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3eproeo uznyuenus (HHUJIH), pazeusarowjas npednodicennyio namu ¢ 2008 2. KoHyenyuro mepmoOuHamuieckoeo
unuyuuposarus Ca’*-3a6ucumuix nepeuuHbIX npoyeccog buonoeuyeckoeo oeticmeus HUJIU. Iloomeepoicoena au-
nomesa 0 08X He3aBUCUMBIX MeXaHUsMax evlceobodxcoerus Ca’* u3 GHYMpUKIEMOYHbIX 0eno: CneyuduiecKom,
€ nepemMeHHOll NOCMOAHHOU 8PEMEHU BbICBODOICOCHUS, U HECNeYUPUUECKOM - C NOCMOAHHOU 8peMeHU, PABHOI
100 c. Joxazano yuacmue MumoxoHopui 8 pazgumui 6MopuyHsix npoyeccos nocieoeticmeus HUJIH. Ilpu oane-
HetiuemM pazeumuy MoOelb NO3601UM PACCHUMBIBANb ONMUMATbHbIE C MOYKU OOCIMUNCEHUS JCeNaemM020 I dex-

ma eapuanmol eo30eticmeusi HUJIH na buonoeuyeckue 0Ovexkmol.
Knrouesvie cn06a: HU3KOUHMEHCUBHOE 1A3EPHOE UTYUEHUE, NEPEUUHBIL MEXAHUIM OUOTOSUYECKO20 OeliCmBUs,

Mamemamu4eckast MoOelb.

Panee Hamu ObLITO MMOKA3aHO, YTO B OCHOBE TEp-
BUYHOI'O MEXaHH3Ma OHMOJIOrMYECKOTO ACHCTBYS HU3-
KOMHTEHCHBHOTO J1azepHoro uznydyenus (HUJIN) ne-
KHUT TepMoAnHaMu4yeckuil 3amyck Ca*'-3aBUCHMBIX
TPOIIECCOB KaK BHYTPH KJIETKH, TaK U Ha TKAHEBOM
ypoBHe [4].

CoOCTBEHHO TIEPBUYHBIM IPOILECCOM SIBIISICTCSI
nornomienne HUJIM ¢ BO3HUKHOBEHUEM BCIEACTBUE
9TOro TemIeparypHoro rpaguenta. C 3Tod TOYKH
3penus Ouosnoruyeckoe aerictsue HUJIN abcomtotHO
Hecnenn(uaHO. MBI MPOBENM aHAN3 PE3yJIbTaTOB
okosio 600 yuTepaTypHBIX UCTOYHUKOB (MCCIIENOBa-
HUS in Vifro, paHeBas MOJIE]bh Ha KUBOTHBIX) U BbI-
s Oonee 70 mumH Boax HUJINM B nuama3oHe oT
25 mo 10600 HM, JIs1 KOTOPBIX OBLT MOXY4YeH OMOIIO0-
THYECKUI OTKIUK Ha Bo3neiicTBue. CyllecTBOBaHHE
OJIHOTO (P OTOAKIENITOPA C TAKUM IIMPOKUM CIIEKTPOM
JEHCTBUSI, pAaBHO KaK ¥ MHOXKECTBA X, OTBEUAIOLINX
KOKIBIA 32 «CBOIO» [UIMHY BOJHBI, HEBO3MOXKHO.
[lepBu4HBI MeXaHWU3M €AWH ISl BCEX Jla3ep-HHIY-
[IUPOBAHHBIX OMOJIOTHUECKUX 3(D(HEKTOB, MOTYT pas-
JINYATHCS JIUIIb BAPUAHTHI Pa3BUTHS TTOCIIEACHCTBUS
Ha pa3HbIX YPOBHAX OPraHU3allul OMOCUCTEMBI.

[Tocnenytomee  yBenuyeHHWE  KOHILIEHTPALUU
Ca®" B 1[MTO30JIc M PACIPOCTPAHCHUE €€ BOJIH yXKE
BTOPHYHO: 3TO (HE TOBOPS YK 00 YCWICHUH CHHTE-
3a AT®, akTUBaM aHTHOKCUJAHTHON CHUCTEMBI H
Tp.) - CIIEACTBUE TEPMOJMHAMUYECKUX CJ[BUTOB.

© Mockeuu C.B., 2013

MpbI npoaHaNIM3upOBAIH JaHHBIE HCCIIEAOBAHUN
3aKOHOMEPHOCTH BO3HUKHOBEHUS M PACIPOCTPAHE-
HHSL BOJIH [TOBBIIIIEHHON KOHIIeHTpanuu Ca?" B IUTO-
3oiie. Pe3ynbrarhl aHaM3a MO3BOJMIIN MPEITIOKHUTh
MaTeMaTU4ecKyl0 MOJIENb ATHUX TMPOIECCOB, TO/-
TBEPIKIAIOIYIO HAITH TIPEICTABICHUSI O TIEPBUIHOM
Mexann3me ouosiornyeckoro aercrsuss HUJIN.

Bonbias gacTh MMEHOIIMXCS B JIMTEpAType Ha-
OMIONIeHNT TOBOPUT O HECTAOMIIBHOM MEPUOIUYHO-
CTH BO3HUKHOBEHHMs BOIH Ca’*, 3aBUCSILEH OT KOH-
[EHTpAIMK areHTa, MHUIMUPYoIero mpormecc. Ilo
MHEHHIO aBTOpOB pabothl [17], perymsipHoe u cTa-
OMIbHOE 3apOXKJIEHWE BOJH - JIMIIb CIYYaiHOCTb,
MTOCKOJIbKY CaM TIPOIIECC BO3HMKHOBEHHSI - CTOXa-
CTUYECKUN aBTOKOJIEOATEIbHBIN, UeM 1 O0BSICHSIETCS
HaOmoiaeMasi B OOJIBIIMHCTBE CIIy4aeB anepuoguy-
HOCTb.

