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The aim of the current study was to determine whether there are changes in brain trace elements of rats with blast-induced
trauma and if these changes affect behavior in the elevated plus maze.

Materials and methods. The study was carried out on 126 sexually mature male Wistar and were divided into 3 groups:
Experimental — exposed to a shock wave 26.4 + 3.6 kPa (n = 42); Sham (n = 42), the animals of which were subjected to
inhalation anesthesia with halothane and fixation in a horizontal position; and Intact (n = 42). Behavior was study in elevated
plus maze. The duration of presence in the open and closed arms, the number of stands, the duration of grooming was
recorded in all groups of rats for 3 minutes. After, the animals were euthanized with halothane, followed by removal of the
brain. The cerebellum was completely separated for spectral analysis using energy dispersive X-ray fluorescence analysis
(EDRFA) on the analyzer EXPERT 3 XL.

Results. Results showed significant changes of cognitive activity in experimental group which are indicate functional disor-
ders of the cerebellum in the form of maladaptation in space with subsequent inhibition of motor centers. Cu/Fe ratio was
decreased in the 14" and 215 days and increased in the 28". Cu/Zn ratio was decreased on the 14th day. Zn/Fe ratio was
higher on the 14™ and 28" days. The existence of correlations between changes in trace elements and behavioral disorders
in experimental rats was established.

Conclusions. In the early period of blast-induced traumatic brain injury, cerebellar dysfunction in the form of spatial maladap-
tation with subsequent depression of motor centers was observed in the experimental rats Correlation analysis showed the
presence of different strengths and directions of relationships between the ratios of Cu/Fe, Cu/Zn and Zn/Fe in the cerebellum
and behavioral indicators in the elevated plus maze (duration of stay in open and closed arms, grooming and vertical motor
activity) of experimental rats.

BnAuB 3MiH MiKpoeAeMeHTIB Y MO30UKY Ha NOBEAIHKY LUypiB y niAHeceHoMy
XpecTonoaibHomy AabGipuHTI B paHHbOMY nepioAi Aerkoi BUbyxo-iHAyKOBaHOI TpaBMK
FOAOBHOTFO MO3KY

0. B. Ko3noBa

MeTta po6oTu — BM3HAUMTK, UM BiOOYBalOTLCS 3MiHM MIKPOENEMEHTIB Y MO3KY LLYPIB i3 BUOYXOBOK TPABMOM i YU MaKTb
B32EMO3B’A30K Lii 3MiHW 3 NOPYLUEHHSIM MOBEZHKW Y MiAHECEHOMY XpecTonogibHOMY NnaGipuHTi.

Matepianu i metogu. locnimkeHHs 3aivicHnnm Ha 126 ctateBo3pinumx Binux Lypax-camusx niHii Bictap. TBapuH paHZoMHO
noAinuIv Ha 3 rpynu: ekciepuMeHTarnbHy, Ae LLypy 3a3HaBasny BNnvBy BUOYXOBOI XBUMi 3 HAANULLKOBUM TUCKOM 26,4 + 3,6 klMa
(n=42); koHTponbHy (n = 42), Ae nicns iHransuinHoro Hapko3y ranoTaHoM TBapUH (ikCyBasnn B ropu30OHTaNbHOMY NOMOXEHHI;
iHTaKTHY (n = 42). MoBeaiHKy focnigXyBanu B NigHecCeHoMy xpectonogibHomy nabipuHTi. Y BCiX rpynax npoTsrom 3 XBUnuH
peecTpyBanu TpuBanicTb nepedyBaHHs Y BiZKPUTUX | 3aKPUTUX pyKaBaXx, KiNbKICTb CTINOK, TpMBanicTb rpymiHry. Micns uporo
TBapWH eBTaHa3yBanu rafioTaHoM, BUAANSM FONOBHMI MO30K. MO3040K MOBHICTIO BiBOKPEMMOBANM Ans CNeKTparibHOr aHa-
i3y 3a 4OMOMOrO EHEProAMCNEPCINHOO PEHTrEHIBCLKOro donyopectieHTHoro aHanidy (EDRFA) Ha aHanisatopi EXPERT 3 XL.

