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Heiiporpodutbt — 310 GeJiKi, Urparoliue BaKHYO POJib B (DYHKIIMOHUPOBAHUY HEDBHOU CHCTEMBI, DETYJIUPYSI KJle-
TOUHYIO TIpoJHeparuio, 1ruddOepPEeHIIPOBKY, TIPOLECCH BBLKUBAHYS U rUOe N HEHPOHOB, YYacTBYsI B MEXaHU3MaX Heill-
POHAJIBbHOIA TacTuyHOCTH. Mo03roBoii Heitporpoduueckuii hakrop (Brain-Derived Neurotrophic Factor — BDNF) —
ojtuH U3 HanboJiee OXapaKTePU30BAHHBIX [IPEICTABUTEEN ceMelicTBa HEIPOTPO(DUHOB, KOTOPOMY B MOCJIEHUE TOIBI
yesseTcs MpucTaabHoe BHUMaHKe. ETo cCYMTAIOT OZIHUM 13 KJIIOUEBBIX MEINATOPOB BbIKMBAHUS U BOCCTAHOBJICHUS
HelpoHOB, a cHuskenue cogepskanusa BDNF gapisercs o01mmM MexaHu3MOM, JIeKAIM B OCHOBE Pa3BUTHS Pa3JINYHbIX
HelipojereneparuBHbIX 3a60JeBanuii. B 0630pe paccMoTpenbl usmenenust copep:xkanuss BDNF npu noBpexieruu
MO3ra, BBI3BAHHOM MIIEMUEH 1 TPABMOIA, IEPCIIEKTUBbI €TI0 NCIIOIB30BAHNS B KIMHUKE B KAUueCTBEe MapKepa HapyICHUS
yHKIMiT MO3Ta,  TaKKe BO3MOKHOCTH €rO IPUMEHEHUS /IS JICYCHUST TIOCTUIIEMUYECKIX 9HIIehaIOTIATHIA.

Kntoueewvte crosa: BDNE; neiipompouivl; 20106101 M032; umemust; uepenno-moszosas mpasma (YMT); neiipo-
npomexyus

Neurotrophins are proteins that play an important role in the nervous system functioning by regulating cell pro-
liferation, differentiation, processes of neuronal survival and death, and by participating in the mechanisms of neu-
ronal plasticity. The brain-derived neurotrophic factor (BDNF) is one of the most well-described representatives of
the neurotrophin family, which has received close attention over recent years. It is considered one of the key medi-
ators of neuronal survival and recovery, and a drop of the BDNF level is considered a common mechanism underlying
the development of various neurodegenerative diseases. The review discusses changes in BDNF levels in ischemic
and traumatic brain damage, the prospects of its use in the clinical practice as a marker of brain dysfunction, as well
as the possibility of its use for the treatment of post-ischemic encephalopathies.

Keywords: BDNF; neurotrophins; brain; ischemia; traumatic brain injury (TBI); neuroprotection
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BBenenue

TTonck GuoMapKepoB HOBPEXKIEHUsI HEHPOHOB, a
TaksKe pa3paboTKa HOBBIX CIIOCOOOB KOPPEKITHH [TOCTH-
IEMUYeCKUX HAPYIeHnuit (hyHKITMI MO3ra SIBJISIIOTCS
MIPUOPUTETHBIMU HATIPABIEHUSAMI COBPEMEHHO HAYKU
[1-3]. duist paspaboTku maTOreHeTHYeCK 0GOCHOBAH-
HBIX TIOIXOZIOB K MPO(MIIAKTHKE U KOPPEKITUHU TTOCTTH-
MOKCUYECKUX HIe(aTonaTiii He0OXO0IUMO UCCIIEN0-
BaTb 3aKOHOMEPHOCTH MpoIllecca  TOBPEKICHUS
HEWPOHOB, a TAKIKE BBISIBJISITH (DAKTOPBI, CIIOCOOCTBYO-
1€ TIO/JIEPSKAHUIO UX YCTOMUNBOCTH K UIIEMUH.

Introduction

The search for biomarkers of neuronal damage,
as well as the development of new methods of cor-
rection of post-ischemic brain dysfunctions are the
priorities of modern science [1-3]. In order to de-
velop pathogenetically justified approaches to the
prevention and correction of post-hypoxic en-
cephalopathies, it is necessary to investigate the pat-
terns of neuronal damage, as well as to identify
factors that contribute to the maintenance of their
resistance to ischemia.
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K anioreHHbIM HEHPOIIPOTEKTUBHBIM (haKTOpam
OTHOCAT HEeHPOTPOMUHDBL. ITO YHUKAIbHOE CeMeii-
CTBO TOJIUIIENITUAHBIX POCTOBBIX (PaKTOPOB, KOTOPbIE
UIPAIOT BAXKHYIO POJIb B (DYHKIIMOHUPOBAHUU HEPB-
HOHMl CHCTEeMBbl, Yy4acTBYs B IIpolleccax pPa3BUTHA,
BBIKUBAHUS U TUOETN HEHPOHOB, 8 TAKIKE B MEXaHW3-
Max HelfpoHaIbHOH ITacTuaHocTu. OIMH U3 TTIaBHBIX
IpejicTaBUTeJIel 9TOrO ceMeiicTBa — MO3TOBOH Heii-
porpoduyeckuii ¢pakrop (Brain-Derived Neu-
rotrophic Factor — BDNF) — cuuraerca oguum us
KJIIOYEBBIX MEIUATOPOB BbIKUBAHMS U BOCCTAHOBJIE-
Hus HellpoHoB [4—6].

BDNF skcnpeccupyercst B pazBuBaioniemMcs 1
3peJsioM Mo3re MiekonuTaonmx. OH CUHTe3upyeTcs
He TOJIBKO B HEMPOHAX, HO U B TPOMOOIIUTAX, ACTPOTIU-
Tax, KJeTKaX MUKPOTJINH, H/IOTeJHs, ileuenu [4, 7].
BDNF yuactByer B mporeccax 00ydeHusi U HaMsITH,
crocobeTByYst pocTy 1 AuddepeHIMpoBKe HOBBIX Hell-
poHoB u cunarcoB [8—10], peryaupyer HeiiporeHes
[11, 12]. Takske OH CTUMYJTUPYET PEreHEPAIIUIO ¥ POCT
MTOBPEK/IEHHBIX HEPBHBIX BOJIOKOH [4 ]. Bbliia BbIsiBIIe-
Ha BaxkHad postb BDNF B BoccranoBiennn dynkimii
MO3Tra [IPU PA3JINYHbIX [TATOJOTHYECKUX COCTOSTHUAX
[6, 13—15]. [larmbie uTEPATyPhl CBUAETETBCTBYIOT O
ToM, uTo cHmkeHue cojepskanuss BDNF accorumpo-
BAHO C Pa3BUTHEM PA3JIMYHBIX HelipoJiereHepaTuBHbIX
3aboseBanuii [ 16, 17]. Bmecre ¢ TeMm, 1oBbIIIEHE €10
COJIepIKaH¥st B TOJIOBHOM MO3Te CIIOCOOCTBYET BOCCTa-
HOBJIEHUIO HapylieHHbIX GyHkmi [17, 18].

[TpuBenennbie (hakThbl al0T OCHOBaHUE I10JA-
rath, uTo BDNF MokeT cy>kKUTh 1epCcreKTUBHBIM
MapkepoMm sniedanonatuu y GOJbHBIX B KPUTHYE-
CKOM COCTOSIHUH, & TaKKe — MMeTb CYIeCTBEHHOEe
IIPOrHOCTUYECKOE 3HAYEeHUE B KIMHUKE.

B Hacrostiiiem 0630pe pacCMOTPEHbI U3MEHEH WS
conepskanuss BDNF nipu unitemun Mo3ra, nepcrekTu-
BbI €I'0 UCII0JIb30BAHNA B KJIMHUKE B KauecTBe MapKe-
pa IOBPEXKIEHUSA MO3Ta, a TaKyKe ero TepaneBTuye-
CKMIl NOTEeHIMAJ U1 JieYeHUsI TTOCTUIIEeMUYeCKUX
HEBPOJIOTMYECKUX PACCTPONCTB.

¥Ypogenn skcnpeccuu BDNF
B IOCTHIIIEMHUYECKOM Tleproie

Vmertorest laHHble Kak 00 YBeJUYEeHUH, TaK 1 00
yMeHbllleHuu ypoBH: skcnpeccun BDNF B Mosre B
MOCTUIIEMUYECKOM TIepHO/IE.

B psizte paboT oTMeueHo MOBBIIIEHUE CoflepKa-
Hust BDNF B Mo3sre nocse uilieMun: B THIITIOKaMIIe
yepe3 12—24 4 nocjie §-MUHYTHON OCTAaHOBKY CEP/IIIA
Y KPbIC, BbI3BaHHOI achukcueii [19], B runmokamiie u
gyepHOil cyGeTanmu yepes 1 Heseso mocse hokasb-
HOI nepebpaiphoi umemuun [20, 21]. ¥V kpeic ¢ umre-
MUel TmepefHero Mo3sra (JIByCTOPOHHSS OKKJIIO3US
COHHBIX apTepuil M 1ocjenyiomnad 8-MUHYTHas
CHCTEMHAs TUTIOTEH3MsT) GBIJIO TAKIKE BBISIBJICHO YCHU-
Jienne akcripeccun reia BDNF B runmokamiie u kope
rosioBHoro Moara [22]. OuaroBast utiemMusi (MUKPO-
HMOOJIUS COCY/IOB TOJIOBHOTO MO3Ta) Y KPbIC BbI3bIBa-

Neurotrophins are considered endogenous neu-
roprotective factors. This is a unique family of
polypeptide growth factors that significantly con-
tribute to the functioning of the nervous system by
participating in neuronal development, survival and
death, as well as in the mechanisms of neuronal plas-
ticity. Brain-derived neurotrophic factor (BDNF),
one of the main representatives of this family, is con-
sidered one of the key mediators of neuronal survival
and recovery [4—6].

BDNF is expressed in the developing and mature
mammalian brain. It is synthesized not only in neurons,
but also in platelets, astrocytes, microglial, endothelial
and liver cells [4, 7]. BDNF participates in learning and
memory processes promoting growth and differentia-
tion of new neurons and synapses [8—10] and regulates
neurogenesis [11, 12]. It also stimulates regeneration
and growth of damaged nerve fibers [4]. The important
role of BDNF in restoring brain functions in various
pathological conditions was demonstrated [6, 13—15].
Literary data indicate that the decrease in BDNF level
is associated with the development of various neurode-
generative diseases [16, 17]. At the same time, in-
creased level of BDNF in brain contributes to the
restoration of impaired functions [17, 18].

These facts has provided reason to believe that
BDNF serves as a promising marker of encephalopa-
thy in critically ill patients, as well as possesses signif-
icant prognostic value for the clinical practice.

This review discusses changes in BDNF levels in
brain ischemia, the prospects of its use in the clinical
practice as a marker of brain damage, as well as its
therapeutic potential for the treatment of post-is-
chemic neurological disorders.

The level of BDNF expression
in the post-ischemic period

There are data on both increased and decreased
levels of BDNF expression in the brain in the post-is-
chemic period.