OjlHaKO TP BHUMATEILHOM W3YYECHUH DPE3YJib-
TaTOB psifia MCCIEAOBAaHUI CO3MAETCs OIIyIIEHHE,
YTO CYIIECTBYIOT KaK T€HEPATOPBI CTA0MIILHBIX BOJIH
Ca?" ¢ HeM3MEHHBIM IEPHOJIOM KOJlcOaHMM, TaK M
TeHEepaToOpbl KOHIICHTPAIMOHHBIX BOJH C M3MEHSIO-
mmMcest iepuogom. [log reHepaTropoM HOHOB KaJblIKs
MOApa3yMeBaeTCsl MX JIENO M CUCTeMa BBICBOOOXK/IE-
HUs-3aKa4yku (Hacockl). [lepBble, «CTaOMIBbHBICY Te-
HEpaTophl aKTUBUPYIOTCS TIPU BO3/ICHCTBUU HECTIC-
MU(PUUESCKAME BHEITHUMHU (HAKTOpaMH, HarpuMep,
ANEKTPOMArHUTHBIM u3nydeHuem (OMMU) c ompe-

134

OOTOBIOJIOI'A TA ®OTOMEIANINHA, 1, 2 2013



OI3UKO-TEXHIYHI OCHOBH
®OTOBIOJIOT T TA ®OTOMEJIULIMHU

PHYSICS AND ENGINEERING
IN PHOTOBIOLOGY AND PHOTOMEDICINE

JIEJICHHOW »HEpruer; BTOPOMl THII, MO-BUIUMOMY,
crienn(pUYeCKy CBSI3aH C aTOHUCTaMH PAa3ITUYHBIX pe-
LENTOPOB (CaMblil M3BECTHBIM - IP.), HO Takke MOKeT
ObITh akTUBHpOBaH DMMU. BzanmopelicTBreM ABYX
TEHEPaTOPOB KOHLEHTPAILIMOHHBIX BOJIH U OOBSACHS-
€TCsl IIUPOKUI CHEeKTp U3MEHEHUH KaK B IEePHOINY-
HOCTH, TaK U B aMIUIUTYJle NOCTEeIHHUX, a HaOto1ae-
MBI TEPHUOJ] ABJSETCS PE3YJbTaTOM CIIOXKECHUS WM
BBIYMTAHMSA (3aBHCUT OT (ha3bl KoseOaHUit) HECKONb-
kux nmepuonos: T, = 1/f + 1/ & VUL +...
B utore Mmoxer peasm3oBathcs JII000W BapHAHT - OT
BO3HHUKHOBEHHsI BOJHBI Ca’" ¢ IMMOCTOSHHBIM MEPHO-
JIOM JI0 MHOTO4acTOTHOU MOAynsALuK. biu3kue BbIBO-
Ibl cllesiaHbl U Jpyrumu aBropami [13].

W3BecTHbI MHOTOYHCIICHHBIE TIOTBITKM Mare-
MaTUYECKOTO MOJICIIMPOBAHUSI ATOTO IMpOIecca, HO
o0n1ass KOHIENIHNs, OOBSCHSIOIAs BCE W3BECTHBIC
HaOmomaeMple SBIEHUS, TToKa He co3maHa. OCHOB-
Has podJeMa 3aKII09aeTCs B TOM, YTO KoJieOaHHS
koHteHTpaiu Ca’" fnaxe B KIETKax OJHOrO THIA
HUMEIOT CYLIECTBEHHO Pa3IMYarollylocsi U MEHSIO-
LIYIOCS TIEPUOUYHOCTD, & 3TO MOXKET ObITh 0OBsIC-
HEHO TOJIBKO pa3Hoo0pa3ueM Kak JIeTo, U3 KOTOPOTro
KaJbLIUil BBIXOIUT, TAK U TUIIOB €TO BBICBOOOXKIE-
Hus. Mexay TeM aJleKBaTHOE MOZAEJIbHOE IIPECTaB-
JICHHE BCEH KapTHHBI MEXaHU3MOB OMOJIOTHIECKOTO
nevicteuss HWJIN, HaunHas ¢ mepBUYHOIO MpoIlecca,
OTKPBIBAET peasibHble BO3MOXKHOCTH MOJIyYUTh OTBE-
ThI Ha BOMPOCHI, BAYKHBIE JI1 HAYYHO 00OCHOBaHHOM
ONTUMU3AINH PEKUMOB JIA3EPHOI TepaIuy, IMUPOKO
TIPUMEHSIEMON B COBPEMEHHOW MEHIIHHE.

Hanpumep, 4em OOBSCHUTH 3HEPTrO3aBHUCUMBIHA
(c BeIpa’k€HHBIM MAaKCUMYMOM) XapakTep J1a3ep-uH-
IyuupoBaHHbIX 3 dexToB? [Ipu yBenuyeHun Mou-
HOCTH BO3JICHCTBHUS pacTeT M TeMIIEPaTypHbIH Tpa-
JIMEHT, YTO BBI3bIBACT YCHJIEHHE BBICBOOOKICHHS
WOHOB KalbIsi U3 Jerno. Ho korma ux KOHICHTpa-
LU B LIUTO30J1€ IIPEBBIILIACT KPUTUUECKUHA YPOBEHbD,
BKJIIOYAIOTCS MEXaHU3Mbl BO3BpaTa MOHOB B JIEIIO,
u 3¢ dexr akruBanuu Ca’’- 3aBHCHMBIX TPOIECCOB
CXOIMT Ha HET.

[louemMy B HMIYIBCHOM pEXHME BO3ICHCTBHA
HWJIN >¢dexT BIIIE, XOTS MIOTHOCTb SHEPIUU MPH
sToM MokeT ObITh B 100-1000 pa3 menbIie, 4eM npH
MIOCTOSTHHOM pekrMe obmydenusi? [lotomy, uto Bpe-
M TEPMOJMHAMUYECKON peslaKcallii MaKpOMOJIEKYII
(102-10"3¢) 3HaUMTEIBHO MEHBIIIE JUTUTEILHOCTH MM-
nysbca (107¢), 1 04eHb KOPOTKHIA, B HAIlIEM MOHUMa-
HUU, CBETOBOW UMITYJIbC MOIIHOCTBIO B HECKOJIbKO BT
BBI3BIBACT OOJBIINIT TEMIEPaTypHBIH TPaANCHT, YeM
HENpePbIBHOE U3IyuYeHHE B €IMHULBI MBT.

