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Summary

The work describes gap junction model imitation system formally known as the GIM (Gap
Junction Model). In this system created simulation models simulates electrophysiological
processes in gap junction channels.

The work presents gap junction models with different formal gap junction channels
specifications. Created formal models have been used in the creation of gap junction model
imitation system. The system was developed using C # programming language. System was
developed in groups of interfaces allowing passing gap junction model parameters and
voltage excitations to different types of gap junction channels

Formulated global optimization problem for the simulation results which allows approximate
imitation data to experimental data obtained from the New York, Yeshiva University, Albert
Einstein College of Medicine Laboratory.

There are presented the results of simulation models and their comparisons with the results of
experiments with different types of channels.
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1 JVADAS

Darbe yra pateikta tarplasteliniy plySiniy jungéiy modelio sistema formaliai vadinama GJM
(Gap Junction Model). Sioje sistemoje sukurti imitaciniai modeliai imituoja

elektrofiziologinius procesus vykstancius tarplastelinéje plySiné€je jungtyje.

Darbe yra pateikta PJ (plySinés jungties) formaltis modeliai su skirtingy PJ kanaly
detalizavimu. Sudaryti formaliis modeliai buvo panaudoti kuriant PJ imitaciniy modeliy
sistema. Sistema sukurta panaudojant C# programavimo kalba. Sukurta sistema grupémis
interfeisy leidzian¢iy uzduoti modeliuojamos plySinés jungties parametrus, bei plySiniy

jungciy paduodamus jtampos suzadinimus skirtingiems PJ kanaly tipams.

Suformuluotas imitacinio modelio parametry globalaus optimizavimo uzdavinys leidZiantis
modeliavimo rezultatus maksimaliai priartinti prie eksperimentiniy rezultaty gaunamy i§
sistemos uzsakovy Niujorko, Yeshiva universiteto, Alberto Einsteino medicinos koledzo

laboratorijos.

Pateikiami PJ imitacinio modelio rezultatai ir ju palyginimai su eksperimenty rezultatais prie
skirtingy kanaly tipy. Taip pat pateikiami paieSkos rezultatai ir globalaus optimizavimo

paieskos kitimas laike.



2 TARPLASTELINIU PLYSINIU JUNGCIU MODELIO ANALIZE

2.1 TIKSLAI IR SIEKIAMI REZULTATAI

Kompiuterinés imitacijos tapo naudinga realiy sistemy modeliavimo dalis fizikoje, chemijoje,
biologijoje, ekonomikoje, socialiniuose moksluose ir kitose mokslo srityse. Siuo metu yra

sukurta daug jvairiy imitaciniy sistemu [4], kurios imituoja realiy pasaulio objekty elgsenas.

Tarplastelinés plySinés jungtys yra mazai istirtos, yra daromos ivairios prielaidos, bei kuriami

teoriniai matematiniai modeliai, kurie paaiSkinty lasteliy kontaktavima plySinémis jungtimis.

Pagrindinis GJM sistemos tikslas yra sukurti imitacing sistema, kuri imituoty lasteliy
kontaktavima plySinémis jungtimis ir padéty pagristi daromas prielaidas apie ju kontaktavima.

Sukurti modeliai turéty adekvaciai atvaizduoti lasteliy saveikavimo procesus.

2.2 TARPLASTELINES PLYSINES JUNGTYS

Koneksinai (Cx) — tai baltymai, kurie formuoja tarplastelines plySines jungtis kontakte tarp
kaimyniniy lasteliy membrany (1 pav.). Koneksinas yra pavaizduotas 2 pav. PlySinés jungtys

leidzia sujungtoms lasteléms perduoti elektrinius ir metabolinius signalus [1,2,3].

Kiekvienas PJ kanalas (4 pav.) sudarytas i§ dvieju puskanaliy (koneksonu zr. 3 pav.), kurie
savo ruoztu yra sudaryti i§ SeSiy Cx koneksiny. Tarplastelin¢je saveikoje dalyvaujancios
plySinés jungtys gali buti homotipinés (lastelés iSreiSkia ta pati Cx izotipa), heterotipinés
(lastelés iSreiskia skirtingus Cx izotipus) ir heteromerinés (bent viena lastelé iSreiskia du ar
daugiau Cx izotipus). PJ kanalai skiriasi elektriniu laidumu, selektyviu pralaidumu, jvairiomis

cheminémis medziagomis ir kanaly varty jautrumu jtampai zr. [2].



Koneksinai vadinami tapaciais, jeigu jie gali sudaryti funkcinius heterotipinius PJ kanalus.
Dauguma Cx pory gali sudaryti funkcines PJ, bet egzistuoja kai kurios i§imtys. Pavyzdziui: du
pagrindiniai Sirdies koneksonai, Cx40 ir Cx43, kurie yra ekspresuoti Sirdyje ir kraujagyslése,

néra tapatis ir negali sudaryti funkciniy PJ kanaly Zr. [ 3].

Pirmos lastelés membrana [~

Antros lastelés membrana —
N

7 N9/ TN 67 NS

1 pav. Susidariusios tarplastelinés plySinés jungtys

O )
LAD

2 pav. Koneksinas
4 pav. Tarplastelinis kanalas

3 pav. Koneksonas



Bendra PJ savybé budinga visiems Cx koneksinams yra kanalo varty biisenos priklausomybé
nuo itampos. Jungties laidumas maz¢ja sudarius tarplastelinés plySinés jungties potenciala, V;.
Manoma, kad kiekvienas puskanalis turi du skirtingus varty valdymo mechanizmus: létus,
kuris uzdaro PJ pilnai ir greitus, kuris perveda vartus { pereinama biisena ar blisenas su
liekamuoju laidumu. Mes skaitéme, kad kiekvienas puskanalis gali biiti dviejose biisenose:
atviroje su laidumu G, ir uzdarytoje su laidumu G.. Varty valdymo mechanizmai gali skirtis
poliariSkumu, tai yra vartai gali uZzsidaryti arba atsidaryti, jeigu citoplazmos puséje
potencialas did¢ja arba maZz¢ja. Jeigu puskanaliy vartai turi prieSinga poliariSkuma, vienas V;
poliariSkumas atidarys abu puskanalius, o prieSingas V; potencialas uzZdarys abu puskanalius.
5 pav. pavaizduota pagrindiné schema, kuria buvo sudaromos peré¢jimo tikimybés i§ [1]

literatiiros straipsnio.

K
O (o0) ——> C, (co)

K, K,

C, (oc) — C,(cc)

5 pav. Peréjimy tikimybiy pagrindiné schema

2.3 MODELIAI

Sistema susideda i n lygiagreCiai sujungty kanaly C;, i = 1,n apiblidinamy g; laidumu.
Kiekvienam 1§ ju per vienetini diskretini laika yra paduodama jtampa V, i kuria kanalas

sureaguoja ir suformuoja nauja laiduma arba varza. Schema yra pavaizduota 6 pav. Zemiau

yra pateikti formalis modeliy apraSymai. Juos aprasinéjau tiesiniu agregatiniu metodu [7].



6 pav. Bendra moduliy schema

[tampos V padavimas Kkiekvienu laiko momentu priklauso nuo protokolo, su kuriuo
modeliuojama. Dazniausiai yra naudojami keturi pagrindiniai protokolai: “Steps”, “Ramps”,

“Amplitude” ir “Impulse”. Kiekvienas i3 jy yra aprasytas 2.3.1 skyriuje.

2.3.1 Protokolai

Protokolai yra atsakingi uz jtampos padavima tam tikru diskre¢iu laiko momentu. Siame

skyriuje mes apraSysime keturis uzsakovy dazniausiai naudojamus protokolus.

»Steps« — protokolas yra pavaizduotas 7 pav. [tampos padavimas prasideda nuo 0 jtampa kuri
laikoma t, laika per kurj kanalai nusistovi iki ramios biisenos, po to paduodamas V jtampos

Suolis kuris laikomas t laika. V kinta nuo V,,, 4 iKi Vi Zingsniu Ve,



7 pav. ,,otep* protokolo schema

»Ramps“ — protokolas yra pavaizduotas 8 pav. [tampa 0 padavinéjama laika t,, po kurio seka

itampos kilimas nuo 0 iki V, zingsniu % Po to laukiama kol kanalai nusistovés | ramig blisena

ir paduodamas jtampos smukimas iki - V.

8 pav. ,»,Ramps* protokolo schema



»Amplitude“ — protokolas yra pavaizduotas 9 pav. 0 [tampa padavinéjama t, laika po to seka

n Suoliy iki V jtampos ir 0, kurios yra padavin¢jamos laika t.

I

9 pav. ~Amplitude* protokolo schema

»Ramps* — protokolas yra pavaizduotas 9 pav. [tampa padavinéjama nuo 0 iki V ir iki -V ir

visos jos laikomos laika t.

10 pav. ,,Ramps* protokolo schema



2.3.2 2 varty modelis

Sis modelis sudarytas i§ dviejy nuosekliai sujungty varty a ir b (11 pav.), kuriy kiekvienas turi

savo kintantj laiduma. Kiekvienas vartas gali biiti atviroje arba uzdaroje biisenoje.

11 pav. 2 varty modelio struktiira

Kiekvienas kanalo vartas apibudinamos Siais parametrais: k;- peréjimo konstanta
reguliuojanti varto buseny kitima, A; - itampos jautrumo koeficientas, Vy; - itampos
koeficientas, G;(v) - atidaryto varto laidumo funkcija nuo jtampos, G,,;(v) - uzdaryto varto

laidumo funkcija nuo jtampos.

Vartai gali baiti vienoje i§ dvieju bliseny: a arba u, kur a — atviri vartai, u — uzdari vartai.
Varty biiseny kitimas vyksta diskre¢iais laiko momentais t;, t;;, = t; + At, i = 1,1, L At =
T, kur T - modeliavimo laiko trukmé. Varty buseny kitimas parodytas 12 pav. Peréjimo

tikimybés priklauso nuo varty busenos s;(t) ir itampos v;(t), j = 1,2,t € [0,T]:

K (tnes) = €4 Y7400

) —1 _ KiKi(tm+1)
P(l(lj (tm+1) =1 1+Kj(tm1)’
KiKj(tm+1)
Pau;(t =1Ll T
J( m+1) l‘H‘fj(tm+1)



o K
Pua] (t'+1) 14K ()
Puttj(tyns1) = 1 L

uuj m1s = 1+Kj(tm+1)’

Pa-aj(tm+1) + Pauj(tm+1) =1,
Puaj(fm+1) + Puuj (tns) = 1.

Fra ;

£ ad Ci_) F Ml
R

P,

J

12 pav. Varty biiseny grafas

Varty laidumas priklauso nuo varty bisenos s(t); ir pridétos jtamposV (t):

Ga; (Vaj(t)) Jjei Sa;(t) = a

ga}(t) = o )
Gu; (Vuj(t)) Jjei Sui(t) =u

Cia G(V) — varto laidumo funkcija, S;(t) - varto biisena, V(t) - pridéta jtampa.

Vidutinis kanaly laidumas:

n 2 1
1=12]=1gij.

n e
G.(0) = zlzlncl(r) _

n

Cia G;(t) - kanalo laidumas t laiko momentu, n — kanaly skai¢ius, gij - i- tojo kanalo j-ju

varty laidumas.

Sudaromas modelis turi leisti paskaiCiuoti sistemos laiduma G(t;) laiko momentaist;,

i=1m,ti,,=t;+At;mAt =T.



Agregatinis modelis

1 2k

13 pav. Agregatinés sistemos schema

R 1 2 ... Kk k+1 k+2 ... 2k
12 .1 1 2 .. k
1 2 ...k
k+l — — -
H=k+2 - - -
2k - - -

Agregato Ay apraSymas

1. I&jimo signaly aibe | = O Yor Yk,

gia Vi - i¥duodama ftampa, i ::Lk.
2. Vidiniy jvykiy aibe E =1€ 1},

Ga €1 - igduodamas Yi signalas, ':l'k.

3. Valdymo sekos e, >{A

10



gia Al - laiko kitimo zingsnis.

¢

v

C

4. Diskrecioji agregato biisenos dedamoji v(ty) =V, )},
ia Vitn) . ftampa by laiko momentu.

5. Tolydzioji agregato biisenos dedamoji 2, (tn) ={WE", L, )},
ia W(e" L) _ signalo i8davimo pabaigos momentas.

t,=0 2(t,) ={0.At}

6. Pradiné busena

7. Parametrai:

V(t,):T, >R

.....

H(e").

t

V(tm+l) :V(tm+1) ,
m + At = tm+1

W(elll ’tm+1 = tm +At) )

G(e",).

éia

yi :V(tm+l), I :ﬂ.

Agregato A,i =1k aprasymas

1. I&jimo signaly aibé X :{Xl},

X . paduodamos jtampos reikSmé.

11



2. I8¢jimo signaly aibé Y :{yl},
gia Y1 - kanalo laidumo reik§mé.

3. TRoriniy jvykiy aibe E=161},
Sia €1 - atéjo % signalas.

V(tm) :{Saj (tm)1tm’ gaj (tm)}, J :ﬂ )

4. Diskrecioji biisenos dedamoji

ia Sa;(t,) _ a;

&i I varty busena tn laiko momentu, 93, () a;

varty laidumas.

t, = 0’ v(t,) ={a,a,a,a,0}

5. Pradiné busena

6. Parametrai:
K. varty peré¢jimo koeficientas, 1=14 ,
I - varty jautrumo koeficientas, J :1'4,

Oi - itampos koeficientas, j :1'4,

Ga, (v) _ atidaryto varty laidumo funkcija, ] 214,

Gu; (v) _ uzdaryto varty laidumo funkcija, 1=14

.....

H(e,),

a, jei(Sa; (t,) = a) (£ < Pag(t,,,))
u, jei(Sa; (t,) =a) A(Pag(t,,) <& <l
a, jei(Sa, (t,) = U) A (¢ < Puay t,,.))
u, jei(Sa; (t,,) =u) A (Pug(t,.,;) <£<1)

Saj (tm+l) =



1

ga] (tm+l)
1

Va, (tha) =% —
; ga‘k (tm+l)

Gaj (Vaj (tm+1))’ jei Saj (tm+1) =a
Guj (Vaj (tm+1))! jeisaj (tm+1) =Uu

gaj (tm+1) :{

G(e,).

4 1
=2 gt

k

Agregato A apraSymas

1. I&jimo signaly aibé X ={X;,X,,....X, },

Xi _i-tojo kanalo laidumas, i =1K.

éia
2. I8¢&jimo signaly aibe Y ={y,},

¢ia y; - i8duodamas laidumas.

3. ISoriniy jvykiy aibe E'={e';,€',,...£\ },
Cia €', - atéjo X signalas.

4. Diskrecioji agregato buisenos dedamoji v(t,,) ={G,(t,,),G,(t,,),... G, t..)},
gia G, (t_) - i-tojo kanalo laidumas t_ - laiko momentu, i =1k.

