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The developing brain in the formation of oxidant and
antioxidant systems
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ABSTRACT

BACKGROUND: The structures, tissues, and systems of the brain differentiate gradually. The values of biochemical constants
vary depending on the timing of development, that is, the embryonic, early, and late postnatal periods. In this respect, the
multicomponent oxidation and antioxidation systems that do not mature at the same time are of interest.

AIM: To examine the processes of lipid peroxidation based on the level of malonic dialdehyde and antioxidant protection
(superoxide dismutase, catalase, and reduced glutathione) in the brain of rat embryos and offspring at different periods of
pre- and postnatal development.

MATERIALS AND METHODS: Thirty-nine pregnant female Wistar rats weighing 220-250 g were selected, from which
176 embryos and rat pups of different sexes and age were obtained, including embryos in the third trimester of pregnancy
(13-17 days of gestation) and rat pups aged 1-14 weeks. The concentration of malonic dialdehyde (indicator of lipid peroxidation)
was determined in the brain tissue, and the activity of superoxide dismutase, catalase, and level of reduced glutathione was
found as indicators of antioxidant defense systems.

RESULTS: The brains of the embryos were characterized by low levels of malonic dialdehyde, and its concentration sharply
increased immediately after the birth of rat pups. A similar but a less pronounced pattern was also recorded for indicators of
antioxidant protection (superoxide dismutase activity and level of reduced glutathione). The opposite reaction was observed
in catalase, which demonstrated high activity in the brain in the prenatal period but significantly decreased after birth. With
further postnatal development up to sexual maturity (14 weeks, or 3 months of age), no significant changes in the activities of
superoxide dismutase, catalase, and concentration of reduced glutathione were noted; however, a twofold drop in the level of
malonic dialdehyde in the brain was noted.

CONCLUSION: Already in the first months of life in rats, a quite stable status of lipid peroxidation and antioxidant defense
systems of the brain tissue developed.
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Pa3BMBalOLMMCA MO3I KaK 00bEKT U3y4eHuUs
CTaHOBJIEHUS! OKCUAAHTHbIX U aHTUOKCUAAHTHbIX CUCTEM

M.[. Wabanos, U.B. 3apybuHa

BoeHHo-MeanumHcKan akapemus uMenn C.M. Kuposa, CankT-[letepbypr, Poccus

AHHOTALMA

AkTyanbHocTb. [IuddepeHUMpoBKa CTPYKTYp, TKaHEH M CUCTEM MO3ra NPOMCXOAMT NOCTENEHHO. 3HAYeHMS OTAENbHbIX Buo-
XMMUYECKUX KOHCTAHT BapbUpYeT B 3aBUCMMOCTW OT CPOKOB 3MOPUOHANBHOTO, PaHHETO W NO3[HEr0 NOCTHATaNbHOIO Nepuosa
pa3BuUTMS. B 3TOM OTHOLIEHMM MHTEpEC MPEACTABNANT CUCTEMbI OKCMAALMM/aHTUOKCMAALMM, KOTOPbIE MHOTOKOMMOHEHTHbI
1 N03TOMY CO3peBalOT HEOLHOBPEMEHHO.

Lienb. W3yyenne npoLieccoB NepekUCHON0 OKUCNIEHWUS IMMULOB M0 YPOBHIO MaslOHOBOMO aNbAerMaa U aHTMOKCUIAHTHOW 3a-
WwKThl (CynepoKcMaaMcMyTasa, KaTanasa, BOCCTAHOBIEHHbIW [MYTaTUOH) FOfI0BHOTO Mo3ra 3MOPMOHOB W MOTOMCTBA KpbIC
B pa3Hble CPOKM NMpe- W NOCTHATaIbHOMO PasBUTUSA KpbIC.

