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Sakalauskaité A. Lasteliy plySinés jungties modeliavimas naudojant Markovo grandines:
Taikomosios matematikos magistro baigiamasis darbas / mokslinis vadovas profesorius H.
Pranevicius; Kauno technologijos universitetas, Fundamentaliyju moksly fakultetas, Matematinés

sistemotyros katedra. — Kaunas, 2011. — 85 p.

SANTRAUKA

Siame darbe pateikiama lasteliy plySinés jungties Markovo modeliy sudarymo metodika,
apimanti per¢jimo tikimybiy skai¢iavima panaudojant nepriklausomy J. Bernulio bandymy schema,
stacionariyjuy tikimybiy skaiCiavima ir plySinés jungties laidumo priklausomybés nuo itampos
skaiCiavimus.

Tariama, kad plysiné jungtis sudaryta i§ daugybés lygiagreciai sujungty kanaly (pvz., 1000).
Kiekvienas kanalas sudarytas i§ 2 nuosekliai sujungty puskanaliy (koneksonuy), o kiekvienas
koneksonas sudarytas i$ 6 lygiagreciai sujungty vienety (koneksiny). Kiekvienas koneksinas gali biti
atviroje arba uzdaroje biisenoje, kuri priklauso nuo kanalo jtampos.

Modeliy, sukurty naudojant Siag metodika, adekvatumas patikrintas lyginant plySinés jungties
modeliavimo rezultatus su imitacinio modeliavimo (programy, kurias atliko Nerijus Paulauskas ir
Saulius Vaiceliinas (KTU Informatikos fakulteto magistrantai)) rezultatais, kurie patikrinti su
eksperimenty rezultatais.

Sukurta Markovo modeliy metodika panaudota kuriant plySinés jungties modelius, kai

koneksinai apraSomi 3 blisenomis: uzdara, atvira ir visiskai uzdara.



Sakalauskaité A. Modelling of the Gap Junction of Cells Using Markov Chains: Master‘s work
in applied mathematics / supervisor habil. dr. prof. H. Pranevicius; Department of Mathematical
Research in Systems, Faculty of Fundamental Sciences, Kaunas University of Technology. — Kaunas,

2011.— 85p.

SUMMARY

In this paper the methodology of composing of Markov models of the gap junction of cells is
introduced. This methodology contains of computing of transition probabilities using scheme of
independent J. Bernoulli trials, computing of stationary probabilities and computing of the
conductance of the gap junction dependence on a voltage.

It is considered that the gap junction consists of a lot of channels (for example, 1000), joined
parallel with each other. Each channel consists of two subchannels (connexons), joined in series, and
each connexon consists of 6 units (connexins), joined parallel with each other. Each connexin can be in
an open or a closed state. State of a connexin depends on a voltage that is going through the channel.

The adequacy of models that were created using this methodology is tested comparing the results
of modelling of the gap junction using Markov chains with the results of the imitational modelling
(programs that were done by Nerijus Paulauskas and Saulius Vaicelitinas (postgraduate students from
Informatics faculty, KTU)). The latter results were tested with the results of experiments.

In this paper the methodology of created Markov models was used creating the models of gap

junction, where a connexin is described being in 3 states: closed, open and deep closed.
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IVADAS

Daugelyje stuburiniy audiniy jony ir mazy molekuliy pasikeitima tarp gretimy lasteliy valdo
plySinés jungtys (sinapsés), tokiu biidu koordinuojancios lasteliy veikla. Sinapsés tiekia iSteklius
(jonus, mazas molekules), kad valdyty lasteliy veikla audiniuose. D¢l to sinapsés dalyvauja daugelyje
biologiniy procesy, tokiy kaip:

e vystymasis;

e augimas;

e sekrecija (iSskyrimas);

e impulsyvus dauginimasis.

Struktiiriniu poziliriu sinapsés yra tarplasteliniy kanaly (plySiniy jung¢iy kanaly) agregatai.
Dvejopo itampos-varzos metodo taikymas lasteliu pory méginiuose leidzia iSsiaiSkinti elektrines
plySiniy jungCiy bei ju kanaly savybes. Laidis ir kinetiniai duomenys, gauti daugiakanaliame ir
vienkanaliame lygmenyje, nuvedé prie apibendrintos plySiniy jung€iy kanaly veikimo koncepcijos.

Siame darbe tiriamas tarplasteliniy plysiniy jungéiy veikimas. Sudaryti 6 skirtingi modeliai: 4
diskretaus laiko Markovo grandinés (2 biisenu 6 koneksiny, 12 koneksiny ir 3 biiseny 6 koneksiny, 12
koneksiny), 2 tolydaus laiko Markovo grandinés (2 buseny 6 koneksiny, 12 koneksiny).

Tikslas — sudaryti Markovo grandiniy modelius (paminétus auksciau) lasteliy plySinei jungciai ir
istirti Markovo grandiniy adekvatuma (palyginti gautus rezultatus su imitaciniy modeliy rezultatais,
gautais Nerijaus Paulausko ir Sauliaus Vaicelitino).

Anks¢iau buvo atlickami tyrimai su dvejais vartais (kai kanalas sudarytas tik i§ dviejy
puskanaliy, t. y. varty), su keturiais vartais (kai du vartai uzsidaro greitai, o kiti du - 1étai) bei su Sesiais
vartais (kai kanalo vienas puskanalis sudarytas i§ 6 koneksiny (baltymy)). Nerijus Paulauskas (buves
KTU Informatikos fakulteto magistrantas) ir Saulius Vaiceliinas (KTU Informatikos fakulteto
magistrantas) sukiiré imitacinio modeliavimo programas, kurios parodo laidzio, itampos bei srovés
stiprio priklausomybes nuo laiko t, kai yra kanalas sudarytas i§ dvieju, keturiy bei Sesiy varty. Taip pat
programoje atlikta parametry optimizacija lyginant modeliavimo duomenis su atlikty Niujorko
Yeshiva universiteto Alberto Einsteino medicinos kolegijoje (Albert Einstein College of Medicine of
Yeshiva University, New York, U.S.A) eksperimenty rezultatais. N. Paulauskas ir S. Vaicelitinas
bendradarbiavo su Niujorko Einsteino kolegijos profesoriumi Feliksu Bukausku, medicinos daktaru
Mindaugu Pranevic¢iumi bei su KTU Informatikos fakulteto Verslo informatikos katedros profesoriumi
Henriku Pranevi¢iumi.