5. Pradiné busena t, =0, v(t,) ={0,0,...0}

.....

13



H(e,).
Gi (tm+1) = Gi (tm) + X

G(e,).

Y6 )
G(tm+l) ==

N kaitn=t

m+l

2.3.3 4 varty modelis

Sis modelis sudarytas i§ keturiy nuosekliai sujungty varty al, a2, bl ir b2, kuriy kiekvienas

turi savo kintantj laiduma 14 pav. Kiekvienas vartas gali biiti atviroje arba uzdaroje biisenoj

L V j
al 4 a2 bi H b2

14 pav. 4 varty modelio struktiira

Kadangi 4 varty modelis beveik niekuo nesiskiria nuo 2 varty modelio, tod¢l as jo placiau

neaprasSinésiu. Jis yra identiSkas 2 varty modeliui, tik dabar yra lygiagreciai sujungti 4 vartai.

2.3.4 6 koneksiny modelis

Sis modelis skiriasi nuo prie§ tai apra§yty modeliy. Kiekvienas puskanalis sudarytas i§ 6
lygiagreciai sujungty modeliy, kuriy kairys ir deSinys puskanalis yra sujungtas nuosekliai (15
pav.).

14



al bl
a2 b2
a3 b3
ad b4
ab b5
a6 b6
15 pav. 6 koneksiny modelio struktiira

Kiekvienas koneksonas yra sudarytas i§ lygiagreciai sujungty $esiy varty. Kiekvienas vartas
gali biiti dviejose buisenose: atviroj (Angl. Open), arba uzdaroj (Angl. Closed). Tariama, kad
koneksinai yra nepriklausomi vienas nuo kito.

Agregatinis modelis

[tampa x2 ya | Y+l | Laidis
.—45—+ CE +;—...
E,+ C, +L

16 pav. Pagrindiné kanaly agregatiné schema

15



C,, 1=12,...,n yra i-sis kanalas, sudarytas i§ lygiagre¢iai sujungty $esiy koneksiny

ir nuosekliai prijungtos varzos.

> w o

Agregatas C,, i=12,...,n:

[&jimo signaly aibé X = {x;}, kur x = t(t,,) — i-tojo kanalo jtampa.

[8¢jimo signaly aibé Y = {y, }, kur y,— kanalo laidumas.

ISoriniy jvykiy aibé E- = {e;}, kur e; — i-tojo kanalo jtampos poveikis.

Vidiniy ivykiy aibé E» = {e;}, kur e; — i - tojo kanalo nauja biisena inicijuojantis
vykis.

Valdancioji seka e; — Aty,At,, Aty ..., kur At; = At = const — laiko intervalas, per

kurj apskai¢iuojama nauja kanalo biisena.

Diskrecioji agregato biisena laiko momentu b :

Vi (tm) = {1 (tm) waj (6, e (6, S (), 9 (E), Girj (b)), r (G }.J = 1,6
Kur u;(t,,) — i-tojo kanalo itampa,

u;j (ty,) —kairiojo puskanalio koneksiny jtampa,

U, (t,,) - desiniojo puskanalio jtampa,

sy1j (t;n) — kairiojo puskanalio koneksiny biisenos,

9i(t,,) — i-tojo kanalo laidumas,

gij (t;n) — kairiojo puskanalio koneksiny laidumai,

9y (t,n) - desiniojo puskanalio laidumas.

7. Agregato buisenos tolydzioji dedamoji: z,(t,,) = {w(e;, t;,)}, kur w(e;,t,,) — laiko

momentas, kurio metu apibréZiama nauja kanalo biisena ir apskai¢iuojamas laidumas.

8. Agregato pradiné biisena:

v(to) = {ui(to) wy (b)), wigj (), 51 (o), 9: (€0), Gr (t), Girj (tim) }, 2 (o) = {00},

9. Per¢jimy (H(e)), (H(€))) ir is¢jimo ( G(€]) ) operatoriai tokie:

16



H(e;):
w(el tins1) =ty
U(tm1) = Xq.
H(ep):

0, (Silj(tm) =o0nE< Pélg (tm)) v (Silj (tm) =cAn§ < péloj (tm)) )

Saj(tmi1) = . -
¢, (suj(tm) =0 APy SE< 1)V (spj(tm) =c AP (t) E< 1)

tikimybés skai¢iuojamos taip:

K, = ehtY-Yo)
K, = gh V)
K, = RV -Ye)
K, =M Vo)

Tada tikimybé¢, kad koneksinas bus atviroje biisenoje yra skai¢iuojama taip:

1 1
P, = =
T A+K)A+K) (1 +e4atCVT00)(1 4 e42VVo2))

Cia A - kanalo kairiojo puskanalio jautrio koeficientas;
A, - kanalo de$iniojo puskanalio jautrio koeficientas;
Vol, V02

ui(tm+ 1) =Y (tm+ 1)gi (tm)»

Ui (U 1)9i(tn)
71 9uj(tw)

uil(t7n+ 1) =

17



Uity
?e Vh if Silj(tm+1) =o0,j=1,

gilj(tm+1) = f(Silj(tm+1)»uilj(tm+1)) = Ge iy
s Vi, if syj(tmsd) = ¢

()}

1,6

9r (tm+ 1) Z?:l Gij (tm+ 1)
Ir (tm+ 1) + Z?:l gilj(tm+ 1)

gi(tm-kl) =

)

Cia 9r - desiniojo puskanalio laidumas
w(ey, tm+1) = tn + 48,
G(ep):

Vi = 9i(tms1)

2.4 PAIESKA

Pagrindinis sistemos uzdavinys yra pagristi ivairias tarplasteliniy plySiniy jungciy
kontaktavimo prielaidas pasinaudojant eksperimento bei imitacijos rezultatais. Todél yra
svarbu automatizuoti $] procesa, tai yra pasinaudojant eksperimentiniais rezultatais surasti

imitacinés sistemos atitikmeni ir jos i€¢jimo parametrus.

Sistemos parametry paieska yra labai svarbus uzdavinys $ioje sistemoje. Ji padétu pagristi

Ivairias prielaidas ir surasty nezinomus parametrus ivairiems kanaly tipams.

Tarkime mes turime eksperimentinius nufiltruotus duomenis (17 pav., raudona kreivé) ir
imitacijos rezultatus su tam tikrais i¢jimo parametrais (17 pav., mélyna kreivé). Mums reikia
rasti imitacijos parametrus su kuriais imitacijos ir eksperimento kreiviy kvadraty skirtumas

bus maziausias.

18
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W
LR .
o
04+ .
02+ .
|:| " 1 1 1 1 1 1 L 1 1 1 1 1 1 L 1 1 1 1 1 1 L 1 1 1
-100 -50 0 0 100
V[m¥]
17 pav. Eksperimentiniai duomenys

[ $iuzdavinj galima Zitiréti kaip { funkcijos aproksimavima arba tiksliau Snekant regresija, kai
reikia surasti nezinomos funkcijos parametrus pagal tasky aibg. Mums reikia surasti maziausia

kvadraty skirtuma tarp eksperimentiniy duomeny ir imitacinés sistemos.

2.4.1 Globalus optimizavimas

Pirma problema Siam uzdaviniui spresti yra triukSmo lygis kreivése. Kadangi eksperimenty
rezultatai neretai biina nukraipyti, bei atsiranda jvairiy netikslumuy susijusiy su paklaidomis,
metodais bei jranga, kuriuos naudoja eksperimentuose, todél pradiniai eksperimento
duomenys, prieS paduodant | paieSkos sistema bus iSanalizuoti bei isfiltruoti siekiant
tikslesniy paieSkos rezultaty. IS to seka, kad eksperimentiniy duomeny triuk§mo lygis bus
pakankamai mazas, taciau triukSmas egzistuos ir eksperimenty ir imitacijos rezultatuose, todél
reikia parinkti bida jam sumazinti. TriukSmo lygio sumazinimas yra reikalingas, kad bty
galima gauti tikslesni funkciju maziausiy kvadraty skirtuma, nes kai triukSmas bus didelis,
bus beveik neijmanoma surasti parametry. Todél vykdant paieSka mes turésime abiem
duomenims paskaiCiuoti kvadraty skirtuma po 2 kartus. 1-as kartas sumazinant triukSma

pradiniuose duomenys, o 2-as kartas jvertinant paieSkos rezultata.
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Siai problemai spresti galima naudoti netiesing regresija [6], kuri yra naudojama jvairiems
uzdaviniams spresti statistikoje. Siam atvejui galima naudoti ,,Boltzmano“ funkcija, kuria
naudoja uzsakovai analizuodami duomenis norédami aproksimuoti funkcija:

. Gmax,—Gmin,
a(V)=Gmin,+ L+ expS V%)

. Gmax,—Gmin,
b(\/):Gmln2+ 1+eXpA2*N7V°2)

av)*hv)
") =) +bv)’

Pasinaudodami regresija mes galésime gauti eksperimenty ir imitacijos rezultaty funkcijas be
triukSmo ir tokiy atveju galésime tiksliau apskaiiuoti kvadraty skirtuma. Regresijos

panaudojimo pavyzdys pavaizduotas 18 pav.

1 - -
ns .
06 .
0.4 - .
0zt .

D 1 1 1 1 1

-100 -50 0 50 100

18 pav. Funkcijos aproksimavimas pasinaudojus nelinijine regresija
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Naudodami F(V) funkcija galima nesunkiai surasti jos parametrus pasinaudodami
,Levenberg—Marquardt* algoritmu. Taciau problema iSkyla, kai pradiniai funkcijos
parametrai yra nutolg ir algoritmas nekonverguoja, tokiu atveju kvadraty skirtumas bus labai
netikslus. Naudojant $ia funkcija su esamu modeliu parametrai yra surandami, taiau yra

patobulinta funkcija, kuria galima naudoti norint aproksimuoti duomentis:

\

Gmin, (V) :cl*expa;

\
Gmax, (V) =d, *exp®;

Vv

Gminz(\/):cz*expg;

\

Gmax,(V)=d, *expg;

. Gmax,—Gmin,
a(V)=Gmin,+ L+ exp~ T %)

. Gmax,—Gmin,
b(\/):Gmln2+ 1+eXpA2*N7V°2)

~av)*bv)
V) =) +bv)’

Sioje funkcijoje yra pridétas taip vadinamas ratifikavimas (angl. Ratification), kai laidumai
kinta priklausomai nuo krintanéios jtampos. Si funkcija miisy atveju bty labai naudinga, nes
yra modeliai su kuriais bty galima vykdyti regresija, taciau ji visai nekonverguoja ir jos

naudoti mes negalime. Todé¢l regresijos naudojimas triuk§mui sumazinti atkrenta.

TriukSmui nuimti taip pat galime naudoti slenkantj kableli (19 pav.), kuris sumazinty
triukSma. Kaip matome i§ 19 pav. Triuk§mo lygis yra sumazinamas, bet iSlieka Siokiy tokiy

iskraipymu. Sis variantas tinka triuk§mo sumazinimui, nors ir palicka §ioki tokj triuksma.
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19 pav. Imitacijos rezultatai su triukSmo lygiu (mélyna spalva) bei sumazintu triuk§mo lygiu su

slenkanciu kableliu (juoda spalva)

Paieskos vykdymui galime naudoti globalaus optimizavimo logaritmus [5]. Sie algoritmai yra
naudojami (vairiems optimizavimo uzdaviniams spresti pvz.: Mokyklos tvarkaras¢iy
sudarymui, keliaujan¢io pirklio ir t.t. I$ Siy algoritmy buvo pasiilyta naudoti ,,Exkor< ir

,,Bayes®, todél mes juos abudu ir igyvendinome.
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3 GJIMSISTEMOS PROJEKTAVIMAS

Programinés irangos sistemos kontekstas yra pavaizduotas 20 pav.

p- il
[ =]
Vartotojas Kompiuteris

20 pav. Sistemos kontekstas

3.1 VARTOTOJO PANAUDOS ATVEJAI

Improtuoti H“\‘
[ eksperimenty |
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21 pav. Panaudos atvejy diagrama

1 lentelé.  ,Importuoti eksperimenty rezultatus® panaudos atvejis
1. Panaudos atvejis Importuoti eksperimenty rezultatus
Aktorius Vartotojas
Aprasas Eksperimenty rezultatai importuojami i sistema
Pries salyga Neéra
Suzadinimo salyga Vartotojas sasajos meniu pasirinko eksperimenty importavimas

funkcija
Po salyga Sistema uzkrauna duomenis ir pasiruoSia parametry paieskai
2 lentelé.  ,,Parametry paieSka“ panaudos atvejis

Aktorius Vartotojas
Aprasas Ieskomi modelio parametrai
Pries salyga Importuojami eksperimenty duomenys
Suzadinimo salyga Vartotojas programos sasajoje pasirinko paieskos funkcija
Po salyga Sistema suranda parametrus ir atvaizduoja rezultatus grafiskai

3 lentelé.  ,,Vykdyti imitacija™ panaudos atvejis

3. Panaudos atveijis Vykdyti imitacija

Aktorius Vartotojas
Aprasas Vykdoma imitacija pagal jvestu parametrus
PrieS salyga Pasirenkamas ir uzkraunamas protokolas
Suzadinimo salyga Vartotojas programos sasajoje pasirinko vykdymo funkcija
Po salyga Sistema vykdo imitacija ir atvaizduoja rezultatus grafiskai
4 lentelé.  ,,Eksportuoti imitacijos rezultatus* panaudos atvejis
4. Panaudos atvejis Eksportuoti imitacijos rezultatus
Aktorius Vartotojas
Aprasas Rezultatai eksportuojami | rezultaty faila
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PrieS salyga Vykdoma imitacija arba parametry paieska
Suzadinimo salyga Vartotojas programos sasajoje pasirinko eksportuoti funkcija
Po salyga Sistema i8saugo rezultatus i nurodyta faila
S5 lentele.  ,Keisti modelio elgseng” panaudos atvejis
5. Panaudos atveijis Keisti modelio elgseng
Aktorius Vartotojas
Aprasas Kei¢iama imitacinés sistemos modelio elgsena pasinaudojus

matematinémis iSraiSkomis

PrieS salyga Uzkrautas protokolas
Suzadinimo salyga Vartotojas programos sasajoje pasirinko elgsenos keitimo funkcija
Po salyga Sistema pakeicia esamo protokolo elgsena
6 lentelé. »saugoti modelio elgsena™ panaudos atvejis
Aktorius Vartotojas
Aprasas I$saugojama elgsena i nurodyta faila
Pries salyga Kei¢iama modelio elgsena
Suzadinimo salyga Vartotojas programos sasajoje pasirinko elgsenos saugojimo funkcija
Po salyga Sistema i$saugo elgsena

7 lentelé.  ,,Saugoti“ panaudos atvejis

Aktorius Vartotojas

Aprasas ISsaugojama rezultatus

PrieS salyga Vykdoma imitacija arba parametry paieska
Suzadinimo salyga Vartotojas sasajoje pasirinko saugojimo funkcija
Po salyga Sistema i§saugo rezultatus

3.2 BENDRA MODULIY DIAGRAMA

Kuriama sistema susidarys 1§ $§iy moduliy (22 pav.):



= ,GIM.App*

* ,,GJM.Drawings*

= . GJM.Mathematics*
= _ GJM.Model*“

= _ GJM.Controls*

GJM.App
GJM.Model GJM.Mathematics GJM.Drawings GJM.Controls
22 pav. Bendra moduliy diagrama

»GJM.Drawings*“ komponentas

Klasifikacija:
Modulis
ApibréZzimas:

Komponentas yra reikalingas grafiky bei funkcijy atvaizdavimui. Jis bus pagrindinis

komponentas atvaizduojant kuriamos sistemos rezultatus.
Atsakomybés:

Komponentas skirtas grafiky braizymui. Jis braizys funkcijas, leis vartotojui perzitréti
bei iSsaugoti grafikus. Taip pat jis bus vienas pagrindiniy rezultaty perzitiros komponentas.