Pe3ynkTrati. BusiBunu 3HauHi 3MiHM KOrHITUBHOI @KTUBHOCTI B eKCrepUMEHTarnbHil rpyni, Wo cBig4aTb Npo (yHKLiOHaANbHiI
NOPYLLEHHSA MO304Ka, 30KpeMa fe3adanTaLito y NpocTopi 3 NpUrHiYeHHsIM Hagani pyxoBux LieHTpi. CniBeigHoweHHa Cu/Fe
3HUxKeHe Ha 14 i 21 poby, nigsuweHe Ha 28 noby. CnissigHoweHHs Cu/Zn 3HuxeHe Ha 14 poby. CnisBigHoLWeHHs Zn/Fe
BuLe Ha 14 i 28 poby. BctaHoBMM KopenswiiHi 38'A3K1 Mixk 3MiHaMK MiKpOENeMEHTIB | NOpYLIEHHSIM MOBEAIHKM ekcnepu-
MEHTamNbHX LLypIB.

BucHoBku. Y paHHbOMy nepiogi BUOYX0BOI TPaBMM FONOBHOO MO3KY B LLIYPIB EKCIEPUMEHTAsbHOI FPY N BUSIBUNW ANCHDYHKLIIO
MO304Ka — Ae3aaanTaLlito B MPOCTOPi 3 HACTYMHUM NPUTrHIYEHHAM PyXOBUX LEHTPIB. KopensuiiHuii aHania noka3as HasiBHICTb
Pi3HX 3@ CUIOHO | HANPSIMOM 3B’A3KiB Mix cniBBigHoOLLeHHaM Cu/Fe, Cu/Zn, Zn/Fe y M0O304Ky Ta MOBEHKOBUMM NOKa3HUKaMM Y
nigHeceHoMy xpecTonogibHoMy NnabipuHTi (TprBanicTb NnepedyBaHHs Y BIGKPUTKX Ta 3aKpUTUX pyKaBax, 'PYMIHT i BepTUKanbHa
PyXOBa aKTUBHICTb) EKCTIEPUMEHTABHUX LLYPIB.

Applying various explosives in military conflicts around the
world and currently in Ukraine leads to an increase in the
number of craniocerebral injuries as a result of the blast
wave effect — blast-induced traumatic brain injury (bTBI)
[1]. This type of brain injury is characterized by diffuse

damage, even with a slightimpact of the blast wave, which,
as the main pathogenic factor of the explosion, leads to
damage due to excess pressure and intense energy [2].
However, bTBI itself is often not separated, focusing on
injuries caused by additional factors of the blast (thermal
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burns, shrapnel injuries). But it is bTBI leads to beha-
vioral and cognitive impairments both in an acute and an
early, as well as in remote posttraumatic periods. And the
pathogenesis of these changes is currently being actively
researched and discussed by both clinicians and scientists
around the world [3,4].

The issues of primary alteration of the brain by an
explosive wave and mechanisms of secondary alteration
are contemplated separately. Mechanisms of damage to
certain structures of the brain, particularly the cerebellum,
which participates not only in the implementation of orien-
tation and motor activity, but also in behavioral-cognitive
processes, remain unexplored. Also, the participation of
trace elements (Fe, Cu, Zn) in secondary brain damage,
which normally involved in the processes of myelination of
nerve fibers, transmission of nerve impulses, synthesis of
neurotransmitters, processes of energy exchange and are
part of the antioxidant system, has not been established
[5,6,7]. Therefore, the aim of the current study was to to
determine whether there are changes in trace elements
in the brain of rats with blast-induced trauma and if these
changes affect behavior in the elevated plus maze.

The obtained results will deepen the knowledge about
the mechanisms of the development and course of bTBI
and will contribute to the development of pathogenetically
based modern methods of diagnosis and methods of
treatment of this injuries type.

Aim
The aim of the current study was to determine whether
there are changes in brain trace elements of rats with

blast-induced trauma and if these changes affect behavior
in the elevated plus maze.

