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Abstract

Objective: The purpose of the study is evaluation of monoaminoxidase type B, NeuN, neuroglobin, and ATP synthase immunoreactivity
in E2 nucleus histaminergic neurons of rat hypothalamus in the postnatal ontogenesis dynamics.

Material and Methods: The scientific work was performed on the offspring of outbred white rats. The decapitation of rats was
carried out on the 5%, 20" and 45" days after birth. We used immunohistochemical, cytophotometric and statistical research
methods in the work. The obtained data were processed by nonparametric statistics.

Results: In developing histaminergic neurons of rat brain, from 5th to 90th day after birth, the immunoreactivity of monoaminoxidase
type B, NeuN, neuroglobin, and ATP synthase simultaneously increases.

Conclusion: During the postnatal development of histaminergic neurons in parallel with their structural and metabolic formation,
a simultaneous increase in the immunoreactivity of monoaminoxidase type B, NeuN, neuroglobin, and ATP synthase occurs.
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Abbreviations: LQ: Upper Limit of the Lower Quartile; MAO-B: Monoaminoxidase type B; ME: Median; UQ: Lower Limit of the

Upper Quartile; Ngb: Neuroglobin

Introduction

The problem of brain formation in ontogenesis is one of the
priorities in medicine and biology. A large number of clinical ob-
servations and experimental studies on animals indicate that the
effects of adverse environmental factors during certain periods
of brain development (the so-called critical periods) leave a long
mark and create the basis for the development of various CNS pa

thologies [1,2]. With the advent of new methods in the arsenal of
neuromorphologists, the possibilities of studying the brain have
expanded significantly. In recent decades, to study the development
of neurons in postnatal ontogenesis, molecular markers have been
actively used, which allow not only to determine the morphologi-
cal features of cell maturation, but also to obtain information about
their differentiation and functional state.
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Thus, the marker of mature neurons, the NeuN (neuronal nu-
clei) protein, is localized in the nuclei and perinuclear cytoplasm
of mammalian CNS neurons. This protein is actively used in im-
munohistochemical studies as a universal neurospecific marker in
the study of neuronal differentiation [3]. Neuroglobin (Ngb) is an
iron-containing protein that is typically localized in the vertebrate
nervous system, predominantly in the perinuclear regions of nerve
cells [4]. It serves to store and transport oxygen to the mitochondria
of neurons, thereby contributing to the maintenance of brain oxy-
gen homeostasis [5], and also affects several metabolic pathways,
including the maintenance of ion homeostasis, energy metabolism,
and cell signaling [6]. ATP synthase is an integral protein of the in-
ner membrane of mitochondria. It is located in close proximity to
the respiratory chain and is designated as complex V, which carries
out the reaction of ATP synthesis from ADP [7].

One of the most important neurotransmitter systems in the
brain is the histaminergic system. The bodies of histaminergic
neurons in the brain of adult vertebrates are limited to the tubero-
mammillary region of the posterior hypothalamus, where they are
located in separate groups-nuclei (E1-E5) [8,9]. The E2 nucleus is
the largest and contains more than half of histaminergic neurons
[9]. Like most other aminergic systems, the histaminergic system
is arranged according to the “tree” principle: a small number of
neurons (in the rat brain-only 3-4 thousand, in the human brain-64
thousand) innervate billions of cells of the cortex and subcortical
structures and, thus, participate in the regulation of many CNS
functions [10-12]. Monoamine Oxidase Type B (MAO-B) acts as a
marker of histaminergic neurons. The protein is a key enzyme of
histamine metabolism in the brain, since it is responsible for the
oxidative deamination of this biogenic amine [9].

It is of considerable interest to study the immunoreactivity of
the molecular markers listed above in developing histaminergic
neurons, since there are no data on such studies in world literature.
The purpose of the study is evaluation of monoaminoxidase type B,
NeuN, neuroglobin, and ATP synthase immunoreactivity in E2 nu-
cleus histaminergic neurons of rat hypothalamus in the postnatal
ontogenesis dynamics.

Material and Methods
Animals and Experimental Design

The study was performed on the offspring of outbred white rats
(15 pups), in accordance with the principles of bioethics and the re-
quirements 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]. 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%, 10,
20", 45% and 90 days after birth (for a better assessment of the
dynamics of development, one rat pup was taken from each litter
for each period). Identification of brain structures was carried out
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according to the stereotaxic atlas schemes [14].
Immunohistochemistry

Samples of the hypothalamus were fixed in zinc-ethanol-for-
maldehyde [15] at +4°C (overnight), and then embedded in paraf-
fin. Paraffin sections 5 pm thick were prepared using a microtome
Leica RM 2125 RTS (Leica Microsystems GmbH, Germany) and
mounted on glass slides. The preparations were processed accor-
ding to the protocol of the immunocytochemical reaction for light
microscopy, excluding the procedure of thermal unmasking of an-
tigens [16].

