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Abstract
A comparative experimental analysis by EPR spectroscopy of the intensity of nitric 
oxide (NO) production and the content of the copper in the tissues of olfactory 
bulb of the brain of male Wistar rats were performed after modeling of ischemic 
stroke and treatment with immediate intranasal injection of mesenchymal stem 
cells (MSCs). Brain ischemia was simulated by ligation at the level of bifurcation 
of the common carotid arteries. It was found a significant reduction of NO content 
in the olfactory bulb of the brain of rats on the 1st and 2nd days after modeling of 
ischemia. The level of NO production was also reduced on the 1st and 2nd days 
after ischemia with MSCs’ administration as compared to intact animals. It was not 
found the significant difference of the NO content in rats after ischemia with MSCs’ 
administration relative to ischemic rats. The copper content in the olfactory bulb of 
the rat, which corresponds to the level of superoxide dismutase 1 and 3, tended to 
increase after modeling ischemia and remained for 2 days. The MSCs’ administra-
tion was accompanied by a significant increase in copper content on the 1st day after 
modeling of ischemia and by decrease of its content on 2nd day after ischemia. The 
experiments showed that MSCs’ administration did not affect the intensity of NO 
production on the 1st and 2nd days after the modeling of brain ischemia, but was 
accompanied by an increase in the antioxidant protection of the nervous tissue 1 day 
after ischemia.
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1  Introduction

Nitric oxide is chemically highly reactive free radical, which can act as an oxi-
dizing agent as well as a reducing agent [1]. Therefore, there is an assumption 
about the diverse effects of NO in biological tissues. And this notion has been 
confirmed many times in experiments and applied studies. Consider the func-
tions of NO in the nervous system. NO is known as one of the most vital signal 
molecules, which regulates the physiological functions of the organism and the 
metabolism of cells [2, 3]. The research of the role of NO in the transference of 
signals in the nervous system had begun shortly after its discovery [4–6]. Ever 
since then, it has been demonstrated that NO participates in different functions 
of the nervous system and regulates the proliferation and differentiation of nerve 
cells [3, 7]. It has also been discovered that NO acts as a neurotransmitter, which 
provides the relaxation for the smooth muscles [8, 9]. The role of NO in gastroin-
testinal, respiratory, and genitourinary tracts in the functions of the cardiovascu-
lar system has been proven [9–12].

In recent years, there are many facts, indicating that biosynthesis of NO 
is one of the key factors in the pathophysiological response of the brain to 
hypoxia–ischemia [5, 13–15]. One of the reasons of the involvement of NO into 
the pathological process is the prolonged lack of oxygen, which leads to brain 
hypoxia. Hypoxia is accompanied by the increase in a tissue ischemia, which 
always arises when the supply of body tissues with oxygen does not match the 
real requirement [16]. NO activates soluble heme-containing guanylate cyclase 
and ADP-ribosyl transferase [4, 8]. As a result of hydrolysis of cyclic guanosine 
monophosphate (cGMP) forms the type 5 phosphodiesterase [5, 17, 18]. In addi-
tion, NO is also involved in the regulation of the intracellular concentration of 
Ca2+ ions and in pH control against the background of cerebral ischemia [1, 3, 
19]. Existing controversial data suggest that nowadays, there is no consensus on 
the role of endogenous NO in processes occurring with damages of the nervous 
system [20, 21]. In experiments with ischemia by the method of occlusion of the 
middle cerebral artery, there was found a sharp temporary increase in the activ-
ity of NO synthases (NOS) during the first hour of cerebral ischemia [22]. An 
immunohistochemistry analysis of citrulline, a marker of the activity of NO syn-
thase, showed that ischemia caused a marked increase in the immunoreactivity 
of citrulline, and to a greater extent in the perifocal zone of the heart attack than 
in the tissue undergoing a stroke. This increase is due to the activation of a large 
population of nNOS, which is catalytically inactive under basal conditions, which 
indicates tight regulation of the physiological production of NO in the brain [23].

Cerebral ischemia causes multiple and multidirectional changes of NO in the 
brain and in signal transferring [15, 24]. In experiments with measuring of the 
activity of NO synthases, it was found an increase in the productivity of nNOS in 
the beginning of the ischemia [25], as well as at the beginning of the expression 
of inducible NOS (iNOS) a day after ischemia [26]. The increase of the produc-
tion of NO within 60 min after the ischemia was demonstrated by EPR spectros-
copy [27]. These data contradict to the results of other researchers [28, 29], which 
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showed the absence of the effect of NOS blockade on the brain after ischemia or 
even on extension of the injured site [30]. There are data containing information 
about successful usage of NO donors as neuroprotective agents after ischemic 
brain damage [31–33].