Matepuanbl u Metoabl. Bbinu oTobpaHbl 39 6epeMeHHbIX caMoK Kpbic Buctap Maccoit 220-250 r, oT KOTopbIX NOAYYeHOo
176 3MBPMOHOB M KpbICST Pa3HOro NMofia M BO3pacTa, BKIoYas IMOpUoHbI 3-ro TpuMectpa bepeMeHHocTH (13—17-# aHu recta-
LMm) U KpbicsiT B Bo3pacTe ot 1 o 14 Hep. B TkaHM ronoBHoro Mosra onpeaensiu KOHLEHTpaLmMIo MaloHoBOro Auanbieruaa
(NoKa3aTenb NEepeKUCHOT0 OKUC/IEHUS NIMMUAOB), @ TaKXKe aKTUBHOCTb CYNEepPOKCUAAMCMYTa3bl, KaTanasbl U YpOBEHb BOCCTA-
HOBJNEHHOTO FNyTaTUOHA B KA4eCTBE MOKa3aTeNiell CUCTEM aHTUOKCMAAHTHOM 3aLLUTI.

PesynbTathbl. YcTaHOBNEHO, YTO FONIOBHOM MO3T 3MOPUOHOB XapaKTEpU3YeTCA HU3KMMU 3HAYEHUSIMU YPOBHEW MasloHOBOTO
OWanbernaa, KoHLEHTpauus KOToporo pe3ko BO3pacTaeT cpasy nocnie poXAeHWs KpbicaT. CxopHas, Ho MeHee BbipaXKeHHas
3aKOHOMEpHOCTb PerucTpupyeTcs W Afs NoKasatenei aHTUOKCMAAHTHOMN 3alumThl (aKTUBHOCTb CYNepoKCMAAMCMYTasbl U ypo-
BEHb BOCCTAHOBJIEHHOIO [yTaTUOHa). MpAMO NPOTMBOMONOXHYI0 peakumio Habnganu B cnyyae C Katanasoi, aKTMBHOCTb
KOTOpO/A B FONIOBHOM MO3re B MpeHaTaibHbI Nepuop bbina BbICOKOW, a Nocne POXAEHUs 3HaUMMO CHUManach. B nepuopg
JanbHemLwero nocTHaTanbHoOro pasBuTUA BMJIOTb A0 MosoBo3penoct (14 Hep., M 3-MecauHbIA BO3pacT) He NPOUCXOAMNO
CYLLIECTBEHHOIO M3MEHEHUSA B aKTUBHOCTU CYNePOKCUMAAMNCMYTa3bl, KaTaasbl U KOHLEHTpaLMU BOCCTAHOBNEHHOTO IyTaTUOHa,
HO perucTpupoBanu 2-KpaTHoe najieHre YpoBHS ManoHOBOMO AuanbAermaa B Mosre.

3aksioyeHmne. Yxe B nepBble MECALbl XU3HW Y KPbIC CKNaAblBaeTCs BMOMHE CTabWIbHBIA CTATyC MEPEKUCHOO OKUCTEHUS
JIMMULOB M CUCTEM aHTUOKCWAAHTHOW 3aLLUMTLI MO3rOBOM TKaHMU.

KnioueBble cnoBa: cucTeMa OKCMAALMKM/aHTUOKCHAALMK; Cco3peBaHKe roJIoBHOMO Moa3ra; OKCWIATUBHbIN CTaTyc; 3M6pI/IOHbI;
KPbICbI.
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INTRODUCTION

Brain structures, tissues, and systems differentiate
gradually. Biochemical constants vary depending on the
timing of embryonic, early, and late postnatal development.
Oxidation/antioxidation systems are multicomponent and do
not mature simultaneously [1]. The response to physiological
stimuli and pharmacological agents depends on the maturity
of individual systems.