For immunohistochemical detection of MAO-B, a key enzyme of
histamine metabolism in the brain and a marker of the hypothala-
mus histaminergic neurons [9], primary polyclonal rabbit antibo-
dies against MAO-B (cat.No. EPP15673, Elabscience, China) were
used at a dilution of 1:100, at +4°C, 20 hours, in a humid chamber.
Bound primary antibodies were detected using the detection kit
(cat.No. E-IR-R213, Elabscience, China) [17]. To assess the matu-
ration of histaminergic neurons, neuronal nuclear protein NeuN
(a marker of mature neurons [3]) was determined in the hypotha-
lamus. For immunohistochemical detection of NeuN, primary
polyclonal rabbit antibodies (ab.128886, Abcam, UK) were used
(at a dilution of 1:400, at +4°C, 20 hours, in a humid chamber). To
detect bound primary antibodies, the EXPOSE Rabbit specific HRP/
DAB detection [HC kit (ab.80437, Abcam, UK) was used.

For immunohistochemical detection of neuroglobin, a protein
involved in maintaining cell gas homeostasis [4,5], primary mono-
clonal mouse Anti-Ngb antibodies (ab. 14748, Abcam, UK) were
used at a dilution of 1:600 at +4°C, exposure 20 hours, in a humid
chamber. The EXPOSE Mouse and Rabbit specific HRP/DAB de-
tection IHC kit (ab. 80436, Abcam, UK) was used to detect bound
primary antibodies.

To determine the immunoreactivity of the molecular marker
of mitochondria ATP synthase (complex V, which forms ATP from
ADP [7]), primary monoclonal mouse Anti-ATP5A antibodies (ab.
14748, Abcam, UK) were used at a dilution of 1:2400 at +4°C, expo-
sure 20 hours, in a humid chamber. The EXPOSE Mouse and Rabbit
specific HRP/DAB detection [HC kit (ab. 80436, Abcam, UK) was
used to detect bound primary antibodies.

Histological preparations were studied, photographed and
analyzed with help microscope Axioskop 2 plus (Zeiss, Germany),
built-in digital video camera Leica DFC 320 (Leica Microsystems
GmbH, Germany) as well as computer image analysis programs
ImageWarp (BitFlow, USA).

Statistics

The primary data obtained were treated by nonparametric sta-
tistics using the Statistica 10.0 program (Stat Soft, Inc., USA). Quan-
titative 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
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lower limit of the upper quartile. Comparison of groups on one ba-
sis 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 exce-
ed 5% (p<0.05, where p is the critical value of the significance le-
vel).

Results

The results of our immunohistochemical study showed that
from the 5th to the 90th day of postnatal development in rats, the
immunoreactivity of all studied molecular markers in histaminer-
gic neurons increases significantly (Figure 1).

It was found that on the 5" day after birth, MAO-B was not de-
tected in histaminergic neurons, and from the 10* to the 90* day
it increased by 3.7 times (p<0.001). From the 10" to the 20 day,
this indicator increases by 2 times, from the 20" to the 45" day-by
1.4 times, and from the 45th to the 90th day-by 1.3 times (Table 1)
(Figure 1A, 1B).

The nuclear protein NeuN immunoreactivity in the hypotha-
lamus histaminergic neurons increases by 1.4 times from the 5%
to the 90" day of postnatal development (p<0.001). Thus, in the
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intervals from the 5% to the 10" day, from the 10* to the 20% and
from the 20" to the 45" day, the immunoreactivity of this marker
increases by 1.1 times, and from the 45" to the 90" day it does not
undergo significant changes (Table 1) (Figure 1C, 1D).

The expression of Ngb from the 5% to the 90t day of postnatal
development in the histaminergic neurons of the rat brain increa-
ses by 1.6 times (p<0.001). At the same time, from the 5" to the 10®
day, the immunoreactivity of this marker increases by 1.2 times,
from the 10" to the 20™ day-by 1.1 times, from the 20™" to the 45®
day-by 1, 2 times, and does not change significantly from the 45" to
the 90* day (Table 1) (Figure 1E,1F).