Padedant prof. H. Praneviiui ir prof. F. Bukauskui Siame darbe nagrin¢jami tikimybiniai

modeliai, kuriy gautais rezultatais galima patikrinti imitaciniy modeliy adekvatuma.
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1. ANALITINE DALIS

1.1. TARPLASTELINES PLYSINES JUNGTIES KANALO (PJK) MODELIAI

Vienas pirmyjy modeliy, kuriuo remiasi tolimesni modeliai, yra Rolfo Vogelio ir Roberto
Veingarto modelis (Rolf Vogel; Robert Weingart: 2002: 1)

Sis modelis aprago plysiniy junggiy, ju kanaly ir jy matematinio modeliavimo elektrofiziologija.

Daugelyje stuburiniy audiniy jony ir mazy molekuliy pasikeitima tarp gretimy lasteliy valdo
plySinés jungtys (sinapsés), tokiu biidu koordinuojancios lasteliy veikla. Dvejopo itampos-varzos
metodo taikymas lasteliy pory méginiuose leidzia iSsiaiskinti elektrines plySiniy jungciy bei ju kanaly
savybes. Laidis ir kinetiniai duomenys, gauti daugiakanaliame ir vienkanaliame lygmenyje, nuvedé
prie apibendrintos plySiniy jungciy kanaly veikimo koncepcijos. Remiantis biologiniais duomenimis,
gautais §iuo biidu, buvo sukurtas matematinis modelis. Sis modelis yra jvairiapusiskas ir leidzia atkurti
skirtingy rasiy stuburiniy plySiniy jung€iy elektrofiziologini elgesi.

Sinapsés tiekia isteklius (jonus, maZas molekules), kad valdyty lasteliy veikla audiniuose. Si
savybé buvo panaudota skirtingy filogeniniy rasiy metazojy skirtingose ontogenetinése stadijose. Dél
to sinapsés dalyvauja daugelyje biologiniy procesu, tokiy kaip:

e vystymasis;

e augimas;

o sekrecija (iSskyrimas);

e impulsyvus dauginimasis.

Struktiiriniu poziliriu sinapsés yra tarplasteliniy kanaly (plySiniy jung¢iy kanaly) agregatai.
Kiekvienas kanalas sudarytas i§ 2 puskanaliy (koneksony), i§ kuriy kiekvienas sudarytas i§ 6

tarpmembraniniy proteiny (koneksiny/subvienety), kurie suformuoja vandening pora (zr. 1.1 pav.).
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Eanalas, sudarytas 15 2 puskanaly, lurny kelonenas sudarytas 18 6 subwvienety

1.1 pav. Plysinés jungties kanalo koncepcija

Apibendrintas matematinis modelis (Rolf Vogel; Robert Weingart: 1998: 2) buvo pateiktas
elektrofizinéms kanaly savybéms issiaiskinti.

Sis modelis apima tik kanala, sudaryta i§ 2 puskanaliy (zr. 1.2 pav.).
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1.2 pav. Kanalas, sudarytas i$ 2 nuosekliai sujungty varty

Kanalas susideda i§ 2 nuosekliai sujungty puskanaliy, kuriy kiekvienas iSskiria 2 buisenas — 2
laidumus: aukstos (H — high) biisenos ir zemos (L — low) biisenos laidZius. Biisena H — tai biisena, kai
puskanalis yra visiskai atidarytas, o L — biisena, kai puskanalis dalinai uzdarytas. Ty paciy bliseny
laidZiai tokie: yg, y . Pagrindiné kanalo biisena atitinka 2 visiSkai atidarytus puskanalius, t. y. abu
puskanaliai yra aukStoje (H — high) biisenoje, kuri atitinka biisena HH. Kanalas veikia pasyvioje
bisenoje, kai vienas i§ puskanaliy yra Zemoje (L — low) buisenoje. Priklausomai nuo peré¢jimo jtampos
V; poliSkumo vieno kanalo biisena atitinka biisenag LH (Low-High) arba HL (High-Low). Ligi Siol Sios
biisenos nebuvo atskirtos, t. y. jos buvo laikomos viena biisena. Paaiskéjo, kad tai buvo trilkumas, ypac
homomeriniy — heterotipiniy kanaly, susidedan¢iy i§ puskanaliy su skirtingomis elektrinémis

savybémis (kai laidis 7 ; ,uspvioje busenoje tampa asimetrinis), atveju.

Kiekvieno puskanalio nuo jtampos priklausanéiu varty saveikavimas, t. y. peréjimas tarp aukstos
ir zemos biiseny, sumodeliuotas jungikliy S; ir S,. Kiekvieno jungiklio elgsena apraSoma parametrais o
ir B, kurie yra atitinkamai L ir H biiseny gyvavimo trukmés. Buvo pasitilyta, kad jungikliai veikia
nepriklausomai vienas nuo kito ir tarta, kad varty saveikavimas — budinga puskanaliy savybé, t. y.
kiekvienas puskanalis turi daviklj, kuris aptinka vietinj elektrini lauka, kuris priklauso nuo jtampos
kritimo ant puskanalio. «,,f, - Vji (pirmo puskanalio) funkcijos; «,,f, - Vj» (antro puskanalio)
funkcijos. Jungikliy nepriklausomumas suvarzytas tuo, kad Vj; ir Vj priklauso nuo V;j ir nuo
puskanalio laidumu.