A number of studies showed an increase in
BDNF in the brain after ischemia: in hippocampus,
12—24 h after 8-minute cardiac arrest in rats caused
by asphyxia [19]; in hippocampus and substantia
nigra, 1 week after focal cerebral ischemia [20, 21]. In
rats with forebrain ischemia (bilateral occlusion of
carotid arteries and subsequent 8-minute systemic hy-
potension), an increase in BDNF gene expression in
the hippocampus and cerebral cortex was also found
[22]. Focal ischemia (cerebral vascular microem-
bolism) in rats caused an increase in BDNF expression
in both hemispheres; at that, a more pronounced and
prolonged BDNF expression was noticed in the af-
fected hemisphere. There was no correlation between
the BDNF level and the severity of neuronal damage.
There was an increase in BDNF immunoreactivity in
neurons and ependymal cells of the pia mater (4 h and
24 h later) in the contralateral hemisphereln the ipsi-
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Jia nosblinenye axcrpeccun BDNF B o6oux mosyiia-
pusix, 6oJiee BBIpaKEHHOE ¥ TIPOAOJIKUTENbHOE B
HopakeHHOM mosymapuu. Ilpu atom He O6BLIO
BBISIBJIEHO KOPpeJsu Mexxy copepskanriem BDNF
U TSKECTBIO TOBPeXKAeHns HelipoHoB. B koHTpasaTe-
PJIBHOM TOJIyIIAPUU  HAOJIONATIOCH YBEJTHYEHIE
BDNF nmmyHOpeakTMBHOCTH B HEPOHAX U ITI€H/U-
MaJIbHBIX KJIETKAX MATKON MO3roBOi 0607104k (depes
49 u 24 4), a B uncusatepasbHOM (MTOPaKEHHOM )
MOJIYIAPUM — He TOJIbKO B HeHpOHaX 1 a1eHINUMOIIH-
Tax, HO U B KJIETKaX MUKpOrInu (depes 24 1), sHjore-
JIMATBbHBIX KJIeTKaX aprepuos (uepe3 4 4 u 24 u).
Opnnako uepes 8 nueit BDNF ummyHopeakTuBHOCTD B
HellpoHaX CYIIeCTBEHHO CHUXKAJIACD, IPU 9TOM PE3KO
BO3pacrasd B KJIeTKaxX acTpoiuTapHoi riuu [23]. 3To
MOJKET CBU/IETEJbCTBOBATH O TOM, YTO OCHOBHBIM
ncrounukom BDNF na nosaneit crajum wHCybra
ABJIgeTCA aKTUBUPOBaHHAs acTporud. [losbienne
yucaa BDNF-no3uTuBHbIX KieTok B cioe | Heokop-
Tekca GblI0 0GHAPYIKEHO Yepes 8 jHell mocie oHo-
CTOPOHHEH OKKJIIO3UU CpelHeil MO3TOBOW apTepuu
(OCMA) y xpoic [7]. Ananus rmokasaJi, 4To OCHOBHOI
BKJIAJ] B IOBbINIeHne ypoBHs akcipeccun BDNF na
JIAHHOM dTale BHOCAT KJIETKU MUKPOTJINU.

C apyroii cTOpoHbI, MHOXKECTBO MCCJIEIOBAHUI
CBUJIETEJIBCTBYET O CHIKEHMHM YPOBHSI 9KCIIPECCUU
BDNF B nocrumemuueckom nepuosie. Tak, OCMA y
KPBIC M MblIllell BbI3blBaJa YMEHbIIEHUE 9KCIIPECCUn
BDNF 8 runmokamie (1osie CA1) [24—28], kope [25,
28, 29] u mosxkeuke [25]. MUKPOSMOOIUA MOSIOBBIX
apTepuii y KPbIC TaKyKe IPUBOANIIA K CHUKEHUIO YPOBHS
akcnpeccun BDNF B uricusiatepasbHoM mosymapuu
Mmo3ra [30]. Bo MHOTHX ciTydasix CHUXKEHME COePsKaHusT
BDNF corpoBoskaercst HelipoHaIbHO JiereHepaluein
[26, 29]. Ha moniesin 10-MUHYTHOI OCTAHOBKH CEPJIIIA y
KpbIC (BHYTPUTOPAKAIbHOE IepeskaTue COCYUCTOTO
Iy4yKa Cepiila) Takske GbIIO BBIABIECHO YMEHbBIIECHUE
ypoBus akcripeccurt BDNF B nomyssiiuax nupamu-
HBIX HEHPOHOB IUIIIIOKaMIIa 1 KJ1eTok Ilypkutbe Mo3-
skeuka [31]. IIpu aToM HaOII0AIOCHh CHIKEHME O0IIei
[UIOTHOCTU HEHPOHOB. BaskHO oTMETHTD, 4TO rubesu
MOJIBEPTaJINCh TOJIBKO HEIKCIIPECCUPYIONIe U CJa-
6ookcnpeccupyomue BDNF kierku. Iloayuennbie
Ppe3yJIbTaThl CBUAETENbCTBYIOT O HAJTMYUU B3aMOCBSI3U
Meky cHrkenueM akcripeccun BDNF u noctpeanu-
MaIMOHHOI TOeJIbIo HEPOHOB.

B uesnoMm, ussoxkeHHble Bblllle JaHHBIE AAIOT
OCHOBaHUE 110JIaraTh, YTO ypoBeHb aKciipeccut BDNF
B HellpoHax ABJseTcs OAHUM U3 (aKTOPOB, Cylile-
CTBEHHO [TOBBIIIAIONINX UX YCTOWYMBOCTD K UITIEMUH-
peniepdysumn.

HeobX01uMo OTMETUTD, YTO XapaKTep M3MeHe-
Hus akcrpeccun BDNE a rtakke BbIpaskeHHOCTb
HOBPEXKIEHUS HEMPOHOB MOKET BAPbUPOBATDH B 3aBU-
CUMOCTHU OT BO3pacTa U I10JI0BON IPUHAJIEKHOCTH.
Tax, y B3pOCJIBIX TIECUAHOK, TEPEHECIIUX d-MUHYTHYIO
UIIEMUTO MO3Ta, THOEIb MUPAMUIHBIX HEHPOHOB B THII-
nokamnaabHoM 1osie CA1 mpoucxoauiia yxxe yepes 4
JTHST, 2 Y MOJIOZIBIX MbIIIIEl — TOJIbKO yepe3 7 jiHeii [32].

lateral (affected) hemisphere, BDNF protein overex-
pression was found not only in neurons and ependi-
mocytes, but also in microglial cells (in 24 h) and
endothelial cells of arterioles (in 4 h and 24 h). How-
ever, 8 days later, BDNF immunoreactivity in neurons
decreased significantly; at that it increased sharply in
astrocytic glial cells [23]. This data indicate that acti-
vated astroglia is the main source of BDNF in the late
stage of stroke. Increased count of BDNF-positive
cells in a layer I of the neocortex was detected 8 days
after unilateral middle cerebral artery occlusion
(MCAO) in rats [7]. The analysis showed that the
main contribution to the increase in the level of BDNF
expression at this stage is made by microglial cells.

On the other hand, various studies show a de-
crease in the level of BDNF expression in the post-
ischemic period. For example, MCAO in rats and
mice caused a decrease in BDNF expression in the
hippocampus (CA1 field) [24—28], cortex [25, 28,
29], and cerebellum [25]. Cerebral artery microem-
bolism in rats also led to a decrease in BDNF levels
in the ipsilateral cerebral hemisphere [30]. In many
cases, BDNF level reduction is accompanied by neu-
ronal degeneration [26, 29]. The model of 10-minute
cardiac arrest in rats (intrathoracic clamping of vas-
cular fascicle) also demonstrated a decrease in BDNF
expression level in populations of hippocampal py-
ramidal neurons and cerebellar Purkinje cells [31].
At that, there was a decrease in the total density of
neurons. It is important to note that only non-ex-
pressing and weakly expressing BDNF cells were
killed. The findings indicate a relationship between
the decrease in BDNF expression and post-resusci-
tation neuronal death.

In general, the above data suggest that the level
of BDNF expression in neurons is one of the factors
that significantly increases their resistance to is-
chemia-reperfusion.

It should be noted that the nature of changes in
the BDNF expression, as well as the severity of neu-
ronal damage can vary depending on age and gender.
For example, the death of pyramidal neurons in the
hippocampal CA1 field of adult gerbils that under-
went 5-minute brain ischemia occurred in 4 days, and
in young mice only in 7 days [32]. At the same time,
in adult gerbils, immunoreactivity to BDNF in the
CA1 field 4 and 7 days after ischemia-reperfusion was
significantly lower compared to the reference group,
and in young gerbils there was an increase in BDNF
immunoreactivity 4 days later, and a decrease by day
7. Thus, the death of neurons occurred with underly-
ing drop of the BDNF level. It has been demonstrated
that post-resuscitation shifts in the level of BDNF ex-
pression and the processes of neuronal death in the
Purkinje cell population in male rats develop earlier
than in females (on the 4" and 7™ days, respectively)
after cardiac arrest of the same duration [31]. At the
same time, unlike males, in the population of hip-
pocampal pyramidal cells in females, there were no
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[Tpu aTOM y B3pOCJBIX TTECYAHOK UMMYHODPEAKTUB-
Hocth kK BDNF B nosie CA1 uepes 4 u 7 pueit nocie
uiemMur-perepdysnun Oblia 3aMETHO CHUXKEHA 110
CPABHEHUIO C KOHTPOJIEM, & Y MOJIOJBIX IECYAHOK
yepe3 4 cytok mnpoucxoauio tosbiieane BDNF
UMMYHOPEAKTUBHOCTH, & K 7 CYyTKAM — CHUJKEHUE.
Taxkum 06pazom, THGENb HEHPOHOB MPOUCXOAUIA HA
(one ymenniienusi conepskanusg BDNE Ilokasano,
YTO [10CJI€ OCTAHOBKHU CEP/IIa OMMHAKOBOI JIJTUTEIbHO-
CTH ITOCTPEAHUMAIOHHbBIE CIBUTU YPOBHS 9KCIIPEC-
cut BDNF 1 riporteccnl ribesin HeHpOHOB B IIOILYJIst-
1un Kiaetok [Iypkunbe y caMIioB KpbIC pa3BUBAIOTCS
paHblile, 4YeM y caMoOK (Ha 4-e u 7-e CyTKU, COOTBET-
ctBeHHO) [31]. IIpu aTOM, B IOy JISAIINM TUPAMU/IHBIX
KJIETOK TUIITIOKAMIIA Y CAMOK, B OTJINYHE OT CAMIIOB, He
nipoucxoznsio uamenennii BDNF-ummyHnopeakTuBHO-
CTH, U TIPOIIECC THOEIIM HEWPOHOB HE Pa3BUBAJICS.

Mexanuamsl neiictsusa BDNF

BDNF onocpenyet cBoe MOJIOKUTENbHOE JIeii-
CTBME 4epe3 TPOIIOMUO3MHKUHA3HBLIN pPelentTop —
TrkB [10, 12], B3auMozeiicTBIE ¢ KOTOPBIM 3aIlyCKaeT
KacKa/[bl BHYTPUKJIETOYHBIX CUTHAJIBHBIX MOJIEKY.JI,
HAIPaBJICHHBIX Ha MPoJinQepalnio, BbKUBaHUE Heli-
POHOB U TIOJI/IepsKaHe HOPMAJIbHOM CHHANITHYECKOM
wiacTuanoct: kackan Ras/MAPK (6e1ok capkombl
KPBICBI/MUTOTEH-aKTUBUPYEeMasl TPOTENHKUHA3A),
PI3K/Akt (pocharrama-nnosuTon-3-Kkutasa,/ mpore-
nukunaza) u PLC-y1 /PKC (dbochonunaza C-y1/mpo-
tenakuHasa C) [10, 33] (puc.). CyiecTByeT HeCKOJIb-
KO TIpe/IIoJIaraeMbIX ITyTel 3aluTHOTO eWCTBUS
BDNF: 1) antrnanonToTHyecKuii — 3a CUET IMOBBIIIIE-
HUS ypoBH akcnpeccuu Bel-2 u cHuskeHus copepxa-
HUSI BHY TPUKJIETOYHOTO Kasbiiust |34, 35]; 2) nporu-
BOBOCTIAJIUTEIbHBIN — 3a cYeT cyrnpeccuu dhakTopa
Hekpoasa omyxoan (TNF-a), moBwimenns skcnpec-
cun naTepeiikuna-10 [4]; 3) 3ammTa oT OKCUIATHUB-
noro mnoBpexaenus [JHK 3a cuer crumysisiinuu
BbIpaboTKK sHpoHyKiIeasbi APE1 — xiouyeBoro
depmenta penaparuu [JHK [36]; 5) yayurienue
pereHepanuu HEHUPOHOB, CIPayTUHTA AKCOHOB,
cUHaITOreHe3a u anruorenesa [ 1, 37, 38].

