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Financing
The study was carried out within the framework of the project 

“Assessment of the energy potential and oxygen depot of brain 
neurons to predict their sensitivity to ischemia” of the Belarusian 
Republican Foundation for Fundamental Research Nauka-M 
(Registration No: 20213456, 20.09.2021).

Introduction
The brain is extremely vulnerable to blood flow disorders. 

If it is disturbed, cerebral ischemia develops. Since the degree of 
damage to neurons depends on the duration of cerebral ischemia, 
regional characteristics of vulnerability and many other factors, the 
pressing issue is an integrated study of the disorders occurring in 
neurons and their cooperation, as well as the pressing issue is the 
content of markers such as ATP synthase, which reflects the energy 
potential of neurons of various types and parts of the brain, and 
oxygen-binding protein neuroglobin (Ngb), because there is no 
data on their relationship. 

Aim of the Study
Aim of the study is to examine changes in cytoplasmic 

chromatophilia in populations of neurons in various parts of the  

 
rat brain during experimental ischemia and relationships of these 
changes with the content and dynamics of ATP synthase and Ngb.

Methods 

The permission to conduct the study was obtained on January 
15, 2020, from the Biomedical Ethics Committee of the Grodno 
State Medical University. The study was carried out in accordance 
with 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.

Material from 12 white male rats weighing 230±20 g was used 
in the study. When modeling subtotal cerebral ischemia (SCI), all 
rats were anesthetized by intravenous administration of 40-50 mg/
kg of sodium thiopental. A 2 cm long incision was made along the 
midline of the ventral cervical surface, exposing the common carotid 
arteries. In animals of the experimental groups - 30-minute SCI and 
3-hour SCI - simultaneous ligation of both common carotid arteries 
was carried out, while in animals of the control group arterial 
ligation was not performed and the incision was sutured. Animals 
were derived from the experiment immediately after the operation 
(for rats of the control group), and 30 minutes and 3 hours after 
the operation (for rats of the experimental groups). The brain was 
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quickly removed after decapitation and divided into three parts by 
frontal incisions. All samples were fixed in a combined fixative - 
zinc-ethanol-formaldehyde at +4°C for 20 hours. After dehydration, 
clarification, and paraffin embedding, frontal serial sections 5 µm 
thick were made every 500 µm using a Leica 2125 RTS microtome 
(Germany) and mounted on adhesive-coated glass slides.

The first section from each series was stained with 0.1% 
toluidine blue according to the Nissl method to reveal the 
chromatophilic substance of neurons and identify brain structures 
according to stereotaxic atlas [1]. The following groups of neurons 
were distinguished when assessing the chromatophilia of the 
cytoplasm: normochromic (moderately stained), hyperchromic 
(intensely stained), hyperchromic shriveled up (intensely stained 
with shriveled up perikarya), hypochromic (weakly stained) and 
shadow cells (very weakly stained, with a pale bubble-shaped 
nucleus). The degree of sensitivity of neurons to ischemia was 
determined by the degree of these changes compared with the 
control, as well as by the predominance of reversible (increase in the 
number of hyperchromic and hypochromic neurons) or irreversible 
changes (increase in the number of hyperchromic shriveled up 
neurons and shadow cells). The nature of chromatophilia was 
assessed in 60 areas of the brain: layers of the cortex and nuclei 
of the brain. Neuron cytoplasmic chromatophilia was assessed and 
counted in 10 fields of view at ×400 for each structure per animal, 
which provided sufficient data even for structures characterized by 
a relatively small number of neurons.

The second section from each series was stained using the 
Viktorov method to identify brightly stained fuchsinophilic 
dying neurons [2]. The third and fourth sections were stained 
immunohistochemically. To assess the immunoreactivity of ATP 
synthase, primary monoclonal mouse antibodies Anti-ATP5A 
antibody (Abcam, UK, ab. 14748) were used at a dilution of 1:2400 
at +4 ºС exposure 20 h in a humid chamber. To determine the 
immunoreactivity of Ngb, primary monoclonal mouse antibodies 
(Anti-Ngb antibody from Abcam, UK, ab. 14748) were used at a 

dilution of 1:600 (chosen as optimal from a series of dilutions from 
1:100 to 1:3000) at +4 ºС exposure 20 h in a humid chamber. In 
both cases, Mouse and Rabbit Specific HRP/DAB IHC Detection Kit 
- Micro-polymer (UK, Abcam, ab236466) was used to detect bound 
primary antibodies. The immunoreactivity of ATP synitase and Ngb 
was studied in 25 structures of the rat brain.

Preparations were studied, microphotographed, and 
cytophotometrically performed using Axioskop 2 plus microscope 
(Zeiss, Germany), Leica DFC 320 digital video camera (Leica 
Microsystems GmbH, Germany), and Image Warp computer 
image analysis program (Bit Flow, USA). Immunoreactivity was 
expressed in units of optical density ×103 (arbitrary units – a.u.). 
The obtained quantitative continuous data were processed by the 
methods of descriptive and nonparametric statistics using the 
licensed computer program Statistica 10.0 for Windows (StatSoft, 
Inc., USA, serial number AXAR207F394425FA-Q). Non-parametric 
Mann-Whitney U-criteria, Kruskal-Wallis H-criteria and Spearman 
rank correlation coefficient was used (probability of an erroneous 
estimate should not exceed 5%).

Results
Histological disorders in neurons of different parts of the 

rat brain during ischemia. In animals of the control group 
normochromic and hyperchromic neurons predominate in all 
parts/structures of the brain (Table 1). After a 30-minute ischemia 
in most structures of the rat brain there is a decrease in the number 
of normochromic and an increase in the number of hyperchromic, 
hyperchromic shriveled up, hypochromic and shadow cells 
(Table 1). However, neurons resistant to 30-minute ischemia are 
also found in various parts of the brain (Table 1). After a 3-hour 
ischemia the proportion of normochromic neurons decreases 
and the proportion of hyperchromic, hyperchromic shriveled up, 
hypochromic neurons and shadow cells increases in all studied 
brain structures. Absolutely resistant to 3-hour SCI brain structures 
were not found (Table 1).

