nieman & Tumbull, 2010; Gilbert et al., 2012), ultrasound
microscopy (Araujo Junior et al., 2012; Hernandez-Andrade et al., 2012;
Hongmei et al., 2012; Gindes et al., 2012), echocardiography (Choi et al.,
2013; Lee &Won, 2013), confocal microscopy (Sands et al., 2005), and
three-dimensional visualization (Momoi et al., 2012). Each method has
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its advantages and disadvantages. During embryonic development, signi-
ficant spatial and temporal morphogenetic changes of embryonic hearts
occur. Therefore, visualization of these volumetric and dynamic changes
and their assessment in a two-dimensional mode is impossible. Ultra-
sound methods give an opportunity for the study of three-dimensional
structures but, because of the small size of the biological objects, use of
these methods for investigation of cardiogenesis in the early stages is
impossible (Gu et al., 2012).

The method of episcopal microscopy (Matsui et al., 2010) allows
one to obtain high-quality three-dimensional images of an organ but it
does not allow morphometric study of surface-volume characteristics.
In recent years, the method of computer modelling has become increa-
singly relevant (Schleich et al., 2005; Clerico et al., 2011; Tobén et al.,
2013). Morphological reconstruction of the heart allows one to visualize
relief of the surface and also makes possible assessment of dimensional
characteristics of the object, such as volume of the chambers’ surface

area (Fig. 1).

Fig. 1. Representative image of the rat embryo heart at ED18 (a)
and 3D model of the rat embryo atria at ED18 (top view) (b):
scale bars = 1 mm

The first major event in cardiogenesis is formation of a primitive
heart tube at the 9th embryonic day (ED) of rats’ development (IX stage
of human development by Carnegie). Heart precursor cells of the visceral
mesoderm differentiate into myocardial cells and after emigration form
a heart tube (Patterson & Zhang, 2010). According to the histological
analysis, the heart tube consists of two layers of cells: the inner layer of
cells forms the endocardium and cavity of the heart tube, the outer layer
gives rise to myocardium (Lockhart et al., 2011). There is cardiogel
between these the two layers. According to previous studies (Ream et
al., 2008) fetuses that were exposed to hypoxia at the this stage were not
viable. Alterations of development in the early stages lead to pathologies
that are incompatible with life (Ruckman et al., 1985). Thus, research at
this stage is not feasible.

The next important event of cardiogenesis is looping. As a result, the
heart gets its S-shape which is ventrally convex and dorsally concave
(Ménner, 2000). At the ED10 of rats’ development (XI-XII stages of
human development in Carnegie) the common atrium communicates with
a primitive ventricle via a common embryonic duct (atrioventricular
canal) (Lamers & Moorman, 2002). At the caudal end of the heart tube
a paired venous sinus is embedded in the mesenchyma of the transverse
partition and is separated from the general atrium by a sinoatrial groove.
An atrium at this stage is composed of myocardium, which is lined by the
epicardium. Both layers are separated by cardiogel (Klotz et al., 2014).

Proliferation of cardiomyocytes and hypoxia affect this process

An EDI0 of rats is characterized by intense changes of myocardium
which manifests in rapid proliferation of cardiomyocytes and different-
tiation of myofibrils and mitochondria (Kozlov et al., 1995). There is a
great number of scientific articles that describe dynamics of the prolife-
rative activity of cardiomyocytes during the stages of cardiogenesis under

normal conditions (Shponka, 1994). Recent research is focused on effects
of harmful factors, such as hypoxia and hyperthermia, on the processes
of myocardial cell proliferation, which underlie heart disease develop-
ment (Ream et al., 2008). The research field was dedicated to the effect
of hypoxia on the proliferative processes of mature mammalian cardio-
myocytes (Jopling et al., 2012) and human endothelial cells (Antonova
et al., 2012). In an experiment on rats, scientists found out that HIF ini-
tiates DNA synthesis and stimulates division of cardiomyocytes (Patter-
son & Zhang, 2010). However, it is known that mature cardiomyocytes
lose their ability to proliferate. Thus, compensatory mechanisms of mature
and embryonic cells will be different (Saiki et al., 1997). In addition, the
question about which cell cycle phase is affected by hypoxia remains
unclear. Therefore, the reason for the increased number of dividing cells
as rapid passage of mitotic phases or activation of DNA-synthetic activity
of nuclei is unknown.