Jame bus atitinkamos funkcijos leidziancios vartotojams patogiai analizuoti rezultatus.

Apribojimai:
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Komponentas turi veikti ,,thread safe” rézimu, kuris neleis panaudoti jos kintamuyju

vykstant kelioms gijoms vienu metu.
Struktiira:

ISoriniy komponenty Sis komponentas nenaudos.
Saveikavimas:

Komponenta naudos pagrindiné sistemos forma kuri bus atsakinga uz visos programos

darba. Jos klasés bus paveldimos pridedant papildomas funkcijas.
Resursai:

Resursy komponentas neturi.
Skaiciavimai:

Komponentas vykdo savo funkcijas greitai. Cia naudojami elementarts skai¢iavimai,

kuriy pagalba jis gali greitai atvaizduoti didelj kieki duomeny.
Sasaja:

Komponentas turés viena klasé, kuri bus naudojama pagrindinéje formoje. Jis

atvaizduos grafikus.

»GJM.Mathematics “ komponentas

Klasifikacija:
Modulis
Apibrézimas:

Komponentas bus naudojamas matematiniy iSraiSky analizavimui, globalaus

optimizavimo algoritmams bei papildomiems matematiniams skai¢iavimams.
Atsakomybés:

Komponentas bus atsakingas uz ivairius uzdavinius susijusius su matematiniais
skai¢iavimais bei ivairiais algoritmais.
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Apribojimai:

Komponentas turi veikti ,,thread safe“ rézimu, kuris neleis panaudoti jos kintamyjy

vykstant kelioms gijoms vienu metu.
Struktiira:

[Soriniy komponenty Sis komponentas nenaudos.
Saveikavimas:

Komponenta naudos ,,GJIM.App* komponentas.
Resursai:

Resursy komponentas neturi.
Skaiciavimai:

Komponentas sukompiliuoja iSraiSkas i tam tikra objekta, kurio pagalba galima i§gauti

tos iSraiSkos rezultata. Taip pat vykdo globalaus optimizavimo algoritmus.
Sasaja:

Komponentas sasajos neturés.

,»GJM.Model*“ komponentas

Klasifikacija:
Modulis
Apibrézimas:

Komponentas apraso visas pagrindines struktiiras bei objektus susijusius su

tarplastelinémis plySinémis jungtimis. Taip pat vykdys modeliy skai¢iavimus.
Atsakomybés:

Komponentas bus atsakingas uz modelio vykdyma.
Apribojimai:
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Komponentas turi veikti ,,thread safe“ rézimu, kuris neleis panaudoti jos kintamuyju

vykstant kelioms gijoms vienu metu.
Struktiira:

Komponentas naudos ,,GJM.Mathematics“ komponenta.
Saveikavimas:

Komponenta naudos pagrindiné programos forma.
Resursai:

Resursy komponentas neturi.
Skaiciavimai:

Komponentas lygiagrec¢iai vykdys modelio imitacija.
Sasaja:

Komponentas sasajos neturés.

,»GJM.Controls“ komponentas

Klasifikacija:
Modulis
ApibréZzimas:

Komponentas bus naudojamas pagrindinés formos langy i8déstymui bei papildomiems

grafinés sasajos komponentams.
Atsakomybés:

Komponentas atsakingas uz formos langy iSsidéstymo valdyma.
Struktira:

Komponentas iSoriniy komponenty nenaudos.
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Saveikavimas:
Komponenta naudos pagrindiné programos forma.
Resursai:
Komponentas resursy nenaudos.
Skaifiavimai:
Komponentas skai¢iavimuy neatlikinés.
Sasaja:

Komponentas turés sasajos komponentus, kuriuose bus dedami sistemos vidiniai

komponentai.

»GJIM.App* komponentas

Klasifikacija:
Vykdomoji programa
ApibréZzimas:
Pagrindinis vartotojo sasajos langas.
Atsakomybés:
Komponentas atsakingas uz visos programinés jrangos vykdyma.
Struktura:

Komponentas naudos Siuos modulius: ,,GIM.Controls®, ,,GIM.Drawings®,

,,GIM.Model“, ,,GJM.Mathematics®.

Saveikavimas:

Komponento niekas nenaudos.

Resursai:
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Komponentas naudos resursy faila, kuris turés ivairius paveiksliukus naudojamus

vartotojo sasajoje.
Skaiiavimai:

Komponentas leis skai¢iavimus pasinaudodamas kitais moduliais.
Sasaja:

Komponentas vaizduos pagrinding vartotojo sasaja.
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4 GJIMSISTEMOS TYRIMAS

4.1 PROGRAMINES [RANGOS KOKYBE

Sudarant programinés irangos kokybés tyrima svarbiausia reikia suformuluoti tikslus.
Kadangi modeliy imitavimas susijgs su dideliais skaiiavimais, kurie gali itakoti kitus
veiksmus su $ia programine jranga tokius kaip parametry paieSka, todél reikia jsitikint, kad
modelio imitavimas veikia kaip jmanoma grei¢iau. Todél reikia jvertinti imitacijos veikimo
greit] ir apzvelgti programinj koda, kuris buvo vykdomas ilgiausiai. Taip pat reikia jvertinti

modelio veikimo teisinguma. Todél kokybeg tirsime Siais aspektais:

Perzitirésime programinio kodo veikimo charakteristikas
Sistemos plétojimo galimybiy apZvalga
Lygindami eksperimentinius duomenis su rezultatais

Perzvelgsime paieskos galimybes

o > W DN

Ivertinsime Zmogaus intuicija parametry paieskoje

Pirmus 2 punktus apzvelgsime Siame skyriuje, likusios punktus apzvelgsim 5 skyriuje.

Programinio kodo veikimo charakteristikom perzitaréti mes pasinaudosime ,,EQATEC
Profiler* iranki, kuris skai¢iuoja kvieCiamuy metody laikus ir suranda ilgiausiai vykdoma
programini koda. Siam tyrimui atlikti paleisime 2 varty modelio imitacija ir surasime

ilgiausiai vykdancius metodus.
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Wiag called by i meftod ————  Time spenf imvida e mefhod feelf —— Time spenf caling fhese 8 mafods

GJi_App.ErecutorG 2R amps. Run

Time: +388 ms (running)

To0x T
Calls: 48
Avg B ms 105

GJM.Model. G2 Model Run

Time: 1 mg

14 I
Calls: 48
Ayvg Oms 130

GJ

Time: 387 ms

23 pav.

1007
Calls: 48
Avg B1ms 17
Gk Model G2 ModelResults.
Time: 0 ms

=4

Calls: 48
Avg Oms 200

Callz: 48
Awg Oms A

Programos veikimo statistika

Kaip matome 23 pav. yra pavaizduoti metody veikimo laikai. Daugiausiai laiko uzimantis
metodas yra ,,GIM.Model.G2.ModelAlINext“. Toliau pasekus ,,AllNext* ir ,,Swicth* metodu,

mes gauname statistika pavaizduota 24 pav.

<:2| Wiz called by fvs maffiod ————— Tame gpen mediz fhe mefhod deelf ————— Fine goant caling fese & meffods

Gt Model G2 kodel Al ext
Time: 302 ms
100x T
Calls: 1,427
Avg 0.2ms 17

GJk Model G2 .Channel Switch

Time: 37 ms
ezl ]

Callz: 1,427

Avg: Oms 15

24 pav.

GJM.Model. 52.Channel.get_G
Time: 111 ms

]
Callz: 2,854
Avg Oms 21

GJM.Model Propabalities. Caunt
Time: 93 mz

kY
Callz: 2854
Avg Omz 113}
GJM.Mad
Time: 52 mz

Y
Calls: 1,427
Avg Omz 113}

dodel Gate County
Time: 5 ms
]

Calls: 2,854
Avg Oms 10}

3. Model

Time: 2 ms
L 1]

Calls: 1,427

Avg Oms 430

Gt Model G2 M odelProperties. get_sA

Time: 2 ms
]

Callz: 1,427

Avg Oms 1300

.Switch® metodo veikimo statistika
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Taigi kaip matome yra trys daugiausiai laiko vykdantys skai¢iavimus metodai, kuriuos reikty
patikrint ir perzitréti ar jie nevykdo nereikalingy arba pertekliniy skai¢iavimy. Patikrinus
programini koda pertekliniy skai¢iavimy neradome Sie metodai vykdé elementarius
matematinius skai¢iavimus, todél galime teigti kad programinis kodas yra paraSytas

efektyviai.

Pasinaudodami tokiais jrankiais kaip ,,EQUATEC Profiler mes galime nesunkiai aptikti
blogai veikiantj programini koda. Sis jrankis mums padéjo jvertinti programinio kodo

efektyvuma, neskaitant algoritminés pusés.

4.2 SISTEMOS PLETOJIMAS

Kadangi yra dar daug nepagristy modeliy, bei ivairiy prielaidy pas uzsakovus bei kitus
tyrinétojus, $ia sistema ketinama plétoti bei daryti {vairius pataisymus. Taip pat S§iuo metu

paieska yra padaryta tik 2 varty modeliui, tac¢iau ji bus igyvendinta ir kituose modeliuose.

Taip pat yra planuojama leisti naudotis §ia sistema visiems vartotojams, ir yra ketinama duoti

prieiga prie jos.

Nors parametry paieSka suranda gana artimus eksperimenty atitikmenis, taCiau jis néra
pakankamai tikslus, su didesniu triukSmo lygiu tikslumas labai smarkiai sumazéja. Todél
parametry paieskos optimizavimas bus toliau tobulinimas ir bus ieSkoma greitesniy

sprendimy, kurie padéty grei€iau aptikti eksperimentiniy rezultaty atitikmenis.

IS anksciau iSvardinty punkty yra aiSku, kad sistemos plétojimo galimybiy yra pakankamai

daug, todél ji toliau yra prizitirima ir ple¢iama.
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5 EKSPERIMENTAI IR IMITACINE SISTEMA

Prie§ darant eksperimentus noriu pabrézti, jog €ia yra vaizduojami tik pagrindiniai sistemos

iSvedami duomenys, kurie parodo bendra imitacijos, bei eksperimento rezultata tai yra jos

laiduma. UZsakovai nagrin¢ja ir tarpinius duomentis, kurie jiems yra taip pat labai svarbis.

5.1 EKSPERIMENTU IR IMITACIJOS PALYGINIMAS

[1] straipsnyje yra apraSyti eksperimentai jvykdyti su skirtingais koneksony tipais, todél

pasinaudoj¢ ju gautais rezultatais mes pabandysime palyginti imitacijos ir eksperimenty

gautus rezultatus. Bet pries tai noriu pasakyti, kad parametrai néra tikslis, ne visi yra zinomi

ir yra nemazos paklaidos jose.

&l T T T T T

50 F

40

¢, bS]
4
~, i,

TS S S N Y NS S S S N S S S B S ST S S S

20 | e o,

A}

3] " i%;gi

25 pav. Imitacijos rezultatai su
Cx30/Cx30 koneksinais

T T T T T
00 By -0 40 20 0 3 40 &0 B 100

Wil mil

26 pav. Eksperimento rezultatai su
Cx30/Cx30 koneksinais
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Kaip matome i$. 25 pav. ir 26 pav. $iy rezultaty kreivés yra panasios, taciau nevisai. Tai yra

dél to kad eksperimento duomenys yra jau sutvarkyti ir normalizuoti, o imitaciniuose

rezultatuose yra atvaizduotas pilnas laidumas, kuris priklauso nuo kanaly skaiGiaus. Sioje

imitacijoje naudojome 1000 kanaly su tokiais parametrais:

A =0116;
V,, = 415;
Go, =1,
Gc, =0.25
a0 T
* *
vy Yo%
Q\‘VV . po” ::0 .t
40 - ha 3 hd AN
* * %, .
s $oo
‘e @
* *
—30 | ,:0 + o
w
-
5 .
20+ 4
*
-
*
10+
o
M’J‘:”
oL | . . . .
-100 -50 o 0 100
¥, [m¥]
27 pav. Cx43/Cx45 koneksony imitacijos

rezultatai

A, =0,116;
V,, = 415
Go, =1,
Gc, =0.25
C Cxd3/Cxd5
1.27 9n
1.07 —*
0. /_FN\\\
e
0.47
0.29
—
100 50 0 50 100
Viimw)
28 pav. Cx43/Cx45 koneksony

eksperimento rezultatai

27 pav. ir 28 pav. matome Cx43/Cx45 gautus rezultatus. Sis pavyzdys yra tinkamesnis, nes

aiSkiau yra matomas kreiviy panasumas.

eksperimente leidome 1000 kanaly su tokiais parametrais:

A =0.088;
Vy, =223
Go, =1.03;
Gc, =0.04

A, =0.027,
Vy, =125.3;
Go, =1.03,
Gc, =0.04

Kaip matome rezultatai sutampa. Siame
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Kaip matome i§ Siy eksperimenty imitacijos ir eksperimento rezultatai yra panasus. Yra viena
problema atskiry koneksiny parametrai yra labai retai Zinomi ir nelabai tikslus, todél ir gavosi
l-as ecksperimentas su Siokia tokia paklaida. Literatiros [9] straipsni yra pateiktas
tarplasteliniy plySiniy jungciy modelio pradinis variantas. Jame matosi jog senesnis modelis
buvo maziau tikslus nei dabartiniai. Taip pat [10] straipsni yra demonstruojamas tikslesnis
rezultaty palyginimas ne tik su pagrindiniais duomenim, jame yra parodomi eksperimenty ir
imitacijos palyginimai su létais ir greitais vartais.

5.2 GLOBALUS OPTIMIZAVIMAS

Globalaus optimizavimo arba paieSkos eksperimentai yra labai svarbiis Siame darbe, todel
dabar padarysime keleta eksperimenty. PradZioje pabandysime surasti realiy eksperimenty
atitikmenis. Siam eksperimentui mes i§ uzsakovy gavome realius nufiltruotus duomenis, kurie
yra pavaizduoti 29 pav. Plona linija vaizduoja gautus duomenis, o paryskinta vaizduoja

filtravima pritaikius slenkanti kablel;.