IIpornoctnyeckas 3naunmocts BDNF

B MHOTOUHCIEHHBIX HCCJIE0BAHMSIX OBLIO TIOKA-
3aHo, uTo cojiep;kanne BDNF cuuskeno npu pasiany-
HBIX PACCTPOMCTBAX IIEHTPATbHON HEPBHOW CUCTEMBI,
BKJItOuast 6osie3tb [TapkuHCOHa, 60JIe3Hb AJtbiireiiMepa
U IpyTue HelipojiereHeparuBHbie 3a00seBanus |16, 17].
Bwmecte ¢ Tem, moBbimienue coxaep:xxanng BDNF B
TOJIOBHOM MO3T€ CIIOCOOCTBYET BOCCTAHOBJIEHUIO HAPY-
nreHHbIX dyHKmi [13].

JuiiedasionaTusi — J0BOJBHO YACTOE OCJIOXKHE-
Hie Yy GOJIbHBIX B KPUTHUECKUX COCTOsTHUsAX. Hanbo-
Jiee TPO3HbBIE ee MPOSABJICHUS — KOMa U JeJUPUil —
COCTOSHMS, CBSI3aHHBIE C TOBBINEHHON JICTATbHOCTHIO
y Takux OOJbHBIX. VHCTPYMEHTAJbHBIE METO/IbI
HCCTIeIOBAaHUI HE BCET/Ia MO3BOJIIIOT CBOEBPEMEHHO

changes in BDNF immunoreactivity, and the process
of neuronal death did not develop.

Mechanisms of action of BDNF

BDNF mediates its positive action through a
tropomyosin receptor kinase called TrkB [6], binding
to which triggers cascades of intracellular signaling
molecules aimed to the neuronal proliferation, sur-
vival and the maintenance of normal synaptic plastic-
ity: Ras/MAPK  cascade (rat  sarcoma
protein/mitogen-activated protein kinase),
PI3K/Akt (phosphatidyl inositol-3-kinase/protein
kinase) and PLC-y1/PKC (C-y1 phospholipase/pro-
tein kinase C) [10, 33] (fig.). There are a few possible
mechanisms of BDNF protective action: 1) antiapop-
totic: by improving regulation of the Bel-2 level and
reducing the intracellular calcium level [34, 35]; 2)
anti-inflammatory: due to suppression of the tumor
necrosis factor (TNF-a), increase of the interleukin-
10 expression [4]; 3) protection from oxidative DNA
damage by stimulating production of endonuclease
APE1, a key enzyme of DNA repair [36]; 5) improve-
ment of neuronal regeneration, axon sprouting,
synaptogenesis and angiogenesis [1, 37, 38].

Prognostic value of BDNF

Numerous studies have shown that the BDNF
level is reduced in various disorders of the central nerv-
ous system, including Parkinson's disease, Alzheimer's
disease and other neurodegenerative diseases [16, 17].
At the same time, an increase in its brain level con-
tributes to the restoration of impaired functions [17, 18].

Encephalopathy is a fairly common complication
in critically ill patients. Coma and delirium are the
most dangerous its manifestations that are associated
with increased mortality rates in such patients. Instru-
mental tests do not always allow timely diagnosis of
delirium. Immunocytochemical methods for detecting
qualitative and quantitative changes in neuron-spe-
cific proteins in biological fluids (blood, cerebrospinal
fluid) can help in this [39]. High sensitivity, accuracy
and small amounts of material required for the study
are important advantages of this method in compari-
son with other diagnostic methods, as well as the pos-
sibility of earlier detection of diagnostically significant
changes in the level of markers of brain tissue damage
[40]. The use of this method can improve prognosis
and help to choose the therapy. The search for specific
biomarkers of brain dysfunctions remains one of the
main tasks of experimental and clinical studies.

It is believed that a high BDNF level is necessary
for the brain to restore lost functions, while the inabil-
ity to maintain an adequate amount of this protein is
associated with impaired brain function and, possibly,
with increased mortality [39]. A number of studies
confirm this assumption. For example, in a pilot study
by Ritter et al. (2012), there was a decrease in plasma
BDNF level in dead patients admitted to the intensive
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Fig. Signal cascades triggered by BDNF and its TrkB receptor.

Note. Ras — small GTPase; Raf — MEK kinase; MEK — kinase o the mitogen-activated protein kinase; MAPK/ERK — mitogen-activated
protein kinase; CREB — cyclic AMP-dependent transcription factor; PI3K — phosphatidylinositol-3-kinase; PKB/Akt — protein kinase;
inositol triphosphate (IP3) and diacylglycerol (DAG). The binding of neurotrophin (or its mimetic) to the extracellular domain of the
TrkB receptor leads to its dimerization and autophosphorylation of tyrosine residues of the cytoplasmic domain, which become binding
sites to adaptor proteins. Ras-MAPK and PI3K-PKB pathways are activated through them. PKB inhibits apoptosis by inhibiting pro-
apoptotic protein Bad. Phospholipase C-y (PLC-y) is also activated resulting in increased intracellular Ca?* levels and activation of
CA'/calmodulin-dependent protein kinase (CAMK) and protein kinase C (PKC). Each of these signaling pathways regulates gene tran-
scription (CREB). As a result, the synthesis of BDNF and synapsin I (a protein involved in the formation of synaptic vesicles) increases.
IIpumevanue. Ras — mamag ['TMaza; Raf — kunaza MEK; MEK — kunasa muroren-akrusupyemoii nporentkunassl; MAPK/ERK —
muroren-akrusupyemas nporertkniasza; CREB — nAM®-3aBucnmbiii tpanckpurimontsiii paxrop; PI3K — docharuammnnosuros-3-
kunasa; PKB/Akt — nporennknnasa B; unosurosnrpudocdar (IP3) u auarmiriunepun (DAG). CessbiBatue Heiiporpoduta (1im ero
MIMETHKA) ¢ BHEKIETOUHBIM IoMeHOM Trk B-perienrtopa MpUBOANT K €0 IMMEpPH3aIii 1 ayToGochOpUINPOBAHIIO THPOSHHOBBIX OCTATKOB
[MUTOINIA3MATUYECKOTO JIOMEHA, KOTOPbIE CTAHOBATCS MECTAMU CBSI3BIBAHUS C a/IaNITEPHBIMU OeTKaMu., depes HUX MPOMCXOUT aKTHBAIIS
Ras-MAPK u PI3K-PKB myreit. PKB unrubupyer anontos, uHrubupyst npoanonrtudeckuii 6esox Bad. Takke aktusupyercs hocdom-
maza C-y (PLC-y), 4TO NprBOAUT K TIOBBIIIEHNUIO BHYTPUKIETOUHOTO ypoBHst Ca’" u k akruBaiuu Ca’/KaabMO/IyIMH-3aBUCUMON 1TpOTe-
nuknHassl (CAMK) n nporennkunasst C (PKC). Kax/plit n3 aTux curHasipHbIX myteii peryaupyer reanyio tpanckpurimio (CREB). B
pesyusrare nosbimaercst cuites BDNF u cunarncuna [ (6e10K, yuacTByoIMil B 06pa3oBaHU CHHATITUYECKIX BESUKYI ).

JIMaTHOCTUPOBATh AeJupuil. B aToM MOryT TIOMOYb
UMMYHOIIUTOXMMUYECKIIE METO/IbI BBISIBJIEHUST Kaue-
CTBEHHBIX U KOJHMYECTBEHHBIX N3MEHEHU HEIPOH-
crieruduIecknx 6eIKOB B GHOTOTHYECKIX KUTAKOCTSIX
(KpoBb, 11epedpocnHaIbHasd KUAKOCTh) [39]. Bak-
HOE ITPEUMYIIECTBO TAHHOTO METOJIA TI0 CPABHEHHIO C
IPYTUMU METOJAMU TMATHOCTUKHM — BbICOKAs YyB-
CTBUTEJIBHOCTD, TOUHOCTD 1 MaJIble KOJTNYeCTBA MaTe-
puasa, HeoOGXOIMMOTO JIJIs UCCIACOBAHMUS, a TaKKe
BO3MOJKHOCTB 60JI€E PAHHETO BBISIBJICHUS IHArHOCTH-
YeCKN 3HAUYMMBIX WM3MEHEHWiIl YPOBHSI MapKepoB
noBpexaenns Tkann mosra [40]. Vcnomb3oBanue
ATOTO METO/la MOXKET YJIYUIINTh TPOrHO3UPOBAHIIE,

care unit in a critical state, while in survivors, the con-
tent of this protein remained elevated [39]. In patients
with closed craniocerebral trauma, an increase in
serum BDNF levels correlated with a decrease in the
severity of anxiety and improvement of cognitive
functions [41]. Dysregulatory cognitive disorders in
acute and delayed periods after mild and moderate
TBI were associated with low quantitative serum
BDNF levels [42]. There were positive changes in the
scale of frontal dysfunction after treatment with Cere-
brolysin, which was accompanied by an increase in the
serum BDNF level. It is believed that BDNF serum
concentration below 300 pg/ml in the acute period of
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OMOYb T BbIOOpe Teparuu. [Touck creruduyueckx
GuoMapKepoB HAPYHIEHUH (hYHKI[HIT MO3ra 0CTaeTcst
OJTHO¥I M3 IJIABHBIX 33/1a4 9KCIIEPUMEHTATBHBIX U KJIH-
HUYECKUX MCCIIeIOBAHUII.