Expression of ATP synthase (a marker of mitochondria inner
membrane) in the rat hypothalamus histaminergic neurons from
the 5th to the 90th day of postnatal development increases by 1.5
times (p<0.001). At the same time, in the intervals from the 5" to
the 10%, from the 20" to the 45" and from the 45% to the 90" day,
the immunoreactivity of this protein increases by 1.1 times, and
from the 10" to the 20" day it does not undergo significant changes
(Table 1) (Figure 1G, 1H).

(Figure 1 & Table 1)
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Figure 1: Immunoreactivity of MAO-B (A, B), NeuN (C, D), Ngb (E, F) and ATP synthase (G, H) in E2 nucleus histaminergic neurons of rat hypo-
thalamus. 5" day (C, E, G), 10" day (A), 90" day (B, D, F, H). One can clearly see an increase in the size of histaminergic neurons and an increase
in the immunoreactivity of the studied molecular markers in their cytoplasm in postnatal ontogenesis. The molecular markers are located in the form
of fine grains mainly in the cytoplasm of perikarya, are not detected in the nuclei of neurons, and they are few in the neuropil, between the bodies
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Table 1: Immunoreactivity of markers (in units of optical density) in the cytoplasm of histaminergic neurons in the E2 nucleus of the

rat hypothalamus (Me (LQ; UQ)).

Study Timeline
Marker
5% day 10t day 20*" day 45" day 90" day
- 0,118 0,236%** 0,344+ 0,444**
MAO-B
(0,096; 0,136) (0,197; 0,291) (0,279; 0,395) (0,389; 0,509)
NeuN 0,444 0,324*** 0,353*** 0,382%** 0,403
eu
(0,389; 0,509) (0,287; 0,371) (0,320; 0,401) (0,340; 0,453) (0,365; 0,453)
b 0,173 0,210%** 0,234%* 0,270%** 0,270
Ng
(0,154; 0,202) (0,165; 0,243) (0,199; 0,270) (0,230; 0,317) (0,232;0,311)
0,337 0,374*** 0,385 0,438*** 0,494***
ATP synthase
(0,264; 0,423) (0,300; 0,453) (0,304; 0,479) (0,338; 0,563) (0,409; 0,594)

Note*: ***~ p<0,001, when comparing indicators with the previous period.

Discussion

The transition of histaminergic neurons from a poorly differen-
tiated to a mature state in postnatal ontogenesis is accompanied by
certain changes in their structure. From the 5" to the 90" day after
birth, in the E2 nucleus of the hypothalamus of rats, a significant
increase in the size of histaminergic neurons is observed (especial-
ly from the 5" to the 10" day), while the distance between their
perikarya increases (mainly during synaptogenesis, from days 5 to
20), which reflects the accelerated growth of the neuropil and leads
to a significant decrease in the number of neuronal bodies per unit
area of the E2 histaminergic nucleus. In the process of postnatal
development in histaminergic neurons, the nuclear apparatus is
reorganized, as a result of which the number of nucleoli and the
number of ribosome subunits accumulating between the nucleo-
li and the karyolemma decrease in the nuclei, the transition from
compact nucleoli observed in 5-day-old animals to larger nucleoli
of the classical reticular type, while the number of all organelles in
the cytoplasm increases. Thus, there is a regular development of
the functional apparatuses of the cell: energy, synthetic, as well as
digestion and protection [18,19].

It should be noted that by the time of birth and in the first two
weeks of animal life, histaminergic neurons do not fully perform the
function of histamine production [20]. The absence of activity of
monoaminoxidase type B (a marker enzyme of histaminergic neu-
rons [9]) revealed by us on the 5th day of postnatal development
indicates a low oxidative deamination of histamine in the studied
neurons. At this time, mast cells are responsible for the formation
of a significant part of the total pool of this biogenic amine in the
brain [20,21]. However, at the age of approximately two weeks of
postnatal development, the total content of histamine produced by
mast cells gradually decreases to the level characteristic of adults
[20], while MAO-B activity in the cytoplasm of histaminergic neu-
rons progressively increases. According to some scientists, the de-
crease in histamine synthesis in mast cells is due to the functional
formation of histaminergic neurons in the tuberomammillary re-

gion, which also begin to produce it [20]. Thus, an increase in the
immunoreactivity of the enzyme of oxidative deamination of hista-
mine, MAO-B, in the cytoplasm of histaminergic neurons indicates
the formation of a specific neurotransmitter metabolism of these
neurons in postnatal ontogenesis.

