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AHHOTauus (pycckas)

IleTyune aHecTeTUKkM — xNopoopM, AUSTUNOBLIN APUpP, KCEHOH — 0BpaTUMO NoAaBnsT
pasgpaxvMoCcTb pacTeHMn C TeM Xe [0303aBUCUMbIM Mpodunem, 4YTO U CO3HaHWEe
XMBOTHbIX. OTOT (PeHOMeH, AeTarnbHO 3aJ0KyMeHTUpOBaHHbIM [Dkaragvwem YaHapon
Bowe (1913-1926) n He3aBMCUMO BOCMPOM3BEAEHHBLIN B PELEH3NPYEMbIX >KypHanax
cnycta 92 roga [Yokawa et al., 2018], NUWEH MEXaHNCTUYECKOrO OO BbSICHEHNS: Y paCcTEHUN
HeT HM HEMPOHOB, HN CUHAMNCOB — KITAaCCUYECKNX MULLEHEN NETYYNX aHeCTETUKOB.

HacTtoswas paboTta npegnaraet obbsAcHeHne — runote3dy Bouwe-lleHpoy3a: netydyve
aHecTeTMKM NOoAaBNAT PasgpaXMMOCTb pPacTEeHU 4Yepe3 TOT Ke MOSeKynspHbIN
MEXaHuU3M, 4YTO W CO3HaHWE >XMBOTHbIX, — 4epe3 CBsA3biBaHWE C rMapodobHbIMU
KapMaHamyn TyOynuHa W HapylleHWe KBaHTOBbIX Cynepnosvumi KOHMOPMaLMOHHbIX
COCTOSIHMI Benka COormacHo TeopUn OpKecTpoBaHHOW ob6bekTnBHOM peaykumm (Orch OR;
MeHpoy3 n Xammepod, 1996). N'mnoTesa onupaeTcst Ha TPU He3aBNCUMbIE JOKa3aTelbHbIE
nmHun.  lNepBasi: MexaHM3M [OEWCTBMS  aHeCTeTUKOB chneumdpmyeH Kk  6enkoBbiM
rmapodobHbLIM KapMaHaMm, a He K nunuaHbiM MembpaHam — Heummobunamnsepsl,
CTepeon3oMepbl U IKCMEPUMEHTLI C OYULLIEHHOW Moundepason 0gHO3HAYHO YKasbiBalOT
Ha GenkoByto muweHb [Franks & Lieb, 1982; 1994; Koblin et al., 1994]. Btopas:
rmapoobHble  KapMaHbl TyOynuHa SBOMIOLUMOHHO KOHCEpPBATMBHbI U CTPYKTYPHO
WMAEHTUYHbI Y pacTeHUA N XUBOTHbIX, YTO [OKa3blBAaeTCA OOMHAKOBOW 3(PAEKTUBHOCTLIO
KONXxuumHa, Takcona u Hokogasona B oboux TakcoHax [Morejohn, 1991]. TpeTbsa: netyune
aHeCTETUKM WU3MEHAT KonnekTueHble Tl u-konebaHus TyOynvHa nponopuMoHanbHO
KnuHunyeckon wmowHoctn [Craddock et al.,, 2017], a crabunusaTop MUKpPOTpPyOOYeK
anoTunoH B 3agepxnBaeT notepto co3HaHus Yy Kpbic [Pal et al., 2024].



MpyHUMManbHO, 4TO  pacTuTenbHag  knetka  nuweHa  [TAMK-A-peuenTopos,
NMDA-peLenTopoB, ONMONAHbLIX PeLenTopoB U UHbIX HEMPOHHbLIX MULLIEHEN aHeCcTeTUKa —
310 penaeTr TyOynuH akTUYeCKn eOMHCTBEHHbIM MOJSEKYNSAPHbIM — KaHAUAATOM U
npespallaeT pacteHne B 0Oonee YMCTY0O MOAENbHYI CUCTEMY ANnd TeCTUPOBaHWUSA
Ty6ynMHOBOro MexaHu3ama, YeM HEMPOHHas TKaHb.

[ononHuTenbHO nokasaHo, YTo NATb peHomeHoB bole obpasyloT nepapxuio 4eTbIpEex
YPOBHEN NaMATU — OT YNbTpakpaTKOBPEMEHHOW UHTErpauumn CTUMynoB (MUANNCEKYHADI,
cyMmmauus) Yepes KpaTKOBPEMEHHYIO MaMATb COCTOSHMA (NpaBuno AByX KacaHun Venus
flytrap, ~30 C) u perynaTopHyo namsite BO30YAUMMOCTM (YCTanocTb, MUHYTbl—4acbl) OO0
pornroBpemMeHHon namatn (rabutyaums, 28 gHen [Gagliano et al., 2014]). MNpaBuno gByx
kacaHun Venus flytrap dopmanmsyeTca kak 3agada pacnpedenéHHoro KoHceHcyca 6es
LEeHTpanbHOro ysna — npOCTPaHCTBEHHas cymmauuna 6e3 HelpoHHOM combl. CybcTpaT
Ka)X4oro ypoBHSA NaMsaTN He YCTaHOBIEH; CNMHOBbIE cocTosiHuS TybynuHa (CISS-adpdekT)
paccmMaTpuBalOTCs Kak OTKpblTas ruvnoresa O edMHOM HocuTene WHgopmauuu Bcewn
nepapxuu.

'MnoTtesa dopMmynupyeT LWeCTb MpPOBeEpAeMbIX MpeackasaHui, OXBaTbiBaOLLMX
MOMEKYNSAPHbIN, Bnodumsnyecknii, NOBEAEHYECKUA M ONTUYECKUA YPOBHM aHanusa, —
Kaxgoe hanbcuduunpyemo Hesasmcumo. Ecnm runotesa BepHa, HEWPOH SABMASIETCHA He
YHUKanbHbIM ~ cybCTpatOM  KBAHTOBbIX  BbIMMCMEHMW, a €ro  3BOJSIOLMOHHON
cneumanusauuen; rpaHuua Co3HaHWA B MpUpode — KOMWYeCTBEHHasi, a He
OHTOMOrnyeckas.

Abstract (aHrnunckunn)

Volatile anesthetics reversibly suppress plant irritability — action potentials, habituation,
and stimulus summation — with the same dose-dependent profile as in animal nervous
tissue. This observation, documented by Jagadish Chandra Bose (1913-1926) and
independently confirmed in peer-reviewed journals [Yokawa et al., 2018], lacks a
mechanistic explanation: plants possess neither neurons nor synapses, the classical
targets of anesthetic action.

We propose the Bose—Penrose hypothesis: volatile anesthetics suppress plant irritability
through the same molecular mechanism as animal anesthesia — binding to hydrophobic
pockets within tubulin, disrupting quantum superpositions of tubulin conformational states
as proposed by Orchestrated Objective Reduction (Orch OR; Penrose & Hameroff, 1996).
Three independent lines of evidence support this claim. First, plant tubulin shares ~75%
sequence homology with animal tubulin, and hydrophobic pocket geometry is evolutionarily
conserved, as demonstrated by identical efficacy of colchicine, taxol, and nocodazole



across plant and animal microtubules [Morejohn, 1991]. Second, the molecular mechanism
of anesthetic action is specific to protein hydrophobic pockets, not lipid membranes:
non-immobilizer compounds with high lipophilicity lack anesthetic activity; stereocisomers
differ in potency; purified luciferase is inhibited by volatile anesthetics in the complete
absence of membranes [Franks & Lieb, 1982; 1994; Koblin et al., 1994]. Third, volatile
anesthetics alter collective THz oscillations of tubulin proportionally to clinical potency
[Craddock et al.,, 2017], and the microtubule stabilizer epothilone B delays
anesthetic-induced unconsciousness in rats [Pal et al., 2024].

Furthermore, Bose's five phenomena constitute a four-level memory hierarchy spanning
milliseconds to weeks — temporal summation (ms), Venus flytrap two-touch rule (~30 s),
fatigue (min—h), and habituation (28 days [Gagliano et al., 2014]) — implemented entirely
without neurons. The Venus flytrap two-touch rule is analyzed as a distributed
quorum-detection problem: spatial summation across physically separated trigger hairs
without a central integrating node. These observations make plants a uniquely clean model
for studying the physical substrate of biological memory, precisely because the absence of
neurons eliminates competing mechanisms.

Critically, plant cells offer a methodological advantage unavailable in neurons: they lack
GABA-A receptors, NMDA receptors, opioid receptors, and other classical neuronal
anesthetic targets. Tubulin is thus virtually the exclusive molecular candidate for anesthetic
action in plant cells — making plants a cleaner model system for testing the tubulin
mechanism than neurons themselves.

The hypothesis implies that neurons are not the unique substrate of quantum computation,
but an evolutionary specialization of a mechanism universal to all eukaryotes. We
formulate six testable predictions spanning molecular, biophysical, behavioral, and optical
levels of analysis: (1) affinity of volatile anesthetics for plant tubulin predicts potency of
irritability suppression; (2) Arabidopsis thaliana CRISPR mutants with modified
hydrophobic pockets show altered anesthetic sensitivity; (3) plant microtubules exhibit a
scale-invariant resonance hierarchy analogous to that described for neural microtubules;
(4) microtubule-disrupting agents impair habituation in Mimosa pudica; (5) terpenoid
microtubule stabilizers enhance, rather than suppress, plant irritability; (6) volatile
anesthetics alter birefringence of microtubule networks in living plant cells, detectable by
polarization microscopy without fluorescent labeling. None of these experiments have been
performed. Their results — in either direction — will advance understanding of the
molecular basis of eukaryotic irritability and may reframe the question of where, in the
continuous spectrum of living matter, quantum computation begins.
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1. BBegeHune

JleTyune aHecTeTkM — xnopodopMm, AN3TUMNOBLIN 3hUpP, KCEHOH — 0BpPaTUMO NOAABASOT
pas3gpaXmMMocTb pacTeHuin. OTo HabnwgeHve, [eTanbHO  3a40KYMEHTMPOBaHHOE
xaraguwem Yangpon bowe B cepum pabot 1913—-1926 rogoe [Bose, 1913; 1926],
ocTaétca 6e3 MexaHUCTMYEecKoro oObACHeHMs No cen AeHb. [lapagokc cocTouT B
crneaylowem: TpaguuMOHHO MULLEHW NETYYMX aHeCTETMKOB UCKanM B HEPBHOW TKaHW —
MOHHBIX KaHanax, CMHanTU4Yecknx peuentopax, HEMPOHHbIX MeMmbpaHax. Y pacTeHun HeT
HW HEWPOHOB, HW CUHAMNCOB. TeM He MeHee xnopodopM ob6paTUMO nogaenseT
noTeHumnanbl 4eNCTBNA, rabutyaumio 1 CyMmMaL Mo CTUMYIIOB B pacTUTESbHbBIX TKAHAX — C
TEM Xe [0303aBUCUMbIM NPOoUNeM, YTO U B HEPBHOW TKaHW XMBOTHbIX [Bose, 1926].
Mocne yaaneHus aHecTeTuKa BCe peakuun BOCCTaHaBMBAKOTCS.

Kritou K aToMy napafiokcy NexuT B UCTOpUMM camon aHecTeauornorum. B 1899-1901 rogax
Meviep n OBepTOH He3aBMCMMO YCTAHOBMMW, YTO cCuNna neTydero aHecTeTuka
nponopunoHanbHa  ero  >XMpPopacTBOPUMOCTM  (KO3huMUMeHTy  pacnpegeneHuns
mMacno/soga) — 1 3TO COOTHOLLUEHMWE BbIMOSHAETCH Yepes WeCTb NOPSAKOB BENMUYNHBI AN
XUMUYeckn Hecxoxux mornekyn [Meyer, 1899; Overton, 1901]. Ha npoTsKeHUn no4vtu
CTONEeTUs aTa Koppenauusa o6bACHANAChk «pas3XmKeHneM» NUMUAHOrO BMCNOS KNETOYHbIX
meMbpaH. OgHako pag 9KCNepMMEHTOB ONPOBEPT NMNUOHYIO TEOPUIO: HemmMobunansepsbl
— MONeKynbl C BbICOKON XWPOPaACTBOPUMOCTbIO, HO JIMWEHHbIE aHEeCTETUYECKON
aktuHoctn [Koblin et al.,, 1994] — nokasanu, 4TO pacTBOPUMOCTM B MembOpaHe
HegocTaToyHo. CTepeom3omMepbl aHECTETUKOB Pas3fiMyarloTCs No akTMBHOCTU HECMOTPS Ha
NOEHTUYHYIO XMPOPacTBOPUMOCTb — YTO yKasblBaeT Ha XuUparbHYl0, TO eCTb BernkoByto
MULLeHb. Pellatowum goka3aTenbsCTBOM cTana AeMoHcTpaumsa ®paHkcom u Jinbom Toro,
YTO NEeTy4Yme aHeCTETMKN NHIMOMPYIOT OYULLIEHHYIO NoumMdepasy B OTCYTCTBME KakMxX-Nnbo
MembpaH [Franks & Lieb, 1982; 1994]: muweHbto sBnsieTcs 6enok.

KBaHTOBblEe 3hdhekTbl B TEMMOW, BMaXHOW Ouonornyeckon cpege bonee He SABMAAOTCA
TEOPETMYECKON IK3OTMKOWN: OHWN SKCMEPMMEHTANbHO NOATBEPXKAEHDI B (DOTOCUHTETUYECKNX
aHTeHHbIX komnriekcax [Fleming et al., 2007] n B marHutopeuenuun ntuy [Ritz et al., 2000].
Hactosawas pabota paccmaTpuBaeT MHOM MEXaHW3M — KBAHTOBbIE Cynepnosvuum B



rmapocobHbIX KapmaHax TybynMHa — C COOCTBEHHOW HE3aBMCUMOW [oKasaTeribHOW
6ason.

Xammepod npennoXunn KOHKPETHbIN Knacc OenKoBbIX MULLEHEN: TmapodObHbIE KapMaHbl
BHYTpU TyOynmMHa — OCHOBHOIO CTPYKTypHOro 6enka mukpotpybouek [Hameroff, 1998]. lNo
Teopun OpkecTpoBaHHOM ob6bekTnBHOM peaykuun (Orch OR), paspaboTaHHO COBMECTHO
¢ MNeHpoysom [Penrose & Hameroff, 1996; Hameroff & Penrose, 2014], nmMeHHO B 3TuUX
KapMaHax peanu3yloTCsl KBaHTOBble Cynepnosvumn KOHMOPMALMOHHBIX COCTOSIHWIA
TybynuHa. Wx konnanc B pesynbTate obbekTvBHOW peaykumm (OR) nexut B OCHOBe
CO3HaTeNnbHOro onbiTa. JleTyune aHecTeTuMkM, CBA3bIBAsICb C KapMaHamu 4epes
BaH-Aep-BaanbCOBbl B3aUMOLENCTBUSA, NOAABMASAIT KBaHTOBblE Cyneprno3vuuun mn Tem
CaMbiM «BbIKMIOYAKOT» CO3HaHME. JTa Mofefb NepenHTEPNPeTUpPyeT Koppensauuio
Menepa—OBepToOHa: OHa OTpaXkaeT He pPacTBOPUMOCTb B MeMOpaHax, a adpdUHHOCTb K
rmapocobHbIM kKapMaHam GenkoB, npexae Bcero TybynuHa. MNpambiM noaTBEpPXKAEHWEM
cnyxut paborta Kpasgmoka c coaBtopamu [Craddock et al., 2017], nokasaBwwasi, 4TO
netyyne  aHeCcTeTUKM  M3MEHSAT  KonnektMBHble  Tlu-konebaHua  TybynuHa
NPOMNOPLUMNOHANbHO UX KIMHUYECKOW MOLLHOCTK, 1 paboTa Nana ¢ coaBtopamu [Pal et al.,
2024], B koTopon cTabunusatop MUKpPOTpybouek anoTunoH B 3agepxvBan notepto
CO3HaHWS Yy KpbIC.

MuKpoTpybOUKM HE ABNAOTCS cneumndruyeckn HEMPOHHOW CTPYKTYpon. OHM NPUCYTCTBYIOT
BO BCEX 3YKapMOTUYECKMX KIeTKaxX U NOCTPOeHbI U3 Toro xe o/p-tybynuHa. PactutenbHbiv
TYOYnUH roMONOrMyeH XXMBOTHOMY NpnBNU3NTensHO Ha 75% Ha ypoBHE aMUHOKMUCIIOTHON
nocnegoBaTenbHOCTY; reomeTpus rmapoOBHbIX KapMaHoB 3BOMOLUMOHHO
KOHCepBaTMBHa, YTO NoATBEPXAAeTCs OAMHAKOBbIM OEeNCTBMEM KONXMLUMHA, Takcona u
HOKoa3os1a Ha MUKPOTPYBOUKM Kak pacTEHUN, TaK N XKUBOTHbIX.

M3 atoro cnegyeT BOMPOC, KOTOPOMY MOCBSILLEHA HacTodAwasi CTaTbda: ecnu netydue
aHecTeTMKM NoAaBNAT pPasgpakMMOCTb pacTeHUn 4Yepe3 TOT Ke MOSeKynspHbIN
MexaHu3m — CBsi3biBaHue ¢ rmapodobHbIMM KapMaHamu TyOynuHa, — 4To nogaBnsieTcs B
pacTuTenbHbIX KneTkax? Ecnu muweHb Ta xe, YTO Y XMBOTHbIX, IOMMYHO NPEeAnOnOXuUTb,
4YTO U nofaBnsembli NMPOLECC TOT Xe: KBaHTOBble BbIMMCIEHUS B MUKPOTpybBoukax no
mexaHunamy Orch OR.

Hactosawas pabota dopmynupyeT 3Ty runotedy — runotedy bowe-lleHpoysa — B
cTporown chopme, NpocnexmBaeT e€ AokasaTenbHyH Lenoyky oT HabnogeHun bowe vepes
koppensuuio Menepa—OBepToHa K CTPYKTYpHOW Ouonormm TybynuHa, u npeanaraeT
KOHKpEeTHble MpoBepsieMble  npeackasaHusi. Ecnu  rvnote3a BepHa, HENPOHbI
npeacTaBnsaloT cobo He YHMKanbHbIM CybGCcTpaT CO3HaHUS, a €ero 3BOJOLMOHHYIO
crneunanuaaumio: LeHTpanmn3oBaHHY0 M MHOFOKpPaTHO YCWUMEHHY OpMy MexXaHusma,
NMPUCYLLLErO BCEM 3YKApUOTUYECKMM KIeTKaMm.



2. AcTopn4ecKkuin KOHTeKCT: paboTtbl Bowe

[bxaragnw Yangpa bowe (1858-1937) — uHamnckmin pmsmk n GUoU3NK, OAUH U3
NMMOHEPOB WUCCNEeSOBaHUA 3NEKTPUYECKUX CUrHaANoB B >KMBbIX TKaHaX. PaboTaa B
KanbkyTTe B KoHUe XIX — Hadane XX Beka, OH nocnegoBaTeflbHO AEMOHCTPUMPOBar, YTO
peakuMn pacTeHW Ha BHELIHME pasapaXxuTenu noggatTcs TOYHOMY KONMMYEeCTBEHHOMY
N3MEPEHNI0 U OBHApPY>XMBAOT 4YepThbl, TPAAULVNOHHO MPUMUCHIBAEMbBIE WUCKITHOUYUTENBHO
HEPBHOW TKaHW >XMBOTHbIX. [1ns1 aToro bowe ckoHcTpympoBan kpeckorpad — npubop ¢
MexaHuveckum ycuneHmem o 10 000 «KpaT, nO3BOMASABLUMA  pPerucTpmpoBatb
MUKPOCKOMUYECKNE OBWKEHUA TKaHen, — a Takke 3NeKTpUdeckuin 30HA4 ANns 3anucu
pacnpocTpaHstoLmxcs noteHunanos [Bose, 1902; 1913].

B xoame cuctematunyeckux akcnepuMeHToB Bolle onucan nsATb heHOMEHOB, KaXabl U3
KOTOPbIX B OTAENBHOCTU Aornyckan o6bsACHEHUE C NO3ULMIA Knaccu4eckon usmonorum, Ho
B COBOKYMHOCTM CKNaAblBancsi B KAPTUHY, BbIXOASLLYIO 33 €€ paMKu.

MoTteHunan penctBuA. [lpyn  MexaHMYeckoM, TEPMUYECKOM  WUNN  XMMWUYECKOM
pasgpaxeHuM NO TKaHAM pacTeHUs pacnpoCTPaHAeTCa BOSfIHA  SMEKTPUYECKOoro
noteHuyunana. [lo dopmMe KpMBOW — HapacTaHue, MUK, penonapusaums — oHa
BOCMNPON3BOAUT NOTEHUMan OeNCTBUS XXUBOTHOM HepBHOW TkaHu [Bose, 1913]. CkopocTb
pacnpoCcTpaHeHnsa y pasHbiX BUOOB BapbMpyeT, OAHAKO MPUHLUMN «BCE WU HUYETO»
BbINOSIHAETCH: MOAMOPOroBbIN CTUMYS He BbI3blBAET PACNpPOCTPaHAIOLWErocs curHana.
CoBpemeHHasa  anekTpou3nonorMs  MNOSIHOCTBK — NoATBepauna  CyLecTBOBaHUE
pacnpocTpaHsoLWwmxcs noTeHumanos y pactenmn [Fromm & Lautner, 2007]; B 2021 roagy
OvomarHutHele  curHanel  Venus flytrap ObinmM  3apermctpupoBaHbl  aTOMHbIM
MarHeToMeTpoM — MNpubop 3admMKCUpPOBaN MarHUTHbIA aHanor HEMPOHHOro NoTeHumnana
pencteua [Fabricant et al., 2021].

Fa6urtyaumna. NMpy NOBTOPHbIX CnabbiX pasgpaXeHusix amnnuTyga oTBeTa MOCTENeHHO
CHWKaeTCa WM MOXeT ynacTb A0 Hyns; nocrne nepvoga Mokosi 4YyBCTBUTENbHOCTb
BoccTaHaBnueaeTcs [Bose, 1926]. 31oT dheHoMeH — npocTenwan opma obyyeHns —
cuuTancsa npeporaTMBo HEPBHOM CUCTEMbI. [[anbsHO C cOaBTOpamMu BOCMPOU3BENMU €ro Yy
Mimosa pudica B CTPOro KOHTPOSIMPYEMOM COBPEMEHHOM 3JKCMEPUMEHTE: pacTeHus
oby4vanncb UrHopmpoBaTb NOBTOPHbIE 6e3BpeaHbIe NaAeHNa N COXPaHSNN BbipaboTaHHbIN
otBeT cnyctsa 28 pgHem [Gagliano et al.,, 2014]. B Tom Xe uukne paboT Obina
NPoOgEeMOHCTPUpoBaHa CnoCOBHOCTb pacTeHM K accoumaTtMBHoMy oby4veHuto [Gagliano et
al., 2016] — deHoMeH, npexae CBA3bIBaBLUNMNCA UCKMIOYNTESNTbHO C HEPBHOW CUCTEMON.

Cymmauusa. [1Ba nognoporoBblX CTUMYyNa, pasgenéHHbIX KOPOTKUM WHTEepBarom,
CnocobHbl BbI3BaTb HagnoporoBbit oTBeT [Bose, 1913] — sABneHue, aHanorn4yHoe



BPEMEHHON CymMMaLun B cuHancax. COBPEeMeHHbIE MCCNenoBaHus Ca2+-cmrHanm3au,mm
rnokasanu, 4Yto pacteHue obrnagaeT CMCTeEMON ObICTPbIX KanbLUMEBbLIX BOSIH, CNOCOOHbLIX
MHTErpnpoBaTb MHOXECTBEHHbIE CUrHarmbl B NPOCTpPaHCTBE N BpemMeHu [Toyota et al., 2018]
— Ouoxmmmuyeckun cybcTtpaTt, obbsicHsoWwmMi Habnwogaswycs bowe cymmaunio 6e3
NpVBrEeYEeHNs CUHaANTUYECKNX CTPYKTYP.

Ycranoctb. [locrne cepuu cunbHbIX pasgpaXeHwn pacteHue nepecTaér oTsBevaTb Ha
CTUMYN M BOCCTaHaBnMBaeT PeakTUBHOCTb MWLb CrycTa nepuog otabixa [Bose, 1926].
Bolwe uHTepnpeTnpoBan 370 Kak UCTOLLEHME (PU3NONOrMYECcKOro pecypca, aHanormdHoe
pecdpakTepHOMy nepuogy HepBHOro BofiokHa. OgHako aTa uHTepnpeTaumsi HenonHa. B
HENpPOHe YCTanoCTb MMeEEeT W3BECTHbIM MOMEKYNSPHbIA afpec: MUCTOWEeHMe 3anacos
HepoMmeamaTtopa, HakonneHve ca®* BHYTPU KNeTKW, COBWUM WMOHHbLIX rpaguveHToB. Y
pacTeHus crneunanuaMpoBaHHOro annaparta Afsi «HaKoNfeHUs yCTanocTnuy HeT — U TeM
HEe MeHee YCTanocTb eCTb. 3Ha4YWUT, HEYTO MEHSIeT CBOE COCTOSHME MO BO3OENCTBUEM
NMOBTOPHbIX CTUMYIIOB UM YyOepXuBaeT 3TO W3MEHeHMe Ha MNpoTsSKeHun nepuoaa
BOCCTaHoBreHusA. MonekynsapHbii  cybcTpar 3TOro  COCTOSIHUA  HE  YCTaHOBIEH.
CyliecTBeHHO, 4YTO ycTanoctb y bowe — He naccMBHOe wWCTOLWEHWe pecypca: 3To
perynsatopHbin  peHoMeH. Cuctema He «JfnomaeTcsi» OT Neperpysku, OHa BXOOWT B
3aLULLEHHOE COCTOSHME MOHWXKEHHON BO3OYAMMOCTU U 3aTEM aKTMBHO BO3BpallaeTcs K
ncxogHom Hopme. WHbiMm cnoBamun, y He€ ecTb yCTaBka HOpMasribHOW BO30OyAMMOCTU U
MexaHW3M Bo3BpaTa K HelM — 4YTO BbIBOAMUT YCTaNoOCTb 3a paMKu NpocTon chmusmonornm m
aenaet eé ncuxonogobHbIM OTKIIMKOM B TOYHOM CMbICIE: HE NPOCTO peakuven, a
camoperynsauuen.