The authors of the article had conducted the previous research directed to the 
study of presence of NO in the locus of cerebral ischemia (left brain) by EPR spec-
troscopy, which showed that in the ischemic part of the left hemisphere of cortex, 
the presence of NO in the spinal trap decreased by five times in 5 h after the mod-
eling of the ischemic stroke, and this decrease was maintained within a day after the 
stroke [14]. Another research demonstrated, that in 5 days after the occurrence of 
the signs as both ischemic and hemorrhagic stroke, the production of NO in the area 
of the hippocampus decreased by 2–3 times and this decrease was maintained within 
24 and 72 h [34]. It was shown that ATP-dependent K-channels participate in these 
processes [35, 36].

In the past few decades, evidence has emerged that physiological renewal and tis-
sue regeneration throughout the life of an animal and a human occur through stem 
cells [37–40]. The most important adult stem cell population is mesenchymal stem 
cells (MSCs) [41]. Brain MSCs are the focus of the great interest [18, 42]. Under 
physiological conditions, endogenous stem cells in these areas of the brain generate 
neuroblasts that migrate to those parts of the brain where an intensive formation of 
new neural networks is required [42]. The authors of the article in experiments on 
rodents found that intranasal administration of MSCs in the acute period of brain 
ischemia was accompanied by a faster restoration of the control of motor activity 
[36, 43]. According to this, the aim of this work was to study the intensity of NO 
production and the presence of copper (as an indicator of superoxide dismutase) 
in the olfactory bulbs of the brain of the rat by EPR spectroscopy after modeling 
ischemic stroke of the brain, as well as the effect of intranasal administration of 
MSCs in the acute period after obstruction of the common carotid arteries.

2 � The Methods

2.1 � The Protocol of the Experiment: Modeling the Ischemic Stroke in Rats 
and Administration Using a Trap for Nitrogen Oxide

The modeling of the ischemic stroke was carried out in accordance with the approved 
protocol of the Ethics Commission of the Institute of Physiology of the National Acad-
emy of Sciences of Belarus (NAS of Belarus), Minsk. The animals were kept under 
standard vivarium conditions (maintaining a 12/12-h rhythm of lighting and dark-
ness, air temperature at 23 ± 1  °C, and a stable supply and exhaust ventilation) with 
free access to water and food (ad libitum) and the same diet in accordance with the 
standards for the maintenance of laboratory animals. Brain ischemia was modeling by 
ligating the common carotid arteries at the bifurcation level in male Wistar rats (n = 20) 
under ketamine–xylazine–acepromazine anesthesia [22, 44, 45]. The experimental ani-
mals were divided into two groups (ten animals in each). The collection of tissues of 
the olfactory bulb was performed 24 and 48 h after modeling of ischemia. The first 
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group represented animals after ischemic damage. Animals of the 2nd group were 
injected 50 μl of a suspension containing 400 thousand MSCs (intranasal administra-
tion) under the mucous membrane of the rat nasal cavity 10 min after the modeling 
of brain ischemia [44]. In both series, on the day of the experiment, rats were anesthe-
tized by intraperitoneal administration of a mixture of ketamine–xylazine–aceproma-
zine (55.6 mg, 5.5 mg and 1.1 mg/kg, accordingly). The third group of Wistar rats was 
intact animals (n = 10), which were not subjected to surgical manipulations in the brain 
area. The components of the spinal trap for nitric oxide (DETC-Na, FeSO4, sodium 
citrate) were administrated to the animals 30 min before the extraction of the studied 
tissues. After guillotine and brain isolation from the cranial cavity, rat brain fragments 
1.5 × 1.5 mm in size were immediately isolated and frozen at the temperature of liquid 
nitrogen. Tissue fragments were stored and transferred in plastic containers with dry ice 
for measurements by EPR spectroscopy.

