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deHOMEHOJIOTIYHA MOJEJh TUHAMIKHI
KOHIIEHTPAaIlil HOHIiB Ta MEMOPAHHOTO IOTEHI[iaJIy
eMOpioHAJNBHUX KJIITHH

Biosoriuni memMOpaHu XapaKTepU3YIOTHCSI HE JIUIE CKJIATHOIO MOJIEKY-
JAPHOI0 OYIOBOIO, a 1 HASBHICTIO €JIeKTPUUYHOTO IIOJfA, SKEe IeHePYEThCS
eJIEKTPOCTATUYHO — (PiKCOBAaHMMU 3apsAgaMHU Ta eJeKTPOAWHAMiuHO — HOH-
HuUMH noTokamu. TparncmemOpanumii nmorenian (TMII) — mapkepHa Beuyn-
Ha, 10 XapakTepusye (PisioorivHMil cTaH KJiTHHN, BILIMBA€ HAa 3BOPOTHI
3B A3KHU B il MeKaxX, € iHTerpajJbHOI0 YaCTHHOIO CHCTeMU KOHTPOJIO JKUT-
TeniAgapHOCTi. Paninie Mmu BiKe HOCIiIKyBaay MaTeMaTUYHI MOJeJi 3MiHMT
(disionoriunux mapamerpie kaitunu [3]. IToroku fiouis Na*, K* ta Cl-, 1o
BXOIATh y KJIITHUHY Ta BUBOIATLCA B CEPEIOBUINE Uepes TPAHCIOPTHI cuc-
TEeMU, € IOTYKHUMU CUTHAJIAMU, SKi PeryJoTh HoOHHNI 0ajdaHc KIiTUHH,
nigrpuMyioTh 6amauc Boau i TMII, a TaKoX oIocepefKOBAaHO PEryJioTh
KJIITHHHY IpoJridepalrito, audepeHItiaiio Ta Mirpamnio y pereHepaliiznoMy
1 embpiomanbHOMY Mopdorenesi [15]. Orike, camoopraHizaliito cucreMu
Jcusa KJAimuHa MOYKHA iHimiroBaTw, 3MiHUBIIM il ImapameTrpwu, 10, AK Ha-
caimok, BuamBae Ha Beamuumay TMII.

MogenoBaHHA MeMOpPaHHUX IIPOIECiB V 3apOAKOBUX KJIITHUHAX T'PYHTY-
eTbca Ha Teopil Xomikkima — Karca mpo MeMOpaHHY €JeKTPUUHY aKTUB-
HicTs [7]. Peak1ii, aki BigmOyBaoTbcs B KJITWHiI, HaA3BUYANHO CKJIATHI
M OXOILTIOIOTH 6araTo HMPOMiKHUX CIOJYK, TOMY iX MaTeMaTUYHUHA OIUC
3IIMICHIOIOTh CcHCTeMaMM OudepeHIialbHUX PiBHAHL ab0 mudepeHIianb-
HO-aJire0paiuyHUX PiBHAHB.

© PepoposBuu 3.51., 2016



42 EkcnepumeHmansHa ma KiiHidHa g¢pizionoeisi i 6ioximis, 2016, Ne 1

Mera pocaimsxennsa. Busuamu TMII, #touni motokm Na', K™ ta CI-,
3MiHY KOHIIEHTpAI[ill IIOTeHIliaJreHepyBaJbHUX HOHIB, HampAMu “IIOBe-
TiHK®” MOJeJIi.

O0’eKT mocrimxeHHsA — HmOTOKU HOHIB i ix BmiamB Ha TMII. Ilpeamer
OOCTiAKeHHA — MaTeMaTHuuHa MOJeJb IUHAMiK1 KOHIIeHTpAaIlill HOHiB, AKa
IO3BOJISIE AOCIIANTH iX BIIIMB HA 3MiHKM cyMapHuX moTokiB Na®, K™ Ta
Cl~ ra TMII giaitTunawm.

Marepianu i meTogu mociaimskenns. MaTemaTrnuHa MOJENb CKJIATAETHCA
3 nBOX OJioKiB (puc. 1): I 6ok — mMemOpaHa KJIITMHU 3 T'OJOBHOIO Xapak-
tepuctukoio — TMII ta fioHHMMU TpaHCHIOpTepaMU: HOHHUMU KaHaJIaMU
(K*-, Na*- ra Cl -xamanu), Na*—K*-mommoio ta Na*—K*—Cl -koTpancmop-
Tepom (NKCC1); II 670K ommcye KOHIIEHTPAIlil0o MOHOBAJIEHTHUX HOHIB y
KJIITHHI Ta IMO3aKJiITHHHOMY CEpPeIOBUIIi.