Kad galima bty toliau aptarti laidzias ir kinetines plySiniy jungCiy charakteristikas, svarbu
iSsiaiskinti kanalo struktiiros ir funkcijos rySi. Strukttriskai yra 2 kanaly klasés, kurias reikty aptarti:
homomeriniai — homotipiniai ir homomeriniai — heterotipiniai kanalai. Kiekvienas puskanalis iSskiria 2
laidzias biisenas, vedancias prie 4 kanalo biiseny (i§ viso 8 atvejai, nes kiekvienas puskanalis gali turéti
tik vieng biisena (4x2=8) (2 puskanaliai ir 4 bisenos, tai i§ viso gali biiti 8 biidai)). Dél matematinio
modeliavimo 8 atvejai gali buti sumazinti net iki 2 skirtingy funkciniy biiseny, pavadinty homotipine ir

heterotipine funkcijomis.
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Homotipin¢ funkcija (simetrin¢ funkcija) tinkama, kai abu puskanaliai gauna vienodas laidziy

savybes, kurios galioja homotipinio vieno kanalo biisenoms HH ir LL. Suminis laidis apskaiciuojamas

tokia formule (1.1):

Vsuminis =

-V Vi (1.1

Cia:
r - {I—'H,ﬁ:az' pagrinding (HH) biisena,
e U kai pasvvioji (LL) bisena,
. {Vﬂ,kaz' pagrinding (HH) biisena,
e Viokai  pasyviaji (LL)  bisena.

Tai varpo formos kreive, simetriné ordinatés atzvilgiu.

Heterotipiné funkcija atitinka suminj laidi 2 puskanaliy su skirtingomis laidziy funkcijomis, t. y.
T,,.V,, ir T,,V,,. Si funkcija apibiidina homotipinio kanalo biisenas LH ir HL ir apskritai visas 4
biisenas heterotipinio kanalo. Kadangi néra jokio analizinio sprendimo apskaiciuoti sumini laidi, tai Sis
laidis skaiCiuojamas taikant skaitinius metodus (Rolf Vogel; Robert Weingart: 1998: 2). Heterotipiné
funkcija yra asimetriné ordinatés atzvilgiu.

Homomeriniai puskanaliai — puskanaliai, sudaryti i§ vieno tipo koneksiny.

Heteromeriniai puskanaliai — puskanaliai, sudaryti i§ daugiau negu vieno tipo koneksiny.

Homotipiniai plySinés jungties kanalai — kanalai, sudaryti i$ 2 vienody puskanaliy.

Heterotipiniai plySinés jungties kanalai — kanalai, sudaryti i$ 2 skirtingy puskanaliy.

Taigi, plySinés jungties kanalai gali biiti tokie:

e homomeriniai — homotipiniai;
e  heteromeriniai — homotipiniai;
e homomeriniai — heterotipiniai;

e heteromeriniai — heterotipiniai.

Ye Chen-Izu, Alonso P. Moreno ir Robert A. Spangler modelis (2001: 3)
Plysinés jungtys yra tarplasteliniai kanalai, kurie jungia gretimy lasteliy citoplazmas. Kadangi

plySinés jungties kanalas sudarytas i$ dvieju puskanaliy (koneksony), besijungianciy tiesiogiai vienas

su kitu, tai itampai jautrus kanalas yra simetriSkas homotipiniams kanalams, sudarytiems i§ dvieju
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identiSky koneksony, ir asimetriSkas heterotipiniams kanalams, sudarytiems i dvieju skirtingy
koneksony (t. y. skirtingy koneksiny kompozicijos).

Siame straipsnyje autoriai apraso varty modelj, kuris leidzia kiekybiskai aprasyti homotipiniy ir
heterotipiniy kanaly jautruma jtampai. Sj varty modelj dabar galima pritaikyti visai jtampos sriéiai,
pasalinant duomeny sujungimo ir dvieju puskanaliy sintezés apibuidinimus, kurie yra probleminiai
susiduriant su heterotipiniais kanalais. Sis modelis taip pat pateikia prakting formule perteikti
kiekybiskas kelias anksCiau kokybiskas idéjas itraukiant panasumo principa taikant varty jtampa
priimanciam puskanaliui, varty poliSkumo priskyrima puskanaliui bei sujungimo saveika tarp 2 nariy-
puskanaliy nesugadintame plysinés jungties kanale.

Autoriai pristato paprasta 4 biiseny modeli sujungti 2 narius-puskanalius nesugadintame plySinés
jungties kanale. Sis modelis taiko 3 naujas prielaidas:

1) termodinaminj susiderinimg Gibbso laisvos energijos sistemoje;

2) viena atviro kanalo laidzio ir viena uzdarojo (pasyviojo) kanalo laidzio reikSme
nesugadintam (sveikam) kanalui;

3) supaprastinima, pateikiama priimant nepriklausoma arba priklausoma varty
saveikavima (pirmas S$ig prielaida iSkélé Spray ir kiti; Sitame straipsnyje autoriai Sig prielaida
igyvendina nauja matematine iSraiska).