08 -

G 5]
=
(=1

04 r

0zr

. . . .
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29 pav. Eksperimentiniai duomenys



Siam eksperimentui naudosime 1000, kanaly tam, kad gautume tikslesnius rezultatus. Taigi
po 3 valandy mes gauname rezultata pavaizduota 30 pav. Kaip matome rezultatai yra

pakankamai tiksliis nepaisant esamo triukSmo lygio.

08

G.[pS]  osf

04
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30 pav. Gauti rezultatai po 3 valandy

Dabar pabandysime jvertinti paieskos tiksluma. Kadangi $ia tyrimui reikia tiksliy duomeny,
tai yra su kuo mazesniu triuk§mu, todél mes naudosime pacios sistemos gautus rezultatus su

1000 kanaly (31 pav.), kurios surasta kreivé po 5000 iteraciju yra pavaizduota32 pav.
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31 pav. Duomenys gauti panaudojus imitacine sistema
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32 pav. Rezultatai gauti po 5000 iteracijy
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Iteracijy skaicius 1043

33 pav. Maziausiy kvadraty skirtumo priklausomybé nuo iteracijy skaiciaus

Is 33 pav. galime daryti i§vada, kad kvadraty skirtumas nuo iteraciju skai¢iaus mazéja
eksponentiskai link 0, todé¢l vykdant paieska yra labai sunku prieiti prie norimo rezultato, ypac

jei yra padid¢jes triukSmo lygis tiek eksperimentuose tiek imitaciniuose rezultatuose.

5.3 ZMOGISKASIS FAKTORIUS

Yra labai daZnas atvejis kai Zzmogus gali atlikti kai kuriuos skai¢iavimus pasinaudodamas
savo nuojauta. Todél nusprendZziau patyrinéti kaip greitai Zmogus gali surasti
eksperimentinius duomenis. Kadangi reikia Zmoniy, kurie gerai supranta sistema bei
sprendziama problema, nusprendziau paimti uzsakova ir save. 1 Lenteléje suraSiau laikus, per
kuri buvo surasti eksperimentiniy duomeny atitikmenys pagal 31 pav. pavaizduota

eksperimenta.

UZdavinio sprendéjas Laikas

Sistemos programuotojas 35 min.




UzZsakovas 20 min.

Kompiuteris 68 min.

1 Lentelé. 31 pav. sprendziamo uzdavinio laikai

Kaip matome suradimo laikas priklauso nuo modelio supratingumo lygio. Tai yra uzsakovas,
kuris daugiausiai naudojasi sistema suranda panasius atitikmenis kaip ir kompiuteris per daug
trumpesni laika. Todél Zmogiskoji nuojauta tokioje sistemoje yra labai svarbi ir ieSkant

sudétingesniy eksperimenty atitikmenis be Zzmogaus nesurasime.

Sistemos programuotojas iSmano sistema, taCiau negali taip greitai surasti atitikmeny kaip
pats uzsakovas. Todél galima daryti prielaida, jog paieska be Zmogaus jsikiSimo yra

nereik§minga sprendZiant sudétingesnius uzdavinius.

Kaip matome tam tikros Zinios gali smarkiai paspartinti paieSkos sistema, nors $iuo metu
paieskos greitis yra pakankamai geras, taciau lik¢ modeliai yra sudétingesni ir ju veikimas
uztrunka 2 ar net 4 kartus ilgiau, tod¢l paieSka bus vykdoma dar ilgiau, tod¢l yra manoma jog
genetinis arba neuroninis programavimas [8] ¢ia gali padaryti didele jtaka. Jie gali smarkiai

pagreitinti paieSka



6 ISVADOS

1. Sukurta PJ imitaciné sistema, leidzianti imituoti 2 varty, 4 varty ir 6 koneksiny
modelius.

2. Kuriant PJ imitacinius modelius reikia optimaliai parinkti modelio parametrus, kad
modeliavimo rezultatai minimaliai skirtysi nuo eksperimenty rezultaty. Imitacinio
modelio parametry parinkimui buvo panaudotos globalaus optimizavimo procediiros.

3. Sukurti PJ modeliai adekvaciai atvaizduoja elektrofiziologinius procesus plySinéje
jungtyje. Tai patvirtino imitacinio modelio rezultaty palyginimas su eksperimentiniais
rezultatais gautais i§ Niujorko, Yeshiva universiteto, Alberto EinSteino koledZo
laboratorijos.

4. lvertinome programinio kodo efektyvuma pasinaudodami ,,EQUATIC Profiler
frankiu, su Kuriuo paskai¢iavome programinio kodo vykdymo laikus ir nesunkiai
aptikome ilgiausiai trunkan¢ius metodus, bei ivertinome jy efektyvuma.

5. Ivertinome GJM sistemos plétojimo galimybes, bei aptaréme ateities planus.



7 LITERATURA

1.

10.

Ye Chen-lzu, Alonso P. Moreno and Robert A. Spangler. Opposing gates model for
voltage gating of gap junctions channels. Prieiga internete:
http://ajpcell.physiology.org/cgi/content/abstract/281/5/C1604.

Feliksas F. Bukauskas, Angelé Bukauskiené, Vytas K. Verselis and Michael V. L
Bennett. Coupling asymmetry of heterotypic connexin 45/ connexin 43-EGFP gap
junctions: Properties of fast and slow gating mechanisms. Prieiga internete:
http://www.ionchannels.org/showabstract.php?pmid=12011467.

Mindaugas Rackauskas, Maria M. Kreuzberg, Mindaugas PraneviCius, Klaus
Willecke, Vytas K. Verselis and Feliksas Bukauskas. Gating properties of Heterotypic
Gap Junction Channels Formed of connexin 40, 43 and 45. Biophysical Journal, 2007.

Computer simulation. Prieiga internete:

http://en.wikipedia.org/wiki/Computer simulation.

Globalaus optimizavimo pavyzdziai. Prieiga internete: http://soften.ktu.lt/~mockus/.

Nonlinear estimation. Prieiga internete:

http://lwww .statsoft.com/textbook/stnonlin.html

H. Pranevicius. Kompiuteriniy tinkly formalusis specifikavimas: agregatinis metodas.

Kaunas. Technologija, 2003, 2004.

A. Verikas, A. Gelzinis. Neuroniniai tinklai ir neuroniniai skai¢iavimai. Kaunas.

Technologija, 2003.

Mindaugas Pranevicius, Feliksas Bukauskas, Henrikas Pranevicius ir Nerijus
Paulauskas. Imitacinis tarplasteliniy plySiniy jung¢iy varty modeliavimas.

Informacinés technologijos, Kaunas, 2007.

Nerijus Paulauskas, Mindaugas Pranevic¢ius, Henrikas Pranevic¢ius, and Feliksas F.
Bukauskas. A Stochastic Four-State Model of Contingent Gating of Gap Junction
Channels Containing Two ‘‘Fast’” Gates Sensitive to Transjunctional Voltage.
Biophysical Journal, 20009.


http://ajpcell.physiology.org/cgi/content/abstract/281/5/C1604
http://www.ionchannels.org/showabstract.php?pmid=12011467
http://en.wikipedia.org/wiki/Computer_simulation
http://soften.ktu.lt/~mockus/
http://www.statsoft.com/textbook/stnonlin.html

8 TERMINU IR SANTRUMPU ZODYNAS

GJM - formalus imitacinés sistemos pavadinimas (Gap Junction Model).
PJ — plySinés jungtys.
Cx — Koneksinai, daznai raSomi su numeriu priekyje nusakanc¢iu jo rasj pvz.: Cx30, Cx32.

Protokolas — apraSo jtampos kitima, kuri kiekvienu laiko momentu paduodama kanalui.
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A Stochastic Four-State Model of Contingent Gating of Gap Junction
Channels Containing Two “Fast” Gates Sensitive to Transjunctional
Voltage

Nerijus Paulauskas,ts Mindaugas Pranevicius,t Henrikas Pranevicius,s and Feliksas F. Bukauskast*

Dominick P. Purpura Department of Neuroscience, and tAnesthesiology, Albert Einstein College of Medicine, The Bronx, New York;
and sKaunas University of Technology, Kaunas, Lithuania

ABSTRACT Connexins, a family of membrane proteins, form gap junction (GJ) channels that provide a direct pathway for elec -
trical and metabolic signaling between cells. We developed a stochastic four-state model describing gating properties of homotypic
and heterotypic GJ channels each composed of two hemichannels (connexons). GJ channel contain two “fast” gates (one per hem-
ichannel) oriented opposite in respect to applied transjunctional voltage (Vj). The model uses a formal scheme of peace-linear
aggregate and accounts for voltage distribution inside the pore of the channel depending on the state, unitary conductances

and gating properties of each hemichannel. We assume that each hemichannel can be in the open state with conductance gn.o
and in the residual state with conductance gn.es, and that both gn.o and gnesrectifies. Gates can exhibit the same or different gating
polarities. Gating of each hemichannel is determined by the fraction of V; that falls across the hemichannel, and takes into account
contingent gating when gating of one hemichannel depends on the state of apposed hemichannel. At the single-channel level, the
model revealed the relationship between unitary conductances of hemichannels and GJ channels and how this relationship is
affected by gn,0 and gnresrectification. Simulation of junctions containing up to several thousands of homotypic or heterotypic

GJs has been used to reproduce experimentally measured macroscopic junctional current and Vj-dependent gating of GJs formed
from different connexin isoforms. Vj-gating was simulated by imitating several frequently used experimental protocols: 1), consec-

utive Vj steps rising in amplitude, 2), slowly rising Vjramps, and 3), series of V; steps of high frequency. The model was used to
predict Vj-gating of heterotypic GJs from characteristics of corresponding homotypic channels. The model allowed us to identify
the parameters of Vj-gates under which small changes in the difference of holding potentials between cells forming heterotypic
junctions effectively modulates cell-to-cell signaling from bidirectional to unidirectional. The proposed model can also be used

to simulate gating properties of unapposed hemichannels.

INTRODUCTION

Connexins (Cxs), a large family of membrane proteins, form
gap junction (GJ) channels that provide a direct pathway for
electrical and metabolic signaling between cells. Each GJ
channel is composed of two hemichannels, hexamers of Cxs
also called connexons. Cell-cell communication can be orga-
nized through homotypic (same Cx isoform in both hemi-
channels), heterotypic (two Cx isoforms form GJ channels,
but each hemichannel is assembled from one isoform) and
heteromeric (different Cx isoforms form at least one hemi-
channel) GJ channels that vary in conductance, perm-selec-
tivity, and gating properties. Gap junctional communication
play important roles in many processes, such as impulse prop-
agation in the heart, communication between neurons and
glia, metabolic exchange between cells in the lens that lack
blood system, organ formation during development, and
regulation of cells proliferation (reviewed in (1-4)).

A property that appears to be common to GJ channels
formed of any Cx isoform is sensitivity of junctional conduc-
tance, gj, to transjunctional voltage, V; (5,6). A common
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feature of Vj-gating is that steady-state gj(gss) does not decline
to zero with increasing Vij, but reaches a plateau or residual
conductance that varies from ~5% to 30% of the maximum
gi depending on the Cx isoforms (7). Single-channel studies
have shown that residual gjis due at least in part to incomplete
closure of the GJ channel by Vj, i.e., Vj causes channels to
close to a subconductance (residual) state with fast gating
transitions (~1 ms and less), which has significantly longer
dwelling time than other substates (7,8). The symmetric
reduction in gjwith positive or negative Vjhas been explained
by having a Vjgate in each apposed hemichannel so that for
each polarity of Vj, closure can be ascribed to one or the other
hemichannel (9). It was shown that Vj as well as chemical
uncouplers can also induce gating transitions to the fully
closed state and that these transitions are slow, ~10 ms
(10,11). Gating to different levels via distinct fast and slow
gating transitions led to the suggestion that there are two
distinct Vj sensitive gates, termed fast and slow or “loop”
gating mechanisms (reviewed in (12)). The fast gate closes
channels to the residual state and it is mainly operated by
Vi, whereas the slow gate closes channels completely and it
is operated primarily by chemical uncouplers but also by V.
Earlier, gating properties of GJ channels were described
by using Boltzmann function (9,13) assuming that GJ chan-
nels have two states, open and fully closed, as most of ionic
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channels. To find gating parameters, gj-Vj dependence was
split into two segments for positive and negative Vjs. Such
approach allowed to describe gating properties of homotypic
and heterotypic GJ channels assuming that each hemichan-
nel gates independently, which may be accurate only when
both hemichannels have the same gating polarity, have
similar single-channel conductance, and are relatively insen-
sitive to Vj. Previously there were few attempts to describe

Vj gating of GJs at the single-channel level (14) and macro-
scopically (15) by using a four-state model in which each
hemichannel contained a fast gate operating between open
and residual states. Both models made a progress introducing
a more detailed description of GJ channels based on most
recent experimental data and improved the fitting process
allowing to find gating parameters of GJ channels. However,
the analytical approach used in (15) to describe Vj-gating
allowed only steady-state predictions. Neither of the previous
models allowed the possibility to study kinetics of junctional
current during applied transjunctional voltages. Ramanan

et al. (16) proposed a three-state model of Cx37 GJ channels
that exhibits the main state and two substates. This model was
adapted more specifically to GJ channels that demonstrate
multiple substates.

Here we present a stochastic four-state model that uses
imitative approach and accounts for voltage distribution inside
the pore of the GJ channel, i.e., takes into account contingent
gating. Each hemichannel contains a fast gating mechanism
with variable gating polarity. Each gate can be in open or
closed states that correspond to the open state or the residual
state, respectively, of the hemichannel. In addition, unitary
conductances of open and residual states depend on Vj, i.e.,
conductance of hemichannels rectifies. The model was used
to imitate experimental data of Vj-gating in homotypic and
heterotypic junctions measured in HelLa cells exogenously ex-
pressing different Cx isoforms. Our model allowed simulation
of the dynamics of junctional current that was achieved due to
use of stochastic description of voltage gating processes. This
enhanced flexibility of the model in respect to its structure and
variation of parameters used to describe the conductance and
gating of hemichannels composing GJ channel.

MATERIAL AND METHODS
Cells and culture conditions

Experiments were performed using HelLa cells (Human cervix carcinoma
cells, ATCC CCL2) stably transfected with different Cx isoforms (Cx31,
Cx40, Cx43, Cx45, and Cx47). More details about used DNAs for transfec-
tion and selection of clones stably expressing different Cx isoforms are in
(17-19). Cells were grown in Dulbecco’s modified Eagle’s medium supple-
mented with 8% fetal calf serum (Gibco, Carlsbad, CA), 100 mg/ml strepto-
mycin and 100 units/ml penicillin.