Table 1:  Ratio of neuron types with different degrees of cytoplasmic chromatophilia in rat brain structures after SCI (in %; *p<0.05).

Structure, group
Type of neurons according to the degree of chromatophilia of the cytoplasm

normochromic hyperchromic hyperchromic 
shriveled up hypochromic shadow cells

Telencephalon

Mitral cells of the 
olfactory bulb

control 44,5 37,5 11,1 6,9 0

30 min 5,5 ↓* 21,8 39,1 ↑* 23,6 * 10 ↑*

3 h 9,6 ↓* 10,8 67,5 ↑* 7,2 4,8

Piriform cortex, 
layer II

control 35,4 34 22,3 8,3 0

30 min 37,2 13,6 ↓* 22,0 21,5 5,7

3 h 10,8 ↓* 17,9 ↓* 55,1 10,8 5,4
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Hippocampus CA1, 
layer II

control 78,1 3,3 1,9 12,6 4,1

30 min 8,1 ↓* 28,5 ↑* 49,6 ↑* 6,5 7,3

3 h 0 ↓* 11,9 ↑* 72,4 ↑* 10,1 5,6

Hippocampus CA2, 
layer II

control 78,4 7 5,9 8 0,7

30 min 13,2 ↓* 36 ↑* 44,6 ↑* 5,3 0,9

3 h 14,1 ↓* 35,7 ↑* 34,3 ↑* 8,3 7,6

Hippocampus CA3, 
layer II

control 39 27,8 24,9 5,3 3

30 min 7 ↓* 33,2 51,3 ↑* 3,2 5,3

3 h 1,5 ↓* 24,4 63,7 ↑* 8,3 2,1

Dentate gyrus, 
layer II

control 57,9 16,8 10,6 12,4 2,3

30 min 17,4 ↓* 32,1 34,3 ↑* 10,8 5,4

3 h 7,8 ↓* 30,4 41,9 ↑* 11,4 8,5 ↑*

Cingulate cortex, 
layer II

control 86,9 0,9 1,9 8,4 1,9

30 min 39,1 5,1 9,6 ↑* 30,8 ↑* 15,4 ↑*

3 h 6,8 ↓* 44,8 ↑* 17,1 ↑* 13,9 ↑* 17,3 ↑*

Cingulate cortex, 
layer III

control 66,4 7,4 5,7 13,1 7,4

30 min 39 14,6 13 17,9 15,5

3 h 2,4 ↓* 35,4 ↑* 15,1 ↑* 42,8 ↑* 4,2

Cingulate cortex, 
layer V

control 68 13 2 10 7

30 min 27,9 ↓* 31,4 7 19,8 ↑* 13,9

3 h 3,9 ↓* 45,5 ↑* 19,6 ↑* 28,6 ↑* 2,4

Cingulate cortex, 
layer VI

control 41,2 8 10,5 22,8 17,5

30 min 26,6 ↓* 13,9 24,1 16,5 18,9

3 h 0 ↓* 7,4 69,6 ↑* 22 1 ↓*

Retrosplenial 
agranular cortex, 

layer II

control 56,7 43,0 0,3 0 0

30 min 10,4 ↓* 74,9 ↑* 10,6 ↑* 4,2 ↑* 0

3 h 0 ↓* 63,3 ↑* 21,8 ↑* 13,9 ↑* 1,0

Retrosplenial 
agranular cortex, 

layer III

control 73,6 26,4 0 0 0

30 min 10,8 ↓* 75,3 ↑* 9,4 ↑* 3,8 0,7

3 h 0 ↓* 48,7 ↑* 33,8 ↑* 14,5 ↑* 3

Retrosplenial 
agranular cortex, 

layer V

control 54,1 45,9 0 0 0

30 min 10,1 ↓* 76,4 ↑* 11,5 ↑* 2 0

3 h 0 ↓* 18,2 ↓* 60,6 ↑* 18,5 ↑* 2,7

Retrosplenial 
agranular cortex, 

layer VI

control 42,9 56 1,1 0 0

30 min 0,3 ↓* 76,7 ↑* 13,3 ↑* 8,5 ↑* 1,2

3 h 0 ↓* 34 43 ↑* 19,5 ↑* 3,6 ↑*

Temporal cortex, 
layer II

control 57,1 41,4 0,9 0,6 0

30 min 9,1 ↓* 85,2 ↑* 4,9 ↑* 0,8 0

3 h 25,1 7,0 ↓* 5,8 ↑* 47,4 ↑* 14,6 ↑*

Temporal cortex, 
layer III

control 37,4 57,3 5,3 0 0

30 min 14,6 ↓* 74,5 ↑* 7,2 3,4 0,3

3 h 25,6 4,3 ↓* 7,8 54,7 ↑* 7,6 ↑*

Temporal cortex, 
layer IV

control 29,4 61,9 8,1 0,6 0

30 min 10,3 ↓* 73 ↑* 11,2 ↑* 4,5 ↑* 1

3 h 32,4 3,6 ↓* 3,0 53,4 ↑* 7,6 ↑*
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Temporal cortex, 
layer V