Ilouemy onTumanbHOE BpeMsl BO3JACHCTBUS
HWJIN naxomutcst B amamazone 100-300 c (2-5
MUH.)? DTO - WHTEpBal MEPUOAOB PaCHpPOCTpaHe-

HUSI BOJIH ITOBBIIIEHHOM KOHIIeHTpanuu Ca®', 1 Mak-
CHUMaJbHBIH Ouonmorndeckuit sddekr mocruraercs
CHHXpPOHHU3alMel BHEUTHETO BO3/IEHCTBUS C MOJTyTIe-
puoaom naHHoro mporecca (100 c.).

PasHbIMEH aBTOpamu, B TOM YHCJIC W HaMHU, OBLI
BBISIBJICH PsIJT 3aKOHOMEPHOCTEH, XapaKTepU3yIONIUX
MHTCHCUBHOCTH BBICBOOOXKICHUS HOHOB KaJIbIUs M3
BHYTPHKJICTOUHBIX JCIMO MO BIUSHUEM Pa3IMYHBIX
BHEIIHUX (DaKTOpOB, B ToM uncyie DMU (He ToabKO
na3epHoro). JlaHHbIe MHOTOYHCIICHHBIX HCCIICIO0BA-
HUI HaCTOSITENILHO TPEOYIOT HE TOJNLKO 0000IICHNUS
HaOJIFOIaeMbIX 3aKOHOMEPHOCTEH B BHJIE OOIIUX I10-
CTYJIaTOB, HO W MOCTPOEHHUSI HA 3TOW OCHOBE paboTO-
CIIOCOOHOI MaTeMaTU4eCKOM MOJIEIIH.

MpI mosiaraeM, YTO YacTHBIN, Ka3aJloCh Obl, CIIy-
Yaii Ja3ep-uHIyIIMPOBAHHOTO TEPMOAMHAMUYECKOTO
3amycka Ca*'-3aBHCHMBIX HPOLECCOB - MMPOSIBICHHE
YHHUBEPCAIBHOTO W (PyHJIaMEHTAILHOTO TIpoliecca
AIIEKTPOMArHUTHBIX B3aMMOJICHCTBHIA B OWOJIOTH-
YECKUX CHUCTEMax, OMPEEISIONIEro He TOIBKO pac-
CMaTpHUBaeMbli, HO U MHOTHE JIPYTHE MEXaHHU3MbI
¢duznonoruueckoro perynupoBanusd. llpuyem He
TOJILKO Ha KJIETOYHOM YPOBHE: NMPHUHIIUIBI PEryJiu-
pPOBaHUS YAMBHUTEIBHO CXOXH JJISI CaMbIX Pa3HbBIX
OMOJIOTHYECKUX CHCTEM.

MareMarndecKue METOALI B OHMOJIOTMH W MEIH-
[IMHE UCTIONB3YIOTCS IOCTATOYHO aKTHBHO; MPEJIO-
JKEHBI MOJIEIH Pa3IUYHBIX (PU3HOJIOTUYECKUX IIPO-
reccoB. OHako 0000IIeHHBIE MOJIENH, TIPeJiara-
e MaTEeMaTHYECKOEC OIKMCaHUE OOJBIIOr0 YHCiIa
MIPOIIECCOB OMOJIOTUYECKOTO PETYJIMPOBAHUS B HMX
B3aMMOJCICTBHH, BBUAY CBOEH CIIO)KHOCTH HE IO-
JYYUIIA pactpocTpaHeHus. boiee mepcreKTHBHBIM
MIPEJICTABIISIETCSl ONMMUCAHUE OTHOCUTEIBHO TPOCTHI-
MU METOJIaMHU OJIHOTO JIOKATBHOTO (PH3UOJIOTHYECKO-
TO Mpolecca, UACHTUYHOTO, Ha HAIIl B3MVISI, MHOTUM
JIPYTUM TIO TIPUHITAITY PETYIUPOBAHUS.

KoH1ieHTpanms cBOOOTHOTO IUTOIIIa3MaTHYECKO-
TO KaJIbIIHs PETYJIUPYETCS HE TOIBKO TPaHCMEMOpaH-
HBIM IEPEHOCOM, HO W, B 3HAYUTEJBHOH CTEICHH,
€ro 00paTUMBIM CBSI3BIBAHUEM CO CIICIU(DUIECKUMU
rpynmnamMm psia OeikoB B mmroriazme. [Ipu stom
MPOIIeCcC TUCCOIMAIMN UMEET aBTOKaTaJuTHYCeCKUN
xapakrep. CBsi3bIBaHUE KaJbIUs 00YCIIOBINBACT €T0
HU3KYIO, [0 CPABHCHHIO C JIPYTUMH MaJibIMH HOHA-
MU, TUPPY3UOHHYIO IMOIBHXHOCTh W, BCJICICTBHE
3TOT0, BO3MOXXHOCTH TMOJJICPYKAHUS 3HAUUTEIBHBIX
TpagueHToOB B mpejaenax kieTkn. COBOKYIMHOCTh
M3BECTHBIX (AKTOB 3aCTaBISET MPEANOJIOKUTH Ha-
TYue B JIMHAMHKE KaJlbIMs OOpaTHBIX cBszed. Mx
MIPOIYKTOM MOXET OBITh, B YaCTHOCTH, CIIOHTaHHAsI
ANIEKTPUYECKas OISIPU3AIHS KICTKH, a TakkKe Oosee
CIIO)KHBIC TIPOCTPAHCTBEHHO-BPEMECHHBIC PEKUMBI
aBTOBOJIHOBOT'O IIOBEJICHUS, CBOHCTBECHHBIC aKTHB-
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HBIM cpeziaM. Takue peKuMbl JeHCTBUTEIBHO TPOSB-
JIAKOTCA B OTACJIBHBIX KJICTKaX U KJIICTOYHBIX KOJIJICK-
THBAX U UI'PAIOT CYLIECTBEHHYIO POJIb B OpraHU3aluu
Pa3BUTHSI MHOTOKJIETOYHBIX OPTaHW3MOB. B maHHOU
oOiacti (pusmyecKas TeopHsl JIOJDKHA TIPOSCHHUTH
TPUPOAY Pa3IMYHBIX HaOIomaeMbIX (GopM MexaHo-
XUMHUYECKON aKTUBHOCTH KJIETOK [1].