Puc. 1. TparcnopTyBaHHSA HOHIB Uepes IJIa3MaTUUYHY MeMOpaHy.
1 — TMII; 2 — 30BHIIIHBOKJITMHHA KOHIIEHTPAIlid HOHIB KOXKHOTO TUIIY;
3 — BHYTPIIIHBOKJITUHHA KOHIIEHTPAIlisl HOHIB KOMKHOI'O TUITY; CTPiJIKAMU IIO3HAUEHO
IIOTOKU I10HIB uepe3 HOHOTPAHCIOPTHI CHCTEMU IIa3MaTHUUHOI MeMOpaHu.

oTMII uyrauBuii mo OyAb-AKMX 3MimleHb. o HUX MOKHa BimmecTu
KOHIIeHTpAIlil0 HOoHiB, MeMOpaHHY NPOHUKHicTb, pH, mopyinenus 6ap’ep-
HOi (pyHKIII mmasmaTuuHol MmeMOpaHu i T. iH. IIpumycrimo, 110 B meBHUI
MOMEHT 4Yacy Bci HOHOTPaHCHOPTHI CHUCTEMHN DPiBHOMiIpHO pO3MOAijieHI B
miIasMaTudHii MeMOpaHi. IIpoHMKHICTE IIIasMaTUYHOI MeMOpaHu IJd HO-
HiB i mpoBigHicTh € craso B uaci. Ilmasmarmuna memOpaHa 3apOAKOBOIL
KJIITUHYU TOMOTeHHAa Ta HelTpaabHa, Tomy TMII o6unciioeMo 3a PiBHAHHAM
Tonsgmana — Xomskkina — Karma:

+ + -
2¢ = bin PulNa'L + RIK'), + By [CL],
P, [Na‘], + P[K'], + P,[Cl],

1)

e ¢ — TpaHCMeMOpaHHUI moTeHiiax; Py, Px, Py — MemOpaHHa mIpo-
HUKHicTs masa fouis Na®, K™ i Cl” BigmoBigHO; b — HOpMOBAHUU mapaMeTp,

= RT/F.

MaremaTuyHa MOZeNTb AWHAMIKM KOHIEHTpAaNil ifOHIB mpeACTaBIeHa
plBHﬁHHHMI/I AKTUBHUX i MACUBHUX NOTOKiB, HAIPAM SKUX 3aJ€KUTH Bif
MexXaHidMy TpaHCHIOPTyBaHH:A HoHIB cucteMamu. IIIBUAKiCTh 3MiH KOHITEH-
Tpalii 1oHiB BM3HAYAETHCA 3 PiBHAHD!:

dIK’], d[K*]
=8SJ,., ——2=-8J; 2

dt K dt K (2)
d[Na"']. d[Na"]
—t=-SJ,,, ——2=8J;

dt Na dt Na (3)
d[Cl'], d[C1™],
S e S, S =S @

e J, — rycTuHA MOTOKIiB #0OHiB; S — mioma memOpanu Kiaituau; [K'], [Na']
i [C]] — xoHIenTpaIlis Kaiiio, HaTpito Ta XJaopy B (i) Ta mosa (0) KIiTHHOIO.
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3rigHo 3 mepmuM 3akoHOM Dika I MexaHizsMaMM peryJOBaHHSA I[UTO-
30JIbHOI Ta MO3aKJITHHHOI KOHIeHTpAaIllili HOoHIiB 3HAUEHHS Pe3yJIbTYIOUNX
MOHHUX MOTOKIB € ajiredpaiuHoOI0 CyMOIO0 MOTOKiB MOHOTPAHCIIOPTHUX CHC-
TeM AJs KOMKHOTO 3 HOHiB:

+ o+ channel NKCC,
JK+ N J;;Jr ATPase JK+ JK+ ; (5)
— NatKTATPase channel NKCC,
JNa+ - JNa+ + JNa* c’NaJr ’ (6)
_ channel NKCC NKCC,
JCI’ - Jcr + Jcr /1 Jcr 2 )

e Jy, Jn. Jew Jo — cymaphi moroxu tionis K, Nat Ca?" i Cl- BizmosigHo;
10+ . . +trt . .
J N K ATPase — momik Kasio Ta JII:f K ATPase _ norig HaTpito uepes Na'—
K

. h 1 h ! h 1 o . .
K'-mommy; oJ 2%, J M, J O, Jé;{“""el — IOTOKM HOHIB KajieBuM,

. . . . NKCC NKCC
HATPieBUM, KAJbI[I€BUM Ta XJOPHUM KaHAJIaMM BifmoBigHo; o o J Nat 2

J gf{/(ic, é\g{/c;c — nmoroku poniB K*, Na' i CI- uepes NKCC1 sigmosiguo
Taxwuit Tum mMozeJsi mepembauae OJHAKOBY KOHIIEHTPAI[i0 HOHIB KOXKHOTO
TUILY II0 BCiil KJiTHHI.

Wouni xamamu — yHiKaabHi MOJEKyJIAPHI YyTBOPEHHSA, IO € ImaaTdop-
MOIO IJIsI peaKIlill mepeHeceHHs HOHIB Ta MOJIeKyJI Boau. Tpaguniiino HoHHI
KaHaJIu TOJiNAITh Ha JirangkeposaHi [16], moreHmiansamexxui [18], me-
xaHouyTauBi [4]. Haitbinbn oxapakTepru3oBaHUMHU cepell HOHHUX KaHaJliB
€ HaTpieBi, KaJjieBi, KaJbIlieBi Ta xJopHi Kamanu. [lacuBHUA IIOTIiK HOHIB
3a eJIEKTPOXiMiUHUM IpaZie HTOM uepes HOHHI KaHAJU OMUCYETHCSA PiBHAH-
HaMm [ombamana [6]:

PzFV |C —C e(zgm]
il I ][’L;Vm] , ®)
l1-e¢

e Jic’”‘””el — MacWBHUH MOTIK j-X HOHIB 3 OOKY X Ha GiK y uepes KJIITHHHY

membOpany, j — K, Na® Ta Cl°, P, — Koe(imieHT npoHUKHOCTI MeMOpaHu

IS j-ro WOHA, Z; — BaJIeHTHiCTBL j-ro IioHa, F — crama Papages; V, —
TpaHcMeMOpaHHUHI IIOoTeHIliayn; R — yHiBepcaimbHa rasoBa craja; 1 — TeM-
neparypa; C;,/C;, — KOHIleHTpalliA j-X HOHIB y Ta mosa KJituHow. OTike,
HacUBHI MOTOKM HOHIB uepes KaHaJU € (PDYHKIiAMU yacy Bij HOHHUX KOH-
nmerTpanin i TMII.

DiFrancesco Ta Noble [5] 3anpomronyBa/in MaTeMaTUUYHUH OMUC TOTOKY
mouiB uepes Na'—K*-momny kapmiomionury, 10 3ajie:KUTL BiJ KOHIIEH-
rpariin #toHiB Na® Ta K' y KiiTuHiI Ta 30BHINIHLOKJIITUHHOMY CepelnoBU-
m1i. PeHomeHoJoriuHe PiBHAHHS, IO omucye moTokum Na™ ta K uepes
6asonarepanbuy Na'™—K*-momny, sanpononoBane Hoffman i Tosteson [8],
Lindenmayer [10], a Takosx Strieter Ta cuiBaBTOpamMu 1 emiTeniaabHUX
riaituu [14]:
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3 2
J _ JNa/K-ATPase [NaJr 1; [K+ 1,

Na/K-pump —  max [Na+]i + Kﬂuﬁi [K+]O + Kﬂuf}'ép

Kpump — Kpump 1+ [K+]i ;

M ,Na int,Na pump 9
Kth ( )
+
Kpump _ Kpump 1422 do [Na ]
M,K - out,K Kpump >
out,Na
e JNa/K‘ATP“S‘f — MaKCHUMaJbHHI mOoTiK 1oHiIB uepe3d Na'—K'-mommy;
pump pump pump pump _ L 0
K. / K'Y — crani Mixaemica; K, %', K]V, — crani iHriGyBanns.

