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Abstract

The organellogenesis of histaminergic neurons in the nucleus E2 of the rat hypothalamus on the 5%, 20%, and 45" days of
postnatal development was described using the electron microscopic method of investigation. It has been established that during
the described period of development in histaminergic neurons the number of mitochondria and the relative area occupied by them
in the cytoplasm increase, the mitochondria acquire an elongated shape, and the length of the cristae increases in them. The number
of bound ribosomes on the rough endoplasmic reticulum cisternae increases, while the number of free ribosomes does not change,
the Golgi complex develops progressively, and the number of lysosomes and, accordingly, the relative area occupied by them in the
cytoplasm also increase.
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Introduction

The histaminergic neurotransmitter system, discovered much
later than other aminergic systems of the brain, has attracted much
attention from researchers in recent decades. It is a collection of
histaminergic brain neurons and histamine receptors. In adult
mammals and humans, the bodies of histaminergic neurons are in
the tuberomammillary region of the hypothalamus, where they form
five clusters - nuclei (E1-E5), which are spatially interconnected and
gradually pass one into another [1,2]. The E2 nucleus is the largest:
it makes up 40% of the total volume of the histaminergic nuclei and
contains 54% of the histaminergic neurons of the hypothalamus
[1]. Axons of histaminergic neurons spread to all parts of the brain,

where they can coordinate the work of other neuronal systems |[3-
5].

The literature describes spatiotemporal structuring of the
histaminergic system during embryogenesis [6,7], postnatal
development of nucleoli in histaminergic neurons [8]. To date,
the role of the histaminergic system in the activity of the brain,
participation in the regulation of systems and reactions of the body
under normal conditions, as well as changes in its functional activity
under various pathological conditions have been studied [2,9]. The
localization, spatial organization, structure and features of the
metabolism of histaminergic neurons of the hypothalamus in adult
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animals are described in the norm and under some experimental
influences [1,2,10-12]. However, there is no information in the
literature on the development of organelles of these neurons in the
dynamics of postnatal development, which reflects the relevance
of this study for neurobiology and developmental biology. The
purpose of the study is evaluation of postnatal organellogenesis of
E2 nucleus histaminergic neurons in the rat hypothalamus.

Materials and Methods
Animals, Chemicals and Experimental Design

The study was performed on the offspring of outbred white rats
(12 pups), in accordance with the principles of bioethics and the
requirements of the Directive of the European Parliament and of the
Council No. 2010/63/EU of September 22, 2010, on the protection
of animals used for scientific purposes [13]. This study received
permission from the Biomedical Ethics Committee of the Grodno
State Medical University (protocol No. 1 dated January 30, 2018).
The animals were on a standard vivarium diet. Rats that reached
the required age were taken out of the experiment by decapitation
and the hypothalamus was taken. Decapitation of rat pups was
carried out on the 5%, 20, and 45" days after birth (for a better
assessment of the dynamics of development, one rat pup was taken
from each litter for each period, a total of 4 pups). Identification of
brain structures was carried out according to the schemes of the
stereotaxic atlas [14]. All the chemicals were obtained from Sigma-
Aldrich (USA).

Electron Microscopy

For electron microscopy the lateral parts of posterior
hypothalamus, where the histaminergic neurons of the largest
group, E2, are situated, immediately after they were taken were
placed in 1% osmium fixative in Millonig’s buffer (pH=7.4) [15]
for 2 hours at a temperature of +4°C. The samples were washed
in a mixture of Millonig’s buffer (20ml) and sucrose (900mg),
dehydrated in 50° and 70° ethanol. The samples were kept for
12 hours in 70° ethanol. Then they were dehydrated in alcohols
of increasing concentration, a mixture of alcohol and acetone, 3
portions of acetone, passed through a mixture of resin (Araldite
M+ Araldite M hardener 964+dibutyl phthalate+ Araldite M
accelerator 960,) and acetone, and then they were enclosed in resin
in gelatin capsules and placed in a thermostat at a temperature
of +60°C for 4 days for polymerization. Semithin sections 350nm
thick were obtained with a ultramicrotome Leica EM UC 7 (Leica
Microsystems GmbH, Germany) and stained with methylene
blue. The preparations were examined under a light microscope
to clarify the localization of E2 nucleus histaminergic neurons
of the hypothalamus. For the identification of the E2 group of
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histaminergic neurons the stereotaxic atlas and corresponding

topographic schemes were used [1,14].