control 27,6 56,4 16 0 0

30 min 12,3 ↓* 70,2 ↑* 10,5 5,5 ↑* 1,5

3 h 15,3 ↓* 8,1 ↓* 23,6 46,8 ↑* 6,3 ↑*

Temporal cortex, 
layer VI

control 22,8 73,9 3 0,3 0

30 min 17,5 66,5 ↓* 8,8 ↑* 6 ↑* 1,2

3 h 12,4 ↓* 9,5 ↓* 23,3 51,0 ↑* 3,8 ↑*

Motor cortex, 
layer II

control 75,6 7 0 15,7 1,7

30 min 19,7 ↓* 24,1 ↑* 14,6 ↑* 26,3 ↑* 15,3 ↑*

3 h 14,9 ↓* 9 12,4 ↑* 51,1 ↑* 12,6 ↑*

Motor cortex, layer 
III

control 66,4 17,2 0,8 12,3 3,3

30 min 22,6 24,9 11,9 ↑* 23,1 ↑* 17,5 ↑*

3 h 18,8 7,2 5,9 51,2 ↑* 17,0 ↑*

Motor cortex, 
layer V

control 56,7 6 2,4 28,9 6

30 min 27,3 ↓* 29,5 ↑* 6,8 28,4 8

3 h 13 ↓* 21,6 17,8 ↑* 41,3 ↑* 6,3

Motor cortex, layer 
VI

control 64,8 7,2 3,2 24,8 0

30 min 36,7 ↓* 19,4 ↑* 13,3 ↑* 25,5 5,1

3 h 2,7 ↓* 11,1 46,8 ↑* 32,3 7,1 ↑*

Occipital cortex, 
layer II

control 63,1 3,9 0,4 18,6 14

30 min 23,6 ↓* 21,8 ↑* 5,1 28,2 21,3

3 h 0 ↓* 15,6 0,5 62,3 ↑* 21,7 ↑*

Occipital cortex, 
layer III

control 65,3 4,6 0,6 18,6 10,9

30 min 24,7 ↓* 24 ↑* 4,9 ↑* 27,6 18,8 ↑*

3 h 4,2 ↓* 4,2 0,4 64,6 ↑* 26,6 ↑*

Occipital cortex, 
layer IV

control 59,8 12,5 2,3 14 11,4

30 мин 10,2 ↓* 32 ↑* 7,8 35,4 ↑* 14,6

3 h 0,5 ↓* 4,4 2 74,9 ↑* 18,2

Occipital cortex, 
layer V

control 54,9 23,8 1,8 16,5 3

30 min 4,8 ↓* 42,4 30 ↑* 18 4,8

3 h 6,3 ↓* 26,3 7 48,9 ↑* 11,5 ↑*

Occipital cortex, 
layer VI

control 44,7 26,8 10,6 14 3,9

30 min 1,4 ↓* 10,6 65 ↑* 20,3 2,7

3 h 0 ↓* 6,3 16,0 69,4 ↑* 8,3 ↑*

Diencephalon

Medial habenula of  
the thalamus

control 12,3 85,3 2,4 0 0

30 min 8,2 79,1 11,5 ↑* 1,2 0

3 h 0,2 ↓* 1,2 ↓* 65,6 ↑* 28,6 ↑* 4,4 ↑*

Paraventricular 
thalamic nucleus

control 18,3 79,8 1,9 0 0

30 min 10 48,8 41,2 ↑* 0 0

3 h 0 ↓* 9,9 ↓* 84,7 ↑* 5,4 ↑* 0

Lateral posterior 
thalamic nucleus

control 27,8 66,2 5,7 0,3 0

30 min 19,8 ↓* 28,1 ↓* 47,4 ↑* 4,4 ↑* 0,3

3 h 1,6 ↓* 21,2 ↓* 59,5 ↑* 16,1 ↑* 1,6

Lateral 
hypothalamic area

control 48,9 46 5,1 0 0

30 min 25,9 58 ↑* 12,1 ↑* 3,8 ↑* 0,2

3 h 11,1 ↓* 23,0 ↓* 45,1 ↑* 15,9 ↑* 4,9 ↑*
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Medial mammilar 
nucleus