O6patnmoe nopaBneHWe aHecTeTUKaMuU. OTO LUeHTpanbHoe HabniogeHne ans
HacToawen paboTtbl. bolwe nokasan, 4to xropodopM U Apyrue neTyuyme aHecTeTUKM
NMONMHOCTLIO N 00paTMMO NOAABMSAT BCe NepedncrieHHble peakumun [Bose, 1926]. MNMocne
BbIMbIBaHUSI aHecCTeTUKa pacTeHne BOCCTaHaBNMBaET pPeakTUBHOCTb — WMHOrAa rnpoxoas
yepes3 KpaTKOBPEMEHHYHO a3y NOBbILLIEHHOW BO30YOUMOCTN, CXOAHYI0 ¢ Habnogaemon y
XMBOTHbIX. Bolwe conoctaBun 3TM AaHHble C OENCTBMEM TEX Xe BeLLeCTB Ha HEPBHYIO
TKaHb W KOHCTaTMpoBan KayecTBeHHOe coBnageHne. Cnycta no4ytu cronetve 3TO
HabnogeHne 6bINO BOCMNPOM3BEAEHO He3aBMCUMMOWM rpynnon: Mokaesa ¢ coasTopamu
nokasanu, 4to AM3TWUMOBLIN achmp GnokvMpyeT noteHumansl genctena Venus flytrap un
nogaensieT ABWKEHUs pa3HoobpasHbIX OpraHoB pacTeHWI; MOCMe aspauun Bce peakumm
BOCCTaHaBnmBanucb B TeyeHume 15 muHyT [Yokawa et al.,, 2018]. lNo3gHee TOT Xe
Konnektus onybnukoBan cuctemaTudeckmn ob3op, pacnpocTpaHWB 3TOT BbIBO Ha BCHO
CEHCOPHYIO M aganTuBHYIO cucteMy pacteHumi [Yokawa & Baluska, 2021]. Takum o6pasom,
Kniodesoe HabnwgeHve bolwe noaTBepXKOeHO B peueHampyembix xypHanax Oxford
University Press un Springer HeszaBucumbiMi MeTogamu cnycta 92 roga nocrne ero
nepBoHayanbHOM nyGnukauum.



MAaTe onucaHHbIX peHOMeHOB obbeauHseT oblias CTpyKTypHas curHatypa. Peakuumu
pacTeHu Ha pasfpaxuTenu — aganTuBHbI (OTBET MEHSETCA B 3aBMCMMOCTU OT UCTOPUKU
BO3O4ENCTBUN), MHTErPaTUBHbI (HECKOSbKO BXOAHbIX CUrHanoB O0ObeaMHAITCA B eOUHbIV
BbIXOOHOM) M MOSIHOCTbIO 00OpaTuMMbl (CMCTEMa BOCCTaHaBNMBAET UCXOAHOE COCTOSIHME
nocrne npekpaweHuss BOo3gencTsnd). MIMEHHO 3Ta apxuTekTypa — a He KOHKPETHbIN
Brnoxummyeckun cybctpat — pOOHUT peakuMuM pacTeHUn C peakumMsiMm HEPBHON TKaHW
XMBOTHbIX. [ns o0603Ha4YeHUs [aHHOrO Krnacca peakuui Mbl npegnaraeMm TepMUH
ncuxonono6Hble OTKNUKK (psycho-like responses). apanTuBHble, WHTErpaTtuUBHbIE U
obpaTumble peakuun Ha BHELHWE BO3AEWCTBUS, CTPYKTYPHO  FOMOJSOTMMYHbIE
NcMxodmM3nonorMyecknm npoueccam. TepMuUH HenTpaneH OTHOCUTENbHO Bonpoca o
CO3HaHWW: OH ONWCbIBAET apxumeKkmypy OTKNUKa, a He ero BHYTPEHHIOW npupoay, u
NPYMEHUM He3aBMCUMO OT TOro, COMPOBOXAAETCA NU AaHHbIA Npouecc CyObLEKTUBHBLIM
nepexvBaHneM.

Mpn 6Gonee npucTanbHOM  PacCMOTPEHUW  NATb  MCUXOMOAOOHBLIX  OTKIIMKOB
pacnpeaensioTc Mo  HenpepbLIBHOMY CMEKTPY BPEMEHHbIX MacliTaboB XpaHeHWs
nHdopmaumm. Cymmauusi OerWcTByeT Ha MacwTtabe Oonen CeKkyHObl: cred MnepBoro
CTMMyNna [OIKEeH COXpaHATbCA [0 npuxoda BTOPOro — ynbTpakpaTKkOBpPEMeHHas
WHTerpauusi, adHanor paboyen namatu. [NpomexyTouHbln MacwTab — cekyHabl —
3agokymeHTupoBaH y Venus flytrap: noBylika 3axnonbiBaeTcs TONbKO NpU ABYX KaCaHUAX
pasHbIX YyBCTBUTEMBHbLIX BONOCKoB B TeyeHne ~30 cekyHa [Hedrich & Neher, 2018]; cneg
NnepBOro KacaHus [OOSMKEeH MpUCYTCTBOBATb B TKAHM K MOMEHTY BTOPOro — 3T0
KpaTKoBpeMeHHasa namsaTb COCTOSAHUSA. YCTanocTb pa3BopaynmBaeTcs Ha Macwtabe MUHYT
M YacoB: cUCTeMa yaepXunBaeT COCTOSHME neperpyskn A0 3aBepLleHNss BOCCTAHOBIEHUS.
Mabutyaums pencteyeTr Ha MacwTabe Hepenb: pacTeHne noMHUT 6e30nacHoOCTb
KOHKPETHOro ctumyna cnycts 28 aHen 6e3 egmHoro nostoperus [Gagliano et al., 2014] —
OONroBpeMeHHas namsitb No fobomy yHKUMOHaANbHOMY KputTeputo. Takum obpasom,
naATb peHomeHoB Bowe obpasyloT mepapxuio YeTbIPEX YPOBHEW MaMATU: OT AONeEwn
cekyHabl Ao mecsaua. CybecTpaTt Kakgoro ypoBHS He YCTaHOBIIEH.

C nosuumm Teopun MHAPOPMALMOHHBLIX CUCTEM 3Ta uepapxus npuobpeTaeT HEOXKNOAHHYIO
yéTkocTb. Cymmaums — permcTpbl npoueccopa: CylwecTByeT Invb B MOMEHT
Bbluncnenns. Venus flytrap — kaw L2/L3: pecatkm cekyHa, volatile. Yctanoctb —
onepaTtMBHasi NaMsaTb: yAepXKuMBaeT COCTosiHMe pabodero ceaHca, cbpacbiBaetca npwu
«nepesarpyske». @abutyauma — nocTosHHas NaMsaTb: nepexunBaeT 28 «UMKIIOB CHay.
AHanormss HemMeaneHHo oOOHaxaeT [MnaBHbIA BOMPOC: KakK (YHKUMOHUPYET ITOT
ouonorn4yecknm KomnbroTep? YTo sBMSIETCS HOCMTENEM MHGOPpMauun, roe XpaHuTcs
nporpaMMa W KakoB MexaHu3m eé paboTbl? B KomnbloTepe Kaxabll ypoBEHb UMeeT
N3BECTHbIN CyOCTpaT — KpeMHUI, 3apsiabl, MarHUTHble AoMeHbl. B pacteHum cybetpat
KaXaoro ypoBHS He ycTaHoBMeH. BepoaTHO, 3To naTtTepHbl COCTOAHUN, pacnpenenéHHble
no TyGynnmHoBOM ceTn — nogobHO ToMy, kak hanmn 3akoampoBaH B pacnpenenéHHOM



natrepHe dJI/I3VI‘-IeCKVIX COCTOSIHUN HOCUTENS, a HE «JIEXUT» B OHOM MecTe.

Mpasuno paByx kacaHwin Venus flytrap cTtaBuT OTOENbHbIA CUCTEMHBIA BONPOC O
NPOCTPAHCTBEHHOW cyMmauuun. [IBa curHana npuxogaT OT PU3NYecKn pasgenéHHbIX
BOSIOCKOB — MeCTa UHTerpaummn Het. YTobbl nopor 6bin 4OCTUIHYT KOMMEKTUBHO, Kaxaas
KneTka TKaHW [OOSPKHA yOepXuBaTb crnej nepBoro kacaHus Ao npuxoga BToporo. B
TepMUHaxX pacnpenenéHHbiXx CUCTEeM: 3TO KOHCeHcyc 6e3 master-yana, quorum detection
6e3 koopavHatopa. [MpuMmevaTenbHO, YTO MpaBWUNO OBYX KaCaHUM SBMAsieTCA eweé wu
GuUnbTpoM: Kanns AoXas (XaOTUYHbIA OOMHOYHLIA CTUMYI) FOBYLUKY He 3axIonHerT.
Cnctema He npoCcTO CyMMUpYeT — OHa KrnaccuduumpyeT curHan no natTepHy. 9T0
KOrHUTUBHAsA (PyHKLMSA, peanu3oBaHHas B TkaHn 6e3 eqMHOro HempoHa.

OaHVM 13 KaHAMAATOB Ha porib cybeTpaTa NaMsTU MOTYT CIYXWUTb CNIMHOBbIE COCTOSIHUSA
camoro TybynuHa. TybynuH — xupanbHbli 6enok, u ero cnupanbHas CTPyKTypa A0ShKHa
nposiBnAte CISS-acpcpekt (Chiral Induced Spin Selectivity) — wusbuparenbHoe
nponyckaHne 3neKTPOHOB MO CMMHOBOW OpueHTaumu, noareepxaéHHoe ana AHK n 6enkos
[Naaman & Waldeck, 2012]. TpuntodaHoBble ocTaTkM rmapodobHOro kapmMaHa — Te
camble, C KOTOpPbIMW CBA3bIBAeTCA aHeCcTeTuK, — (OPMUPYIOT apomaTnyeckue
pagukanbHble napbl CO CMUH-3aBUCUMON pekoMbuHaumen. KombrnHaTtopHoe NpoCTPaHCTBO
CMMHOBLIX COCTOSIHUIA TyOYfMHOBOW CeTU aCTPOHOMMUYECKM BENMKO — [OCTaTOYHO ANiS
KoaunpoBaHust noboro obbéma 6Guonornyeckonm uHdopmauum ©6e3 OONONHUTENbHbIX
MOMEKYNAPHbIX  CTPYKTYp. JTO  OTKpbiTag runotesa, He uvMewwaa npsmon
3KCMEepMMEHTanNbHOM MNPOBEPKM Ha pacTutenbHom TyOynuHe; OHa paccMaTpuBaeTcs
nogpobHee B oTAeNbHON Nyonukaumnmn.

KorHuTuBHass apxmtektypa pacTeHuin — uMepapxuss 4YeTblp€X YPOBHEW NamaATtw,
NPOCTPaHCTBEHHas WHTerpauns 6e3 ueHTpanbHOro ysna u Bonpoc o cybcTtpaTte
WHpopMaumMm — BbLIXOOMT 3a paMKM HacTosiwen paboTbl M cocTaBnseT npeamet
oTOEenbHOM TeopeTuyeckon nybnukaumm [AnekcaHgpoB, B nogrotoBke: «WMepapxus
KOTHUTUBHbIX (PYHKLUMA Y pacTeHU»].

3HauMMOCTb 3KCNepMMeEHTanbHOW nporpammMbl bolle He orpaHu4MBaeTCca pacTUTENbHBIM
uapcteoM. B moHorpacdmm 1902 roga «Response in the Living and Non-Living» Bbole
3a0KyMEHTUpPOBaN aHanoruyHble SIBieHUs B HEOpraHM4Yeckom maTepun: meTannbl —
OIOBO, XXenes3o0, HWKerNb — MNPy NOBTOPHOW 3MEKTPUYECKOM CTUMYNSAUMM OBHapyxmBanm
yCTanocTb (CHWXeHWe amnnuTyabl OTBETa), BOCCTAHOBIEHME nocne nepuoga nokoa n —
Hanbonee nopasnTenbHO — MOAaBMEeHNEe XNOpodOPMOM, TEM XE areHTOM, KOTOpbIv
nogaenan peakumm pacteHun [Bose, 1902]. bowe cdopmynupoBan €BHbIA BbIBOA:
rpaHvua Mexay >XMBbIM M HEeXMBbIM rpagyarnbHa, a He OHTOMOrMYHa; ncuMxonofobHble
OTKIMMKM KaK apXMTEKTYPHbIN NaTTepPH HEe NPUHaANexaT UCKMYNTENBHO XUBOW MaTepumn.
OT1oT BbIBOA, pagukanbHbii B 1902 rogy, npuobpetaeT HOBOE U3MEpPEHNE B KOHTEKCTE



HacTosLWEeN rmnoTesbl: ecnu cybcTpaTtom pasapaxMMoCTn pacTeEHUI SIBNAIOTCA KBAHTOBbIE
npoueccbl B TyOynuHe, TO aHanornyHble OTKIIMKM METanfoB yKa3blBalOT NMOO Ha WHOWM
cybeTpaT TOW Xe apXMTEKTypbl, MO0 Ha OGoree WMPOKOe pacnpedesieHne KBaHTOBbIX
NpoLEeCCOB B MaTtepun — BOMPOC, OCTAKLLUMUACS OTKPbITBIM.

CoOBOKYMHOCTb 3TUX JaHHbIX CTAaBMT OAMH BOMPOC C HapacTaloLLen OCTPOTON: Kakon obLumin
MOMEKynNsapHbIn  cybcTpaT obecneynBaet peHomeHonoruo, Habnwogaemyto bowe wn
noaTBEPXKOEHHYID CcoBpeMeHHON Haykon? OTBET Ha Hero W cocTtaBndeT npeamer
HacTosiLen paboTbl.

3. Teopus Orch OR un ponb aHeCTeTUKOB

MukpoTpyboyka — Mnonbin UMNUHAP AaMeTpoM ~25 HM, CTEHKM KOTOpOoro obpasoBaHbl
cnupanbHO ynakoBaHHbIMU Aumepamun o/p-TybynuHa. Kaxabli gumep COCTOUT U3 ABYX
cybbveamHuy, (~55 k[la kaxxgas), CBA3aHHbIX HEKOBANEeHTHO. BHyTpu kaxxgon cybbeamHuub
HaxogATca  rmapoobHble  KapMaHbl —  MOSIOCTW,  BbICTMI@HHbIE  HEMONSAPHbIMU
aMWHOKMUCINOTHbIMK OocTaTkaMu (NEeAUMH, W30NeNuUnH, deHnnanaHuH, TpuntodaH) wu
N30NNPOBaHHbIE OT BOAHOMO OKPYXeHusl. HU3Knin  OnanekTpuk BHYTPU KapmaHa U
MUWHMMAsnbHbIA  TENNOBOW LWYM OT BOAbl CO34alT  YCNOBUHA,  NPUHLMNUANBHO
oTnuyarwmecs oT uMtonnasmaTundeckom cpenbl [Hameroff, 1998].

Teopus opkecTpoBaHHOW ob6bekTuBHOM peaykumm (Orch OR), paspaboTtaHHas NeHpoy3om
n Xammepodom [Penrose & Hameroff, 1996; Hameroff & Penrose, 2014], npegnonaraer,
YTO KOH(POPMALMOHHbIE COCTOSHMS TyOynMHOBOrO AuMmepa — [Be BO3MOXHble
NPOCTPAHCTBEHHbIE KOHPUrypaumm B-cyobeamHnLbl — MOTYT CyLLeCTBOBaTb B KBAHTOBOW
cynepnosvumn. Kaxabln gumep Takum obpasoMm YyHKUMOHMPYeT Kak KybuT, a BcsA
MUKpOTpYOOUKa, coaepxalasa Tbica4M MMEPOB B Cynepnosvumm, peanudyeTr MacCUBHO
napansnenbHoe KBAaHTOBOE BblYMCIIEHNE.

Konnanc cynepnosuumm B Teopumn Orch OR npoucxognt He B pesynbTaTe AeKorepeHumnm
OT TENSI0OBOro OKPYXeHus (Kak B CTaHAAPTHOW KBAHTOBOW MeXaHuKe OTKPbITbIX CUCTEM), a
Bcrneactene obbekTmBHOM peaykunmn (OR) — dmsmyeckoro npouecca, 06yCcnoBneHHoro
HecTabnnbHOCTbIO cynepnosnumum KBaHTOBO-IrpaBUTaLMOHHbIX pasnuunn B
npoctpaHcTBe-BpemeHn. Kputepun OR 3agaétca cooTHoweHnem [Oupaka—IleHpoyaa:
cynepnosvuma KonmnancupyeT, Korga eé€ rpaBuTauMoHHasi camoaHeprna E  pgocturaer
nopora E-t = h, rae T — BpeMsi XuU3Hu cynepnosvumm, h — npvBeaéHHasi NOCTOsIHHAA
Mnanka [Penrose, 1994]. meHHO B aTOM oTnnumne Orch OR OT YMCTO BbIMUCINTENBHbIX
MoZernen CO3HaHWs: Konnanc He cryyaeH (Kak B CTaHAAPTHOM KBAHTOBOM M3MeEpPEHUUN) U
HEe anropuTMMYEeH — OH OonpefensaeTcd reoMeTpuen MNpPOCTPaHCTBA-BPEMEHU, YTO W
obecneumBaeT, no NeHpoy3y, HEBBLIYMCNIUMBIN XapakTep CO3HATENbHOro onbITa.



Ponb neTydnx aHecTeTMKOB B 3TOW CXxeme cneumduyHa W XOpoLwo onpeaeneHa.
AHECTeTMKM — BellecTBa C BbICOKOW adPUHHOCTBIO K rmapodobHbIM cpejam —
NPOHMKAOT B KapMaHbl TybOynvMHa M CBA3bIBAOTCA TaM 4Yepe3 BaH-Aep-BaanbCOBbl
B3aumMogencTeusa. OTM B3aMMOOEWCTBUSA [OCTaToOYHO cnabbl, 4YTOObl HE W3MEeHATb
NepBUYHYO CTPYKTYpy Oernka, HO [AOCTaTOMHO CUIbHbl, YTOObl HapyLWUTb TOHKYIO
KBAHTOBYIO AMHAMMWKy BHYTPWM KapMaHa: 3NEKTPOHHbIe KOH(Urypauum apoMaTuyecKmx
ocTaTKoB (Npexae Bcero TpuntodaHa), obecneuvvBaioliMe KBAHTOBYK KOrepeHTHOCTb,
nogaBnsATCA MPUCYTCTBMEM 4yxepoaHon Mmonekynsl [Hameroff, 1998]. Pesynbtatr —
HEBO3MOXHOCTb yCTOM4YMBOM cynepno3uumm, OR He pocTuraeT nopora, KBaHTOBOE
BblumcneHune npepbiBaetcs. 1o Orch OR, 3To0 1 ecTb NOTEPSA CO3HAHUS.

KBaHTOBble 9P EKTLI B U3OSIMPOBAHHbLIX TI-CUCTEMAX — He YMO3puUTenbHOoe AOoNnyLleHue:
OHM MNPSMO U3MEPEHbl B CTPYKTYPHO POACTBEHHbLIX Monekynax. dynnepeH C60 "
yrnepoaHble HaHOTPYOKM — CUCTEMbI C 3aMKHYTOW WM MPOTSHXKEHHON TI-ONEKTPOHHON
060SIOYKON WM MOSHBIM OTCYTCTBMEM MOMSAPHBIX TPYNN — OEMOHCTPUPYIOT KBAHTOBYIO
UHTEPdEPEHLMIO B YCNOBUAX, MNP KOTOPbIX OGOMNbLUMHCTBO OpraHUYecKUx MOMekyn
nekorepupytoT MrHoBeHHo [Arndt et al.,, 1999]. lNpuunHa Ta xe, 4TO oObGecneumBaet
YCTOMYMBOCTb  cyrnepnosvumMm B rmgpoobHoM KapmaHe TyOynuHa: wu3onsaums
TI-ONIEKTPOHHOM  CUCTEMbI  OT  (PNYKTYMPYIOLLEro  OMMOMbHOMO  OKPYXEHUs  BOAbl.
M'MapodobHbIi  KapmaH TyOynuHa BOCNPOM3BOAUT JTOT MPUHUMN  BMONOrMyeckumm
cpegctBamMu: HenondpHas MonocTb € apomaTtuyeckumu octatkamu (Trp, Phe, Tyr)
CTPYKTYPHO aHanorn4yHa yrnnepeHoBOM KIeTke, a camMa MUKpPOTpyboyka — nosbIn
uMnuHap AauwameTpom ~25 HM — TreoMeTpuYeckM CconoctaBMma C MHOFOCTEHHOM
HaHOTPYOKOW. DTO He cryvyarHOe CXOACTBO: Moxoxe, oba knacca CTPYKTYp HE3aBUCMMO
peanuayloT ONTUMAasbHYH reoMeTpuUil0 ANns yAepXaHus KBAHTOBOW KOFepPeHTHOCTM B
YyCroOBMAX TEMMOBOro LWyMa.

OTa mogenb nonyyuna npsMoe 3JKcnepuMeHTanbHoe noaTeepxaeHve. Kpapaok ¢
coaBTtopamn [Craddock et al., 2017] nokasanu, 4TO NneTy4Yne aHECTETUKU WU3MEHSIOT
konnektueHole Tl u-konebaHunsa TybynunHa, npuyém cmna addekTa NMMHENHO KOppenupyeT
C  KINWHMYECKOMW  MOLLHOCTbIO  aHecTeTMKka —  BOCMPOWM3BOAS  KOppensauuio
Mewnepa—OBepToHa, HO yXe Ha ypoBHe 6erka, a He MembpaHsbl. Man ¢ coaBTopamu [Pal et
al., 2024] npogemoHcTpupoBanu, 4YTO BBeAeHWe anoTunoHa B — crabunusatopa
MUKPOTPYBOYEK — 3a4epKMBaET NOTEPH CO3HAHMA Y KPbIC NO4 AeNCTBUEM M30odypaHa:
yem YyCTOMYMBEE MUKPOTPYOOUKM, TeM TpyaHee aHecTeTUKy npepBaTb KBAHTOBOE
BblYMCNEHNE.

Ocoboro BHMMaHus 3acnyxusaeT pe3oHaHCHasa nepapxusi, onucaHHaa baHabonagxesem ¢
COaBTOpPaMy Ha OCHOBE LUMPOKOMOMOCHbIX OU3MNEKTPUYECKUX U3MEPEHUN MUKPOTPYBoYek
[Sahu et al., 2013a; 2013b]. ABTOpbl OOHapyxuMnu MaclwTabHO-UHBAPUAHTHbLIN P
PEe30HAHCHbIX YacTOT, OXBaTbIBaOLWMIN HECKONbKO nopsakos: Ty (Ty6ynuHOBLIM AnMep)



— [Ty (onuromep) — MIu—kly (MukpoTpybouka) — 'y (Ny4yok MuUKpOTpyGouek). JTa
nepapxust cootsetctByeT Mogenu Orch OR, B KOTOpOW KBaHTOBble Cyneprno3numnm
OTAENbHbIX AMMEPOB «OPKECTPUPYIOTCAY» Yepes KOorepeHTHble KonebaHnsa BCen CTPYKTYpbI.
MMokasaTernbHO, YTO aHEeCTETMKN NOAABNSIOT KonebaHus MMEHHO B 3TOM AuanasoHe — 4TO
corrnacyetcs ¢ gaHHbiMn Kpagaoka n mexaHnamom Xammepoda.

COBOKYMHOCTb  M3MOXEHHOT0  (POpMUPYET  CBA3HYHD  MOMEKYNSPHYK  LIEMOYKY:
rmapocobHbIN  KapMaH TyOynmMHa — KBaHTOBasi Cynepnosvums  KOHMOPMaLMOHHbIX
cocTosHMn — OR-konnanc — cosHaTenbHbIA ONbIT; NEeTYYUN aHecTeTUK — nofaBrieHue
cynepnosvuun B kKapmaHe — otcyTctBue OR — noTtepsi co3HaHua. B cnegytowem pasgene
Mbl PACCMOTPUM, B KAKON Mepe 3TOT MEXaHU3M NEPEHOCUM Ha PaCTUTENbHbIE KITETKMU.