2.2 � Formation of a NO Complex with a Spin Trap

The intensity of NO production by EPR spectroscopy was measured using the spin trap 
technique [19, 46], at the Zavoisky Physical-Technical Institute of KazSC RAS. Spin 
trap components: DETC-Na was administered intraperitoneally at a dose of 500 mg/kg 
in 2.5 ml of water, a mixture of solutions of iron sulfate (FeSO4·7 H2O, Sigma, USA) 
at a dose of 37.5 mg/kg and sodium citrate at a dose of 187.5 mg/kg solved in a volume 
of 1 ml of water per 300 g of the weight of the animal prepared immediately before the 
injection was injected subcutaneously at the right and left thigh and the rostral part of 
the interscapular region [47]. As a result, the compound DETC-Fe2+ is formed, which 
forms the stable radical (DETC)2–Fe2+–NO with NO. This (DETC)2–Fe2+–NO com-
plex is characterized by an easily recognizable EPR spectrum with g-factor g = 2.038 
and a triplet hyperfine structure [19, 48]. In addition, the spin trap interacts with Cu 
to form the Cu(DETC)2 complex, which can also be detected by the method of EPR 
spectroscopy [48]. The spectra of the complex (DETC)2–Fe2+–NO and Cu(DETC)2 
were measured on Brucker X spectrometers (9.50 GHz) EMX/plus with a temperature 
module ER 4112HV and ER 200 SRC with a magnetic field modulation of 100 kHz 
and a modulation amplitude of 2 G, with a microwave power of 30 mW, a time constant 
of 200 ms, and a temperature of 77 K in a finger Dewar of the Brucker company. In 
all experiments, the modulation amplitude, amplification, and microwave power were 
selected with the condition that there was no overmodulation and saturation of the EPR 
signal and remained the same throughout all measurements. The mass of the samples 
was about 100 mg. The amplitude of the EPR spectra was always normalized to the 
weight of the sample and to the amplitude of the EPR signal of the reference sample 
(the details of the method for measuring EPR signals were described by us earlier) [14].

2.3 � Statistical Processing of the Result

The result is presented as M ± m (mean ± standard error of the mean). Statistical 
data processing was performed using t-student criterion. Differences were consid-
ered significant at p < 0.05.
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3 � Results

Figure 1 shows the EPR spectrum of the tissues of the olfactory bulb of a healthy 
(intact) rat. A rectangle selection showed the characteristic triplet signal from the 
complex (DETC)2–Fe2+–NO with a g-factor equal to 2.038 [14, 46]. The signal 
from the complex Cu(DETC)2 was also well represented in Fig. 1. Figure 2 shows 
the EPR spectrum of the tissues of the olfactory bulb of the rat 1 day after the mod-
eling of ischemia caused by ligation of the carotid arteries. Figure 3 shows the EPR 
spectrum of the tissues of the olfactory bulb of the rat 1  day after the modeling 
of ischemia with simultaneous intranasal administration of MSCs. The solid bold 
line represents the spectrum of the sample, the thin line shows the signal from NO 
bound to the spin trap in the spectrum of the (DETC)2–Fe2+–NO complex, and the 
dashed line represents the signal from the Cu(DETC)2 complex. The relative change 
in the amount of NO-containing complexes was evaluated by the integrated signal 
intensity from the spin trap (DETC)2–Fe2+–NO. The relative change in the content 
of copper was also evaluated by the integrated signal intensity of the complex Cu(D
ETC)2.

Figure 4 shows data on the average values of NO production intensities. The 
results show a significant (p < 0.05) decrease in the NO content in the olfactory 
bulb 1 day after the modeling of ischemia caused by ligation of the carotid arter-
ies (n = 10). No difference in the content of NO in the olfactory bulb between 
ischemic rats and rats with the simultaneous intranasal administration of MSCs 
(n = 10) after modeling of ischemia was found. After 2  days, content of NO in 
the olfactory bulb of ischemic rats tended to decrease even more. In the olfac-
tory bulb of rats, in which ischemia was modeled simultaneously with the intra-
nasal administration of MSCs, there was no significant difference in the content 
of NO relative to ischemic rats 2 days after modeling of ischemia (Fig. 4). Thus, 
an analysis of the results showed a significant decrease in the content of NO after 

Fig. 1   EPR spectra of olfactory bulb of healthy rat. The signals from: (a) tissue sample, (b) complex 
(DETC)2–Fe2+–NO, and (c) complex Cu(DETC)2. Temperature is 77  K. The rats were injected with 
(DETC)–Fe2+–citrate. g = 2.038
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ischemia; however, intranasal administration of MSCs does not change the con-
tent of NO relative to ischemic rats despite a significant restoration of the motor 
activity of animals [36]. The content of copper, which corresponds to the level 
of superoxide dismutases 1 and 3 increased in the olfactory bulb of the rat but 
not significantly 1 day after the modeling of ischemia caused by ligation of the 
carotid arteries and persisted after 2  days (Fig.  5). Intranasal administration of 
MSCs was accompanied by a significant (p < 0.05) increase in the content of Cu 
1 day after the modeling of ischemia, and decreased 2 days after.

