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The aim of this work was to establish the expression of of nitric oxide synthase isoforms in the locus coe-
ruleus in rats under experimental arterial hypertension of various origins (essential and endocrine-saline). To 
achieve the aim, the study was performed on 20 Wistar mature male rats and 10 male rats of the SHR line. 
10 Wistar male rats made up a control group, other 10 were modeled endocrine-saline hypertension. The ob-
ject of the study was the brain stem of rats. To study the pattern of expression of nitric oxide synthase iso-
forms serial sections of the brainstem were processed with immunofluorescence method of enzyme identifi-
cation. It was found that the pattern of expression and balance between different isoforms of nitric oxide syn-
thase in the locus coeruleus of rats with arterial hypertension differs from the pattern of normotensive ani-
mals. The features of expression of nitric oxide synthase isoforms in arterial hypertension depends on the 
mechanism of its development. Thus, the highest expression indices for all three isoforms of the enzyme 
were observed in essential hypertension (model - SHR line). There was an increase in the area of the immu-
noreactive material for all three isoforms in endocrine-saline hypertension, whereas their concentration in-
creased only for endothelial isoform of nitric oxide synthase whereas the concentration of the neuronal iso-
form did not change, while the inducible isoform decreased. 
Key words: brain stem, locus coeruleus, NOS isoforms, arterial hypertension. 

Today the participation of locus coeruleus (LC) 
in the regulation of various functions of the body is 
being widely discussed in the scientific literature [1, 
2]. Mechanisms of systemic blood pressure (BP) 
control by LC neurons have been clearly estab-
lished [3, 4]. This predetermines the interest in 
studying the functional state of LC in hypertension. 
Recently, the system of nitric oxide (NO) and the 
enzyme necessary for the formation of NO –nitric 
oxide synthase (NOS), which is represented by 
three isoforms: neuronal (nNOS), inducible (iNOS) 
and endothelial (eNOS), have been considered to 
be modulators of the central nervous sys-
tem neurons functional state [5,6]. All three iso-
forms of NOS were detected in the LC [7, 8, 9, 10]. 

In our opinion, the imbalance in the NOS iso-
forms expression in the LC structure can change its 
functional state, by modulating the interneuronal re-
lationships, vascularization and neurotransmission. 

The aim of the work was to detect and describe 
the features of expression of NOS isoforms in the LC 
structure of rats under experimental models of arte-
rial hypertension - essential and endocrine-saline. 

Materials and methods 
The study was performed on 20 mature male 

Wistar rats and 10 male rats of the SHR line 250-
270 grams weight. 10 male Wistar rats made up a 
control group, other 10 were modeled endocrine-
saline hypertension (ESH). ESH was modeled by 
intraperitoneal injection of prednisolone (30 days, 2 
times a day, 7:00 a.m. – 2 mg/kg, 8:00 p.m. - 4 
mg/kg, with forced intake of 5 ml of a 2,3% solution 
of NaCl). The mean arterial pressure in the control 
was 83,8 mmHg; in ESH was 137,8 mmHg; SHR - 
125,8 mmHg. The experimental part of the study 
was carried out in accordance with the "General 
Ethical Principles of Animal Experiments" (Ukraine, 
2001), which are adjusted with the statement of 
Europe Parliment Council 2010/63EU and Council 

from 22 of September 2010 on the protection of 
animals used for scientific purposes (Council Direc-
tive 2010/63EU of the European Parliament and of 
the Council of 22 September 2010 on the protection 
of animals used for scientific purposes). 

The material of the study was the brain stem of 
experimental animals. Decapitation was performed 
under thiopental anesthesia (40 mg/kg intraperito-
neally). Topographic identification of the structure 
was carried out with stereotaxic rat brain atlas [11]. 

Expression of NOS isoforms was studied by an 
immunohistochemical method. Serial 7 µm brain 
stem sections after preliminary histochemical proc-
essing were incubated with rabbit IgG to nNOS 
(1:200 dilution of Santa Cruz Biotechnology, USA), 
with rabbit IgG to eNOS (Santa Cruz Biotechnol-
ogy, USA) (dilution 1:200), with mouse IgG to iNOS 
conjugated to FITC (Santa Cruz Biotechnology, 
USA) (1:200). Then, secondary murine anti-rabbit 
IgG antibodies conjugated with FITC (Santa Cruz 
Biotechnology, USA) (1:200) were applied to 
glasses coated with primary IgG to nNOS and 
eNOS (after 3 times washing in phosphate buffer 
solution). 