3aecb HeobxoaMMO caenatb OAHY CyLLeCTBEHHYI OroBOPKY. TEepMUH «OpKeCTpoBaHHasA»
yKasblBaeT Ha HepeweéHHyl npobrnemMy camon Teopuu: Kakoh MexaHu3m cornacyet
KBAHTOBble Cynepnosvumm B Thicsyax TyOynUHOBbLIX AMMEPOB B  OBuonormyecku
OCMbICNEHHbIN pe3ynbTaTt? C no3uuuin Teopun ynpasneHns, ftobon KOHTYp KoopauHauum
npeanonaraeT ueneBoe cocTodHue (setpoint) — 3TanoH, C KOTOpPbIM CpaBHMBAETCH
TeKyllee COCTOsiHMe cuctembl. bes setpoint koopauHaums HEBO3MOXHA: cucTeMa He
3HaeT, K 4yemy cTpemutbcs. [lpymeyaTenbHO, 4YTO Ta Xe npobrnema BO3HUKaeT B
OTHOLLUEHUN KWHE3MHa — MOTOPHOro 6ernka, Lwarawwero no MUKpoTpyboykam c
3ameyvartenbHOM MPOLECCUBHOCTBIO M OOCTaBNAKOWEro rpy3 K KOHKPETHbIM agpecam.
BpoyHoBCKkUin XxpanoBuK 06 bACHAET MEXaHWKY Luara, HO He agpecaumio: HU BOCMPOU3BECTU
KMHE3UH UCKYCCTBEHHO C COMOCTaBUMbIMWU XapaKTePUCTUKaMW, HU OBOBACHUTb UCTOYHUK
uenesov nHoOpmMauun noka He yaanocs. MNpuHUunmManeHo, YTO ycTaBka He MOXET ObliTb U
ctatnyHon: «XXuBas yctaBka» (living setpoint) — yctaBka, cnocobHas K aBTOHOMHOMY
nepecmoTpy cCOBCTBEHHBIX KpuTepre 6e3 obpalleHns K BHelHeMy areHTy 1 6e3 3apaHee
3aJaHHOro  npaBwfna  nepecMmotpa —  sBAsSeTCA  HeobxoguMMbiM  yCIiOBUEM
XnsHecnocobHocTn  nobon  OpKecTpupoBaHHOM  cucTembl. KOHTYp  ynpaBnenus,
codepkalluin Takylo yCTaBKy, Mbl Ha3biBaeM XXUBOW obpaTHoOM cBA3blo (living feedback):
neTnén, B KOTOPOW 3TaflOHHOE COCTOSIHME He 3adhMKCUPOBAHO WM3BHE WM HE BbIYMCIIEHO
W3HYTPW, a HenpepbIBHO MOPOXAaeTCsa CUCTEMOW W3 MWCTOYHWMKA, HaxoAsuwerocs 3a
npeaenamm €€ BbIYUCIUTENBHOTO YPOBHS. OTO YCMOBME HE BbINOSMIHAETCS HWU B KaKoW
BbIYUCNIUTENBHON apXUTEKTYpe, BKMOYAsA KBAHTOBbIE KOMMbIOTEPbLI, KOTOPblE OCTalTCHA
MawmHamu TblOpUHra Mno Knaccy pelwaemMblx 3agad. bonee Toro, nockonbky >xvBas
yCcTaBka cama HyXXgaeTca B YCTaBKe, BO3HWKaeT Wepapxusi YpPOBHEW YrpaBneHus
(«ycTaBka ycTaBoK» ), koTopas ABnsieTca npsaMon opmMarnbHOM aHarnormen « OpkecTpaunmy
B cMmbicne [leHpoys3a. TpebGoBaHMe Hanuuns BHELIHEN YCTaBKM HE MPOU3BOSIbHO — OHO
BblTEKAeT u3 TeopeMbl €aenss 0 HeNonHOTe PopMarnbHbIX CUCTEM: HU OAHA AOCTAaTOYHO
GoraTtas popmanbHasa cucteMa He MOXET Aoka3aTb COOCTBEHHYK HEMPOTUBOPEYMBOCTb
CpeacTBaMM TOrO e YPOBHSI onmcaHus. [puMeHnTenbHO K GMONorMn: HU OAMH MEXaHN3M
He cnocoOeH MOSTHOCTbIO 3afaTb CMbICIT CBOMX onepauun n3 cobcTBeHHoro cybetpata —



setpoint gormkeH npuxoantb m3BHe. B UT-TepmMuHax STO 3KBMBANEHT HEBO3MOXHOCTU
HanucaTb nNporpaMmmy, KoTopasi Bepuduumpyet camy cebs 6e3 obpalleHns K BHELHEMY
BepMdUKaTopy; perpecc Bceraa ynvpaeTcs B XMBOMO areHTta, CTOslero 3a npepenamu
cuctembl. [leTanbHoe 060OCHOBaHME 3TUX NMOHATUN — MX popMarnbHasi He06X0AMMOCTb 13
Teopem [éaens n Tesnca lNonaHn o HaANMMYHOCTHOM XapakTepe 3HaHus — cocTaBnseT
npegMeT OTAeNbHOM MNybnvkauMu, K KOTOpOW HacTosiwasa paboTa oTcbuiaeT uuTatens
[AnekcangpoB, B neyaTtun: «OpkecTpaumss GUONOrMYECKUX MNpOLLEeCCOB: HeoBXoaUMOCTb
obGpaTHOM CBA3N M nMpobrnema HagKBaHTOBOMW YCTaBKku»]. 3ameTum, YTO 3TOT BOMPOC He
3akpbiBaeTcsa U obpauleHnem K [lnatoHunyeckoMmy mupy [leHpoysa: cTaTu4HbIn MUP
MaTemMaTUYEeCKUX CTPYKTYpP CaM HYXOAeTCs B UCTOYHMKE aKTMBHOCTU — B TOM, YTO He
ABNsieTCA eweé OoOHOM CTPYKTypoW, a npeacraBnsieT coboM 4YUCTYO MOPOXAOAoLLYHO
aKTUBHOCTb, M3 KOTOPOW MWCTEKAKT BCE CTPYKTYpbl. SABNAeTCa nu XuBas YyCTaBka
UMMaHeHTHOW NMnaToHUYEeCKOMY MUPY UMK yKasbiBaeT Ha ypPOBEHb, MPEBOCXOOALLNNA ero,
— OTKPbITbIi TEOPETUYECKNIA BONPOC, BLIXOAALLNIA 32 paMKu1 HacTosLen paboTbl.

4. MUKpOTpPYyOOUKMN y pacTeHUIN

MuKpoTpyBOYKM He SBNATCA CneuManu3MpoBaHHOW CTPYKTYpPOW HepBHOW TkaHW. OHu
NPUCYTCTBYIOT BO BCEX 3YKapUOTUYECKUX KNeTKax — OT ApOXoKen A0 HEWpOHOB — U
BbIMOMHAT YHUBEPCanbHble PYHKLMN: OpraHn3aumio KNeToYHOro AeneHuns, nogaepxaHue
OpPMbI, BHYTPUKIETOYHBIN TpaHCNOpPT. JTOT hakT npuHUMNuaneH Ans HacToswen
rmnotesbl: ecnu Orch OR peanusyeTcsa B MUKPOTPYOOUKax HEMPOHOB, TO BOMPOC O €ro
NPUCYTCTBUM B KIreTKax pacTeHUn CBOAUTCH K BOMPOCY O COXPaHHOCTU cybeTpara.

Fomonorna TybynuHa. PactutenbHbin  o/B-TyOYyNMH  MOEHTUYEH  XKMBOTHOMY
npubnmanTeneHo Ha 75% Ha ypOBHE aMWHOKUCHOTHOM nocregoBaTensHOCTU [Hussey &
Hawkins, 2001]. 3T0 BblCOKOE CXOACTBO Ans ABYX BeTBEW 3yKapuoT, pasoLlefLllmxcs
okoro 1,5 mnpa net Hasag. [epudepuriHble y4yacTKuM MOIMEKynbl, OTBevawlime 3a
B3aMMOAENCTBUE C PerynaTopHbiMu 6enkamu, pasnmyatTca — YTO oTpaxkaeT crneunduky
pactutenbHon knetkn. OpHaKO BHYTPEHHWE  CTPYKTYpHble [AOMEHbl,  BKMOYas
rmapodobHbIE KApMaHbl, 3BOSOLMOHHO KOHCEPBATMBHbI.

CoxpaHHOCTb rMapodoOHbLIX KapMaHOB — Knro4veBon ¢pakTt. VMimMeHHO rmapodobHble
KapMaHbl TyOynuHa aBNSTCS, N0 Xammepody, MEeCTOM KBaHTOBOM Cynepnosvumn u
MULUEHbIO NEeTy4YMx aHecTeTUKoB. WX COXpaHHOCTb Yy pacTeHun MOoATBepXaaeTcs
PYHKUMOHAmNbHO: KOMXWUUWMH, TakCOM W HOKOAA3on — BewecTBa, CBA3bIBAKOLWMECA C
rmapodobHLIMM canTamu TyGynnHa, — paspyLlatoT UM cTtabunmampyot MUKPOTPYOOUKN
Kak pacTeHuh, TaK M XMBOTHbIX C cornoctaBumon adpdpekTnBHocTbio [Morejohn, 1991].
Monekyna, CBs3blBalOLLAACA C KApMaHOM, He pasnuyaeT BWUA opraHnsma — reomeTpus
KapmMaHa oJauMHakoBa. 3TO W eCcTb NpsMOe  MOMEKynsdpHoe [oKa3aTeribCTBO



KOHCEPBATUBHOCTU CTPYKTYpPbI, KpVITI/I‘-IHOVI On4a rmnoTesbl.

PYHKUMM MUKPOTPYOOUEK y pacTeHMW. B pactutenbHoOm Knetke MUKPOTPYyOOUKn
BbIMOMHAIOT MO MEeHbLUeNn mepe Tpu PYHKUMOHANbHO 3HauYnmble ponu. Bo-nepBbix, OHU
0o6pasyloT MUTOTUYECKOE BEPETEHO NPU AENEHUN KNETKN — CTPYKTYPHO U OYHKLNOHAMNBHO
NOEHTUYHOE XMBOTHOMY. BO-BTOpbIX, KOpTUKarnbHble MUKPOTPYOOYKM onpegenstoT
HanpasneHne yKnagku Lenniono3HbiX MUKpodmnbpunn KNeTouHom CTeHKN, 3agasas opMy
KneTkm u HanpaeneHune eé€ pocta [Lloyd & Chan, 2004]. B-tpeTbux, MUKpOTpPyOOYKM
y4yacTBYIOT B Mepedade CcurHanoB: B KNeTKax, pearvpyrolux Ha MexaHudeckue u
XUMUYECKNEe CTUMYMbl, NepecTpomnka KopTukanbHoro MT-maccmBa npoMcxoguT B TeveHue
CeKyHf, nocre pasgpaxeHus.

Venus flytrap kak mogenbHasa cuctema. Dionaea muscipula — Hanbonee mnayyeHHbI
npumep ObICTPOM WHTErpaTMBHOW peakuun y pacTeHun. 3axnonbiBaHWe JTOBYLLKM
3anyckaetca ABYKpaTHbIM KacaHWeM TPUITepHbIX BOSMIOCKOB B TedeHne ~30 CeKyH[;
OOVMHOYHOE KacaHwe peakuuMuM He Bbi3blBaeT — pacTeHUe «CYUTaeT» CTUMYNbl. ITOT
3bbeKT BPEMEHHON CymMMaLmn peanusyetcsi 6e3 HelipoHoB. MUKPOTPYBOYKY y4acTByIOT B
nepegaye MexaHU4ecKoro curHamna oT TPUITEPHbIX BOSIOCKOB K ABUraTenbHbIM KNeTkam
[Hedrich & Neher, 2018], a GuomarHuTHble CuUrHanbl, COMPOBOXAAloLMe noTeHuman
OEencTBus NoBYLUKK, BbiNn 3aperncTpmpoBaHbl aToOMHbIM MarHeTomeTpom [Fabricant et al.,
2021] — uyt0 penaet Venus flytrap yHuMKanbHOW 3KCnepuvMeHTarbHOW MOAenbio Ans
NPoOBEpPKM KBAHTOBLIX adhpekToB B MT pacTteHuin.

Mnasmogecmbl Kak MeXKIeTOYHbIA KBAHTOBbIA KaHamn. B oTnvume oT HEnpoHoB,
KNEeTKN pacTeHUn CoeduHEeHbl NfasmMogecMaMy — LUUTOMNNa3MaTUYEeCKMMN KaHanamm
anametpom ~30-60 HM, NPOHU3LIBAKOLLMMW KIETOYHbIE CTEHKM N obecneymBaroLLUMm
NpsMyl0 CBA3b  MexXay UuTonnasMon CoCedHuX KneTok. Yepes nnasmogecwmbl
pPacnpoCTPaHAKTCA MOHHbIE TOKW, Manble MONEKYsbl U CUrHanbHble 6enkn. B KOHTekcTe
Orch OR nnasmogecmbl npegctaBnAlT cobon  noTeHumanbHbIi  cybcTpat  ans
pacrnpocTpaHeHUsi KBAaHTOBO-KOPPENIMPOBAHHbIX COCTOSIHUA  MexXay KrieTkamm —
OYHKUMOHAnNbHbIA aHanor CMHanTUYeCKon CBA3W, peanim3oBaHHbIN NPUHLMIMANBEHO UHBIMN
CTPYKTYPHbIMK cpeacTBaMn. OTO MO3BONSAET NPEeasiOKUTb UEPapXUI0 Pe3oHaHCOB Aris
pacTUTENbHOM KNETKN NO aHanorun ¢ nepapxmen bangbonagxeasa 4nsa HEMPOHOB:

TyOynauH (TT'u) - guMep (I'Tu) — MT xjnerkm (MI'u—-xI'Ll) — CHMMIIJIACT dYepes I[1J1a3MOIeCME

(T'w)

Takum obpasom, pacTuTenbHasi KneTtka pacnonaraet BCEMU  CTPYKTYPHbIMU
KOMMOHeHTaMu, HeobxoaumbiMu anst peanusaummn mexannsama Orch OR: o/B-TyOynuHom ¢
KOHCEpPBATUBHbIMM  rMOPOOOHLIMM  KapMaHamK,  PYHKUMOHANbHO  aKTMBHbLIMUK
MUKPOTpYOOUYKamMn, y4acTBYKOLWMMM B CUrHanM3auumn, nU MEXKNEeTOYHbIMU KaHanamw,



CMOCOBHbIMKU CRYXNTb cybCTpaToM AN pacnpoCTpaHeHUss KOPPENMPOBaHHbLIX KBAHTOBbIX
coctosHuin. CneaytoLwmi Bonpoc — paboTaeT Nn 3TOT MeXaHU3m?

NoBeneHne 6e3 HEMPOHOB: Goree LWNMPOKUN KOHTEKCT. PacTeHns — He eQUHCTBEHHbIE
3yKapuOoTbl, 4EMOHCTPUPYHOLLNE KOOPAMHMPOBAHHOE MOBeAEeHME B OTCYTCTBME HEPBHOM
cucteMbl. PecHuykn Paramecium um XryTukn cnepMaTo3omnaoB — akCOHeMbl U3 AeBATH nap
MUKPOTPYBOYEK — NpPOM3BOAAT KOOPAMHMPOBAHHbIE BONHOOOpasHble ABWMXeHus 6e3
Kakoro-nmbo uUeHTpanbHOro ynpaeBneHusi. AMEObI  OCYLEeCTBNAT  HanpaBfEeHHbIV
XEeMOTaKCMC 4epe3 MceBdonoauKn, OpraHM3oBaHHble uuTockeneTom. Hawmbonee
Bnevatnawowmn npumep — Physarum polycephalum, OOHOKMETOYHbIA CRIM3EBUK: OH
peluaeT NabupuHTbLI, BOCMPON3BOANT TOMOSIOMMIO TPAHCMOPTHbLIX CETEN U AEMOHCTpUpyeT
aHTMUMNaumMio Nepuoaunyeckmx CTUMynoB — BCE 9TO 6e3 eguHoro HenpoHa. O6Wmn
3HameHaTenb BO BCEX Cly4vasix — MUKPOTPYOOukM. DTO HabnogeHue CyuecTBEHHO AN
rmnoTesbl: ecnu MT-cyGcTpaT noBeaeHUs yHMBEpPCAneH y 3yKapuoT, Chnydan pacTeHui
nepectaér ObITb WUCKITHOYEHMEM U CTAHOBUTCA YacTblo OOWEeNn 3akOHOMEPHOCTW.
MoapobHbIN aHanmn3 3TUX CUCTEM B KOHTEKCTE Npobnembl OpkecTpauun NpeacTaBfieH B
oTaenbHoun paborTe.

5. UeHnTtpanbHas runote3a: Orch OR y pacteHun
CTpykKkTypa aprymeHTa

YeTbipe npealecTByOWMX pa3gena co3aaroT goKka3aTenbHyo 6a3y, U3 KoTopow runoresa
cnenyeT ¢ Niormyeckon HeobxoanmocTeio. ChopmMynupyem eé€ CTpPyKTypy SIBHO.

lNoceinka 1. JleTyyne aHecteTMkM OBpaTMMO MNOAABMSAKT Pa3gpaxkMMOCTb PacTEHUA C
[0303aBUCUMBbIM NPOUIIEM, UOAEHTUYHLIM OEACTBUIO HA HEPBHYIO TKaHb XUBOTHbIX. OTOT
dakT yctaHosrneH boue (1926) n He3aBUCMMO NOATBEPXKOEH B peLeH3npyeMblX XKypHanax
cnycta 92 rona [Yokawa et al., 2018; Yokawa & Baluska, 2021].

locbinka 2. MonekynspHbln  MEeXaHu3M OEeWCTBUS  NeTy4ux aHecTeTUKOB —
crneunduyeckoe cBA3biBaHME C rMaApodobHbIMM KapMaHamu TybynuHa. MIMeHHO B 3TuX
kapmaHax, no Teopun Orch OR, peanu3yloTCcs KBaAHTOBbIE  Cyneprno3numnm
KOHOPMAUMNOHHBIX cocToAHMIA. CneundunyHocTb K 6GenkoBomMy KapMaHy — He
NpeanonoXeHne, a 9SKCNepUMEHTanbHO YCTaHOBMEHHbLIN akT: Heummobunansepsbl
NVWeEeHbl  aHeCcTeTMYeCKOM  aKTMBHOCTM  MpUM  BbICOKOW  KMPOPaCTBOPUMOCTH;
CTepeon3oMepbl pas3nn4aloTcs No MOLHOCTU; OYMLLEeHHas noumdepasa nHrmbupyeTcs B
oTtcyTcTBMEe meMmbpaH [Franks & Lieb, 1982; 1994; Koblin et al., 1994]. lNpsamMbie namepeHuns
nokasanu, 4YTo JieTy4yMe  aHecTeTMKM  uameHsT  Tru-konebaHus  TyOynuHa



nponopuUnoHansHO KknvHudecko mollHocTu [Craddock et al., 2017], a crtabunusaTop
MUKpOTpyBouek anoTunoH B 3agepxunBaeT noTepto co3HaHus y kpbic [Pal et al., 2024].

lMocbinka 3. TnopodoOHble KapmaHbl TyOynMHA 3BOSIOLMOHHO KOHCEPBATUBHbLI U
CTPYKTYPHO MAEHTUYHbI Yy pPacTeHUn WU  KUBOTHbIX. [lpsAmMoe  dyHKUMOHaNbHoe
A0oKa3aTenbCTBO: KOMXULUWUH, TAKCOM N HOKOAA30/ — NUraHabl 3TUX KAPMaHOB — C paBHON
3P(PEKTMBHOCTLIO  paspyLllalT uUnn  cTabnnuanpyroT MUKpOTpyboukn oboux BMAOB
[Morejohn, 1991]. Monekyna He pasnuyaeT BUA OpraHM3mMa; reoMmeTpusa kapmaHa — ofHa.

Bbieod. Ecnn netydne aHecTeTUKM NOAABMAKT pasfpaXMMOCTb pacTeHun uyepes
CBA3bIBaHME C TEMW e KapMaHamu pacTutenbHoro TybyrnuHa, OHWM NogaBnAlT TOT Xe
Kracc npoueccoB, UYTO U B HelpoHax. NockonbKky B HeMpoHax aTOT Knacc npoLeccoB
asnsetca, no Orch OR, KBaHTOBbIMM Cyneprno3vMumsiMm KOHGOPMALMOHHbBIX COCTOSIHUN
TyBynmHa — normyeckn HeobxoaAMMO 3aKNUNUTb, YTO TE XXE CYneprnosnLnmn peannsyoTcs
B MUKpPOTpYyOOUYKax pacTUTErbHbIX KNETOK M cnyxaT cybcTtpatom Habntogaemon bole
pasgpaxvMocTu.

dPopmanbHasa chopmMynupoBKa

lunomesa bowe—lNleHpoy3a. KeaHmoebie cyrieprno3uyuu KOHopMayUOHHbIX
cocmosiHUl mybyrnuHa, peanusyembie 8 2uOPOoObHbIX KapMaHax
o/B-myb6ynuHosbix dumepos, npedcmasnsitom coboli obwuli MoneKynspHbIU
cybcmpam pa3sdpaxumocmu 81 Cex ayKapuomu4eckux Kriemok. Jllemydue
aHecmemuku nodassisitom pa3opaxxumMocmb pacmeHul Mo MoMy Xe MexaHu3my,
4Ymo U CO3HaHUe XUBOMHbIX: Yepe3 Cesa3bleaHUE C KOHCEPB8aMUBHbIMU
2udpoghobHbIMU KapMaHamMu mybynuHa u HapyuleHue KeaHmoeoul UHaMUKU
8HymMpu HUX. HelpoH sensiemcsi He yHUKarbHbIM Cybcmpamom K8aHmMo8bIX
8bl4ucCIeHuUl, a e2o 380/1IOUUOHHOU crieyuanusayued.

Mepapxusa pe3oHaHCOB B pacTUTeNbLHOMN KIeTke

BaHgbonagxesin ¢ coaBTOpamMy  onuMcanu NSt HEMPOHHbIX  MUKPOTPYyOouyek
MacLTabHO-MHBAPMAHTHYIO MepapXmio Pe30HAHCHbIX YacTOT, OXBaTbIBAOLLYIO HECKONbKO
nopsakoB BenuuuHbl: Tlu-konebaHuss TyOynuHoBoro aummepa — [Tu-konebaHus
onuromepa — MIu—klu-konebaHus mukpoTpyboukn — u-konebaHus nydka [Sahu et al.,
2013a; 2013b]. 3ta mepapxma coorBetcTByeT mogenm Orch OR, B KOTOpOW KBaHTOBbIE
cynepnosvumm oTAeNbHbIX OUMEPOB OPKECTPUPYHOTCA 4Yepe3 KorepeHTHble konebaHus
BCEW CTPYKTYpbI.

B pactutenbHoOn kneTke aTa uvepapxms MMeeT (QYHKUWOHAlbHbIA aHanor ¢ OAHWUM
NPUHUUNNANbHBIM CTPYKTYPHbIM gobaeneHueM. NMnasmogecmbl — umutTonnasmMaTuyeckme
kKaHanbl gnameTpoMm ~30—-60 HM, NpPOHM3bIBAKOLWIME KIETOYHbIE CTEHKM, — COo34atoT
KOHTUHYYM  uUMTOMNasmMbl  Mexay  knetkamm  (cummnnact).  Yepea  cumnnact



pacnpoCTPaHATCSA MOHHbIE TOKM, Ca’*-BonHbI M cUrHamMbHbIE Morekynbl, obecneynBas
ANEKTPUYECKYI0 N BUOXMMUYECKYD CBA3HOCTb Ha ypoBHe TkaHu. B koHTekcTte Orch OR
nnasModecMbl NPeacTaBnsitoT cOOOM NMOTeHUManbHbIM cyOcTpaT Ans pacnpocTpaHeHus
KBaHTOBO-KOPPENNPOBaHHLIX COCTOSIHAA MeXAy KrneTkamy — (QYHKUMOHANbHLIM aHanor
CMHaANTMYECKON CBSA3W, peann3oBaHHbI  MPUHUUNNANBHO  MHBIMA  CTPYKTYPHbIMU
cpeacTBamMmun. JTO NO3BOSISIET ONMCATb MEPAPXMI0 PE30HAHCOB A9 PacTUTENbHOW KNETKU:

TyOYJIMHOBEM OVMEP (TT'1)
\

MT pacTUTEJIbHOM KJIETKU (MI'—xI'11)
\

CUMILJIACT dYepes IJla3MOIeCMsl (T'wr)

MpymeyvaTensHO, 4YTO AvameTp nnasmogecmbl (~30—60 HM) conocTaBuM C OuMaMeTpoMm
camol MUKPOTPYOOo4kMm (~25 HM). CTpyKTypa KaHana TeopeTu4eckn [onyckaeT
MEXaHU4YEeCKUN KOHTaKT MexXdy UMTOCKENeTHbIMU 3fieMeHTaMu COCEeAHMX KIEeTOK, 4TO
OTKpbIBAeT BO3MOXHOCTb MPSAMON nepefadn MexaHuyeckux konebaHun yepes KneTouHyo
CTEHKY.

HenpoH kak aBonoLUOHHAA cneunanusauus

MpuHATME rMNOTe3bl MeHSAEeT KOHUenTyarnbHbIA cTaTyc HeupoHa. B craHgapTHowm
HEMpobMONorMM HEMpPOH paccMaTpUBAETCs Kak KneTka, crneunanbHO npeaHasHadeHHas
ans obpaboTkn nHpopmaumm 1 HPOpPMUPOBAHUS CO3HAHUS, — YHUKarnbHas CTPYKTypa,
oTAenswwaa «MbICASWME» CUCTEMBbI OT «HeMmbicnAwmnx». mnotesa bowe—lleHpoysa
npegnonaraer MHOE: HEWPOH SABNSAETCA 380/OUUOHHOU crieyuanusayueld mexaHnsma
KBAHTOBbIX BbIYUCIIEHUIA B MUKPOTPYDOOUKax, MpUCYyLLEro BCEM ayKapmoTam.

B oTOM nepcnektvBe 9BOMIOLUUS HEPBHOW CUCTEMbI OMNUCLIBAETCA Kak cepus
apXUTEKTYPHbIX pELUEHU MoBepX obwero BblUUCIUTENBHOIO cybcTpaTta. basosnil
ypo8eHb — KBaHTOBble cynepnosvumm B MT, KoopauvHupyemble 4depes Ca®*-BonHbl u
MEXKINETOYHbIE KOHTaKTbl, — peanu3oBaH Y BCeX 3yKapuoT: O4HOKNETOYHbIX (Paramecium
— KOOPAMHMPOBaHHOE ABWXEHWE pecHuYek 4deped MT-akcoHembl 6e3 LeHTpanbHOro
ynpasnenusi; Physarum polycephalum — pelueHne nabnpuvHTOB M aHTULMNALMSA CTUMYIOB
6e3 eanHOro HempoHa), pacteHun, rpnbos. lNepsgas cneyuanusayus — KIEeTKN C BbICOKOWN
MIOTHOCTLIO MT 1 ObICTpOM curHanusaumen, NPOTo-HENPOHLI (Anddy3Has HepBHasi CETb
Hydra). Llenmpanu3sauusi — HEWpPOH C aKCOHOM: HanpaBfeHHas nepefada curHana Ha
fornblUMe pacCTosiHUSA; CMHaNC — ycunvBaemas U MoaynumpyemMas MexKrneToyHas CBA3b
Bmecto cumnnacta (C. elegans: 302 HenpoHa, NOMHOCTBIO KapTUPOBAHHLINA KOHHEKTOM).
WHmMeepayusi — HENpOHHbIE CETU N MO3r: MacluTabupoBaHHas, MHOrOKpaTHO yCUieHHas
apXMTEKTypa Ha TOM e MOJIeKynsipHOM cybcTpaTe.



AHanormsi M3 TEOpMM  BbIMUCIUTENbHbLIX CUCTEM:. TpaH3ucTop —  0GasoBbll
BbIYUCNUTENBHbIN 3NEMEHT, NpeawecTByownin npoueccopy. Mpoueccop He nsobpetaet
HOBbIV MPUHUMIM — OH LEHTpanu3yeT, MacluTabupyeT U apXUTEKTYPHO ONTUMU3UPYET TO,
4YTO TpaH3uCTop Aenan B otaenbHocTn. Hannune CPU He genaeTt oToenbHbIn TpaH3NCTop
«HEeHacToAWMUM»  BblYMCIUTENbHBIM ~ 3rieMeHToM. Hannuve Mo3ra He  genaet
pacTUTENbHYIO KNEeTKYy cuctemon 6e3 KBaHTOBbIX BbIYMCIIEHUN.