Electrophysiological measurements

Experiments were performed in modified Krebs-Ringer solution containing
(in mM): NaCl, 140; KClI, 4; CaClz, 2; MgCl, 1; glucose, 5; pyruvate,
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2; HEPES, 5 (pH 7.4). Electrodes were filled with pipette solution containing
(in mM): KCI, 130; NaAsp, 10; MgATP, 3; MgClz, 1; CaClz, 0.2; EGTA, 2;
HEPES, 5 (pH % 7.2). For electrophysiological recordings, cells were grown
onto glass coverslips and transferred to an experimental chamber mounted on
the stage of an inverted microscope IX70 (Olympus, Center Valley, PA).
Cells were perfused with modified Krebs-Ringer solution at room tempera-
ture. Junctional conductance (gj) was measured in selected cell pairs using
the dual whole-cell patch clamp system (20). Briefly, each cell within a pair
was voltage clamped independently with a separate patch clamp amplifier
(EPC-7plus; HEKA). Transjunctional voltage (Vi) was induced by stepping
the voltage in cell-1 (DV:1) and keeping the other constant, V; ¥4 DVi. Junc-
tional current (i) was measured as the change in current in the unstepped
cell-2, ¥4 Dl. Thus, gjwas obtained from the ratio, Al/Vj, where negative
sign indicates that junctional current measured in cell-2 is oppositely oriented
to the one measured in cell-1. Signals were acquired and analyzed using
custom-made software (21) and A/D converter from National Instruments
(Austin, TX).

RESULTS

Initially, we will highlight the experimental data demon-
strating basic properties of GJs that we used in the model.
This includes micro- and macroscopic Vj-gating events, single
GJ channel gating transitions between open and residual
states, and their rectification. Subsequently, we will describe
the model and simulate Vj-gating in homo- and heterotypic
junctions composed of different numbers of GJ channels.
Finally, we will simulate signal transfer asymmetry in
response to electrical activity of high frequency applied to
either side of heterotypic junctions.

Conductance and voltage gating properties of GJ
channels formed from different Cx isoforms

Typically, homotypic GJ channels exhibit gjdecay in response
to Vj and symmetric gss-Vj dependence. Fig. 1 A shows |j
through Cx47 homotypic channels evoked by negative Vj steps
of 31, 48, and 65 mV. Short and repeated voltage steps of £18
mV (see the inset) were used to measure gj in between of long
Vi steps. During V; steps of A48 and A65 mV, | decayed from
an initial value (lin) to a steady-state level (lss). Fig. 1 B shows
averaged and normalized Gin and Gss (normalized to gjat V; V4
0 mV) dependencies on Vj. Gin-Vj plot (solid circles; dashed
line is a regression line of the second order) shows virtually
no changes of Ginover Vj range from A110 to 110 mV. Gss-
Vi plot demonstrates symmetric bell-shape dependence on V;j
that is typical for homotypic GJ channels. The solid line is
a fit of Gss data to Boltzmann’s equation (13). The fit was per-
formed separately for gss data at positive and negative Vjs.
Fig. 1 C shows variation of Gss-Vj dependence among different
Cx isoforms forming homotypic GJ channels.

Fig. 2 shows i record of HeLaCx47 cell pair exhibiting
one functional channel. Solid gray lines show that during
first two ramps, the channel is open and |jis virtually linear
over applied Vjs. At the beginning of the third ramp, channel
closes from the open state to the substate or the residual state
and remains closed during period indicated in the box. The
inset shows that |j-Vj relationship is not linear and rectifies
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FIGURE 1 lllustration of voltage gating in HeLa cells expressing

different Cx isoforms. (A) An example of |jdecay in homotypic Cx47 chan-
nels evoked by negative V; steps of 31, 48, and 65 mV. Repeated voltage
steps of £18 mV (see the inset) were used to measure g;jin between

of long V; steps. (B) Dependencies of Ginand Gss (hnormalized to gj at

Vi ¥4 0 mV) on Vjin Cx47 homotypic GJs. (C) Gss-V;plots of different

Cx isoforms forming homotypic GJ channels.

almost exponentially. The rectification of the residual state
was shown earlier for Cx43 (22) and Cx32 (23) GJ channels.
The rectification of the open state is problematic to monitor
in homotypic GJ channels because conductances of apposed
hemichannels are oriented as mirror images of each other.

Biophysical Journal 96(10) 3936-3948

Paulauskas et al.

V, mV
d o3

Tims, 8

FIGURE 2 lllustration of the rectification of the residual conductance in
HeLaCx47 cell pair exhibiting one functional channel. Solid gray lines on
litrace show that during first two ramps the channel is open, and |jis virtu-
ally linear over entire Vi range. During the third ramp, the channel was
closed to the residual state over time indicated in the box. The inset shows
that I-Vj relationship of the residual state is not linear, i.e., rectifies.

Otherwise, gn,orectification was well documented in unap-
posed hemichannels of Cx30, Cx46, and Cx50 (24,25).

Heterotypic GJ channels that form between cells express-
ing different connexins (each cell expresses one Cx isoform)
typically exhibits asymmetric Vj-gating. Fig. 3 A shows
currents through Cx43/Cx45 heterotypic GJ channels at Vj
ramps from p60 to A60 mV applied to HeLaCx43 cell. At
positive Vjs the channel exhibits gating transitions between
open and closed states, whereas at negative Vjs the channel
stays open. Summarized l-Vj plot shows that |j of the open
state is virtually linear over Vj, that the channel exhibits
strong Vj-gating asymmetry and that gating transitions
were observed preferentially at Vjs negative on Cx45 side.
This is in agreement with our previous report demonstrating
that the gating polarity of Cx45 is negative (26). However,
not all heterotypic junctions show linear Ii-Vj relationship
for the open state. Fig. 3 B shows |j record of the single
Cx32/Cx46 heterotypic channel in response to repeated
series of Vj steps and ramps. Summarized l-Vj plot shows
that the open state demonstrates very strong rectification
(the solid gray line is a fit of the data points representing the
open state to the exponential function); lj at \jj 4 p90 mv
is ~3-fold smaller than at V; 4 A90 mV.

Fig. 4 shows Vj-gating of Cx31/Cx45 heterotypic junction
examined by using voltage ramps with slow rise of Vj over
time. The ljtrace shows strong asymmetry, similar to that
reported earlier (27), in response to two Vj ramps of different
polarity. Earlier, we reported that in some heterotypic GJs
an asymmetry of gj-Vj plots is higher than predicted from
intrinsic Vj-gating sensitivities of Cxs composing heterotypic
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FIGURE 3 | recordings at the single-channel level demonstrating an
absence and presence of |-V rectification of the open state in Cx43/Cx45
(A) and Cx32/Cx46 (B) heterotypic junctions, respectively.

GJ channels (26,27). We hypothesized that a difference in uni-
tary conductances of hemichannels affects asymmetry of gj-Vij
plot. We will exploit the model by using voltage ramp protocol
to study Vj-gating to validate this statement (see Fig. 10).
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FIGURE 4 Vi-gating in HeLa cell pair forming Cx31-EGFP/Cx45 hetero-
typic junctions. | trace shows strong asymmetry of | response to Viramps
slowly rising from 0 to A115‘mV and from 0 to 115 mV. G;-V; plot (normal-
ized to maximal gjat V; ¥4 ~A40 mV) shows that at V; 4 0 only ~50% of
Cx31-EGFP/Cx45 channels are open. Data shown in the inset demonstrate
an increase of gjat Vis >60 mV.

The gss-Vj plot calculated from Vj and | traces allows us to
suggest that at Vj ¥4 0 only a fraction (<1/2) of Cx31/Cx45
channels are open and gss increases when the Cx45 side is
relatively more positive and decreases almost to zero when
the Cx45 side is more negative. Similar gj-Vj gating asymme-
try was documented in other heterotypic junctions, such as
Cx43/Cx45 (26) and Cx40/Cx45 (20). Interestingly, the
data shown in the inset demonstrate that when Vj increased
from 60 to 110 mV, gss increased. This phenomenon was
reproduced in the model by assuming a presence of con-
ductance rectification of the residual state of Cx45 (see
Fig. 9 E).

In summary, heterotypic GJs in contrast to homotypic GJs
demonstrate asymmetric Vj-gating. Vj-gating of GJ channel
depends on intrinsic gating properties of composing hemi-
channels as well as on the fraction of V] that drops on each
of them. This fraction is 1/2 for open homotypic GJ chan-
nels, and it can be very different for heterotypic GJ channels
formed from Cxs that demonstrate different unitary conduc-
tances. In addition, data shown in Figs. 2 B and 3 B demon-
strate that |i-Vj relationship of the single channel of open and
residual states can rectify. Thus, in the model, we should take
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into account Cx-type dependent Vj-gating sensitivity, unitary
conductances of open and residual states, as well as their I/'\V
rectification.

Description of the model
Schematics of transitions between states

In the model, we assume that the GJ channel is formed from
A and B hemichannels, and each hemichannel contributes
one voltage-sensitive gate that closes channels to the residual
state, i.e., imitates the fast gating mechanism (12). Therefore,
in concert with previous models (13-15), we assume that two
voltage gates in series control the gating of GJ channel

(Fig. 5 A). The schematic presentation of the four-state
model is shown in Fig. 5 B, where Ki (i 2 1, 2, 3, 4) are equi-
librium constants for each of transitions between states. The
channel can occupy one of the four possible states: 1), AoBo,
both gates are open, 2), AcBo, A gate is closed and gate B is
open, 3), AoBc, A gate is open and B gate is closed, and

4), AcBc, both gates are closed.

The equilibrium constants between the states were
described as exponential functions that depend on transjunc-
tional voltage across the hemichannels A and B (Va and Vs;
we assume that transjunctional voltage across the gate and
hemichannel is the same):

K1 V4 € A16AP,vaAvorb
Kz V4 € A26P,veAvozp
Ks Y ; (1)
Ka V4 € A3oAP,vaAvosb
€ A406P,VBAVoab

where Aiis the voltage sensitivity coefficient; Voi is the
voltage for half-maximal conductance; and P is a gating
polarity, which can be positive or negative. Negative and
positive signs for Vaand Vs, respectively, indicate that the
two gates are oriented as mirror images of each other. Trans-
junctional voltage across the GJ channel is a sum of Va and
VB, i.e., Vj ¥4 Va b Vs. Closing one hemichannel changes the
voltage across the apposing hemichannel, and this will affect

A B AoBo
K2 K1
-t + AoBc AcBo
l
K3 4
AcBe

FIGURE 5 Schematics of the four-state model. (A) The scheme of the GJ
channel containing the fast gate in each hemichannel. (B) lllustration of
a four-state model: 1), AoBo—both gates are open, 2), AcBo—gate A
closed and gate B open, 3), AoBc—gate A open and gate B closed, and
4), AcBc—both gates closed. Ki(l ¥4 1-4) are equilibrium constants.
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the probability of changing the state. Thus, the model
exploits principles of contingent gating. Aggregate method
was used for a formal description of the model and conse-
quently for writing the algorithm (see Supplement 2 in the
Supporting Material). The piece-linear aggregate is
described in accordance with Markov principles, i.e., the
probability of transitions does not depend on the history of
previous transitions. The algorithm was written using C
Sharp (C#) programming language.

Assuming that both gates do not interact with each other
except via voltage redistribution inside the pore and only
voltage across each of A and B hemichannels defines their
gating, then A1 ¥4 A3, A2 4 A4, Vo1 V4 Vo3, and Vo2 V4 Voa.

As reported earlier (15), regardless of the pathway of transi-
tions between states AoBo and AcBc, thermodynamic law
requires that K1A Ka 4 K2 A Ks. Following the scheme
shown in Fig. 5 B, opening and closing probabilities of gate
Adepend on Ki: P(Aoc) ¥ K1 A P(Acio). We will define

such a small time interval, Dt, at which only one transition

for each gate is possible. Interval Dt will be used as a simula-
tion step. For example, when K1 %4 1, both open and closed
states of the gate are equally possible, P(Ao) ¥4 P(Ac). When
system is at equilibrium, average number of open and

closed gates does not change. Thus, the average number of
opening and closing events of the gate must be equal or
P&Ao b A P3Aoic b Va PAAc b A P8Acio b. If we label Pk as a
probability that the gate will change the state during time
interval Dt, then Pk ¥4 P6Ao b A P8Aoic b b P3A: PA

P&Acio . When both states are equally probable (K1 %4 1),
then P(Ao) V4 P(Ac) Va 1/2 and Pk 4 (P(Aoic) b P(Acio))/2.

The difference, 1 A Pk, is a probability that the gate will stay in
the same state. In general, the model defines at any given time
whether individual channels remain in the same state or
change the state. In junction composed of thousands of GJ
channels any new calculation at the same Vj protocol results
to random distribution of open and closed states over time
for individual channels while the mean gjremains the same.

Conductance of hemichannels

The proposed model assumes that each hemichannel can be in
the open or the closed states with conductances, gnho and
ghres, respectively. Studies of the single GJ channel formed
of various Cx isoforms show that the ratio of gres/go is in
the range of 0.2—-0.25. The ratio, ghres/gh,o, for hemichannels
should be different and for homotypic GJs gres/go ¥4 2(gh,res/
gh,0)/(1pgn.res/gh,0). However, this relationship could be
more complex if both gh,o and gh,res depend on Vj, i.e., when
they demonstrate rectifying properties as it is shown in
Figs. 2 B and 3 B. Similar to (14), we used single exponential
function to describe gh,oand ghres dependence on Vj: gh,o V4
N‘Goe(AVj/ﬁo) and gh,res Ya Gr&se(AVj/Gres), where Go and
Gres are unitary conductances of hemichannels at Vj V4
0 mV, and 60 and 6res determine rectification constant.
We generated three versions of the model that differ in
stimulation protocols: 1), consecutive Vj steps rising in the
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amplitude, 2), slowly raising Vj ramps, and 3), series of short
negative and positive Vj steps of variable frequency. In
Supplement 1 in the Supporting Material, we show examples
of the screen captures for each of used protocols (see Fig. S1,
Fig. S2, and Fig. S3).