control 26,9 53 8,2 6,8 5,1

30 min 10,5 4,2 ↓* 49,7 ↑* 22,9 ↑* 12,7 ↑*

3 h 0 ↓* 0 ↓* 12,8 58,9 ↑* 28,3 ↑*

Supramammilar 
nucleus

control 44,3 39 1,3 14,1 1,3

30 min 20,5 5 ↓* 38,3 ↑* 25,6 10,6 ↑*

3 h 0 ↓* 1,2 ↓* 42,0 ↑* 48,1 8,6

Histaminergic 
nucleus E2

control 41,2 54,4 4,4 0 0

30 min 29,4 51,4 19,2 ↑* 0 0

3 h 0 ↓* 0 61,8 ↑* 37,4 ↑* 0,8

Mesencephalon

Nucleus raphe 
magnus

control 54,3 43,8 1,9 0 0

30 min 14,4 ↓* 83,3 ↑* 2,3 0 0

3 h 7,8 ↓* 14,6 ↓* 64,1 ↑* 12,6 ↑* 1

Ventral tegmental 
area

control 46,2 6,6 28,5 13,2 5,5

30 min 3 ↓* 4 39,4 47,5 ↑* 6,1

3 h 0,7 ↓* 2,9 58,7 ↑* 29 ↑* 8,7

Substantia nigra, 
pars compacta

control 61,2 23,3 10,7 1,9 2,9

30 min 17,7 ↓* 32,6 30,4 16,3 3

3 h 7,5 ↓* 12,7 65,9 ↑* 10,4 ↑* 3,5

Substantia nigra, 
pars reticulata

control 59,5 28,6 11,9 0 0

30 min 41,4 9,8 ↓* 29,3 17,1 2,4

3 h 0 ↓* 29,8 45,6 ↑* 15,8 ↑* 8,8

Interpeduncular 
nucleus

control 74,4 4,4 12,3 6,1 2,7

30 min 63,8 11,5 6,5 10,0 8,2

3 h 1,8 ↓* 4,6 49,5 14,7 29,4 ↑*

Pons and medulla oblongata

Adrenalinergic 
nucleus C1

control 31,2 56,9 10,1 1,8 0

30 min 30,3 11,4 ↓* 44,3 8,9 5,1

3 h 5,4 ↓* 24,3 ↓* 45,9 24,3 0

Trigeminal 
mesencephalic 

nucleus

control 45,7 34,4 17,1 2,9 0

30 min 4 ↓* 34 48 12 2

3 h 2,2 ↓* 48,9 24,4 20 4,4

Hypoglossal 
nucleus

control 11,1 63 18,5 7,4 0

30 min 78,8 ↑* 18,4 3,1 0 0

3 h 1,9 5,7 ↓* 63,8 ↑* 26,7 ↑* 1,9

Nucleus prepositus 
hypoglossi

control 56,8 39,2 0 4 0

30 min 19,8 67,6 12,6 0 0

3 h 0 ↓* 3,5 20,1 ↑* 59,6 ↑* 16,9 ↑*

Spinal trigeminal 
nucleus

control 85,5 11,6 2,9 0 0

30 min 53,3 ↓* 42,6 ↑* 4,1 0 0

3 h 12,0 ↓* 20,5 33,7 ↑* 30,1 ↑* 3,6

Dorsal motor 
nucleus of vagus

control 32,3 60 7,7 0 0

30 min 23,6 ↓* 34,6 38,2 ↑* 3,6 0

3 h 0 ↓* 4,3 ↓* 65,7 30 ↑* 0

Medullary reticular 
nucleus (ventral 

part)
control 61 34,5 4,5 0 0
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Medullary reticular 
nucleus (ventral 

part)

30 min 42,5 45,3 ↑* 11,3 0,9 0

3 h 1,5 ↓* 5,3 ↓* 64,9 ↑* 26,7 ↑* 1,5

Medullary reticular 
nucleus (dorsal 

part)

control 69,4 23,4 7,2 0 0

30 min 46,6 47,9 ↑** 5,5 0 0

3 h 1 ↓* 3,1 ↓* 62,9 ↑* 32 ↑* 1

Facial nucleus

control 50,9 35,5 11,5 2,1 0

30 min 51,1 35,6 9,5 3,5 0,3

3 h 14,8 ↓* 19,4 49,1 ↑* 13,0 3,7

Gigantocellular 
nucleus

control 58,9 33,5 7,2 0,4 0

30 min 14,7 ↓* 69 ↑* 13,6 ↑* 1,9 0,8

3 h 6,4 ↓** 15,4 ↓** 62,8 ↑* 11,5 ↑* 3,8

Gracile nucleus

control 68,3 29,3 2,4 0 0

30 min 17 ↓* 75,4 ↑* 5,9 ↑* 1,1 0,6

3 h 0 ↓* 19,4 57 ↑* 23,4 ↑* 0,2

Cuneate nucleus

control 44,4 40,1 15,5 0 0

30 min 16,8 ↓* 52 ↑* 25,2 ↑* 3,2 ↑* 0

3 h 0 ↓* 24,8 48,1↑* 26,6 ↑* 0,5

Medial vestibular 
nucleus

control 33,5 53,1 11,8 1 0,6

30 min 8,5 ↓* 82 ↑* 8,4 0,9 0,2

3 h 5,6 ↓* 4,7 ↓* 43,0 41,1 ↑* 5,6

Cerebellum

Parafloccus, 
Purkinje cells

control 42,9 53,6 3,6 0 0

30 min 9,3 30,2 34,9 11,6 14 ↑*

3 h 0 ↓* 13,3 52 ↑* 14,7 ↑* 20 ↑*

Simple lobule, 
Purkinje cells

control 72,7 15,9 9,1 2,3 0

30 min 18,9 35,9 17,0 15,1 13,2

3 h 0 ↓* 1,2 21 42 ↑* 25,8 ↑*

Paramedian lobule, 
Purkinje cells

control 75 18,8 6,3 0 0

30 min 0 ↓* 39,5 47,4 ↑* 10,5 2,6

3 h 4,2 ↓* 16,7 50,0 ↑* 25,0 ↑* 4,2

Pyramid, Purkinje 
cells

control 68,8 22,9 4,2 4,2 0

30 min 3,4 ↓* 50,9 28,8 11,9 5,1

3 h 0 ↓* 1,6 34,9 ↑* 30,2 ↑* 33,3 ↑*

Interposed nucleus

control 35,8 41,5 17 5,7 0

30 min 4,8 ↓* 47,6 38,1 9,5 0

3 h 7,5 20 ↓* 17,5 50 ↑* 5

Medial nucleus

control 56,9 13,6 15,9 13,6 0

30 min 3,6 ↓* 45,5 29,1 14,6 7,2

3 h 2,4 ↓* 24,4 34,1 26,8 12,2

Lateral nucleus

control 15,5 48,3 32,8 1,7 1,7

30 min 14 18,6 51,2 9,3 6,9

3 h 12,2 14,3 ↓* 34,7 28,6 ↑* 10,2

The most significant changes in neuronal chromatophilia in 
SCI are found in the telencephalon and diencephalon. Among the 
studied structures of the telencephalon, neocortical regions are 

the most sensitive to SCI. The reaction of the allocortex structures 
is diverse, with the piriform cortex being the most stable and 
the mitral cells of the olfactory bulbs being the least stable. The 
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sensitivity of neurons varies in different fields of the hippocampus. 
In the hippocampal CA3 and dentate gyrus fields neurons showed 
the least pronounced changes (Figure 1). Within the diencephalon 
the sensitivity in ischemia is not the same. The neurons of the 
midbrain, pons, and medulla oblongata are the most resistant to 
ligation of both common carotid arteries (Table 1). Relative stability 
is demonstrated by the nuclei of the cerebellum, but not by Purkinje 
cells (Table 1). Changes in ATP synthase and Ngb content in neurons 
of different parts of the rat brain during ischemia. After ischemia 
caused by ligation of the common carotid arteries the greatest 

changes in ATP synthase immunoreactivity at the regional level 
were found in neurons of the neocortex and periallocortex of the 
telencephalon (Table 2). A significant decrease in immunoreactivity 
is observed in all the studied layers of the cortex after a 30-minute 
SCI (Table 2). After a 3-hour SCI, immunoreactivity is partially 
restored in comparison with the previous period or remains at the 
same low level (Table 2, Figure 2). An exception is the mitral cells of 
the olfactory bulb, in which after a 30-minute SCI a sharp increase 
in ATP synthase immunoreactivity is observed, but already after a 
3-hour SCI it decreases to the initial level.

Table 2: Immunoreactivity of ATP synthase and Ngb in neurons with SCI: optical density units ×103 (*statistically significant 
difference compared to the control group, **difference compared to the previous term, p<0.05).