The greatest number of abnormalities is associated with the early em-
bryonic period, as developing countries are significantly more sensitive
to the actions of various agents (Chan & Burggren, 2005; Shatorna et al.,
2010). However, previous researches dedicated to the effect of intraute-
rine hypoxia on myocardium are contradictory and fragmentary. Some
researchers revealed an increase of proliferative activity of myocardial
cells under hypoxia conditions (Shatorna et al., 2010). According to
other authors, the effect of intrauterine hypoxia inhibits proliferation of
cardiomyocytes (Ream et al., 2008; Xue et al., 2011; Tong et al., 2013).
Most likely, these differences are the result of different experimental
conditions (modes of hypoxia) or different stages of investigations or
different experimental animals (Shatorna et al., 2010). In addition, resear-
chers’ attention was mainly focused on cardimyocytes of ventricles. It is
well known that cardimyocytes of atria and ventricles are different by
intensity of proliferation. In the early stages, proliferative activity of the
cardimyocytes of ventricles rapidly increases (Tomanek & Zheng, 2002),
which is evidenced by the significant ventricular thickening of the ven-
tricles compared with the atria. Thus, the question of the effect of prenatal
hypoxia on the atrial myocardium during ontogenesis remains unexplo-
red and requires further investigations.

Myofibrillogenesis

Differentiation of cardiomycytes during stages of embryogenesis is
based on changes of myofibrils (Tverdokhlib, 2007). As soon as precur-
sor cells from the primary and secondary cardiac fields enter the way of
differentiation, the contraction process begins (Price et al., 1996; Koba-
yashi et al., 2011), despite the fact that ultrastructure of contractile ele-
ments of these cells is different in mature myocytes (Porteret al., 2011).
a-smooth muscle actin (a-SMA) is a protein that is normally determined
at the beginning of the differentiation of the myofibrils of cardiomyocy-
tes and further is gradually replaced by more mature isoforms: 0-SKA
(o-skeletal) and o-CAA (o-cardiac) (Clément et al., 2007). In mouse
embryos, this substitution is completed by the time of birth. However, in
some pathological conditions (hypertrophy) re-expression of embryonic
genes is activated, resulting in emergence of earlier isoforms of actin in
the postnatal developmental stage. The immunohistochemical method
with application of specific antibodies (Jopling et al., 2012) in an experi-
ment on fish revealed that hypoxia leads to more active proliferation
and differentiation of mature cardiomyocytes. This manifested in reduc-
tion in the intensity of a-SMA expression. However, it is known (Patter-
son & Zhang, 2010) that embryonic cardiomyocytes are different from
mature cardiomyocytes by morphology and by ability to proliferate and
by differentiation of myofibrils. Therefore their response to the effect of
hypoxia will be also different. Consequently, this issue has escaped the
attention of researchers and requires further research.

Septation

EDI1 of rats corresponds to the XIII-XIV stages of human deve-
lopment by Carnegie and is characterized by beginning of cardiac septa-
tion. The heart loses its tubular features due to the expanding atrial and
ventricular segments. The epicardium covers the heart cavities (Klotz
etal., 2014). Epicardial cells separate and migrate into the subepicardial
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space, where they undergo epithelium-mesenchymal transformation and
transform into smooth myocytes and fibroblasts (Mufioz-Chépuli et al.,
2002; Lie-Venema et al., 2005). Migrant cells release the proliferation
factor, which stimulates the division of the cells of the compact myocar-
dium of ventricles (Bhattacharya et al., 2006; Lemley et al., 2006; Ream
et al., 2008; Samsa et al., 2013). Alteration of the epicardium leads to
formation of congenital anomalies in the development of blood vessels
(Tomanek et al., 1996) and cardiomyopathy (non-compact myocardium,
arrhythmias, etc.) (Schotten et al., 2011; Pires-Gomes & Pérez-Poma-
res, 2013; Zhang et al., 2013).

