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XonecTtepyH ABNAETCA BaXKHbIM YYaCTHUKOM B NOAJEPHAHUM MECTKOCTU, TEKYYECTU U NPOHMULLAEMOCTM BUAMNMEHOIO CNOA.
B pononHeHue, xonectepuH 0bnagaet 60MbLUMM CPOLCTBOM KO MHOrMM 6efikaM MeMOpaHbl, TeM caMblM CriocobeH Mogy-
JIMPOBATh UX aKTUBHOCTb, BAMAA HA BHYTPUKIIETOUHbIE NpoLecchl. XonecTepuH nofBepraeTcA GepMeHTaTUBHBIM U OKUCIIN-
TeNbHbIM NPEeBpPALLEHMAM, NPU KOTOpbIX 0bpasyloTcA pasHoobpasHble OKCUCTEPUHBL. O4HUM M3 TaKMX OKCUCTEPUHOB ABNA-
eTca 25-rupapoKcunxonecteput (251X), obpasylowmiics Npu yyacTum pepMeHTa XoNecTepuH-25-rnapoKcunasbl B 0CHOBHOM
B Makpodarax, AeHOPUTHBIX KNeTKax ¥ MUKPOrIUN.

25['X cnocobeH nopaepvBaTh rOME0CTas XoecTepuHa B OTAENBbHOW KNeTKe, e ero KOHLEHTpaLuA He NpeBbIlLaeT Ha-
HOMOJAPHbIX 3HaueHu. OfHako NofobHO NapakpuHHOMY areHTy 257X B CylecTBEHHO 6ofee BLICOKMX KOHLEHTpaLmax
BblpabaTbiBaeTcs MakpodaramMy U MUKPOrIMEN NPy BOCNANUTENBHON peakLmu.

MHoro nccnegoBaHui NocBALLeHO ponun 25X B UMMYHHOM 0TBETE B YCIOBUAX BoCManeHWA. 251X MoXKeT UMeTb pasHoHa-
npaBeHHbIN IQHEKT B MOOYNALMM UMMYHHOTO 0TBeTa. C 0HOM cTOpOHbI, 257X yBENMUMBAET CEKpeLmio NPOBOCTaNMTeNb-
HbIX LUTOKMHOB M XEMOKMHOB, Hanpumep, IL-1B, IL-6, IL-8, CCL5 u MakpodaranbHOro KooHMecTUMynMpyloLero GakTopa,
a ¢ [Opyrow, nodasnAeT BOCNaneHWe NOCPeCcTBOM CHUMKEHWUA aKTUBHOCTU MHdNAMMacoM. YBenuueHue npomyKumm 25X
npu aktmeaumm Toll-nogo6Horo peuentopa 4 NpUBOAWT K CHUXEHWIO nponudepaumu B-kneTok. TakKe oTMeuyeHa cno-
cobHocTb 251X NpenATCTBOBaTb NPOHWMKHOBEHMIO BUPYCOB B KNETKY 3@ CYET ero cnocobHoCTW BCTpamBaTbCA B MeMbpaHy
M MeHATb CBOWCTBa MeMbpaH. KacaTenbHo HepBHOM CUCTEMbI He Tak MHOIO AaHHbIX. B cpesax runnokamna mbiwm 251X
6noKMpyeT noTeHUMpyoLWMin 3GdEKT pAAa NO3UTUBHBLIX annoctepuyeckux Moaynatopos NMDA-peLenTopoB, YTO CHUXKaeT
BEPOATHOCTb 3KCAUTOTOKCUMYHOCTM B ycnoBuAx runepaxktvsauum NMDA-penenTtopos.

Makpodary urpatT Kio4eByio posib B aAanTUBHOM U BPOXKOEHHOM UMMYHUTETE U B BOMbLIOM KONMYECTBE NPUCYTCTBYIOT
B CKE/IETHOM MBbILLILLE, YTO MOXKET roBOpPUTb 0 QYHKLMOHANBHOM 3HaveHun 251X Bo B3aMMOZeNCTBUM UMMYHHOW CUCTEMBI
U CKENETHbIX MbiLL. B HEpBHO-MbILLEYHOM CHHaMCe B AMadparMe MbIlUM HaMu 0BHapyHKeH KOHLEHTPaLMOHHO-3aBUCUMBIN
3 ekt 25X: BbicOKME KoHUeHTpauum (1-10 MKM) ycunuealoT, a Hu3Kme KoHueHTpaumum (0,01-0,1 MKM) yrHeTatoT npouecc
HEepBHO-MbILLeYHOM Nepegaun [1].

