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Mild blast-induced traumatic brain injury is common among the military, resulting in
cognitive impairment, reduced socialization, which leads to disability and, as a result,
a deterioration in the quality of life. It is considered that blood-brain barrier disruption
and microvascular dysfunction are the key to this type of injury. The purpose of study
was to study changes in brain vessels after air shock wave exposure. The study was
carried out on 48 mature male Wistar rats, which were randomly divided into 2 groups:
an experimental group, in which animals were subjected to inhalation anesthesia using
halothane and exposed to a shock wave with an overpressure of 26.4+3.6 kPa, and a
Sham group. After simulation of injury on days 1st, 3rd, 7th, 14th, and 21st, the rats were
euthanized and the brain was removed and after all subjected to standard histological
procedures and stained with hematoxylin and eosin. For immunohistochemical studies,
as primary antibodies were used eNOS. The finished preparations were examined by
light microscopy and photographed. Disorders of the cerebral vessels in experimental
rats were detected from day 1st of the posttraumatic period. It was found that the blast
wave led to vascular rupture, as well as increased vascular permeability with diapedesis
of red blood cells and cerebral edema for up to 21st days. Focal violations of the
vascular wall integrity in cortical and hippocampal hemocapillaries, venular link of the
submembrane vessels; changes in the morphology of the metabolic vessels
endothelium; uneven blood filling of the brain vessels were of major importance. These
changes indicate that increased eNOS expression leads to dilation of cerebral vessels,
which is a compensatory mechanism in response to injury to improve cerebral blood
circulation. However, eNOS is not involved in vasodilation, which we observed up to
21stday post-trauma.
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Introduction

In the context of military operations, terrorist attacks or
man-made disasters, the number of injuries caused by
explosions is increasing [18, 22]. Depending on many
factors, including the body position and distance from the
explosion, different organs injuries occur with varying
degrees of severity. The most sensitive to the blast wave
are lungs, eardrum and brain [7]. Mild blast-induced
traumatic brain injury is a common phenomenon among
military, leading to cognitive impairment, reduced
socialization and disability, as well as a deterioration in
quality of life [9]. Therefore, in order to improve medical and
social assistance to the victims of the explosion, it is
necessary to find out the mechanisms of brain damage.

Despite the fact that the exact pathophysiological
mechanisms of blast injuries are not yet fully understood,
it is known that the blast wave is the main pathogenic factor
in such injuries [11]. Numerous studies show that when a

blast wave hits the head, part of the energy is reflected
from the skull bones, and the part that passes through the
tissues extremely excites the phonon continuum, which
leads to brain cells damage at the subcellular level [24].
After the primary injury, a wide range of pathobiochemical
reactions of secondary alteration are triggered, including
the release of pro- and inflammatory mediators, the
development of oxidative stress, etc. [19, 32]. Many
histopathological studies clearly indicate a blood-brain
barrier disorder [14]. Is considered that blood-brain barrier
disruption and microvascular dysfunction are key factors
in the course of blast-induced traumatic brain injury and
further development of neurodegeneration [5, 30]. However,
studies of these changes pathogenesis are
multidirectional, which does not provide a holistic picture
and requires further research on this issue. A well-known
factor in the regulation of cerebral blood vessels is eNOS,
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the increase or decrease of which lead to vascular tone and
permeability changes [10]. Lots of studies on eNOS in
cerebrovascular disorders have shown that eNOS deficiency
leads to dysregulation of systemic blood pressure and a
decrease of the blood-brain barrier protective function
[6, 25]. While the increase in eNOS content performs a
protective function by improving the removal of
toxic substances and excess fluid from the brain [1].

The purpose of the study is to investigate changes in
brain vessels after exposure by an air shock wave.

Materials and methods

The work was carried out as the framework of the
planned initiative research topic of the Pathological
Anatomy, Forensic Medicine and Pathological Physiology
Department of Dnipro State Medical University
"Mechanisms of changes formation in the central nervous
system after exposure to extreme factors", state registration
number 0120U105394.