PriesprieSiy varty modelis plySinés jungties jtampos kitimams. [tampa krenta ant kiekvieno
puskanalio skirtinga, nes puskanaliai sujungti nuosekliai (remiantis nuosekliuoju grandinés jungimu,
U=U,+U, (U — visa jtampa, krentanti ant kanalo; U; ir U, yra atitinkamai pirmojo ir antrojo

puskanaliy itampos)). Modelio schema yra tokia (zr. 1.3 pav.):

K.
0 (o0) —* C, (co)

S

K,
C; (oc) —> C; (cc)

1.3 pav. Modelio schema

Si schema rodo, kokia naudojama pusiausvyros konstanta K; (i :1,_4) keiciantis kanalo

busenoms. Taip pat rodoma, kad kanalas gali biiti vienoje i§ 4 biiseny:
1) O (oo) — biisena, kai abu vartai (tiek kairysis, tiek deSinysis puskanalis) yra atviri (o —
»open®);
2) C; (co) — biisena, kai kairysis puskanalis yra uzdaras (c — ,,closed*), o deSinysis — atviras (0 —

,»open®);
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3) C; (oc) — biisena, kai kairysis puskanalis yra atviras, o deSinysis — uzdaras;
4) Cs(cc) — biisena, kai abu puskanaliai uzdaryti.
Pusiausvyros konstantos isreiskiamos Bolcmano sarysiu:
K; = e Vo), (1.2)
Cia: Aj (i = 1,4 ) — itampos jautrio koeficientas; V; (i = 1,4 ) — itampa pusiau maksimaliam laidziui.
Tikimybé P,, kad plySinés jungties kanalas bus atviroj biisenoj, yra apskai¢iuojama panaudojant

pusiausvyros konstantas (Zr. (1.3) formulg).

0 1
P = = ;
O+C, +C,+C, 1+K +K,+K, -K, (1.3)

¢ia: remiantis laisvos energijos keitimusi tarp dviejy biiseny pastovumu, K, -K, = K, - K. Tikimyb¢
gali buti iSreiksta ir laidziais (Zr. (1.4) formulg).
_ &n —8res .
L (1.4)

Emax ~ 8res

.. G . o o S
ia: g, =—> - normalizuotas pastovios biisenos (ss — ,,steady state*) laidis; Gy — pastovios biisenos
i

G max

laidis; G; — pradinis/momentinis laidis; gm.x = — normalizuotas maksimalus laidis (g, >1);

i

_ Gmin

g}"@S -

— normalizuotas liekamasis (res —,,residual®) (uZdaros biisenos) laidis (0< g, <1).
i

IS formulés (1.4) galima iSreiksti g, . Tada gausime (zr. (1.5) formulg)

8n :gres'i'(gmax_gres)'Po; (1.5)

Sia ir (1.3) formulémis remiasi 2 modeliai, kurie yra suskaidyti i§ §io modelio. Tai priklausomas varty
saveikavimo modelis, kai teigiama, kad kai vienas puskanalis uzdaras, tai kitas turi biiti atidarytas ir
visa jtampa krinta ant uzdaro puskanalio, ir nepriklausomas varty saveikavimo modelis, kai teigiama,

kad abu puskanaliai (vartai) veikia nepriklausomai vienas nuo kito ir {tampa krinta ant abiejy varty.
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Rolf Vogel, Virginijaus Valitino, Robert Weingart modelis (2006: 4)

Zmogaus HeLa' lasteles atitinkangios pelés lastelés koneksinas30 buvo panaudotos tirti plysinés
jungties kanalo subbiiseny elektrines savybes. Eksperimentai buvo atlikti su lasteliy poromis naudojant
dvigubg itampos-kriivio kaupimo metoda. Vieno kanalo srovés atskleidé diskrecius lygius, priskirtinus
pagrindinei bisenai, uzdarajai biisenai ir tarp Siy biiseny isiterpiancioms 5 subbiisenoms, rodancius
veikimg 6 subvarty, tiekiamy 6 plySinés jungties puskanalio koneksiny. Subbiiseny laidZiai
7 j subbusena (J = 1,_6) buvo nelygiai pasiskirstg tarp pagrindinés biisenos ir pasyvios (uzdaros) biisenos

laidZiw (7} pagrindine busena =141PS, 7 j uzdara _busena =21PS). Pirmojo subvarto suzadinimas

kanalo laiduma sumazino =~ 30%, o kity subvarty suzadinimas sumazino laidj kiekviename subvarte
10-15%. Srovés per¢jimai tarp biiseny yra greiti (< 2 ms). Subbiiseny jvykiai buvo atskirti nuo
peréjimy i pagrindinés buisenos i pagrinding biisena; peréjimai tarp subbiiseny buvo reti. Dél to
subvartai komplektuojami vienu metu, o ne i§ eilés. Subbiiseny ivykiy skai¢ius buvo didesnis prie
didesnés jtampos reikSmeés. Subbiiseny ivykiy daznis ir trukmé padidéjo didéjant sinchroniskai
suzadinty subvarty skaiciy. Matematinis modelis, apraSantis plySinés jungties kanaly veikima, buvo

iSplestas jtraukiant kanalo subbtisenas. Remiantis 1aidZiu 7; ,uerindine busena U 7 juzdara busena

jautrumu jtampai, imitacinis modelis parode, kad kiekvienos subbiisenos laidis taip pat priklauso nuo
itampos: Y j subbusena = f(Vj)-

Apibendrintas kanalo modelis naudojo itampai jautry varty kitima pereinant i§ pagrindinés
busenos i uzdara. Priklausomai nuo peré¢jimo itampos poliskumo, vienas i§ 2 puskanaliy persijungia
akimirksniu i§ auksto laidzio i Zemo laidzio biisena ir atv., kai kitas puskanalis sustoja auksto laidzio
biisenoje. Si elgsena buvo paimta modeliuoti vieno kanalo subbiisenas, t. y. kiekviena vieno kanalo
subbiisena vaizduoja vieno puskanalio subvarty suzadinima arba uZzsidaryma, kai kito puskanalio
subvartai yra nesuZadinti arba atviri. Suzadinty subvarty skaicius vaizduoja vieno kanalo subbiiseny
skai¢iy. Vieno kanalo pagrindiné biisena zymima subQ (sub — ,,subbstates™ — ,,subbiisenos*), o uzdara

bisena — sub6 (zr. 1.4 pav.).