257X ABnAeTCA NpAMbIM NUraHaoM ana LX-peuenTopoB, 3Kcnpeccya KOTopbix Obina HaMy 0bHapyeHa B CUHAMTUYECKOM pe-
rMOHE aKCOHOB MOTOHEWPOHOB. MexaHW3M AenCTBMA BbICOKOM KOHLEHTpaummn 251X B CMHaNTMYeCKoW Nepeaye OCyLLecTBA-
etcA LX-peuenTop-3aBucuMbiM nyTéM. pu 3ToM 251X akTusMpoBan LX-peLienTopsl, KOTOpbIE, BEPOATHO, HAXOAMUIUCh B KOM-
M/eKce C 3CTPOreHOBbIMW peLienTopamMy @, 3aTeM NPOUCXOAMN 3amnycK CredyloLlero curianbHoro nytn G,-6enok/By-avmep
G-6enka/poconmnasa C/Ca?*/npotentknHasa C. CTOMT OTMETUTb, YTO MoTeHUMpYlowmin 3ddeKT 250X, ocyLLecTBAAEMbIi
MOCPeACTBOM aKTMBALMM KoMnniekca LX-peLienTop/acTporeHoBbIi peLenTop a, HanpAMyIo 3aBUCUT OT IUMMUAHBIX padToB, no-
CKOMbKY 06a 3TMX peLenTopa foKanM3oBaHbl B IMMNMOHLIX MUKPOAOMEHaX, U paspyLLeHue UNMUEHbIX padToB NpeoTBpaLLano
cTuMynupytoee fevicteue 25X, TakKe 0bHapyrKeH BKNaf aKTMBHBIX ¢opM Kucnopoda (AQK) B 3aBucuMoM ot 251X yeu-
NIEHUM CUHaNTUYecKon nepefayn. JevictautensHo, 25X (1 MKM) yBennumBaeT npogykumio AOK B CMHaNTUYeCKOM pervoHe
Y KOHLLEHTpaLMIo NepoKcuaa Bofopoa Bo BHeKNEeTouHoi cpege. 3ToT pocT AQK 6bin 3aBUCKM OT BHYTPUKIETOYHOIO MOBbI-
LLUEHMA KOHLEHTPaLMM MOHOB KanbLysA. HTepecHo, 4To B AaHHOM criydae AOK urpaloT curHanbHyio posib, MOCKOSIbKY YPOBEHb
MepPeKVCHOro OKMUCNEHWA IMMAOB Mog AencTBueM 257X He 3aTparuBaeTcs.