The study was carried out on 48 sexually mature male
Wistar rats weighing 220-270 g, aged 6-7 months. The
animals were kept in standard conditions and on a standard
diet at the vivarium of the Dnipro State Medical University.
All studies were conducted in accordance with modern
international requirements and standards for the humane
treatment of animals (Council of Europe Convention of
18.03.1986 (Strasbourg), the 1975 Helsinki Declaration,
revised and supplemented in 2000, Law of Ukraine,
February 21, 2006 No. 3447-1V), as evidenced by an extract
from the meeting of the Biomedical Ethics Commission of
Dnipro State Medical University minutes No. 3, November
2, 2021.

The selected rats were randomly divided into two groups:
group | - experimental (n=24), animals of which were
subjected to inhalation anesthesia with halothane (Halothan
Hoechst AG, Germany), fixed in a horizontal position on the
abdomen with the head to the muzzle cut at a distance of 5
cm and simulated blast brain injury by generating a shock
wave with an overpressure of 26.4%
3.6 kPa on a self-made device (Ukraine patent Ne 146858).
The overpressure was measured using an electronic
manometer BITO2B-10B (AEP transducers, Italy). And group
Il - sham (n=24). After simulation of mild blast-induced
traumatic brain injury on 1st, 3rd, 7th, 14th, and 21st days,
rats were euthanized with a lethal dose of halothane, and
then brains were removed. Subsequently, the material was
fixed in a 10 % formalin solution (pH 7.4) for at least 24
hours at room temperature [27]. The infiltration process was
performed on a Microm STP-120 histoprocessor (Thermo
Fisher Scientific, Germany). The samples were dehydrated
in increasing concentrations of isopropanol (70 %, 80 %,
95 %, and in three steps in 100 % for 90 min per step 1). After
that, the tissues were embedded in paraffin blocks using a
HistoStar embedding station (Thermo Fisher Scientific,
USA). Serial sections of no more than 4 uym thickness were
obtained from the blocks using a Thermo HM 355S

microtome (Thermo Fisher Scientific, Germany). Sections
of each tissue sample were used for general histological
tissues staining with hematoxylin and eosin [27].

For immunohistochemical study, 4 uym thick sections
were applied to Superfrost adhesive slides (Thermo,
Germany), then they were deparaffinized with xylene and
dehydrated. The activity of endogenous peroxidase was
blocked with a 3 % solution of hydrogen peroxide in 70 %
methanol for 20 min at room temperature.

Then the sections were washed in three steps with
sodium phosphate buffer followed by heat-induced antigen
retrieval (HIAR) by heating in a water bath in citrate buffer
with pH 6.0 or tris-EDTA buffer with pH 9.0 (20 minutes after
reaching a temperature of 98°C) with symmetrical
arrangement of slides in the cuvette with the addition of 2
ml of Triton-X100 detergent (Sigma, Germany) per 200 ml
of buffer [27].

After washing in three steps with sodium phosphate
buffer, the slides were placed on a moistened plate and
incubated with a 1 % blocking serum solution (normal goat
serum) in 1 % BSA (bovine serum albumin) for 20 minutes.
Antibodies to endothelial NO synthase, eNOS (clone M221,
dilution 1:400, Abcam, UK) were used as primary
antibodies.

Sections were incubated with primary antibodies in a
humid chamber at 40 OC overnight. Visualization was
performed using the Master Polymer Plus Detection
System reagent kit (Master Diagnostica, Spain), which was
completed by the reaction of DAB chromogen with hydrogen
peroxide in the presence of horseradish peroxidase with
the formation of a brown color at the sites of binding of
diagnostic antibodies to test markers [27]. For the nuclei
background staining, sections were additionally stained
with Gill's hematoxylin for 30 seconds. Then they were
dehydrated in increasing concentrations of alcohol, cleared
in xylene, and placed in the final medium under a coverslip.

Microscopy of histological specimens was performed
using an Axio Imager 2 microscope (Zeiss, Germany) at
x100 and x200 magnification.

Results

Brain cells have a high level of metabolic processes
[17], which requires adequate arterial blood supply and
venous outflow (Fig. 1).

The cerebral vessels network is strictly regulate the
penetration of substances from the vessels into the brain
and ensures the outflow of metabolic products [9].
Disorders of cerebral vessels, the wall of which is a
component of the blood-brain barrier, were observed in
experimental rats throughout the study period starting from
1st day (Fig. 2).