Ultrathin sections (about 35nm thick) were made on a
ultramicrotome Leica EM UC 7 (Leica Microsystems GmbH,
Germany), collected on supporting copper grids (Sigma, cell size
300x83), and counterstained with uranyl acetate [16] for 20min.
under a dark cover at room temperature, then washed in three
portions of bidi stilled water for 25 seconds, counterstained with
lead citrate for 8 minutes. [17] and washed in three portions of bidi
stilled water for 30sec. The resulting preparations were examined
with a transmission electron microscope JEM-1011 (JEOL, Japan).
Ultra-photographs were acquired by digital camera (Olympus Mega
View III, Germany) Ultrastructural morphometry was performed
using the item image processing program (Version 5.0; Build 1224;
Serial Number A3766900-7E852FAB, Germany), tracing selected
objects on a computer monitor with the cursor and estimating their
number and size.

Statistics

The primarily data obtained were treated by nonparametric
statistics using software Statistical 10.0 (Stat Soft, Inc., USA).
Quantitative results were presented as “Me (LQ; UQ)”, where Me is
the median, LQ is the upper limit of the lower quartile, and UQ is the
lower limit of the upper quartile. Comparison of groups on one basis
was carried out using the Mann-Whitney U-test for independent
samples. Differences between groups were considered statistically
significant if the probability of an erroneous estimate did not
exceed 5% (p<0.05).

Results

The results of an electron microscopic study showed that the
ultrastructure of histaminergic neurons in the rat hypothalamus
changes significantly in postnatal ontogenesis. In the cytoplasm of
histaminergic neurons of 5-day-old rat pups, a moderate number of
mitochondriais noted, which have around, oval, oblong, occasionally
irregular or branched shape and are located diffusely (Figure 1A,
2A). Sometimes their division is observed. Individual mitochondria
are almost closely adjacent to the nuclear membrane, cisternae, and
tubules of the endoplasmic reticulum or to each other, sometimes
contacting each other. Mitochondrial cristae are not always well
expressed and are arranged randomly: both along and across with
respect to the long axis of the organelles. Sometimes they are bent
and do not have a specific orientation (Figure 14, 2A).

By the 20" day, mitochondria acquire a more elongated shape,
which persists at later stages of development, and in terms of their
localization, these structures do not differ significantly from those
described earlier (Figure 1D). Branched organelles are observed
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more often than on the 5" day (Figure 1D, 2B). Dividing organelles
are also found. On day 45, in the cytoplasm of histaminergic
neurons, mitochondria are still in contact with other organelles

and with each other (Figure 1G). Often, their local accumulations
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are noted near the nucleus or endoplasmic reticulum. There
are branched organelles (Figure 2C). Dividing mitochondria are
observed more often than in the previously described periods of
postnatal development (Figure 1&2).

um, x50000 (A,D,G); scale bar: 0.5 pm, x60000 (B, C, D, F, H, I).

Figure 1: Mitochondria (A,D,G), Rough Endoplasmic Reticulum (B,D,H), Golgi Complex (C,F,l) in the cytoplasm of rat hypothalamus histaminergic
neurons on the 5" (A,B,C), 20" (D,D,F) and 45" (F,H,I) days of postnatal development. Autophagolysosome (AL), Branched Mitochondria (bM),
Golgi Complex (G), Lysosome (L), Mitochondria (M), Nuclear Envelope (NE), Nucleus (N), Rough Endoplasmic Reticulum (RER). Scale bar: 0.5

From days 5 to 45 of postnatal development, the number of
mitochondria in histaminergic neurons increases by 1.7 times: from
days 5 to 20, as well as from days 20 to 45, by 1.3 times (p<0.001)
(Table 1). At the same time, their individual area does not undergo
significant changes (Table 1), while the change in the relative area
of these organelles fully corresponds to the change in their number
(Table 1). The length of mitochondrial cristae during the studied
period of postnatal ontogenesis increases by 1.5 times: from the 5"
to the 20" day-by 1.2 times (p<0.001), from the 20" to the 45" day-
by 1.3 times (p<0.001) (Table 1).

The Rough Endoplasmic Reticulum (RER) in the histaminergic
neurons of 5-day-old rat pups consists of numerous tubules and
cisternae, various in length and tortuous, most often randomly
scattered throughout the cytoplasm (Figure 1B). On the 20% day

of postnatal development, RER is more pronounced, the number
of cisternae and tubules increases in it, acquiring a more correct
parallel orientation (Figure 1E). By the 45% day, the disordered
arrangement of cisternae and tubules remains, the number of
which increases (Figure 1H). At the same time, the length of the
tubules and cisternae of the RER does not change significantly over
the studied period (Table 1). The outer surface of the cisternae and
tubules of the RER carries ribosomes, which are unevenly arranged,
singly or in groups, lining up in a line; other parts of the membranes
are free from ribosomes. From the 5% to the 45% day after birth, the
number of bound ribosomes (per 1um of the length of the tubules
and cisternae of the RER) increases by 2.1 times: from the 5% to the
20" day-by 1.6times (p<0.001), from the 20" to the 45 day-by 1.3
times (p<0.001).
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Table 1: Morphometric indicators of histaminergic neurons organelles in the period of postnatal development (Me (LQ; UQ)).