Materials and methods

The study was carried out on 126 healthy, sexually mature
male Wistar rats, body mass 220-270 g, aged 6—7 months
in the laboratory of the Department of Pathological Ana-
tomy, Forensic Medicine, and Pathological Physiology of
the Dnipro State Medical University. The rats were keptin
rectangular plastic cages (floor S = 1500 cm?) with a wire
mesh on top. In each cage were 3 rats, which allowed
to adequately divide the rats into groups and did not
cause emotional reactions in the animals that remained
in the cage after the euthanasia of others. Rats were
marked with a permanent marker. Wood shavings with a
thickness of 2—-3 cm were used as bedding. In the room
with the rats, the air temperature was maintained in the
range of 20-25 °C and the humidity was in the range of
50-60 %. The daily light: dark cycle was 12:12 hours.
Food and water were provided ad libidum. All rats were
fed with commercial pellets, corn, and wheat, identical in
composition and quantity. Tap water in 500 ml drinking
cups was used for drinking.

All studies were conducted in accordance with mo-
dern international requirements and standards of humane
treatment of animals (Council of Europe Convention of
18.03.1986 (Strasbourg); Helsinki Declaration of 1975,
revised and supplemented in 2000, Law of Ukraine of
February 21, 2006 No. 3447-1V), as evidenced by the
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extract from the minutes of the Biomedical Ethics Commis-
sion of Dnipro State Medical University meeting No. 3 of
November 2, 2021.

The selected rats were randomly divided into
3 groups: Group | — Experimental (Exp) with bTBI (n =42);
Group Il = Sham (n = 42), the animals of which were
subjected only to inhalation anesthesia with halothane
and fixation in a horizontal position; and Group Ill - Intact
(n=42). Sham and Intact groups were created to limit the
effect of additional pathogenic factors on the behavior and
composition of biometals (anesthesia, fixation).

The Exp animals were anesthetized with halo-
thane (Halothan Hoechst AG, Germany), softly fixed
in a horizontal position on the abdomen with the rat
muzzle at a distance of 5 cm from the opening of the
device. The blast wave was created by instant (using
an electromagnetic valve) opening of a chamber filled
with compressed air (up to 15 atm, i. e., 1520 kPa).
Under the conditions of our experiments, this gener-
ated a baroacoustic wave with an excess pressure of
26-36 kPa, on average [8].

A study of behavior in the elevated plus maze was
conducted on the 14, 21%!, and 28 days after bTBI simu-
lation at the same time (11:00 a. m.). Animals were brought
to the laboratory 1 hour before the start of the study. After
that, behavioral profiles were determined in an elevated
plus maze, which is represented by an arena with crossed
arms — 2 open arms, 2 closed arms, length 50 cm, width
14 cm, the height of the closed arms walls were 30 cm,
which creates sufficient darkness. At the intersection of
the arms there was an open area, which is the starting
point for the test. The arena is raised 55 cm above the
floor level [9]. The duration (in seconds) of presence in
the open and closed arms, the number of stands (vertical
motor activity), the duration of grooming (in seconds) were
recorded in all groups of rats for 3 minutes.

Immediately after the behavior study on the 14!, 21,
and 28 days of the posttraumatic period, the animals
were euthanized with halothane, followed by removal of
the brain. The cerebellum was completely separated for
spectral analysis using energy dispersive X-ray fluores-
cence analysis (EDRFA) on the analyzer EXPERT 3 XL.
This analysis refers to physical non-destructive express
method of quantitative determination of the elemental
composition of biological material [10]. Regardless of
the object shape, without using recalibration and special
sample preparation, direct express analysis with a wide
range of the bioelements spectrum measurement (from
Na to U) allows you to quickly and highly accurately
determine the elemental composition of any sample, in
particular in brain tissues.

Fragments (cerebellum) of the native unfixed brain
were introduced into the measuring chamber with ex-
posure to radiation for 10 minutes (600 s). After that,
with the help of software (manufacturer: LLC “Scientific
and Production Enterprise Institute of Analytical Control
Methods (“INAM” LLC), Kyiv, Ukraine) on the basis of the
laboratory of the Communal Institution “Dnipropetrovsk
Regional Bureau of Forensic Medical Examination” of
the Dnipropetrovsk Regional Council, calculations were
made in automated mode. The results are presented in
the form of peak spectra and tables for each sample with
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Fig. 1. Dynamics of the duration in open arms shown by rats of different groups in the elevated plus maze. Vertical scale: time in seconds. Days of observation (14, 21 and 28) are
shown above the diagrams. Means and s. e. m. values are shown. *: cases of significant p < 0.01 differences from the Experimental and Intact groups.