Het coMHeHHMs B TOM, 4TO KOJIeOaHHsI KOHIICHTPA-
uuu Ca** [IPOUCXOIAT B COOTBETCTBUU C OCHOBHBIMU
MPpUHIUIIAMHA TUTICPUUKIIA, TJC HAJIUYUC TICPBUIHO-
TO MPOIYKTa, BTOPHIHOTO MPOAYKTA U KaTaIn3aropa
SIBISIETCST 00s13aTENEHBIM YCIOBUEM BO3HUKHOBEHHISI
KoJIe0aTeIpHOTO Tpollecca caMoopraHu3anuu [6].
31ech BHEIIHEE BIHMSHUE PacCMaTPUBACTCS MCKITIO-
YUTENHFHO KaK ¢J1a00 BO3MYIIAIONINN (AKTOP, JHIIb
3aIlyCKAIONIUI TpoIlece aBTOKOIeOaHul, Tu0o He-
3HAUUTEJIBHO MEHSIOIMKA IapaMeTpsl
Tako¥ MeXaHW3M BIIOJIHE YIOBIETBOPUTEIHHO 00b-
SCHSCT HaOITIOHaeMble 3aKOHOMEPHOCTH TIEPHOIIY-
HOCTH KojteGanus Ca*'.

HeckobKo HHOM MOAXO0T JISKUT B OCHOBE MOJICITU
MarHUTHOTO MapaMeTPUUEcKOro pe3oHaHca [3, 16],
KOTOpasi cBs3bIBaeT KomeOanmst Ca’*'-ocrususitopa
¢ JelicTBUEM NEPEMEHHOI0 MarHUTHOIO MOJd. JTU
TEeOpeTHUYECKUEe paboThl OOBSCHSIOT, HAIPUMEp, He-
JUHEWHYI0 3aBUCUMOCTh OHOorndeckoro 3ddekra
(pasButus Ca’’-3aBHCHUMBIX MPOIIECCOB) OT YacTO-
ThI MOIYJISALUN U aMIUTUTYAbI JCHCTBYIOIIETO OIS,
MOXHO MPEeaNOoNA0KUTh, YTO B TaHHOW MOJIENH pac-
CMaTpPUBAIOTCSI CBEPXMAJIble YPOBHH DHEPIHM, MPH
KOTOPBIX aKTHBHPYIOTCS HMMEHHO CHEIH(pHUCCKUE
MEXaHU3MBl  BBICBOOOXKACHUS  ACTIOHUPOBAHHOTO
KaibIus. B mOib3y 9TOr0 CBUAETEIHCTBYIOT H3BECT-
HBIC 3aKOHOMEPHOCTH JCUCTBHS CBEPXCIA0bIX Mar-
HUTHBIX [0JIeH Ha KIETOYHYIO (DU3HOJIOTHIO.

Mopens UMEHHO TakHX, CHEUU(PHYECKUX TPO-
IIECCOB TpeIJIOKeHa aBTopamu pador [9, 10]: paccma-
TPUBAIOTCS MIPUTOK M OTTOK KaJBIWS B KIETKY Yepes
TTa3MaTHYECKYl0 MeMOpaHy (KOHCTaHTBI CKOPOCTEH
V, M V,, COOTBETCTBEHHO); FTOPMOHAIILHO aKTHBUPYE-
MO€ OCBOOOXK/IEHHE KalbLUs U3 TMyJa (CKOPOCTb V,);
AKTUBHBIA TPAHCIIOPT IUTO30JBHOTO KAJBIHS B Ty
(v,); OCBOOOXKICHNE KaJIbLMsL U3 TyJIa, aKTUBUPYEMOE
LIUTO30JIbHBIM KaJIbLHEM (V,); CBOOOIHBIA OTTOK Kallb-
1M M3 IyJia B LUTO3071b (V,). Mozens popmanusyercs
IByMs T GepeHInaTbHBIMA YPaBHCHUSIMU:

as, )
— =V, =V, V=V, Vs Y

dt

CUCTCMBI.

ds,
—= =y, —V. -V
4 5 6
dt
TIe S] — KOHIIGHTpAIUs KBNS B ITUTO30IIE, S2 —
KOHIICHTPAIUST KaJblMI B TOPMOHAJIBHO-UYBCTBH-
TETHLHOM TTyJIE.

Mopnens ronona-lT'onnberepa mnpeackasbiBaeT
KoNeOaHusl KOHILIEHTPALMU KaJbIIMsg CO BPEMEHEM,
Omm3kue 1mo GpopMe K SKCIIEPUMEHTAILHBIM JIaHHBIM.
MHoTO0IETHUH OIBIT TOKA3aJl COCTOSITEILHOCTD JaH-
HOUW MOJEIN B OTHOIIIEHHH UMEHHO IP3—3aBI/ICI/IMOF0
MEXaHW3Ma PETyJUPOBaHUS KOHIIEHTPAIIMH HOHOB
Kanbius B nuto3odne [8, 9, 11] (puc. 1).