JKkenpeccua 251X noBbiLLaeTcA Npy pAae HeMpoaereHepaTMBHLIX 3aboneBaHni. KoHueHTpauua 251X noBbiwaeTca npu 6o-
KOBOM aMMOTPOGMUYECKOM CKIIepO3e, XapaKTepu3yloLweMcA NporpeccupyloLlier aTpodueit MblllL, NPUBOLALLEN K NeTasb-
HOMY mcxofy. Boicokme KoHueHTpaumm 25X ceblwe 5—30 MKM MoryT CHUMKaTb BbI*KMBAEMOCTb M MHOYLMPOBATb anonTo3
[BUraTeNibHbIX HeMpoHOB. OHaKo HU3KKMe KoHLeHTpauun 1 MKM 1 MeHee MMEIT NPOTUBOMNONOMHKHbIE IPPEKTHI, yBEANUM-
BaA BbI*KMBAEMOCTb HEMPOHOB.
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OTmeueHa BakHaA ponb nunuAHbix pagTos B natoreHese bAC. Hanpumep, npu BAC cHmkaeTca ypoBeHb KaBeonuHa-1,
YTO NPMBOAMT K HapYLLEHWI0 MNUAHBIX PagToB, TEM CaMbIM CMOCOBCTBYA NporpeccMpoBaHuio 3aboneBaHusA. K ToMy ke
y Mbilwei ¢ Mogenbio BAC SOD157 Ha panHen ctaguu 3a6oneBaHns HaMu 0BHapYMeHbl U3MEHEHWs CBOICTB MeMbpaH,
a MMeHHO [1ecTabunmsauma nNUaHbIX padToB 1 YNOPALOYEHHOCTU NIUNUAHOTO BUCOA, YBEIMYEHUE TEKYYeCTU MEMOPaHbI
[2]. OgHUM U3 NPERNONOHKUTENBHBIX MPUYUHHBIX GAKTOPOB [AAHHOTO ABEHUA MOMKET ObITb YBEIMYEHME LiepaMma B MbiLL-
Liax, KOTOpbIA NpUBOAUT K AecTabunmsaumm padTos, HanpuMep, Npu ABUraTesbHOM pasrpyske [3-5]. [encrutensHo, no-
BbILUEHHbIM YPOBEHb LiepaMuaa Hamu bbin 0bHapyKeH 1 B MeMbpaHe Mbillei ¢ Mogenbto BAC Ha paHHei ctaguu. Mpu BAC
BbIAB/IEHO MOBLILLEHME YPOBHA BHEKNETOYHOrO XONIMHA, BEPOATHO, U3-3a YBENMYEHWUA HEKBAHTOBOW CEKpeLMU Hewpo-
MeJmaTopa, YT0 MOMKET BO3HMKaTb BCMEACTBUE HapYLUeHUA NUNuAHbIX padToB. CTOMT OTMETUTb, YTO Heperynmpyemoe
yBenuyeHue auetunxonvia npu bAC cnocobeTByeT aBUraTenbHOM AMCOYHKLMM U MPOABNEHUI0 NPU3HAKOB BO3PACTHbIX
MOP(ONOrMYECKMX U3MEHEHUIA B HEPBHO-MBILLIEYHOM COEAMHEHWUM, HANPUMEP, HAPYLLIEHWIO KNAcTepPU3aLMM HUKOTMHOBBIX
aLeTUNXO/IMHOBBIX PELIENTOPOB B MOCTCMHANTMYECKOM MeMbpaHe. B fononHeHwe, HapylieHve nunuaHbix pagtos npu BAC
6bIN0 CONPAMKEHO C YBEIMYEHWEM YPOBHA r'MAPONEPEKMUceN B roOMoreHarax Mol ¢ Mogenbio BAC 1 nepeKkMcHOro oKwc-
NeHnA MNUEOoB. Vicxoas M3 BbiLLenepeyncIeHHOro, MOXHO 3aKMiounTb, YTo npy BAC HapywwaloTcs cBoMCTBa MeMOPaHBbI.
[anee HaMu 6bIN10 06HapyHeHo, 4To 25X MOXKeT NPenATCTBOBaTb 3TUM PaHHUM U3MEHEHMAM CBOWCTB MeMbpaHbl npu BAC,
WHOYLMpYA cTabunmsaumio NMNUAHBIX PadToB B HEPBHO-MBILLEYHBIX CMHAMNCaX Y Mbilei ¢ Mogenbio BAC Ha paHHen cTa-
avn. bonee Toro, 251X npenATCTBOBaN HaKOMIEHUIO LiepaMma B HEPBHO-MbILLEYHOM CUHANCe. TakKe HaMu bbina oTMe-
yeHa cnocobHocTb 25X NOAABNATL TaKMe CUHANTUYECKUE U3MEHEHWA B HEPBHO-MbILLEYHOM cuHance npu BAC, Kak yBe-
JINYEHVE NEPEKMUCHOM0 OKMUCIEHWA NIMNMAOB, YPOBHA BHEKNETOYHOMO XO/MHA U HapyLUEHWe KNacTepu3aLyum HUKOTUHOBBIX
aLEeTUNXO0NIMHOBBIX peLenTopos [2].

Takum obpasoM, 251X pa3HoHanpaBieHHO BUAET HAa HEPBHO-MBILLIEYHYI0 Mepefayy, YrHeTan peKpyTMpoBaHMe CUHANTU-
UECKUX BE3UKYN MPU HU3KMX KOHLEHTPALMAX U NOTEHUMPYA MOBMAM3aLmMIo BE3WKYN Npy Bonee BbICOKUX KOHLIEHTPaLMSX.
MoMuMo 3Toro, BhIABNEHO MonouTenbHoe BavAHne 251X npu BAC. B yactHocTi, 251X npenAaTcTBoBan NposBAEHUIO PaH-
HWX NPU3HAKOB HapYLLEHWUA CBOMCTB HEPBHO-MbILLIEYHOr0 cuHanca B Mogenu bAC. 25X cnocobeH BoccTaHaBNMBaTh Takne
CMHANTMYeCK1e aHOMaNMWM, KaK YBENMYEHME TEKYYECT MeMOpaHbl, HaKoMeHWe LiepaMnaa, CHUKEHUE YNOPAA0YEHHOCTH
MeMOpaHbl 1 NepekncHoe oKMcneHre nMNUAoB. K ToMy e npu BAC 251X cHUMaeT NoBbILIEHHBIN YPOBEHb BHEKNETOHHOMO
XOJIMHa, KOTOPbI MOXKET CNocobCTBOBaTL PparMeHTaLMM HEPBHO-MbILLIEYHbIX CUHANCOB.