CBA3b C 6UO3NEKTPUYECKUM MOPPOreHe3oM

Mavikn JleBuH nokasan, 4to OMO3anNeKkTpuyeckme naTtTepHbl —  FPagveHTbl
TpaHCMeMbBpaHHOro noTeHuMana, noAepXuMBaemble Yepes3 LWeneBble KOHTakTbl (gap
junctions), — HanpaBnsAT MOPGOreHe3, pereHepauutd U OHKOreHe3 He3aBMCUMO OT
reHeTu4eckon nporpammel [Levin, 2021]. BuoanekTpmnyecknin natTepH PYHKUMOHNPYET Kak
BbILUECTOSILLMIA YpPOBEHb YMNPaBMEeHMs — YyCTaBKa [ANS HWXKEenexawmx MOneKynsapHbIX
NpOoLIeCCOoB.

LLleneBble KOHTAKTbl XXMBOTHbIX 1 MNNa3MOAECMbl PaCTEHUN PYHKUMOHANbHO CXOOHbI: 06a
CO30al0T ANEKTPUYECKM CBSI3aHHbIE KIeTouHble aHcambnu [Levin, 2021; Fromm & Lautner,
2007]. Mo aHanormm ¢ 6GUO3NEKTPNYECKMMN NAaTTEPHAMM, ONMCaAHHbIMK J1eBUHBIM ANs gap
junctions, MOXHO NpPegnosioXWUTb, YTO CUMMNMIACT pPacTEHU CnocobeH BbIMOMHATb
aHanorMYyHy0 KOOPAMHMUPYIOLYIO POSfib — OAHAKO 3TO OCTAETCS rMNoTe30N, He NMEoLLEN
NPAMON 3KCnepumMeHTanbHon nposepku. 'MnoTtesa bowe—lleHpoy3a un nporpamma JleBuHa
OonucbIBalOT Torga pasHble YpPOBHU ofHon apxuTekTypbl: Orch OR — KBaHTOBLIN
BbIYMCINUTENbHBIA YPOBEHL; BUO3MNEKTPUYECKMI NATTEPH — BbILLIECTOALWMIA KITACCUYECKNI
ynpaensowmnn yposeHb. Bonpoc 0 TOM, Kak 3TM YPOBHW B3aMMOLEWNCTBYIOT M CKOJSIbKO
YPOBHEWN Mepapxun CylecTByeT B AeNCTBUTENbHOCTU, OCTAETCH OTKPbITbIM U CcOCTaBnseT
OAHY U3 LUeHTparnbHbIX Npobnem KBaHToBOW Guonoruu.

6. NMpoBepsieMble NnpeackasaHuaA

HayyHass UEeHHOCTb TeopeTMYecKOW rnnoTesbl onpeaensieTca He TOSMbKO JlorMyeckomn
CTPOroCTblo, HO M €& CMnoCcOBHOCTLID MNOPOXAATb KOHKPETHble, danbcuduumpyemMble
npegckasanus. Hmxke copmMynmpoBaHbl LWECTb NPeacKa3aHnm, KaKgoe U3 KOTOpbIX NPSMO
BbiTekaeT M3 rmnotesbl bolwe—lleHpoy3a n gonyckaet NpoBeEpPKY IKCNepUMeHTanbHbIMK
MeTogamu, CyLeCTBYHOLIMMN B COBPEMEHHOM OMOU3MKE N MONEKYNAPHOM Guonoruu.
Kaxpgoe npepnckasaHne COMpPoOBOXAAETCS ONWCaAHWEM OXMAAeMOoro pesynbtata npu
WCTUHHOCTW MMNOTE3bl U pe3yrbTaTta, KOTOPbIN rMnoTesy ganscuuumnpyer.

MpeackaszanHne 1. Ad¢PUHHOCTL nNeTyuynx aHecTeTUKOB K TyOynuHy pacTteHun
npeackasbiBaeT X NOTEHLMIO B NOAABNIEHUM pa3gpaXXMuMocCTy.



[MnoTe3a yTBepXxaaeT, YTO aHeCTeTUKM MOAABNAT Pa3fpaXMMOCTb PacTEHUA MMEHHO
yepes cBsA3blBaHWE C rmapoobHbIMM KapMaHaMn pactuTenbHoro TyOynuHa. Ecnu aTo
Tak, cura nogaBneHns fOIMKHA KoppenupoBaTtb C adhPMHHOCTLIO MOSEKYIbl K 3TOMY CanTy
— a He C e€ XNpopacTBOPMMOCTbIO KaK TaKOBOW. DTUM AaHHOEe npeackasaHne oTnmnyaeTcs
oT TpuBuanbHon Meyer—Overton-koppensaunn: oHo TpebyeT koppensumm ¢ GenkoBbIM
canToM, a He C MEMOpaHHON PacTBOPMMOCTBIO.

lMpomokon: BblaennTb TYOYNUH U3 pacTUTENbHbIX KNETOK (CTaHO4APTHbIA WUCTOYHUK —
nucTba wnuHata unn Arabidopsis thaliana); nsamepuTb KOHCTaHTbl CBA3bIBaHUS cepuu
neTy4Ynx aHeCTETUKOB METOAOM M30TEPMNYECKON TUTPaUMOHHON KanopumeTpumn (ITC) unun
NMOBEPXHOCTHOIO Mia3MoHHOro pesoHaHca (SPR). MNMapannenbHo Ha Mimosa pudica wn
Venus flytrap onpegenutb E050 Tex e aHeCTeTMKOB 4151 No4aBMeHNsa pasapaxXMmMocTy in
vivo. ConocTaButb psiabl appmHHOCTU 1 noTeHumMn. Micnonb3oBaHme TyBynmnHa na pasHbixX
BMOOB pacTeHWA  MeTOAonormdeckm 0OGOCHOBAHO  BbICOKOM  KOHCEPBATUBHOCTLIO
nocnegosatensHoctTn (~75% romonorMM Mexay BuAaMu pacTeHun); uaeanbHbIM
KoHTponem 6bina 6bl napannensHas cepus ¢ Ty6ynmMHOM, BblA€NEHHbIM HEMOCPEACTBEHHO
n3 Mimosa pudica, ogHako 3To TpebyeT 3HaunTenbLHO H6oNbLIEro konmyecTsa bMomaccsi.

lNoOmeepxxOeHue euromesbl: pPaHXUPOBAHWE aHECTeTMKOB MO  adPUHHOCTM K
pactTuTenbHOMYy TYyOYnUHY COBMagjaeT C paHXMpOBaHMEM MO MNOTEHUUU noaaBneHus
pasgpaxumocTtun. @anbcughukayus: Koppenauusa Bblle C XUPOPaCTBOPUMOCTbIO, YeM C
Ty6ynuHoBon adhPMHHOCTBIO — 3TO yKa3sbiBano 6bl HA MeMOpaHHbIA, a He TyOyNMHOBLIN
MeXaHU3Mm.

MNMpeackasaHme 2. MyTtaHTbl Arabidopsis thaliana ¢ nameHéHHbIMU TMAPOGOOGHbIMYN
KapMaHaMu TyOynuMHa AeMOHCTPUPYIOT WU3MEHEHHYH 4YyBCTBUTENbHOCTb K
aHecTeTuKaM.

OT10 Hanbonee npsimon TeCcT MexaHmama. Arabidopsis kogupyeT HeCKONbKO N30hOpM O- U
B-tybynuHa (TUA1-6, TUB1-9); npuuenbHas 3amMeHa aMUHOKUCIIOTHbIX OCTaTKOB,
dopmumpyoWnx rmapodobHeI kapmaH, Metogamm CRISPR/Cas9 nosgonsieT cosgatb
pacTeHusi C reoMeTPU4EeCKN U3MEHEHHBIM CalTOM CBSA3bIBaHWS aHECTETUKA.

[lpomokon: BBeCTM TO4Ye4YHble MyTaumm B oOcTatkm [B-TyOynuHa, COOTBETCTBYHOLUME
npeagnonaraemMoMy cauTy CBA3blBaHMA aHecTeTMka no Xammepodyy (npexae Bcero
rmapodobHble ocTaTkm B panoHe [-cybbeamHuubl). CpaBHWUTbL Tpu napameTpa vy
MYTaHTHbIX U OUKUX NUHWA: (1) MOPOroBYK KOHLEHTPaUMIO aHecTeTuka, noAaBnsoLLyto
noteHumnan pencTens; (2) 6a3oByld pasgpaXmMmMocTb B OTCYTCTBME aHecTeTuka; (3)
CKOpPOCTb BOCCTAHOBIIEHUA MOCIe aHecTe3unn.

lNodmeepxxOeHue aurnomesbl: MyTaHTbl C YMEHbLUEHHbIM KapMaHoM TpebyiT 6onee
BbICOKMX KOHLEHTpauMi aHecTeTuKka (MOHWXKEHHas 4YyBCTBUTENbHOCTb); MyTaHTbl C



pacLUMpeHHbIM kKapMaHoM — BGonee HU3KKMx (noBbileHHas ). basoeas pasgpaxmmocTb npu
9TOM W3MEHSIeTCS CUHXPOHHO — MOCKOMNbKY TOT X€ KapmaH siBnsieTcs cybcTtpaTtom
KBaHTOBbIX cynepnosnuui. @anbcughukayusi: MyTauusi MeHsieT YyBCTBUTENbHOCTb K
aHecTeTUKY, HO He BNMSIET Ha 6a3oBY pa3apaXMMOCTb — 3TO yKasbiBarno Obl Ha TO, YTO
KapMaH SIBNsieTCsl TONMbKO CaWTOM CBSI3blBaHUsi, HO He (OYHKUMOHanbHbIM cybcTpaTtom
pasapaxMmocTy.

Mpenckasanue 3. MUKpOTPYyO6OUKM pacTUTenbHbIX knetok npu 300 K o6HapyxuBatoT
Mepapxvmio  OUINEKTPUYECKUX pPe30HaHCOB, MWHBapUaHTHYH No MacwTaoby,
aHanormM4yHyr HeMPOHHbIM.

bangbonagxbanm ¢ coasTopamm [Sahu et al., 2013a; 2013b] onncanu ons HEMPOHHbLIX MT
nepapxmio pe3oHaHCHbIX YacToT, OXBaTblBalOLLYyO Heckornbko nopsgkos: Ty — [Ty —
MIMu—kly — Mu. Ecnu pactutenbHbii TYBYNWMH peannsyeT Te XXe KBaHTOBble Cynepno3vnumm
— Ta Xe nepapxus ormkHa NpucyTCTBOBaTb B pacTuTenbHbix MT.

lpomokon: Bblgenute MT 13 knetok Arabidopsis wnu wnuHata; NPUMEHUTL
LUMPOKOMOSOCHYI0  AMANEKTPUYECKYIO cnekTpockonuio (meTtoa baHabonaaxesisg) wnum
Tlru-cnektpockonuio. CpaBHUTL CNEKTPbl C HEWPOHHbIMM MT M C KOHTpondmu nocrne
aenonvMmepusauun KonxuunHoMm. [ononHUTENbHO: NOBTOPUTL M3MEPEHUE B MPUCYTCTBUM
neTy4unx aHeCTeTUKOB — npeackasaHne COCTOUT B TOM, YTO aHecTeTuku ByayT nogasnatb
Te e 4YaCTOTHble AnanasoHbl, YTO U Y HeNMPOHHbIX MT (pennukaums Craddock et al., 2017,
HO C pacTUTENbHbIM TyOYNMHOM).

lNodmeepxOeHue aurnomessl: CMekTp pacTUTenbHbIX MT BOCMpPOn3BOaUT
MacLUTaOHO-MHBAPUAHTHYIO MEPapPXM0; aHEeCTETUKM MNOLABMSAIOT €€ NpOonopUUOHaNbHO
KITIMHNYECKON MoLLHOCTU. Qasibcugbukayusi: wepapxum HeT, WM OHa KadeCTBEHHO
OTNMYaeTcss OT HENMPOHHOW — 3TO yKasbiBano Obl Ha pasnuMune KBaHTOBOW OUHAMMKK
HECMOTPSA Ha CTPYKTYPHOE CXOACTBO TybynuHa.

MNpenckasaHue 4. Cy6erpar rabutyaumm y Mimosa pudica cBsi3aH ¢ COCTOSiHUEM
MUKPOTPYOOUeK.

lanbssHO ¢ coaBTOpamMu 3adOKyMeHTupoBanu, 4To Mimosa pudica o6y4daetcs
UrHoOpMpoBaTb NOBTOPHbIE 6e3BpeaHble NadeHUs U yaepXXuBaeT 3TOT OTBET B TeyeHue 28
AHen [Gagliano et al., 2014]. MonekynsapHbIn cybCcTpaTt aToM «namaTu» He yctaHoBneH. M3
rmnote3abl  bowe-lleHpoysa cnegyetr  crTporoe  npegckasaHue  OTHOCUTEIbHO
cdopmupoBaHua rabutyaumm: MNOCKOMbKY aHecTeTukn nogasnsT MT-guHamuky B
peanbHOM BpPEMEHW, OHM [OSKHbl HapywaTb 3anuCb HOBOrO creja namsatu
HenocpeacTBeHHO B xoge  obydveHus. OTO  nNpsMoe  crieacTtBue  runoTesbl,
danbcudmumpyemoe Hesasucumo. Bonpoc o6 yaepxkaHuum yxe CHOPMUPOBAHHON
namaTv CTPOrMM MpeackasaHneM He sBnseTca — cybcTpaT [OMroBpeMeHHOro cnega



MOXeT He coBnagaTtb ¢ cybctpatom OR-konnanca, u ero npypoga npeacrasnaet cobou
CaMOCTOSATENbHYI0 Hay4dHyto npobnemy. PesynbTaTbl 3KCNepuUMEHTa Mo  YAEPXKaHWUio
namsTn, ogHaKo, 00pas3yloT pasBUIIKy ANns AanbHenWwmnx nccnegoeanni: MT-3aBMCMMOCTb
yaepXaHus ykasbiBana 6bl Ha eauHbIn cybcTpaT 3anncn n XxpaHeHus; eé oTCyTCTBNE — Ha
pasgeneHve MexaHM3mMoB U HeOBXOAMMOCTb Moucka cybcTpaTta AoNroBpeMeHHOW namsaTu
3a npegenamm MT-anHamMuKn.

lMpomokon: pa3nenuTb pacTeHust Ha rpynnbl: (a) oby4yeHne npy HOpMasnbHbIX YCIOBUSIX;
(6) oby4eHne Ha poHe cybGaHeCcTeTUYECKMX KOHLEHTpauui HOKoAasona Unuv KOmxuuuHa
(aenonumepmnsauma MT); (B) obydeHme Ha doHe Takcona (ctabunmsauma MT).
PasrpaHnuntb gBa aTana: areHT genctByeT BO BpeMsi obOy4vyeHusa (TecT CTpororo
npegckasaHusl) M areHT BBoguTCcsA mnocne obyyeHus (pas3BegoudHbli Bomnpoc 06
yoepxaHumn). TecTupoBaTtbh: CKOPOCTb BbipaboTku rabutyauun; yaep>kaHue yepes 28 gHew;
BOCCTaHOBIIEHNE Pa3apaXMMOCTH nocne npekpalleHnst o06paboTku.

lModmeepxdeHue aunome3sbi: MT-areHTbl, 4ENCTBYOWME BO BpeMsi 0bydeHus, HapyLlatoT
dopmMmumpoBaHmne rabutyauun. Panscugukayus: MT-areHTbl He BNUSAIOT HA OPMUPOBAHME
rabutyaumm paxe npu OencTteuMmM BO BpeMsi obyyeHms — 4TO ykasbiBano Obl Ha
MT-He3aBUCUMbIA MeXaHM3M 3anucu wn ctaBuno Obl nog comHeHne MT-npupony
cybeTparta pasgpaxumoctn y Mimosa.

Mpenckasanue 5. TepneHongHble CTabUNN3aTOPbl MUKPOTPYOOUYEK YCUNMBAIOT, a He
noAaBnAOT pa3apaXXMMOCTb PaCTeHUN.

vMnoTe3a npeackasbiBaeT CTPYKTYPHYHO CUMMETPUIO: €CNW  aHeCcTeTUKM NoJaBnsaloT
KBaHTOBYIO AMHAMUKy B KapMaHax TyOynunHa n TeM CaMblM CHUXAaKT pasapaXXMMocCTb, TO
MOSEKyNbl C TOM Xe addUHHOCTLIO K KapMaHy, HO cTabunmampyowme MT, OOMKHbI
JaBaTb MPOTMBOMNONOXHLIN  apcekT. Takcon (autepneH u3 Taxus brevifolia)
cTtabunumaupyeT MT y XMBOTHbIX U 3a4epXXMBAET NOTEPI0 CO3HAHWUA NoA aHecTeTukom [Pal
et al.,, 2024] — 370 poKasaTenbCTBO MNPUHUUNA Y XUBOTHbIX. JleTyyne MOHOTepreHbl
(B-xapuodomnneH, 1,8-umHeon, o-nNMHEH), BXoAsdwWMe B COCTaB 3PUPHbIX Macen,
OMOXMMMYECKN POACTBEHHbI TAKCOMy M C BbICOKOW adPUHHOCTBIO B3aMMOAENCTBYHOT C
rmapodobHLIMK cpegamu.

lpomokon: nameputb 6a3oByto pasgpaxmmocts Mimosa pudica n Venus flytrap (nopor u
CKOpPOCTb peakUuMn Ha CTaHAApPTHbIN MeXaHWYECKUN CTUMYI); SKCNOHMPOBaTb PaCcTEHUS B
TeyeHne 15-30 MUHYT napam neTy4ynx MoHoTeprneHoB ([B-kapuodunneH, 1,8-unHeon) B
cybaHeCcTeTM4YeCKMX KOHLIEHTpauusax; NOBTOPUTL namepeHue. MapannenbHo: aKCno3numus
ANITUNOBBIM 3PMPOM Kak oOTpuuaTeNbHbI KOHTPOMb. [JONOMHWUTENbHO: NpOBEPUTD,
co34aéT nn TerpeHoBasi obpaboTka YCTOMYMBOCTb K MOCHEAyrLeMy aHecTeTUY4EeCKOMY
NnoAaBneHunio.



lNodmeepxOeHue a2uromesbl: TEPNEHbl CHUXAIOT NOPOr pasgpaKMMOCTU WU/ YyCKOPSOT
OTBET; npeaBapuTenbHasi 06paboTka TepneHamm NoBbILWAET KOHLUEHTpaUno aHecTeTuka,
Heobxoaumyto aAns nogasneHusi. anbcugbukayusi: TEPNEHbl HE OTNNYAKTCSA No 3P dEKTY
OT aHecTeTMKOB — 4TO O3Ha4vano 6bl, 4To adpdumHHOCTL K rmapodobHom cpene
npeackasbiBaeT TONbKO NoAaBeHNe, HO He YCUNeHue.

MNpeackaszaHne 6. JleTyuMe aHeCTeTUKM UIMEHAKT ABYJNydYenpenomrneHue
MUKPOTPYOOUEK B KneTKax pacTeHUM.

YnopsiaoyeHHble MaccuBbl TyOynMHa ONTUYECKM aHU3OTPONHbI: UX ABYfyYenpenomneHue
(birefringence) namepumo meTogaMmm NONAPU3aLNOHHON MUKPOCKOMUN U CIYXUT MPSIMbIM
nokasarteniem CTPyKTypHon ynopsigodeHHocTn MT-ceTtu [Inoué, 1953; Oldenbourg & Mei,
1995]. B Habnogaemom birefringence-curHane npucyTCTBYIOT ABa HE3aBMCUMbIX BKIlaga:
(1) gbopmeHHOEe ABynyyenpenomMmneHne — cnegcTemMe nepnmognuyeckon reoMeTpum camom
TPyOKW, OOMUHMpYlOWWMA  Bknagd, (2) cobcmeeHHoe —AByrnydenpenoMmneHve —
MOJEKynapHasi aHM30TPONUA MOnsApu3yemMocTn TyOynmMHOBBLIX OUMEPOB, onpeaensemas
npexae BCEro opveHtaumen apomatudeckmx octatkoB (Phe, Trp, Tyr) B rugpodobHom
kapMmaHe. ['vunotesa bowe-lleHpoy3a gonyckaeT gBa MexaHu3Ma U3MeHEHUSs CYMMapHOro
curHana npv 4evncTBuUM aHecTeTurka.

lpsimoli nymb: aHecTeTMK 3aHumaeT rmapodobHbIM KapMaH — NepeopueHTupyeT
apomMaTmnyeckme OCTaTkKm — MeHSIeT TEH30p NonaApu3yeMoCcTn gumepa — He3HauuTernbHO
N3MeHseT cOOCTBEHHOE ABynyYenpenomrneHne. 3To TOHKNA 3ahdeKT: POPMEHHbIN BKNaa
OOMVMHMPYET, W [OaHHbIM NyTb MOXET oKasaTbCsd HWkKe nopora obHapyXeHus
CTaHOapTHbIMU METO4AMM.

KoceeHHnll nyms: aHecCTeTuK MeHsieT KOH(bopmaLMoHHoe paBHoBecue
GTP-/GDP-TyGynuHa — naMeHsieT KMHETUKY nonvmepusauumn n genonumepusaumm MT —
NAOTHOCTb M OpPUEHTaAUMOHHLIN nopsagok MT-ceTm B KneTke MeHsieTca — (PopMeHHoe
ABYNy4YenpenomMneHme MeHSeTCa Kak MHTerpanbHbI curHan. 3ToT NyTb BEPOATHO Bonee
YYBCTBUTENNEH K OOHAPY)XEHWUI0; KOCBEHHbLIM MOATBEPXKOEHUEM CIYXWUT TOKasaHHoEe
Craddock et al. nameHeHne konnekTmBHbIX Tl u-ocumnnauunm TybynmHa nog OENCTBUEM
aHEeCTETUKOB, YTO OTpaxaeT nameHeHune B AnHamuke G6enka [Craddock et al., 2017].

lpomokosn: nonapusaumoHHas MUKPOCKOMNNS XKMBbIX KINETOK pacTeHu (Mepuctema KOpHS
Allium cepa wnu Arabidopsis) ¢ MoHuTopuHrom birefringence MT-ny4ykoB g0 u nocne
3KCNO3ULUUKM  NeTydnuM aHecTeTUKoM (OMaTunosbl  adoup, wusodnypaH). KoHTponb
AenonMMepusauun:  KONXUUWH  YCTpaHsieT CurHamn MofiHOCTblo, MoaTBepXaasi ero
MT-cneumdpunyHocTb. KOHTponb 06paTtnMocTu: OTMbIB aHecTeTuka. Cepusi KOHUEHTPaLUWA;
OT CyOHapKOTUYECKNX OO HAPKOTUYECKUX.



TodmeepxOeHue  auromes3bl:  AHECTETUMKM  u3MeHsT  birefringence  MT-ceTen
[0303aBUCUMO, C KOppensaunen no KINUHUYECKON MOTEHLUU; CUrHan BOCCTaHaBNMBaETCA
nocne otTMmbiBa. Qasnbcugpukayus: birefringence He nameHsieTcs Ha hoHe NoBegeHYECKON
aHecTe3nn — 3TO yKasblBano Obl Ha TO, YTO aHECTETUKN AEUCTBYIOT Yepe3 MexaHu3Mm, He
3aTparmBaloLLnn  CTPYKTYPHY0 ynopsgodeHHocTb MT (Hanpumep, yepe3 membpaHHbie
KaHanbl NN aKTUHOBLIN LIUTOCKENET).

YcuneHue uyepe3 OHesHyro MT-peopzaaHusayuro. KopTukaneHble MT-MaccuBbl B KreTkax
pacTeHUn (U3MYECKM MEHSAIOT OPUEHTALMIO B TEYEeHWe CyTOK: TpaHCcnosvums ot
nonepevyHon K NpoaosibHOM opueHTaumm n obpaTtHO ynpaBnseTcs CBETOBbIMU CUrHanamm
N compsbkeHa C CyTovHbIM pocToBbiM UMkoMm [Lloyd & Chan, 2004]. 310 cmelleHune
OpMEeHTaLMM HenocpeacTBEHHO OoTpaxaeTcsl B birefringence-curHane knetkn n obpasyet
N3MEPUMBbIA,  BOCMPOU3BOAUMbBIA  CYTOYHbIN NaTTepH. AHECTeTUK, HapyLlaloLnin
MT-anHamuky, gomkeH cbmBaTb 3TOT NaTTepH — a He MPOCTO HEe3HAYMTENbHO MEHATb
abconioTHoe 3HaveHne An B eMHCTBEHHON BpeMeHHON Touke. CpaBHEHNE «HOPMarbHbIN
cyTouHbIA uukn birefringence vs. uukn Ha ¢OHE aHecTeTMKa» 3KCNepUMeEHTarbHO
3HauMTenNbHO ybeauTenbHee CHMMKA «4O0 M MOCMe»: KOHTPOSfb BCTPOEH B caMy Mpupoay
aBneHus. BaxxHas oroBopka: onncaHHas MT-peopraHusdauus — OHegHas (diurnal), To ecTb
ynpaBnsiemass CBeTOM; €€ CTporo uupkagHas npupoga (CoxpaHeHue B MNOCTOSIHHbIX
ycrnoBusix) TpebyeT oTAenbHON NPOBEPKM.

MpakTnyeckoe 3HaveHue: Nonspm3aunoHHas MUKPOCKONusa He TpebyeT drnyopecueHTHbIX
METOK U no3BondeT Habnogate MT-guHaMuMKy B HaTUBHbIX ycnoBusx. NpenckasaHue 6
yCcTynaeT npeackasaHuto 3 no pusnyeckorn MpsSMONIMHENHOCTM (DOPMEHHLIN BKNag
MackupyeT MOMEKYNspHbIA), HO CYLIECTBEHHO BbIUIPLIBAET MO 3KCNEepUMeEHTarbHOM
OOCTYMHOCTU: MONSAPU3aLMOHHBIA MUKPOCKON — cTaHgapTHoe obopyaoBaHue nobon
Guonornyeckon naboparopuu.