Simulation of homotypic GJ channels
Single-channel gating

Fig. 6 A shows |j recordings in response to three consecutive
Vj steps of A20, A60, and A100 mV. We assumed that the cell
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FIGURE 6 Simulation of the junction containing single homotypic GJ
channel. The following parameters were identical for both hemichannels:
Vho ¥4 40 mV, gho ¥a 200 pS, ghres ¥4 25 pS, and An 2 0.05 mVa1. (A) |

and g traces of nonrectifying channel simulated at three V; steps of A20,
AB0, and A100 mV. gjtrace is an overlay of conductances calculated for
all three voltage steps. (B) I and gjtraces of the channel exhibiting gn.o
and gn.res rectification with 6 0% 400 mV and 6res % 200 mV. ljtrace shows
single channels gating at V; %4 A60 mV. The bottom g trace shows overlay
of conductances at V; steps of A20, A60, and A100 mV.
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pair forms single homotypic GJ channel with parameters iden-
tical for both hemichannels: Vh,0 %4 40 mV gh,o ¥4 200 pS,

ghyres ¥4 25 pS, An ¥4 0.05 mVA1 (Vh,o corresponds to Voi,

and An corresponds to Aaor As in Eg. 1; in homotypic GJ
channel Aa %4 As and Vo,A V4 Vo,B). In addition, it was assumed
that both open and residual states do not rectify, i.e., 6o ¥4 N
and 6res 4 N. lj traces show that open channel probability
decays with Vjincrease, and three conductance states can be
distinguished, which are best seen in |j trace at V; 4 100 mV.
When the channel is fully open, |j ¥4 10 pA. When one hemi-
channel is closed to the residual state (lj ¥4 2.2 pA), we call this
state as a primary residual state. The arrow shows the substate
that we call the secondary residual state when two gates are
closed (Ii ¥4 1.3 pA). An overlay of gjtraces for all three
voltage steps show that go%2100 pS, whereas gres is equal

22 pS for the primary residual state and 13 pS for the
secondary residual state. When the ratio ghres/gh,o ¥4 0.125
(25 pS/200 pS) then for the primary residual state gres/go V4
0.222 (22.2 pS/100 pS). Experimental data show that for
different connexins gres/gois in between 0.2 and 0.25 (12).
According to the model, to cover this range of gres/go, the
ratio, gh,res/gh,o, should be in the range of 0.111-0.143, i.e.,
~2-fold smaller.

Fig. 6 B shows an example of |jtrace of the single channel at
Vi 2 60 mV. All parameters are the same as in Fig. 6 A but the
open and residual states exhibit I/V rectification with 60 74
400 mV and 6res ¥4 200 mV. gj trace obtained superposing
gjs at three Vs, as in Fig. 6 A, demonstrates that both gois
gres are not constant. Next to gj trace, we show the frequency
histogram, which demonstrates that at these particular Vjs
three states can be distinguished for go and nine states for
gres. Repeated simulations, which results in stochastic data
sets, show that we are getting 96, 98, and 99 pS for go and
more substate conductances in the range of 9-25 pS. There-
fore, I/V rectification can result to a large variety of goand
gres measured experimentally at different Vjs.

In summary, for homotypic nonrectifying GJ channel, we
can expect having one conductance for goand two conduc-
tances for gres. The ratio, gh,o/gh res, for hemichannels is
approximately twice smaller than ratio, go/gres, for GJ
channel. If hemichannels exhibit I/V rectification of open
and residual states, then in GJ channel both go and gres depend
on applied Vs, but gres varies in broader range than go.

Vj-gating of homotypic junctions

Fig. 7 shows theoretically predicted Gj (normalized to gj at

Vi ¥4 0) dependences on V. In these calculations, we used iden-
tical set of parameters for both hemichannels (gh,o ¥z 200 pS,
ghyres ¥4 25 pS, Vh,o /2 40 mV An 2 0.1 mVA1, 60 ¥4 N and

6res ¥4 N) and for each plot only one parameter of six varied.

For a clearer description, the hemichannels forming GJ chan-
nels were attributed to the left- and right-side hemichannels. In
all plots, the same color represents different measured param-
eters: 1), black lines for Gin; 2), gray lines for Gss; 3), blue

and red lines for the right-side and the left-side hemichannels,

Biophysical Journal 96(10) 3936-3948
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00 ) ) A . 00 ; ] . , FIGURE 7 Simulated g-V; dependencies of homotypic
junctions containing 1000 GJ channels; data were normal-
"0 -Wv °n,Nw L. B “V b V” 1% ized to gjvalues at V; /2 0 mV. Identical set of parameters
r I m were used for both hemichannels (gn.o %2 200 pS, gn.res V4

Variahis, b/ 25 pS, Vho ¥4 40 mV, AnY40.1 mVa1, 6o %4 N, and 6res

a N) and in each plot only one parameter of six varied.
Measured parameters are shown in different colors: 1),
black for Gin; 2), gray for Gss; 3), blue and red for g; of
the right-side and the left-side hemichannels, respectively;
and 4), pink and green for gn.0 and gn,res rectification of
the left-side and the right-side hemichannels, respectively.
(A) Gss-Viplots at Vo of 80, 40, 10, and A10 mV. (B)
Gss-Vj plots at An of 0.2, 0.05, 0.02, and 0.01 mVas. (C)
Gss-Vj plots at gn.res Of 40, 20, 10, and 5 pS. (D) G-V,
and Gss-Vj plots at different extent of gn.. rectification,
6n,0 ¥4 5000, 1000, 500, or 250 mV. (E, F) Gin-Vjand
Gss-Vj plots at different extent of gn.res rectification,
6n.res 42000, 500, 300, or 100 mV.

respectively; and 4), pink and green lines for gh,oand gh,res Fig. 7 D demonstrates that gh,o rectification at 6h,0s
rectification of the left-side and the right-side hemichannels, between 500 and 5000 mV did not visibly affect Gin-Vj
respectively. In all calculations the number of GJ channels dependence until 6no0< 300 mV. Therefore, even though
(N) was equal to 1000. gh,o rectifies substantially, it is difficult to detect its effect
Fig. 7 A demonstrates that when Vh,o of left- and right-side on Gin-Vj plot until this rectification is very significant that
hemichannels changed from 80 to 40 mV, there was mainly may not be physiological. Gin-Vj dependence remains the
reduction in the width of Gss-Vj plot but little in gmax. Further same independent on the direction of gh,o rectification, i.e.,
reduction of Vh,oto 10 and A10 mV led to the strong reduc- Mwhether gh,o ¥4 (AVj/6o) or gho V4 e(Vil6o). Fig. 7 D shows
tion of gmax. At Who ¥4 A10 mV GJs almost lost Vj depen- that 6n,0 has a relatively small effect of Gss-Vj plot.
dence with gj being close to gmin. Supplement 1, Fig. S4, Fig. 7, E-F, demonstrate that gh,res rectification had no
in the Supporting Material demonstrates how Gj-Vj plots evident effect on Gin but affected most significantly Gss at
shown in Fig. 7 A were acquired. Vis exceeding A£80 mV, i.e., gmin. Rectification of ghres was
Fig. 7 B demonstrates that the reduction of An from 0.2 to changed by attributing to 6res values from 2000 to 100 mV
0.05, 0.02, and 0.01 mVA1 strongly affected the steepness of (see pink and green lines). In both plots, ghres rectifies
Gss decline (DGss/DVj) around Vj %2 40 and A40 mV and Mput in plot E ghres 2 €(AVi/6res) and in plot F ghres Y4
reduced gmax. At An ¥4 0.01 mVA1, Gss shows very weak e(Vi/
dependence on V. 6res), i.€., gh,res decreased or increased, respectively, with
Fig. 7 C demonstrates that reduction of gh,res from 40 to increase of Vj. Plots E and F show that gmintends to continu-
20, 10 and 5 pS substantially affected gmin but not gmax. ously decay and increase, respectively, at higher Vis.
We did not show simulations with changes of gh,o, which Fig. 8 shows I trace that was obtained from simulation of
always was equal 200 pS, because the character of g;j-V;j plots Vi-gating in response to long Vj ramps from 0 to 150 mV
mainly depends on the ratio, gh,o/gh,res, rather than on the and from 0 to A150 mV. We examined how the steepness
absolute values of ghoand ghyres. of Vjramps affects gss. We did this experiment by holding

the same amplitude of voltage ramps but shortening their

Biophysical Journal 96(10) 3936—3948
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FIGURE 8 Simulation of Vj-gating in homotypic GJs in response to

slowly rising Vi ramps from 0 to p150 and from 0 to A150 mV. The slope

of ramps was changed by shortening their duration from 200 to 100, 40, 20,
and 10 s.

duration stepwise from 200 to 100, 40, 20, and 10 s. At dura-
tions of Vj ramps longer than 200 s, gss-V; plots practically
overlapped (not shown) and were identical to that measured
by applying consecutive V] steps of ~30 s or longer. When
Vj steps are used, it is possible to visualize whether steps are
long enough (Tmin) to reach the steady state that is not so
obvious with the use of Vjramps. At Vj ramps shorter than
100 s, gss-V;j plots become broader suggesting that steady state
of gjwas not yet reached. Our data show that to reach the
steady state, the duration of Vjramps should be several times
longer than Tmin used for Vj steps. In experimental studies, it is
preferable to use slowly raising voltage ramps instead of
consecutive V] steps because it requires less time to measure
gss-Vj plot and it is continuous over entire Vjrange. Thus,
the model can be used to predict an optimal length of Vj ramps
for Vj-gating studies in cells expressing different Cx isoforms.
In summary, data shown in Figs. 7 and 8 demonstrate the
influence that each of the independent parameters has on the
gating properties of homotypic GJ channels. Shown data
demonstrate a consistency independently whether consecu-
tive Vj steps or slow Vj ramps were used to study Vj-gating
properties of GJ channels.

3943

Vj-gating of heterotypic junctions

Fig. 9 shows the gj-Vj plot of a heterotypic junction. In this
simulation, we used two sets of parameters (see Fig. 9 A)
that are close to those of Cx43 (cell-1) and Cx45 (cell-2).

Of all heterotypic junctions, the Vj-gating properties of
Cx43/Cx45 junctions are among the most examined
(28,26). Fig. 9 B shows the protocol used to simulate gj-V;
dependence. |jwas calculated in response to consecutive

Vj steps increasing stepwise (DVj %2 20 mV) from A100 to
100 mV. gj trace shows that during time period from O to

30 s (Vi ¥4 0 mV) gj decayed from ~50 nS reaching the steady
state at 39 nS. This decay is caused by the fact that at the
starting point we always assumed that GJ channels are fully
open and time window of ~10-30 s was used to allow the
system to reach the steady state before Vj protocol was
applied. gss-Vj plot (Fig. 9 C; gray line) calculated with the
parameters shown in panel A demonstrates a strong Vj-gating
asymmetry. The family of gss-Vj plots show that an asymme-
try of Vj-gating increased with the reduction of Vh,o of Cx45
from 30 to 10, A10, A30, and A50 mV. We observed similar
changes in Cx43/Cx45 GJs during acidification of the cyto-
plasm (F. F. Bukauskas, unpublished data).

To assess an effect of conductance rectification on
Vj-gating, we varied 6o and 6res, whereas other parameters re-
mained the same as shown in Fig. 9 A. Fig. 9 D demonstrates
that reduction of 60 from 5000 (circles) to 500 (diamonds)
and 250 mV (triangles) has small effect on gss-Vj dependence
(gray lines) but increased steepness of gin-Vj plots (black
lines). Interestingly, similar changes of 60 did not affect
substantially gin of homotypic junctions (see Fig. 7 D). There-
fore, an effect of gh,o rectification on ginis obscured in homo-
typic junctions and is more expressed in heterotypic junctions.
Fig. 9 E demonstrate that reduction of 6res from 4000 (circles)
to 400 (diamonds) and 200 mV (triangles) did not affect gin-Vj
dependence (black lines) but modified gss-Vj plots (gray lines)
at higher Vjs. The inset in Fig. 9 E highlights gss increase with
increase of Vj. We observed similar phenomena in Cx45/Cx31
(27), Cx45/Cx40 (20), and Cx45/Cx43 (26) junctions (see
also the inset in Fig. 4). Therefore, the model allows us to
suggest that this gss increase may be caused, at least in part,
by gn,res rectification.

Previously, Vi-gating asymmetry was commonly used to
determine the gating polarity of Cxs composing heterotypic
junctions (29,30). This practice was based on an assumption
that Vj-gating of heterotypic junctions at different Vj polarities
reflects intrinsic gating properties of composing hemichan-
nels. We tested this by superposing simulated gss-V;j plot of
heterotypic junction with those corresponding to homotypic
junctions. Gray lines in Fig. 10 A show gss-V; plots of Cx43
and Cx45 homotypic junctions with parameters shown in
Fig. 9 A. Solid black line 1 shows gss-Vj plot of heterotypic
junction with parameters used for simulation of correspond-
ing homotypic junctions. To examine how the difference
in unitary conductances of composing hemichannels affect

Biophysical Journal 96(10) 3936-3948
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FIGURE 9 Gi-V, plots of heterotypic junction. Two sets of parameters
shown in A were used for this simulation. (B) | and gjtraces were calculated
in response to consecutive V; steps increasing stepwise (DV; "2 20 mV) from
A100 to 100 mV. (C) The family of gss-Vj plots show that Vi-gating asym-
metry increased with the reduction of Vh,o of Cx45 from 30 to 10 (thick gray
line), A10, A30, and A50 mV. (D and E) An effect of gn.o and gh.res recti-
fication on Vi-gating. gss-Vj (gray lines) and gin-V;j (black lines) plots shown

in D were obtained at 60 of 5000 (circles), 500 (diamonds), and 250 mV
(triangles). gss-Vj (gray lines) and gin-Vj (black lines) plots shown in E

were obtained at 6res of 4000 (circles), 400 (diamonds), and 200 mV (trian-
gles). The inset in E highlights gss increase with increase of V.
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FIGURE 10 Simulation of Vi-gating in heterotypic junctions. (A) Shown
demonstrates that Vi-gating asymmetry of heterotypic GJs (black lines)
depends on the ratio of unitary conductances of composing hemichannels.
Gray lines show Gss-V; plots of presumptive Cx43 and Cx45 homotypic junc-
tions. Solid black lines, 1-3, show gss-V; plots at different unitary conduc-
tances of composing hemichannels. (B) Vi-gating at different gating polarities
of composing hemichannels. Plots 1 and 4 were obtained when both gates had
the same gating polarity, negative and positive, respectively. Plots 5 and 6
were obtained when both gates had different gating polarities, Cx45 negative
and Cx43 positive (5) and Cx45 positive and Cx43 negative (6).

gss-Vj plot, we changed gho and gh,res of Cx45 hemichannel
making it twofold smaller than shown in Fig. 9 A, i.e., gho
30 pS and ghres ¥4 2 pS (see gss-Vjplot 2;) or equal to Cx43
hemichannel, i.e., gho ¥ 220 pS and ghres ¥4 25 pS (see gss-Vj
plot 3). Indeed, when conductances of both hemichannels
were equal, then the gss-Vj dependence of heterotypic junc-
tions best matches the original prediction. However, when
gh,o of Cx45 hemichannel becomes increasingly lower than
that of the Cx43 hemichannel, then we can see the following
tendency: the Vj-gating sensitivity of Cx45 hemichannel
increases (the right shoulder of gj-Vj plot is shifted to the
left), whereas Vj-gating sensitivity of Cx43 hemichannel
decreases (the left shoulder of gj-Vj plot also is shifted to the
left). This phenomenon was demonstrated earlier (12,20)
and was explained by the fact that the difference in unitary
conductances of composing hemichannels results to higher
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fraction of Vjto drop across the hemichannel with smaller
conductance, making this hemichannel virtually more sensi-
tive to Vj. Our model fully supports the proposed mechanism.
Therefore, unitary conductances of Cxs should be taken into
account when efforts are made to find gating polarity of Cxs
from gating profiles of homo- and heterotypic junctions.