MBpl, 0JHAKO, MOJIEIUPYEM HECKOJIBKO MHOW MpPO-
[IECC - BO3ACUCTBUSI BHEIIHETO WHUIMHUPYIOLIETO
(akTtopa Ha Hecrmeuu(UYCCKHE MEXaHU3Mbl BBI-
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Puc. 1. Monenbs BHyTPHKIICTOYHBIX KOJICOAHUN KaJbITHS
[10]: knHETHKA KOHIICHTPALUH KAJIBLUS IPH PA3THIHBIX
KOHCTaHTax

CBOOOKICHUS KaJbLUS U3 BHYTPUKICTOYHBIX JICTIO.
Peub maer o 3aBUCHMOCTH OHMOJOTMYECKH 3HAYM-
Moro oTkiuka (3¢dekra, BHIXOAHOTO CHTHaNa) OT
SHEPreTUYecKux (B MEPBYIO OYEPEeb) U JIPYTUX Ma-
pamerpoB HUJIN (Bxomnoit curnan). [Ipu sTom pe-
LIatoTCs JIBE€ B3aMMOCBSI3aHHbIE 3a/laul: aJleKBaTHOE
ormcanne 1) peakIiyu CHCTEMBI HAa BXOIHOHW CHUTHAI
C pa3IMYHOM MOIIHOCTBIO M 2) pacnpocTpaHEeHHE
BOJIH MOBBILIEHHON KOHUEHTPALMM MOHOB KajbLIHA
B pesyibTare sToro curnana. [locneanuit mporecc,
COIIACHO HAIlleMy MPENINoJ0KEeHUIO, U ONpenensieT
ouonornueckoe aericrsue HUJINW. Eciau Takoit mos-
XOJl OKa)KETCsl BEPHBIM, TO MaTeMaTHYeCKask MOJENb
JIOJDKHA TPENICKa3bIBaTh U3BECTHBIE U3 OINbITa 3aKO-
HOMEPHOCTH OHOJIOTHYECKHIX d(PPEKTOB.

Hannune nx HeIMHENHON 3aBUCUMOCTH C MAaKCH-
MYMOM OT DHEPTreTHYECKON J03bI MOKET ObITh 00b-
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SICHEHO TOJIbKO B3aMMOJICHCTBHEM JIByX aHTaroHH-
CTHUYECKUX PETyIUpPYIOIINX MEXaHW3MOB. B Hamiem
cilydae 3TO pe3ylbTaT padoThl BHYTPHKIIETOYHBIX
TeHEPaTOPOB KaJlbIUs, TO BHICBOOOKIAIOIIUX B OT-
BET Ha BO3JICHCTBHE (CUTHAT) HOHBI M3 JCTIO, TO 3a-
KauMBaONINX Ha3a] UX HU30BITOK. Takoil MexaHM3M
aKTUBH3HUpYyeT TpH HeobOxoaumoctu Ca’’- 3aBucu-
MbI€ MTPOLECCHl, HO OIPAaHUYMBAECT BEPXHUI Mpenen
KOHEYHOTO pe3yJbTara.

i ynportieHust MOIeTMPOBaHUS. Mbl OTpPaHUYH-
nuchk ciaydaem HenpepsiBHoro HUJIW, a maTepBan
HW3MEHEHMsI BXOJHOI'O CHTHajlla — JHEpPreTU4ecKon
JTO3bI — IPHUHSUIA PaBHBIM OT UBX o IOUBX. Ecmu mo-
JIeTTb BEpHA, TO PacUeTHHIA 3PQeKT (KOHEUHBIH pe-
3ysabrar) ¢ yBeauyenuem U JIOCTUTHET MaKCUMyMa,
a 3aTeM OMATh CHU3HUTCA 0 MHUHHUMAJILHOTO 3Ha4e-
HUSL.

Bropas u3BecTHast u3 onbITa 3aKOHOMEPHOCTb —
BOJTHOOOpAa3HOE HM3MEHEHHE KOHIICHTPAIHH
Ca* Bo Bpemenu [7] (puc. 2) - O4eBHIHO,
OIKCBIBAET Pe3yJIbTaT 3allyCcKa aBTOHOMHOT'O
CTaOMIIBHOTO TeHepaTopa HOHOB, 3(P(HEeKTUB-
HOCTh PabOThl KOTOpOro (mpeaenbHast KOH-
uentpauusi Ca?') perynupyercsi BHEUIHUM
curHajiom. bynem cumTarh, 4TO 4YeM BBbILIE
aMIUIMTyJa BOJH KOHLEHTPALUM KaJbLus,
TE€M 3HAuWTElIbHEE KOHEUHBIH pe3ynbTar
(Obuonoruueckoe AeiicTBUE).

[locne BHEIIHETO BO3ACHCTBHS HAYMHACT-
Csl TIPOIIeCC M3MEHEHUsI BBIXOJJHOTO CHIHAA,
XapaKTepU3YIOILUICA HaJTUIUEM JIBYX MaKCH-
MyMoB. [Ipu 3ToM MMeeTcst 6a30BbIi YPOBEHb
cUrHaja (IOCTOSIHHAsE BEeJIMYMHA, MCXOAHBIN
ypoBeHb KoHIeHTpaiuu Ca*) — U, . Tlonoxenne Max-
CHUMYMOB BO BPEMEHHU NPUHLMUINAIBLHO HE 3aBUCUT OT
BEJIMYMHBI BXOJHOTO CHTHAJA: TIEPBBI MAaKCUMYM Ha-
Omromaetcst Beerya u crporo yepes 100 ¢, a BTopoit -
yepe3 300 c¢; momynepron 100 ¢ — mocTosiHHAST BETH-
yyHa. B 3aBHCHMMOCTH OT YpOBHS BXOAHOI'O CHI'HAsa
U, . MeHS€TCs aMIUIMTyaa BhIXOAHOro curhana U,
T.¢. BbicOTa MakcumymoB U u U . HO cOxpaHs-
10TCsl Bee mponopiuu. [Ipoxoasmuii B Ted4eHre 3Toro
BPEMEHHU IPOIIECC BBI3BIBAET MOCTEIIEHHOE YBEIUYe-
HHUE CHTHANA, JJOCTHKECHIE MaKCHMyMa U JlalibHeIIIee
CHIIKEHHE.