Study Timeline
Indicators
5 days 20 days 45 days
1.658 2.216*** 2.857*%*

Number of mitochondria, pcs/pum? cytoplasm

(1.157; 2.078)

(1.672; 2.754)

(2.226; 3.609)

Mitochondrial area, pm?

0.034

(0.028; 0.040)

0.031

(0.026; 0.037)

0.031

(0.025; 0.040)

Relative area of mitochondria, pm?/um? of cytoplasm

0.066

(0.045; 0.086)

0.084***

(0.069; 0.106)

0.110%**

(0.096; 0.132)

Length of cristae in mitochondria, pm

0.126

(0.100; 0.161)

0.145%**

(0.116; 0.185)

0.188%**

(0.157; 0.241)

Mitochondrial factor of elongation

1.563

(1.449; 1.723)

1.662**

(1.560; 1.787)

1.679#

(1.565; 1.829)

Length of RER cisternae, pm

0.373

(0.237; 0.604)

0.374

(0.260; 0.500)

0.332

(0.228; 0.485)

Number of bound ribosomes, pcs/um length of RER cisternae

31.548

(24.000; 40,848)

51.012%**

(41.518; 64,988)

67.021%**

(54,248; 83,054)

Number of free ribosomes, pcs/pum? cytoplasm

184.15

(138.627; 219.737)

162.666

(147.033; 197.161)

185.055*

(164.025; 225.746)

Number of lysosomes, pcs/pum? cytoplasm

0.051

(0.027; 0.070)

0.083***

(0.062; 0.125)

0.126**

(0.090; 0.177)

Lysosome area, pm?

0.051

(0.021; 0.075)

0.042

(0.021; 0.071)

0.049

(0.020; 0.090)

Relative area of lysosomes, pm?/um? of cytoplasm

0.003

(0.001; 0.004)

0.004**

(0.003; 0.007)

0.007*

(0.005; 0.011)

Note*: #-p<0.05, comparison of cellular parameters of histaminergic neurons between days 5 and 45; * -p<0.05, ** -p<0.01 *** -p<0.001, when

comparing indicators with the previous period.

Note*: # -p<0.05, comparison of cellular indices of histaminergic neurons between 5 and 45 days; * -p<0.05, ** -p<0.01, *** -p<0.001, when

comparing indicators with the previous term.

In addition to bound ribosomes in the cytoplasm of
histaminergic neurons, there are many free ribosomes, lying both
singly and combined into polysomes (on average, six pieces), which
form rosettes and spirals. Their number decreases from the 5" to
the 20" day (not statistically significant), and from the 20" to the
45" increases by 1.1 times (p=0.045). The Golgi complex on the 5"
day is mainly represented by microbubbles, a few vacuoles, and
single cisterns. It is near the nucleus (Figure 1C). As the animals
grow older, the organization of the Golgi complex becomes more
complex, manifested in an increase in the number of cisterns and
their length. However, there are fragments of the Golgi complex,
consisting of only two components-numerous small vesicles and
larger vacuoles (Figure 1F). The Golgi complex on the 45" day is
located exclusively in the perinuclear region and is detected in the

form of several territorially separated zones, which may differ from
each other both in the number and structure of cisterns, and in the
number and size of bubbles (Figure 1J).

In the cytoplasm of histaminergic neurons on the 5% day there
are single lysosomes, which are bodies of small, medium, and large
sizes, filled with a homogeneous substance of uniform density, and
with a heterogeneous content (Figure 34, 3B). On the 20" and 45"
days of postnatal development, lysosomes of various shapes are also
present, the sizes of which do not change significantly, often, these
organelles are near the Golgi complex (Figure 3C, 3D). In postnatal
ontogenesis, the number of lysosomes increases by 2.5 times: from
days 5 to 20, by 1.6 times (p<0.001), from days 20 to 45, by 1.5
times (p=0.004) (Table 1). At the same time, their individual area
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does not undergo significant changes (Table 1), and the relative are quite often found formations located mainly on the periphery
area from the 5™ to the 45" day increases by 2.3 times (from the of the cell, surrounded by a membrane and containing a different
5% to the 20 day -1.3 times (p=0.005), from the 20" to the 45" day = number of small vesicles with different osmiophilicity (Figure 2B)
-1.8 times (p=0.033) (Table 1). Along with lysosomes in neurons (Figure 3).