Enextporenna Na'—K*-momna izenTudikoBanHa y BCixX THUIIaX TBapWH-
HUX KJIiTuH [4]; uepes Hel TpaHCIOPTYIOThLCSA Tpu IHoum Na' y KIITHHY B
o0MiH Ha mABa mosakJiTMHHUX HoHM K mportu rpamienTa ix ROHueHTpauiI
8a PaxXyHOK eHeprii rigposisy oxmiei Mosexym AT® 3a HasgBHOCTI HOHIB
Mg?*. Tomy cmiBBigHOomeHHsa Mixk moroxamu Na' ta K" uepes Na'—K'-
IIOMITY 3aIlUIIEeMO AK

8+ + ase —_— .
Jﬁa A= _3JNa/K—pump’

(10)
J NaTK*ATPase 2J

K Na/K-pump *®

Na"™—K*—Cl -korpancmoptep (NKCC1) — BTOprHHOAaKTHBHA TPAHCIOPTHA
cucTteMa, OCHOBHA (YHKIIig AKoi moadArae y miarpumanui y [Cl7], Bumre
ii emexTpoximiuHoi piBHOBaru Ta mocrifimoro o6’emy KhaitTmuu [11, 17].
Mexanism po6oru NKCC1 enexkTpoHedTpaJlbHUI, 3a OAUH IIUKJ IIPU
HOpMaJbHUX (iziosoriuamx ymMoBax poOOTH OiJIOK TPAHCIIOPTYE y KJIiTH-
Hy toHu y cmiBBigmomrenui 1Na':2Cl:1K* [12]. 3anuiiemo mOTiK HOHiIB
yepes NKCC1 [9]:

g e (N2 LK LACTL)
=\ INa"K,(C1 1)

CuisBigaomennsa mixk moroxamu Na', K™ ta Cl- wepes NKCC1 Bupa-
3UMO SK

(11)

JNKCC — JII\IV:(CC — JNKCC — 1 / 2JNKCC (12)

ne JNKCC — makcuManbHUE IOTIK 1oHIB uepes Nat—K*—Cl -koTparcnoprep.
max

MaremaTuuHna MoAeb orcana cucTeMoio 12 HeniHiHUX AudepeHIialb-
HuUX i aarebpaiunux piBHAHB. ChopmynboBana samaua Korri, axa poss’d-
syeTbcsa meromom I'ipa. Ilapamerpm Ta 3minHI Momesi, iX mosHaueHHS #
YMCJIOBL 3HAUEHHS IIOLAHO B TAOJMUIII.
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PesyabpTaTH mociimskeHHsa Ta ix o6rosopeHHsa. I[lo6ymoBaHa maTema-
THYHA MOJEeJb Ja€ 3MOTY AKIiCHO HOCHiAWTH AMHAMIKY IIOTOKiB HOHIB, iX
kounenrparmiii i TMII ma erami possutky Misgurnus fossilis L. Big 0 mo
10 rox. 3ampolloHOBaHA MOJEJIb BPaXOBYe€ TPHU aJbTePHATHUBHI MexaHisMu
mepeMillleHHs HMOHIB HATpilo, Kajiio Ta XJIOpy uepes MeMOpaHy: HOHHI Ka-
"Hamu, NKCC ta Na*—K*-mommy.

Ha puc. 2 mpencraBieHo yacosajie:kHi aMiHu KoHIleHTpaIlii fioniB Na¥,
K* ra Cl” y xiaituui. PesyabraTtu MOAeIOBaHHSA IIOKA3yIOTh, II[0 OJHO-
YacHO 3 HelepepBHUM HeNiHIiHHUM 3POCTAHHSAM ITHUTO30JHHOTO KaJlilo B
nmepiox ApoOJieHHA 3HAUEHHA HATPi€eBOlI Ta XJOPHOI KOHIIEHTpAIil y KJIi-
TuHi 3MeHITyOThcA. Ii gaHi AKiICHO y3TOMKYIOTHCA 3 eKCIIEPUMEHTAJIBHO
BU3HAUEHUMHU 3HAUEHHAMHU IIUX HOHIB y rOMOTeHaTax 3apOaKOBUX KJITHUH
[1]. Takuii po3momis OHIB HMOACHIOIOTH POOOTOI0 HATPieBUX i KarieBux
KaHaJiB, a TaKOXK HaTpieBol mommnu. HendiHifiHMI i HEKOJIWBHUU Xapak-
Tep 3MiHM KOHIIEHTpAIlifl 1OoHiB, OUeBUAHO, MOB SI3aHUN 3 IIOCJiTOBHUM
3aJIyUeHHSIM HNOHOTPAHCHOPTHUX CHCTEM Y PeryJsdllilo roMeocTaly HOHiB
Na*, K* ta Cl".