At EDI2 of rats’ development (the XV stage of human develop-
ment by Camegie), the primitive atria is positioned cephalodorsally
(Christoffels et al., 2000). The sinus venosus occupied a dorso-inferior
position toward the primitive atria (Tobdn et al., 2013). Thus, the posterior
part of the mature right atria is basically a venous sinus, embedded into
the atria. The embryonic right atria and left atria are represented as au-
ricles in the mature heart. The distal part of the heart tube on the upper
wall of the general atria forms a crest which is called the primary septum
(Gittenberger-de Groot et al., 2005). The lower part of the primary septum
forms a concave arch toward the atrioventricular canal. Subsequently,
the endocardial pillows merge, separating the atrioventricular canal into
the right and left portions and the primary septum closes. Immediately
before this closure, the secondary foramen begins to form. The second-
dary foramen on the posterior part of the primary septum is necessary
for supporting blood flow through the left atria. At the same time secon-
dary septum also begins to be formed along the anterior roof to the right
of the primary septum and to the left of the left venous valve in the
interseptal valvular space. The lower part of this septum is also an arch
with a dorsal and ventral limb extending to the opening of the lower
vena cava. The left venous valve and the false septum merge with this
septum. The arch never closes but forms a limb of an oval foramen. In the
prenatal period, blood displaces the primary septum to the left and flows
through the secondary foramen to the left atria. In the postnatal period,
blood pressure in the left atria increases and presses the primary septum
to the left, effectively covering the defect (Sadler, 2014). Under normal
conditions, the oval foramen closes later but the alteration of this pro-
cess leads to the formation of a defect of the interatrial septum (Shatorna
etal, 2010).

Vasculogenesis

ED13 of rats (XVI stage of human development by Carnegie) is
characterized by the beginning of vasculogenesis in the ventricles (To-
manek et al., 1999). Bloody islets or primary hemocapillars appear in
the epicardium. They consist of a layer of endothelial cells and are filled
with erythrocytes (Hutchins et al., 1988). Primary hemocapillars become
visible near the top of the heart in the interventricular sulcus. Later they
are found in the atrioventricular sulcus and in other areas of the ventric-
les (Bogers et al., 1989). Later, immigration of angioblasts from the epicar-
dium in the myocardium and their differentiation take place. At ED16
coronary vessels appear in the ventricular myocardium (Ratajska et al.,
2003). At ED17 hemocapillaries spreading,in the ventricles merge toge-
ther and form the primary capillary plexus. At the same time, there are
no vessels in the atria (Saito, 1998). Consequently, there are numerous
scientific atricles devoted to angiogenesis in the ventricles but only little
research focused on study of the blood vessels’ development in the
atrial myocardium.

Stroma development

The development of the circulatory bed is closely related to the
development of the stromal elements (Mashtalir & Tverdokhlib, 2007).
At the early stages of cardiogenesis, fibroblasts have no estimably syn-
thetic activity. Therefore, located between cardiomyocytes and hemoca-
pillaries, they separate them (Tverdokhlib, 2007).

It is known that hypoxia stimulates growth, proliferation and synthetic
activity of fibroblasts (Yu, 2003), which results in intensification of
collagen formation in the myocardium (Zadnipryanyj & Tretyakova, 2011).
However, there is no information regarding comparative characteristics
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of the connective tissue components in the atria and ventricles. Since the
precursors of the connective tissue cells are the epicardium derivative
cells, which in turn stimulate the proliferation of the myocardium cells,
the intensity of the proliferation of cardiomyocytes during the cell mig-
ration phase may correlate with the number of fibroblasts. It is known
that the process of cell migration from the subepicardium initiates proli-
feration of cardiomyocytes and ventricular myocardium compactification
(Tomanek, 2002). Atrial myocardium is less thick as compared to vent-
ricles. This fact reveals that there is a much smaller number of epicardium
derivative cells in the atria and thereafter, connective tissue. That is why
the atrial myocardium will demonstrate distinctive mechanisms in respon-
se to the effect of hypoxia compared with the ventricular myocardium.
Most researchers have paid attention to this issue in the ventricles (Tong
etal., 2011; Zadnipryanyj & Tretyakova, 2011) although development of
connective tissue of the atria has not been explored.