Structure, marker
Contents of ATP synthase and Ngb (Me (LQ; UQ))

control group 30 min SCI 3 h SCI

Telencephalon

Mitral cells of the olfactory 
bulb

ATP-synthase 188,4 (146,9; 212,7) 284,1 (252,6; 309,5)* 194,1 (171,2; 226,9)**

Ngb 156,7 (138,9; 174,3) 181,0 (170,1; 196,3)* 173,4 (147,9; 187,8)**

Piriform cortex, layer II
ATP-synthase 306,2 (241,6; 384;3) 243,1 (214,9; 270,5)* 213,0 (191,1; 237,0)*, **

Ngb 185,2 (172,0; 197,0) 151,2 (140,3; 166,9)* 184,7 (159,2; 206,2)**

Hippocampus CA1, layer II
ATP-synthase 275,0 (229,7; 316,3) 248,8 (208,4; 280,7)* 235,3 (206,5; 255,5)*

Ngb 209,2 (190,4; 226,9) 164,8 (154,8; 196,1)* 130,9 (111,5; 154,9)*, **

Hippocampus CA2, layer II
ATP-synthase 298,2 (265,3; 339,0) 321,1 (270,8; 382,0) 281,9 (234,3; 312,6)*,**

Ngb 231,3 (217,9; 247,3) 204,8 (174,7; 221,1)* 174,8 (156,7; 183,2)*, **

Hippocampus CA3, layer II
ATP-synthase 294,5 (270,6; 341,2) 246,8 (207,6; 283,9) * 205,9 (176,0; 238,0) *,**

Ngb 219,7 (193,2; 243,0) 177,5 (166,1; 198,2) * 120,9 (109,3; 148,8) *, **

Dentate gyrus, layer II
ATP-synthase 284,9 (250,8; 340,3) 230,1 (187,7; 307,2)* 178,5 (160,5; 199,6)*, **

Ngb 186,6 (167,1; 213,8) 163,9 (149,8; 176,0)* 130,8 (120,3; 138,3)*, **

Retrosplenial agranular 
cortex, layer III

ATP-synthase 290,8 (261,7; 327,8) 191,6 (159,2; 242,9)* 196,9 (157,2; 232,5) *

Ngb 226,3 (210,9; 244,2) 285,8 (251,8; 323,2)* 183,2 (173,9; 211,9)*, **

layer V
ATP-synthase 269,7 (250,1; 314,7) 182,7 (141,8; 224,8)* 227,7 (206,6; 287,6)*, **

Ngb 240,4 (198,8; 259,2) 222,3 (197,9; 243,0) 195,8 (175,4; 214,4) *, **

layer VI
ATP-synthase 287,4 (250,1; 308,0) 149,7 (131,1; 258,4)* 219,6 (186,1; 273,4)*, **

Ngb 244,6 (232,2; 260,7) 240,2 (219,2; 255,1) 185,8 (175,0; 208,0)*, **

Temporal cortex, layer III
ATP-synthase 294,6 (249,7; 313,7) 165,7 (89,9; 190,0)* 202,7 (183,5; 231,7)*, **

Ngb 164,7 (153,1; 180,5) 165,5 (134,3; 206,8) 146,3 (118,5; 158,6)*, **

layer V
ATP-synthase 314,6 (275,0; 335,4) 194,8 (126,7; 245,0)* 195,0 (170,6; 240,3)*

Ngb 179,4 (156,1; 191,3) 182,0 (150,4; 207,9) 144,7 (118,5; 152,8)*, **

layer VI
ATP-synthase 283,7 (246,1; 344,3) 198,7 (164,7; 261,5)* 198,8 (180,9; 241,7) *

Ngb 167,6 (151,3; 185,2) 174,7 (156,2; 200,2) 111,6 (99,0; 124,2)*,**

Diencephalon

Posterior thalamic group
ATP-synthase 255,9 (218,2; 303,0) 221,3 (190,9; 234,5)* 257,4 (236,6; 286,6)**

Ngb 229,9 (204,7; 243,3) 174,1 (160,7; 201,6)* 135,1 (128,3; 153,3)*, **

Medial mammilar nucleus
ATP-synthase 333,4 (314,7; 360,9) 347,0 (292,4; 387,8) 297,2 (269,5; 341,0)*, **

Ngb 217,6 (196,2; 232,3) 204,8 (190,9; 224,8) 163,0 (147,5; 178,1)*, **

Medial habenula of  the 
thalamus ATP-synthase 342,8 (283,0; 381,8) 256,0 (192,4; 289,7)* 207,0 (170,0; 232,5)*, **
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Medial habenula of  the 
thalamus Ngb 250,2 (226,7; 266,8) 168,6 (152,6; 180,3)* 144,1 (130,0; 157,5)*, **

Histaminergic nucleus E2
ATP-synthase 360,7 (315,8; 425,1) 327,0 (276,2; 370,0)* 252,7 (218,2; 294,1)*, **

Ngb 305,0 (277,7; 317,0) 235,7 (218,2; 247,6)* 199,5 (176,3; 217,0)*, **

Pons and medulla oblongata

Ventral tegmental area
ATP-synthase 271,3 (236,6; 292,4) 255,7 (206,8; 318,0) 267,3 (239,0; 302,8)

Ngb 211,7 (188,5; 235,4) 237,6 (188,0; 269,4) 211,1 (194,9; 235,9)

Substantia nigra, pars 
compacta

ATP-synthase 327,0 (298,2; 349,2) 251,1 (208,1; 304,4)* 293,4 (270,3; 337,5)*, **

Ngb 230,4 (210,0; 246,3) 170,9 (151,2; 184,3)* 141,4 (133,9; 151,3)*, **

Spinal trigeminal nucleus
ATP-synthase 332,4 (282,3; 365,1) 303,8 (270,9; 345,2) 310,3 (277,6; 377,9)

Ngb 202,3 (177,2; 216,7) 190,7 (164,4; 227,8) 189,9 (170,2; 208,7)