Thus, after the birth of animals, the differentiation of histami-
nergic neurons actively continues. This is accompanied by a gra-
dually increasing immunoreactivity of the NeuN protein (a marker
of differentiating nerve cells [3]) up to the 45" day of postnatal on-
togenesis. The high level of NeuN expression remains in the neu-
rocytes studied by us on the 90" day. According to the literature,
NeuN expression is detected throughout the life of a neuron [22].
It should be noted that the presence of this protein exclusively in
neurons, its predominantly intranuclear localization, and the abili-
ty to bind to RNA allowed scientists to suggest that NeuN is invol-
ved in neuron-specific splicing of pre-mRNA. Indirect confirmation
of its functioning as a splicing regulator is the concentration of this
protein in the composition of nuclear speckles (nuclear bodies,
consisting of interchromatin granules), which are the places of sto-
rage and modification of splicing factors. NeuN is supposed to be
involved in the processing of primary microRNA [3]. The presence
of NeuN throughout the life of a neuron, in turn, indicates the role
of this protein as a constant regulator of the general manifestations
of the neuronal phenotype, i.e., specific features of neurons [22].

In a growing and developing cell, there is an enhanced synthe-
sis of plastic substances, accompanied by the activation of oxidati-
ve processes and, accordingly, an increase in the oxygen demand
of cells. Since neuroglobin serves to store and transport oxygen to
the mitochondria of neuronsin order to ensure the functioning of
the oxidative phosphorylation system [5,23], its increasing immu-
noreactivity in histaminergic neurons from the 5th to the 90th day
of postnatal development of rats is quite natural. It is assumed that
the proteinneuroglobin should be concentrated in the cytoplasmic
compartments, where oxidative processes directly occur [24]. The-
refore, its localization in mitochondria or near these organelles is
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most probable. The biochemical studies carried out by Lechauve
and co-authors indicate the presence of neuroglobin in the com-
position of the mitochondrial fraction [25]. However, data on the
co-localization of this protein and mitochondrial markers have not
yet been obtained; therefore, it can be assumed that neuroglobin is
localized only in part of the mitochondria of nerve cells.

Actively differentiating histaminergic neurons need a signifi-
cant amount of energy stored in macroergic bonds of ATP, the syn-
thesis of which is one of the main functions of mitochondria. Mi-
tochondrial membrane ATP synthase produces ATP from ADP via
a transmembrane proton gradient generated by electron transport
complexes in the respiratory chain. The energy of the transmem-
brane gradient is used for ATP synthesis and for the active transport
of essential substrates across the inner mitochondrial membrane.
The combination of these reactions provides an efficient exchan-
ge of ATP-ADP between the mitochondria and the cytosol, which
makes it possible to maintain a high level of energy supply in the
cell [7,26]. During cell differentiation, ATP synthase also promotes
the formation of mitochondrial cristae [27-29]. Our earlier electron
microscopic study showed that the number of mitochondria in the
cytoplasm of histaminergic neurons increases dynamically as they
develop, and their cristae develops [19]. Therefore, the increase in
the immunoreactivity of ATP synthase from 5th to 90th day of pos-
tnatal development of the rat hypothalamus histaminergic neurons,
which we demonstrated, is in full agreement with our electron mi-
croscopic data.

In the cytoplasm of histaminergic neurons stained for ATP syn-
thase immunoreactivity, a predominantly uniform distribution of
immunopositive granules and clumps is observed. In some of the
studied neurons, the accumulation of these aggregates is visualized
in the perinuclear region. Since ATP synthase is localized on the in-
ner membrane of mitochondria, the location of these granules and
clumps in the cytoplasm of histaminergic neurons apparently cor-
responds to the distribution of these organelles in them. This arran-
gement of mitochondria is indeed characteristic of histaminergic
neurons in the hypothalamus of rats [19]. During the differentiation
of histaminergic neurons, contact of mitochondria with the nuclear
membrane is observed [19], which corresponds to the accumula-
tion of immunopositive aggregates in the perinuclear region of the
described neurocytes. It indicates a high level of metabolic proces-
ses with significant energy costs in this zone.

The results of our immunohistochemical study demonstrate
that in the developing histaminergic neurons of the hypothala-
mus, from the 5" to the 90" day after birth, the immunoreactivity
of MAO-B, NeuN, Ngb, and ATP synthase synchronously increases.
This corresponds to the literature data, according to which a po-
sitive correlation in the brain has been established between the
expression of Ngb and the marker of mature neurons NeuN, as well
as neuroglobin and ATP synthase [30].

Conclusion

During the postnatal development period of E2 nucleus rat
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hypothalamus histaminergic neurons, from the 5% to the 90* day
after birth, in parallel with the structural and metabolic formation
of these neurons, a synchronous increase in the immunoreactivi-
ty of MAO B, NeuN, neuroglobin and ATP synthase occurs in their
cytoplasm.
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