CoBOKYMHOCTb  LIeCTM nNpefckasaHu  OxBaTblBaeT YeThlpe YPOBHA  aHanuaa:
MOSEKYNsAPHbIN  (npeackasanmss 1-2), OGuodwuamdeckmn  (npeackasanms 3, 6),
nosefdeH4vyecknn (npeackasanna 4-5). lNpeackasaHne 6 NpMHUMNMANBHO OTNMYAETCH OT
ocTarnbHbIX: 3TO MNPSIMOE ONTUYECKOe 30HOUPOBaHUE KOH(POPMALMOHHOIO COCTOSIHUSA
TybynunHa 6e3 mapkupoBku. 'MnoTtesa bowe—lleHpoysa hanbcuduunpyema Ha Kaxgom 13
YPOBHEN HE3aBUCUMO.

7. O6cyxneHue
7.1 OrpaHnyeHus

lunnomesa onupaemcs Ha He3dagepwéHHyto meopuro. Orch OR — KOHKypupytoLwias
rmnoTesa C pacTywen 9SKcnepumeHTanbHon 6ason, HO ©e3 Hay4yHOro KOHCeHcyca.



[ekorepeHuna B TEMMOW BraXHOW KMETOYHOW cpefe OCTaéTcs cepbE3HbiM (PU3MYECKUM
BO3paxeHneMm: onnoHeHTbl [Tegmark, 2000] oueHMBalOT BpeMs XU3HU KBaAHTOBbIX
Cynepnosnuunm B HEMPOHaxX Ha ypoBHE 1013 CeKyHObl — Ha MHOTrne Nopsiakn MeHbLUE, YeM
Tpebyet OR-nopor [MeHpoy3a. CtopoHHukn Orch OR Bo3paxatT, 4To rMapodobHbI
KapMaH M30MMpoBaH OT TEMfoBOro LwymMa BoAbl M npeactaBnseT cobon NpuHUMNManbHO
WHYIO cpefly, Hexenu OTKpbiTasd uutonnasma; npambele nsmepeHnsa [Babcock et al., 2024]
noaTBepaunu KBaHTOBbIE KOMMNEKTUBHbIE cOoCToAHNA B MT npu koMHaTHOM Temnepartype.
TeM He MeHee [OUCKYCCUA He 3akpblTa, M HacTodWas runotesa Hacnegyet 3Ty
HeonpeaenéHHOCTb.

lNpsimbix daHHbIX 0 K8aHMOBbIX 3¢hghekmax 8 MT pacmeHuli He cyuiecmayem. NamepeHus
baHabonagxeas npoBoAMNUCH Ha HEWPOHHbIX MT; akcnepumeHTbl Kpagaooka — cC
TYOYnMHOM XMBOTHbIX. HM opgHa paboTa He uamepsna Tl u-cnekTp pacTUTEnbHOro
TybynuHa B npucyTcTBMM aHecTeTukoB. [MpeackasaHne 3 HacToswen paboTbl NpsAMO
agpecyeTt aTOT npoben, ogHaKO OO ero 9KCNepuMeHTanbHOW MPOBEPKU AAHHOE 3BEHO
[oKasaTenbHON LLEeNOYKM OCTAETCH YMO3PUTESNbHbLIM.

Knaccuuyeckasi uoHHasi xumusi npedocmaesisem KOHKypupyrouwue obbsicHeHus. Bce nsatb
deHomeHOB bouwle — noTeHuwan AQeucTeus, rabutyauus, cymmauusi, YCTanocTb,
nogasfieHMe aHecTeTMkamMm — [onyckalT oO0bAcHeHue uyepes Ca2+-cmrHanM3aumo,
WOHHblE KaHanbl W peLenTopHYyl AeceHcuTM3auuio 0e3 npuBnevYeHust KBaHTOBbIX
aonyweHun. Jletyune aHecTeTUKM MHIMOUPYHIOT Yy pacTeHUA He TOMbKO TYOynuH, HO U
WOHHbIE KaHarbl nnasmaTnieckon memoOpaHbl. HacTosiwas paboTa He yTBepXOaeT, uTo
Knaccuieckne MexaHu3Mbl HEBEPHbl — OHa YTBEpPXAAeT, YTO KBAHTOBbIE MPOLECCHl B
TybynnHe obpasytoT AONONHUTESNbHbBIA YPOBEHL OpraHM3aunm, 00bACHSALWMI cneumduky
Meyer—Overton-koppensaumm Ha MONEKYNAPHOM YPOBHE.

«lMamsmb» Mimosa donyckaem anbmepHamueHble 0bbsicHeHusi. abutyauma y Mimosa
pudica MoxeT ObITb 06ycrnoBneHa M3MeHeHMeM TYPropHOro AaBrieHUsA B OBUraTesibHbIX
kneTkax, obpatumon mogudukaumnen Ca?*-kanarnos unu peuenTopHon agantaunen — 6e3
npueneveHnsi cyoctpata MT. lNpenckasaHne 4 paspaboTtaHo MMEHHO ANs TOro, YToObl
pasrpaHn4mTb 3TN BO3MOXXHOCTU SKCNEPUMEHTANbHO.

Opkecmpauusi OR 6e3 HelipoHo8 ocmaémcsi omkpbimbiM goripocom. Orch OR B
HeMpoHax npegnonaraeT «OPKECTPOBKY» KBAHTOBbIX Cynepno3vuun HempoHanbHbIMU
npoueccamm — CaZ+-BOJ'IHaMI/I, CMHaNTUYECKMMKN NaTTEpPHaMU, CETEBbIMU OCLMNNALUSIMMU.
B pactutenbHonm KneTtke 3TM MexaHM3Mbl OTCYTCTBYIOT. HacTtoawas runoTtesa
npegnonaraeT, 4YTO aHanoOrMyHyl posib BbINOHAT Ca*-BonHbl B cumnnacTe u
MexaHu4eckas CBS3HOCTb 4epe3 nnasmogecMbl (pasgen 5), — ogHako npsAMbIX
3KCNEPUMEHTAmNbHbIX  OaHHbIX, MNOATBEPXOAKWMNX  MEXKNETOYHYD  KOOpAUHaLuMIo
OR-cobbITMI y pacTeHui, He cyllecTByeT. OTO Haubornee ysa3BMMOE 3BEHO JTOMMYECKOWN



LEenoYvkn: MexaHu3M NoaaBfieHUsi aHeCTETUKOM ODOCHOBaH, MeXaHW3M opkecTpaumm —
HeT. [lpeackasaHna 3 M 6 KOCBEHHO TeCcTUMPYKT 3TOT BOMPOC 4Yepe3 U3MepeHue
KOrepPEHTHbIX OCLUMIMALUA pacTUTENbHOrO TyOynuHa, HO NPSIMO NPOBEPKU OH TpebyeT B
OTAENbHOM UCcnegoBaHUN.

7.2 OTBeTbl Ha BO3paXeHus

Draguhn et al. [2020] yTBepxaatoT, YTO aHeCTETMYECKOE OENCTBME Ha pacTeHNs oTpaxaeT
OOLLYIO KNETOYHYK TOKCUMYHOCTb, a He Ccneumduyecknini MexaHu3M, CBSI3aHHbIA C
co3HaHmem. OpHako 9dTa NO3vUUSA BOCNPOU3BOAUT JNUMUAHO-MEMOPAHHYIO TEopuio
aHecTe3nn, onpoBeprHyTyto ewé B 1980-1990-x rogax: HemmmoOunamsepbl C BbICOKON
XMPOPaCTBOPUMOCTbIO  NULLEHbl  aHECTETUYECKOW  aKTMBHOCTW,  CTepeoun3oMepbl
pasnuyalTcAa MO MOLLHOCTM HECMOTPA Ha WAEHTUYHYI0 XMPOPacTBOPMMOCTb, a
ouuLleHHas noumdepasa MHrMbnpyeTca NeTyyMMmmn aHecTeTMkaMn B MOSIHOM OTCYTCTBME
MembpaH [Franks & Lieb, 1982; 1994; Koblin et al., 1994]. CneumdunyHocTb K
rmapocobHbIM kKapmaHam 6enkoB, npexae Bcero TybynuHa, — 3TO He npeanonoxeHue, a
3KcnepuMeHTanbHO noaTeepxaéHHbIM dakT [Craddock et al., 2017; Pal et al.,, 2024].
MprmeyvaTenbHO, YTO 3TU AaHHbIE Obiny NoNyYeHbl yxXe nocrne nybnvkaumm Draguhn et al.
1 NPSIMO OTBEYatOT Ha UX BO3paXeHue.

30ecb YMeCTHO YyKasaTb Ha MeTodosiorMyeckoe npeuMyLLecTBO, KOTOPOE, KaK HU
napagokcarnbHO, OenaeT pacTeHus bosee noaxoasilen MoOenbHOW CUCTEMORN, 4Yem
HENpoHbl. B HENWpOHHOM TKaHW neTydne aHecTeTUKM [OEWCTBYIOT Ha MHOXEeCTBO
MONEKYNSAPHbIX MuweHen opgHoBpemeHHo: [TAMK-A-peuentopbl, NMDA-peuenTtopsl,
onvovaHble peLenTopbl, NOTEeHUMan3aBUCUMbIE HaTpUEBble KaHamnbl — BCE OHW BHOCAT
BKNag B CyMMapHbIA aHecTeTUYeckun adhdekT 1 3aTpyaHSAIOT BblYSiEHEHME KOHKPETHOro
Bknaga TybynuHa. B pacTuTenbHOM KneTke 3T MULIEHWM OTCYTCTBYIOT MOSIHOCTbIO: HET
HEMPOHHbIX PEeLEenTopoB, HET CUHANTUYECKUX CTPYKTYP, HET OMMOWOHOW CUCTEMBI.
TyOGynuH oOKasblBaeTCsi €OUHCTBEHHbIM KaHOWOATOM, YOOBMETBOPSAOWMM  KPUTEPUIO
Meyer—Overton — koppensuuu, BOCMPOU3BOASLLENCA Yepe3 CeEMb MOPSOKOB BEMNUYUHbI
OIS XMMUYECKN HECXOXMUX Monekyn. MyTamaTt-nogobHble peuentopbl pacteHnn (GLR) n
MexaHouvyBCTBUTENbHbIE KaHanbl (MSL) Tawkke WHMMOMPYOTCA pPAOOM  aHEeCTETMKOB
[Fromm & Lautner, 2007; Toyota et al., 2018], ogHako ux MHrMbUpoBaHne He criegyeT
Meyer—Overton-3akOHOMEPHOCTU U He 0ObscHAeT cneunduky CTepeon3oMepoB U
HenmmobunansepoB. benkoBbin rMAPOdOOHbLIN KapMmaH TybynuHa — eauHCTBEHHas
noeHTnnLMpoBaHHas CTPYKTYpa, reomeTpus KOTOpOW BOCMpPOU3BOANT
PU3NKO-XMMMNYECKYHD OCHOBY 3TOW KOppensauun. ITo 3Ha4yuT, YTo HabniogeHne bowe —
nonHoe un obpaTvmoe nogaBneHve pasgpaxnumMocTu neTydYMMn aHecTeTukamm — B
pacTeHnsiX CBUAETENLCTBYET O MULLEHN C BOMblLUE OOHO3HAYHOCTbIO, YEM aHanornyHble
AaHHble No HerpoHam. OTCYyTCTBME HEPBHOW CUCTEMBI, TPAANLMOHHO BOCNPUHMMaBLLEECS
Kak crnabocTb aprymeHTta, 4BMSEeTCA €ro 9KCNEePUMEHTanNbHOW CWUMOW: pacTeHus



npeacTaBnaoT cobon Gonee 4MCTy0O Moaenb ANA MPOBEPKU TyOynMHOBOrO MexaHu3ma
aHecTesnn, YeM HENpPOHbI.

Bonee wmpokoe Bo3paxeHne COCTOUT B CNeayoLleM: AaXe ecrnv aHeCTETUKN OAeNCTBYIOT
yepes TyOynuH, 3TO elé He OOoKa3blBaeT, YTO MOAABMSEMbIA MMN NPOLIECC B paCTEHUSIX
MMeeT OTHOLLEeHMNe K co3HaHui. 'mnoTtesa bolwe—-lleHpoy3a npuHMMaeT 3TO BO3paXKeHue
KaK 4yeCcTHOE M OTBeYaeT Ha Hero CTPYKTYpOW: HacToswas paboTa He yTBepaaeT, 4To
pacTeHus co3HaTernbHbl B YernoBeyeckoM cMmbicre. OHa yTBepXXaaeT, YTO MOMEKYNSPHbLIN
cybcTpart, nexawumnm B OCHOBE pPasfdpaXMMOCTUM pacTeHUn, uaeHTudeH cybceTpary,
npeanoxeHHomy Teopmen Orch OR ans co3HaHWA XMBOTHbIX. Bonpoc 0 TOM, YTO MMEHHO
B pacTeHUsX COOTBETCTBYET 3TOMY CybCTpaTy PyHKUMOHANbHO, — OTKPbIT U COCTaBnseT
npeameT npenckasaHui pasgena 6.

7.3 ApXMTEKTYpPHbIA apryMeHT: NCUXONOAOOHbLIE OTKIMUKNA TPeOyloT GonbLuero, Yyem
MeXaHU3M

CkasaHHoe ykasblBaeT Ha Gonee rnybokoe orpaHu4yeHne MexaHUCTUYECKUX 0OBbSCHEHWN.
MonHble  kawambl, Ca’'-BomHbl  w peLenTopHasl  [eCeHCcUTM3auusi  OonucbiBatoT
MOSeKyNsipHble MeXaHW3Mbl OTAENbHbIX peakumii — HO He OBOBSCHST MX COBOKYMHYHO
apxuTekTypy. cnxonogo6HbIN OTKNMK aganTUBEH: CUCTEMA MEHSIET OTBET B 3aBMCMMOCTM
OT WUCTOPWUM BO3AENCTBUA, TO €CTb NOAAEPXKMBAET AMHAMUYECKY YCTaBKy —
pedepeHCHOe COCTOsIHME, C KOTOPbIM CpaBHMBaeTCs Tekywuin Bxod. OH MHTErpaTuBeH:
HECKONbKO CUrHanoB OOGBLEAUHSIIOTCA COrnacHO HEKoeMy KpUTEpUD, TO eCTb ycTaBka
B3BelUMBAET BXOAbl OTHOcuTenbHO uenu. OH obpaTvM: cucTema BO3BpalljaeTcsl B
NCXOAHOE COCTOsIHME — TO eCTb YCTaBKa BOCCTAHaBMMBAETCS NOCHe HapyLUEeHUs.

Kak ykaszaHo B pasgene 3 NpMMEHUTENbHO K npobreme opkecTpauuun, Nobon KOHTYp
KoopOuHauMM C ajanTUBHOW YCTaBKOW TpelbyeT xueol ycmaseKku — CNOCOOHOW K
aBTOHOMHOMY NEPECMOTPY COBCTBEHHbIX KpuTEpMEB 6e3 obpalLeHns K BHELLUHEMY areHTy.
OTO ycrnoBue He BbIMOMHAETCA HW B OOHOW BbIYUCIIMTENBHOM apxuTekType: nbas
MalKnHa TblOpuUHra, BKIOYAs KBAHTOBblIE KOMMbIOTEPbI, OMEpuMpyeT B pamkax
npens3agaHHbIX MpaBuil U He cnocobHa nepecMoTpeTb MX WU3HyTpu. XKuBas ycTaeka
npegnonaraet UCTOYHUK, HAXOASLLUMACS BHE BbIYMCIUTENBHOIO YPOBHSA CUCTEMBI.

MmeHHo aTo npepoctaBnseT Orch OR: OR-konnanc onpegensieTcss He anropMtMoMm, a
reomMeTpuen NpocTpaHCTBa-BpeMeHn — CTPYKTypon naToHM4yeckoro Mmmpa B TepMUHax
lMeHpoy3a. 3TO U eCTb He-BblYUCANMBIA UCTOYMHUK PYKOBOASALLEro npuHUuna, Nnorndecku
TpebyeMbli  apXMTEKTYpOM NcuxonogobHoro oTknvMka. Takum o0pasom, cam  akT
CYLIECTBOBAHNA MNCUMXOMNOA0OHbIX OTKIMKOB — e€eWwé [o Bornpoca 00 aHecTeTuMkax Wu
TybynnHe — ykasblBaeT Ha YpOBEHb OpraHuM3aunn, NPEeBOCXOOSLNA MEXaHUCTUYECKoe
onucaHve. 3TO He nMpsaAMoe [JoKas3aTeNbCTBO MPOTO-CO3HAHUS, HO apXUTEKTypHoe



TpeboBaHMe, KOTOPOMY MNPOTO-CO3HAHWE OTBeYaeT, Toraa Kak 3aMKHYTbIi MexaHu3M B
nsonaumMm — Het. Knaccuyeckas MOHHasi XMMUS OMUCLIBAET, Kak peanusyeTcsl OTKIUK;
BOMPOC O TOM, M1OYEMY OH OPraHm3oBaH MMEHHO TaKk — aganTUBHO, MHTErpaTUBHO W
obpaTtmmo, — ocTaéTcs 3a eé npegenavu.

MawwnHHoe 06yyeHne npegocTaBnsaeT TpeTbe, onepaumMoHanbHOe A4oKa3aTenbCTBO TOM Xe
HeobxoanumMocTn — 1 Haubonee JOCTYNHOE COBPEMEHHOMY YnTaTtento. ba3oBbin anroputm
06y4eHust HempoHHou cetn (6 — B — n-0L(B)) matemaTmnyeckn HeBO3MOXeEH 6e3 BHeLLHe
3agaHHoOM yHKUMM noTepb L: 6e3 uenu HeT rpagneHTa, HeT 00yyeHnsa. Mepapxmns yctaBok
B ntobon ML-cucteme — napameTphl, runepnapamMeTpbl, apxuTekTypa, Bblibop 3agayun —
HWKOrAa He 3aKpblBAaeTCs BHYTPU CUCTEMbI; HA BEpLUMHE BCEraa HaxoguTCs XXMBOW areHT.
OT0 onepaumoHanbHasa peanusaums Toro, uYto éaenb gokasan gopmanbHo, a lNonaHn —
3MNUCTEMOSIOMMYECKN: CUCTEMA HE MOXET 3a[aTb CMbICI CBOMX onepaLlumn 3 cobCTBEHHOro
onucaTtenbHoro ypoBHsi. CyliecTBEHHO, YTO obpaTHas cBs3b B NMtobon cxeme obyveHnss —
npegobyveHne Ha Tekctax, RLHF, koHcTuTyumoHanbHbin Al — 3amblkaetcs 4vepes
yernoBeyecKkoe CO3HaHWe Unn ero KpUCTannmn3oBaHHble NPOAYKTbl (KHUMN, Hay4YHble CTaTbw,
OLUEeHKM aKkcnepToB). HM ogHa cxema He 3akpbiBaeT neTnio 6e3 COo3HaHUSA CHapyxXw.
MmeHHO 3TO penaeTt paspbiB mexgy ML u cosHaHMem He BonpocoM macwTaba wnm
CNOXHOCTU, a oHTonorndyeckum: OR-konnanc npegnaraet e4MHCTBEHHbLIN MaTeMaTUYeCKu
KOrepeHTHbIN cnocob 3akpbiTb 3TOT perpecc — Yepe3 reomeTputo MNnaTtoHMYeckoro mupa,
CaMOJ0CTaTOYHYIO MO onpeaeneHunto.

7.4 Nmnnukaumu

Helipon — He 3a npedenamu, a eHympu KOHmMuHyyma. Ecnv rmnotesa BepHa, HEWpoH
ABNSAETCHA He m3obpeTeHMeM npupoabl, a €€ apXUTEKTYPHbIM peLLUeHUEM MOBEpX Yxe
CYLIEeCTBYIOLLEr0 MexaHuama. IOTO W3MEHsIeT MOCTaHOBKY LEeHTpanbHOro Bonpoca
HENPOHaYKU: He «KakK HEMPOHbI NOPOXAAKT CO3HAHME», a «KakK HEMPOHHAas apxXuTekTypa
ycunuBaeT WM LeHTpanuayeT npouecc, yHMBEpCanbHbIA Of1s BCEX 3yKapuoT». B arton
nepcnekTnBe 3acnyXvBaeT BHMMaHWUS NpUMeEpP, Haxo4AWwMNcs NpsMo BHYTPU XUBOTHOTO
opraHmama. WHTpuHCMYecKkass HepBHasi cuctema cepgua cogepxumt okono 40 000
HENPOHOB, 0OpasylLNX COOCTBEHHbIE FAHIMMO3HbIE CETU U CMOCOOHbBIX K HE3aBUCMMOW
obpaboTtke mHbopmaunn [Armour, 2007]. lNMokasaTtenbHa aHaTomMuyeckass acCUMMETPUS,
KOTOopas peako yNoMUHAEeTCa Aaxe B cneunanbHon NuTepaTtype: YNCIO HEPBHbIX BOMOKOH,
noywmux OT cepgua K MO3ry, 3HAYMTENbHO MpeBbillaeT YMCMO BOSIOKOH, MAYLMX B
obpaTHoM HanpasneHun — okono 80% BOMOKOH Onyxagawwero HepBa SABMAKOTCA
addepeHTHbIMK [Berthoud & Neuhuber, 2000]. Cepgue He nony4aeT kKOMaHObl CBEPXY —
OHO HenpepbIBHO NockbinaeT ux Beepx. B pamkax Teopun MNeHpoysa—Xammepoda HENPOHBI
CEepAEeYHbIX TaHrmMeB C TEMWU Xe MUKPOTpyboudkamu M rmapodobHbIMM  KapMaHamm
TyOynuHa ABNAOTCA MNOMHOMPaBHbIMM  KaHAMAATaMM Ha yyacTMe B  KBAHTOBbIX
BbIYUCINEHNSX; BOMNPOC O TOM, YTO WMEHHO nepegaétrca no atmm 80% BOCXOOALMX



BOJIOKOH, an06peTaeT B 3TOM KOHTEKCTE HEOXNOAaHHOE U3MEPEHNE.

lMpumMeyaTenbHO, 4YTO WMHTPUHCUMYECKAst HepBHasi cuctemMa cepaua obHapyxuBaeT
YyBCTBUTENbHOCTb K reomMarHUTHOM obcTaHoBKe: BapuvabenbHOCTb CEepAeYHOro putma
KoppenupyeT C ypOBHEM reOMarHMTHOM akTUBHOCTU — 3TOT adhdhekT 3a40KyMEHTUPOBaH
KaK B NPOCNEKTUBHLIX KOrOPTHbIX uccnegoBaHusax [Kim et al., 2022; PMID 35644403], Tak u
B (p13NONOrMYECKNX SKCNIEPUMEHTAX C HENpPepbIBHbIM MOHUTOpUHroMm HRYV [McCraty et al.,
2017]. Ecnn aT10oT adbdeKkT peanusyetcs 4Yepe3 MexaHusM pagukanbHbIX nap —
CMWH-3aBUCUMbIX KBAHTOBbLIX COCTOAHWNA, 3a40KYMEHTUPOBAHHbLIX B MarHuTopeuenuuu
nTuy [Ritz et al., 2000], — To cepaeyHble HENPOHbI OKa3blBaOTCA NIIOLLAAKOW, HA KOTOPOK
OR-konnanc B TybynuHe mogynupyeTtcs rnobanbHbIM1U KOCMUYECKUMU NpoLieccamu.

paHuuya cosHaHus 6 npupode. CTaHgapTHas HEMPOBMONOrnsa NPOBOLAUT OHTOSTOMMYECKYHO
rpaHuLy: HEMPOHbI ECTb — CO3HAHWE BO3MOXHO; HEMPOHOB HET — CO3HaHME UCKIOYEHO.
MvnoTtesa bowe-lleHpoy3a npegnonaraetT MHoOe: dTa rpaHMuUa KONUMYECTBEHHa, a He
kayectBeHHa. Co3HaHMe — unu TO, YTO [leHpoy3 Ha3biBaeT MPOTO-CO3HAHWEM, — He
M300pETEHO XMBOTHBIMKM M TeM Bonee He sBNSeTCs npeumyllecTBoMm 4yenoseka. OHO
npucyTtctByeT TaMm, roe OR-konnanc B TyOynvMHe gocTuraeT nopora, — TO €CTb BO BCEX
9YKapuoTM4EeCKUX KneTKax. HenpoHHble cuUCTeMbl He BBeNuW MNPUHUUNMANBHO HOBbIN
NpoLEeCC; OHM CO3[anu ero MaclwTabupoBaHHYHO, LEHTPanuM3oBaHHY U CEMaHTU4YeCKu
oboraLEHHY0 apXUTEKTYPY.

MpumeyvaTensHO, YTO caM bolle ykasbiBan ewwé gansiie. B «Response in the Living and
Non-Living» (1902) oH 3admkcupoBarn ncnxonogobHble OTKIIMKM B HEOPraHU4ecKowm
MaTepum — meTannax, 4EMOHCTPUPYIOLWMX YyCTanocTb, BOCCTAHOBMEHME U MOAaBneHune
xnopodopmom. Ecnm rpaHuua xmBoe/HexuBoe rpagyanbHa, kak HacTamBan bowe, To
BOMPOC O MeCTe MPOTO-CO3HAHUSA B 3TOM KOHTUHYYME OCTaéTcs OTKPbITbIM 3a npegenamu
Guonorun. Hactosawaa pabota He nNpeTeHAYeT Ha ero peLleHue; oHa NULb YKa3blBaeT,
YTO [JoKasaTenbHas Ioruka, paspaboTaHHas 34ecb Ans pacTeHUW, BOCMPOM3BOAUT
WHTYMUMIO, KOTOpYto Bolle obHapyXun n B HEXXMBOM BeLLEeCTBE CTO ABaJuaTb NeT Hasaj.

MonekynapHass crnoxHocme kKak rpedukmop. [puHumas rmnoTtesy, Mbl HEn3BexHOo
BCTpeYaem BOMPOC: NoYeMy UMEHHO TyOynuH? OanH u3 BO3MOXHbIX OTBETOB JEXUT B
CTPYKTYPHOW aHanorMm ¢ MOMEKYNSPHbIMKU  CUCTEMaMW, Yy KOTOPbIX KBaHTOBas
YCTOMYMBOCTb  MNOATBEPXAEHA  3JKCNepuUMeHTanbHo. dynnepeHbl U yrrepoaHble
HaAHOTPYOKN — «YUCTbIE» TI-3NIEKTPOHHBIE CUCTEMbI — HAaxXOASATCS B HeENpepbiBHOM
MOJIEKYNIAPHOM psigy OT MPOCTbIX apoMaTUYeCKMX Komel QOO0 CITOXHbIX OerkoBbIX
nonocten. TyOynuH, N0 BCEM BMOUMOCTW, 3aHMMAaeT B 3TOM psgy ocoboe MecTo: ero
rmapodoBHLIN KapMaH, No-BMAMMOMY, peanuayeT Ty XKe puanyeckyto nger n3onsumm, 4To
n dynnepeHoBasi knetka, — HO B OMOMOrMYECKOM KOHTEKCTE, KOTOPbIA, €Criv rmnoTesa
Orch OR BepHa, gonyckaeT OpKeCTPOBKY KBAHTOBLIX COCTOSIHUIW Ha ypoBHe Bcer MT-ceTu.