Gigantocellular nucleus
ATP-synthase 340,5 (305,2; 381,0) 366,6 (327,5; 431,5)* 309,2 (288,8; 350,3)**

Ngb 237,0 (215,5; 264,7) 183,9 (170,3; 194,1)* 191,6 (180,8; 208,7)*

Cerebellum

Simple lobule, Purkinje cells
ATP-synthase 231,7 (219,1; 243,4) 247,0 (216,4; 279,4) 248,0 (234,6; 263,5)*

Ngb 159,7 (147,6; 168,2) 155,3 (122,4; 169,4) 157,3 (146,7; 189,6)

Parafloccus, Purkinje cells
ATP-synthase 270,3 (246,7; 296,9) 280,8 (259,6; 317,0) 220,0 (184,5; 245,9)*,**

Ngb 171,0 (144,8; 183,7) 163,5 (135,6; 156,5)* 160,2 (134,3; 165,8)

Lateral nucleus
ATP-synthase 325,8 (284,6; 395,9) 308,1 (279,2; 345,9) 249,7 (198,3; 298,4)*, **

Ngb 247,4 (190,3; 272,5) 214,0 (201,9; 224,1) 189,0 (174,5; 202,2)*, **

Interposed nucleus
ATP-synthase 348,6 (305,5; 400,2) 324,7 (298,4; 341,7)* 273,3 (230,8; 329,7)*, **

Ngb 292,0 (268,3; 300,6) 224,3 (186,0; 241,4)* 226,0 (205,2; 237,8)*

Figure 1: Dentate gyrus layer II neurons. A-C – Nissl staining, D-F – Viktorov staining. ×400.

https://dx.doi.org/10.26717/BJSTR.2022.46.007363


Copyright@  LI Bon | Biomed J Sci & Tech Res | BJSTR. MS.ID.007363.

Volume 46- Issue 3 DOI: 10.26717/BJSTR.2022.46.007363

37529

Figure 2: Temporal cortex layer V neurons. А – control group, Б – 30-minute ischemia, В – 3-hour ischemia. Immunohistochemical 
stainin of ATP-synthase. ×400.

Figure 3: Medial habenula of the thalamus neurons. А – control group, Б – 30-minute SCI, В – 3-hour SCI. Immunohistochemical 
staining of neuroglobin. ×400.

Changes in ATP synthase immunoreactivity observed in the 
nuclei of the diencephalon are similar to those in the telencephalon. 
The nature of changes in immunoreactivity in neurons of the 
mesencephalon and medulla oblongata is less pronounced in 
comparison with the telencephalon and diencephalon (Table 
2). In neurons of the nuclei of the cerebellum and Purkinje 
cells of the cerebellar cortex there are almost no changes in the 
immunoreactivity of ATP synthase after a 30-minute SCI, but 
already after a 3-hour SCI immunoreactivity in neurons noticeably 
decreases compared with control (Table 2).

Changes in Ngb immunoreactivity after SCI were found in 
neurons of all parts of the rat brain. A decrease in immunoreactivity 
(IR) is predominantly noted. However, its degree and speed 
differ (Table 2). The ancient piriform cortex is characterized by 
a rapid decrease after a 30-minute ischemia and an increase in 
immunoreactivity after a 3-hour exposure relative to a 30-minute 
SCI (Table 2). In the mitral cells of the olfactory bulb, on the 
contrary, Ngb-IR increases after a 30-minute SCI (Table 2). In the 
hippocampus and dentate gyrus, a decrease in IR Ngb is noted 

in both terms (Table 2). In the layers of the periallocortex and 
neocortex, there is no decrease in IR after a 30-minute SCI, but there 
is a decrease after 3 hours (Table 2). In the neurons of the thalamic 
structures, Ngb-IR decreases already after a 30-minute ischemic 
exposure and continues after 3 hours (Table 2, Figure 3). Slower 
and less pronounced changes occur only in the medial mammillary 
nucleus (Table 2). In the midbrain and medulla oblongata, the 
changes are of a diverse nature - there is both a wave-like change 
in IR and its decrease already after a 30-minute exposure (Table 
2). In one of the structures of the medulla oblongata, the spinal 
nucleus of the trigeminal nerve, no changes in Ngb-IR were found 
(Table 2). The structures of the cerebellum are characterized by 
different dynamics of changes in Ngb immunoreactivity. The least 
significant changes in Ngb-IR are observed in the Purkinje cells of 
the cerebellar cortex. The nuclei of the cerebellum are characterized 
by different times of Ngb-IR decrease (Table 2).

Relationships between the content of ATP synthase and Ngb 
and the degree of ischemic damage to brain neurons. The initial 
content of ATP synthase in neurons of all parts of the rat brain 
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positively correlates with the number of ischemic hyperchromic 
neurons (r=0.43; p=0.04) and negatively correlates with the 
number of shadow cells (r=-0, 43; p=0.04) after 30 minutes of 
SCI. These correlations of ATP synthase in the brainstem and 
cerebellum with the number of postischemic hyperchromic 
shriveled up neurons (r=0.62; p=0.03) and shadow cells (r=-0.69; 
p=0.01) are more pronounced. At the same time, the initial content 
of ATP synthase in the telencephalon and diencephalon correlates 
more significantly with the number of hyperchromic shriveled 
neurons (r=0.63; p=0.01). In the telencephalon, the content of ATP 
synthase was negatively associated with the number of shadow 
cells after 30-minute (r=-0.91; p=0.002) and 3-hour SCI (r=-0.74; 
p=0.04). In addition, in the brainstem, including the diencephalon, 
normal amounts of ATP synthase are positively strongly correlated 
(r=0.74; p=0.04) with the number of hyperchromic neurons after a 
30-minute SCI.