Trabeculation

From ED14 of rats (XVI-XVII stages human development by
Carnegie) imitation of cardiomyocytes towards the endocardial endo-
thelium take place. This leads to a reduction in the number of cardiogel
and the formation of muscle trabeculae (Fig. 2), which are cardiomyo-
cytes lined by endocardial layer (Kozlov et al., 1995). Trabeculae increase
cardiac output and provide nutrition and oxygen uptake by the embryo-
nic myocardium before establishment of coronary vascularization without
increasing of the heart size (Samsa et al., 2013). The process of trabecu-
lation at the molecular level is controlled by several genes and metabo-
lites (neuregulin, Notch, angiopoietin 1, BMP, endothelin, retinoic acid,
etc.) and further modeled under the influence of hemodynamic conditi-
ons (Goenezen et al., 2012). However, research regarding the effect of
pathological factors (in particular hypoxia) on the process of atria
trabeculation is fragmentary and controversial. Some authors assert that
influence of hypoxia leads to insufficient development of trabeculae,
which leads to premature death of embryos or causes cardiomyopathy
in adults (Zhang et al., 2013). However, other researchers (Shatorna et al.,
2010) found out that hypoxia conditions increased thickness of trabeculae;
however it was not accompanied by an increase in the trabecular layer of
the ventricular myocardium. This issue needs further research.

Fig. 2. Representative image of transverse sections of the heart of
arat embryo at ED16: black arrows indicate trabeculae inside the atria
chamber; hematoxylin and eosin staining; scale bar = 50 um

Secretory apparatus and its development
in the stages of cardiogenesis

At ED14 intensification of secretory activity of cardiomyocytes takes
place. Cytoplasm of secretory cardiomyocytes is full of numerous ribo-
somal granules (Fig. 3), which are mainly grouped in the polysomes
(McKenzie et al., 1994). Ribosomes are characterized by electron-dense
content, which reflects their high synthetic activity. A significant area of
the cell cytoplasm is taken up with granular endoplasmic reticulum (ER).
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The Golgi complex is located near the nucleus. It is known (Knaapen et al.,
1997) that free ribosomes and polysosomes are responsible for synthesis
of myofibrillar proteins while the Golgi complex and granular ER pro-
vide protein synthesis for export. Therefore, the change in the relative
volumes of these organelles in the cell is a specific marker of changes in
secretory activity of cardiomyocytes (Korostyshevskaya et al., 2013).
A considerable amount of research is devoted to the study of ultrastruc-
tural changes in secretory cardiomyocytes in experiments with arterial
hypertension on rats’ embryos (Korostyshevskaya & Maksimov, 2013)
and mature animals (Rahcheeva & Bugrova, 2010). However, results
on effects of hypoxia on secretory apparatus are controversial.

Fig. 3. Representative image of secretory atrial cardiomyocyte at ED14:
numerous ribosomes are distributed on the cytoplasm;
electron micrograph; scale bar = 500 nm

At ED16 (XIX stage of human development by Carnegie) the sec-
retory apparatus plays an important role since the heart includes various
structural elements such as contractile, vascular, metabolic and secretory
(Tverdokhlib, 2007). The first research on secretory activity was con-
ducted in 1981 by Adolf de Bold and his colleagues (de Bold, 2011).
They injected an extract of the atrial heart tissue of rats into the peripheral
blood of rats and observed a rise of diuresis accompanied by a decrease
of blood pressure. Based on these results, they concluded that the extract
contains the factor that caused these effects and named it as the atrial
natriuretic factor (ANF). From 1983 to 1984 many researchers studied
the biochemical composition of this factor. As a result, it was
established that ANF has a protein nature, thus, it was called atrial
natriuretic peptide (ANP) (Gama et al., 2007; Clerico et al., 2011). Later,
scientists found that ANP is a hormone, which according to its diuretic
and vasodilatation effects is an antagonist of the renin-angiotensin-
aldosterone system (Casserly et al., 2010; Kuhn, 2012).

At the beginning of electron microscopy era it was found that natri-
uretic peptides in all mammals are synthesized in atrial cardiomyocytes
and accumulated in specific secretory granules (Takei et al., 2011). Immu-
nohistochemical methods revealed that the right auriculum has the most
dense accumulation of secretory granules. Distribution of granules
gradually decreases in the following sequence: left ventricle, right atria,
left atria, interventricular septum (Shevchenko & Tverdokhlib, 2012).
Normally, cardiomyosytes of ventricles are characterized by secretory
activity only during ebryonic development. However, under pathologi-
cal conditions in adults, secretory granules are found in the atria, auricles
and additionally in ventricles (Yunge et al., 1980; McKenzie et al., 1994;
Sergeeva et al., 2014).