Cy1iecTByeT MHEHHE, YTO BBICOKOE COJlepIKaHue
BDNF Heo6x01M0 MO3TY J1JIst BOCCTaHOBJICHUST yTpa-
YEeHHBIX (DYHKIUIH, IPH 9TOM HECTIOCOOHOCTD MOIIEP-
JKUBATh aJIEKBATHOE KOJIMYECTBO 3TOT0 OEJIKA CBsI3aHa
c HapylieHneM (yHKIIMU MO3Tra 1, BO3MOKHO, C [TOBbI-
menHoit JetanbHocTbio [39]. Lenstit psa uccienosa-
HUI TIOATBEPIKAAET ITO MpPeNIoJoxKeHue. Tak, B
NUJIOTHOM MccienoBanuu Ritter et al. (2012) 6b110
BbIsIBJIeHO cHMKeHue cojepskanuss BDNF B muazme
KPOBHU Y YMEPIIUX OOJIbHBIX, TOCTYITUBIIUX B OT/IEI€e-
HUe PeaHnMAIUU B KPUTHYECKOM COCTOSIHUU, B TO
BpeMsl KaK y BBUKUBIIHMX COJEPXKAHUE ITOTO OesKa
ocTaBasioch TMoBbIIeHHBIM [39]. ¥V mnamuentoB c
3aKPBITOIl YEPEITHO-MO3TOBOIl TPABMOII MIOBBIIIEHUE
konitenrpaiiun BDNF B cbiBopoTKe KpoBU KOppeJiu-
POBAJIO C YMEHbIIEHNEM BBIPAKEHHOCTU TPEBOTU U
yJydlieHrneM KOHTHUTUBHbBIX dyHKkiui [41]. Korau-
THUBHbIE HAPYIIEHUs AU3PEryJISTOPHOrO TUIA B OCT-
poMm u oTsasienHoM nepuojax nocjae UYMT serkoit u
Cpe/HEil CTENeHN TSKECTU ObLIM COMPSIKEHBI ¢ HI3-
KMM KoJindecTBeHHBIM cojiep:kanueM BDNF B cbiBo-
potke kposu [42]. TTociie sederust nepebpoIM3NHOM
HAOJI0/[a/1aCh TIOJIOKUTETbHASA JAUHAMUKA TI0 MIKAJIE
JIOOHOI IUCHYHKIIUH, YTO COTPOBOKAATOCH OBBITIE-
HueM coziepxkanust BDNF B ceiBopoTke kpoBu. [Toma-
TraoT, YTO B OCTPOM MepHoJie yinba roJIOBHOTO MO3Ta
konitenrpaiust BDNF B ceiBopotke kposu Huzke 300
IIK/MJI CJIYKUT TIPEMKTOPOM Pa3BUTHUSI JEIIPECCUN B
otnasenHoM repuojie. A copepskanue BDNF Britire
600 11K/MJT MOKET PacileHNBAThCS KaK BBICOKUH pea-
OGUIINTAIIMOHHBIN TOTEHIIUAI B OTHOIIEHUY KOTHUTHB-
Horo gyukinmonunposanwus [43]. Huskoe conepskanuve
BDNF B m1a3ame KpoBuU CBS3BIBAIOT C MOBBIIIEHHON
JIETAILHOCTBIO  Cpefin GOJIBHBIX B  KPUTHYECKOM
cocrostnnu [41], TakKe KaK 1 ¢ BBICOKUM PUCKOM BHe-
3aITHOTO MHCYJIbTA Y MOKUJIBIX Jito/iel [44]. Bbir mpo-
Be/leH MeTa-aHAJIM3 JIJIST OIIEHKU KOPPEJIIIII MEXK LY
conepskanueM riepudepudeckoro BDNF u pazsurnem
MOCTUIIEMUYECKO nenpeccun [45]. PesymibrarTer
MCCJIEIOBAHNS TIOKA3AJIH, UTO IIPEPACIIOTI0KEHHOCTD
K Pa3BUTUIO IOCTUIIEMUYECKOII JIETIPECCUN CBsI3aHA C
HU3KUMU KOHIleHTpanusamMu ceiBoporounoro BDNF
HA PAHHUX CTA/IUSIX UHCYJIBTA.

B kpynnom ucciegoanuu Stanne et al. (2016)
OBbLJIO YCTAHOBJIEHO, UTO GOJBHBIE C UIIEMUYECKOM
MHCYJIBTOM UMEIOT 3HAYUTETHHO O0Jiee HU3KUE KOH-
nentpaiu BDNF B chiBopoTKe KPOBH, UeM B KOHT-
pouie [46]. ABTOpBI He BBIIBUIIN B3AUMOCBI3M MEK/LY
conepskanrieM BDNF u 3-mecsunbim nexomom. Ojiaa-
KO HaIMeHTbI ¢ CaMbIMU HU3KUMU 3HaueHussMyu BDNF
MMEJTU TTOBBIIIEHHBIIT PUCK HEGIATOTIPUATHOTO UCXO-
1a Kak B 2-JIeTHEM, Tak U B 7-JIeTHEM HAOII0/ICHIH.

B npocnekTHBHOM MYJIBTUIIEHTPOBOM UCCJIE0-
sanuu Korley et al. (2016) 6bL1a ipogeMoOHCTPpUPOBa-
HA IUaTHOCTUYECKAst ¥ IIPOTHOCTUYECKAS 3HAUNMOCTb

brain injury is a predictor of depression in the delayed
period. BDNF levels of above 600 pg/ml can be con-
sidered a high rehabilitation potential for cognitive
functioning [43]. Low plasma BDNF levels are asso-
ciated with increased mortality in critically-ill pa-
tients [41], as well as with a high risk of sudden stroke
in the elderly [44]. A meta-analysis was performed to
assess the correlation between the level of peripheral
BDNF and the development of post-ischemic depres-
sion [45]. Study findings showed that the predisposi-
tion to the development of post-ischemic depression
is associated with low serum BDNF levels in the early
stages of stroke.

In a large study by Stanne et al. (2016), it was
found that patients with ischemic stroke have signif-
icantly lower serum BDNF levels than those in the
reference group [46]. The authors found no relation-
ship between BDNF levels and the 3-month outcome.
However, patients with the lowest BDNF values had
an increased risk of an unfavorable outcome in both
2-year and 7-year follow-up.

A prospective multicenter study by Korley et al.
(2016) demonstrated diagnostic and prognostic sig-
nificance of serum BDNF levels in patients with trau-
matic brain injury (TBI) of varying severity. At the
same time, extremely low BDNF levels were observed
in patients with incomplete functional recovery [18].
Low serum BDNF levels were observed in the group
of patients with severe TBI who died within 7 days
after hospitalization. Interestingly, there was an in-
verse correlation with the BDNF level in the cere-
brospinal fluid [2].

However, some authors indicate ineffectiveness
of BDNF as a clinical biomarker of TBI outcomes [47,
48]. For example, a prospective study of 120 patients
with traumatic brain injury demonstrated no signifi-
cant difference in plasma BDNF levels in survivors
and deceased patients, as well as in patients with dif-
ferent types of TBI [47]. Concentrations of glutamate,
lactate, BDNF and GDNF (glial cell-derived neu-
rotrophic factor) in cerebrospinal fluid were assessed
in 20 patients with TBI on admission to the hospital
[48]. It was found that these patients had increased
BDNF levels in the cerebrospinal fluid, but no corre-
lation with the 3-day outcome was demonstrated. At
that, lactate and glutamate levels turned out to be
prognostically significant. In a large study by Hughes
(2018), the study of biomarkers of neurological and
endothelial damage failed to reveal the relationship
between the plasma BDNF concentration in critically
ill patients upon admission to the intensive care unit
and long-term impairment of consciousness [49].

In the study of the prognostic significance of
BDNF, polymorphism of the gene encoding BDNF,
namely, the rs6265 or Val66Met mutation, can play an
important role. In this mutation, guanine (G allele) is
replaced with adenine (A allele) at position 196 of the
BDNEF gene. As a result, there is a substitution of me-
thionine (Met) for valine (Val) at codon 66 of the
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ceiBopoTouHoro BDNF y nanuentos ¢ uepernHo-mMo3-
roBoii TpaBmoil (UMT) pazinuunoii cTerienu TsKecTu.
ITpu sTom kpaiine Huskue 3Hadennss BDNF 6puin
OTMEYeHbI Y MAIMEeHTOB C HeMOJHBIM (DYHKIINOHAIb-
HbIM BocctanoBsienueM [ 18]. TlonmxenHoe conepska-
Hue ceiBopoTouHoro BDNF nabuioganoch B rpyiine
yMepIux 60J1bHbIX ¢ Tsken0it UMT B Teuenue 7 gHei
nocje rocnuranusanuu. VIHTepecHo, 4TO 6blia
BbIsSIBJIEHA O0OpaTHAsA KOPPEJAIMS C COJEPIKAHUEM
BDNF B nepe6pocnutanbHoii skuakoctu [2].

OpHako HEKOTOpble ABTOPBI YKa3bIBAIOT HAa
Heachdexrnsrocth BDNF B kauecTBe KIIMHUYECKOTO
6uomapkepa ucxomga UMT [47, 48]. Tak, B mpocmex-
TUBHOM MccyeoBanun 120 manueHnToB ¢ yeperHo-
MO3TOBO¥ TPaBMOI1 He BBISIBIIEHO 3HAUYNUTEIBHON Pa3-
Hutlbl  cojep:kanusi BDNF B muasme kpoBu
BBUKHBIIMX U yMEPIINUX OOJbHBIX, & TAKKE Y Tal[HeH-
TOB ¢ pazubiMu Bujgiamu UMT [47]. ¥V 20 nanuenTos ¢
UMT npu mocTy1ieHuu B TOCIATAID OIIeHUBAJIN KOH-
nentpanuu rayramara, jgakrata, BDNF u GDNF
(rmanbHeI HEHpoTpodruecKknit GakTop) B CIIUHHO-
M03TOBOI kujakoctu [48]. Okazanoch, 4To y 9TUX
601bHBIX ObLI HOBBIIIEHO copepxkanue BDNF B nuk-
BOpE, OJIHAKO KOPPEJISIIIUY € 3-X JHEBHBIM CXO/[OM He
6b1I0 BBIABIEHO. [IPU 9TOM MTPOrHOCTUYECKY 3HAUH-
MBIM OKA3aJI0Ch COZIEPKAHMe JIAKTaTa U rryTamaTa. B
KkpynHoM uccaegosanun Hughes (2018) mpu usyue-
HIY GUOMAPKEPOB HEBPOJIOTHYECKOTO U SH/I0TETHATb-
HOTO [TOBPESKIEHS He yIAI0Ch BBISIBUTH B3AUMOCBSI3b
mexay konuentpanueil BDNF B masme kpoBu 60J1b-
HBIX B KPUTUYECKOM COCTOSIHUU IIPH MOCTYIIJIEHUU B
OT/IeJIEHNST PEAHNMAITNH U IOJITOBPEMEHHBIM HapyIIle-
HueM co3Hanud [49].