% 10'3 Concentration Time Profile of Reactants
1D T T T T T T T T T
B - -
[Ma+]i
[
B * [CHi | T

Concentrations i
b
1

|

0 * * * # # -

Tirme h
Puc. 2. [lunamika BHYTPiIIHBOKJIITUHHUX HOHHUX
KoumnenTparniit Na*, K* i Cl".

Pesynapratu momentoBaHHA (puc. 3) cBiguaTth, mo TMII amimiyerscs B
0ik OinbINI rimeproJgapU30BaHUX 3HAUEHDL y Iepiog MomeaoBamud Bim 0 mo
10 ron. 3meurnenua sHauenusa TMII He e giHifiHUM: MOBiJIbHE 3MEHIIIEHHSA
MOTeHIliaay cmocTepiraerbea Ao 4 rox. (—36 mB), ycain 3a axum Bim 4 mo
8,5 rox. pisxo amenmyerbea BeaumuuHa (—47 mMB) — ma nmudpa 3am0BiJIbHO
30iraeTbcd 3i 3HaUEeHHAM, OTPUMAaHUM B eKcnepuMeHTi [2] (—45 mB), mamni
mo 10 rox. cmocrepiraerbesa amennienHa 3HaueHHsa TMII (=90 mB). Mo-
nenabHi pesyabratu suHaMikm TMII aKicHO y3romKyOThCA 3 OTPUMAHUMMU
eKcIlepuMeHTaJabHO [2], X0ua 1 He BiATBOPIOIOTH XapaKTePHUX IIepioamy-
HUX KOJINBAaHb.



ExkcnepumeHnmarnbHa ghizionoezis ma bioximis 47
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[
T
1

TP, %
=
.
1

&
B
T
1

Time h
Puc. 3. Banesxuicts sminu TMII y uaci.

Yacosi 3ajeXHOCTI TMHAMIKKM IIOTOKiB uepe3 HATpieBUii, KaJieBUHA Ta
XJIOPHUI KaHamu 300pakeHo Ha puc. 4. BeauumHa mOTOKY HOHIB uepes
HaTpieBUil i XJOopHUN KaHaau HaOyBae Binl’eMHUX 3HAUEHb, OTIKE, IMOTOKU
ioniB Na' Tta Cl- cupsamoBaHi B KJIiTUHY.

2

%10
1 T T T T T T T T T
i —4— IMa-channel
05| —&— JK-channel |
! —+— ICl-channel
0 = + + ¥ %
e 2 2 2 2y B
= o5t
o
=
(]
= qk
=
A5k
2k
_2 5 1 1 1 1 1
0 1 2 3 4 a

Time,h

Puc. 4. [Juramika moTOKiB 1OHiB uepe3 HaTpieBUii,
KaJlieBUil Ta XJOPHUI KaHAJIU B dJaci.

I3 pesynabraTiB MmomestoBanuA (puc. 4) crocTepiraeMo 3poCTaHHSA BeJIH-
YMHU IIOTOKY HMOHIB Uepes3 KaJlieBUU KaHaJ, dKe Bia3epKajloe CyMapHUK
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KaJyieBuil moTik (puc. 5), IO BiAIIOBizae 3pocTaHHIO KOHIIEHTpAaIlil HOHiB
K* y waiTuHi Ta cupAMOBaHUN i3 KJIITMHU Ha30BHI.

w0 MaoTokd noHIE
1,5 T T T T T T T T T

J, W om-2 b1

1 2 3 4 A 53 7 g 9 10
Time h

Puc. 5. 3anexHicTs 3MiHE cyMapHUX TOTOKIB ajas fionis Na*®, K* ra Cl” y uaci.

Ha puc. 6—8 npexcrasieno sminy notokis #onis Na®, K* ta Cl- uepes
BimmosBigHi ¥omui xkamanm Bim TMII. XapakTep 3aJe:XKHOCTi HIOTOKiB Bif
TMII ognakoBuii, 3i 3pocranuam TMII BesrnunHM ITOTOKIB HOHIB Uepes Ka-
Haau 30iabIryoThed. Benununua moToky K' uepes kasieBuil kaHaJs crajgae
eKCIOHeHTHO 3i sameHInenuam TMII.