Fig. 2. Dynamics of the duration in closed arms shown by rats of different groups in the elevated plus maze. Vertical scale: time in seconds. Days of observation (14, 21 and 28) are
shown above the diagrams. Means and s. e. m. values are shown. *: cases of significant p < 0.01 differences from the Experimental and Intact groups.

Fig. 3. Dynamics of the intensity of vertical motor activity shown by rats of different groups. Vertical scale: number of full vertical stands on the hindlimbs within the period of observation.
Days of observation (14, 21 and 28) are shown above the diagrams. Means and s. e. m. values are shown. *: cases of significant p < 0.01 differences from the Experimental and

Intact groups.

Fig. 4. Dynamics of duration of grooming episodes within the observation period. Vertical scale: time in seconds. Days of observation (14, 21 and 28) are shown above the diagrams.
Means and s. e. m. values are shown. *: cases of significant p < 0.01 differences from the Experimental and Intact groups.
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the corresponding mass concentrations. After obtaining
the quantitative mass fractions of biometals, the ratios of
CulFe, CulZn, Zn/Fe were calculated based on the mass
fractions of each element in percent and the data between
the three groups were compared.

The numerical results were performed using Statis-
tica 6.1 software (StatSoft Inc., serial No. AGAR909E-
415822FA). Means and SD values were calculated.
Intergroup differences were estimated using the Stu-
dent’s t-test and considered statistically significant with
p <0.01 or p <0.05. To establish correlations between
the study parameters Spearman’s correlation coefficient
was used. Strength of correlation was calculated (r), and
p value p £ 0.01 was considered statistically significant.

Results

With the help of an elevated plus maze, we investigated
changes in motor activity based on indicators of the
length of stay in the closed and open arms of the maze,
vertical motor activity and grooming, which is a complex
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act of purposeful movements that provides natural self-
care. It is known that the cerebellum participates in the
implementation of these processes [11].

The analysis conducted between three groups to se-
parate the effect of halothane on the behavior of rats in the
elevated plus maze showed that at this observation period no
significant differences were established between the Sham
and Intact groups, so the main calculations were carried out
between the indicators of the Exp and Intact groups.

The duration of presence in the open arms (Fig. 1) in
the Exp rats was 64 % shorter (p < 0.01) on the 14" day,
and 56 % longer (p < 0.01) on the 21% day.

The time spent in the closed arms (Fig. 2) significantly
(p=0.01) decreased by 6 % in the Exp rats in the 21! day.

The analysis of vertical motor activity (Fig. 3) showed
anincrease in Exp rats on the 14" day by 63 % (p<0.01),
on the 21%'day by 67 % (p < 0.01) and on the 28" day by
72 % (p <0.01).

Grooming time (Fig. 4) in the Exp group decreased
by 45 % on the 14" day (p < 0.01). On the 21t day, it was
significantly (p < 0.01) higher by 30 %.

Pathologia. Volume 21. No. 1, January — April 2024
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During the analysis of indicators of the biometals ratio
in the cerebellum, significant (p < 0.01) changes in Cu/
Fe (Fig. 5) were found in the Exp rats: decreased in the
14" day by 8 %, in the 21¢! day by 8 % and an increase
in the 28" day 32 %.

The analysis of the Cu/Zn ratio (Fig. 6) also showed
significant (p < 0.01, p < 0.05) changes: by 44 % de-
creased on the 14" day, by 8 % increased on the 21 day,
and by 20 % increased on the 28™ day.

And the Zn/Fe ratio (Fig. 7) was significantly (p <0.01)
higher on the 14" day by 39 %, on the 28" day by 17 %.

Using correlation analysis, a functional relationship
(r=1, p<0.01) was established between Cu/Zn in the
cerebellum and the time spent in closed arms for 21¢! days.
Astrong negative relationship was established on the 215t
day between Cu/Fe and the time of stay in closed arms
(r=-0.8, p£0.01), as well as on the 28" day between
Cu/Zn and the time of presence in open arms (r = -0.8,
p <0.01). Amedium positive relationship was established
on 28 day between Zn/Fe and duration in open arms
(r=0.7,p<0.01), between Cu/Zn and grooming (r = 0.6,
p < 0.01). A negative average relationship was deter-
mined on the 28" day between Zn/Fe and the duration
of grooming (r = -0.7, p < 0.01), as well as with vertical
motor activity (r =-0.6, p < 0.01).