All Gj-Vj plots shown in Fig. 10 A were simulated
assuming that gating polarity of Cx43 and Cx45 hemichan-
nels is negative as it has been shown experimentally (26).
Fig. 10 B demonstrates how changes in gating polarity affect
Vj-gating; all other parameters remained the same as shown
in Fig. 9 A. Plots 1 and 4 in Fig. 10 B were obtained when
both gates had negative and positive gating polarity, respec-
tively. Plots 5 and 6 were obtained when both gates had
different gating polarities, Cx45 negative and Cx43 positive
(5), and Cx45 positive and Cx43 negative (6). Thus, the
model can help to determine whether Cxs composing hetero-
typic junctions exhibit the same or different gating polarities.

Modulation of electrical signal cell-to-cell transfer asymmetry
in heterotypic junctions

Fig. 11 A shows experimental recordings of voltage in
HelLaCx45 (V1) and HeLaCx40-CFP (V2) forming hetero-
typic Cx40/Cx45 junctions. Repeated 80 mV voltage steps

of positive and negative polarity were applied to cell-1 (V1)
patched in whole-cell voltage clamp configuration and elec-
trotonic response was measured in cell-2 patched in the
current-clamp configuration. It is evident that signal transfer
can be modulated from virtually unidirectional to bidirec-
tional by increasing the holding potential in the cell expressing
Cx45; arrows show moments when the holding potential was

\i, %9 $
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increased stepwise. We have reported similar signaling asym-
metry for Cx45/Cx31 (27) and Cx45/Cx43 (26) junctions and
proposed that it is due to the Vj-gating asymmetry (12).

Fig. 11 B demonstrates simulation of signal transfer in
heterotypic junction formed of Cxs with properties resem-
bling Cx40 or Cx43 (cell-1) and Cx45 (cell-2). Both cells
are in the voltage clamp mode. ljtrace shown in Fig. 11 B
can be transformed into V2 trace, similar to the one shown
in Fig. 11 A, by multiplying | to the constant value of the input
resistance of cell-2. The holding potential of cell-2 is always
equal 0 mV. Three series of positive and negative pulses of
100 mV in amplitude were applied to cell-1. During the first
series, when the holding potential of cell-1 is p15 mV, then
li trace shows substantial signal transfer asymmetry deter-
mined as the ratio of |js at the end of cycles with negative
and positive Vj pulses, which was equal ~8.4. During the
second and the third series of stimulation, when the holding
potential of cell-1 was 0 mV and A15 mV, then signal transfer
asymmetry decreased to 2.4 and 1.5, respectively. The bottom
trace shows gjchange over time. At the beginnings of each
series we assume that all channels are open, allowing the
system to equilibrate before Vjsteps are applied. This explains
why each of three series starts with gj %4 65 nS. Thus, the
model allows us to observe dynamics of gjat Vj ¥4 0 mV
that is not possible to achieve in the experiment.

DISCUSSION

Our model is based on the Vj-gating concept initially proposed
by Harris et al. (13) assuming that each hemichannel of
GJ channel contain two oppositely oriented gates, which

& Cx45

FIGURE 11 Experimental and simulated data demon-
strating signal transfer asymmetry in heterotypic junctions.
(A) Cell-to-cell transfer of electrical signal is modulated
from unidirectional to bidirectional with changes in the
holding potential of one of the cells. Vi and V2 are experi-
mental traces of voltage recordings in Cx40-CFP/Cx45
junctions. Repeated voltage steps (~80 mV) of positive
and negative polarity were applied to cell-1 (V1), which is
in whole-cell voltage clamp configuration. V2 trace shows
voltage recordings in cell-2, which is in current-clamp
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configuration. (B) Simulation of signaling asymmetry in
heterotypic junctions. Both cells are in the voltage clamp
mode. On top are shown parameters of cell-1 and cell-2
used in this simulation. Three series of positive and nega-
tive repeated pulses of 100 mV in amplitude were applied
to cell-1. During the first series, when the holding potential
of cell-1 is p15 mV, ljtrace shows signal transfer asymme-
try equal ~8.4, which was determined as the ratio of Iis at
the end of series with negative and positive V; pulses.
During the second and the third periods of simulation,
when the holding potential of cell-1 was reduced to 0 mV
and A15 mV, then signal transfer asymmetry decreased
to 2.4 and 1.5, respectively. The holding potential of cell-2
was equal 0 mV.
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operate based on contingent gating principles. Voltage gating
properties of GJ channels were described using Boltzmann
function proposing that GJ channels have two states, open
and fully closed, as most of ionic channels. We used stochastic
approach to calculate gating properties and assumed that the
channel exhibits the residual conductance when Vj-gate is
closed. Therefore, closing of the gate should not lead to the
drop of entire Vj across a gated hemichannel. In 1993 it was
shown, for the first time, that GJ channels in the insect cells
during Vj-gating exhibit fast gating transitions between the
open state and the substate called as a residual state (8,31).
Soon after, Vj-gating to the substates was demonstrated also
in mammalian cell lines expressing Cx43 (7), Cx40 (32),
and even between cells expressing different Cxs and forming
Cx26/Cx32 heterotypic GJs (33). Later, more members of
Cx family were cloned and it was shown that go can vary
from ~10 to 300 pS (4). These new data made evident that
during V;j gating of heterotypic junctions the single-channel
conductance is an important factor, which can define Vj
distribution inside the channel pore, i.e., hemichannel with
smaller conductance will see across it higher proportion of
Vjand experience more extensive gating, whereas voltage
gating of hemichannels with larger conductance will be less
affected by V.

In this model, like in one of Chen-lzu et al. (15), we take
into consideration that only the fast gates that close channels
to the substate are in operation. Simulation at the single-
channel level revealed that nonrectifying homotypic GJ
channel has one conductance for go (both hemichannels
open) and two conductances for gres, whereas rectifying chan-
nels are potential to exhibit unlimited number of unitary
conductances of goand gres. Furthermore, gres varied in
much broader range than goas itis shown in Fig. 6 B. Thus,
these data may explain some discrepancies of single-channel
conductance for open and residual states reported by different
groups for the same type of Cx isoform. The simulation also
revealed that the ratio, ghres/gho, for the hemichannel is
approximately twice smaller than a corresponding ratio,
gres/go, for GJ channel, which is ~1/4-1/5. This suggests
that at the residual state the channel pore is closed at higher
degree than could be predicted from the ratio, gres/go. For
example, if gh,res/gho ¥4 1/10, then we can presume that
only ~1/10 of cross-section of the hemichannel pore is
open; assuming that the gate closes the hemichannel pore
uniformly along its length. If the gate occupies only the small
fraction of the pore then, to maintain the same ratio, narrowing
of the pore during gating could be even bigger. This may
create significant size-limited restrictions for macromolecules
to permeate the channel gated to the residual state and explain
no permeability of the residual state to dyes that permeate the
open state (34,22). Otherwise, it could be assumed that perme-
ability for dye molecules should be reduced proportionally
with the ratio, gres/go.

Data shown in Fig. 7 demonstrate the influence of each
of independent parameters of the model on the Vj-gating prop-
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erties of GJ channels. When Vh,o changed from 80 to A30 mv
that is equivalent to the shift of gh-Vj curve along the Vj axis,
this reduced gmax and the width of the bell shaped gss-V plot.
The reduction of An from 0.2 to 0.01 mVA1 strongly affected
the maximal steepness of gss decline (Dgss/DVj) and
reduced gmax. The reduction of gnres from 40 to 5 pS affected
mainly gmin. Simulation showed that gn,o rectification mini-
mally affected ginin homotypic GJs. With Vjincrease, gho,L
of left-side hemichannel increases and gh,o,r of right-side
hemichannels decreases (see Fig. 7 D) resulting to small or
no change of ginover V. Therefore, it is problematic detecting
gh,o rectification from gin-Vj plots of homotypic junctions.
Otherwise, in heterotypic junctions, hemichannel with lower
conductance dominates in defining gin and GJ channel can
exhibit well expressed go rectification if gno rectifies (see

Fig. 9 D). These conclusions are in full concert with earlier
modeling studies (14). There are several reports demon-
strating go or gin rectification of heterotypic GJ channels
(35,33,36,37), and one example is shown in Fig. 3 B. gh,res
rectification had no evident effect on gin but affected most
significantly gss at higher Vis (see Fig. 7, E-F).

Though most of data shown in Fig. 7 could be intuitively
predicted, some of them were unanticipated to us. For
example, Vj-gating weakens or virtually disappears at Vh,os
below 30 mV (see Fig. 7 A) or at Ans below ~0.02 (see
Fig. 7 B). This may explain some of our unexpected observa-
tions when during partial recovery from uncoupling by COz2,
arachidonic acid or other uncouplers, we observed gj recovery
but with strongly reduced Vj-gating. Another informative
conclusion comes from Fig. 7 A. At Vh,os close to 0 mV,
gmax is ~1/2 of that if all channels would be open. Thus, at
Vi ¥a 0 mV, only a fraction of channels are open. This phenom-
enon is also well illustrated in Fig. 10 A demonstrating Vj-gat-
ing of heterotypic junctions. gjincreased ~25% by changing
Vj from 0 to ~A30 mV also suggesting that only a fraction
of channels were open at Vj %2 0 mV. Experiments with
Cx45 homotypic GJs revealed that at Vj ¥4 0 mV only ~50%
of channels are closed due to the open channel probability
being much below 1 (26). More recent data show that other
Cxs, such as Cx45, Cx46, or Cx57, show similar properties
(F. F. Bukauskas, unpublished data). For this reason, differ-
ently from earlier models of Vj-gating, we used a lag time
allowing channels to equilibrate to the steady state (see
gjtraces in Figs. 9 B and 11 B). We suppose that would be
incorrect to apply Vj protocol without reaching a steady state
at Vj ¥ 0 mV, and even more for Cxs exhibiting high Vj-gating
sensitivity, such as Cx37, Cx45, or Cx57.

For the simulation of a heterotypic junctions, we used two
sets of parameters that are close to those of Cx43 (cell-1)
and Cx45 (cell-2). Most of heterotypic junctions demonstrate
a strong Vj-gating asymmetry illustrated in Figs. 4 and 9. In all
examined heterotypic junctions that contain on one side Cx45,
such as Cx31/Cx45, Cx40/Cx45, Cx43/Cx45 ((27); reviewed
in (12)), or Cx36/Cx45 and Cx47/Cx45 (F. F. Bukauskas,
unpublished data), we observed cell-to-cell electrical signal
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transfer asymmetry that can be modulated from virtually
unidirectional to bidirectional by changing the difference in
holding potentials (DVh) between coupled cells as illustrated
in Fig. 11 A. Simulation data shown in Fig. 11 B confirm
that Vj-gating asymmetry is one of the key factors defining
such signaling asymmetry and that it can be effectively modu-
lated by DVh.

Previously, Vj-gating asymmetry of heterotypic junctions
was commonly used to determine the gating polarity of
Cxs assuming that Vj-gating of heterotypic junctions is
a derivative of intrinsic gating properties of composing hemi-
channels. Our data show that this may be true only if the
conductance of composing hemichannels is equal. When
gh,o of one hemichannel becomes increasingly lower than
gh,o of other hemichannel, then Vj-gating sensitivity of the
first hemichannel increases whereas Vj-gating of the second
hemichannel decreases (see Fig. 10 A). This phenomenon
was demonstrated earlier (12,20) and was explained by the
fact that the difference in unitary conductances of composing
hemichannels results to higher fraction of Vjto drop across
the hemichannel with smaller conductance, making this
hemichannel virtually more sensitive to Vj. Thus, the contin-
gent gating model in broad interpretation assumes that hemi-
channel with smaller conductance will see across it higher
proportion of Vjand experience more extensive gating,
whereas voltage gating of hemichannels with larger conduc-
tance will be less affected by V. Fitting of the experimental
data to the model allows to estimate parameters defining
Vj-gating sensitivity of composing hemichannels (Vh,oand
An) as well as their gating polarities from experimentally
defined gj-Vjdependence. It was proposed that the gating
polarity of the fast gating mechanism is governed by charged
residues in the N-terminal domain (30,38), and that this
polarity could be reversed independent from the slow gating
mechanism (23). Modifications of Cx43, including deletion
of the carbocyl-terminus (CT) domain (39) or attachment
of aequorin or an enhanced green fluorescent protein
(EGFP) to CT, selectively abolishes fast gating to the
residual state (40,17). Therefore, the location of the fast
gate remains to be determined, and in this process, knowl-
edge of the gating polarity of each Cx isoform is essential.

Presented data demonstrate that the model helps to find
more details about the gating process and extrapolate gating
properties of hemichannels composing GJ from experimen-
tally defined gin-Vj and gss-Vij plots. In addition, the model
allows seeing dynamics of gj during time periods when V; % 0.
This is highly supportive information in defining gj dynamics
before Vjs protocol is applied or after gjrecovery to the steady
state after Vj-gating. Experiments do not allow doing so
without applying Vij. Significant improvement of this model
relies on its ability to describe the kinetic behavior of chan-
nels, to simulate Vj-gating properties at the single-channel
level or having unlimited number of channel in the junctions.
The model also provides a practical formalism for fitting the
voltage-gating profile over the entire voltage range, elimi-
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nating the previous need for data splicing for different Vj
polarities. The proposed model also applies relatively easily
to study Vj-gating of hemichannels simply by increasing

gh,o and Vh,o of one of composing hemichannels to infinity.
Furthermore, assuming that each hemichannel in this model
corresponds to the half of unapposed hemichannel, and that
one gates imitates the fast gate that closes to the residual state
whereas the second gate imitates the slow gate that closes to
the fully closed state (gh.res ¥4 0), then the model can be

used to simulate gating of unapposed hemichannels contain-
ing both fast and slow gating mechanisms. Thus, this model
presents a useful tool for quantitative characterization of
Vj-gating in GJ channels and unapposed hemichannels.

Limitations of the model and future directions

Although our model takes into consideration many of GJ
channel properties, such as gh,o, gh,res, Vh,0, Ah, conductance
rectification and gating polarity, still there is room for its
improvement. This model applies to channels exhibiting
one substate called as the residual conductance but not to
channels exhibiting multiple substates. One of the ways to
do so would be to introduce the gate that is composed of
six subunits (each hemichannel is a hexamer of connexins)
similar to that proposed earlier (41). It remains unclear
whether there is a cooperative interaction between gating
subunits and whether it depends on V.