[Ipu u3ydyeHUn MPOrHOCTUYECKON 3HAUUMOCTHU
BDNF Baxnyio poJsib MOKeT UTpaTh TOJUMOP(U3IM
rena, koaupyioiiero BDNFE a umento, myTtarus rs6265
uiu Val66Met. ITpu aToii mytanuu ryaduH (amtens G)
3aMensercst Ha ajiennH (aswresap A) B 196 nosuiuu
rena BDNF B pesyssrate nmpoucxoiuT 3aMmena MeTHO-
nuna (Met) na sanun (Val) B 66 KomoHe MOJIEKYJIbI
JHK proBDNE CorzacHo HEKOTOPBIM HAOIIOIEHUSIM,
Val66Met nomumopdusm umeercsa y 30—50% Joneit
[13, 50]. ITonumopdusm Val66Met cBsasbIBaioT ¢ pas-
JIYUSIMU B aHaTOMUH, (DU3HOJIOTHE U 00yIEeHHUH Y 3710-
POBBIX JIIO/IEl, C PA3HBIM TeYeHUEM HelipojereHepa-
TuBHBIX 3aboseBanuii [13, 50, 51], a Takke c
MOBBINIEHHBIM PUCKOM Pa3BUTHS Jenpeccuu [52].
Hocurenu annenst Met Xyske BBIIIOJHSIIOT TECTBI HA
ATU30NYECKYIO TIAMSATH, Y HUX MEHbIIIE 06BhEM Ceporo
BEIIECTBA TUIIIIOKAMIIA ¥ IPePPOHTAIBHON KOPBI
TOJIOBHOTO MO3ra. Y HocuTeei aiess Val, HanpoTus,
oTMedeHbl GoJIbINe 0OBEMBI CEPOTO BEIECTBA B Mpe-
(bpOHTATIBHOI, 3ATHITIOUHOI KOPE, TPEKJIIHbE, KPIOUKE,
BepxHeil BucoyHOH w3Bmiube [53]. Myraius
Val66Met susier Ha Tpancasamio BDNF MPHK, mpu-
BOJIST K CHUKEHUIO Tpon3Bo/icTBa u cekperiun BDNF
B Heiiponax ITHC [50, 54], uro, B cBOIO oYepenp,
o6ycaBIuBaeT yxyieHne HelpoOHaIbHON MIacThy-
HOCTH ¥ MO’KET OKa3bIBATh HETATUBHOE BO3/IENCTBIE

proBDNF molecule of DNA. According to some ob-
servations, Val66Met polymorphism is found in
30-50% of people [13, 50]. The Val66Met polymor-
phism is associated with differences in anatomy, phys-
iology and training in healthy people, with different
severity of neurodegenerative diseases [13, 50, 51], as
well as with an increased risk of depression [52]. Met
allele carriers show worse test results for episodic
memory, they have less volume of gray matter in the
hippocampus and prefrontal cortex. In contrast, Val
allele carriers had large amounts of gray matter in the
prefrontal and occipital cortex, precuneus, uncinate
gyrus, and superior temporal gyrus [53]. The
Val66Met mutation affects the BDNF mRNA trans-
lation,leading to a decrease in the production and se-
cretion of BDNF in CNS neurons [50, 54], which, in
turn, causes deterioration of neuronal plasticity and
can have a negative impact on the restoration of brain
functions after stroke [13, 16]. According to clinical
observations, in patients with this polymorphism, re-
covery of physical activity and cognitive abilities after
stroke is slower and in a smaller extent [16, 50, 55]. It
has been shown that Val66Met polymorphism may be
important in predicting mortality in ischemic and he-
morrhagic strokes and severe traumatic brain injury.
[56]. The authors suggested that the Val allele of the
BDNF gene is a factor ensuring the survival of patients
with severe organic brain damage. In a recent study
(meta-analysis of 1,287 cases of ischemic stroke and
272 cases of post-stroke depression), it was found that
the GG genotype of BDNF in humans was associated
with a significantly lower risk of ischemic stroke. How-
ever, no relationship between rs6265 polymorphism
and post-stroke depression was found [54].

In general, more thorough studies of BDNF
polymorphism are required to predict the course and
outcome of post-ischemic encephalopathy, as well as
to develop pathogenetically justified prevention and
therapy of neurological disorders.

The above facts indicate that BDNF can serve as
a marker of CNS dysfunctions in patients with brain
damage, and in general, has a significant prognostic
value in clinical practice.

Therapeutic potential of BDNF
in severe brain damage

Exogenous introduction. Neuroprotective effect
of exogenous BDNF was demonstrated in numerous
experiments that employed different models of cere-
bral ischemia [11, 15, 13, 35, 57-61].

For example, intragastric infusion of BDNF after
global cerebral ischemia in rats caused by MCAQ pre-
vented the death of hippocampal CA1 neurons [57]. A
decrease in the necrosis zone after intraventricular in-
fusion of BDNF was shown on the model of photoin-
duced thrombosis of cerebral blood vessels in rats [35].
Intravenous administration of BDNF in the acute
post-ischemic period in rats (MCAO model) resulted
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Ha BOCCTaHOBJIeHUe (QYHKIIMIT MO3Ta TI0CJIe MHCYJIBTa
[13, 16]. CormacHo KIMHUYECKUM HAOGJIOLEHUSIM,
HAIUEHTOB C IAHHBIM TTOJTMMOPGhU3MOM BOCCTAHOBJIE-
HUe PU3NIeCKOil aKTUBHOCTU U KOHTHUTUBHBIX CIIO-
cOOHOCTEIT TI0C/IEe MHCYJIBTA TPOTEKAET MEIJIEHHEe U B
MenbIineM obbeme [16, 50, 55]. Bbuio mokasaHo, 4To
Val66Met nonuMophusM MOKET UMETh BaXKHOE 3HAUe-
HU€ [IPU [TPOTHO3UPOBAHUHU JIETATbHOCTH [TPH UIIIEMU-
YeCKOM U TeMOPPAruyecKOM WHCYJIbTaX U TSKEIOM
YeperHo-MO3ToBON TpaBMe. [56]. ABTOPBI TIPeATIoo-
sk, uto ajensb Val rena BDNF apigercs dakro-
pPOM, 06ecredrBaIONIUM BbIKUBAEMOCTh GOJBHBIX C
TSKEJIBIM  OPraHUYeCKHM TOPa’KeHUEM TOJIOBHOTO
Mo3ra. B nenasuem uccienosanuu (Mera-ananmmns 1287
CJIy4aeB UIIEMITYECKOTO MHCYJIbTA 1 272 CJIydaeB IoCT-
UHCYJIETHOM JIenpeccri ), ObLIo yecTaHoBIeHo, uto GG
resotunt BDNF y sozeii cBg3an co 3HAYUTEIHHO
MEHBIIIUM PUCKOM UIEMUYECKOro HHCYJIbTa. OnHaKOo
CBsI3M Mekay mnojaumopdusmom rs6265 u moctuH-
CYJIBTHOI IENTPECCHY He BhISABJIEHO [54].

B nesiom, Tpebyercs 6oiee TiaresabHoe U3yde-
Hue roaumopdusama BDNF g npornosupoBanms
TeYeHUsT 1 MCXOJa MOCTUIIIEMUYEeCKO dHIedasona-
THUHU, a Takke /Ui pa3pabOTKU IMATOreHeTUYeCKU
060CHOBAHHON TIPOMUIAKTUKI ¥ TEPATUU HEBPOJIO-
TUYEeCKUX PACCTPOUCTB.

Paccmotrpennble hakThl YKa3bIBAIOT HA TO, YTO
BDNF mozkert cy>kuth MapkepoM HapyiieHui pyHkK-
uit [THC y 60JbHBIX ¢ HOBPEKAEHUEM IOJIOBHOTO
MO3Ta, U B I[eJIOM — FIMETh CYI[ECTBEHHOE IPOrHOCTH-
YecKoe 3HAU€eHIe B KIUHUKe.

Tepanestuueckuii noreniuaji BDNF npu
TSI3KeJIOM MOBPesKAeHUH TOJIOBHOTO MO3ra

IK302eHHOE 66¢0eHUe. B MHOTOUNCIIEHHBIX IKCITE-
PUMEHTaX Ha Pa3IMYHBIX MOJICJISIX UIIIEMUN TOJIOBHOTO
MO3Ta GbIJT IPOIEMOHCTPUPOBAH HEHPOTIPOTEKTUBHBII
acddexr axzorennoro BDNF [11, 15, 13, 35, 57—-61].

Tak, BuyrpmwxkenynoukoBasi uudysuss BDNF
nocJie TI00AMBHOI UIIEMUN MO3Ta Y KPBIC, BbI3BaH-
ot OCMA, npezgorspaiiajia riudeib HeipOHOB HOJIs
CA1 runmoxammna [57]. Ha Mozes poTorHIyninpo-
BAHHOTO TPOMO03a KPOBEHOCHBIX COCY/IOB TOJIOBHOTO
MO3Ta y KpbIC OBIJIO OTMEYEHO YMEHBIEHUE 30HbI
HEKpPO3a TIPU BHYTPUIKEJIYAOYKOBOW uHDY3UU
BDNF [35]. Buyrpusennoe sBesetne BDNF B oct-
POM TIOCTUIIEMUYECKOM Iepuojie y Kpbic (MO/eJb
OCMA) npuBONIIO K YMEHbBIITEHNIO 30HbI MH(papKTa
B KOPTUKAJBHOU 1 CyOKOPTUKAIBHON 06JacTAX 1
CHUIKEHUIO HEBPOJOTUYECKOTO ehUIINTa, a TAaKKe K
YMEHBIICHUTO YK CJIa TTPOAOTITOTUYECKUX HEMPOHOB
B 30He nenym6psl [59]. MHTpanasanipHoe BBeICHIE
BDNF uepes 2 vaca nocJsie 9KCIIepUMeEHTAIBHOTO
nucyabra (Mogeb OCMA) y KpbIC TPUBOIUIO K
3aMeTHOMY ToBbIIIeHuto copep:kanuss BDNF B Tka-
HAX Mo3ra. [Ipu 9ToM Takske CHUIKAIOCH YUCIIO aIloTl-
ToTu4ecKkux HeiponoB [61]. BuyTpuBennoe BBeje-
nue BDNF B couetanuu ¢ runorepmueii mpuBOIAIO

in a decrease in the infarction zone in the cortical and
subcortical areas and a decrease in neurological deficit,
as well as a decrease in the number of proapoptotic
neurons in the penumbra area [59]. Intranasal admin-
istration of BDNF 2 hours after the experimental
stroke (MCAO model) in rats resulted in a noticeable
increase in BDNF levels in brain tissues. The number
of apoptotic neurons also decreased [61]. Intravenous
administration of BDNF in combination with hy-
pothermia led to a decrease in the infarction zone in
rats in the post-ischemic period (MCAO model) [58].
Intranasal administration of BDNF and GDNF in
acute hypobaric hypoxia contributed to increased sur-
vival rates of mice, as well as the restoration of motor
activity and preservation of spatial memory in the
post-hypoxic period [62].

Low molecular weight BDNF mimetics. The use of
BDNF as a therapeutic agent is limited by poor pene-
tration of this protein through the blood-brain barrier
(BBB) and into brain tissue, as well as a short period
of biological half-life [63—65].

Development of low molecular weight BDNF
mimetics with high efficiency and improved pharma-
cokinetic properties is one of solutions to this problem
[17, 63, 66]. For example, it was shown that intraperi-
toneal administration of BDNF dipeptide mimetics
(GSB-106 and GSB-214) led to a significant reduc-
tion in the infarction volume and correction of behav-
ioral disorders in rats after temporary focal cerebral
ischemia (MCAO model) [67]. Another BDNF
mimetic, LM22A-4, a TrkB receptor agonist, pre-
vented neuronal degeneration, enhanced neurogenesis
and improved functional recovery in studies on brain
ischemia models in vitro and in vivo [63, 68].

Over recent years, much attention is paid to an-
other TrkB receptor agonist, 7,8-dihydroxyflavone
(7,8 DHF) [69]. It is a natural plant flavonoid that has
a high affinity for the TrkB receptor, is able to pene-
trate the BBB and has a longer half-life as compared
to the BDNF protein [70]. The therapeutic potential
of 7,8 DHF was investigated on different models of
neurodegenerative diseases, including TBI and focal
ischemia [70]. For example, it was shown on the model
of hypoxia-ischemia in mice that intraperitoneal ad-
ministration of 7,8 DHF after hypoxia-ischemia leads
to a decrease in neuronal degeneration (neuronal
death) and astrogliosis in the hippocampus, to im-
proved learning processes, as well as better preserva-
tion of white matter of the brain [71].