This study analyzed rats with a gestation period that
lasts 21-22 days. However, a study showed [2] that
neurotransmitter mechanisms in the brain are largely
underdeveloped at birth and cannot provide an adequate
behavioral response in newborn animals. Rats are born
without fur and vision and only become fully developed and
active by days 9-10. They are capable of self-sustaining
behavior only by day 17 of postnatal development [3]. This
finding was the basis for conducting experiments to identify
critical periods of development in animal organisms. The
experiments involved removing the animals from their
mothers and growing them in single cages under complete
intraspecific and partial sensory isolation. These and
similar studies have demonstrated [4, 5] that in rats, the
third trimester of pregnancy and early postnatal period
(typically considered up to days 14-21 of life) are the most
vulnerable to the effects of extreme environmental factors,
such as hypoxia and neurotoxins. Data indicate that the
prolonged maturation process of the brain’s biochemical
systems affects both the prenatal and postnatal periods.
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Based on the established scheme of brain maturation [6],
which relies primarily on neurohistological studies (Fig. 1),
seven primary morphogenetic processes were identified:
proliferation, migration, differentiation, synaptogenesis,
apoptosis, gliogenesis, and myelination. These processes
provide sufficient detail to characterize the maturation of
the central nervous system structures.

These processes typically occur simultaneously,
following the laws of interaction and interpenetration.
However, each process can be characterized individually
and in relation to other processes. Morphologists combine
these processes into histogenesis and organogenesis.
However, these concepts do not help explain the
biochemical processes that occur within the cell and at
the synaptic contact level. These processes include the
synthesis of mediators, their axonal transport, deposition
in vesicles, release under the influence of nerve impulses,
release into the synaptic cleft, interaction with receptors,
and disintegration or recapture by presynaptic endings. To a
lesser extent, processes such as the maturation of enzyme
systems involved in synaptic transmission and oxidation/
antioxidation maintenance systems, which involve many
substrate and enzyme systems, can be characterized.

Therefore, this study examined the processes of lipid
peroxidation (LPO) by measuring the levels of malonic
aldehyde and antioxidant defense (AOD) in the brain,
including the activity of superoxide dismutase and reduced
glutathione (RG), in rat embryos and offspring at various
stages of pre- and postnatal development.
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Fig. 1. Basic morphogenetic processes occurring in the developing rat brain [6, as modified]. A central vertical line separates the prenatal
and postnatal periods of development. The central abscissa axis indicates the days of development in the prenatal and postnatal periods

Puc. 1. OcHoBHble MopdoreHeTU eCKMe NPOLLeCChl, NPOUCXOASALLME B Pa3BMBalOLLLEMCA MO3re Kpbic [6, ¢ u3MeHeHusMu]. LieHTpanbHas Bep-
TUKaNbHas YepTa pasfenseT NpeHaTasbHbIA U NOCTHaTaNbHbIA Nepuofbl pa3BuTus. Mo LeHTpanbHOM ocK abcumce yKasaHbl AHWU PasBUTUS

B HPEHaTaﬂbelﬁ 1 NOCTHaTaNbHbLIN nepuoabl

DOI: https://doiorg/ 10.17816/phbné23031

231



232

MCUXOHEVPODAPMAKONO/A

MATERIALS AND METHODS

The research protocol involved studying the brains
of embryos and offspring of female Wistar rats obtained
from the Rappolovo nursery in the Leningrad region. In
total, 176 embryos and rats of different sexes and ages
were obtained from 39 pregnant females weighing 220-
250 g. The sample included embryos from the third tri-
mester of pregnancy (days 13-17 of gestation) and rats
aged 1-14 weeks. The female and offspring animals were
kept in vivarium conditions with inverted light from 8:00
to 20:00 at 22°C + 2°C. They were provided with dry bri-
quetted feed and water ad libitum. Each group consisted of
10-12 animals.

In biochemical studies, researchers examined whole
embryonic brains or brains of rats obtained after euthanasia.
Brains were isolated, freed from their membranes, and
washed with Na-phosphate buffer (50 mM at pH = 7.4).
Then, they were homogenized in the same buffer at a ratio
of 1:4-6 in terms of weight and volume of the buffer. The
resulting brain homogenate was centrifuged for 25 min at
4000 g. The precipitate was removed, and the supernatant
was recentrifuged for 60 min at 15,000 g. The supernatant
was obtained and used to determine the activity of
superoxide dismutase (SOD) and the level of malonic
dialdehyde (MDA) as an indicator of LPO. Catalase activity
was determined by treating the intermediate precipitate of
the mitochondrial fraction with a Na-phosphate buffer (50
mM at pH = 7.4) and homogenizing it in 1% Triton X-100
solution as a detergent in a volume equal to the volume
of the homogenate initially taken. The homogenate was
selected and centrifuged for 40 min at 15,000 g. Catalase
activity was determined in the supernatant and expressed as
UM H,0,/min - mg protein.