"' HeLa lastelés — tai gimdos kaklelio vézinés lastelés kultlira, gauta i§ vienos vézinés lastelés, paimtos i§ Henrietta Lacks,
kuri miré nuo vézio 1951-10-04.
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A B
CX, CX,
— cx1
— Cx,
— —
— Cx,
— Cxg
— Cxg Vi
_ Vir/V cubn
V“ ij y:-u?m - I—nulm X
Vv, -
v,V
yHI.\ = (FH /6) Kﬁ}.}; "
yl.l\ :(1—] ‘/6])(6' e

1.4 pav. Vieno kanalo ir jo subbiiseny elektrinés schemos

Siame paveiksle vaizduojami du atvejai: A atveju teigiama, kad koneksinai Cx veikia
nepriklausomai vienas nuo kito. ypg, ir yj,.- aukSto (H — ,high®) ir zemo (L — ,,low*) laidZio
koneksino s (s = 1,_6) biisenos puskanalio r (7 = 1,_2 ), valdomo jtampos V;.. Kanalo pagrindiné biisena
sukonstruota visus jungiklius (pazyméti paveiksle lankeliais) jjungiant, o uzdara biisena — iSjungiant
arba 6 kairiuosius, arba 6 deSiniuosius jungiklius. B atveju teigiama, kad koneksinai priklausomi
vienas nuo kito. Vieno kanalo subbiisenos sumodeliuotos 7 puskanalio subbiisenomis. Kiekviena
subbiiseng (sub0-sub6) atitinkantys parametrai turi biiti suskai€iuoti atskirai. Pagrindiné kanalo buisena
sumodeliuota 1§ puskanaliy cx; ir cx; laidZiy y,;(, 0 uzdara biisena — i§ puskanalio cx; laidZio y_,, ir
i§ puskanalio cx, laidZio y,;¢. Paveikslélyje parodyty formuliy Zymenys: I'y; ir I'; — pastovaus
auk$to (H) ir zemo (L) laidZio reik§meés; I',;, — puskanalio sustojimo n-tojoje subbiisenoje laidZio
konstanta; Vi ir Vi — puskanalio pastovios aukstos ir Zemos itampos reikSmés (dazniai); Vgpn —

puskanalio sustojimo n-tojoje subbtiisenoje jtampos konstanta.
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1.2. PJK MODELIUI TAIKOMU MATEMATINIU METODU IR
PROGRAMINIU PRIEMONIU APZVALGA

Naudojamas dvigubas itampos-kriivio kaupimo metodas. Buvo atliekami elektrofiziologiniai
tyrimai su ply3inémis jungtimis, paimtomis i§ Xenopus (vandens varlés) oocity. Sitas metodas skirtas
ivertinti plySinés jungties lasteliy poravimasi. Lastelés pora (kairioji ir deSinioji lastelé) buvo skirtingai
ikrauta. Sios poros potencialas buvo lygus -60 mV, artimas lastelés pastoviam potencialui. [tampos
zingsniai buvo perduodami deSiniajai lastelei, kai jtampa buvo nekeiiama kairiojoje lasteléje.
Suzadinta srové kairiojoje lasteléje tada tapo peréjimo srove.

Duomeny analizei naudota Microsoft Office Excel 2003 programa. Buvo nustatyta, kad
geriausiai srovés gesima dél varty priklausymo nuo itampos apraSo eksponentinés funkcijos. Pradiné
srové gaunama laiko momentu, lygiu nuliui. Pastovios biisenos srové gauta artéjant eksponentinei
funkcijai | begalybe. [tampa V; gaunama kaip potencialy skirtumas tarp 2 jtampos elektrody. Pradinis
laidis G; ir pastovios biisenos laidis Ggs suskaiCiuoti atitinkamai i§ pradinés ir pastovios biisenos sroviy
(Ye Chen-Izu; Alonso P. Moreno; Robert A. Spangler: 2001: 3).

Nerijus Paulauskas sukiiré imitacinio modeliavimo programa su C# (C Sharp). Programa braizo
dviejuy varty, keturiy varty bei SeSiy varty modeliy grafikus (itampos, laidZio ir srovés stiprio
priklausomybes nuo laiko, laidzio priklausomybg nuo jtampos), atlicka modelio parametry

optimizavima. Programos langas pavaizduotas 1.5 paveiksle.

‘- [CX] Steps - Gap Junction Model

File  Wiew Actions  Window

i0-EE) |
83 (1) Plot « 3 | | Protocol Properties 1 x
Ty BT
T 1000
& T 500
% T2 500
B vo
z4 il 0
ﬁi 3 1 ] 0
2 B Vi
hax 100
L hin -100
0 : ; ! . YStep 300
a 400 00 1200 1a00 2000
T, [ms]
2 I(T) Plat - X
I(T)y
T
L}
100
= 1 | EEENIN Dodgedlue v
i O Damain
wr-300 | 4 " 01
Giow 0,25 * e"(vj/300)
400 | 1 Giov 2% e"(Vj/800)
Vo 10
-so0 1 K 0.1
\ | | | Polaity Negative
o 400 00 1200 1400 2000
T, [ms]
/6 ¥(T) Plot - X
W(T)
£ .af
E :§§ 3
® fnE

L
o 400 00 1200 1400 2000
T, [ms]

Finished

1.5 pav. GJM programos, kurtos C# programavimo kalba, langas
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Programoje galima dirbti su dvieju nuosekliai sujungty varty, 4 nuosekliai sujungty varty (kai yra
2 léti“ vartai) ir su 6 lygiagreciai sujungty subvarty imitaciniais modeliais. Galima keisti parametrus.

Vaizduojami grafikai aiskiis, matomi (galima iSsikelti grafiky langus ir padidinti, galima
padidinti kiekvieno grafiko tam tikra atkarpa).

Galima matyti reikSmes ir pasididinus grafiko tam tikra vieta. Tai yra patogu, nes rezultaty
vertinimas yra kokybinis.