Discussion

The early period of bTBI is accompanied by significant
functional disorders of the brain, the manifestations of
which are anxiety, disorientation in space, etc., and the
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use of additional imaging methods (MRI, CT) does not
give a complete picture of the lesion [12]. Violations of the
blood-brain barrier as a result of the primary influence of
the blast wave established by previous studies [13] and
the presence of oxidative stress, which is one of the se-
condary neurons damage factors [14] during the simula-
tion of bTBI, provide the basis for an in-depth study of new
links in the pathogenesis of secondary damage of certain
brain structures at different times in bTBI posttraumatic
period. In our opinion, biometals — Fe, Cu, Zn, which are
involved in the antioxidant system, the formation and
transmission of nerve impulses and various metabolic
processes that are important for the normal functioning
of the brain, are subject to thorough research [15,16,17].

Significant changes of cognitive activity in experimen-
tal group indicate functional disorders of the cerebellumin
the form of maladaptation in space with subsequent inhi-
bition of motor centers. This is evidenced by a reduction
in the time spent in open arms by 14" day — the presence
of afear to being in open space, and an extension by 215
day, while the period of stay in closed arms was reduced,
which indicates suppression of the hiding reflex. During
the entire period of the study, an increase in vertical motor
activity was observed, which indicates the search for a
way out of the maze against the background of being in
an unfamiliar place fear.

Similar changes were observed in the duration of
grooming — a reduction in time by 14" day and an ex-
tension by 21¢t day. A change in the quality of grooming
was also observed. In the Exp animals, this act was
inconsistent, intermittent, with signs of anxiety (peri-
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odic, quick, short-term glances in different directions,
performed by rats without noise and visual stimuli) [18].
We consider that this indicates a violation of regulation
on the cerebellum side, because its function in the im-
plementation of the act of grooming has been confirmed
by scientists [19].

Numerous studies of the biometals functions in the
metabolic processes of the brain indicate the extremely
important role of Fe, Cu and Zn [5,6,7]. Currently, it is
being investigated how violations of certain biometals
affect the brain and what consequences these changes
have [20,21]. It is known that when Fe, Cu and Zn are
accumulated separately, they have the same neuro-
toxic effect, and their deficiency leads to a violation
of energy exchange and nerve impulse transmission
processes [22,23]. Meanwhile, these biometals indivi-
dually regulate each other’s metabolism, and when one
is imbalanced, the metabolism of another biometals is
disturbed [24,25]. We found that increasing the Zn/Fe and
Cu/Fe ratios on 28" day significantly increased the risk of
neurodegeneration in the remote period of bTBI [26,27].

Also, an increase in Fe concentration is the leading
mechanism of disruption of Cu and Zn homeostasis.
The role of the blood-brain barrier in the accumulation
of Fe is integral, because it is known that this structure
strictly regulates the entry of any nutrients and active
substances into the brain [27]. In addition, diapedesis
hemorrhages due to the increased permeability of blood-
brain barrier vessels leads to the release of iron from
erythrocytes [13].

Conclusions

1. In the early period of blast-induced brain injury,
cerebellar dysfunction was observed in the rats of the
experimental group in the form of maladaptation in
space with subsequent inhibition of motor centers. This
is evidenced by a behavior changes in the elevated plus
maze namely changes of time spent in open and close
arms, also in grooming duration and in vertical motor
activity.

2. The Cu/Fe and Cu/Zn ratios were reduced on 14
and 21¢t days and raised on 28" day, and Zn/Fe ratio was
raised on 14" and 28" days in the cerebellum of experi-
mental compare with sham and intact rats.

3. The correlation analysis showed the presence
of different strength and direction connections between
CulFe, Cu/Zn and Zn/Fe ratios in cerebellum and behav-
ioral indicators in elevated plus maze (duration in open
and closed arms, grooming and vertical motor activity) of
experimental rats.

Prospects for further scientific research to
establish the role of trace elements in the brain with
blast-induced traumatic injury with impairment of various
types of memory.
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