The state of brain AOD was characterized by three
indicators: SOD activity, catalase, and RG levels. These
indicators were determined in 10% brain homogenate using
25 mM Tris-HCl with 175 mM KCl buffer at pH 7.4. SOD activity
was measured using the method described in [7], which
determines the degree of inhibition of nitroblue tetrazolium
reduction in the presence of phenazine methosulfate and
nicotinamide adenine dinucleotide. The protein content of the
samples was estimated using the unified method [8], and the
results were expressed as A/mg protein. The concentration of
RG was measured by reacting it with excess alloxan [9] and
expressed as pM/g. The concentration of MDA resulting from
LPO was measured by reacting it with 2-thiobarbituric acid
[10] and expressed in uM/g of protein.

Statistical differences were assessed using GraphPad
Prism 6 software (Graphpad Software Inc., USA). One-
factor analysis of variance and Student’s t-test were used
to compare the control and experimental groups. Statistical
significance was considered at p < 0.05. The data were
presented using the arithmetic mean and standard error of
the mean.
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RESULTS

In embryos, the brain's LPO activity, as determined
by the MDA content in brain tissue, exhibited relatively
low values, not exceeding 1-2 uM/g protein. During the
first 1-3 weeks after birth, the MDA level in the brain
tissue sharply increases, which gradually decreases by
7-14 weeks of postnatal development (Fig. 2a). A similar,
albeit less pronounced, pattern was observed for AOD
indicators, specifically SOD activity (Fig. 2b) and RG level
(Fig. 2d). These studies have demonstrated that during
the first week of postnatal development, the measured
indices increase, but not as sharply as that of MDA.
Conversely, despite high activity levels during the prenatal
period (30-40 pM H,0,/min - mg protein), a decrease in
catalase activity was observed in the brain after birth
(Fig. 2¢).

As a result, the birth of rats and their first week of life
are characterized by a sudden increase in MDA levels, a
slight increase in SOD activity and RG levels, but a significant
decrease in catalase activity in the brain tissue. The period
of postnatal development up to puberty (14 weeks or
3 months of age) does not significantly affect SOD activity,
catalase activity, or RG concentration. However, it causes
a twofold decrease in MDA levels in the brain. This finding
suggests that rats develop stable LPO and AOD levels in the
brain tissue during the first months of life.

DISCUSSION

When discussing the obtained results, it is important to
address the following two main questions:

1) How does the developing brain differ from the adult
brain in terms of LPO and AOD?

2) To what extent can these results be applied to the
traditional approach of studying brain functions, which
mainly assesses neurotransmitter systems related to motor,
cognitive, and emotional functions?

The first question has an obvious answer: yes, a
significant difference exists. The investigation of the
dynamics of selected indicators of LPO and AOD systems
revealed that various components of the studied systems
change differently during the maturation process of
brain structures. Thus, regarding MDA, the primary and
conventional laboratory indicator of LPO, the changes are
significant. We observed a sharp increase in the first week
of the postnatal period, which resulted in a 3-3.5-fold
increase in MDA compared with that in the prenatal period
(end of pregnancy).