—4— JMa-channel

J, W cm-2 h-1

-10 1 1 1 1 1 1 1 1
0,9 0,3 0,7 06 0,5 -0,4 -0,3 -0,2 -0,1 o

ThP W

Puc. 6. 3anesxHicTh TOTOKY HOHIB uepes HaTpieBuit kanau Bix TMIIL.
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J, M cm-2 h-1

J, M cm-2 h-1

'D,E T T T T T T T T
—r— |k-channel

1 1 1 1 |
0% 08 07 08 05 04 03 02 01 a
TWP W

8 I ] 1

Puc. 7. 3anexuicTs mOTORY HOHIB uepes kamieBuit kanas Bix TMII.

—+—JCI--channel

_2’5" 1 1 1 1 1 1 1 1
-0,9 0.5 -0,7 06 0.5 -0.4 0.3 0.2 -0,1 0

TP W

Puc. 8. 3anesxHicTh HOTOKY HOHIB uepes xJopHUH KaHau Bix TMII.
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—4— [Na-+]i
—— [K+]o

Concentrations b

-1
1

Ra)
3

1 1 1 | | 1 1
fa6 13736 1,356 13736 13736 11,3736 13736 1,3736 1,3736
IMa K-ATPase, M oom-2 h-1 " m-ﬁ

Puc. 9. 3anexuicts [Na'], Ta [K']o Big moToky itouis uepes Na'—K*'-mommy.

Ax Bimomo, BesmumHAa I TOB0ILHOTO Na* Bizmirpae roJoBHY pPoJib ¥ KJIi-
TuHi, BriuBatoun Ha [Ca?'], ra pH xaiTummn Jepes dyHKIioOHYyBaHHA Na'-
Ca?"™- ta Na™H'-06MiHHUKIB. ICHye bararo IJIAXiB HAAXOIKEeHHSI HATPio ¥
KJITHHY, aje TOJOBHIM MexXaHi3zMoM iioro BumaneHHsa € Nat—K*-mommna, oc-
HOBHUMU peryasaTopamu AkKoi € [Na'], i [K*],. 31 spocTanuHAM KOHIIeHTpAITii
X MOHIB cmocTepiraeThbes HeldiHiliHe crmagaHHA moToky Na'—K'-momioro
(puc. 9), xoua BeIMUYMHA MOTOKY uepes IMOMITYy B uaci apocrtae (pmc. 10).

1,3?36 T T T T T T T T T
—— JNa K-ATPase |
13736 -

1,3736

1,3736

1,3736

J, b ocm-2 h-1

1,3736

1,3736

1,3736

1,3736
0

Tirme h

Puc. 10. Jlunamika noToky iioHiB uepe3 Na'—K'-mommy B uaci.
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Ockinbku Na'—K*-moMma He MOKe KOMIIEHCYBAaTU BEJIMUNHY HOHHUX II0-
TOKiB Uepes HATPieBUI Ta KaJi€eBUHN KaHaJaM, TO B MeMOpaHi JJis migTpuMaH-
Ha 3HaueHHA [Na'] Ta [K'] icHytoTh cucTemMu akTuBHOTO TpaHcmopry: Na‘—
Ca?"-oominaur Ta Na'—K*™—Cl -korpaucmnoprep. ¥ Mozesi BpaXxOBaHO JIHIIIE
Braag Na'™—K* —Cl -korpaucooprepa. Bigomo, 1110 BHYTPillIHEOKJIITHHHI HOHNI
Cl” € BasknuBumu peryasropamu Na'—K*™—Cl - KorpaHcmoprepa, Qs AKOTr0
Bucoka [Cl]; iuri6ye #toHHI moToku uepes Oiok. Ha puc. 11 mpezncraBieHO
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Puc. 11. 3anexuicts motory uepesd Na'—K'—Cl -korpancmoprep
Bijl 30BHIITHBOKJIITUHHOTO XJIOPY.

pesyJIbTaTU MOIEJIOBAHHSA 3aJIEKHOCTI BeIMUNHU MOTOKY MoHiB uepes NKCC
Bij soBHimbokJiTMHHOI KoHIeHTparii #ouis Cl-. Cmocrepiraemo exciio-
HEeHTHe 3pOCTaHHA 3HaueHHsS moToKy ueped NKCC 3 BUXOZOM Ha IIIaTO 3a
sgpocraufs [Cl], (puc. 11). IloTik fioHiB, omocepenkoBanuii NKCC, cups-
MOBaHHUU y IIUTOILIA3MY.

