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AHHOTALMA

MepucvHanTyeckme oTpocTkM actpoumtoB (PAP), yyacTByA B paboTe TPEXYACTHOMO CMHAMCa, OTBEYAIOT Ha ero aKTUBALMIO
fIOKanbHO AenonApm3aumen ¢ BbIcBO6OMaeHMEM MOHOB Ca?* M3 BHYTPUKMETOUHBIX [eM0 B Y3/ax BETBNEHWUA OTPOCTKOB
W NPOABNAIOT JIOKasbHbIE MM FeHepann30BaHHble KanbLmeBble cobbiTuA [1, 2]. PesynbTaTbl 3TUX 3N1EKTPOPU3NONOrNHECKUX
N UIMUIKMHTOBLIX 3KCMEPUMEHTOB NPearnonaraioT Hanudmue B nepuepuyeckux 0TpoCTKax acTpoLMTOB aerno noHos Ca?*.
OpHako no pe3ynbTaTtaM MepBbiX 3IEKTPOHHO-MUKPOCKOMMUYECKUX UCCeR0BaHMIA CHOPMUPOBANOCH YCTOMUMBOE MHEHME,
YTO TEPMUHaJbHbIE OTPOCTKM acTpoumToB (TAP), KOHTaKTMpYIOLLME C CMHANCOM W NeMallie B HenocpeCcTBEHHOM 61n30cTu
K MHTEPdEMCY «aKCOH—LUMMMKY, SIMLLIEHbI KaKUX-NBO opraHens, BKAloYas 0CHOBHOE Aeno noHos Ca?* acTpoumutoB — uu-
CTEepHbI MaJKoro sHAona3mMaTuyeckoro petukynyma (SER) [3]. Mo aTow e npuumHe cyLlecTByeT cepbe3HbI CKENTULMU3M
W B OTHOLLeHMM Ca?*-3aBMCMOr0 BLICBOGOMKOEHNA MIMOTPAHCMUTTEPOB in Vivo. 06HapyeHune 1 aHanus unctepH sER pen-
CTBUTENBHO MOTYT ObITb OrpaHWYeHbl UX CNabbiM 3MEKTPOHHBIM KOHTPAcTOM, UCCNeA0BaHNEM acTPOLMTapHbIX OTPOCTKOB
Ha OQMHOYHBIX Cpe3ax M HeAOCTaTO4HbIM OMTUYECKUM Pa3peLLeHUEM UCTIONb3yeMbIX NPUOOPOB.

B nmaHHoM paboTe C MCMoONb30BaHMEM MPOCBEYMBAIOLLEN 3NEKTPOHHOM MUKPOCKOMMM M 3D-pPeKOHCTPYKUMM Ha cepui-
HbIX Cpe3ax Mbl NPOBENW MepBbil JeTanbHbid aHanu3 TAP B cuHancax runnokamna v Kopbl Mo3ra Mbilu. [puMeHeHne
anbTepHaTMBHbIX METOLOB (MKCALMM TKaHW MO3ra U KOHTPacTMPOBaHWA YNbTPATOHKMX CPe30B [4, 5] no3Bonuno ycunutb
KOHTPAcT 3neMeHTapHbIX MeMbpaH, BKilo4as MeMbpaHbl uucTepH SER HelpoHoB M acTpoumToB. OfHako AaHHbLIM noaxon
YCUNIMBAN U KOHTPACT rpaHyf FMKOreHa, MacKMpYIOLMX CXOAHbIe C FpaHynaMm FKKoreHa ceyeHma unctepH seR. [na ge-
MaCKMPOBaHWA LmMcTepH SER B 0TPOCTKax acTpoLMTOB Mbl BOCMO/b30BaNUCh BbICTPOM pa3bopKoM rMKOreHa B pesysbTate
HeaHecTeTUYecKon 3BTaHa3uu. OcBoboXKeHWe OT rpaHyn rMMKoreHa npodunert acTpoLMUTOB NO3BOJIMO OTYETIIMBO Ha-
6nioaaTh NpoTAKEHHbIE LMCTepHbl SER, cxoaHble no anameTpam (30—60 HM) 1 INEKTPOHHOMY KOHTPACTY ¢ uucTepHamu SER
LEeHOPUTOB HEMPOHOB M €ro NMPOM3BOAHOMY B [EHAPUTHBIX LUMMMKAX — LUMMMKOBOMY annapary. Hapamy ¢ npoTAKEHHbIMM
umcrepHamu SER umtonnasma PAP copeprkana cedeHUA KOHTPaCTHbIX CTpyKTyp AnametpoM 10-30 HM, KoTopble Ha ManbIx
YBENIMYEHUSAX, C GUHANbHBIM paspeLleHneM n3obparenuns 1,7 HM/NUKcenb, Mo MOpdONOrMM 1 pa3MepaM He OTIMYANUCH
OT rpaHyn rvKoreHa. AHanus Ha 6oMblKX YBENMYEHMAX, ¢ pabounm paspelleHnem 0,67-0,34 HM/NuKcenb M3obpareHuns,
uto B 1015 pa3 npeBbilaeT cTaHJapPTHOE pa3peLLeHne CKAaHUPYIOLLEW 3NIEKTPOHHOM MUKPOCKOMUM, NO3BOWI YETKO MIEH-
TMGULMPOBATL TakWe 06BEKTHI, KaK OpraHeibl, UMeloLLe MeMBpaHHY NpUpoay.