The negative relationship with shadow cells is especially 
obvious for Ngb, since most of the correlations found both in the 
entire brain and in its departments relate to this type of destructive 
changes in neurons. After a 30-minute SCI in all parts of the 
rat brain, a negative correlation is observed between the initial 
content of Ngb and the number of shadow cells after a 30-minute 
ischemia (r=-0.505, p=0.01). Similar in strength, but different 
in character, a positive correlation was found between the initial 
content of Ngb and the number of shadow cells after a 3-hour SCI 
(r=0.45; p=0.027). In the telencephalon and diencephalon, these 
correlations are somewhat higher: after 30 minutes (r=-0.53, 
p=0.04) and 3 hours of SCI (r=-0.54, p=0.04). In the brainstem and 
cerebellum, the correlation with the number of shadow cells after 
a 30-minute SCI is even higher (r=-0.66, p=0.02). In the brain stem 
after 3-hour SCI the correlation with Ngb amounts is strong and 
positive (r=0.71; p=0.047).

Discussion
The differences found confirm the literature data on a similar 

nature, but different severity of postischemic histological changes 
in neurons in different parts of the rat brain. According to our 
data, neurons of the telencephalon and diencephalon are damaged 
faster and more severely after ligation of the common carotid 
arteries. The sensitivity of neurons within the telencephalon is 
also heterogeneous as previously reported by other authors on the 
example of different sensitivity of the fields of the hippocampus and 
dentate gyrus to ischemia, detected using light, electron microscopy, 
and biochemical methods [3-6]. Since the telencephalon and 
diencephalon have minimal regional differences in blood supply, it 
is objective to compare the sensitivity of their structures. Compared 
with the telencephalon, no structures of the diencephalon can 
be called stable based on changes in the number of neurons with 

different types of cytoplasmic chromatophilia. Also a comparison 
of changes in the structures of the diencephalon and the structures 
of the telencephalon most sensitive to subtotal ischemia (especially 
in neocortex) confirms the data on the relative lower sensitivity 
of populations of diencephalon neurons to ischemia [7]. In the 
cerebellum, the Purkinje cells of the cortex are more sensitive to 
subtotal cerebral ischemia. The high sensitivity of Purkinje cells to 
ischemia in vivo and in vitro was also reported by previous authors 
[5,8].

The obtained data on changes in the content of ATP synthase 
in neurons of different parts of the rat brain after ligation of the 
common carotid arteries demonstrate a different degree and rate 
of decrease in the content of ATP synthase, which may be due to 
different blood supply to the studied parts of the brain, as well as 
different sensitivity of individual populations of rat brain neurons 
in departments, possibly due to their different function, metabolic 
status, and neurotransmitter nature. The most significant and rapid 
decrease in the content of ATP synthase is a characteristic of the 
structures of the telencephalon of the rat which account for the 
greatest degree of ischemic impact in this experimental model. 
However, the rate and degree of decrease in the content of ATP 
synthase vary. Differences in the sensitivity of neurons in the parietal 
cortex and hippocampus to ischemia were previously reported 
[9,10]. The nature of changes in the content of ATP synthase in the 
neurons of the structures of the diencephalon vary too. The selective 
sensitivity of thalamic and hypothalamic neurons to ischemia 
has been described in the literature [7,11,12], but changes in the 
ATP synthase of these neurons have not been described. Despite 
the fact that the thalamus is intensively supplied with blood due 
to high metabolic demands and has a well-developed network of 
collaterals, the nature of changes in its structures is very different. 
In the posterior group of nuclei of the thalamus after prolonged 
ischemic exposure the level of ATP synthase immunoreactivity 
is restored, while in neurons of the medial habenular nucleus, 
immunoreactivity decreases throughout all periods of exposure. 
For histaminergic neurons of the hypothalamus (E2 nucleus), 
tolerance of ATP synthase to ischemic effects was not revealed.

From the literature data it is known that in the neurons of this 
nucleus after 30-minute ischemia, not only changes indicating 
the activation of synthetic processes predominate but signs of 
destruction of ultrastructure’s are already observed [13], which 
may well correspond to a 9% decrease in ATP synthase after 30 
min SCI. The obtained data on changes in the immunoreactivity of 
ATP synthase in neurons of the midbrain and medulla oblongata 
indicate a lower susceptibility of their neurons to changes in the 
content of ATP synthase during ligation of the common carotid 
arteries. Perhaps this is due to the preservation of collateral 
blood supply due to the preserved spinal arteries. However, a 
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structure was noted - substantia nigra - for which a sharp decrease 
in the content of ATP synthase was found after a 30-minute SCI. 
This pattern of changes is probably due to a large proportion of 
ischemia-sensitive dopaminergic neurons forming that structure 
[14] and a lower mitochondrial mass in these neurons compared 
to other midbrain structures (in particular, in comparison with 
the upper tegmental region) [15]. However, after a 3-hour SCI, the 
content of ATP synthase in them partially normalizes, possibly due 
to collateral circulation from the vertebral and basilar arteries. In 
the neurons of the cerebellar structures, the immunoreactivity of 
ATP synthase does not change during 30-minute subtotal ischemia 
but changes appear after 3-hour SCI.

The changes found allow us to speak about the different stability 
of the oxygen depot in the structures depending on the phylogenetic 
age: younger periallocortex, neocortex, and cerebellar cortex can be 
distinguished as structures with a more stable oxygen depot, since 
a 30-minute subtotal ischemia does not lead to a decrease in the 
Ngb content in them, while the oxygen depot in the allocortex, brain 
stem and cerebellar nuclei rapidly decreases. The lower sensitivity 
of the oxygen depot of phylogenetically young structures during 
ischemia was previously noted in the literature [16], but the factors 
that determine this difference have not yet been identified. The 
reason may be earlier activation of the neuroprotective function of 
neuroglobin in hippocampal neurons, due to a significantly higher 
level of neuronal nitric oxide synthase (nNOS) during oxygen-
glucose deprivation, compared with cortical neurons [17]. The 
instability of the oxygen depot depends on the duration of the 
ischemic effect. After a 3-hour ischemia, the content of Ngb in the 
neurons of most structures decreases more significantly than after 
a 30-minute ischemia. It is important to note the rare cases of an 
increase in Ngb relative to the control level after a 3-hour subtotal 
cerebral ischemia, which is consistent with the data of other studies 
on an increase in Ngb in nerve cells with normal expression of this 
protein [18].