Stimulation of endogenous BDNF production. Ac-
cording to many researchers, the neuroprotective ef-
fect of various factors, such as hypothermia,
hyperbaric oxygenation, and ischemic precondition-
ing is mediated by BDNF and its receptor TrkB [19,
24,72, 73]. Therefore, the search for opportunities to
stimulate the production of endogenous BDNF pro-
tein and its receptor is one of the most promising
areas in the development of approaches to brain pro-
tection [15, 16, 74-76].
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K YMEHBIIEHUIO 30HbI MH(APKTa Yy KPBIC B IIOCTHUIIIE-
mudeckoM repuojsie (moznesb OCMA) [58]. UnTpa-
nazaibHoe BBesenne BDNF u GDNF B ycioBusax
OCTPO TUTIO6APUYECKOTT TUTTOKCUHU CTIOCOOCTBOBAJIO
MOBBIIIEHUIO BBIXKMBAEMOCTH MbIIIIEH, a TaKKe BOC-
CTaHOBJIEHUIO JIBUTATEJbHOM aKTUBHOCTHU U COXpaHe-
HUIO IIPOCTPAHCTBEHHOM NaMATH B IIOCTIUIIOKCHYe-
ckoM riepuojie [62].

Husxomonexynsapnovie mumemuxu BDNF. Victionb-
3oBanne BDNF B kauecTBe TepareBTH4ecKoro arenTta
OTPaHMYMBAETCA IJIOXUM ITPOHUKHOBEHUEM 3TOTO
Geka yepes reMaTosHuedamndeckuii Gapbep (I96) u
B TKaHb FOJIOBHOTO MO3Ta, & TaKyKe KOPOTKUM IIepro-
oM OMOIOrMYecKOl oty skusHu [63—65].

OHUM U3 PelteHuii 3Toi POOJIEMBI ABJISETCS
paspaboTKa HUSKOMOJIEKYJIAPHBIX MuMeTuKOB BDNF,
06JTa/IAI0TIMX BBICOKOIT 9((PEKTUBHOCTHIO 1 UMETOTIIX
yaydieHHble (papMaKoKUHeTH4Yeckue cBolictna [17,
63, 66]. Harrpumep, ObLIO [T0Ka3aHO, YTO BHYTPUOPIO-
HIMHHOE BBEAEHUE TUIEeNTHAHBIX MUMeTUKOB BDNF
(GSB-106 u GSB-214) npuBoanIo K 3HAYUTETLHOMY
YMEHBIIEHUIO 06beMa UH(baPKTa 1 KOPPEKITUU HAPY-
HIEHWH [TOBeJIeHUsI KPBIC, IIepeHecInX BPpeMeHHYIO
ouaroByio uniemuio mosra (mogenp OCMA) [67].
[pyroit mumeruxk BDNF — LM22A-4, aronucr
penenropa TrkB, npegoTspaiiasn gereHepaiuio Heii-
POHOB, YCUJIMBAJI Heliporene3 u yJyuinan GyHKIHO-
HAJbHOE BOCCTAHOBJICHUE B UCCIIEJOBAHUAX HA MOJIe-
JIIX UIIeMUU MO3Ta in vitro u in vivo [63, 68].

B nocsiesitie Top1 60IbIIIOE BHUMAHNE Y/IETISAET-
cd ente ogHoMy aronucty TrkB penenropa, 7,8-auruz-
poxcudnasonony (7,8 DHF) [69]. DTo narypanbhblii
pacTuTesbHbIi GIaBOHOU/I, KOTOPBI 00JIa1aeT BBICO-
Koii addunHOCTBIO K penentopy TrkB, criocoben mpo-
HuKaTh yepe3 [IB 1 umeer Gosee AauTeIbHOE BpeMst
HOJIY’KU3HHU 110 cpaBHeHunio ¢ 6eixxom BDNF [70].
Tepanesruueckuii norenman 7,8 DHF 6bu1 uccieno-
BaH HA PA3HBIX MOJIEJISIX HElpojiereHepaTuBHbIX 3a00-
seBannii, Bkiodast YMT u pokasnbryio umemuio [70].
Tak, HampuMmep, Ha MOJEJHU THUIOKCUU-UIIEMUN Y
MBIIIIel OBIIO MOKA3aHO, YTO BHY TPUOPIOIINHHOE BBE-
nenue 7,8 DHF nocse runokcuu-umieMun mpuBOJIAT
K YMEHBIIIEHUIO HEPOHAIBHOI fiereHeparyu (rubesu
HEIPOHOB) M aCTPOIJIN03a B TUIIIIOKAMIIE, K yJIydlle-
HUIO MIPOIECCOB 0OYUYEHUS, a TaKIKe JIydIIeMy COXpa-
HeHuIo Gesloro BemjecTsa Mosra [71].

Cmumynsust evipadomxu sndozennozo BDNF. T1o
MHEHMIO MHOTUX UCCJIe[oBaTesell, HelpoIpOTeKTHB-
HbIH A(pheKT pa3jMYHBIX BO3AENCTBUIL, TAaKUX Kak,
TUNOTEPMUS, TUTIepOapuyecKast OKCUreHAIUs, UITEMHU-
YyecKoe IIPeKOHIMITMOHUPOBAHKE, ONIOCPE/IOBAH UIMEHHO
BDNF u ero penerrropom TrkB [19, 24, 72, 73]. IToaro-
MY OJIHUM 13 HauboJiee MepCIeKTUBHBIX HATIPABIECHUI
npu pa3paboTKe MOAXOA0B K 3alUTe MO3Ta SBJISACTCS
MOKUCK BO3MOYKHOCTEH CTUMYJISIINY BBIPAOOTKU SH/IO-
rerHoro 6eaxa BDNF u ero penenropa [15, 16, 74-76].

Tak, B 9KCIIepUMEHTAIBHBIX MCCIEI0BAHUAX Ha
MOJIEJISIX MIIEMUYECKOTO MHCYJIBTa GO yCTaHOBJIE-
HO, 4TO K yBeJIndeHuio BeipadoTku 6enka BDNF npu-

For example, in experimental studies on models
of ischemic stroke, it was found that microglial trans-
plantation [77], administration of progesterone [78,
79], triiodothyronine [26], some nootropics [29, 30],
lithium therapy [80] leads to an increase in the pro-
duction of BDNF protein.

A large number of works are devoted to the
study of possibilities of using herbal preparations as
modulators of BDNF expression in CNS diseases
[81-83].

The ability to activate the expression of BDNF
in vitro using a new BDNF modulating peptide (Neu-
ropep-1, Neuropep-4) has been demonstrated [84]. A
neuroprotective effect of acupuncture (once a day, 5
days a week, for 4 weeks after HI) was demonstrated
on the model of neonatal hypoxia-ischemia (HI) in
rats, which manifested itself by improved memory and
learning ability. At that, there was an increase in
BDNF and GDNF levels, as well as a decrease in the
processes of apoptosis in the hippocampus [85].

It was found in experimental models of stroke
that physical activity leads to an increase in the level
of BDNF and TrkB receptor expression in the brain
and improve its structural and functional state [8, 9,
13, 86]. In humans, intense exercise caused an increase
in serum BDNF concentrations [87, 88], significantly
affecting molecular and cellular processes, enhancing
neurogenesis and synaptogenesis, thus improving cog-
nitive abilities.

High-frequency repetitive transcranial magnetic
stimulation (rTMS) can be another way to activate
the BDNF and TrkB expression [13, 89]. Clinical
studies have proven the safety and efficacy of nonin-
vasive brain stimulation methods, in particular rTMS,
for the treatment of post-stroke depression and motor
disorders [90, 91]

The above facts may be of great importance for
the optimization of neurorehabilitation programs.

It is known that some neurotrophins can simu-
late the expression of other neurotrophins [92, 93]. In
particular, it was shown that the use of a ciliary neu-
rotrophic factor (CNTF) mimetic in Alzheimer's dis-
ease modeling activates the BDNF expression, which
is associated with the effectiveness of this drug [64].
The ability of the nerve growth factor isolated from
tears to enhance BDNF expression was found recently
[94]. It was found that a neuroprotective effect of fi-
broblast growth factor (FGF2) in ischemia can be par-
tially mediated by BDNF and its receptor TrkB [95].
The infarction zone was significantly larger in mice
with the turned off FGF2 gene, than in normal mice
from the same litter, while the post-ischemic induction
of BDNF and TrkB in the hippocampus was less pro-
nounced.

One of possibilities to stimulate the endogenous
BDNF expression level in the post-resuscitation pe-
riod was found by us earlier in the case of application
of dipeptide mimetic of nerve growth factor GK2
[96]. GK-2 is a NGF 4th loop dimeric dipeptide
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BOJIUT TPAHCIJIAHTAIIUS MUKporuu [77], BBe/leHUe
nporectepona [78, 79], rpuitonruponnna [26], Heko-
TopbIX HOOTpOTIOB [29, 30], uTneBas Tepanus [80].

Boubioe yucsio paboT MocBAINEHO UCCIeN0Ba-
HUIO BO3MOKHOCTEN MCIIOIh30BAHUS PACTUTEIbHBIX
[PernapaToB B KAYeCTBE MOAYJSITOPOB IKCIIPECCHUU
BDNF npu sabosesanmax ITHC [81-83].

[Tokazana BO3MOKHOCTb aKTUBAIIUU IKCIIPECCUU
BDNF in vitro npu ucnonpzoBanuu HOBbIXx BDNF-
Moysimpyionumx rentugoB (Neuropep-1, Neuropep-4)
[84]. Ha monenn neoHatasibHOU TMTIOKCUU-UIIIEMUH
(HI) y xpbic 6bLI IIPOAEMOHCTPUPOBAH HEHPOIIPOTEK-
TUBHBII 9 DEKT aKyTYHKTYPHOTO BO3IeHCTBUS (OAUH
pas B [ieHb, J [IHE B HEZIEIO, B TEUE€HUE 4 HeJleb [10CIe
HI), koTopblit BeIpaskasics B yJIydIleHUH TTAMSITU U CTIO-
cobuoctr k 06yderuio. [Ipu aToM HabIIOAATIOCH TOBBI-
menne yposus akcripeccun BDNF u GDNE a rakke
YMeHbIIIEHHE TIPOIIECCOB aIoNTO3a B TUIoKamIie [85].

Ha akcrepuMeHTaNbHBIX MOJEJSAX WHCYJIBTA
OBIJIO YCTAHOBJIEHO, UTO (PU3MUYECKAsA HATPY3Ka MPU-
BOJIUT K TOBBINIeHUIO YpoBH: aKkcipeccrn BDNF u
perternrropa TrkB B Mogre u yJrydnieHuio ero crpykryp-
HO-(DyHKIIMOHANBHOTO coctostHud [8, 9, 13, 86]. ¥
JIO/lell MHTeHCUBHBIE (U3UYECKUEe YIPAKHEHUS
BbI3bIBAJIN yBesinuenune KouieHTpanuun BDNF B
ceiBOpoTKe KpoBu [87, 88], cyiiecTBeHHO BiMsIsT HA
MOJIEKYJISIDHBIE U KJIETOYHBIE TIPOIIECCHI, YCUIUBAST
HellpOoTeHe3 U CUHAINTOreHEe3, TeM CAMbIM YJIyYIlast
KOTHUTHUBHbBIE CIIOCOOHOCTH.

Enite ogHuM criocoboM akTHBAIMU 9KCIIPECCUT
BDNF u TrkB moskeT GbITh BBICOKOYACTOTHAS TOBTO-
PSIIOIIASICST TPAHCKPAHUAIbHAS MATHUTHAST CTUMYJIS-
s (rTMS) [13, 89]. B kiimnuyecknx uccieioBaHnusx
GblIa JoKa3aHa 6e30MacTHOCTh U 9P HEKTUBHOCTD
METO/[0OB HEMHBA3WBHON CTUMYJISIIUU MO3Ta, B 4acT-
noctH, r'TMS, 111 iederust TOCTUHCYJIBTHOM Jlenpec-
cuu u BUTatenbubix Hapymenuit [90, 91].