Among the changes that occurred in the brain vessels
after exposure to an air shock wave during the posttraumatic
period, the leading role was played by focal violations of
the vascular wall integrity in cortical and hippocampal
hemocapillaries, the venular link of the subcortical vessels;
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Fig. 1. Cross histological section of the subclavian subpial artery
of the sham rat brain. The arrow points to the cerebral vessel.
Staining: hematoxylin and eosin, magnification x200.
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Fig. 2. Subpial vessels of the experimental rat brain (1st day). The
arrow points to the cerebral vessels that underwent changes due
to the blast wave. Venule wall rupture. Staining: hematoxylin and
eosin, magnification x200.
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Fig. 3. Expression of eNOS in brain vessels of sham rats. The
arrow indicates a brain vessel with low eNOS expression.
Magpnification x200.

changes in the morphology of the metabolic vessels
endothelium; and uneven blood filling of the brain vessels.
Violation of the vessel wall integrity was accompanied by
the appearance of diapedesis and small-focal
hemorrhages, neutrophil release and formation of
perivascular infiltrates of polymorphonuclear cells on 1st
day (see Fig. 2) and persisted up to 7th day in the group of
experimental animals. By the end of the third week of the
experiment, we recorded uneven blood filling of the
microcirculatory system vessels on histological
preparations of the brain, which was due to impaired
hemocapillary patency due to endothelial cell edema and
impaired rheological properties of blood with the formation
of stasis and aggregation of blood cells. Also, the patency
of the hemocapillary bed was affected by perivascular
edema, which increased in the first week of the
posttraumatic period.

Due to the observed impairment of blood-brain barrier
permeability, vascular wall integrity, and regional blood
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Fig. 4. Expression of eNOS in the brain vessels of the experimental
group rats on 1st day of the posttraumatic period. Arrow indicates
brain vessels with moderate eNOS expression. Magnification x200.
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Fig. 5. Expression of eNOS in the braih veésels of the experimental
group rats on 3rd day of the posttraumatic period. The arrow
indicates the brain vessels with eNOS expression. Magnification
x200.
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supply in rats with mild blast-induced traumatic brain injury,
it was decided to investigate the degree of eNOS
expression as the hypoxia and ischemia marker.

A slight expression of eNOS was detected in the
samples of the sham group rats (Fig. 3).

Comparison of the results of immunohistochemical
detection of eNOS in the brain vessels showed the
presence of this enzyme expression in the endothelium of
the brain vessels of experimental rats on 1st day (Fig. 4)
and 3rd day (Fig. 5).

The shape of the vessels, in the endothelial cells of
which we noted the expression of eNOS, was corrugated,
and some vessels were paretic dilated or collapsed (see
Figs. 4, 5).

In the dynamics of the further course of the posttraumatic
period, the degree of eNOS expression in the brain vessels
of the experimental group rats did not differ from that of the
sham group.

Discussion

The studied and established consequences of mild
blast-induced traumatic brain injury in the acute period are
disruption of the blood-brain barrier, which leads to energy
and metabolic changes, as well as cerebral edema [3].
Most scientists thought that these changes underlie the
cognitive functions of the brain and the subsequent
development of neurodegeneration [18]. In the case of mild
blast-induced traumatic brain injury, which was simulated
using our own device, we found vascular wall disorders
with diapedesis hemorrhages, the nonruptured vessels
wall edema, and cerebral edema resulting from blood-
brain barrier dysfunction. Such changes in blood-brain
barrier vessels are associated with direct compressive
shock wave loading and indirect cavitation, which together
lead to overstretching and detachment of endothelial cell
membranes [30].

We also found the brain itself diffuse damage, which
causes an inflammatory process involving neutrophils.
Comparing our results with previous studies which are
showing an existing systemic cytokine response to mild
blast-induced traumatic brain injury, we think that an active
inflammatory response is unfolding [21, 23, 27]. All of these
changes, both individually and in combination, require the
launch of compensatory mechanisms to maintain the brain
functional activity [13]. However, the mechanisms of both
blood-brain barrier dysfunction and recovery have not been
thoroughly investigated. Thus, there is a need for their in-
depth study.