Ecnn aT1o Tak, MonekynsapHasi CNoXXHOCTb U TT-9NEeKTPOHHASA HaCbILWEHHOCTb MOTYT CAYXKUTb
KOCBEHHbIMW MpeaukTopaMuM KBaHTOBOM  «gocTynHoctTu» ana OR — a nowuck
KBaHTOBO-BLIYUCIIUTENBHLIX CybGCTpaTtoB B OWMONOrMM CTOMT HayMHaTb WMMEHHO C
rmapodoBHLIX, apOMaTUYECKN HACbILLEHHbLIX MOMOCTEN.

OHepzoahhekmueHOCMb Kak KOC8EHHOe ceudemeriscmeo. YenoBeyeckmin MO3r
notpebnsaet ~20 BT npu pelueHnn 3agad, ons npubnmkEHHOro BOCNPOM3BEAEHUST KOTOPbIX
COBpPEMEHHbIM HenpoceTam TpebytoTca aaTtaueHTpbl ¢ meraBaTTammu notpebnenus [Attwell
& Laughlin, 2001]. 3T0oT pas3pbiB He OOBLACHAETCA TOMbKO apPXUTEKTYPHbIMU
npevMmyliecTtBamm (OTCyTCTBME  (POH-HEMMAHOBCKOTO Y3KOrO ropria, paspexeHHoe
kogupoBaHune). Ecnm Orch OR BepHa, kBaHTOBasi korepeHuuss MT obecneumBaet
«becnnaTHyo» KoopAuHAUMIO Yepe3 3anyTaHHOCTb M MNoTeHuuanbHO paboTaeT Huxe
Knaccudeckoro npegena Jlangayapa, nockoneky OR-konnanc onpegensercs niaHKoBCKOW
reomeTpuen, a He TepMmoauHamukon. lMapagokcanbHaa 3HeproaeKkTUBHOCTL Mo3ra
MOXET OblTb KOCBEHHOW 3MMUPUYECKOW CUrHATYpOW KBAHTOBOIO BbIYMCIEHUS B
MUKpOTpYyOouUKax.

Mamemamuueckass cmpykmypa OR-xkonnanca. lNMpumevaTtenbHO, 4YTO MaTeMaTuyeckas
CTPyKTypa, nexawas B ocHoBe Orch OR, BOCNpou3BOAMUTCS HE3aBUCMMO Ha HECKOJSTbKUX
YPOBHSX onucaHusi. KoHdopmaunoHHble COCTOSHUS TyOynNMHOBOro aumMepa — nepexoabl
Mexay ABYMSI NPOCTPAHCTBEHHbLIMWN KOHUrypaunsmm -cybbeanHnLbl — CyTb BpaLLleHUs
B KOHJOPMaLMOHHOM MpOCTpaHCTBe, onuckiBaemble rpynnon SU(2). Ta ke rpynna
OMNUCbIBAET CNWH 3MEKTPOHA B KBaHTOBOM MexaHuke, CISS-adhdekt B xuparnbHom
TybynnHe [Naaman & Waldeck, 2012] n cnuHopbl B OR-kputepum NeHpoysa [Penrose &
Rindler, 1984]. OpgHa wMmaTtemaTuuyeckast CTpykTypa oOOHapyxuMBaeTcsi Ha YpPOBHe
3NEKTPOHHOro CnuvHa, MONEKYNAPHOro KOH(OPMAaLMOHHOrO nepexoga M NnaHKOBCKOM
reomMeTpum npocTpaHCTBa-BpeMeHn. EAnMHMYHbIE KBaTEpPHWOHBLI, OOpasylowme rpynny
SU(2), He nmeloT aHanora B €BKNUMOOBOM NPOCTPaAHCTBE UMK NpocTpaHcTBe MWHKOBCKOro
— OHU lMnaTtoHMYHBI B CTPOrOoM CMbIcne: 0BHapyxeHbl MaMnnbTOHOM, a He n3006peTeHsl.
Ecnn Orch OR BepHa, Guonornyeckoe BblUMCIIEHME peanu3yeTcsd B anrebpe, koTopas
CylwlecTByeT TOMbKO B [1naTtoHnyeckom mupe. 3To HabnaeHue HOCUT nNpeaBapuUTeNbHbIN
xapakTtep v TpebyeT OTAenbHOro MaTeMaTMyYeckoro aHanmsaa; 34ecb OHO NPUBOAMUTCS Kak
yKkasaHue Ha rnybuHy CTPYKTYpHOro eauHCTBa, KoTopoe runoTtesa bowe-lleHpoy3sa
OTKpbIBaEeT 3a npegenamu Guonoruu.

lNpakmuyeckue cnedcmeus. Ecnn TyOynuH sBRsieTCS YHMBEpCcanbHbIM CyOCcTpaToMm
pasapaxMMoCTN y 3yKapuoT, aHeCcTe3norornsa nofyvaeT HOBYK aHanuUTUYECKY PaMKy:
3(pPEeKTUBHOCTb NETYYMX aHECTETUKOB OrnpefenseTcs He MX XMPopacTBOPUMOCTLIO Kak
TakoBOW, a apOMHHOCTBIO K 3BOSIOLUMOHHO KOHCEPBATUBHOMY rMapodobHOMY KapmaHy
KOHKpeTHOro 6enka. 3To OTKpbIBAaeT BO3MOXHOCTb pauUMOHanbHOro AnM3anHa aHeCTETUKOB
C 3afaHHOM cneunduyHOCTBIO K TYOYNMHOBBIM M30hOopMaM pasnuyHbix TkaHen. [ns



Guonorun pacTeHu crnencTtBue COCTOMT B TOM, YTO YYBCTBUTENBbHOCTb K aHECTETUKaMm
MOXeT CMY>XUTb KOCBEHHbIM MapkepoM KBaHToOBOW AuMHamuku B MT u, cnegosaTenbHO,
WHONKATOPOM  (PM3NOSMOMMYECKOTO COCTOSIHUSA PacTUTENbHOM TKaHW — MPUMEHEHMe,
BbIXOAsLLee 3a paMkn oyHOaMeHTanbHOM HayKu.

8. 3aknrouyeHue

Bowe 3apokymeHTMpoBan akT, KOTOpbIA HEMPOOMONOrMs Ha NPOTSHKEHUU CTONeTUs
npeanoynTana He 3amedatb: NeTy4yne aHeCcTeTUKM NOAABMAT pa3gpaXmMMoCTb pacTeHU
C TEM € [O0303aBMCUMbIM NPOdUIIEM, YTO M CO3HAHWE XUBOTHbIX — 06paTnmo,
cneundunyHo, Bocnpou3BogMmo. Hactosiwasa paboTta npegnaraetT MexaHUCTUYEecKoe
00bsACHEHME 3TOro hakta, onuparoleecs Ha TPU HE3aBUCUMbIX LOKa3aTeSbHbIX NIMHUMK:
MeXaHW3M OENCTBUS aHECTETUKOB (CNeundmnyHOCTb K rnapodobHbIM KapMaHam TyOynuHa,
a He K MeMOpaHHbIM nMnMagaMm — 4YTO YCTaHaBNMBAET MOJSEKYNAPHYIO MULLEHD),
3BOMOLUMOHHAA KOHCEPBATUBHOCTb JTOW MULLEHW (CTPyKTypa KapmaHa TybynuHa
COXpaHeHa Yy pacTEeHUA W >KMBOTHbIX, YTO [JOKasblBaeTCsl OOWMHAKOBbIM AENCTBUEM
KOoNnxuumHa n Takcona Ha oba TtakcoHa) un Teopus Orch OR (OR-konnanc B TyOynMHOBbBIX
KapmMaHax Kak cybcTpaT cosHaTenbHoro onbita). M3 nepeceyeHns aTmx TPEX NUHWUIA
cnepyet runotesa bowe—lleHpoy3a: KBaHTOBblE Cyneprno3vumMmM KOHMOOPMaLUNOHHbIX
COCTOSIHUI TyGynnHa siBNATCA 06LLMM MONEKyNApHbIM Cy6CTpaToM pasapaXXMMocTy ans
BCEX JYKApWMOT, @ HEWPOH — 3BOJSIIOLMOHHOM creunanusaumen 3Toro yHMBEpCcanbHOro
MeXaHn3ma, a He ero yHMUKarbHbIM HOCUTESEM.

3HayeHVe rMnoTesbl, ecny OHa MOATBEPAUTCH, BbIXOAUT 3a paMKu BUONOrMU pacTeHWUN.
'paHuUa co3HaHWs B NpUpoAe — BOMPOC, KOTOPbIN CTaH4apTHas Henpobuonorusa peluana
aHaTOMM4yeckn (ecTb HeWpoHbl — eCTb CO3HaHWe) — OKasblBaeTCs BOMPOCOM
KONMMYeCTBEHHbIM, @ HEe OHTOrornyeckum. poTo-co3HaHune, B TepMuHororun NeHpoyaa,
He n3obpeTtaeTca Guonormyeckon IBoNOUMEN: OHO NpucyTcTByeT TaMm, rae OR-konnanc B
TybynuHe gocTuraeT nopora, — TO €CTb BO BCEX 3yKapMOTUYECKMX KreTkax. HempoHHble
CUCTEMbl He BBEnM MPUHUUNWANBHO HOBbIM MPOLECC: OHW Cco3danu  Ans  Hero
MacwTabupoBaHHY0, LEHTPanu3oBaHHY0 U CeMaHTMYeCcKM OBOoraléHHy0 apXUTEKTypy.
ApPXUTEKTYPHbIA aHanu3 MCcUXOonoA00HbLIX OTKMMKOB — afanTUMBHbLIX, WHTErpaTUBHLIX U
obpaTuMbIX peakumin, obHapyXnBaemblx y pacTeHUIN, OAHOKINETOYHbIX U, N0 HabnoaeHnAM
Bowe, gaxe B HEXMBOMW MaTtepum — yKasblBaeT Ha TO, YTO UX OpraHusaums Tpebyet
XXMBOW obpaTHOM CBA3W: METNM C YCTaBKOW, UCTOYHUK KOTOPOW HaxXoAWUTCs 3a npeaenamm
BbIYUCNIUTENBHOMO YPOBHSA CUCTEMbl. JTO CTPYKTypHOe TpeboBaHwe, He3aBUCMMOE OT
akcnepumMeHTansHon nposepkn Orch OR, camo no cebe saBnAeTcs apryMeHTOM MNpoTuB
CBeJeHNs pasgpaXmMoCTU K YUCTO MexaHucTuyeckomy onucanuio. OHo nonyyaet
onepauuoHarnbHoOe MnoAKpernneHme n3 TPEX He3aBUCUMMbIX WCTOYHWKOB: popManbHO —
Teopema €épens (3amkHyTas dopmanbHas cuctema He BbIBOAUT COOCTBEHHOE MOSiHOe



onucaHue); SMNUCTEMOSIOrMYECKn — aprymeHT [lonaHm O MON4YanvMBOM  3HAHWUW;
onepauuoHanbHO — 6a30BbIi anropuT™M MaLUMHHOMO 00y4YeHus: Nbon rpagneHTHbIN
cnyck (6 —» 6 - n:0OL(B)) maTemaTnyeckn HEBO3MOXEH Ge3 BHelLHe 3adaHHON YHKLUK
notepb L, n HM ogHa peanu3oBaHHas cuctema obyvyeHus He 3akpbiBaeT NeTno obpaTHOM
cBA3n 6e3 co3HaHUA cHapyxu. [JononHUTeNbHbIM KOCBEHHBIM CBUAETENLCTBOM KBAHTOBOW
NPUPOAbLI BbIMUCNEHUSA CRAYXWUT NapagokcanbHasi 3HeproaddeKkTMBHOCTb Mosra: ~20 BT
NpoTMB MeraBaTT AaTaueHTPOB MpPU COMOCTaBUMOWN BbIYUCIINTENBHON CMOXHOCTM 3agauun
[Attwell & Laughlin, 2001]. 3ToT paspblB He OOBACHAETCH TOMbKO apXUTEKTYPHbIMU
npenmywiecteamm — ecnn Orch OR BepHa, OR-konnanc onpenensieTcs niiaHKOBCKOW
reomeTpven, a He TepMOAMHAMUKOW, U NOTeHUMarnbHO paboTaeT HWXKe KracCUy4eckoro
npegena JlaHpayapa.

HacToswas pabota — TeopeTnyeckas: oHa copmynupyeT rmnoTesy, npocnexueaeT eé
JokasaTenbHyl0 MOrMKy W npeanaraeT KOHKPEeTHble aKkcnepumMeHTanbHble TecThl. ecTb
npeAcKkasaHuin oxBaTbiBalOT YeTbipe YPOBHA aHanM3a — MOJEKYNApHbIA, Buodusnyeckui,
NnoBeAeHYECKMN N ONTUYECKMA — U panbcuduumpyembl He3aBMCUMO Apyr OT Apyra.
Hanbonee OoCTynHble HEMeOSIeHHO: u3MepeHne adP@PUHHOCTM aHECTETUKOB K TyOyrnuHy
pacTeHMn  MeToAOM  U30TEPMUYECKOM  KanopumeTpuu;  BO3OEUCTBUE  NEeTyymux
MOHOTEpPNEHOB Ha pasgpaxumocTb Mimosa pudica n Venus flytrap; nonspusaunoHHas
MUKPOCKONUSA  KMNETOK  pacTeHMrM B NPUCYTCTBUM  aHECTEeTUKOB  (CTaHZapTHoe
obopygoBaHve, HaTMBHble ycrnoBus, ©6e3 meTok). Hanbonee onpeaenstowme:
Tl u-cnekTpocKoNnsa pacTUTeNbHbIX MUKPOTPYBOYEK B MPUCYTCTBMMN aHECTETUKOB; MyTaHThbI
Arabidopsis ¢ M3MeHEHHbIMN TMAPOdOOHBIMN KapMaHamun TybynuHa. Hu ogmH n3 atux
3KcnepuMeHToB He Obin noctaeneH. Nx pesynbTatbl — B Mt06yH0 CTOPOHY — MPOABUHYT
NMOHUMaHME MOJSEKYNISAPHBIX OCHOB pPasgpaXMMOCTU Y 3yKapuoT W MPOSICHAT, roe B
HenpepbIBHOM CNEKTPEe XUBOW MaTepun nposieraeT rpaHnLa KBaHTOBLIX BbIYUCIIEHUN.

Bowe nucan B 1902 rofgy, 4TO rpaHuLa Mexay XUBbIM U HEXMBbIM rpagyanbHa. OH He
UMEeN MHCTPYMEHTOB, YTOOLI yka3aTb MOMEKYNSAPHbIA cybcTpaT aToro rpagmeHTta. CnycTa
CTO OBaguaTtb NeT CTpyKTypHas 6Guonorus TybynmHa, kBaHTOBasi Guodmsmka n Tteopus
Orch OR npenocTaBnsioT MMEHHO TakMe WHCTpPyMeHTbl. 'mnotesa bowe-lleHpoy3a —
nonbiTka BOCMOSb30BaTbCA UMK, YTOObI MPOBEPUTL UHTYMLIMIO, KOTOPasi Oka3arnacb TOYHee
CBOEro BpEMEHM.

HoBu3Ha — KpaTtkas popmMmynmnpoBkKa

Bapnoy (2015) ynomuHaet Orch OR y pacteHun B oOWMX YepTax, HO He UCNONb3yeT
AaHHble bole, He pa3bupaeT MexaHn3M aHeCcTeTMKOB Yepe3 TybynuH n He hopmynmpyeT
npoBepsieMblx NpeackasaHuni. Hactoswas paboTta opurinHanobHa B CreayoLLem:
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Abstract

Volatile anesthetics reversibly suppress plant irritability — action potentials, habituation,
and stimulus summation — with the same dose-dependent profile as in animal nervous
tissue. This observation, documented by Jagadish Chandra Bose (1913-1926) and
independently confirmed in peer-reviewed journals [Yokawa et al., 2018], lacks a
mechanistic explanation: plants possess neither neurons nor synapses, the classical
targets of anesthetic action.

We propose the Bose—Penrose hypothesis: volatile anesthetics suppress plant irritability
through the same molecular mechanism as animal anesthesia — binding to hydrophobic
pockets within tubulin, disrupting quantum superpositions of tubulin conformational states
as proposed by Orchestrated Objective Reduction (Orch OR; Penrose & Hameroff, 1996).
Three independent lines of evidence support this claim. First, plant tubulin shares ~75%
sequence homology with animal tubulin, and hydrophobic pocket geometry is evolutionarily
conserved, as demonstrated by identical efficacy of colchicine, taxol, and nocodazole
across plant and animal microtubules [Morejohn, 1991]. Second, the molecular mechanism
of anesthetic action is specific to protein hydrophobic pockets, not lipid membranes:
non-immobilizer compounds with high lipophilicity lack anesthetic activity; stereoisomers
differ in potency; purified luciferase is inhibited by volatile anesthetics in the complete
absence of membranes [Franks & Lieb, 1982; 1994; Koblin et al., 1994]. Third, volatile
anesthetics alter collective THz oscillations of tubulin proportionally to clinical potency
[Craddock et al.,, 2017], and the microtubule stabilizer epothilone B delays
anesthetic-induced unconsciousness in rats [Pal et al., 2024].

Furthermore, Bose's five phenomena constitute a four-level memory hierarchy spanning
milliseconds to weeks — temporal summation (ms), Venus flytrap two-touch rule (~30 s),
fatigue (min—h), and habituation (28 days [Gagliano et al., 2014]) — implemented entirely



without neurons. The Venus flytrap two-touch rule is analyzed as a distributed
quorum-detection problem: spatial summation across physically separated trigger hairs
without a central integrating node. These observations make plants a uniquely clean model
for studying the physical substrate of biological memory, precisely because the absence of
neurons eliminates competing mechanisms.

Critically, plant cells offer a methodological advantage unavailable in neurons: they lack
GABA-A receptors, NMDA receptors, opioid receptors, and other classical neuronal
anesthetic targets. Tubulin is thus virtually the exclusive molecular candidate for anesthetic
action in plant cells — making plants a cleaner model system for testing the tubulin
mechanism than neurons themselves.

The hypothesis implies that neurons are not the unique substrate of quantum computation,
but an evolutionary specialization of a mechanism universal to all eukaryotes. We
formulate six testable predictions spanning molecular, biophysical, behavioral, and optical
levels of analysis: (1) affinity of volatile anesthetics for plant tubulin predicts potency of
irritability suppression; (2) Arabidopsis thaliana CRISPR mutants with modified
hydrophobic pockets show altered anesthetic sensitivity; (3) plant microtubules exhibit a
scale-invariant resonance hierarchy analogous to that described for neural microtubules;
(4) microtubule-disrupting agents impair habituation in Mimosa pudica; (5) terpenoid
microtubule stabilizers enhance, rather than suppress, plant irritability; (6) volatile
anesthetics alter birefringence of microtubule networks in living plant cells, detectable by
polarization microscopy without fluorescent labeling. None of these experiments have been
performed. Their results — in either direction — will advance understanding of the
molecular basis of eukaryotic irritability and may reframe the question of where, in the
continuous spectrum of living matter, quantum computation begins.

Keywords

Orch OR, plant irritability, microtubules, anesthetics, tubulin, quantum biology, Bose,
Hameroff, Penrose, proto-consciousness, eukaryotic irritability, quantum coherence

1. Introduction

Volatile anesthetics — chloroform, diethyl ether, xenon — reversibly suppress plant
irritability. This observation, documented in detail by Jagadish Chandra Bose in a series of
works from 1913—-1926 [Bose, 1913; 1926], remains without a mechanistic explanation to
this day. The paradox is as follows: traditionally, the targets of volatile anesthetics were



sought in nervous tissue — ion channels, synaptic receptors, neuronal membranes. Plants
possess neither neurons nor synapses. Nevertheless, chloroform reversibly suppresses
action potentials, habituation, and stimulus summation in plant tissues — with the same
dose-dependent profile as in animal nervous tissue [Bose, 1926]. Upon removal of the
anesthetic, all responses are restored.

The key to this paradox lies in the history of anesthesiology itself. In 1899-1901, Meyer
and Overton independently established that the potency of a volatile anesthetic is
proportional to its lipid solubility (the oil/water partition coefficient) — and this relationship
holds across six orders of magnitude for chemically dissimilar molecules [Meyer, 1899;
Overton, 1901]. For nearly a century, this correlation was explained by "fluidization" of the
lipid bilayer of cell membranes. However, a series of experiments refuted the lipid theory:
non-immobilizers — molecules with high lipophilicity but lacking anesthetic activity [Koblin
et al.,, 1994] — showed that membrane solubility alone is insufficient. Anesthetic
stereoisomers differ in potency despite identical lipophilicity — pointing to a chiral, i.e.,
protein target. The decisive evidence was Franks and Lieb's demonstration that volatile
anesthetics inhibit purified luciferase in the complete absence of membranes [Franks &
Lieb, 1982; 1994]: the target is a protein.

Quantum effects in warm, wet biological environments are no longer theoretical exotica:
they have been experimentally confirmed in photosynthetic antenna complexes [Fleming et
al., 2007] and in avian magnetoreception [Ritz et al., 2000]. The present work examines a
different mechanism — quantum superpositions in the hydrophobic pockets of tubulin —
with its own independent evidence base.

Hameroff proposed a specific class of protein targets: hydrophobic pockets within tubulin
— the principal structural protein of microtubules [Hameroff, 1998]. According to the theory
of Orchestrated Objective Reduction (Orch OR), developed jointly with Penrose [Penrose
& Hameroff, 1996; Hameroff & Penrose, 2014], it is within these pockets that quantum
superpositions of tubulin conformational states are realized. Their collapse via objective
reduction (OR) underlies conscious experience. Volatile anesthetics, binding to the pockets
via van der Waals interactions, suppress quantum superpositions and thereby "switch off"
consciousness. This model reinterprets the Meyer—Overton correlation: it reflects not
membrane solubility, but affinity for the hydrophobic pockets of proteins, principally tubulin.
Direct confirmation comes from the work of Craddock et al. [Craddock et al., 2017], who
showed that volatile anesthetics alter collective THz oscillations of tubulin in proportion to
their clinical potency, and from the work of Pal et al. [Pal et al., 2024], in which the
microtubule stabilizer epothilone B delayed loss of consciousness in rats under isoflurane.

Microtubules are not a neuron-specific structure. They are present in all eukaryotic cells
and are assembled from the same a/p-tubulin. Plant tubulin is approximately 75% identical



to animal tubulin at the amino acid sequence level; the geometry of the hydrophobic
pockets is evolutionarily conserved, as evidenced by the identical action of colchicine,
taxol, and nocodazole on the microtubules of both plants and animals.

This gives rise to the question addressed in the present paper: if volatile anesthetics
suppress plant irritability through the same molecular mechanism — binding to the
hydrophobic pockets of tubulin — what is being suppressed in plant cells? If the target is
the same as in animals, it is logical to suppose that the suppressed process is also the
same: quantum computation in microtubules via the Orch OR mechanism.

The present work formulates this hypothesis — the Bose—Penrose hypothesis — in
rigorous form, traces its chain of evidence from Bose's observations through the
Meyer—Overton correlation to the structural biology of tubulin, and proposes specific
testable predictions. If the hypothesis is correct, neurons represent not the unique
substrate of consciousness, but its evolutionary specialization: a centralized and greatly
amplified form of a mechanism that is inherent to all eukaryotic cells.

2. Historical Context: Bose's Work

Jagadish Chandra Bose (1858-1937) was an Indian physicist and biophysicist, one of the
pioneers in the study of electrical signals in living tissues. Working in Calcutta in the late
19th and early 20th centuries, he systematically demonstrated that the responses of plants
to external stimuli are amenable to precise quantitative measurement and exhibit features
traditionally ascribed exclusively to the nervous tissue of animals. To this end, Bose
constructed the crescograph — an instrument with mechanical amplification up to
10,000-fold, allowing the registration of microscopic tissue movements — as well as an
electrical probe for recording propagating potentials [Bose, 1902; 1913].

In the course of systematic experiments, Bose described five phenomena, each of which
individually admitted explanation from classical physiology, but which together formed a
picture that extended beyond its bounds.

Action potential. Upon mechanical, thermal, or chemical stimulation, a wave of electrical
potential propagates through plant tissues. In the shape of its curve — rise, peak,
repolarization — it reproduces the action potential of animal nervous tissue [Bose, 1913].
The conduction velocity varies between species, but the all-or-nothing principle holds: a
subthreshold stimulus does not produce a propagating signal. Modern electrophysiology
has fully confirmed the existence of propagating potentials in plants [Fromm & Lautner,
2007]; in 2021, the biomagnetic signals of the Venus flytrap were recorded with an atomic
magnetometer — the instrument detected a magnetic analog of the neural action potential



[Fabricant et al., 2021].

Habituation. With repeated weak stimulation, the amplitude of the response gradually
decreases and may fall to zero; after a period of rest, sensitivity is restored [Bose, 1926].
This phenomenon — the simplest form of learning — was considered the prerogative of
the nervous system. Gagliano et al. reproduced it in Mimosa pudica in a rigorously
controlled modern experiment: plants learned to ignore repeated harmless drops and
retained the acquired response after 28 days [Gagliano et al., 2014]. In the same series of
works, associative learning in plants was demonstrated [Gagliano et al.,, 2016] — a
phenomenon previously linked exclusively to the nervous system.

Summation. Two subthreshold stimuli, separated by a short interval, can elicit a
suprathreshold response [Bose, 1913] — a phenomenon analogous to temporal
summation at synapses. Modern studies of ca®" signaling have shown that the plant
possesses a system of rapid calcium waves capable of integrating multiple signals in
space and time [Toyota et al., 2018] — a biochemical substrate explaining the summation
Bose observed without invoking synaptic structures.