Stacionariems modeliams kurti (Markovo grandiniy modeliams) buvo pasirinkta programavimo
kalba MatLab, kadangi modeliuose naudojami masyvai ir vektoriai ir atliekami veiksmai su jais.

Programa atlikta MatLab 2010 a versija. Programos langas pavaizduotas 1.6 paveiksle.

Gl B
File  About »
Left Hemichannel
A= 0.1 | imv Bar of a conductance of a channel (depending an a state)
P= 1 | const
Wi= [ 40 | omy
s U l const State T Volbage Caonductance ] At
Titne= | 1000 | ms 1 i ] 50 =.87 | t
z =B a2
melere MR ) 2 1 53.6351 §.32... -
[iise BEAASS el T 2 57.8750 L.12 =4
Right Hemichannel = =
P =
o e 3 62.8945 0.0013 &
= 5 4 68,9477 0.0147 s 3
By = L i 6 5 76.4215 0.169%1 g
W= [ 40 ] mv s : : g
o = € 85.9427 1.6101  § g
Time= [ 1000 | ;g E
pcdec= | 0.1 | canst 1
pdcec = 0.1 | const
e 100 | my 1]
i z 0 1 2 3 4 3 5
Mmin= | -100 | mY a state of a left hemichannel, const.
Wstep= [ 10 | '’
s — Yoltage Conductance Conductance dependence on voltage
ks M 1 -100 5.&361 4| 7 . . .
Channels | 1 | const B _an 5.6713 | | | i
3 -80 5.7065
4 -70 5.7416
S -60 5.7767
6 =50| 5.8112
7 -40 5.8450
8 -30 5.8772
9 -20 5.92067
10 =10| 5.9316
11 0 5.5487 + 3 g
= | 0
1a R A0 &0 0 0 100
W,

1.6 pav. GJIM Markovo modeliy programos langas

Programoje galima dirbti su 6 modeliais: 4 diskretaus laiko Markovo grandiniy (2 buseny 6 ir 12
koneksiny ir 3 biiseny 6 ir 12 koneksiny) ir 2 tolydaus laiko Markovo grandiny (2 biiseny 6 ir 12
koneksiny). Rodomi rezultatai vieno kanalo arba kanaly (priklausomai nuo to, koks nustatytas skaicius
,»,Channels* laukelyje) prie nustatytos vienos itampos reikSmés V, taip pat rodomi rezultatai, esant
intervalui V (nuo minimalios ,,V min* iki maksimalios ,,V max* jtampos reikSmés zingsniu ,,V step*).

Grafikai rodomi yra 2: vienas rodo laidzio vertg, esant skirtingai blisenai (uzsidariusiy koneksiny
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skaicius nuo 0 iki 6 uZzsidariusiy koneksiny), kitas rodo laidZio priklausomybés G(V) (pikosimensai)
grafikg nuo itampos V (milivoltai).

Kadangi Nerijaus Paulausko programoje néra nagriné¢jami kanalai, kuriy kiekvienas koneksinas
gali biiti 3 biisenose, tai dar buvo naudotasi Sauliaus Vaiceliiino kurta programa, kuri analogiska

Nerijaus Paulausko programai, todél programos langas nepateikiamas.

1.3. REIKALAVIMAI KURIAMIEMS MODELIAMS, ALGORITMAMS,
PROGRAMINEI JRANGAI IR ATLIEKAMIEMS TYRIMAMS

Specialiy reikalavimy algoritmams ir programinei jrangai néra. Svarbu, kad bty iSlaikyta

modelio struktiira ir grazinti reikiami rezultatai.

1.4. DARBE SPRENDZIAMI UZDAVINIAI

1. Sudaryti plySinés jungties (PJ) 6 modelius:

a) diskretaus laiko Markovo grandinés 6 koneksiny, kuriy kiekvienas gali biiti 2 biisenuy (arba
atviras, arba uzdaras), modeli;

b) diskretaus laiko Markovo grandinés 12 koneksiny, kuriy kiekvienas gali buti 2 biiseny (arba
atviras, arba uzdaras), modeli;

¢) tolydaus laiko Markovo grandinés 6 koneksiny, kuriy kiekvienas gali biiti 2 biiseny (arba
atviras, arba uzdaras), modeli;

d) tolydaus laiko Markovo grandinés 12 koneksiny, kuriy kiekvienas gali biiti 2 biiseny (arba
atviras, arba uzdaras), modelj;

2. a)-b) modelius, kai koneksinas gali biiti 3 biiseny (arba atviras, arba uzdaras, arba visisSkai

uzdaras).
3. Atlikti 1 punkte sudaryty modeliy analiz¢ (palyginti gautus modeliavimo rezultatus su

imitacinio modeliavimo rezultatais).
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2. METODOLOGINE DALIS
2.1. PJK KONCEPTUALUSIS MODELIS

Kanalas sudarytas i§ dviejy nuosekliai sujungty puskanaliy. Puskanaliai yra nepriklausomi vienas
nuo kito. Kiekvienas puskanalis yra sudarytas i§ SeSiu koneksiny (subvarty) (schema buvo pateikta
ankséiau (zr. 1.4 pav. A)), kurie gali biiti arba atviroj (angl. open, high), arba uzdaroj (angl. closed,
low, residual) busenoj. Kiekvieno puskanalio koneksinas (subvartas) apibiidinamas laidumu g, kuris
priklauso nuo pridedamos itampos ir nuo biisenos, kuri keiciasi keiCiantis jtampai. Per¢jimai tarp
buseny gali biiti 4 (Zr. 2.1 pav.):

e pereis i§ atviros (angl. o - open) { uzdara (angl. ¢ - closed);
e pasiliks toje pacioje biisenoje (0) (vadinasi, pereis | atvirg);
e pereis i§ uzdaros (c) i atvira (0);

e pasiliks toje pacioje biisenoje (c).