Immunofluorescence studies of brainstem sec-
tions prepared by the above described method, 
were performed in the ultraviolet spectrum using a 
38 HE filter (Zeiss, Germany) on AXIOSKOP mi-
croscope through a sensitive camera COHU 4922 
(COHU Inc., USA). Images obtained in this way 
were processed interactively, with a determination 
of the zone corresponding to a LC with statistically 
significant fluorescence. In the selected zone of in-
terest the relative area of the immunoreactive mate-
rial (IRM) (%) and the concentration of the studied 
NOS isoform in 1 µm2 (Uif / µm2) were determined. 
The microphotographs of the LC were processed 
using the image analysis program - Image J. To de-
termine the reliability of the differences in the sam-
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ples studied the Student's test and, if necessary, 
the Whitney-Mann criterion, with the Bonferoni and 
Dann amendment, were used, respectively. Differ-
ences were considered significant for p <0,05. 

Results and discussion 
In the course of the study it was found that the stud-

ied parameters of NOS isoforms expression in the LC 
in intact animals and animals with different models of 
arterial hypertension had significant differences. 

Thus, the concentration indices of all NOS iso-
forms in SHR rats were significantly higher (nNOS 
by 43,8%, iNOS by 35,8%, eNOS by 54,9%) in 
comparison with the control group. In animals with 
ESH significant differences were established only 
for iNOS and eNOS isoforms: iNOS concentration 
significantly decreased by 5,5%, and eNOS signifi-
cantly increased by 15%. It should be mentioned 

that the inter-model differences of the concentration 
of the immunoreactive material to NOS isoforms in 
ESH rats in comparison to SHR rats were also reli-
able. In the group of SHR rats the concentrations of 
all studied enzymes were higher: nNOS by 44,9%, 
iNOS by 43,7%, eNOS by 34,6% than in rats with 
ESH (Table 1). 

The relative area of the immunoreactive material 
for NOS isoforms in the LC in hypertensive rats was 
significantly increased: in SHR: nNOS by 41%, 
iNOS by 49,8%, eNOS by 35,2%; ESH: nNOS by 
19%, iNOS by 22,7%, eNOS by 17,4%. In the ESH 
rats, the relative area of the IRM to the isoforms 
was significantly lower than in the SHR rats: nNOS 
by 18,4%, iNOS by 22,1% and eNOS by 15,1% 
(Table 2). 

Table 1 
Concentrations (Uif/µm2) of NOS isoforms in the LC in rats of experimental groups, (M ± m) 

Animal lines 
Isoforms of NOS 

Wistar, 
n=10 SHR, n=10 ESH, n=10 

nNOS 6,48±0,12 9,32±0,181 6,43±0,152 
iNOS 7,04±0,1 9,56±0,191 6,65±0,151, 2 
eNOS 5,97±0,13 9,25±0,141 6,87±0,161, 2 

Notes: 1). (1) - significant differences in the indices (p <0,05) in the rats of the experimental groups toward to control.  
2). (2) significant differences in the indices (p <0,05) in rats with ESH are significant toward to the SHR rats. 

Table 2 
The relative area of the immunoreative material (%) to the NOS isoforms in the LC of rats in experimental groups (M ± m) 

Animal lines 
 
Isoformes of NOS 

Wistar, 
n=10 

SHR, 
n=10 

ESH, 
n=10 

nNOS 42,30±0,81 59,65±0,561, 2 50,37±0,721, 2 
iNOS 40,80±0,71 61,13±0,711, 2 50,06±0,681, 2 
eNOS 42,42±0,88 57,35±0,981, 2 49,80±0,581, 2 

Notes: 1). (1) - significant differences in the indices (p <0.05) in the rats of the experimental groups toward to control. 
2). (2) significant differences in the indices (p <0.05) in rats with ESH are significant toward to the SHR rats. 

It has been proved that NO has a stimulating ef-
fect on the LC neurons [12]. This fact was shown in 
studies by Zhi-Qing Xu et al. and confirmed by the 
electrophysiological method [13]. Taking into ac-
count these facts, we can suppose that an increase 
of the nNOS expression in SHR rats in the LC indi-
cates a high degree of excitation/activity of the neu-
rons of this structure. At the same time in rats with 
ESH model this fact is not observed. 

The increase of the expression of eNOS which 
was observed in the LC of rats with experimental 
hypertension may indicate an increase in vasculari-
zation within the LC, which may also be due to an 
increase in the activity of neurons in the structure 
under study. This fact was noted in both models of 
arterial hypertension. 

The fact of iNOS expression increase in the LC of 
hypertensive rats may result from several causes. Pre-
viously, it was believed that iNOS expression in neu-
rons occurs only during an immune response. In-
creased iNOS expression was associated with neu-
rones death due to activation of phagocytic NADP oxi-
dase in microglia [14]. But to this date it has been 
shown that iNOS can be produced constitutionally in 
neurons, microglia and astrocytes [15]. At the moment, 
its role in these cells is actively discussed.  