JocTarouHo naBHO B paboTe [12] ObII0 BhICKa3aHO
MIPEAIOIOKEHUE, YTO IOBBILICHUE YPOBHS KOHLIEH-
tpapu Ca’" B MHUTOXOHAPUSIX JICUCTBYET pa3sHOHA-
MIPABJICHHO: XOTSl 3TUM CTUMYIHpYeTcsl paboTa JbIxa-
TEJIHOM LIeNM MUTOXOHJAPUI, HO IPU NPEBBIILIEHUU
OTIPE/ICIICHHOTO YPOBHSI KOHIIGHTPAIlMM HOHOB BCE
oomnbinast yactb HAJI®-H Tparutcs Ha OTKauKy U30bI-
TOYHOT'0 KaJIbLIKS, YTO 3aMeassieT npon3BoacTBo ATO.
IIpu 3TOM CKOPOCTh OTKAYKH SIBIIACTCS HEIMHEHHOU

140
130
120

110

.\W a OTH. €L

¢ynkuueit konnenrpanun Ca’*. EcTh IaTeHTHBIN me-
puon, xoraa nponykuust ATD, cBa3aHHas ¢ BEIMYUHOM
PENOKC-TIOTeHIMana MUTOXORpui (AW ), u axTuB-
HOCTh MOHHOTO Hacoca win AT®da3bl cOamancupoBa-
Hbl; 3aT€M IPOMCXOAUT YBEIUUEHUE IJIEKTPOXUMHU-
yeckoro rpajauenta Ca’’, yCKOpseTCs MPUTOK HOHOB,
BO3HHKAET BTOPOii K KoHIeHTpaimu Ca*' B [IUT030-
Jie ¥ HAYMHAETCS HOBBIN IIUKJL.

HenaBHO momyueHBl TpsSIMBIE HKCIIEPHUMEH-
TaJgbHBIC JOKA3aTEIBCTBA CHHXPOHM3HPYIOLICH
PO DHEPro3aBUCUMOIO  MHUTOXOHIPHUAIBLHOTO
tpancrnopra Ca?* Ha aMIUIMTYIy M CKOPOCTh pac-
MIPOCTPAHEHUs] KOHLEHTPALMOHHBIX BOJH HOHOB
Ca?' B uuTOMmIa3Me JKUBBIX KIeTOK. [TokazaHo, 4To
sHepro3aBucuMbiil Tpancmopt Ca®’, a taxxe Ca'-
HHIYIHPOBaHHBIH BeIOpoc Ca** B MHUTOXOHIPHSX
SIBIISTIOTCSI COCTABHOM YaCThIO MEXaHU3Ma YCHIICHHS
BHYTPUKJIETOUHBIX Ca** CHUrHaJIOB, HEOOXOIMMOTO

£300

]

t250
$200
1 150
f100

150

Konuenrpauns Ca’, oti. ei1.

0
Bpewmas, ¢

100 200 300 400

Puc. 2. N3menenne xounentparuu Ca** (1) B mro30me

U pPeJOKC-TIOTeHIIMaIa MUTOXOHIPUNA A‘"I"m (2) mox nevicteuem HUJINU
(mmuHa BosHB! 647 HM, IIOTHOCTE MotmHOCTH 0,1 MBT/cM?,
akcno3uims 15 ¢) B pubpobdiaactax KpaitHeit mioTu yenosexa [7]

JUIsl TeHepaluy, MOAJEeP)KaHUd U CHHXPOHHU3ALHNH
PacpoCTpaHsIONMXCs BOJMH cBoOoxHoro Ca’’ B
LUTOIUIa3ME KJIETOK [5].

PaccMoTpuM MaremMaTH4YecKylo Mopenb (yHK-
IUOHMPOBaHKs MexaHm3Ma Ca’*'-3aBHCHMON ITUKIIH-
YEeCKOI CUCTEMbI aKTUBALIMM MUTOXOHAPHI MO BIH-
suuem HWJIW. Ona npencraBiisieT MHTEpEC BBUIY
TOTO, 4TO JI0OBbIE BHYTPUKIETOYHBIE MPOLIECCHI Tpe-
OYIOT SHEPreTUYECKUX 3aTPaT M HAMIPSAMYIO CBSI3aHbI
C HAJTMYHEM pe3epBa SHEPTHH.

®opmanusyem mozenb «-Ca*~AY —ATD»,
IUTSL 9eTO BBENIEM YCIIOBHBIE 0003HAaUYEHHS: X — ypo-
BeHb AT®; Y — pemokc-moTeHIual MUTOXOHAPUN
(AY); Z — xonuenrtpamus Ca®; P — mioTHOCTb
SHEPreTUYecKor J03bl, onpesaesieMas Kak (PCP/S)-t;
kr“ k5 — MOCTOSTHHBIE KO3 PHUIIMEHTHI, ompeaersie-
MBbI€ U3 CIIPABOYHBIX JAHHBIX U MPU PACYCTHOM IKC-
IIEpUMEHTE, PCp — cpennsist momrHocth HUJIN, S —
IIoIaab, t - Bpems.

Chopmynupyem ycnoBus 3a1auu. CKOpOCTh CHH-
teza AT® (X) nponopunonansua AY _(Y):
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(M

Cropoctb BbicBOOOKIeHusT Ca’t (Z) B 1mTo30I€¢
MPONOPIMOHATEHA HWHTCHCUBHOCTH BHEIIHETO BO3-
neticteus (P). C mpyroit CTOpOHBI, OHA TaKXKe CBA3aHa
(ycnoBHO) ¢ ypoBHeM koHTeHTpanun AT (X), yBenu-
YeHHe KOTOPOTO MPEIOTIpeeIIsIeT aICH e KOHIICHTPa-
tuu Ca’* gepes OmuCaHHbIC BBILIE MEXaHH3MBL:

d—Z=k2~t—k3~X, )
dt
rne k, =k -P.