[IpuBenennsbie Bbiie GAaKThl MOTYT IIPEICTAB-
JISITh CYIIECTBEHHYIO 3HAYUMOCTb [IJIsT OTITUMU3AIUT
HEHPOPeabMIUTAIIMOHHBIX TIPOTPAMM.

V3BecTHO, YTO OAHM HEHPOTPODUHBI MOTYT
MOJIEJTUPOBATH HKCIPECCUIO APYTHX HEHPOTPODUHOB
[92, 93]. B wacTHOCTH, TIOKA3aHO, YTO TIPUMEHEHUE
MUMETHKA [IUJIHAPHOTO HelpoTpodiyeckoro hakropa
(CNTF) npu mogenupoBanun 60jie3uu Asblreiimepa
aktuupyet skcnpeccuio BDNEF ¢ yem cBasbiBaior
addexTUBHOCTH 9TOTO Ipenapara [64]. Henaso ObL1a
BBISIBJIEHA CIIOCOOHOCTD (haKTOpa POCcTa HEPBOB, BhIJIE-
JIEHHOTO U3 cJie3, yeuausath akcipeccuio BDNF [94].
Beuio ycranoBsieHO, 4TO HEMPOIPOTEKTUBHOE JIeii-
crBue dakropa pocra ¢pubdbpodaacros (FGF2) upu
UILEMUK MOKeT OBbITh YaCTUYHO onocpenoBadio BDNF
u ero perientopom TrkB [95]. ¥V Mbliieii ¢ BBIKIIOYEH-
ubiM renoM FGF2 302 nndapkra 6bljia 3HAYUTENbHO
GoJIbIIIE, YEM Y HOPMAJIBHBIX MBIl U3 TOTO JKe oMe-
Ta, TP 9TOM noctuiieMudeckas nuaykiuss BDNF u
TrkB B runmnokamMiie 6bl1a MeHee BhIPasKeHa.

OpHa 13 BO3MOXKHOCTEH CTUMYJISIIUU YPOBHS
akcnpeccun asngorennoro BDNF B mocrtpeanmma-

mimetic, which was designed and synthesized in the
V. Zakusov Research Institute of Pharmacology. The
ability of GK-2 to reduce the volume of focal brain
damage and reduce neurological deficit was estab-
lished in models of photoinduced thrombosis of cere-
bral blood vessels, as well as unilateral MCAO in rats
[97]. We have obtained direct evidence of the neuro-
protective effect of GK-2 in the post-resuscitation pe-
riod after temporary cardiac arrest in rats. For
example, intraperitoneal administration of GK2 to re-
suscitated animals led to a decrease in the severity of
dystrophic changes and death of neurons in neuronal
populations of hippocampal pyramidal neurons and
cerebellar Purkinje cells that are highly sensitive to
hypoxia, as well as to accelerate the recovery of the
neurological status. It was found that GK2 caused ac-
tivation of BDNF expression in cells not producing
this factor earlier, which apparently contributed to
prevention of their death [96].

Neurotrophin delivery systems to the brain. Par-
tially, the problem of poor BBB permeability for neu-
rotrophins can be solved by creating transport systems
for their delivery to the brain [33, 98—100]. For this
purpose, various transfer systems are developed [4,
33], which will allow to avoid rapid elimination of pro-
tein in the blood due to enzymatic degradation, cap-
ture by the reticuloendothelial system, accumulation
in other tissues, as well as an adverse immune re-
sponse. These can be transfer systems by means of viral
vectors, bone marrow stem cells, synthetic and natural
polymers [33].

Local delivery of neurotrophins to neurons can
be performed by gene and cell therapy [16]. For ex-
ample, intragastric introduction of the viral vector
encoding BDNF in 30 minutes after ischemic stroke
(MCAO model) in gerbils prevented the death of hip-
pocampal pyramidal neurons [101]. Transplantation
of cells that synthesize neurotrophins into the brain
is an alternative to viral delivery systems. Studies
show that transfected BDNF neuronal stem cells
transplanted into the ischemic area of the brain sur-
vive and produce BDNF. Some of them migrate to the
affected area and are able to differentiate into neurons
[102]. It was found that transplantation of BDNF-
modified stem cells into the brain damage zone of rats
exposed to temporary MCAO leads to an increase in
BDNF synthesis in the ipsilateral hemisphere, im-
provement of structural and functional brain recov-
ery, as well as reduction of apoptosis and
enhancement of endogenous neurogenesis [103, 104].
The neuroprotective effect of bone marrow mes-
enchymal stem cells coexpressing BDNF and vascular
endothelial growth factor (VEGF) was demonstrated
on the model of cardiac arrest in rats [38]. For exam-
ple, their introduction into the jugular vein of rats im-
mediately after resuscitation led to a significant
reduction in the number of damaged neurons in the
CAT1 field of the hippocampus and temporal cortex, as
well as to a decrease in neurological deficit.
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[IMOHHOM TIepUOjie ObLIA BISIBJICHA HAMU paHee TIPH
OPUMEHEHUU JUMENTUAHOTO MUMETHKA (haKkTopa
pocta HepsoB ['K2 [96]. TK-2 — 310 numepuslii
aurnenTugaHbii MumeTuk 4-it metsim NGE koTopsiii
ObLI CKOHCTPyUpOBaH M cuHTesupoBan B DITBY
«HUN dapmakonorun um. B. B. 3akycosa». Ha
MojesiAxX (hOTOUMHYIIUPOBAHHOTO TPoMGO3a KpoBe-
HOCHBIX COCY/IOB TOJIOBHOTO MO3Ta, & TAK)KE IIPU OJTHO-
croponHeit mojiesib OCMA y KpbIc ycTaHOBJIEHA CITO-
cobnocts T'K-2  yMmeHbIIaTh 00bEM 0YaroBOro
HOPaKeHUs MO3Ta, CHUKATh HEBPOJIOTHMYECKUil 1edu-
it [97]. Hamu ObLIn 1101y 4€HbI IPSIMbIE JOKA3aTeJIb-
cTBa HellporpoTekTUBHOTO JlelictBust ['K-2 B mocTpea-
HUMAIMOHHOM TIePUOJI€e TIOCJIE BPEMEHHOI OCTAHOBKH
cepana y kpbic. Tak, BHYTPUOPIOMINHHOE BBEJICHUE
'K2 peanmMupoBaHHBIM KUBOTHBIM MPUBOIUIO K
YMEHBIIEHIIO BBIPA)KEHHOCTH ITPOIECCOB AUCTPODU-
YECKOTO M3MEHEHUsT U rubesi HEHPOHOB B BHICOKO-
YYBCTBUTEJIbHBIX K THUIIOKCUU  HEIPOHAIbHBIX
HOIYJISIIIUAX TUPAMUIHBIX HEMPOHOB TUIIIIOKAMIIA 1
kieTkax [lypkuHbe Mo3:keuka, a TakKe YCKOPEHHIO
BOCCTAHOBJIEHUS HEBPOJIOIMYECKOTO cTaTyca. bpuio
ycraHoBseHo, yTo ['K2 BbI3bIBaI aK THBAIIMIO 9KCIIPeC-
cut BDNF B kieTkax, paHee He BbhIpaGaThIBAIOLIIX
3TOT (HaKTOp, UYTO, TMO-BUAUMOMY, CIIOCOOCTBOBAJIO
npesynpexaennio ux rudesm [96].

Cucmemot docmasku HeupompopuHos 6 mose.
YacTiaHO PenuTh POOIEMY TI0XO0# TPOHUIIAEMOCTH
I'9b nast HelipoTpoHOB TO3BOJISIET CO3/IAHNE TPAHC-
MOPTHBIX CUCTEM JIJIs UX JIocTaBKy B MO3T [33, 98—100].
Jlist aTOr0 pa3pabaThIBAIOTCS Pa3INYHbIE CHCTEMBI
nepenoca [4, 33], koTopble MO3BOIAT u3bexKaTh
GbICTPOiT BiMMUHAIMHT GesiKa B KPOBH BeJiecTBIE (hep-
MEHTATUBHOI JIeTPAIAINY, 3aXBaTa PETUKYI0IHIOTeE-
JIMAJIBHOI CUCTEMOI, aKKYMYJISAIIMU B IPYTHX TKAHSIX,
a TaKKe HeXKelIaTeJbHOTO MMMYHHOTO OTBeTa. JTO
MOTYT OBITh CHCTEMBI [IEPEHOCA TOCPEICTBOM BUPYC-
HBIX BEKTOPOB, CTBOJIOBBIX KJIETOK KOCTHOTO MO3Ta,
CUHTETUYECKUX U HATYPAJIbHBIX MTOJIMMepOB [33].

JlokasbHyt0 0CTaBKY HEPOTPOMUHOB K HEWpo-
HAM MOJKHO OCYIIECTBUTH C MOMOIIIbIO TEHHO U KJie-
TouHoit Tepanuu [ 16]. Tak, BHyTpHIKeTy/104KOBOE BBE-
JIeHrie BUPYCHOTO BeKTOpa, Kogupyioiiiero BDNE, uepes
30 MuUH TIOCJTe MIIEeMUYEeCKOro HHCYJbTa (MOJIEJb
OCMA) y nmecyaHok IpefoTBpaliazo rubeb mupa-
MUIHBIX HEHPOHOB rurokamna [ 101]. AsnsrepnaTuBoii
BUPYCHBIM CUCTEMaM JIOCTABKH SIBJISIETCS TPAHCILIAH-
TaIlus B MO3T KJIETOK, CHHTE3UPYIOLIIX HeHpoTpodu-
HblL. VccsienoBanust moKasbIBaIOT, YTO TPAHCHUIIPO-
Banuble BDNF HelipoHasbHble CTBOJIOBbIE KJIETKH,
HepecaskeHHble B UIIEMUYECKYI0 00JIACTh TOJIOBHOTO
MO3ra, BbIKUBaioT 1 BeipabareiBaior BDNF. Yactb us
HUX MUTPUPYET B 30HY MOBPEKIECHUSA 1 CIOCOOHA U-
epentuposatbcst B Hetiponsr [102]. Beiio ycranosi-
HO, UTO TPAHCILTAHTAIUS CTBOJIOBBIX KJIETOK, MOIH(H-
nuposanubix BDNFE, B 30HY 11oBpeskjieHust TOJI0BHOTO
MoO3ra KpbicaMm, reperectiiuM Bpemennyio OCMA, nipu-
BO/UT K yBesmuenunio cuate3a BDNF B uricunarepasib-
HOM TIOJTYIIAPUU, YIYIIEHUIO CTPYKTYPHOTO 1 (PYHK-

However, the need to inject stem cells and aden-
oviral particles directly into the brain is a significant
limitation for their use in the clinic [16].

An alternative method of directed and controlled
delivery of neuroprotective molecules is associated with
the use of natural polymers, nanosomes and liposomes
[16, 33, 105]. Creation of chimeric proteins, a so-called
Trojan horse technology, is one non-invasive way to de-
liver neurotrophins, in which non-transportable pep-
tides, such as neutrophins, are conjugated to other
peptides or proteins that carry out their transfer or de-
livery to the brain. Antibodies against transferrin or in-
sulin receptors are such carriers [33]. Transferrin
receptors are expressed in brain endothelial cells, which
are a part of the BBB. The binding of this antibody con-
jugate and neurotrophin to the transferrin receptor
causes receptor-mediated transcytosis via BBB. This
strategy has been successfully used in experimental
stroke models to deliver BDNF to the brain [16]. For ex-
ample, intravenous administration of BDNF conjugate
with a monoclonal antibody against the transferrin re-
ceptor to rats after MCAO led to a significant decrease
in the infarction area and improve functional recovery of
the brain [ 100]. However, the capacity of such a delivery
system is quite low, since each BDNF protein molecule
requires one carrier. Liposomes carrying (encapsulated)
several molecules of neurotrophin or plasmid DNA can
be used to enhance the pharmacological effect. Liposomal
particles consist of polyethylene glycol-conjugated lipids
and are connected with antibodies against transferrin
and insulin receptors, which mediate transcytosis
through BBB and endocytosis into brain cells [105].

