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Using the method of electron paramagnetic resonance spectroscopy, we showed that NO 
production decreases by 60% (p<0.05) in the region located rostral to the spinal cord injury 
7 days after combined injury to the brain and spinal cord. At the same time, NO production 
did not change in the site of spinal cord injury and caudal to the injury. The intensity of NO 
production in similar parts of the spinal cord in intact animals remained unchanged.
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The discovery of the ability of mammalian cells to 
synthesize nitric oxide (NO) served as an incentive 
for studying the role of NO in almost all areas of 
biology and medicine [1]. It was found that NO is 
widely spread in the nervous [2], cardiovascular [3], 
and other systems of the body [1]. The most im-
portant function of NO is vasodilation [4]. In the 
recent years, new facts indicating that changes in 
biosynthesis of NO and its content in tissues are 
the main factors in blood flow impairments and the 
development of hypoxia/ischemia after brain and spi-
nal cord (SC) injuries have appeared [5-10]. Ischemia, 
hemorrhage, brain or SC injuries are associated with 

disturbances in metabolic processes and functioning 
of neurotransmitter systems, including the NO system, 
which results in the development of phasic pathologi-
cal processes leading to destruction of nerve and glial 
cells and extracellular matrix and damage to blood 
vessels [1,11,12]. The role of NO in pathological pro-
cesses developing after combined injury to the brain 
and SC is least studied in this context. 

Much scientific attention is attracted to the par-
ticipation of NO in not only physiological processes, 
but also in the mechanisms of development of various 
pathological conditions. NO is involved in mechanisms 
of secondary injury of the SC [1], when reactive oxygen 
and nitrogen species initiate secondary damage pro-
cesses [1]. Duality of the mechanisms of actions of NO 
is determined by NO content, the severity, nature, and 
phase of the pathological processes in the brain, and 
many other factors that require in-depth research [9].  
Thus, the NO system is a promising target for ther-
apeutic interventions in the therapy of combined SC 
and brain injury. The role of NO in the nervous sys-
tem injury [8,10], in particular, the dynamics of NO 
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production at different stages of SC injuries is little 
studied [9,13,14]. Presumably, the role of NO in this 
case depends on the concentration range and the type 
of cell source and the environment in which it was 
obtained [10,15].

Electron paramagnetic resonance (EPR) is a mod-
ern effective method for the detection and measuring 
of NO content in biological tissues. A feature of the 
use of the spin trap technique is the formation of 
complexes that do not disintegrate at liquid nitrogen 
temperatures for a long time (days, months), which 
makes it possible to measure spectra several time 
after the extraction of biological samples [4,15].

Our aim was to study the intensity of NO pro-
duction in different parts of the SC after modeling 
combined injury of the brain and SC by the method 
of EPR spectroscopy.

MATERIALS AND METHODS
The study was carried out on Wistar male rats (n=10) 
weighing 200-250  g under ketamine—xylazine—ace-
promazine anesthesia (55.6 mg/kg ketamine, 5.5 mg/kg  
xylazine, and 1.1 mg/kg acepromazine, intraperitone-
ally) [16]. The same mixture in similar dosages was 
used in vagotomy, the duration of which was shorter 
than the simulation of injury in the brain and SC. The 
advantage of this mixture is deep anesthesia and rapid 
recovery of laboratory animals from anesthesia [16]. 
The rats were housed in standard vivarium conditions 
with unrestricted access to water and food. Intact an-
imal served as controls (n=10).

Combined brain and SC injury was modeled at the 
Brain Center, Institute of Physiology, National Acade-
my of Sciences of Belarus, according to the protocol 
approved by the Ethics Commission of the Institute of 
Physiology, National Academy of Sciences of Belarus 
(Protocol No. 1 of January 31, 2019). Anesthetized labo
ratory rats were fixed on a surgical table in a prone 
position using stretchers on the limbs. The head was 
fixed; after depilation, the skin was treated with a 2% 
iodine solution and the skin and soft tissues were cut  
(10-12 mm) along the midline with a scalpel. The peri-
osteum was locally removed in the projection of the 
precentral gyrus, then craniotomy was performed with 
a dentist drill followed by local destruction of the 
brain tissue in the precentral region of the left hemi-
sphere with a stylet (the operation takes 3-4  min). 
Then, the wound was sutured and the skin was treated 
with a 2% iodine solution. At the next stage, the oper-
ation was continued at the lumbar level of the SC. The 
skin was depilated and treated with 2% iodine solution, 
an incision of the skin and soft tissues was made in 
the projection of the lumbar vertebra. Then the stylet 
was introduced into the SC at the level of the first 

lumbar vertebra (L1); the duration of bleeding from 
the wound after removal of the stylet was recorded. 
After the bleeding stopped, the wound was sutured 
with two stitches and the skin was treated with a 2% 
iodine solution. 

One week after surgery, SC samples at the site of 
injury and rostral and caudal from site of injury were 
isolated from all animals (a total of 30 SC fragments). 
The site of injury was localized and visualized by the 
remaining trace of hemorrhage. Rostral to the site 
of injury, a rostral tissue sample of the same size as 
injured was identified. Caudal to the site of injury, a 
caudal fragment of the same size was identified. Tis-
sue samples were frozen in liquid nitrogen immediate-
ly after extraction and stored in a refrigerator at low 
temperature until assay. The weight of the samples 
was about 100 mg.