The ultrastructural analysis showed that the secretory cardiomyocy-
tes are characterized by a centrally located nucleus, myofibrils are fused
to periphery, mitochondria, Golgi complexes and secretory granules
surrooud the nucleus (Rahcheeva & Bugrova, 2010). Secretory granules
appear in the cytoplasm of the secretory cardiomyocytes at ED16 of rats
(Silkina, 2005). According to the ultrastructural characteristics, secretory
granules are bodies spherical in shape, which contain an electron-dense

homogeneous core and are surrounded from the outside by a membrane
with a thin light perimembranous rim. These granules are classified as
type I granules or granules that still forming. The relative volume of the
Golgi complex and granular ER are significantly lower than in the
previous period (Knaapen et al., 1997). Correlation between relative
volumes of organelles that are responsible for secretory activity indicates
stages of the synthetic process. Predomination of the Golgi complex is a
marker of synthetic activity, whereas content of secretory granules is the
balance of synthesis and isolation (Korostyshevskaya et al., 2013). Some
pathological conditions change this correlation. In particular, in myoen-
docrine cells of embryos of rats with hereditary predisposition to arterial
hypertension, it was found that relative volume of the Golgi complex
was three times greater than volume of secretory granules, whereas in
the norm this correlation was 1.5:1.0 (Maksimov et al., 2013). However,
there is not information about hypoxia effecton secretory apparatus.

The most numerous ultrastructural changes of secretory apparatus
on atrial cardimyocytes happen at ED18. The number of secretory gra-
nules increases significantly in the cytoplasm of cells; granules morpho-
logically differ from each other (Fig. 4). According to classification there
are three types of secretory granules: forming, mature and those that
diffused. Type I includes small granules with high electron density and
a homogeneous matrix surrounded by a membrane with a thin light
perimembranous rim. The location of these granules is the same in the
Golgi area, which matches the process of their formation. Mature
granules (type II) are the largest ones; they have an electron-dense
matrix surrounded by membrane. Type III granules contain the most
electron-transparent matrix; they have no membrane and located far
from the Golgi complex. The percentage correlation of different types of
granules in the cytoplasm of cells indicates sequential stages of synthesis,
accumulation and excretion of peptide (Korostyshevskaya et al., 2013).
It is known that type I granules predominate in cytoplasm of the embryos
of rats with hypertension, whereas in the norm the most numerous are
type II granules (Maksimov et al., 2013). However, it is not known how
hypoxia changes the correlation of different types of granules as well as
the secretory phases.

Fig. 4. Representative images of secretory apparatus of rat atrial
cardiomyocyte at ED18: cytoplasm contains 3 types of secretory
granules; type I granule (a), type Il granule (), type III granule (c);
circle surrounds perimembranous rim type of I granule; black arrow
indicates Golgi complex near the nucleus; myofibrils are fused to
periphery; electron micrograph; scale bars a, b, ¢ = 100 nm, d= 500 nm

The ontogenetic features of secretory cardiomyocytes” development
are indicated in the change of secretory activity. Thus, during embryonic
development under normal conditions processes of granules’ accumula-
tion predominate. During birth, processes of secretory product release
are intensified. In the seven-day-old animals, synthesis processes predo-
minate. In the mature rats, the processes of synthesis, accumulation and
release are balanced. This correlation changes under the influence of
physiological and pathological factors. It is known that ANP is released
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from the atrial cardiomyocytes to the bloodstream by mechanical stret-
ching of the cavities with excessive volume of the blood pressure (Jacob
etal., 2013). In addition, many effects, including hypoxia, stimulate secretion
(Casserly et al., 2010). The stimulating effect of hypoxia on the release
of ANP is proved (Fujii et al., 2011). It is also known that under the inf-
luence of hypoxia, transcription of the ANP increases by activation of
HIFs (hypoxia inducible factors) (Patterson & Zhang, 2010). That means
that effects that were investigated under the influence of hypoxia were de-
pendent significantly on the time of its effect on the body (Bugrova et al.,
2012). A large number of articles are focused on the physiological aspect
of this issue only (Casserly et al., 2010; Arjamaa & Nikinmaa, 2011).