- G T

2.1 pav. Per¢jimai tarp buseny

Foe

pCO

Vadinasi, peréjimy tikimybés gali biiti 4 (zZr. (2.1) - (2.4) formules).

— K i k .
Poc = 1+ i 2.1
Poo =1=Pocs 2.2)

K
=— 2.3
Peo 1+ k 2.3)
Pec =1=Peos 2.4)
tias ke = 4

IT — itampos poliskumas (+1 arba -1);

A — kanalo kairiojo arba deSiniojo puskanalio kiekvieno koneksino jautrio koeficientas;
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K — kanalo kairiojo arba deSiniojo puskanalio koneksiny biiseny reguliavimo konstanta (sumazinanti
tikimybe koneksinui pasilikti toje pacioje biisenoje).

V. —kanalo kairiojo arba deSiniojo puskanalio jtampa, priklausanti nuo pusés maksimalaus laidZio.

Sis modelis yra stochastinis ir modelio parametrai (jtampa, laidis, srovés stipris) yra priklausomi
nuo laiko.

[tampa krinta ant viso kanalo. Kadangi kanalas sudarytas i§ 2 nuosekliai sujungty puskanaliy, tai

visa kanalo jtampa yra V=V,+V,, o laidis 2 puskanaliy yra g :&, o kadangi kiekvieno
g +t&

puskanalio 6 koneksinai sujungti vienas su kitu lygiagreciai, tai kairiojo puskanalio g;=visy kairiojo

puskanalio koneksiny laidziy suma. Tada kanalo laidZzio formulé (zr. (2.6) formulg). Kiekvieno

koneksino (subvarto) laidis priklauso nuo biisenos funkcijos ir pridedamos jtampos (zr. (2.5) formulg;

Uik (t,y+1) — kiekvieno kanalo kiekvieno puskanalio koneksino jtampa laiko momentu ¢,,, ).

r?H exp(?—lg} jei sikj(tm)zo,
H
glk](tm) f(Sikj(tm)’ulk](tm))_ r Yo
—L'exp(l—kjj, jei sig(ty)=c, 2.5
6 Vi

¢ia: Vg ir Vi — aukstos (H) (800 mV) ir zemos (L) (300 mV) jtampos daZniai;

Iy ir I'L — auksto (H) (12) ir Zemo (L) (1,5) laidZio daugikliai.

&a: u;(t,, ) — i-tojo kanalo jtampa,
Uiy = U (tm) — kairiojo (k=/)/desiniojo (k=r) puskanalio koneksiny jtampa,
Sikj (zm ) € {0, c} — kairiojo (k=/)/desiniojo (k=r) puskanalio koneksiny biisenos,

gikj (¢,,) —kairiojo (k=I)/desiniojo (k=r) puskanalio koneksiny laidziai.

6

6
gilj(tm)' 2 girj(tm)
j=1 j=1

giltm)= (2.6)

6 6 ’
> gipjltm)+ X girjlt)
j=1 j=1

éia:

g; (lm) — i-tojo kanalo laidis,
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- (¢, ) — kairiojo puskanalio koneksiny laidZiai,

8 (tm) - desiniojo puskanalio koneksiny laidis.

Skai¢iuojamas laidis g(t,,) laiko momentu ¢, ;. Kadangi sistema sudaro ne vienas kanalas

(7r. 2.2 paveiksla), tai susumuoty kiekvieno kanalo laidziy reikimé dalinama i§ kanaly skaidiaus. Sis
modelis yra imitacinis, kuris buvo atlieckamas Nerijaus Paulausko. Remiantis Siuo modeliu,

tolimesniuose skyriuose bus nagrinéjami kiti modeliai, kuriami remiantis Markovo grandiniy teorija.

I kanalas

K-tasis
kanalas

) R

(R | |G

G

©,

2.2 pav. PJ schema

2.2. PJK DISKRETAUS LAIKO MARKOVO GRANDINES (DLMG)
MODELIAI

Siame skyriuje bus aptarti diskretaus (2.3 skyriuje tolydaus) laiko Markovo grandinés modeliai,

kuriais bus tikrinamas imitacinis modelis, aptartas 2.1 skyriuje.
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2.2.1. PJK DLMG 6 KONEKSINU 2 BUSENU MODELIS

Sis modelis apra$ytas straipsnyje, kuris skelbtas ir internete (Aurelija Sakalauskaité; Henrikas
Pranevicius; Mindaugas Pranevicius; Feliksas Bukauskas: 2011: 5).

PJK sudarytas i§ 2 nuosekliai sujungty puskanaliy: kairiojo ir desiniojo. Kiekvienas puskanalis
sudarytas i§ 6 pora formuojanciy koneksiny. Kiekviens koneksinas gali biiti 2 buiseny (zZr. 2.1 skyriu).
Tariama, kad tik kairiojo puskanalio koneksinai kei¢ia biisenas, o desiniojo puskanalio koneksinai yra
atviri (zr. 1.4 paveiksla). PJK yra veikiamas jtampos V ir dél to kiekvienas koneksinas keicia blisena
o<>c. Kaip buvo aprasyta ankstesniuose darbuose (Rolf Vogel; Robert Weingart: 2002: 1), (Ye Chen-
Izu; Alonso P. Moreno; Robert A. Spangler: 2001: 3), (Rolf Vogel; Virginijus Valiiinas; Robert

Weingart: 2006: 4), peréjimy tikimybés tarp atviros ir uzdaros biiseny aprasomos tokiais sarysiais:

K k4, PV, Vo)