VBenuueHne pemrokc-NoTeHInaIa MUTOXOHAPUI
AY_ (Y) Taxke 3aBUCUT OT KoHLeHTpauuu Ca* (Z),
a cumwkenue AV (Y) mpomopruoHanbHO €ro Ke

YPOBHIO.

%=k4-2—k5-Y ©)

MBI TOTyYHITH CUCTEMY JIMHEHHBIX MuddepeHIu-
aTbHBIX YPAaBHEHUH, OTIMCHIBAIONIYIO POIIECC YCHIIe-
Hus cuHTe3a ATO® U1 MOBBIIICHUS SHEPTETUKHU KICTKU
T0J] BO3ZICWCTBUEM BHEIIHETo (hruznyeckoro akropa
(manpumep, HWUJIM). B nanHO# MOmeny NpUCyTCTBY-
IOT KaK aKTUBU3UPYIOIIUE, TaK M HHTHOMPYIOIIHE
MEXaHU3MBI, BIHSIOIINE Ha KOHEUHBIA Pe3yJIbTaT, 4TO
obecreunBaeT IUKINIHOCTD U 00paTUMOCTh IIPOIIeC-
ca, HaOJltoIaeMbIe B OKCIIEPUMEHTAX.

3amaauM HayalbHble W TPAaHUYHbBIE YCIIOBHSL.
B HauanbHbIl MOMEHT BpemeHHu (t=0), OTCyTCTByeT
u BHelHee BosaercTBue (P=0); cuctema HaxomuTcs
B PaBHOBECHH, MPABbIC YaCTH BCEX YPABHEHUU paB-
HEI HYITIO:

K Y=kP-k-Y=kZ-k-Y=0

[TockonbKy B HauaJbHBI MOMEHT BPEMEHU KOH-
nentpanus Ca?* uMeeT U3BeCTHbIH 6a30BbIi (MHHU-
MalbHbIH ypoBeHb) Z 3 (31ech U Janee WHIEKC BBEP-
Xy 0003HauaeT MpeJeNIbHOEC 3HAUYCHUE IMapaMeTpa,
WHJIEKC BHU3Y — NIEPHUOJT BpEMEHU B CEKYH/Iax), TO:

b2y =k T
WIN
k .
Z) = k—5 DAL (4)
4

OrmpesiencHre B JUHAMUKE TIPOIECCca 3HAYCHUN BBI-
OpaHHBIX TapaMETPOB, a TaKXKe MOCTOSHHBIX Kod(hu-
[IUEHTOB BO3MOXKHO B JIBYX BapuaHTtax. /leno B ToM, 4To
peanbHas OMoNOrMueckas cucteMa Bcerga padoTaeT ¢
OTIPE/ICIICHHON 33IEPKKON - UMEET MECTO BPEMEHHOU

JIar Ha Ka)KIOM dTare IMKIa (B HaIleM ciIydae - B3au-
mozieiicTus B cucreme Ca*~AY —AT®). Bompoc B
TOM, HACKOJIBKO BEITMKH JTU 3a[CPKKH OTHOCHTEIHHO
o01LIell AMUTENLHOCTH LUKJIA U HACKOJBKO UX Halnyuue
KPUTHYHO ((hU3HOTOTMYECKH 3HAYMMO) B PaMKax HcCIe-
Jyemoii Mozieni. B mepBoM BapuaHTe MBI IpeHeOperaem
BPEMEHHOI1 33JICP’KKO M ITPOBOIMM OLICHOYHBIN aHAIN3
BO3MOYKHBIX PELIEHNI CHCTEMBI YPAaBHEHUI; BO BTOPOM
CIIBUT IO BPEMEHU BBOIUTCS, KaK JOMOTHHUTEIBHBIIN
(axrop. Brpouem, B 0boux ciayyasx HEOOXOAUMO HC-
M0JTb30BaHNE YUCIIEHHBIX METO/IOB PELICHUSL.
PaccmoTpuM At mPOCTOTHI TEPBBI BapHaHT,
xorna cucrema Ca*~AW¥ —AT® paGoraer mocra-
TOYHO OBICTPO, YTOOBI TpeHeOpeYh BPEMEHHBIMH
3a7iep’)KKaMy Ha Beex dranax. depe3 W3BECTHBIN U3
MHOTOYHCIICHHBIX ~ JKCIIEPHMEHTOB  ITONYIIEPUOL
(100,) mocsie BHEMIHETO BO3ACHCTBUSI KOHIIEHTPAIUS
Ca?" xonebaercst OT MUHUMAJILHOTO IO MAaKCHMaJlb-

X
80

60
40 ¢

207

Puc. 3. BapuaHT yuCIIEHHOTO peUIeHUs] CUCTEMbI
ypaBHenuit (1-3)

HOTO YpOBHS (17151 YIIPOLICHHUS Mpe/IesibHbIe 3Ha4e-
HUs OyZieM cUMTaTh HEM3MEHHBIMU):

=7

400 N

VA VA

0 200 Ziyy = Z;ggx,

Bemnunna AY (Y) u xonuentpauus AT® (X) o-
CTHUTaIOT MaKCHMAJIbHBIX 3HAYCHHI B TOT MOMCHT, KOT/[a
koHneHtparust Ca’" (Z) npuMeT MUHHMAJbHOE 3Have-
HHE, T. €. uepe3 200 ¢ oT MOMeHTa Havyasia BO3AEHCTBYS,
TIPH 3TOM BCE TIPOM3BOIHBIC CTAHOBATCS PABHBI HYITIO.

kl-erélgx:k4-Zg—k5-Y2‘88X=0’

HNIn

k +k
zy =2
’ .
Torma
min k] + k max
= —S'Yzoo .