Fatigue. After a series of strong stimuli, the plant ceases to respond and recovers
reactivity only after a period of rest [Bose, 1926]. Bose interpreted this as depletion of a
physiological resource, analogous to the refractory period of a nerve fiber. However, this
interpretation is incomplete. In the neuron, fatigue has a known molecular address:
depletion of neurotransmitter stores, intracellular ca’* accumulation, shift of ionic
gradients. In the plant there is no specialized apparatus for "accumulating fatigue" — and
yet fatigue is present. This means that something changes its state under repeated
stimulation and retains that change throughout the recovery period. The molecular
substrate of this state has not been established. Crucially, fatigue in Bose is not passive
resource depletion: it is a regulatory phenomenon. The system does not "break" under
overload; it enters a protected state of reduced excitability and then actively returns to its
original baseline. In other words, it has a setpoint of normal excitability and a mechanism
for returning to it — which takes fatigue beyond simple physiology and makes it a
psycho-like response in the strict sense: not merely a reaction, but self-regulation.

Reversible suppression by anesthetics. This is the central observation of the present
work. Bose showed that chloroform and other volatile anesthetics completely and
reversibly suppress all of the above responses [Bose, 1926]. After removal of the
anesthetic, the plant recovers its reactivity — sometimes passing through a brief phase of
heightened excitability similar to that observed in animals. Bose compared these data with
the action of the same agents on nervous tissue and noted qualitative agreement. Nearly a
century later, this observation was reproduced by an independent group: Yokawa et al.
showed that diethyl ether blocks action potentials in the Venus flytrap and suppresses



movements of diverse plant organs; after aeration, all responses recovered within 15
minutes [Yokawa et al., 2018]. The same group subsequently published a systematic
review extending this conclusion to the entire sensory and adaptive system of plants
[Yokawa & Baluska, 2021]. Accordingly, Bose's key observation has been confirmed in
peer-reviewed journals of Oxford University Press and Springer by independent methods
92 years after its original publication.

The five phenomena share a common structural signature. Plant responses to stimuli are:
adaptive (the response changes depending on the history of stimulation), integrative
(multiple input signals are combined into a single output), and reversible (the system
restores its initial state after cessation of the stimulus). It is precisely this architecture —
not the specific biochemical substrate — that unites plant responses with those of animal
nervous tissue. To designate this class of responses, we propose the term psycho-like
responses (psycho-like responses). adaptive, integrative, and reversible reactions to
external stimuli, structurally homologous to psychophysiological processes. The term is
neutral with respect to the question of consciousness: it describes the architecture of the
response, not its inner nature, and is applicable regardless of whether a given process is
accompanied by subjective experience.

Examined more closely, the five psycho-like responses are distributed along a continuous
spectrum of temporal scales of information storage. Summation operates at the
sub-second scale: the trace of the first stimulus must be retained until the arrival of the
second — ultra-short-term integration, an analog of working memory. An intermediate
scale — seconds — is documented in the Venus flytrap: the trap closes only upon two
touches of different sensitive hairs within ~30 seconds [Hedrich & Neher, 2018]; the trace
of the first touch must be present in the tissue at the moment of the second — this is
short-term state memory. Fatigue unfolds on the scale of minutes and hours: the system
retains the overload state until recovery is complete. Habituation operates on the scale of
weeks: the plant remembers the safety of a specific stimulus after 28 days without a single
repetition [Gagliano et al., 2014] — long-term memory by any functional criterion. Thus,
Bose's five phenomena form a four-level memory hierarchy: from fractions of a second
to a month. The substrate of each level has not been established.

From the perspective of information systems theory, this hierarchy acquires unexpected
clarity. Summation — processor registers: exist only at the moment of computation. Venus
flytrap — L2/L3 cache: tens of seconds, volatile. Fatigue — RAM: retains the state of the
working session, reset on "reboot." Habituation — persistent storage: survives 28 "sleep
cycles." The analogy immediately exposes the central question: how does this biological
computer function? What is the information carrier, where is the program stored, and
what is the mechanism of its operation? In a computer, each level has a known substrate
— silicon, charges, magnetic domains. In the plant, the substrate of each level has not



been established. Most likely these are state patterns distributed across the tubulin
network — analogously to how a file is encoded in a distributed pattern of physical states of
a storage medium, and does not "reside" in one place.

The Venus flytrap's two-touch rule poses a separate systems question about spatial
summation. Two signals arrive from physically separated hairs — there is no locus of
integration. For the threshold to be reached collectively, each cell of the tissue must retain
the trace of the first touch until the second arrives. In distributed systems terms: this is
consensus without a master node, quorum detection without a coordinator. Notably, the
two-touch rule also functions as a filter: a raindrop (a chaotic, single stimulus) will not
trigger the trap. The system does not merely sum — it classifies the signal by pattern. This
is a cognitive function, implemented in tissue without a single neuron.

One candidate for the role of memory substrate may be the spin states of tubulin itself.
Tubulin is a chiral protein, and its helical structure should exhibit the CISS effect (Chiral
Induced Spin Selectivity) — selective transmission of electrons by spin orientation,
confirmed for DNA and proteins [Naaman & Waldeck, 2012]. The tryptophan residues of
the hydrophobic pocket — the very ones to which anesthetics bind — form aromatic radical
pairs with spin-dependent recombination. The combinatorial space of spin states in a
tubulin network is astronomically large — sufficient to encode any volume of biological
information without additional molecular structures. This is an open hypothesis, lacking
direct experimental verification in plant tubulin; it is discussed in more detail in a separate
publication.

The cognitive architecture of plants — a four-level memory hierarchy, spatial integration
without a central node, and the question of the substrate of information — extends beyond
the scope of the present work and constitutes the subject of a separate theoretical
publication [Alexandrov, in preparation: "Hierarchy of Cognitive Functions in Plants"].

The significance of Bose's experimental programme is not limited to the plant kingdom. In
his 1902 monograph "Response in the Living and Non-Living," Bose documented
analogous phenomena in inorganic matter. metals — tin, iron, nickel — under repeated
electrical stimulation exhibited fatigue (reduction in response amplitude), recovery after a
period of rest, and — most strikingly — suppression by chloroform, the same agent that
suppressed plant responses [Bose, 1902]. Bose drew an explicit conclusion: the boundary
between the living and non-living is gradual, not ontological; psycho-like responses as an
architectural pattern do not belong exclusively to living matter. This conclusion, radical in
1902, acquires a new dimension in the context of the present hypothesis: if the substrate of
plant irritability is quantum processes in tubulin, then analogous responses of metals
indicate either a different substrate of the same architecture, or a broader distribution of
quantum processes in matter — a question that remains open.



The totality of this evidence raises one question with increasing urgency: what common
molecular substrate underlies the phenomenology observed by Bose and confirmed by
modern science? The answer to that question is the subject of the present work.

3. Orch OR Theory and the Role of Anesthetics

A microtubule is a hollow cylinder ~25 nm in diameter, whose walls are formed by spirally
packed o/B-tubulin dimers. Each dimer consists of two subunits (~55 kDa each), bound
non-covalently. Within each subunit there are hydrophobic pockets — cavities lined with
nonpolar amino acid residues (leucine, isoleucine, phenylalanine, tryptophan) and isolated
from the aqueous surroundings. The low dielectric constant within the pocket and the
minimal thermal noise from water create conditions fundamentally different from the
cytoplasmic environment [Hameroff, 1998].

The theory of Orchestrated Objective Reduction (Orch OR), developed by Penrose and
Hameroff [Penrose & Hameroff, 1996; Hameroff & Penrose, 2014], proposes that the
conformational states of the tubulin dimer — two possible spatial configurations of the
B-subunit — can exist in quantum superposition. Each dimer thus functions as a qubit, and
the entire microtubule, containing thousands of dimers in superposition, implements
massively parallel quantum computation.

The collapse of the superposition in Orch OR does not occur as a result of decoherence
from the thermal environment (as in standard quantum mechanics of open systems), but
rather through objective reduction (OR) — a physical process arising from the instability of
the superposition of quantum-gravitational differences in spacetime. The OR criterion is
given by the Dirac—Penrose relation: the superposition collapses when its gravitational
self-energy E reaches the threshold E-t = h, where T is the lifetime of the superposition
and h is the reduced Planck constant [Penrose, 1994]. This is precisely the distinguishing
feature of Orch OR from purely computational models of consciousness: the collapse is
neither random (as in standard quantum measurement) nor algorithmic — it is determined
by the geometry of spacetime, which ensures, according to Penrose, the non-computable
character of conscious experience.

The role of volatile anesthetics in this scheme is specific and well-defined. Anesthetics —
substances with high affinity for hydrophobic environments — penetrate tubulin pockets
and bind there via van der Waals interactions. These interactions are weak enough not to
alter the primary structure of the protein, but strong enough to disrupt the subtle quantum
dynamics within the pocket: the electronic configurations of the aromatic residues
(primarily tryptophan) that support quantum coherence are suppressed by the presence of
a foreign molecule [Hameroff, 1998]. The result is the impossibility of a stable



superposition; OR does not reach its threshold; quantum computation is interrupted.
According to Orch OR, this is the loss of consciousness.

Quantum effects in isolated m-systems are not a speculative assumption: they have been
directly measured in structurally related molecules. Fullerene C60 and carbon nanotubes
— systems with a closed or extended m-electron shell and complete absence of polar
groups — demonstrate quantum interference under conditions where most organic
molecules decohere instantaneously [Arndt et al., 1999]. The reason is the same as that
ensuring superposition stability in the hydrophobic pocket of tubulin: isolation of the
m-electron system from the fluctuating dipolar environment of water. The hydrophobic
pocket of tubulin reproduces this principle by biological means: the nonpolar cavity with
aromatic residues (Trp, Phe, Tyr) is structurally analogous to a fullerene cage, and the
microtubule itself — a hollow cylinder ~25 nm in diameter — is geometrically comparable
to a multi-walled nanotube. This is not a coincidental resemblance: apparently both classes
of structures independently realize the optimal geometry for retaining quantum coherence
under thermal noise conditions.

This model has received direct experimental confirmation. Craddock et al. [Craddock et al.,
2017] showed that volatile anesthetics alter the collective THz oscillations of tubulin, with
the magnitude of the effect linearly correlated with the clinical potency of the anesthetic —
reproducing the Meyer—Overton correlation, but now at the protein level rather than the
membrane level. Pal et al. [Pal et al., 2024] demonstrated that administration of epothilone
B — a microtubule stabilizer — delays loss of consciousness in rats under isoflurane: the
more stable the microtubules, the more difficult it is for the anesthetic to interrupt quantum
computation.

Deserving special attention is the resonance hierarchy described by Bandyopadhyay et al.
on the basis of broadband dielectric measurements of microtubules [Sahu et al., 2013a;
2013b]. The authors found a scale-invariant series of resonant frequencies spanning
several orders of magnitude: THz (tubulin dimer) — GHz (oligomer) — MHz-kHz
(microtubule) — Hz (microtubule bundle). This hierarchy is consistent with the Orch OR
model, in which quantum superpositions of individual dimers are "orchestrated" through
coherent oscillations of the entire structure. Notably, anesthetics suppress oscillations
precisely within this frequency range — consistent with Craddock's data and Hameroff's
mechanism.

The totality of the foregoing forms a coherent molecular chain: hydrophobic pocket of
tubulin — quantum superposition of conformational states — OR collapse — conscious
experience; volatile anesthetic — suppression of superposition in the pocket — absence of
OR — loss of consciousness. In the next section we examine how transferable this
mechanism is to plant cells.



One essential qualification is required here. The term "orchestrated" points to an unsolved
problem within the theory itself: what mechanism coordinates quantum superpositions in
thousands of tubulin dimers into a biologically coherent result? From the standpoint of
control theory, any coordination loop presupposes a setpoint — a reference against which
the current state of the system is compared. Without a setpoint, coordination is impossible:
the system does not know what to aim for. Remarkably, the same problem arises with
respect to kinesin — the motor protein that walks along microtubules with remarkable
processivity and delivers cargo to specific addresses. The Brownian ratchet explains the
mechanics of the step, but not the addressing: neither reproducing kinesin artificially with
comparable characteristics nor explaining the source of the targeting information has yet
proved possible. It is crucial that the setpoint cannot be static: a "living setpoint"” (/iving
setpoint) — one capable of autonomously revising its own criteria without recourse to an
external agent and without a pre-specified rule of revision — is a necessary condition for
the viability of any orchestrated system. A control loop containing such a setpoint we call
living feedback (living feedback): a loop in which the reference state is neither fixed
externally nor computed internally, but is continuously generated by the system from a
source lying beyond its computational level. This condition is not met by any computational
architecture, including quantum computers, which remain Turing machines in the class of
problems they can solve. Moreover, since the living setpoint itself requires a setpoint, there
arises a hierarchy of control levels ("setpoint of setpoints"), which is the direct formal
analog of "orchestration" in Penrose's sense. The requirement for an external setpoint is
not arbitrary — it follows from Gédel's incompleteness theorem: no sufficiently rich formal
system can prove its own consistency by means of the same level of description. Applied
to biology: no mechanism can fully specify the meaning of its operations from its own
substrate — the setpoint must come from outside. In IT terms, this is the equivalent of the
impossibility of writing a program that verifies itself without recourse to an external verifier;
the regress always terminates in a living agent standing outside the system. This
conclusion has been independently reached in Russian cognitive neuroscience: Tatiana
Chernigovskaya, Director of the Institute for Cognitive Studies at Saint Petersburg State
University, argues explicitly from Gddel's incompleteness theorems that intuition and
understanding cannot be reduced to a set of rules [Chernigovskaya, 2013] — a
convergence of perspectives across mathematical physics (Penrose) and empirical
neuroscience that elevates this claim from a speculative proposal to a cross-disciplinary
position. The detailed justification of these concepts — their formal necessity from Godel's
theorems and Polanyi's thesis about the tacit character of knowledge — constitutes the
subject of a separate publication to which the present work refers the reader [Alexandrov,
in press: "Orchestration of Biological Processes: The Necessity of Feedback and the
Problem of the Supra-Quantum Setpoint"]. We note that this question is not resolved by
recourse to Penrose's Platonic world either: a static world of mathematical structures itself
requires a source of activity — something that is not yet another structure, but pure



generative activity from which all structures flow. Whether the living setpoint is immanent to
the Platonic world or points to a level surpassing it is an open theoretical question that lies
beyond the scope of the present work.

4. Microtubules in Plants

Microtubules are not a structure specialized for nervous tissue. They are present in all
eukaryotic cells — from yeast to neurons — and perform universal functions: organization
of cell division, maintenance of cell shape, intracellular transport. This fact is fundamental
to the present hypothesis: if Orch OR is realized in the microtubules of neurons, the
question of its presence in plant cells reduces to the question of the conservation of the
substrate.

Tubulin homology. Plant o/p-tubulin is approximately 75% identical to animal tubulin at
the amino acid sequence level [Hussey & Hawkins, 2001]. This is a high degree of
similarity for two branches of eukaryotes that diverged approximately 1.5 billion years ago.
The peripheral regions of the molecule, responsible for interactions with regulatory
proteins, differ — reflecting the specifics of the plant cell. However, the internal structural
domains, including the hydrophobic pockets, are evolutionarily conserved.

Conservation of hydrophobic pockets — the key fact. The hydrophobic pockets of
tubulin are, according to Hameroff, the site of quantum superposition and the target of
volatile anesthetics. Their conservation in plants is demonstrated functionally: colchicine,
taxol, and nocodazole — substances binding to hydrophobic sites on tubulin — disrupt or
stabilize microtubules of both plants and animals with comparable efficacy [Morejohn,
1991]. A molecule binding to the pocket does not distinguish the species of organism —
the geometry of the pocket is the same. This is the direct molecular evidence for
conservation of the structure critical to the hypothesis.

Functions of microtubules in plants. In the plant cell, microtubules perform at least three
functionally significant roles. First, they form the mitotic spindle during cell division —
structurally and functionally identical to the animal spindle. Second, cortical microtubules
determine the orientation of cellulose microfibril deposition in the cell wall, specifying cell
shape and direction of growth [Lloyd & Chan, 2004]. Third, microtubules participate in
signal transduction: in cells responding to mechanical and chemical stimuli, reorganization
of the cortical MT array occurs within seconds of stimulation.

Venus flytrap as a model system. Dionaea muscipula is the most studied example of fast
integrative response in plants. Trap closure is triggered by two touches of trigger hairs
within ~30 seconds; a single touch does not elicit a response — the plant "counts" stimuli.



This temporal summation effect is implemented without neurons. Microtubules participate
in mechanical signal transduction from trigger hairs to motor cells [Hedrich & Neher, 2018],
and the biomagnetic signals accompanying the trap's action potential were recorded with
an atomic magnetometer [Fabricant et al., 2021] — making Venus flytrap a unique
experimental model for testing quantum effects in plant MTs.

Plasmodesmata as intercellular quantum channels. Unlike neurons, plant cells are
connected by plasmodesmata — cytoplasmic channels ~30-60 nm in diameter,
penetrating cell walls and providing direct continuity between the cytoplasm of adjacent
cells. Through plasmodesmata, ionic currents, small molecules, and signaling proteins
propagate. In the context of Orch OR, plasmodesmata represent a potential substrate for
the propagation of quantum-correlated states between cells — a functional analog of
synaptic connection, realized by fundamentally different structural means. This allows the
proposal of a resonance hierarchy for the plant cell analogous to the Bandyopadhyay
hierarchy for neurons:

tubulin (THz) — dimer (GHz) — cell MT (MHz-kHz) — symplast through plasmodesmata

(Hz)

Thus, the plant cell possesses all structural components necessary for realization of the
Orch OR mechanism: o/B-tubulin with conserved hydrophobic pockets, functionally active
microtubules participating in signaling, and intercellular channels capable of serving as
substrate for the propagation of correlated quantum states. The next question is: does this
mechanism operate?

Behavior without neurons: a broader context. Plants are not the only eukaryotes
exhibiting coordinated behavior in the absence of a nervous system. The cilia of
Paramecium and the flagella of spermatozoa — axonemes of nine microtubule doublets —
produce coordinated wave-like movements without any central control. Amoebae perform
directed chemotaxis via pseudopodia organized by the cytoskeleton. The most striking
example is Physarum polycephalum, a unicellular slime mold: it solves mazes, reproduces
the topology of transport networks, and demonstrates anticipation of periodic stimuli — all
without a single neuron. The common denominator in all cases is microtubules. This
observation is material to the hypothesis: if the MT substrate of behavior is universal
among eukaryotes, the plant case ceases to be an exception and becomes part of a
general pattern. A detailed analysis of these systems in the context of the orchestration
problem is presented in a separate work.

5. The Central Hypothesis: Orch OR in Plants



Structure of the argument

The four preceding sections establish the evidence base from which the hypothesis follows
with logical necessity. Let us formulate its structure explicitly.

Premise 1. Volatile anesthetics reversibly suppress plant irritability with a dose-dependent
profile identical to their action on animal nervous tissue. This fact is established by Bose
(1926) and independently confirmed in peer-reviewed journals 92 years later [Yokawa et
al., 2018; Yokawa & Baluska, 2021].

Premise 2. The molecular mechanism of action of volatile anesthetics is specific binding to
the hydrophobic pockets of tubulin. It is within these pockets that, according to Orch OR,
quantum superpositions of conformational states are realized. Specificity to the protein
pocket is not an assumption, but an experimentally established fact: non-immobilizers lack
anesthetic activity despite high lipophilicity; stereocisomers differ in potency; purified
luciferase is inhibited in the absence of membranes [Franks & Lieb, 1982; 1994; Koblin et
al., 1994]. Direct measurements have shown that volatile anesthetics alter THz oscillations
of tubulin in proportion to clinical potency [Craddock et al., 2017], and the microtubule
stabilizer epothilone B delays loss of consciousness in rats [Pal et al., 2024].

Premise 3. The hydrophobic pockets of tubulin are evolutionarily conserved and
structurally identical in plants and animals. Direct functional evidence: colchicine, taxol,
and nocodazole — ligands of these pockets — with equal efficacy disrupt or stabilize
microtubules of both taxa [Morejohn, 1991]. The molecule does not distinguish the species
of organism; the geometry of the pocket is one.

Conclusion. If volatile anesthetics suppress plant irritability through binding to the same
pockets of plant tubulin, they suppress the same class of processes as in neurons. Since in
neurons this class of processes is, according to Orch OR, quantum superpositions of
tubulin conformational states — it follows by logical necessity that the same superpositions
are realized in the microtubules of plant cells and serve as the substrate of the irritability
observed by Bose.

Formal statement

The Bose—Penrose Hypothesis. Quantum superpositions of the conformational
states of tubulin, realized in the hydrophobic pockets of o/B-tubulin dimers,
constitute the universal molecular substrate of irritability for all eukaryotic cells.
Volatile anesthetics suppress plant irritability by the same mechanism as animal
consciousness: through binding to the conserved hydrophobic pockets of tubulin
and disruption of the quantum dynamics within them. The neuron is not the unique
substrate of quantum computation, but its evolutionary specialization.



Resonance hierarchy in the plant cell

Bandyopadhyay et al. described for neuronal microtubules a scale-invariant resonance
frequency hierarchy spanning several orders of magnitude: THz oscillations of the tubulin
dimer — GHz oscillations of the oligomer — MHz—kHz oscillations of the microtubule — Hz
oscillations of the bundle [Sahu et al., 2013a; 2013b]. This hierarchy is consistent with the
Orch OR model, in which quantum superpositions of individual dimers are orchestrated
through coherent oscillations of the entire structure.

In the plant cell, this hierarchy has a functional analog with one fundamental structural
addition. Plasmodesmata — cytoplasmic channels ~30-60 nm in diameter penetrating cell
walls — create a cytoplasmic continuum between cells (the symplast). Through the
symplast, ionic currents, ca’* waves, and signaling molecules propagate, providing
electrical and biochemical connectivity at the tissue level. In the context of Orch OR,
plasmodesmata represent a potential substrate for propagation of quantum-correlated
states between cells — a functional analog of synaptic connection realized by
fundamentally different structural means. This permits the resonance hierarchy for the
plant cell to be described as:

tubulin dimer (THz)

|
plant cell MT (MHz—-kHz)

symplast via plasmodesmata (Hz)

Notably, the diameter of the plasmodesma (~30—60 nm) is comparable to the diameter of
the microtubule itself (~25 nm): the channel structure theoretically permits mechanical
contact between cytoskeletal elements of adjacent cells, which opens the possibility of
direct transmission of mechanical oscillations through the cell wall.

Neuron as evolutionary specialization

Acceptance of the hypothesis changes the conceptual status of the neuron. In standard
neurobiology, the neuron is regarded as a cell specifically designed for information
processing and the formation of consciousness — a unique structure separating "thinking"
systems from "non-thinking" ones. The Bose—Penrose hypothesis implies otherwise: the
neuron is an evolutionary specialization of the mechanism of quantum computation in
microtubules, inherent to all eukaryotes.

In this perspective, the evolution of the nervous system can be described as a series of
architectural decisions built upon a common computational substrate. The base level —
quantum superpositions in MTs, coordinated through Ca’" waves and intercellular
contacts — is realized in all eukaryotes: unicellular organisms (Paramecium — coordinated



ciliary movement through MT axonemes without central control; Physarum polycephalum
— maze solving and stimulus anticipation without a single neuron), plants, fungi. The first
specialization — cells with high MT density and rapid signaling, proto-neurons (the diffuse
nerve net of Hydra). Centralization — the neuron with an axon: directed signal
transmission over long distances; the synapse — an amplified and modulated intercellular
connection instead of the symplast (C. elegans: 302 neurons, fully mapped connectome).
Integration — neural networks and the brain: a scaled, greatly amplified architecture on the
same molecular substrate.

An analogy from the theory of computing systems: the transistor is the basic computational
element that precedes the processor. The processor does not invent a new principle — it
centralizes, scales, and architecturally optimizes what the transistor was doing individually.
The existence of a CPU does not make the individual transistor "not a genuine"
computational element. The existence of a brain does not make the plant cell a system
without quantum computation.

Connection to bioelectric morphogenesis

Michael Levin has shown that bioelectric patterns — gradients of transmembrane potential
maintained through gap junctions — direct morphogenesis, regeneration, and oncogenesis
independently of the genetic program [Levin, 2021]. The bioelectric pattern functions as a
higher-level control layer — a setpoint for the molecular processes below.

Gap junctions in animals and plasmodesmata in plants are functionally similar: both create
electrically coupled cellular ensembles [Levin, 2021; Fromm & Lautner, 2007]. By analogy
with the bioelectric patterns described by Levin for gap junctions, one may hypothesize that
the plant symplast is capable of performing an analogous coordinating role — however,
this remains a hypothesis without direct experimental verification. The Bose—Penrose
hypothesis and Levin's program then describe different levels of the same architecture:
Orch OR — the quantum computational level; the bioelectric pattern — the higher classical
control level. The question of how these levels interact, and how many levels of hierarchy
actually exist, remains open and constitutes one of the central problems of quantum
biology.

6. Testable Predictions

The scientific value of a theoretical hypothesis is determined not only by logical rigor, but
also by its ability to generate specific, falsifiable predictions. Below are formulated six
predictions, each following directly from the Bose—Penrose hypothesis and admitting
verification by experimental methods that exist in contemporary biophysics and molecular



biology. Each prediction is accompanied by a description of the expected result if the
hypothesis is true and the result that falsifies it.

Prediction 1. The affinity of volatile anesthetics for plant tubulin predicts their
potency in suppressing irritability.

The hypothesis asserts that anesthetics suppress plant irritability precisely through binding
to the hydrophobic pockets of plant tubulin. If so, the strength of suppression should
correlate with the molecule's affinity for this site — rather than with its lipophilicity per se.
This distinguishes the prediction from the trivial Meyer—Overton correlation: it requires
correlation with the protein site, not with membrane solubility.

Protocol: isolate tubulin from plant cells (standard sources — spinach leaves or
Arabidopsis thaliana); measure binding constants of a series of volatile anesthetics by
isothermal titration calorimetry (ITC) or surface plasmon resonance (SPR). In parallel,
determine E050 values of the same anesthetics for irritability suppression in Mimosa
pudica and Venus flytrap in vivo. Compare the affinity and potency rankings. The use of
tubulin from different plant species is methodologically justified by high sequence
conservation (~75% homology between plant species); the ideal control would be a parallel
series with tubulin isolated directly from Mimosa pudica, but this requires substantially
greater biomass.

Confirmation of hypothesis: ranking anesthetics by affinity to plant tubulin coincides with
ranking by potency of irritability suppression. Falsification: the correlation is higher with
lipophilicity than with tubulin affinity — this would indicate a membrane rather than tubulin
mechanism.