According to Casserly et al. (2010), the level of ANP increases in
both cases: under the influence of acute and chronic hypoxia. Only a
small amount of research is aimed at studying the morphological chan-
ges of the secretory apparatus under the influence of hypoxia. Thus, in-
vestigating the changes in the morphometric indices of the secretory
granules in the atria of chicken embryos, the researchers concluded that
under the influence of hypoxia in three days there were morphological
signs of accelerated release of peptides in the myoendocrine cells. After
one week the stimulation of their synthesis took place (Maksimov &
Korostyshevskaya, 2012). However, an increased number of granules
may indicate an increase of secretory activity of the cells or occurs due
to the problem in the process of the granules’ release. Conversely, a re-
duced number of granules may be the result of low secretory activity or
rapid peptide excretion. Since there is so far no clear understanding of
the processes of synthesis, accumulation and elimination of ANP at the
molecular and biochemical levels, the amount of granules cannot be a
specific feature of secretory activity of cells. A more informative criterion
for assessing changes in the stages of the synthetic cycle is study of
correlation between the organelles responsible for synthesis in the cell
(Golgi complex, granular ER) and secretory granules, as well as correla-
tion between different types of secretory granules.

Fig. 5. Representative images of transverse sections of the heart wall
of a newborn rat: immunohistochemical reaction, marker o-SMA,
Mayer’s hematoxylin staining; black arrow indicates blood vessel

of the atrial myocardium; scale bar @ =25 pm, 5= 100 um

The hearts of newborn rats are characterized by the most significant
changes, which are caused by changes in hemodynamic conditions (Tver-
dokhlib, 2007). This leads to intense growth of cardiomyocytes in the
first days after birth. During an experiment with intrauterine hypoxia
after birth, renovation of the oxygen supply takes place as well as adap-
tation of the organism to new conditions of existence. Therefore, the
main focus of the researchers was to find out how long changes that
happened during the action of the harmful factor will persist after its
cessation. In the experiment with mice it was demonstrated that
simulation of chronic hypoxia in the period from ED11.5 to ED13.5
(which is EDI13-15 of rats’ embryos) leads to the ventricular
myocardial thinning (Ream et al., 2008), which is the result of dilation.
However, other researchers (Shatoma et al., 2010) had found that the
effect of hypoxia on ED9 causes hypertrophy of the myocardium of rats
and underlies the formation of heart defects. These differences are the
result of different modes of hypoxia, different research objects and
different experimental conditions. This issue requires further study.

On days 1-2 after the rats’ birth, differentiation of arterioles and
venules (Fig. 5) takes place. This manifested in development of vascular
plexus in the ventricular myocardium, although in the atria these process
occurs later (Gossl et al., 2004).

Starting from the 4 day after birth, coronary arteries form collaterals
on the atrial myocardium. Other researchers state (Silkina, 2010) that
primary hemocapillaries were observed in the atrial myocardium of rats
at ED16. It is known that coronary vessels appear in response to increase
in nutritional needs caused by increasing myocardial thickness during
cardiogenesis (Ratajska et al., 2003). Atrial myocardium thickness is
less compared to that of ventricles. Therefore, it is likely that vessels
appear in the atria much later than in the ventricles. According to previous
studies, it is known that hypoxia stimulates vasculogenesis in the com-
pact ventricular layer (Shatorna et al., 2010), since hypoxia is a trigger for
angioblast invasion of the embryo heart (Patterson & Zhang, 2010).

Conclusions

This article represents analysis of morphological studies dedicated to
embryonic development of the atrial myocardium of rats in normal condi-
tions and under the effect of harmful factors, in particular hypoxia. Despite
numerous research in this field, we consider that a great number of the
findings are fragmentary and controversial. Some scientists focused on
structural changes of the ventricles separately from the atria. The fact that
the atria are responsible for construction of the heart wall as well as the
ventricles and additionally provide endocrine function makes this an
important object for investigation. There are many studies that are focused
on normal cardiogenesis. Nowadays, numerous teratogenic factors affect
this process and lead to abnormalities and congenital heart diseases. Hypoxia
has a leading position among these factors. Most researchers were focused
on the physiological aspect of this issue. However, investigation of patho-
logical changes that are the result of hypoxia may be helpful in practical
medicine for prevention and treatment of numerous heart diseases.
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