5

3HauCHWE WHTCHCHUBHOCTH BHEUIHEro (hakTopa
OygeM CyuTaTh ONTUMAJbHBIM MPU JTOCTHKEHHUU
ypoBHeM Ca*" (Z) MaKCUMaIbHOTO 3HAYEHHUS, TOTIA
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kz'Plggx_ka'Xloo:O,

NN

kz 'Rr(;gx = k3 'X100 .

OTH COOTHOIIEHHS IMO3BOJSIOT ONPEACTUTh pe-
anbHble KOA(QQHUIMEHTHI, PYKOBOACTBYAChH, pasyMme-
€TCsl, TAKXKE U CIIPABOYHBIMH JTAHHBIMH.

UucneHHoe peleHre CUcTeMbl ypaBHeHHH (1-3)
C TOYHOCTBIO JIO TIOCTOSIHHBIX KOA((HUITUESHTOB TIOJI-
TBEPIK/IaeT HAIU TIpecTaBieHus (puc. 3), a 3a0HO
u u3BecTHyo KoHuernmuio T.M.Kapy [14, 15], koTo-
pYIO OHa pa3BHBAeT U IO HacToslIee BpeMs. Tonbko
C OJIHOW OrOBOPKOH - IPEyCMaTPUBAETCS HECKOJIb-
KO WHas MOCJIE0BaTeIbHOCTh COOBITHIA: aKTHBAIIHS
pabOTBl MUTOXOHAPHHA €CTH CIIEACTBHE MOBBIIICHUS
xonnentparuu Ca®’, a He HA060POT.

BriBoabI

[MpennoxxeHHas MaTeMaTHIECcKasi MOIETb Pa3BH-
BACT THIIOTE3y O TEPMOIMHAMHYCCKOM MEXaHU3ME
unnimupoBanus Ca’*'-3aBUCHMbBIX EPBUYHBIX PO-
IIECCOB, OMPECIAIOMNX OHOIOTHUECKOE JIeiicTBUE
HWJIN. Pacuet no mozaenu NOATBEPkKAACT HAIHUNE
JBYX HE3aBHCHMBIX MEXAaHH3MOB BBICBOOOKICHII
Ca’" U3 BHYTPUKJIETOYHBIX A€o (crenuduaeckoro,
C TIEPEeMEHHOM MTOCTOSHHOIM BpeMEHH BBICBOOOXKIE-
HUSI, © HECTICIU(PUUESCKOTO - C MMOCTOSHHOM, paBHOI
100 ¢), a TakKe ydyacTHe MUTOXOHAPHUI B Pa3BUTHU
BTOPUYHBIX ITpoLeccos nocueaeicraus HUJIN.

B nepcrniektuBe npeniokeHHast MOAETb MO3BOJIHUT
MIPOTHO3UPOBaTh Ouonorndeckue 3pdexTsr Bo3nei-
cteust HUJIU u obecrieunTh HAy4HO 000CHOBAHHYIO
ONITUMHM3AIIIO PEKIMOB ITOCIIECTHETO.
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MATEMATHYHA MOJEJIb ITIEPBUHHOI' O MEXAHI3MY
BIOJIOTTYHOI 1T HU3bKOIHTEHCHBHOTI' O JIA3EPHOI' O BHITPOMIHIOBAHHA

Mocksin C.B.

DIIBY «lepocasnuii naykosuil yenmp aazepruoi meouyunu @MBA PDy,
syn. Cmyoenmcora , 40, m. Mockea , 121165 , Pocis,
men.: +7 (499)249-24-01 , e - mail: 765261 2@mail.ru

Pozenanymo mamemamuuny mooeno mexanizmy 0ionoeiunol Oii HU3bKOIHIMEHCUBHO20 1A3ePHO20 UNPOMIHIO-
eanns (HIII), sixa possusae 3anpononosany namu ¢ 2008 p. konyenyiio mepmoounamiunoz2o iniyiosanns Ca’*-
3Q1eAHCHUX NepeuHHUX npoyecis bionoeiunoi 0ii HIJII. Iliomseepodicero 2inomesy npo 08a He3anelcHi MexaHizmu
susinoienns Ca’™ 3 6HympiunbOKIIMUHHUX 0eno: cneyudiunuil, i3 3MiHHOI0 NOCMILNOT Yacy eueilbHeNHs, 1 He-
cneyuchiunuil - 3 nocmitinoro uacy, pieniii 100 c. JJosedero yuacms MimoxoHOpiil y po36UmKY 6MOPUHHUX NPOYecie
nicadii HIJII. Ipu nooanbuiomy po3sumxy mMooeins 003601umb pO3paxo8yeamu ONMUMAansHi 3 MoKy 00CASHeH s
baoicarnoeo egpexmy sapianmu enaugy HIJII na 6ionoeiuni oo ’ekmu.

Knrouosi cnosa: nusvkoinmencusHe nazepHe unpOMiHIO8aHHA, NEPSUHHULL MeXaHism Oionoeiunoi 0ii, mame-
Mamuina mMooeib.

MATHEMATICAL MODEL OF PRIMARY MECHANISM
OF LOW-INTENSITY LASER RADIATION BIOLOGICAL ACTION

Moskvin S.V.

Federal State Budgetary Institution “State Research Centre of Laser Medicine
of Federal Bio-Medical Agency of Russia”
Str. Student, 40, Moscow, 121165, Russia
tel.: +7 (499)249-24-01, e - mail: 765261 2@mail.ru

A mathematical model of biological action of low-intensity laser radiation (LILR) mechanism which expound-
ing our concept proposed in 2008 on thermodynamic initiating of Ca’*- dependent processes of LILR primary
biological action is described. The hypothesis on two independent mechanisms for Ca’* release from intracellular
stores (specific, variable release time constant, and non-specific) with a time constant of 100 sec was approved.
Mitochondria involvement in the development of secondary processes of LILR effects was proved. The further
model development will allow to calculate the optimum scenarios for LILR effects on biological objects from the
point of achieving the desired effect of exposure.

Keywords: low level laser radiation, primary mechanism of biological action, a mathematical model.
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