The intensity of NO production was measured 
by EPR spectroscopy at the Zavoisky Physical-Tech-
nical Institute of the Federal Research Center Kazan 
Scientific Center of the Russian Academy of Sciences. 
The spin trap technique was used [17]. As in previous 
experiments [10], the components of the spin trap 
for NO (diethyldithiocarbamate of sodium (DETC-Na), 
FeSO4, and sodium citrate) were injected 30 min before 
tissue sampling. DETC-Na was administered intraper-
itoneally at a dose of 500 mg/kg in 2.5 ml of water, 
a mixture of ferrous sulfate (FeSO4×7H2O; Sigma) at 
a dose of 37.5  mg/kg and sodium citrate at a dose 
of 187.5  mg/kg prepared immediately before injec-
tion was administered subcutaneously at 3 points: 
the right and left thighs and in the rostral part of the 
interscapular region [10,13]. These components form 
a ternary complex DETC-Fe2+ that binds NO yielding a 
stable radical (DETC)2-Fe

2+-NO. Paramagnetic complex  
(DETC)2-Fe

2+-NO is characterized by an easily recog-
nizable EPR spectrum with a g-factor value of 2.038 
and 3 hyperfine structure components [17,18]. 

The spectra of (DETC)2-Fe
2+-NO complex of the 

biological samples were recorded on a Bruker X-band 
(9.5320  GHz) EMX/plus spectrometer. The sample 
was placed in a two-cavity double resonator (model 
ER  4105DR, Bruker) at a magnetic field modulation 
frequency of 100  kHz, modulation amplitude of 2 G, 
microwave radiation power of 2 mW, time constant of 
327 msec, and temperature of 77 K. The modulation 
amplitude, gain, and microwave power in all experi-
ments were selected with the condition that there was 
no overmodulation and saturation of the EPR signal 
and remained the same throughout all measurements. 
The amplitude of the EPR spectra was consistently 
normalized to the sample weight to ensure accurate 
comparison and analysis [10].

The obtained results were processed using Sig-
maPlot  11.3 software. The significance of differences 
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was assessed using the Student’s t test after testing  
for normality of distribution and equality of variances. 
The data are presented as the mean±standard error of 
the mean (M±SEM). The differences were considered 
statistically significant at p<0.05.

RESULTS
EPR spectroscopy was employed to study the relative 
intensity of NO production in different parts of the SC 
(the site of injury and fragments rostral and caudal to 
the site of injury) after combined injury to the brain 
and SC. The EPR spectra of SC tissue samples from 
control and injured rats 7 days after combined brain 
and SC injury are presented in Figure 1. The signals 
from (DETC)2-Fe2+-NO complexes were shown with 
amplitudes equal to their contribution to the spectrum 
of the sample. 

A comparative analysis of the relative NO content 
in different SC parts revealed no significant differenc-
es. The data on the integral intensity of the signal 
(DETC)2-Fe

2+-NO in the spectra of the studied samples 
are presented in Figure 2. Seven days after the com-
bined injury, NO production insignificantly decreased 
in the site of injury and remained unchanged in the 
area below the site of injury. At the same time, NO 
production in the area above the site of injury sig-
nificantly decreased by 60% (p<0.05). The intensity of 
NO production in intact animals remained unchanged. 
Thus, combined injury to the brain and SC was ac-
companied by a decrease in NO production in the area 
located above the site of the injury.

Traumatic and ischemic injuries to the brain 
and SC remain the most difficult problem of modern 
medicine [6,13,19]. In addition to recovery processes, 
many pathological mechanisms that contribute to the 
disruption of the integrity of nerve and glial cells, 
as well as damage to blood vessels, are realized in 
case of injury and ischemia of the brain and SC [11]. 
Secondary SC injury occurs as a result of a cascade 
of biochemical and cellular processes that are trig-
gered by primary processes, which exacerbates tissue 
damage and limits repair processes. The results of 
our experiments and published data prove that NO 
often plays a trigger role in these processes [6,16]. 
However, the dynamics of NO production and the 
possibility of using NO donors or NO synthase block-
ers remain controversial [14]. The data obtained in 
our experiments showed that in combined trauma of 
the brain and SC, NO content changes in different 
ways in areas rostral and caudal to site of injury, and 
again attests to the important role of both local and 
central regulation in the recovery processes of the 
nervous system after damage. These factors should 
be taken into account when creating and implement-

ing effective therapeutic and rehabilitation strategies 
for SC pathology [20].
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Fig. 1. Representative EPR spectra of SC tissue samples 
from the area above the site of SC injury in the control and  
7 days after combined injury to the brain and SC. Heavy line is 
the spectrum of the sample, the thin line is the signal from the 
(DETC)2-Fe2+-NO complex. The frame shows the magnetic field 
area (DETC)2-Fe2+-NO complex. Temperature is 77 K.

Fig. 2. Changes in NO content in different areas of SC 7 days 
after combined injury to the brain and SC. *p<0.05 in com-
parison with the control. Ordinate: mean integral intensity of  
(DETC) 2-Fe2+-NO complex in spectra of the samples (as a per-
centage relative to the content in the corresponding part of the 
SC of the control group).
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