Fig. 2   EPR spectra of olfactory bulb of rat after modeling of ischemia. The signals from: (a) tissue sam-
ple, (b) complex (DETC)2–Fe2+–NO, and (c) complex Cu(DETC)2. Temperature is 77 K. The rats were 
injected with (DETC)–Fe2+–citrate. g = 2.038

Fig. 3   EPR spectra of olfactory bulb of rat after modeling of ischemia with simultaneously intranasal 
administration of MSC. The signals from: (a) tissue sample, (b) complex (DETC)2–Fe2+–NO, and (c) 
complex Cu(DETC)2. Temperature is 77 K. The rats were injected with (DETC)–Fe2+–citrate. g = 2.038
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4 � Discussion

4.1 � Discussion of the Design of Experiment

Traumatic and ischemic brain injuries continue to be one of the most difficult prob-
lems of modern medicine [49]. The study of the mechanisms of reparative processes 
in the nervous tissue, and the development of new methods for the restoration of 
neuronal structures are one of the relevant areas in physiology and medicine and 
have a great importance for the development of new therapeutic and rehabili-
tation strategies [1, 32, 50]. Brain ischemia, which fatally ends with an ischemic 

Fig. 4   Relative content of NO in the olfactory bulb of healthy rats (Control) and rats after 1 (Ischemia, 
24 h) and 2 days (Ischemia, 48 h) after modeling of ischemia and rats after 1 (Ischemia, 24 h + MSC) and 
2 days (Ischemia, 48 h + MSC) after modeling of ischemia with simultaneously intranasal administration 
of MSC. The ordinates axis is the average integral intensity of the signal

Fig. 5   Relative content of NO in the olfactory bulb of healthy rats (Control) and rats after 2 days after 
modeling of ischemia (Ischemia, 24 h) and rats after 2 days after modeling of ischemia with simultane-
ously intranasal administration of MSC (Ischemia, 24 h + MSC). The ordinates axis is the average inte-
gral intensity of the signal
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stroke, often occurs with cerebral blood flow disorders, which is accompanied by 
an in sufficient supply of oxygen in the brain, and the development of hypoxia of 
varying severity [18, 32]. For experimental modeling of cerebral ischemia, various 
approaches are used, among which the authors focused on the model of ischemia, 
which is achieved after rapid ligation of the common carotid arteries at the level of 
their bifurcation. This technique takes a few minutes, which is important to mini-
mize side effects [22, 45]. The use of a spin trap for binding NO imposes certain 
restrictions on the experimental protocol associated with the toxicity of the drug and 
the need for signal accumulation within 30 min [19, 46, 48, 51]. In this regard, in all 
experiments, a spin trap for NO was introduced 30 min before euthanasia.

4.2 � Discussion of the Results of Experiment

In present time, there is a conception that the primary brain injuries and second-
ary injuries caused by stroke are the complex pathophysiological processes, consist-
ing of the inflammatory reaction, apoptosis of neurons, ischemic reperfusion injury, 
producing of free radicals, etc. [16, 18]. On one hand, the development of cerebral 
ischemia and the subsequent occurrence of stroke are associated with impaired cer-
ebral blood flow, as well as impaired regulation of the blood supply to brain tissue 
by the NO system [5, 13–15, 50, 52]. On the other hand, hypoxia resulting from 
ischemic stroke itself is accompanied by early cell death in various parts of the brain 
and subsequent programmed late death of other cells by apoptosis [16, 53].

According to the results of studies, the role of NO in these hypoxia–ischemia 
processes is contradictory, as NO can perform both neurotoxic and neuroprotective 
functions [20, 21]. There are many reasons for this diversity of NO functions. First, 
in addition to the main synthesis of NO by NO synthases [5, 7, 15], there is also 
a nitroreductase-dependent component of the NO cycle, when NO is formed from 
nitrites and nitrates [52, 54]. Second, there are a significant number of depots for 
NO, which interacts with iron-containing complexes (e.g., heme structures), with 
thiols and other compounds [12, 45, 55, 56]. Third, it is shown that NO causes a 
change in the length and width of the synaptic active zone [57]. Fourth, there is a 
dependence of NO content from age. The authors found that the concentration of 
NO in the tissues of the heart and liver of rats changed with age. In addition, the sig-
nal from the T-conformer disappeared with age [11, 58].