for all the studied periods of development, multivesicular bodies

Figure 2: Branched mitochondria in rat hypothalamus histaminergic neurons on the 5" (A), 20" (B), 45" (C) days of postnatal ontogenesis.
Branched Mitochondria (bM), Cell Membrane (CM), Golgi Complex (G), Mitochondria (M), Multivesicular Body (Mb), Neuropil (Np), Nuclear
Envelope (NE), Nucleus (N), Rough Endoplasmic Reticulum (RER). Scale bar: 0.5 uym, x30000.
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Figure 3: Variety of lysosomes in the cytoplasm of rat hypothalamus histaminergic neurons on the 5" (A,B) and 45" (C,D) days of postnatal
development. Autophagolysosome (Aphl), Cell Membrane (CM), Golgi Complex (G), Lysosome (L), Mitochondria (M), Neuropil (Np), Emerging

Autophagosome (Aph). Scale bar: 0.5 pm, x60000.

Discussion

In postnatal ontogenesis in developing histaminergic neurons,
the formation of functional cell apparatuses is traced: energy,
synthetic, digestion and protection. Thus, as animals grow older in
the studied neurons of the brain, the number of mitochondria and
the relative area occupied by them in the cytoplasm increase, while
they are elongated, and the length of the cristae increases in them.
This reflects the formation of the energy apparatus of developing
neurons. The observed contact of mitochondria with the nuclear
membrane, cisterns and tubules of the RER indicates a high level
of metabolic processes with significant energy costs in these zones
[18]. It should be noted that in pyramidal neurons of the frontal
cortex of the brain and Purkinje cells of the cerebellum in postnatal
ontogenesis, elongation of mitochondria and an increase in the
length of cristae were also observed in them; in addition, they also
increased in size, but their number in Purkinje cells did not increase
[19,20]. This indicates some features of the formation of the energy

apparatus in the developing histaminergic neurons of the brain.

In developing histaminergic neurons from the 5% to the 45"
day of postnatal development, branched forms of mitochondria
are found. There is an opinion that in most cells’ mitochondria
are not represented by isolated structures but are organized into
a three-dimensional network of straight or branching chains of
mitochondria or represent one or more branched organelles. Thus,
what we call mitochondria, meaning a single organelle, may be only
part of the “mitochondrial network”, which is a dynamic system
that is modified depending on energy requirements and metabolic
conditions, thereby indicating complexity, as well as functional and
structural the integrity of the energy apparatus of the cell. Based
on our data, we can assume the growth and branching of such a
“mitochondrial network” in developing histaminergic neurons
[21]. One of the important mechanisms of cellular adaptation
is “mitochondrial dynamics”, which includes the process of
mitochondrial division.
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Ithasbeen established that not only ATP synthesis and oxidative
stress reactions, but also processes such as cell growth and aging
depend on the division of these organelles. The phenomenon of
mitochondrial division has long been known. He was assigned
the role of providing daughter cells with these organelles after
mitosis. However, recently the division of mitochondria has been
recognized as an important characteristic of not only dividing, but
also interphase cells, including cells of such a highly differentiated
tissue as nervous tissue. From the 5" to the 45" day of postnatal
development of histaminergic neurons of the rat brain, dividing
mitochondria are quite often found in their cytoplasm. The division
of these organelles as one of the ways of mitochondrial biogenesis
and an increase in the number of mitochondria provides the
growing energy needs of the cell. Although this may also reflect the
accelerated branching of the “mitochondrial network” mentioned
above [21]. During the growth and differentiation of histaminergic
neurons, the number of mitochondria and the relative area they
occupy in the cytoplasm increase, while their average size does
not undergo significant changes, which may be due to the active
division of these organelles.

Thus, the division of mitochondria regulates their number
and is a mechanism for controlling the renewal and quality
of the mitochondrial population. The observed elongation of
mitochondrial cristae in developing histaminergic neurons may
reflect an increase in folding and, accordingly, the area of the inner
membrane and an increase in the energy potential of mitochondria.
Elongation of the cristae can lead to elongation of the mitochondria
themselves, which is confirmed by an increase in the mitochondrial
elongation factor from days 5 to 45 of postnatal ontogenesis in
rats. As these neurons develop, the RER is formed. It increases the
number of cisterns and tubules, the length of which does not change.
At the same time, the ribosomes number on the RER membranes
increases, which may be associated with an increase in the need
for histaminergic neurons in protein biosynthesis for export, in
the terminal. At the same time, the number of free ribosomes that
provide protein biosynthesis for the needs of perikaryons per unit
area of the cytoplasm does not change significantly in postnatal

ontogenesis.