The proposed model was adapted to cells that form one
type of GJ channels. The model can be expanded to junctions
that have in parallel several types of homotypic and/or
heterotypic GJ channels. In parallel, introducing a slow
gating mechanism in addition to the fast gate would be one
of major steps for improvement. We are in the process of
introducing such a model. When each hemichannel contain
two gates instead of one, the calculation time is in the range
of tens of minutes instead of seconds (this time also depends
on number of channels and Vj protocol; see Fig. S1, Fig. S2,
and Fig. S3in Supplement 1). In addition, there are several
problems that need to be solved. The location of the fast
and slow gates, their interaction, and what fraction of Vj
drops on each of them remains unclear. These questions
can be at least partially solved by fitting a variety of experi-
mental data with different versions of the model.

SUPPORTING MATERIAL

Three supplements, five figures, and two references are available at http:/
www.biophysj.org/biophysj/supplemental/S0006-3495(09)00666-3.
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Mes sukiiréme imitacinj tarplasteliniy ply$iniy jung¢iy (PJ) modeli. Modelis pagristas Chen-lzu ir kt., apraSymu [6], bet naudoja
imitacija ir apraSo varty saveika persiskirstant jtampos kritimui PJ. Modeliavimo rezultatai atkartojo eksperimentine stacionarine PJ-
ies laidumo priklausomybe nuo tarplastelinio potencialo Gj(Vj). HelA lastelése ekpresuojandiose koneksing 31 ir 45. Sis modelis gali

nusakyti heterotipiniy kanaly vartu savybes pagal atitinkamy homotipiniy kanaly charakteristikas.

1. [IVADAS

Koneksinai (Cx)- tai baltymai , kurie formuoja plySines tarplastelines jungtis (PJ) kontakte tarp
kaimyniniy lasteliy membrany. PlySinés jungtys leidZia sujungtoms lasteléms perduoti elektrinius ir
metabolinius signalus [1,2]. Kiekvienas PJ kanalas sudarytas i§ dvieju puskanaliy (koneksonu),
kurie savo ruoZztu yra sudaryti i§ SeSiy Cx subvienety. Iki Siol yra klonuota 21 skirtingy Zzmogaus Cx
izoformy [3]. Tarplastelingje saveikoje dalyvaujancios plySinés jungtys gali biiti homotipinés
(lasteles iSreiskia ta pati Cx izotipa), heterotipiniai (lastelées iSreiSkia skirtingus Cx izotipus) ir
heteromeriniai (bent viena lastel¢ iSreiSkia 2 ar daugiau Cx izotipu). PJ kanalai skiriasi elektriniu

laidumu, selektyviu pralaidumu jvairioms cheminéms medziagoms ir kanaly varty jautrumu itampai
2]

Koneksinai vadinami tapaciais, jeigu jie gali sudaryti funkcinius heterotipinius PJ kanalus.
Dauguma Cx pory gali sudaryti funkcines PJ, bet egzistuoja kai kurios i§imtys. Pavyzdziui: du
pagrindiniai Sirdies koneksonai, Cx40 ir Cx43, kurie yra ekspresuoti Sirdyje ir kraujagyslése, néra

tapatiis ir negali sudaryti funkciniy PJ kanaly [4].

Bendra PJ savybé biidinga visiems Cx izotipams yra kanalo varty biisenos priklausomybé nuo
itampos. Jungties laidumas mazéja sudarius tarplastelinés jungties potenciala, Vj. Manoma, kad
kiekvienas puskanalis turi du skirtingus varty valdymo mechanizmus: 1) ‘létas’, kuris uzdaro PJ
pilnai, ir 2) ‘greitas’, kuris perveda vartus | pereinama biisena ar biisenas su lieckamuoju laidumu [5].
Siame modelyje mes nagrinéjome tiktai ‘greitus’ vartus. Mes skaitéme, kad kiekvienas puskanalis
gali buti dviejose blisenose: atviroje su laidumu Go ir uzdarytoje su laidumu Gce. Varty valdymo

mechanizmai gali skirtis poliariSkumu, tai yra vartai gali uZsidaryti arba atsidaryti, jeigu



citoplazmos puséje potencialas didéja arba mazéja. Jeigu abiejuy puskanaliy vartai turi ta pati
poliariskuma, tai su kiekvienu Vj nelygiu 0 vienas puskanalis atsidaro, o kitas uZsidaro. Jeigu
puskanaliy vartai turi prieSinga poliariSkuma, vienas Vj poliariSkumas atidarys abu puskanalius, o

prieSingas Vj potencialas uzdarys abu puskanalius.

Homotipinés PJ stacionarinés biisenos Gj/Vj priklausomyb¢ yra simetriSka Vj=0 mV atzvilgiu (Pav.
1). Heterotipinés plySinés jungtys turi asimetring Gj/Vj priklausomybe d¢l skirtingo varty jautrumo
itampai ir skirtingy Go ir Ge.

2. NUOSEKLUS VARTU MODELIS VARTU REGULIAVIMUI
PLYSINESE TARPLASTELINESE JUNGTYSE

Mes naudojome modifikuota PJ modeli apraSyta [6] straipsnyje. Varty reguliavima nuo Vj mes
pakeitéme taip, kad kiekvieno puskanalio varty biiseng apspresty ne visa Vj, bet tik ta jos dalis, kuri
krenta ant kiekvieno i$ ju, t.y., Va ir Vg, kur Va+Vs=V,;.

Varty saveika dél jtampos persiskirstymo kanale yra bendresnis saveikos variantas nei aprasSytas
Chen-lIzu ir kt. [6], kuriame kiekvieno puskanalio varty valdymas yra nepriklausomas arba
determinuotas. Nepriklausomo valdymo (independent gating) atveju skaitoma, kad abu puskanaliai
valdomi nepriklausomai ir valdanti jtampa yra lygi 1/2-V;. Determinuoto valdymo atveju
(contingency gating) skaitoma, kad vienam puskanaliui uzsidarius visa itampa krenta per ji, o kitas
puskanalis atsidaro. Pvz., jei pirmas puskanalis uzsidaro, Va=Vj, 0 Vg=0. Toks supaprastinimas
leidzia atkartoti eksperimentinius rezultatus, bet apriboja puskanaliy saveikos analizés galimybes.
Imitacinis modeliavimas leidzia analizuoti kanalu saveika su skirtingomis Go, Gc ir varty itampos

valdymo charakteristikomis.

Misy modelyje varty valdymas apsprestas ne viso Vj, bet Va ir Vg. Va ir Vg priklauso nuo Vj bei

puskanaliy laidumy santykio, kuris savo ruoztu priklauso nuo varty biisenos (0o, oc, co, cc).
Elektrinés tarplasteliniy plySiniy jung€iy savybés daznai apraSomos normalizuota Gj(Vj)
priklausomybe stacionarin¢je busenoje (Pav. 1, A, B).

Mes naudojome $i modelj, kad palyginti varty jautruma nuo V;j su eksperimentiniais duomenimis,

kur Gj(V;) charakteristikos buvo matuotos homo ir heterotipinése plySinése jungtyse tarp Hela

lasteliy ekspresuojanc¢iy Cx31 ir Cx45.

Mes tikrinome hipotezg teigianc¢ia, jog homotipinés jungties modelyje aproksimuoti parametrai gali

nusakyti heterotipinés jungties Gj(V;) priklausomybe.
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Pav. 1. PlySiniy kanaly laidumo priklausomybé nuo Vj. (A)
Gj(V)) priklausomybé matuota HeLa Igsteliy poroje
ekspresuojancioje Cx31. (B) Gj(Vj) priklausomybé matuota
jungtyje tarp HeLa lastelés ekspresuojancios Cx31 ir HeLa
Iastelés ekspresuojancios Cx45. (C) Gj(V]) imitacijos
priklausomybé pagal 2 lentelés modelio parametrus. (D) Gj(V))

imitacijos priklausomybé pagal 2 lentelés modelio parametrus

3. MODELIO APRASYMAS

Pav. 2 yra pavaizduotas kanaly biiseny modelis, kuriame kiekvienas kanalas sudarytas 1§ dviejy
nepriklausomuy puskanaliy, A ir B. Kiekvienas ju funkcionuoja nepriklausomai ir gali buti dviejose

biisenose: atidarytoje (o, open) arba uzdaroje (c, closed).

Jungtis sudaryta i§ N>>1 kanaly. Per viena modeliavimo zingsni (salyginai prilyginam 1 ms)
kiekvienas puskanalis gali nepriklausomai pereiti i atviros 1 uzdaryta biiseng su tikimybémis

P(Ao—c) Ir P(Bo—c). P(Ac—o) ir P(Be—o) yra peréjimo tikimybés i§ uzdaros i atvirg buisena.



Ao0Bo <—KL’ AcBo

Al T

AoBc =——AcBc

Pav. 2. Kanaly biisenos

Modelio parametrai

Vmax — [tampos maksimumas

Vmin — [tampos minimumas

AVstep — [tampos kitimo zingsnis

To — Nusistovejimo laikas

Ty — Vykdymo laikas

Ap — Jautrumo itampai koeficientas A puskanalio

Ag — Jautrumo itampai koeficientas B puskanalio

Voa — [tampa, prie kurios A puskanalio laidumas sumazéja dvigubai
Vos — [tampa, prie kurios B puskanalio laidumas sumaz¢ja dvigubai
Gao — Laidumas atidaryto (open) puskanalio A

Ggo — Laidumas atidaryto (open) puskanalio B

Gac — Laidumas uzdaryto (closed) puskanalio A

Gege — Laidumas uzdaryto (closed) puskanalio B

K — Konstanta reguliuojanti biiseny pasikeitimo skaic¢iy per diskretinj laiko perioda
N — Kanaly skai¢ius

Sie parametrai priklauso nuo esamos biisenos ir skai¢iuojami sekanciai:



Ga= Gao , Jei puskanalis A yra atidarytas.
Ga = Gac , jei puskanalis A yra uzdarytas.
Gg = Ggo , jei puskanalis B yra atidarytas.

Gg = Ggc, jei puskanalis B yra uzdarytas.

vel o yxl
G

G .y
)VB_1+1

: G, *Gg
1 1
G, Gg G, Gg

Va=
A G, +G,

; G= ; V=Va + Vp;

7+7

Stacionarioje biisenoje A.=Ki1*A,. Per laiko vieneta AT vidutiniSkai n,_,. kanaly pereis i§ 0
biisenos i € biisena ir ny—c = A*AT*P(A,_.), Kur A, yra atidaryty puskanaliy skai¢ius. Per ta pati
laika n._,, kanaly pereis i§ ¢ bilisenos i 0 biisena ir ne_, = A*AT*P(A.o), kur A yra uzdaryty

puskanaliy skai€ius.
Kadangi no_.c = N¢,o, todél seka, kad P(A¢—o)=P(Ac—c)/Ki.
Sakykime, kad P(Ac—o)*+P(Ao—c)= K.

k yra tikimybeé, kad N* k kanaly pakei¢ia busena kai K1=1. 1- k yra tikimybé¢, kad kanalai iSlieka

toje pacioje blisenoje.

Tada P(Ac—o)*KitP(Acmo)= K, P(Acmo)=k /(1+K1), P(Ao—c)=xk *Ki/(1+Kj)

1 Lentelé. Peréjimo tikimybés

Puskanal | P(o—c) P(0o—0) P(c—o0) P(c—c¢)

IS ursidaro lieka atidarytas atsidaro lieka uzdarytas
A K *Ki/(1+Ky) 1-P(Ao—c) P(Ac—o0)=x /(1+K;) | 1-P(Ac—o0)

B K *Ko/(1+K7) 1-P(Bo—c) P(Ac—0)=k /(1+K3) | 1-P(Bc—o0)

Modelio algoritmo pseudo kodas
{Visi kanalai yra bisenoje O (0o0) }

V = Vmax;




while (V <= Vmax)
{
//Kanalai nusistovi i pradines btsenas
for (int j = 0; j < T(0); j++)
{

{Visi kanalai pakeicia savo bilsenas su Jtampa

lygia 0.}

//Kanalail pereidinéja 1 naujas buasenas
for (int j = 0; J < T(v); J++)
{

{Visi kanalai pakeicdia savo bilsenas su ltampa

lygia V.}

V += AV;

4. REZULTATAI

ApraSytas modelis imituoja plySines tarplastelines jungtis sudarytas i§ pasirinkto skaiCiaus (1-
1000000) PJ kanaly. Kiekvienas kanalas gali biiti vienoje 1§ keturiy galimy biiseny su peré¢jimo
konstantomis tarp buseny. Jungties parametrai apibiidinami: A, As, Voa, Vos. HOmotipiniuose
kanaluose A = Ag ir Voa = Vog. Peréjimuy daznis buvo 1/1000 kanaly per 1 ms. Laikas pasiekti
stacionarinei biisenai buvo prilyginta 1000 ms (1000 cikly).

Imitacijos sistema leido modeliuoti nuo 1 iki 1000000 kanaly su 4 biasenomiS ir jungties
parametrais: A, As, Voa, Vos. Miisy gauti rezultatai modeliuojant Gj(t) kitimo kinatikas ir G;(V;)

priklausomybé buvo panasiis i eksperimentinius duomenis iliustruotus Pav. 1A ir 1B ir anks¢iau



apra$ytus [6]. Zemiau yra pateikti imitacijos ir eksperimenty palyginimas (Zitir. Pav. 2). Lenteléje 2

yra parodyti parametrai.

2 Lentelé: Imitacinio modelio parametrai

[vedimo 1 2 imitacija
parametrai imitacija

V max 100 100
Vmin -100 -100
AV 10 10

To 1000 1000
T(V) 1000 1000
An 0.088 0.058
Ae 0.027 0.058
Voa 22.3 61.3
Vos 125.3 61.3
Gao 2.1 2

Geo 2.1 2

Gac 05 0.35
Gee 05 0.35
K 0.001 0.001
N 300 300

Duomenys rodo jog eksperimento ir imitacijos rezultatai yra panasiis. Pastebimi skirtumai gal¢jo
biti apspresti netiksliai uzduoti parametrai. Kad sumazinti Gj/Vj priklausomybes variacija ir
neprailginti skai¢iavimo laiko mes modeliavome 300 kanaly. Aa, As, Voa, Vos parametrai buvo

paimti i§ Chen-lzu ir kt. publikacijos [6].

5. ISVADOS



Imitacinis modeliavimas aproksimuoja eksperimentinius duomenis ir gali jvertinti heterotipiniy PJ

varty priklausomybes nuo jtampos reguliacija remiantis homotipiniy PJ savybémis.

ApraSant varty saveika plySineje jungtyje atsizvelgta | itampos persiskirstymo kanale priklausomai
nuo puskanaliy laidumy atviroje arba uzdaroje biisenose. Tai realizuojama imitaciniame modelyje,
bet biity sudétinga ar nejmanoma aprasSyti analitiniame modelyje. Imitacinis modelis mums leido

aprasyti bendresni varty saveikos varianta, pagrista itampos persiskirstymu, nei [6].
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