BucunoBku. Mouunii oOMiH omocepeIKOBaHO BILIMBAE HA TpaHCMeMOpaH-
HUI IOTeHIlial, 3MiHIOIOUN PO3IOLLJI HOHIB 10 00uABa OOKM IJIa3MaTHUUYHOIL
meMmbpanu. OckinbKu y Momesi He BpaxoBaHo BmiuB ATP, 6e3 ssxoi pob6ora
ATdPaz € HEeMOKJIMBOIO, TO HAJAJi CJiJl PO3MIMPUTH BUBUEHHS ITUTAHHS
romeocrasy HoHiB 3 ypaxysamunam ATP.
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Phenomenological Model of Dynamics Ions Concentration
and the Membrane Potential of Embryo Cells

Z. FEDOROVYCH
Danylo Halytskyi Lviv National Medical University

Biological membranes are characterized not only by complex molecular structure,
but also by the presence of an electric field that is generated electrostatically by fixed
charges and electrodynamically the flow of ions across the cell membrane. The transmem-
brane potential (TMP) is a marker value, which indicates the physiological state of cells,
affects feedbacks within it, and it is an integral part of monitoring of life. The work
complements the earlier conducted research of the mathematical models that describe the
dynamics of the cells physiological parameters. The flows of Na*, K* and Cl ions into
and out of the cell via ion transporters are the powerful signals that regulate ionic bal-
ance of cells, they maintain water balance and TMP, indirectly regulate cell proliferation,
differentiation and migration in regeneration and embryonic morphogenesis.

Thus, self-organization system of a living cell can initiate changing of its param-
eters; consequently, that affects the value of TMP. The mathematical modeling of mem-
brane processes in the germ cells is based on the constant-field theory of Goldman. The
reactions that occur in the cell are extremely complex and cover many intermediates.
The mathematical model consists of two parts: the first part described by the plasma
membrane, ion transporters: sodium, potassium, and chloride channels, sodium pump,
NKCC1; and TMP. The second part describes changes of Na*, K*, and Cl” concentrations
in and out of the cell.
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In the mathematical model we suppose that: at the time all ion transport systems are
uniformly distributed in the plasma membrane, the plasma membrane permeability to ions
and conductivity are constant in time, the germ cell plasma membrane is homogeneous
and neutral. The mathematical model is described by system of 12 nonlinear differential
and algebraic equations. TMP is calculated by the Goldman-Hodgkin-Katz equation. Ac-
cording to the Fick's first law and regulation mechanisms of intracellular and extracel-
lular ion concentrations of the value of the resulting ion flows are the algebraic sum of
the ion flows created by the ion transporters for each ion type. Passive flow of ions via
an ion channel is described by the Goldman equation. Active flow of ions via sodium
pump is dependent on the concentration of Na® and K" in and out of the cell. The ions
flow through NKCC is dependent on K*, Na*, and Cl™ concentrations in and out of the
cell and the ratio of ions are pumped via the protein.

The dynamic model has the ability to simulate: ion transport across the plasma
membrane and their distribution between the intracellular and extracellular side of the
plasma membrane; the changes in the ion flows for an ion transporter and the total ion
flow; TMP. The results of modeling are given graphically by the time-dependence of the
ion concentrations, ion flows, TMP; dependence the ion flow on ion concentration, and
ion flow on TMP. The results of the mathematical modeling showed that TMP changed
from —16 to —90 mV during 10 hr of growth of the early loach embryo. The intracel-
lular potassium concentration increased, the sodium and chloride concentration in the
cell decreased. Dependence of the ion flow across sodium pump on intracellular sodium
and extracellular potassium concentrations was shown. This dependence had a nonlinear
character. The dependences of the ion flows via sodium and chloride channels on TMP
had nonlinear character. Another situation was found for the potassium flux through
the potassium channel. The simulation results are in qualitative agreement with experi-
mental observations for the loach germ cell.

Key words: flow of ions, ion transporters, ions, membrane potential, mathematical
modeling.