An innovative biomaterial-based drug delivery
system in the form of hydrogel has been developed
that can be injected safely into the intrathecal space
for local delivery of brain-derived neurotrophic factor
(BDNF). This method allows to control the duration
of action and dosage of the active substance. The ex-
perimental model of spinal injury in rats demonstrated
the positive effect of BDNF hydrogel on diaphrag-
matic respiration function [106].

Conclusion

A large number of experimental studies of the
neuroprotective potential of BDNF have been con-
ducted over the past two decades. It was found that the
level of BDNF expression is an important factor with
a significant impact on the resistance of neurons to is-
chemia-reperfusion. Exogenous administration of
BDNF improves the functional and structural state of
the brain in the post-ischemic period. BDNF determi-
nation has a prognostic value in the clinical practice
and exhibits a therapeutic potential. Creation of low-
molecular BDNTF mimetics and agonists of its receptor
TrkB, stimulation of the production of endogenous
protein BDNF, and development of ways to improve
the BDNF delivery to the brain are the most promising
approaches to employ BDNF as a therapeutic agent for
the prevention and treatment of encephalopathy.
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IIMOHATIBLHOTO BOCCTAHOBJICHUS MO3Ta, a TAKKe YMEHb-
HIEHUIO aII0IITO3a, YCUJIEHUIO d9HI0TEHHOTO HeliporeHe-
3a [103, 104]. Ha momenu octanoBKuU cepiiia y KPbIC
GBILJIO TIPOJIEMOHCTPUPOBAHO HEHPOTIPOTEKTUBHOE JIEHi-
CTBHE ME3EHXNMAJIbHBIX CTBOJIOBBIX KJIETOK KOCTHOTO
Mo3ra, koakcnpeccupyiomux BDNF u dakrop pocra
anztotesius cocyioB (VEGF) [38]. Tak, ux BBenenue B
APEMHYIO BEeHY KpbICaM Cpagy 110cJie peaHUuMal1K IIPU-
BOJIIMJIO K CYHIECTBEHHOMY YMEHBIIEHUIO YHCJIa
MOBPEXKIEHHbIX HeHPOoHOB B 1tosie CA1 runmokamma u
BHUCOYHOI 30HE KOPbI TOJIOBHOTO MO3T3, & TAKKEe K CHH-
SKEHUIO HEBPOJIOTUYECKOTO euIuTa.

OnHako, HeoOXOMMOCTDb BBEJIEHUS CTBOJIOBBIX
KJIETOK M a/IEHOBUPYCHBIX BEKTOPOB HEIIOCPE/ICTBEH-
HO B MO3T SIBJISIETCS CYIECTBEHHBIM OTpaHUYEeHHEeM
JUIST UX UCTIOJTb30BaHMs B KimHuKe [16].

AJsbrepHaTUBHBIN CIOCO6 HANPaBIEHHONH U
KOHTPOJIMPYEMOI JOCTaBKM HEHPONPOTEKTUBHDIX
MOJIEKYJI CBS3aH € WCIOJb30BaHUEM HATYPaJIbHbIX
MOJIMMEPOB, HaHocoM u JumocoMm [16, 33, 105].
O/HUM 13 HEMHBA3UBHBIX CIIOCOOOB JI0CTaBKY HEli-
POTPOGUHOB ABJISAETCSA CO3AHNE XUMEPHBIX GETKOB
— TaK Ha3blBaeMas T€XHOJIOTHS «TPOSTHCKOTO KOHS»,
[IPU KOTOPOI HETPaHCOpTabebHbIE METTH/IBI, TAKUE
KaK HeHTPO(UHDI, KOHBIOTUPYIOTCS C APYTUMHU I1ell-
THAAMU WJIN OEJKaMU, KOTOPbIe OCYIIECTBISIOT UX
[EePeHOC WK JOCTaBKY B MO3I. TakuUMM IlepeHoCcut-
KaMM SIBJISIOTCS aHTHUTEJIA K pelieritopaM Tpancdep-
puna wian uHcyarHa [33]. Tpancdeppunossie peren-
TOPBI AKCIIPECCUPYIOTCS B 9HIOTEINAIBHBIX KJIETKAX
TOJIOBHOTO MO3ra, KOTopble BXoadT B coctas ['Ob.
Cas3biBaHue KOHbIOTaTa 3TOT0 aHTUTEJIA U HEHPOTPO-
(una c perieitopom Tpancheppuna BbI3bIBAET Peliell-
TOP-0IoCcpeIoBaHHbIN TpaHcuTo3 yepe3 [IB. Takas
crpaTerus Gbla yCIEelHo UCTIOIb30BaHa HA IKCIIEPHU-
MEHTAJIbHBIX MOJIEJIAX UHCYJIBTA [IJIS1 IOCTABKU B MO3T
BDNF [16]. Hanpumep, BHyTpUBEHHOE BBejleHUE
konbiorata BDNF ¢ MoHOKJIOHAIBHBIM aHTUTEJIOM K
pentenitopy Tpancheppuna kpeicam ¢ OCMA mnipuso-
JIUJIO K CYIIeCTBEHHOMY YMEHbIIEeHHIO 30HbI HH(apK-
Ta ¥ yJIydlleHuIo GyHKIIMOHATIbHOTO BOCCTAHOBJIE-
Hust mo3ra [100]. OxHako eMKOCTh TaKOW CUCTEMbI
JIOCTABKHU JIOCTATOYHO HU3Kas, IIOCKOJIBKY IS KaXK-
Jluteparypa

1. Huang L., Applegate P.V., Gatling J.W., Mangus D.B., Zhang ]., Applegate
R.L.2nd. A systematic review of neuroprotective strategies after cardiac
arrest: from bench to bedside (part II-comprehensive protection). Med.
Gas. Res. 2014; 4:10. DOL: 10.1186,/2045-9912-4-10. PMID: 25671079

2. Failla M.D., Conley Y.P.,, Wagner A.K. Brain-derived neurotrophic factor
(BDNF) in traumatic brain injury-related mortality: interrelationships
between genetics and acute systemic and central nervous system BDNF
profiles. Neurorehabil. Neural. Repair. 2016; 30 (1): 83-93. DOL
10.1177/1545968315586465. PMID: 25979196

3. Lorente I.L. Biomarkers associated with the outcome of traumatic brain
injury patients. Brain Sci. 2017; 7 (11): pii: E142. DOI: 10.3390/brain-
sci7110142. PMID: 29076989

4. Chen A.L, Xiong LJ., Tong Y.U., Mao M. The neuroprotective roles of
BDNF in hypoxic ischemic brain injury. Biomed. Rep. 2013; 1 (2): 167—
176. DOI: 10.3892/br.2012.48. PMID: 24648914

5. Gray ].D., Milner TA., McEwen B.S. Dynamic plasticity: the role of gluco-
corticoids, brain-derived neurotrophic factor and other trophic factors. Neu-
roscience. 2013; 239: 214-227. DOI: 10.1016/j.neuroscience.2012.08.034.
PMID: 22922121

6. Kimura A., Namekata K., Guo X., Harada C., Harada T. Neuroprotection,
growth factors and BDNF-TrkB signalling in retinal degeneration. Int. J. Mol.
Sci. 2016; 17 (9): pii: E1584. DOTI: 10.3390/ijms17091584. PMID: 27657046

noii mostekyibl 6enka BDNF tpebyercs ogun mepe-
Hocuuk. Jus  ycusenuss  ¢GhapMaKkoJOruuecKoro
adexTa MOKHO NCIIOJIB30BATH JTUIIOCOMBI, HECYIIIHE
(MHKAIICYJIMPOBAHHO) HECKOJBKO MOJIEKYJ HEelpo-
tpocduna, nian nnazmuausie JJHK. Jlumocommubre
YACTUIIBI COCTOAT U3 TTOJUITUIEHITINKOIb-KOHBIOTH -
POBAHHBIX JIMIIUIOB U COEMHEHDBI C aHTUTEJIAMU K
perienitopaM TpancdeppuHa U MHCYJIUHA, KOTOPBIE
OTIOCPE/YIOT TpaHcIuTo3 Yepe3 ['IB u anponuros B
KJIETKU rojioBHOTO Mo3ra [105].

Hemasro 6bia pazpaboTana WHHOBAITHOHHAS
crcTeMa JI0CTaBKY JIEKapCTB Ha OCHOBE OHoMaTepHa-
JIOB B BUJIE TUPOTEJIst, KOTOPBII MOKHO G€3011acHO
BBOJIUTH B WHTPATEKAJIBHOE TPOCTPAHCTBO IS
aokanbHou foctaBku BDNE. /lanubiii MeTo/1 1103BO-
JideT KOHTPOJIMPOBATH ITPOJOJIKUTEIbHOCTD Jeii-
CTBUS U JIO3UPOBKY JeicTBylomiero Bemjectsa. Ha
AKCIIEPUMEHTATBHON MOJIETH TPABMbI TO3BOHOYHUKA
Y KPbIC OBLIIO TIPOIEMOHCTPUPOBAHO MOJIOKUTETHHOE
neiictue rugporesnsi BDNF na nuadparmanbuyio
dbyuxiuio apixanus [106].

3akiaoueHue

3a mocJieHne 1Ba JecATUIeTHs ObLIO IIPOBe/e-
HO GOJIBIIIOE KOJTMYECTBO 9KCIIEPUMEHTAIbHBIX HCCJIe-
JIOBAaHWI HelpompoTekTUBHOTO noteHnmasa BDNE
YcranoBieno, 4To ypoBeHb 3Kcmpeccuun BDNF
SIBJISIETCST BaXKHBIM (DAKTOPOM, OKa3bIBAIOIIUM CYIIle-
CTBEHHOE BJIMSTHUE HA YCTOWYMBOCTH HEWPOHOB K
nmemun-pernepdysun. Ero sk3orenHoe BBejeHUe
yayuniaet GyHKIIMOHATIBHOE U CTPYKTYPHOE COCTOS-
HHUEe Mo3Ta B mocTtumemudeckoM mepuoge. BDNF
MOJKET UMETDh Ba)KHOE TTPOTHOCTUYECKOE 3HAUCHUE B
KJIMHUKeE, a TaKsKe 00J1a/laeT CyIeCTBEHHbIM TepalieB-
TUYECKUM IoTeHuanoM. Haubosee mepcrnekTHBHbI-
MU HamnpaBJieHusIMU nctosib3oBanusgs BDNF B kaue-
CTBE TepareBTUYeCKOro areHTa /71t TPOPUIaKTUKA U
JiedeHus sHTIehaTIONaTH SBJISETCS CO3/IaHNe HU3KO-
MoJiekyaapHbiX MuMeTnkoB BDNF u aronncTos ero
peuenrtopa TrkB, ctumy isius BbipabOTKI 9HIOIE€H-
Horo 6eixa BDNEF, pazpaGoTka c110co60B yIydIIeHs
nocrask BDNF B rosioBHO# MO3T.
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