AHanu3 cepuiiHbIx Cpe30B NOKa3bIBaET, UTO AaHHble CTPYKTYpbl B PAP cocTaBnAloT aBa nyna opraHenni: KOpoTKue, AfIMHON
~130-170 HM, «HUTEBUAHBbIE» LmMcTepHbI SER ¢ anametpom 10-30 HM 1 MyKpoBe3umKynbl. Mpu aToM ecnn PAP ¢ mopdono-
r1e TOHKMX BETOUEK COAEpHaT ABa TUna uucTepH SER (KopoTkMe «HWUTEBUOHBIE» W NMPOTAXKEHHbIE PacLUMpEeHHbIe LucTep-
Hbl) U MUKPOBE3MKYIbI, TO MeMbpaHHble opraHenibl B TAP npefcTaBneHbl IULb KOPOTKUMU dparMeHTaMM «HUTEBUIOHbIX»
umctepH SER 1 MuKpoBesuKynamm, rpynmbl KOTOPbIX UMEIOT TeHOEHLMI0 pacnonaratbCA B HEMOCPEeACTBEHHON 6nm3ocTu
OT aKTUBHbIX 30H HanMbosee aKTUBHBIX CMHANCOB. Takoe HECTOXacTUYeCKoe pacrnpefeneHue umctepH SER M Mukposesu-
Kyn npegnonaraeT CyLLeCTBOBaHWe MeXaHW3Ma aKTMBHOIO HanpaBeHHOro TpaHCMopTa MeMBpaHHbIX OpraHens B CUIbHO
ynnowéxHbIx namennax TAP. ConoctaBneHune ¢ nuTepaTypHbIMU JaHHBIMU MMMYHO3SIEKTPOHHON MUKPOCKOMKUMW 0 pacnono-
eHun B PAP crieumduueckoro Mapkepa SER, Ca?*-ceasbiBaloliero 6eika KanbpeTuKynnHa, No3BoseT cymnTaTb Hablio-
AaeMble HaMK TOHKMe LyMcTepHbl SER Kak ynbTpacTpyKTypHOM OCHOBOW M MepPBMYHBIM 3BEHOM B Pa3BUTWM CTMOHTaHHbIX
N WHAYUMpoBaHHbIX CaZ*-cobbituit B TAP, Tak 1 Heo6XoanMbIM ycioBueM ania Ca?*-3aBMCMMOrO BE3WKYNIAPHOrO BbICBO-
60 OEHWA FMOTPAHCMUTTEPOB BONM3M aKTUBHBIX CUHAMCOB.

HecMoTpAa Ha ycTosBlLEecA MHeHWe 06 oTcyTcTBUM opraHenn B TAP, nonyyeHHble AaHHble MpeanofaraioT CyLiecTBoBaHWe
AVHaMWYeCKOoW perynaumMm cocTasa 1 uncna opraHenn B namennax PAP B 3aBUCMMOCTM OT aKTMBHOCTM CUHAMCa W OTKPbIBAKOT
HOBbIe MEPCMEKTMBLI B MCCNE0BaHUAX HEMPOH-TIMaNbHOro B3auMOLENCTBUA U MOHUMaHUM QYHKLMOHANBHOM Poan acTpo-
LMTapHOr0 MUKPOOKPYKEHWA B MAACTUYHOCTM TPEXYACTHOMO CMHAMCa ¥ pa3BMTUM NaTOMOrMYECKMX NPOLLECCOB B MO3re.
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An electronic key to the mysteries of astrocytes
V.V. Rogachevsky*, E.A. Shishkova