Vascular tone ensures adequate blood supply of the
brain, the regulation of which is complex and clearly
controlled by the nervous and humoral systems. Among
the numerous regulatory systems, it is important to
understand the function of the endothelium, which affects
the tone of the brain vessels both chemically and through
interaction with neurons. This complex allows not only to
regulate vascular tone, but also to control the permeability

of the blood-brain barrier [2, 16].

Among the chemical factors involved in the regulation
of cerebral vascular tone, eNOS is known to be involved in
brain protection during various acute cerebrovascular
disorders, including traumatic brain injuries of various
genesis [8]. Endothelial nitric oxide synthase is a
membrane-binding enzyme and the main source of NO,
which is a secondary messenger of guanylyl cyclase-related
receptor activation in the central nervous system and is
involved in autoregulation of cerebral blood flow and
regulation of neuronal plasticity [15].

Many literature sources have shown that increased
eNOS activity is a protective mechanism that is realized in
response to, at least, the synthesis of pro- and inflammatory
cytokines, the development of oxidative stress [24, 26, 30].
After all, NO, which is an autocrine and paracrine signaling
factor, leads to dilatation of the brain arterial vessels and
also has antithrombotic effects. These properties help to
improve the brain blood supply [28, 31]. However, there is
evidence to suggest a negative effect of increased eNOS
activity. Nevertheless, eNOS promotes vasodilation and
increased permeability, which leads to the entry of pro- and
inflammatory mediators into the brain, which increases
inflammation itself [20].

We consider that eNOS activation occurs when blood-
brain barrier vessels are disrupted and it is one of the
compensatory mechanisms in response to primary and
secondary damage, in particular, to the development of
oxidative stress. It is known that mild blast-induced
traumatic brain injury leads to mitochondria primary
damage and, as a result, free radicals are formed.
Subsequently, due to blood-brain barrier damage, hypoxia
occurs, which also contributes to free radicals formation.
Taken together, oxidative stress itself leads to endothelial
dysfunction and eNOS activation [20]. After all, NO is known
to have antioxidant properties due to its ability to reduce the
formation of superoxide anion by activating superoxide
dismutase [12]. However, as our study showed, this occurs
only on 1st and 3rd days after simulation of mild blast-
induced traumatic brain injury. Next, obviously, in the
pathogenesis of vascular wall dilation involve other
mechanisms that need to be further investigated.

Conclusions

1. As a result of the blast wave exposure disorders of
the cerebral vessels were detected.

2. An increase in eNOS expression in the cerebral
vessels of rats with mild blast-induced traumatic brain injury
on 1st and 3rd days of the posttraumatic period was found
in comparison with sham rats.

3. These changes indicate that increased eNOS
expression leads to cerebral vasodilation, which is a
compensatory mechanism in trauma response to improve
cerebral circulation. However, eNOS is not involved in
vasodilation, which we observed up to 21st days post-
trauma.
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3MIHM CYAMH FONOBHOIO MO3KY LWYPIB MIcnA Ali NOBITPAHOI YOAPHOI XBUII

Kosnoea KO. B., Koznoe C. B., Macnak I'. C., bBoHOapeHko O. O., flynaee O. B., O6epemok M. I.