Conclusions 
Based on the results of our study, we can draw 

the following conclusions: 
1. The expression and the balance of NOS iso-

forms in the LC neurons of the brain stem in hyper-
tensive animals have differences in comparison 
with normotensive animals and depend on the etio-
logical factor of hypertension. 

2. Peculiarities of NOS expression in various 
models of hypertension depend on the leading 
mechanism of its development. Thus, in the case of 
essential hypertension (SHR rats) the highest ex-
pression indices of all three isoforms are observed. 
In rats with ESH an increase in the area of the IRM 
for all three NOS isoforms was observed probably 
due to bigger amount of activated neurons or a due 
to more diffuse enzyme distribution in the cells. At 
the same time their concentration which is indica-
tive of the synthetic processes activity in neurons, 
increased only for NOS, whereas - the concentra-
tion of nNOS did not change, and iNOS concentra-
tion- decreased. 

Prospects for further research: In order to as-
sess more accurately the functional activity of the 
LC neurons, it is necessary to perform morphoden-
sitometric examination of LC neurons. 
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ОСОБЕННОСТИ ЭКСПРЕССИИ ИЗОФОРМ СИНТАЗЫ ОКСИДА АЗОТА В НЕЙРОНАХ LOCUS COERULEUS КРЫС ПРИ 
ЭКСПЕРИМЕНТАЛЬНОЙ АРТЕРИАЛЬНОЙ ГИПЕРТЕНЗИИ РАЗЛИЧНОГО ГЕНЕЗА 
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Целью нашей работы было установить особенности экспрессии изоформ синтазы оксида азота в 
структуре голубого пятна у крыс при экспериментальной артериальной гипертензии различного 
генеза (эссенциальной и эндокринно-солевой). Для реализации вышеуказанной цели было проведено 
исследование на 20 крысах-самцах линии Wistar и 10 крысах-самцах линии SHR. 10 самцов Wistar 
служили контролем, у 10 – смоделировали эндокринно-солевую гипертензию. Объектом 
исследования был ствол мозга. Для изучения паттерна экспрессии изоформ синтазы оксида азота 
использовали иммунофлюоресцентный метод идентификации фермента в серийных срезах ствола 
мозга. В ходе проведенного исследования было установлено, что паттерн экспрессии и баланс 
различных изоформ синтазы оксида азота в структуре голубого пятна крыс при артериальной 
гипертензии имеет отличия от нормотензивных животных. Особенности экспрессии изоформ синтазы 
оксида азота при артериальной гипертензии зависят от механизма её формирования. Так, наиболее 
высокие цифры экспрессии всех трех изоформ изучаемого энзима наблюдаются при эссенциальной 
гипертензии, моделью которой являлись крысы линии SHR. При эндокринно-солевой гипертензии 
отмечено увеличение площади иммунореактивного материала для всех трех изоформ, тогда как их 
концентрация увеличивалась только эндотелиальной изоформы синтазы оксида азота, тогда как – 
концентрация нейрональной не изменялась, а индуцибельной - снижалась. 
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Метою нашої роботи було встановити особливості експресії ізоформ синтази оксиду азоту в струк-
турі блакитної плями у щурів при експериментальній артеріальній гіпертензії різного ґенезу (есенціа-
льній та ендокринно-сольовій). Для реалізації вищезазначеної мети було проведене дослідження на 
20 щурах-самцях лінії Wistar та 10 щурах-самцях лінії SHR. 10 самців Wistar слугували контролем, у 10 
– змоделювали ендокринно-сольову гіпертензію. Об’єктом дослідження був стовбур мозку. Для ви-
вчення паттерну експресії ізоформ синтази оксиду азоту використовували імунофлюоресцентний ме-
тод ідентифікації ферменту в серійних зрізах стовбура мозку. В ході проведеного дослідження було 
встановлено, що паттерн експресії та баланс різних ізоформ синтази оксиду азоту в структурі блакит-
ної плями при артеріальній гіпертензії має відмінності від нормотензивних тварин. Особливості екс-
пресії ізоформ синтази оксиду азоту при артеріальній гіпертензії залежать від механізму її формуван-
ня. Так, найбільш високі цифри експресії всіх трьох ізоформ ферменту що вивчається спостерігаються 
при есенціальній гіпертензії, моделлю котрої були щури лінії SHR. При ендокринно-сольовій гіпертензії 
відмічено збільшення площі імунореактивного матеріалу всіх трьох ізоформ, в той час як їх концент-
рація збільшилась тільки ендотеліальної ізоформи синтази оксиду азоту, тоді як концентрація нейро-
нальної ізоформи не змінювалась, а індуцибельної – знижувалась.  