Prediction 2. Arabidopsis thaliana mutants with altered tubulin hydrophobic pockets
exhibit altered anesthetic sensitivity.

This is the most direct test of the mechanism. Arabidopsis encodes several isoforms of a-
and B-tubulin (TUA1-6, TUB1-9); targeted substitution of amino acid residues forming the
hydrophobic pocket by CRISPR/Cas9 methods allows the creation of plants with a
geometrically modified anesthetic binding site.

Protocol: introduce point mutations in B-tubulin residues corresponding to the proposed
anesthetic binding site per Hameroff (primarily hydrophobic residues in the region of the
B-subunit). Compare three parameters between mutant and wild-type lines: (1) threshold
anesthetic concentration suppressing the action potential; (2) baseline irritability in the
absence of anesthetic; (3) speed of recovery from anesthesia.



Confirmation of hypothesis: mutants with a reduced pocket require higher anesthetic
concentrations (decreased sensitivity); mutants with an enlarged pocket — lower
concentrations (increased sensitivity). Baseline irritability changes synchronously — since
the same pocket is the substrate of quantum superpositions. Falsification: the mutation
changes anesthetic sensitivity but does not affect baseline irritability — this would indicate
that the pocket is only a binding site, but not the functional substrate of irritability.

Prediction 3. Plant cell microtubules at 300 K exhibit a scale-invariant dielectric
resonance hierarchy analogous to that of neuronal MTs.

Bandyopadhyay et al. [Sahu et al., 2013a; 2013b] described for neuronal MTs a resonance
frequency hierarchy spanning several orders of magnitude: THz - GHz - MHz-kHz — Hz.
If plant tubulin realizes the same quantum superpositions, the same hierarchy should be
present in plant MTs.

Protocol: isolate MTs from Arabidopsis or spinach cells; apply broadband dielectric
spectroscopy (Bandyopadhyay's method) or THz spectroscopy. Compare spectra with
neuronal MTs and with controls after colchicine depolymerization. Additionally: repeat the
measurement in the presence of volatile anesthetics — the prediction is that anesthetics
will suppress the same frequency ranges as in neuronal MTs (replication of Craddock et
al., 2017, but with plant tubulin).

Confirmation of hypothesis: the spectrum of plant MTs reproduces the scale-invariant
hierarchy; anesthetics suppress it in proportion to clinical potency. Falsification: the
hierarchy is absent, or qualitatively different from the neuronal one — this would indicate a
difference in quantum dynamics despite structural similarity of tubulin.

Prediction 4. The substrate of habituation in Mimosa pudica is linked to the state of
microtubules.

Gagliano et al. documented that Mimosa pudica learns to ignore repeated harmless drops
and retains this response for 28 days [Gagliano et al., 2014]. The molecular substrate of
this "memory" has not been established. From the Bose—Penrose hypothesis follows a
strict prediction regarding the formation of habituation: since anesthetics suppress MT
dynamics in real time, they should interfere with the writing of a new memory trace directly
during training. This is a direct consequence of the hypothesis, independently falsifiable.
The question of retention of already-formed memory is not a strict prediction — the
substrate of the long-term trace may not coincide with the substrate of OR collapse, and its
nature constitutes a separate scientific problem. The results of an experiment on memory
retention, however, form a branch point for further research: MT-dependence of retention
would indicate a single substrate for encoding and storage; its absence — separation of
mechanisms and the need to search for the substrate of long-term memory beyond MT



dynamics.

Protocol: divide plants into groups: (a) training under normal conditions; (b) training against
a background of sub-anesthetic concentrations of nocodazole or colchicine (MT
depolymerization); (c) training against a background of taxol (MT stabilization). Distinguish
two phases: the agent acts during training (test of the strict prediction) and the agent is
introduced after training (exploratory question about retention). Test: speed of habituation
acquisition; retention after 28 days; recovery of irritability after treatment cessation.

Confirmation of hypothesis: MT agents acting during training impair habituation formation.
Falsification: MT agents do not affect habituation formation even when acting during
training — indicating an MT-independent mechanism for memory writing and calling into
question the MT nature of the irritability substrate in Mimosa.

Prediction 5. Terpenoid microtubule stabilizers enhance, rather than suppress, plant
irritability.

The hypothesis predicts a structural symmetry: if anesthetics suppress quantum dynamics
in tubulin pockets and thereby reduce irritability, then molecules with the same affinity for
the pocket but stabilizing MTs should produce the opposite effect. Taxol (a diterpene from
Taxus brevifolia) stabilizes MTs in animals and delays loss of consciousness under
anesthetic [Pal et al., 2024] — evidence of the principle in animals. Volatile monoterpenes
(B-caryophyllene, 1,8-cineole, a-pinene), components of essential oils, are biochemically
related to taxol and interact with high affinity with hydrophobic environments.

Protocol: measure baseline irritability of Mimosa pudica and Venus flytrap (threshold and
speed of response to a standard mechanical stimulus); expose plants for 15—-30 minutes to
vapors of volatile monoterpenes (B-caryophyllene, 1,8-cineole) at sub-anesthetic
concentrations; repeat the measurement. In parallel: diethyl ether exposure as a negative
control. Additionally: test whether terpene pretreatment creates resistance to subsequent
anesthetic suppression.

Confirmation of hypothesis: terpenes lower the irritability threshold and/or accelerate the
response; terpene pretreatment increases the concentration of anesthetic required for
suppression. Falsification: terpenes do not differ in effect from anesthetics — meaning
affinity for the hydrophobic environment predicts only suppression, not enhancement.

Prediction 6. Volatile anesthetics alter birefringence of microtubule networks in
plant cells.

Ordered arrays of tubulin are optically anisotropic: their birefringence is measurable by
polarization microscopy methods and serves as a direct indicator of the structural order of



the MT network [Inoué, 1953; Oldenbourg & Mei, 1995]. The observed birefringence signal
contains two independent contributions: (1) form birefringence — a consequence of the
periodic geometry of the tube itself, the dominant contribution; (2) intrinsic birefringence —
the molecular polarizability anisotropy of tubulin dimers, determined primarily by the
orientation of aromatic residues (Phe, Trp, Tyr) in the hydrophobic pocket. The
Bose—Penrose hypothesis admits two mechanisms for changing the total signal upon
anesthetic action.

Direct pathway: the anesthetic occupies the hydrophobic pocket — reorients the aromatic
residues — changes the polarizability tensor of the dimer — slightly alters intrinsic
birefringence. This is a subtle effect: the form contribution dominates, and this pathway
may fall below the detection threshold of standard methods.

Indirect pathway: the anesthetic shifts the conformational equilibrium of GTP-/GDP-tubulin
— alters the kinetics of MT polymerization and depolymerization — the density and
orientational order of the MT network in the cell changes — form birefringence changes as
an integral signal. This pathway is likely more sensitive for detection; indirect confirmation
comes from the change in collective THz oscillations of tubulin under anesthetics
demonstrated by Craddock et al., which reflects a change in protein dynamics [Craddock et
al., 2017].

Protocol: polarization microscopy of living plant cells (root meristem of Allium cepa or
Arabidopsis) monitoring MT bundle birefringence before and after exposure to a volatile
anesthetic (diethyl ether, isoflurane). Depolymerization control: colchicine completely
eliminates the signal, confirming its MT specificity. Reversibility control: anesthetic
washout. Concentration series: from sub-narcotic to narcotic.

Confirmation of hypothesis: anesthetics alter birefringence of MT networks
dose-dependently, with correlation by clinical potency; signal recovers after washout.
Falsification: birefringence does not change against a background of behavioral anesthesia
— indicating that anesthetics act through a mechanism not affecting the structural order of
MTs (e.g., through membrane channels or the actin cytoskeleton).

Enhancement through diurnal MT reorganization. Cortical MT arrays in plant cells
physically change orientation over the course of a day: transposition from transverse to
longitudinal orientation and back is governed by light signals and coupled to the diurnal
growth cycle [Lloyd & Chan, 2004]. This shift in orientation is directly reflected in the cell's
birefringence signal and forms a measurable, reproducible diurnal pattern. An anesthetic
disrupting MT dynamics should disturb this pattern — rather than merely slightly changing
the absolute value of An at a single time point. Comparison of "normal diurnal birefringence
cycle vs. cycle against anesthetic background" is experimentally substantially more



persuasive than a "before and after" snapshot: the control is built into the very nature of the
phenomenon. Important caveat: the MT reorganization described is diurnal (light-driven);
its strictly circadian nature (persistence under constant conditions) requires separate
verification.

Practical significance: polarization microscopy does not require fluorescent labels and
permits observation of MT dynamics under native conditions. Prediction 6 is inferior to
Prediction 3 in physical directness (form contribution masks the molecular one), but
substantially more advantageous in experimental accessibility: a polarization microscope is
standard equipment in any biological laboratory.

The totality of the six predictions spans four levels of analysis: molecular (predictions 1-2),
biophysical (predictions 3, 6), behavioral (predictions 4-5). Prediction 6 is fundamentally
distinct from the others: it is direct optical probing of the conformational state of tubulin
without labeling. The Bose—Penrose hypothesis is falsifiable at each level independently.

7. Discussion

7.1 Limitations

The hypothesis rests on an unfinished theory. Orch OR is a competing hypothesis with a
growing experimental base, but without scientific consensus. Decoherence in the warm,
wet cellular environment remains a serious physical objection: critics [Tegmark, 2000]
estimate the lifetime of quantum superpositions in neurons at ~10""® seconds — many
orders of magnitude less than required by Penrose's OR threshold. Proponents of Orch
OR counter that the hydrophobic pocket is isolated from the thermal noise of water and
represents a fundamentally different environment from the open cytoplasm; direct
measurements [Babcock et al., 2024] confirmed quantum collective states in MTs at room
temperature. Nevertheless, the debate is not closed, and the present hypothesis inherits
this uncertainty.

No direct data on quantum effects in plant MTs exists. Bandyopadhyay's measurements
were performed on neuronal MTs; Craddock's experiments used animal tubulin. No work
has measured the THz spectrum of plant tubulin in the presence of anesthetics. Prediction
3 of the present work directly addresses this gap, but until its experimental verification this
link in the chain of evidence remains conjectural.

Classical ion chemistry provides competing explanations. All five Bose phenomena —
action potential, habituation, summation, fatigue, anesthetic suppression — admit
explanation through ca’* signaling, ion channels, and receptor desensitization without



invoking quantum assumptions. Volatile anesthetics inhibit in plants not only tubulin, but
also plasma membrane ion channels. The present work does not assert that classical
mechanisms are wrong — it asserts that quantum processes in tubulin constitute an
additional level of organization that explains the specificity of the Meyer—Overton
correlation at the molecular level.

The "memory" of Mimosa admits alternative explanations. Habituation in Mimosa pudica
may be caused by changes in turgor pressure in motor cells, reversible modification of
ca’* channels, or receptor adaptation — without invoking an MT substrate. Prediction 4 is
designed precisely to experimentally distinguish between these possibilities.

OR orchestration without neurons remains an open question. Orch OR in neurons
presupposes "orchestration" of quantum superpositions by neuronal processes — ca’*
waves, synaptic patterns, network oscillations. In the plant cell these mechanisms are
absent. The present hypothesis proposes that analogous roles are performed by ca’*
waves in the symplast and mechanical connectivity through plasmodesmata (Section 5) —
however, no direct experimental data confirming intercellular coordination of OR events in
plants exists. This is the most vulnerable link in the logical chain: the mechanism of
anesthetic suppression is justified; the mechanism of orchestration is not. Predictions 3
and 6 indirectly test this question through measurement of coherent oscillations of plant
tubulin, but direct verification requires a separate investigation.

7.2 Responses to objections

Draguhn et al. [2020] argue that anesthetic action on plants reflects general cellular
toxicity, not a specific mechanism related to consciousness. However, this position
reproduces the lipid-membrane theory of anesthesia, refuted as far back as the
1980s—1990s: non-immobilizers with high lipophilicity lack anesthetic activity;
stereoisomers differ in potency despite identical lipophilicity; and purified luciferase is
inhibited by volatile anesthetics in the complete absence of membranes [Franks & Lieb,
1982; 1994; Koblin et al., 1994]. Specificity to the hydrophobic pockets of proteins,
primarily tubulin, is not an assumption but an experimentally confirmed fact [Craddock et
al., 2017; Pal et al., 2024]. Notably, these data were obtained after the publication of
Draguhn et al. and directly address their objection.

It is appropriate here to point out the methodological advantage that, paradoxically, makes
plants a more suitable model system than neurons. In neural tissue, volatile anesthetics act
on multiple molecular targets simultaneously: GABA-A receptors, NMDA receptors, opioid
receptors, voltage-gated sodium channels — all contribute to the total anesthetic effect and
make it difficult to isolate the specific contribution of tubulin. In the plant cell, these targets
are entirely absent: no neuronal receptors, no synaptic structures, no opioid system.



Tubulin becomes virtually the only candidate satisfying the Meyer—Overton criterion — a
correlation that holds across seven orders of magnitude for chemically dissimilar
molecules. Glutamate-like receptors of plants (GLR) and mechanosensitive channels
(MSL) are also inhibited by a number of anesthetics [Fromm & Lautner, 2007; Toyota et al.,
2018], but their inhibition does not follow Meyer—Overton-regularity and does not explain
the specificity of stereocisomers and non-immobilizers. The protein hydrophobic pocket of
tubulin is the only identified structure whose geometry reproduces the physicochemical
basis of this correlation. This means that Bose's observation — complete and reversible
suppression of irritability by volatile anesthetics — in plants testifies to a target with greater
unambiguity than analogous data in neurons. The absence of a nervous system,
traditionally perceived as a weakness of the argument, is its experimental strength: plants
represent a cleaner model for testing the tubulin mechanism of anesthesia than neurons.

A broader objection is as follows: even if anesthetics act through tubulin, this does not
prove that the process they suppress in plants is related to consciousness. The
Bose—Penrose hypothesis accepts this objection as legitimate and responds to it
structurally: the present work does not assert that plants are conscious in the human
sense. It asserts that the molecular substrate underlying plant irritability is identical to the
substrate proposed by Orch OR theory for animal consciousness. The question of what in
plants corresponds to this substrate functionally is open and constitutes the subject of the
predictions in Section 6.

7.3 The architectural argument: psycho-like responses require more than
mechanism

The foregoing points to a deeper limitation of mechanistic explanations. lon channels, ca’*
waves, and receptor desensitization describe the molecular mechanisms of individual
responses — but do not explain their collective architecture. A psycho-like response is
adaptive: the system changes its response depending on the history of stimuli, i.e., it
maintains a dynamic setpoint — a reference state against which the current input is
compared. It is integrative: multiple signals are combined according to some criterion, i.e.,
the setpoint weighs inputs against a goal. It is reversible: the system returns to its initial
state — i.e., the setpoint is restored after perturbation.

As noted in Section 3 with respect to the orchestration problem, any coordination loop with
an adaptive setpoint requires a living setpoint — one capable of autonomously revising its
own criteria without recourse to an external agent. This condition is met by no
computational architecture: any Turing machine, including quantum computers, operates
within the bounds of pre-specified rules and is incapable of revising them from within. The
living setpoint presupposes a source lying outside the computational level of the system.



It is precisely this that Orch OR provides: OR collapse is determined not by an algorithm,
but by the geometry of spacetime — the structure of the Platonic world in Penrose's terms.
This is the non-computable source of the guiding principle, logically required by the
architecture of psycho-like responses. Thus, the very fact of the existence of psycho-like
responses — before the question of anesthetics and tubulin — points to a level of
organization surpassing mechanistic description. This is not direct proof of
proto-consciousness, but an architectural requirement that proto-consciousness satisfies,
whereas a closed mechanism in isolation does not. Classical ion chemistry describes how
the response is realized; the question of why it is organized in just this way — adaptively,
integratively, and reversibly — remains beyond its scope.

Machine learning provides a third, operational confirmation of the same necessity — and
the most accessible to the contemporary reader. The basic algorithm of neural network
learning (8 — 6 - n-0OL(0)) is mathematically impossible without an externally specified loss
function L: without a goal there is no gradient, there is no learning. The hierarchy of
setpoints in any ML system — parameters, hyperparameters, architecture, task selection
— never closes within the system; at the apex there is always a living agent. This is the
operational realization of what Gédel proved formally and Polanyi epistemologically: a
system cannot specify the meaning of its operations from its own descriptive level. It is
essential that feedback in any learning scheme — pre-training on texts, RLHF,
constitutional Al — loops through human consciousness or its crystallized products (books,
scientific papers, expert evaluations). No scheme closes the loop without consciousness
on the outside. This is precisely what makes the gap between ML and consciousness not a
question of scale or complexity, but an ontological one: OR collapse offers the only
mathematically coherent way to close this regress — through the geometry of the Platonic
world, self-sufficient by definition.

7.4 Implications

The neuron — not beyond, but within the continuum. If the hypothesis is correct, the
neuron is not nature's invention, but its architectural solution built upon an already-existing
mechanism. This changes the framing of the central question of neuroscience: not "how do
neurons generate consciousness," but "how does neural architecture amplify and
centralize a process universal to all eukaryotes." In this perspective, an example lying
directly within the animal organism deserves attention. The intrinsic nervous system of the
heart contains approximately 40,000 neurons forming their own ganglionic networks and
capable of independent information processing [Armour, 2007]. An anatomical asymmetry
is telling, one rarely mentioned even in specialized literature: the number of nerve fibers
running from the heart to the brain substantially exceeds the number running in the
opposite direction — approximately 80% of vagal nerve fibers are afferent [Berthoud &
Neuhuber, 2000]. The heart does not receive commands from above — it continuously



sends them upward. Within the framework of Penrose—Hameroff theory, neurons of the
cardiac ganglia with the same microtubules and hydrophobic tubulin pockets are full
candidates for participation in quantum computation; the question of what precisely is
transmitted through these 80% of ascending fibers acquires an unexpected dimension in
this context.

Notably, the intrinsic nervous system of the heart exhibits sensitivity to the geomagnetic
environment: heart rate variability correlates with the level of geomagnetic activity — this
effect has been documented in both prospective cohort studies [Kim et al., 2022; PMID
35644403] and physiological experiments with continuous HRV monitoring [McCraty et al.,
2017]. If this effect is realized through a radical pair mechanism — spin-dependent
quantum states documented in avian magnetoreception [Ritz et al., 2000] — then cardiac
neurons become a site where OR collapse in tubulin is modulated by global cosmic
processes.

The boundary of consciousness in nature. Standard neurobiology draws an ontological
boundary: neurons present — consciousness possible; neurons absent — consciousness
excluded. The Bose—Penrose hypothesis implies otherwise: this boundary is quantitative,
not qualitative. Consciousness — or what Penrose calls proto-consciousness — is not
invented by animals and is certainly not a privilege of humans. It is present wherever OR
collapse in tubulin reaches its threshold — i.e., in all eukaryotic cells. Neural systems did
not introduce a fundamentally new process; they created a scaled, centralized, and
semantically enriched architecture for it.

Notably, Bose himself pointed even further. In "Response in the Living and Non-Living"
(1902), he documented psycho-like responses in inorganic matter — metals exhibiting
fatigue, recovery, and suppression by chloroform. If the boundary between living and
non-living is gradual, as Bose insisted, then the question of the locus of
proto-consciousness in this continuum remains open beyond biology. The present work
does not claim to resolve it; it merely notes that the evidential logic developed here for
plants reproduces the intuition that Bose discovered also in non-living matter one hundred
and twenty years ago.

Molecular complexity as a predictor. Accepting the hypothesis, we inevitably encounter the
question: why specifically tubulin? One possible answer lies in the structural analogy with
molecular systems for which quantum stability has been confirmed experimentally.
Fullerenes and carbon nanotubes — "pure" m-electron systems — lie in a continuous
molecular series from simple aromatic rings to complex protein cavities. Tubulin apparently
occupies a special place in this series: its hydrophobic pocket appears to realize the same
physical idea of isolation as the fullerene cage — but in a biological context that, if Orch
OR is correct, permits orchestration of quantum states across the entire MT network. If so,



molecular complexity and m-electron density may serve as indirect predictors of quantum
"availability" for OR — and the search for quantum-computational substrates in biology
should begin precisely with hydrophobic, aromatically dense cavities.

Energy efficiency as indirect evidence. The human brain consumes ~20 W in solving tasks
whose approximate computational reproduction requires data centers drawing megawatts
[Attwell & Laughlin, 2001]. This gap is not explained solely by architectural advantages
(absence of the von Neumann bottleneck, sparse coding). If Orch OR is correct, quantum
coherence of MTs provides "free" coordination through entanglement and potentially
operates below the classical Landauer limit, since OR collapse is determined by
Planck-scale geometry rather than thermodynamics. The paradoxical energy efficiency of
the brain may be an indirect empirical signature of quantum computation in microtubules.

The mathematical structure of OR collapse. Remarkably, the mathematical structure
underlying Orch OR is reproduced independently at several levels of description. The
conformational states of the tubulin dimer — transitions between two spatial configurations
of the B-subunit — are rotations in conformational space, described by the group SU(2).
The same group describes electron spin in quantum mechanics, the CISS effect in chiral
tubulin [Naaman & Waldeck, 2012], and spinors in Penrose's OR criterion [Penrose &
Rindler, 1984]. One mathematical structure appears at the level of electron spin, molecular
conformational transition, and Planck-scale spacetime geometry. Unit quaternions, forming
the group SU(2), have no analog in Euclidean or Minkowski space — they are Platonic in
the strict sense: discovered by Hamilton, not invented. If Orch OR is correct, biological
computation is realized in an algebra that exists only in the Platonic world. This observation
is preliminary in character and requires separate mathematical analysis; it is presented
here as an indication of the depth of structural unity that the Bose—Penrose hypothesis
opens beyond biology.

Practical implications. If tubulin is the universal substrate of irritability in eukaryotes,
anesthesiology acquires a new analytical framework: the efficacy of volatile anesthetics is
determined not by their lipophilicity per se, but by affinity for the evolutionarily conserved
hydrophobic pocket of a specific protein. This opens the possibility of rational design of
anesthetics with specified specificity for tubulin isoforms of different tissues. For plant
biology, the implication is that anesthetic sensitivity may serve as an indirect marker of
quantum dynamics in MTs and, consequently, as an indicator of the physiological state of
plant tissue — an application extending beyond fundamental science.

8. Conclusion



Bose documented a fact that neurobiology preferred not to notice for a century: volatile
anesthetics suppress plant irritability with the same dose-dependent profile as animal
consciousness — reversibly, specifically, reproducibly. The present work offers a
mechanistic explanation for this fact, resting on three independent lines of evidence: the
mechanism of anesthetic action (specificity to hydrophobic pockets of tubulin, not to
membrane lipids — establishing the molecular target), the evolutionary conservation of this
target (the structure of the tubulin pocket is preserved in plants and animals, as proven by
the identical action of colchicine and taxol on both taxa), and Orch OR theory (OR collapse
in tubulin pockets as the substrate of conscious experience). From the intersection of these
three lines, the Bose—Penrose hypothesis follows: quantum superpositions of tubulin
conformational states are the universal molecular substrate of irritability for all eukaryotes,
and the neuron is an evolutionary specialization of this universal mechanism — not its
unique bearer.

The significance of the hypothesis, if confirmed, extends beyond plant biology. The
boundary of consciousness in nature — a question that standard neurobiology resolved
anatomically (neurons present — consciousness present) — turns out to be a quantitative
question, not an ontological one. Proto-consciousness, in Penrose's terminology, is not
invented by biological evolution: it is present wherever OR collapse in tubulin reaches its
threshold — i.e., in all eukaryotic cells. Neural systems did not introduce a fundamentally
new process: they created a scaled, centralized, and semantically enriched architecture for
it. The architectural analysis of psycho-like responses — adaptive, integrative, and
reversible reactions found in plants, unicellular organisms, and, per Bose's observations,
even in non-living matter — indicates that their organization requires living feedback: a
loop with a setpoint whose source lies beyond the computational level of the system. This
structural requirement, independent of the experimental verification of Orch OR, is itself an
argument against reducing irritability to a purely mechanistic description. It receives
operational support from three independent sources: formally — Gdodel's theorem (a closed
formal system cannot derive its own complete description); epistemologically — Polanyi's
argument about tacit knowledge; operationally — the basic algorithm of machine learning:
any gradient descent (8 — 8 - n-0L(0)) is mathematically impossible without an externally
specified loss function L, and no implemented learning system closes the feedback loop
without consciousness on the outside. Additional indirect evidence for the quantum nature
of the computation is the paradoxical energy efficiency of the brain: ~20 W against
megawatts of data centers for comparable computational task complexity [Attwell &
Laughlin, 2001]. This gap is not explained solely by architectural advantages — if Orch OR
is correct, OR collapse is determined by Planck-scale geometry rather than
thermodynamics, and potentially operates below the classical Landauer limit.

The present work is theoretical: it formulates a hypothesis, traces its evidential logic, and
proposes specific experimental tests. Six predictions span four levels of analysis —



molecular, biophysical, behavioral, and optical — and are independently falsifiable. The
most immediately accessible: measurement of anesthetic affinity for plant tubulin by
isothermal calorimetry; exposure of Mimosa pudica and Venus flytrap to volatile
monoterpene vapors; polarization microscopy of plant cells in the presence of anesthetics
(standard equipment, native conditions, no labels). The most decisive: THz spectroscopy
of plant microtubules in the presence of anesthetics; Arabidopsis mutants with altered
tubulin hydrophobic pockets. None of these experiments has been performed. Their results
— in either direction — will advance understanding of the molecular basis of eukaryotic
irritability and clarify where, in the continuous spectrum of living matter, the boundary of
quantum computation lies.

Bose wrote in 1902 that the boundary between the living and the non-living is gradual. He
did not have the instruments to identify the molecular substrate of this gradient. A hundred
and twenty years later, the structural biology of tubulin, quantum biophysics, and Orch OR
theory provide exactly such instruments. The Bose—Penrose hypothesis is an attempt to
use them to test an intuition that proved more accurate than its time.
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Novelty — brief statement



Barlow (2015) mentions Orch OR in plants in general terms, but does not use Bose's data,
does not analyze the anesthetic mechanism through tubulin, and does not formulate
testable predictions. The present work is original in the following respects:

1. Bose's data (1913—1926) as central evidence, not illustration

2. The Meyer—Overton correlation as the connecting link between Bose and Orch OR

3. Specific molecular predictions (anesthetic affinity for plant tubulin, Arabidopsis

mutants)