lMowupeHoto ceped silicbkosux € rezka 8ubyxo-iHOykogaHa mpasma 20/108H020 MO3KY, HacsiOKaMu SIKOi € KO2HImueHI nopyweHHs ma
3HWXeHHs coyianizauii moduHu, wo npusgodume 00 empamu npaye3ddamHocmi i, 8 pe3ynbmami, 00 Mo2ipWeHHs1 IKOCMI Xummsi.
Beaxxaembcsi, Wo came ropyweHHs1 eemamoeHyeghaniyHo2o 6ap'epy ma mikpocyOuHHa OUChyHKUis € Kriroyosumu y rnepebigy OaHo20
8udy mpasmu. Memor pobomu cmaro 8us4eHHsI 3MiH 8 CyOUHax 20/108HO20 MO3KY licIIs1 8rusy nosimpsiHoi yoapHoi xeuri. [JocnidxeHHs
rnposedeHo Ha 48 cmameegospinux wypax camysx niHii Wistar, siki eunadkosum YuHoM 6yriu po3dineHi Ha 2 epynu: eKcriepuMeHmarsibHy
(meapuH niddasanu iHeansauitHIt aHecmesii i3 3acmocysaHHsIM 2ariomaHy ma ernusy y0apHoi xeuni 3 HadnuwkosuM muckom 26,4+3,6
kla) i koHmpornbHy. [licnsi eidmeopeHHss mpasmu Ha 1, 3, 7, 14 ma 21 doby wypie niddasanu esmaHasii 3 HacCmyrnHUM 8UITyYEHHSM
20/108H020 MO3KY, Kompul y nodanbwoMy niddasanu cmaHOapmHuUM 2icmorsioeidyHum rpouyedypam. [icmonoaiyHi 3pisu 3abapentosanu
2emMamoKcurniHoM ma eo3uHom. [ns iMyHo2icmoximiyHo20 OOCIOXKEHHST y IKOCmI Nep8uUHHUX sukopucmosysanu aHmumina do eNOS.
lomosi npenapamu 0ocnidxyeanu 3a 00rNOMO20K €c8immnos8oi Mikpockonii ma ¢ikcysanu ¢pomoanapamom. BusieneHo nopyweHHs
CyOUH 20108HO20 MO3KY y Wiypie ekcriepumeHmarnbHoi epynu 3 1 dobu nocmmpasmamuyHo2o nepiody. BcmaHoeneHo, wo subyxoea
xeurns npuseena 0o po3pusy CyOUH, a MaKoxXx Mid8uUU,eHHs1 CyOUHHOI MPOHUKHOCMI 3 Oianede3HOK eKcmpagasauieto epumpouyumis i
HabpsiKoM 201108H020 MO3KY 00 21 00bu. [NpogidHe 3HaYeHHs1 Manu oKaslbHi MOPYWEHHS UiicHOCMi CyOUHHOI CMIHKU 8 KOpmuKarbHUX
ma einokamnanbHUX 2eMoKaninsapax, y 8eHynspHil naHui nidob6onoHKosux cyOuH; 3MiHU mMopgonoaii eHdomenito 06MIiHHUX CyOuH;
HepieHOMIipHe KpOBOHaro8HEHHsI CyOuH MO3KY. [lopieHSIHHA ompuMaHux pe3ynbmamig iMyHozicmoximiyHo2o eu3HadyeHHsi eNOS e
cyOuHax 20/108HO20 MO3KY M0Ka3asio Hasi8Hicmb eKCrpecii Ub020 eH3uma 8 eHoomertii cyOUH 20/108HO20 MO3KY E€KCrepUuMEeHmanbHUX
wypie y 1 ma 3 8oby. Takum YUHOM, 8CMAaHOB/EHI HaMu 3MiHU cei04amb rpo me, wo nidsuweHHss ekcrpecii eNOS npussodums 0o
PO3WUPEHHST CyOUH 20/108H020 MO3KY, WO € KOMMEHCamopHUM MexaHi3MoM y 8idnogidb Ha mpaemy Osisi OKpauwjeHHs1 Kpogoobicy
20m08Ho20 Mo3ky. lpome eNOS He 6epe yyacmb y po3wupeHHi cyOuH, sike mu criocmepieanu 0o 21 dobu nocmmpasmamu4yHoO20
repiody.

KnrouyoBi cnoBa: eemamoeHyeganiyHuli 6ap'ep, subyx, mpasma, 201108HUL MO30K, KPOBOHOCHI CyOUHU.

Author's contribution:

Kozlova Yu. V. - conceptualization, providing equipment for the experiment, supervision.

Kozlov S. V. - data visualization, conducting an experiment, methodology and writing an original draft.
Maslak H. S. - project administration.

Bondarenko O. O. - formal analysis and verification, review writing and editing.

Dunaev O. V. - software for morphometric research, histological analysis.

Oberemok M. H. - resources.

60 ISSN 1818-1295 elSSN 2616-6194 Reports of Morphology


https://pubmed.ncbi.nlm.nih.gov/35072089/
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c02903
https://pubmed.ncbi.nlm.nih.gov/36739833/
https://www.tandfonline.com/doi/full/10.1080/00207454.2019.1569652