Institute of Cell Biophysics of the Russian Academy of Sciences, Federal research Center “Pushchino Scientific Center for Biological Research
of the Russian Academy of Sciences”, Pushchino, Russian Federation

ABSTRACT

Perisynaptic astrocytic processes (PAP) involved in the tripartite synapse respond to local depolarization activation with
calcium release from intracellular stores inside astrocytic process nodes, resulting in local and generalized calcium
events [1, 2]. Electrophysiology and imaging experiments demonstrate the existence of Ca?* stores in astrocytic peripheral
processes. However, the initial electron microscopic studies suggested that terminal astrocytic processes (TAP), in contact
with synapse and located near the axon-spine interface, lack organelles, including the main astrocytic Ca?* store —
the cisternae of the smooth endoplasmic reticulum (sER) [3]. The Ca?*-dependent release of gliotransmitters in vivo is
highly doubtful. This is due to several factors. These include the weak electron contrast of SER cisternae which restricts
their detection and analysis, the examination of astrocytic processes on single sections, and the limited optical resolution
of the equipment used.

Here, we conducted the first comprehensive analysis of TAP in murine hippocampal and cortical synapses, using serial
section transmission electron microscopy and 3D reconstructions. The use of alternative approaches to brain tissue fixation
and ultrathin staining allowed to increase the contrast of subunit membranes, such as those in sER cisternae of neurons
and astrocytes [4, 5]. However, this technique increased the contrast of individual glycogen granules, which obscured cross-
sections of sER cisternae due to their similarity in appearance to glycogen granules. To overcome this, we used the rapid
disassembly of glycogen during non-anesthetic euthanasia to reveal sER cisternae in astrocyte processes. The removal
of glycogen granules from astrocyte sections allowed the clear observation of the long SER cisternae. These cisternae
have a diameter ranging from 30 to 60 nm and exhibit similar electron contrast to that of SER cisternae found in neuronal
dendrites, including their specialized form in dendritic spines (spine apparatus). In addition to the extended sER cisternae,
the PAP cytoplasm contains cross-sections of contrast structures that measure between 10 and 30 nm in diameter. When
observed at low magnification, with a final image resolution of 1.7 nm per pixel, these structures appear morphologically
and dimensionally indistinguishable from glycogen granules. Analysis at higher magnifications, with a working image
resolution of 0.67-0.34 nm/pixel — ten to fifteen times higher than standard scanning electron microscopy resolution —
enabled clear identification of membrane-bound organelles.

Serial sections analysis reveals that PAP structures contain two distinct pools of organelles: short (~130—-170 nm) “filiform”
cisternae of sER with a diameter of 10-30 nm and microvesicles. Additionally, if PAPs with branchlet morphology feature two
types of sER cisternae (short “filiform” and extended dilated cisternae) and microvesicles, then TAP membrane organelles
are represented only by fragments of short “filiform” sER cisternae and microvesicles. Groups of these slender cisternae
and small vesicles are commonly found in close proximity to the active zones of the most active synapses. The non-
random distribution of sER cisternae and microvesicles indicates the presence of an active mechanism for directed transport
of membrane organelles within highly flattened TAP lamellae. We analyzed our results alongside existing immunoelectron
microscopy data from the literature that examines the location of the Ca?*-binding protein calreticulin, a specific SER marker,
in PAP. The observed thin sER cisternae serve as an ultrastructural foundation and primary contributor to the development
of spontaneous and induced Ca** events in the PAPs, as well as a requirement for Ca?*-dependent vesicular release
of gliotransmitters located near active synapses.

Despite the well-established belief that organelles are absent in TAP, the data suggest a dynamic regulation of organelle
composition and number within PAP lamellae, dependent on synapse activity. These findings open new avenues for
investigating neuron-glia interaction and the functional role of astrocytic microenvironments in tripartite synapse plasticity
and pathological processes in the brain.

Keywords: perisynaptic astrocytic processes; terminal astrocytic processes; smooth endoplasmic reticulum; glycogen;
transmission electron microscopy; scanning electron microscopy; 3D reconstruction.
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