The AOD systems should logically react to the increase
in LPO to compensate for changes in the oxidant status.
However, this is not observed. However, the SOD activity
and RG level mildly increased during this period. In contrast,
the catalase activity sharply decreases by approximately
fourfold. These observations suggest either insufficient
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Fig. 2. Dynamics of oxidation/antioxidation parameters (M + m) in the brain of embryos and offspring of rats of different ages. The ordinate
and abscissa show the studied indicators and time (days, weeks), respectively: a — malonic dialdehyde (umol/g protein); b — superoxide
dismutase (A/mg protein); ¢ — catalase (umol H,0,/min-mg protein), d — reduced glutathione (umol/g)

Puc. 2. [InHamuka nokasatenei oKcuaaLmn/aHTMokenaaumum (M+m) B ronoBHOM Mo3re 3MOPUOHOB M NOTOMCTBA KPbIC Pa3HOro BO3pacTa.
Mo ocy opAMHaT — WccedoBaHHbIe NOKa3saTenu; no oc abeuuce — BpeMs (OHKM, Heflenu): @ — MaJoHOBbIA Avanbaerug, (MkMonb/T ben-
Ka); b — cynepokeupamcMyTasa (A/Mr benka); ¢ — Katanasa (MkMonb H,0,/MuH - Mr 6enka), d — BOCCTaHOBEHHBIN IYTaTUOH (MKMOb/T)

maturity of the oxidation/antioxidation systems or a not
yet fully formed harmony of biochemical control of these
processes. Both assumptions appear to be supported by
research conducted in our laboratory [1, 3-5] and other
studies [11]. Qur conclusion that the LPO and AOD systems
reach a stable status within the first 3 weeks of the
postnatal period is well supported.

The second question concerns the correlation
between intracellular oxidation/antioxidation processes
and traditional neurotransmitter mechanisms. These
mechanisms are believed to explain the realization of
different brain functions, including motor, cognitive,
emotional, and motivational functions. The study
demonstrated that the critical periods for the development
of dopaminergic (6-hydroxydophamine) and serotoninergic
(5,7-dihydroxytryptamine) neurotransmitter systems are
days 13-14 of the prenatal period and days 4-10 of the
postnatal period [12]. The disturbances in monoaminergic
neurotransmitter systems during the periods considered
should be assessed as critical for the formation of deviant
behavior associated with the use of psychoactive drugs [13].

In addition, the cholinergic neurotransmitter system of the
brain is more involved in cognitive processes, specifically
memory, attention, and motor functions. The cholinergic
system in the brain performs universal functions and is
associated with oxidative and antioxidative processes. Unlike
the dopamine, noradrenaline, and serotoninergic systems,
it is not represented by specialized conductive pathways;
therefore, it is delocalized. V.I. Tikhanov [14] demonstrated
a close relationship between cholinergic mechanisms
and the oxidative status of humans. Unfortunately,
V.I. Tikhanov did not consider ontogenetic problems related
to the cholinergic systems of the organism. However,
his studies convincingly demonstrated that the activation
of M- and H-cholinergic mechanisms also activates the
oxidation/antioxidation system, whereas the blockade
of these receptors moderately suppresses this system
[15, 16].

The data above confirm that the oxidation/antioxidation
systems in ontogenesis develop in parallel with the
neurotransmitter systems of the brain and largely determine
their operation. This clarifies the critical periods in the
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development of both systems and the possibility of comparing
the data obtained with those obtained in the study of the
formation of neurotransmitter systems of the brain [3, 13, 17].
The discussion of neuromorphological concepts related
to the formation (histogenesis) of individual processes,
as previously mentioned, does not provide significant
insight into the issue of functional parallelism in the
development of neurotransmitter and oxidative systems
in the brain.

CONCLUSIONS

1. MDA levels in the brains of embryos are low but
increase sharply immediately after the birth of rats.

2. A comparable, albeit less pronounced, pattern was
observed for markers of AOD, such as SOD activity and RG
levels.

3. A directly opposite response was observed in catalase,
whose activity in the brain was high in the prenatal period
and significantly decreased after birth.

4. During postnatal development up to puberty (14 weeks
or 3 months of age), no significant change was found in the
activities of SOD and catalase, and the RG level remained
stable. However, the MDA level in the brain decreased by
twofold. This suggests that rats have a stable status of
the LPO and AOD systems in brain tissue from an early
age.
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