KnioyeBbie cioBa: cuHanTuuecKas nepefaya; 25-rmapoKCUX0NecTepuH; CKeNleTHaA MbILLLA; CUHANTUYeCKas Be3NKYNa;
nMNUaHbIe padTbl; HelipoMeauaTop.
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Oxysterol-dependent pathway of regulation of synaptic
transmission in the neuromuscular junction of mice
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ABSTRACT

Cholesterol plays a crucial role in maintaining the stiffness, flexibility, and porosity of the bilipid layer. Moreover, cholesterol
has a strong attraction to several membrane proteins, allowing it to modify their function, thereby influencing intracellular
processes. Through enzymatic and oxidative reactions, cholesterol produces different types of oxysterols. One of the
oxysterols synthesized is 25-hydroxycholesterol (25HC), formed with participation from the cholesterol-25-hydroxylase
enzyme predominantly in macrophages, dendritic cells, and microglia.

25HC effectively regulates cholesterol homeostasis within individual cells, ensuring that cholesterol concentration remains
at or below nanomolar levels. However, similar to the paracrine agent 25HC, macrophages and microglia produce it at
significantly higher concentrations during inflammatory reactions.

Extensive research has focused on the role of 25HC in immune response during inflammation. 25HC appears to exert
a variety of effects on the immune response. It promotes the secretion of inflammatory cytokines and chemokines such as
IL-1 beta, IL-6, IL-8, CCL5, and macrophage colony-stimulating factor, and inhibits inflammation by blocking inflammasome
activity. Increased production of 25HC via Toll-like receptor 4 activation reduces B-cell proliferation. 25HC has the ability to
prevent viral penetration by integrating into the membrane and modifying its properties.

Macrophages play a significant role in both adaptive and innate immunity and are found in large numbers in skeletal muscle,
suggesting the possible functional importance of 25HC in the interaction between the immune system and skeletal muscles.
We discovered a concentration-dependent effect of 25HC on the neuromuscular synapse of mice: high concentrations
(1-10 pM) enhance, while low concentrations (0.01-0.1 uM) inhibit the process of neuromuscular transmission [1].

25HC is a ligand for LX-receptors, which we observed to be expressed in the synaptic region of motor neuron axons.
The high concentration of 25HC modulates synaptic transmission through an LX-receptor-dependent pathway. Furthermore,
25HC activates LX-receptors that are likely associated with estrogen receptors a, leading to the activation of the Gi-protein/
By-dimer of G-protein/phospholipase C/Ca?* protein kinase C signaling pathway. The potentiating effect of 25HC, which
activates the LX-receptor/estrogen receptor a complex, depends on lipid rafts. This is because both receptors are localized
in lipid microdomains, and the destruction of lipid rafts precludes the stimulating effects of 25HC. In addition, the study
identified the contribution of reactive oxygen species (ROS) in the 25HC-dependent enhancement of synaptic transmission.
Indeed, treatment with 25HC (1 pM) leads to an elevation in both ROS production in the synaptic region and hydrogen
peroxide concentration in the extracellular environment. This phenomenon is dependent on an increase in intracellular
calcium ions concentration. It is noteworthy that ROS, in this instance, act as signaling molecules since the level of lipid
peroxidation is not impacted by 25HC.

Expression of 25HC increases in various neurodegenerative conditions. The concentration of 25HC escalates in amyotrophic
lateral sclerosis, marked by progressive muscle atrophy resulting in death. High concentrations of 25HC above 5-30 yM
can reduce the survival rate and trigger apoptosis of motor neurons. Nonetheless, low concentrations, 1 uM or lower, have
the opposite effect, boosting the neurons’ survival rate.