It should be noted that in the pyramidal neurons of the frontal
cortex in the postnatal period, there is a significant increase in the
number of bound ribosomes, but a decrease in the number of free
ribosomes, although these indicators do not change significantly
in Purkinje cells. However, in both types of cortical neurons,
there is a significant progressive elongation of the RER cisternae
[19,20]. The process of differentiation of histaminergic neurons

of the hypothalamus in postnatal ontogenesis is accompanied by
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the formation of the Golgi complex, growth, and a more ordered
arrangement of its cisterns, which was also observed in cortical
neurons [19,20]. All the above reflects the general patterns
and features of the development of the synthetic apparatus of
histaminergic neurons of the brain in postnatal ontogenesis. In
postnatal ontogenesis, the number of lysosomes in the cytoplasm
of histaminergic neurons increases and, accordingly, an increase in
their total relative area is observed. However, the size of lysosomes
does not change significantly. It should be noted that in pyramidal
neurons of the frontal cortex of the brain and Purkinje cells of the
cerebellum, an increase in not only the number but also the size of
lysosomes was observed [19,20].

This indicates the similarity and features of postnatal
development in the histaminergic neurons of the brain of the
intracellular digestion and protection apparatus necessary to
ensure autophagy, remove worn out membranes and organelles
damaged during the life process. It is noteworthy that histaminergic
neurons on the fifth day of postnatal development, in comparison
with pyramidal neurons of the cerebral cortex and Purkinje cells
of the cerebellum, look morphologically more mature [20,22,23].
Accordingtotheliteraturedata,themorphofunctionaldifferentiation
of brain structures occurs in the caudal-rostral direction, starting
from the spinal cord and medulla oblongata and ending with the
cerebral cortex and cerebellum. Thus, phylogenetically older cells
of the underlying brain regions differentiate earlier than cells of the
overlying regions. The formation of the ultrastructure characteristic
of mature neurons, first, is completed in the structures of the brain
stem and later in the cerebral cortex. In this case, the order of
differentiation reflects the sequence of functional maturation of
cells. This lack of simultaneous maturation of neurons in different
brain structures enables them to function in accordance with
their significance at each stage of development. According to the
literature data, monoaminergic systems are among the earliest
developing neurotransmitter systems in the mammalian brain
[24,25].

Thus, the differentiation of histaminergic neurons begins even
in embryogenesis. On the 16" day of prenatal development, the
enzyme of histamine synthesis, histidine decarboxylase, is detected
in them for the first time. Until birth, there is a migration of GDC-
immunoreactive neurons, as a result of which they occupy a location
in the hypothalamus characteristic of histaminergic neurons in
adult animals. In this case, the neurons of the tuberomammillary
region undergo their final mitotic division before the expression of
the mediator that determines their phenotype [26,27]. By the 5"
day after birth, the histaminergic system of rat pups is anatomically

like the histaminergic system of an adult animal, since even in
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embryogenesis, histaminergic neurons migrate to their final
location, where they form groups of E1-E5 nuclei, stop dividing, and
form processes [7,26,27]. At the same time, the formation of the
cortical structures of the brain through the migration of neurons
to the place of their final localization from the areas of their “birth”
is completed only in postnatal ontogenesis [28]. However, in
structural and functional respects, histaminergic neurons in early
postnatal ontogenesis show signs of immaturity. Then, during
postnatal development, they show signs of differentiation like
other types of brain neurons, reflecting the general patterns of their
postnatal ontogenesis.

Conclusion

In the postnatal ontogenesis of the rat a regular development
of organelles of histaminergic neurons of the hypothalamus is
observed. Thus, the number of mitochondria and the relative area
occupied by them in the cytoplasm increase in them, but their
average size does not change, the mitochondria are elongated, and
the length of the cristae increases in them. At the same time the
number of bound ribosomes on the RER cisternae increases, while
the number of free ribosomes does not change, the Golgi complex
develops progressively and the number of lysosomes increases, but
not their size. This reflects the patterns and features of the postnatal
development of the functional apparatuses of histaminergic
neurons of the brain: energy, synthetic, digestion and protection.
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