Fifth, it should be noted that, depending on the objectives of the study, experi-
menters use different models of ischemia, which develop according to different 
mechanisms. First of all, this concerns the expression of various types of NOS. 
Most authors agree that the main functions of NO, as a signaling mechanism that 
regulates almost all critical cellular functions, are provided by endothelial NOS 
(eNOS) [53, 59]. Activation of eNOS facilitates recovery from ischemic damage 
[60]. Evidence on the role of neuronal NOS (nNOS) in the development of brain 
ischemia is controversial [3, 15]. For example, it is considered that the produc-
tion of NO by neurons exacerbates acute ischemic damage, while vascular NOS 
(eNOS) protects after occlusion of the middle cerebral artery. Other authors indi-
cate that overexpression of NO begins with the activation of a large population 
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of nNOS [23]. The NO generated by inducible NOS (iNOS) has potential as a 
pathological source, also leading to overexpression of the transmitter and disrup-
tion of normal physiological processes [7, 61]. For this reason, it is advantageous 
to block the activity of nNOS and iNOS during the development of hypoxia to 
prevent brain ischemia. However, these recommendations are some relative and 
archaic, because the authors forget about the presence in the brain of many neu-
rotransmitter systems and trophic factors that are involved in the stabilization of 
brain functions during hypoxia and ischemia.

Our experiments showed a significant decrease in the intensity of NO produc-
tion by about 2 times during the first 2  days after modeling of ischemia. This 
demonstrated that the conditions for activation, for example, of iNOS were not 
formed in the model of brain ischemia chosen by the authors. Previously, an 
increase of the NOS activity during the first hour of cerebral ischemia was found 
in the same model of ischemia [22]. However, 7  days after, the level of NO in 
the brain tissue decreased below the level that can be detected, which indicated 
a long-term deficiency of NO in the ischemic brain. These results related not 
only with a number of data from other authors, but also with our previous results, 
where we used other methods for modeling ischemia [14, 34, 36, 45]. The litera-
ture data show that the cytotoxic effects of NO are significantly associated with 
peroxynitrite formed in the reaction between NO and another free radical, super-
oxide anion [1, 7, 21, 59]. The dismutation of superoxide with the help of the 
cytosolic enzyme Cu,Zn-COD (superoxide dismutase) is the primary and main 
protection against free radical oxidation processes; however, peroxynitrite formed 
during excessive NO production can inactivate the COD enzyme and accelerate 
free radical oxidation processes [7, 56]. In this study, it was shown that the cop-
per content (as an indicator of COD level) in the olfactory bulb increases in the 
first day after the modeling of ischemic stroke. These results demonstrated a clear 
increase in the antioxidant defense of the brain in the first day after modeling of 
ischemia. Based on such data, a therapy protocol that focuses on enhancing the 
antioxidant system can be proposed.

It is recognized that the difference of the effects of NO depends on its concen-
tration in the tissue [1, 7]. Precision determination of the amount of NO in tissues 
under various functional and pathological conditions is important not only for exper-
imental studies, but also is relevant for practicing physicians [62]. This is about the 
fact that donors, precursors of the NO, and modulators of the functional activity of 
NO receptors are widely used in clinical practice.

There is another aspect of the problem in addition to the above. Currently, the 
use of stem cells in regenerative medicine as a leading technique of cell therapy is a 
main trend [43, 63]. Researchers and clinicians are attracted by the therapeutic prop-
erties of MSCs [41, 64], including brain MSCs [42, 65]. It was shown that intra-
nasal administration of MSCs after modeling ischemia is accompanied by a rapid 
restoration of motor activity in experimental animals [36]. Therefore, we decided to 
verify the role of NO in this process. The experiments showed that the administra-
tion of MSCs did not affect the intensity of NO production on the 1st and 2nd days 
after modeling of ischemia, but increased the antioxidant defense of the brain after 
ischemia.
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5 � Conclusion

Thus, the experiments revealed a significant decrease in the intensity of NO pro-
duction by two times during the first 2  days after modeling of ischemia. This 
demonstrated that the conditions for the activation of iNOS were not formed in 
our model of brain ischemia. These results related not only with a number of data 
of other authors [23, 60, 66], but also with our previous results, where we used 
the other methods of ischemia modeling [14, 34, 36, 45]. We suggested that it was 
found the time period of the development of processes associated with cerebral 
ischemia which allowed to propose the effective time period for therapy based on 
involving of the NO donors. Also it was found an increase in the copper content 
as an indicator of the antioxidant defense of the brain in the first day after the 
modeling of ischemia and its amplification (24 h after the modeling of ischemia) 
when using MSCs. Therefore, a therapy protocol based on the activation of the 
antioxidant system of the body can be assumed.
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