According to the nature of changes in cytoplasmic chromatophilia 
and ischemic degeneration of neurons and, accordingly, the features 
of changes in the content of ATP synthase and Ngb in them during 
ischemia, several main groups of neurons can be distinguished. 
First of all, these are neurons with minor and reversible ischemic 
destructive damage. These include only neurons of layer II of the 
piriform cortex, which combine a gradual decrease in the amount of 
ATP synthase with the preservation of the Ngb level. With a gradual 
decrease in the content of ATP synthase, as well as a gradual 
decrease in the amount of Ngb during a 3-hour ischemic effect, 
more significant changes are noted than in the previous group, but 
these changes are still reversible - an increase in the proportions of 
hypochromic and hyperchromic neurons. These structures include 
the lateral and intermediate nuclei of the cerebellum. With a later 

onset of a decrease in the level of ATP synthase and a rapid decrease 
in the amount of Ngb (already after a 30-minute subtotal ischemia), 
an increase in the proportion of shadow cells is noted, and after a 
3-hour ischemia, an increase in the proportions of hyperchromic 
shriveled up and hypochromic cells, the number also continues to 
increase in shadow cells. Such changes were noted in the Purkinje 
cells of the cerebellar cortex. While maintaining the amount of Ngb, 
and a late increase in the content of ATP synthase - as, for example, 
occurs in Purkinje cells of a simple lobule of the cerebellar cortex, 
there is an increase in the proportions of hypochromic neurons and 
shadow cells. 

With an equal decrease of the amount of Ngb with a relatively 
late decrease in the content of ATP synthase (in neurons of layer 
II of the CA2 field of the hippocampus), hyperchromic shriveled 
neurons appear as the duration of exposure increases. While 
maintaining the levels of ATP synthase and Ngb as it happens in 
the ventral region of the tegmentum and the spinal nucleus of 
the trigeminal nerve, after a 30-minute ischemic exposure the 
first reversible changes appear and after a 3-hour exposure. A 
synchronous decrease in the amount of both proteins (in layer II 
CA3 of the hippocampal field, dentate gyrus, in the medial habenular 
nucleus of the thalamus, the histaminergic nucleus E2 and the 
gigantocellular nucleus) leads to early irreversible changes as early 
as 30 minutes after subtotal ischemia, and their aggravation after 3 
hours of ischemia, including with the appearance of shadow cells. 
In the mitral cells of the olfactory bulb after a 30-minute subtotal 
ischemia, there is a sharp increase in the number of shriveled up, 
hypochromic neurons and shadow cells, which coincides with an 
increase in the content of ATP synthase in them and an increase 
in the amount of Ngb. However, after a 3-hour exposure, only an 
increased number of hyperchromic shriveled up neurons remains, 
which is accompanied by a decrease in ATP synthase in them 
and the preservation of an increased content of Ngb. In the other 
structures studied, which are characterized by very pronounced 
reversible and irreversible changes in cytoplasmic chromatophilia, 
a common feature is a decrease in the amount of Ngb with various 
changes in ATP synthase.

The results of the correlation analysis showed that a high initial 
content of ATP synthase is associated with a greater probability of 
neuronal shrinkage, but a lower probability of their transformation 
into shadow cells (especially for the telencephalon). Therefore, ATP 
synthase determines the path along which the ischemic destruction 
of neurons will proceed: its high initial level suggests shrinkage 
of neurons, and its low initial level implies transformation into 
shadow cells. Shrinkage of neurons in this case is explained by the 
accumulation of intracellular Na+ due to dysfunction of the energy-
dependent Na+ pump during ischemia [19-21], which inevitably 
leads to irreversible damage to mitochondria [23,24] and can be 
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expressed in a change in the shape of perikaryons, chromatophilia 
of neuronal cytoplasm, opening of pathological mitochondrial 
pores and further lead to cell death [24]. The revealed negative 
correlations between the amount of Ngb and shadow cells 
demonstrate the protective effect of Ngb during short-term 
ischemic exposure, especially in the brainstem and cerebellum. 
Previously, information was cited in the literature that casts doubt 
on the neuroprotective role of Ngb at its endogenous amounts 
[25,26]. However, our data indicate that at a higher initial content 
of Ngb in neurons, their ischemic degeneration and transformation 
into shadow cells in the early period of SCI is lower, especially in 
the brainstem and cerebellum. This demonstrates for the first 
time the neuroprotective effect of Ngb on ischemia in non-mutated 
individuals [27,28].

Conclusion
The results of the study show that during subtotal cerebral 

ischemia in the neurons of the structures of different parts of the rat 
brain, there is a significant change in the ratio of neurons according 
to the type of cytoplasmic chromatophilia, which indicates the 
presence of both reversible and irreversible histological changes. 
The most vulnerable are the neurons of the telencephalon 
structures, especially the periallocortex and neocortex. The impact 
of unfavorable factors in subtotal cerebral ischemia has a different 
effect on the rate and degree of change in the amounts of ATP 
synthase in the cells of the structures of different departments. The 
most significant and rapid changes are typical for the structures 
of the telencephalon, while the least significant and slow are 
observed in the medulla oblongata and cerebellum. The nature of 
the dynamics of ATP synthase and Ngb potentially determines the 
path of neuronal destruction in cerebral subtotal ischemia. ATP 
synthase determines the path along which the ischemic destruction 
of neurons will proceed: its high initial level suggests shrinkage 
of neurons, and its low initial level implies transformation into 
shadow cells, which is especially pronounced in the case of the 
telencephalon. Preservation of the levels of ATP synthase and Ngb, 
as well as a decrease in the content of Ngb do not guarantee the 
protection of cells from transformation into pathological forms 
of neurons. Less serious changes in neuronal chromatophilia are 
noted when the Ngb content is preserved in combination with a 
decrease in the amount of ATP synthase. Negative outcome occurs 
with a decrease in the content of Ngb.
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