The pivotal role of lipid rafts in ALS pathogenesis is evident. For instance, a decrement in caveolin-1 level in ALS brings
about lipid raft disruption, thus accelerating disease progression. Moreover, in SOD1G93A ALS model mice during
the pre-onset phase, alterations in membrane properties were observed, including lipid raft destabilization, lipid bilayer
ordering, and heightened membrane fluidity [2]. One possible causal factor for this phenomenon could be muscle ceramide
increase, which causes raft destabilization during motor unloading [3-5]. In fact, we observed elevated ceramide levels in
the membrane of ALS model mice during the pre-onset stage. An increase in extracellular choline levels was detected in
ALS, likely the result of heightened non-quantum secretion of the neurotransmitter, potentially due to lipid rafts disruption.
Unregulated elevation of acetylcholine in ALS is a significant contributor to motor dysfunction and age-related morphological
changes in the neuromuscular junction. An example of such changes would be the disruption of clustering of nicotine
acetylcholine receptors in the postsynaptic membrane. Furthermore, disruption of lipid rafts in amyotrophic lateral sclerosis
(ALS) was associated with elevated levels of hydroperoxides in muscle homogenates and lipid peroxidation in ALS model
mice. Consequently, it can be inferred that the membrane properties are altered in ALS.
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Furthermore, it was observed that 25HC can prevent the initial alterations of membrane properties by promoting
the stabilization of lipid rafts in neuromuscular synapses in pre-onset ALS mouse models. Additionally, 25HC averted
the accumulation of ceramide in the neuromuscular synapse. We observed that 25HC can inhibit synaptic alterations at
the neuromuscular synapse in ALS. These alterations include elevated lipid peroxidation, increased extracellular choline
levels, and disrupted clustering of nicotinic acetylcholine receptors [2].

Thus, 25HC has a multidirectional impact on neuromuscular transmission, hindering the recruitment of synaptic vesicles
at low concentrations and enhancing the mobilization of vesicles at higher concentrations. Furthermore, 25HC exhibited
a favorable impact on ALS, as it prevented the early manifestation of differences in the properties of the neuromuscular
synapse in the ALS model. 25HC has the ability to relieve synaptic anomalies including increased membrane fluidity,
ceramide accumulation, decreased membrane ordering, and lipid peroxidation. Furthermore, it decreases the heightened
level of extracellular choline, which could potentially lead to neuromuscular synapse fragmentation in ALS.

Keywords: synaptic transmission; 25-hydroxycholesterol; skeletal muscle; vesicle; lipid rafts; neurotransmitter.

To cite this article:
Zakyrjanova GF, Tsentsevitsky AN, Giniatullin AR, Kuznetsova EA, Petrov AM. Oxysterol-dependent pathway of regulation of synaptic transmission in
the neuromuscular junction of mice. Genes & Cells. 2023;18(4):589-592. DOI: https://doi.org/10.17816/gc623320

ADDITIONAL INFORMATION

Funding sources. The study was supported by the Russian Science Foundation, grant No. 21-14-00044.

REFERENCES

1. Zakyrjanova GF, Tsentsevitsky AN, Kuznetsova EA, Petrov AM. Immune-related oxysterol modulates neuromuscular trans-
mission via non-genomic liver X receptor-dependent mechanism. Free Radical Biology and Medicine. 2021;174:121-134.
doi: 10.1016/j.freeradbiomed.2021.08.013

2. Zakyrjanova GF, Giniatullin AR, Mukhutdinova KA, et al. Early differences in membrane properties at the neuromuscular junctions of ALS
model mice: Effects of 25-hydroxycholesterol. Life Sciences. 2021;273:119300. doi: 10.1016/j.fs.2021.119300

3. Petrov AM, Kravtsova VV, Matchkov VV, et al. Membrane lipid rafts are disturbed in the response of rat skeletal muscle to short-term
disuse. American Journal of Physiology-Cell Physiology. 2017;312(5):C627-C637. doi: 10.1152/ajpcell.00365.2016

4. Petrov AM, Shalagina MN, Protopopav VA, et al. Changes in Membrane Ceramide Pools in Rat Soleus Muscle in Response to Short-Term
Disuse. International Journal of Molecular Sciences. 2019;20(19):4860. doi: 10.3390/ijms20194860

5. Bryndina IG, Shalagina MN, Sekunov AV. Clomipramine counter-acts lipid raft disturbance due to short-term muscle disuse. Neurosci-
ence Letters. 2018;664:1-6. doi: 10.1016/j.neulet.2017.11.009

AUTHORS’ CONTACT INFO

* G.F. Zakyrjanova; address: 2/31 Lobachevsky street, 420111 Kazan, Russian Federation; e-mail: gffysiology@gmail.com

&
ECO®VECTOR Article can be used under the CC BY-NC-ND 40 International License
© Eco-Vector, 2023

592


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.17816/gc623320
https://doi.org/10.1016/j.freeradbiomed.2021.08.013
https://doi.org/10.1016/j.lfs.2021.119300
https://doi.org/10.1152/ajpcell.00365.2016
https://doi.org/10.3390/ijms20194860
https://doi.org/10.1016/j.neulet.2017.11.009
mailto:gffysiology@gmail.com