A, P Vs Vo) =
Poc( left>V0) L+ k4, P, Vit %) 2.7
yra per¢jimo o—c tikimybé;
pOO(A’P’I/]eﬁaVO):1_poc(A’PaI/]eﬁ’V0) (2.8)
yra tikimybé pasilikti atviroje biisenoje;
(A4, P, V15,V0) = K
Pco\As L5V [eft V0 1+k(A,P, Vleﬁ,VO) 2.9)
yra per¢jimo c—o tikimybé¢;
pcc(AaPaVle;ﬂ’VO)zl_pco(AaPaVle_‘ft»Vo) (2.10)
yra tikimybé pasilikti uzdaroje busenoje (zr. 2.1 paveiksla); ¢ia k(A, P.Viefi, V0)= eA’(P'Vleﬁ _VO) ; Pyra
itampos poliskumas (+1 or -1);
V. 8right (V - Vleft (Sl‘ep - Ln)’ P)
Viese (step,n) = : @.11)
8left (Vleft (Sl‘ep -1, n)’ P)+ Eright (V - Vleft (Step -1, n)= P) :

éia:
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Eright (V ~Viefi (Step - l,n), P): 6-8o (V ~Viefi (Sfep -1, n),P) (2.12)
yra desiniojo puskanalio laidis ir

Clefi (Vleﬁ (step —1,n), P) =(6-n)-g, (Vleﬁ (step —1,n), P)+ n-g. (Vleft (step —1,n), P) (2.13)

yra kairiojo puskanalio laidis; n=0,6; step=1,100; Pij (A, P Veqay Vo) (i€do,ch;jeloct) —

tikimybé »n = 0,6 uzdary koneksiny pereiti i§ atviros (o)/uzdaros (c) biisenos i atvira (o)/uzdara (c)
bisena su kanalo poliskumu P ir itampa V; 4 — koeficientas, apibtidinantis itampos intensyvuma
(1/mV); K — kanalo kairiojo puskanalio koneksiny biiseny reguliavimo konstanta (sumazinanti
tikimybg koneksinui pasilikti toje pacioje biisenoje); ¥, — puskanalio jtampa, priklausanti nuo pusés
maksimalaus laidZio (mV); Vj; — kairiojo puskanalio itampa (mV); V. (step,n) — itampa, kai n
koneksiny yra uZzdari ir (6—n) yra atviri; step — Zzingsniy skaiCius, su kuriuo pasiekiamas
nusistovejusios {tampos Ve,q, vektorius, kurio reikSmés yra 7 galimy buseny itampy vertés.

Tariama, kad pradinés salygos tokios: step =0,0 V' =0 mV.

Kiekvieno koneksino laidis g, priklausantis nuo {tampos Vi ign» gali kisti keiCiantis
koneksino atviros biisenos laidZiui g, =2 su pasirenkamais vienetais pikosimensais (pS) su uZdaroje
biisenoje i8siskirian¢iu liekamuoju (angl. residual) laidziu g, =0.25 pS. Be to, tariama, kad g, ir g,

reik§mes reguliuojamos, t.y., priklauso nuo Vjef /g, eksponentiskai:

P Vs 1 vight

2o Vieft / vight»P)=2-¢ 30, (2.14)
PViefi
2 Ve, P)=0.25-¢ 300, (2.15)

Cia: Vief; / rign: — kairiojo arba desiniojo puskanalio jtampa.

Kai kiekvieno koneksino laidZiai yra g, (Viefi/ right » P) 1t &¢ (Viefy - P) , tai PJK laidis randamas,
naudojantis Markovo grandine.

Markovo grandiné — tai stochastinis diskretaus laiko procesas {X,,n=0,l,...} su reikimémis
(busenomis) i€Z", kai bet kokiam buseny rinkiniui = i,...,7, ;i,j galioja salyga

PX,,=jlX,=iy0 X, , =0 ,,X,=0)=P(X,,,=j| X, =10).

n—
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Kadangi nagrinéjami kanalo kiekvieno puskanalio 6 koneksinai yra nuo laiko nepriklausomi, tai

Markovo grandiné yra homogeniné ir peré¢jimo tikimybés nepriklauso nuo laiko ir Zymimos taip:

p; =P(X,,=j|X,=i); ¢ia p, — tikimybe¢, kad i$ bisenos i per vieng Zingsni pereinama i

biisena j. Sios tikimybés apibrézia peréjimo tikimybiy matrica (Zr. konkrety atveji — (2.16) formulg)

perejimo _matrica = (( p; )) (Eugenijus Manstavicius, 2007: 6).

Poo
Pio
P
perejimu _matrica =| ps,
Pao
Pso
Peo

Yra 7 biisenos, t.y., biisena n = @ :

Poi

Po
P
P
P3
P
Psy
Pe

Pos
Pi3
P
P33
Pss
Ps3
Ps3

Poa
Py
Py
P34
P
Psa
Pea

Pos

Pss (2.16)

0 — biisena, kad 0 koneksiny uzdaroje biisenoje, o 6 koneksinai bus atviroje biisenoje;

1 — biisena, kad 1 koneksinas uzdaroje biisenoje, o 5 koneksinai atviroje blisenoje;

2 — biisena, kad 2 koneksinai uzdaroje biisenoje, o 4 koneksinai atviroje biisenoje;

3 — biisena, kad 3 koneksinai uzdaroje biisenoje, o 3 koneksinai atviroje biisenoje;

4 — biisena, kad 4 koneksinai uzdaroje biisenoje, o 2 koneksinai atviroje blisenoje;

5 — busena, kad 5 koneksinai uzdaroje biisenoje, o 1 koneksinas atviroje biisenoje;

6 — biisena, kad 6 koneksinai uzdaroje biisenoje, o 0 koneksiny atviroje biisenoje.

Sudarome biiseny grafa:

P22

2.3 pav. PJK kairiojo puskanalio buseny grafas
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Cia pavaizduotas ne visas biiseny grafas (7r. 2.3 paveiksla). Ne tik biisena 0 gali pasikeisti i
busenas 1, 2, 3, 4, 5, 6, bet ir buisenos 1, 2, 3, 4, 5, 6 gali pereiti | kitas buisenas (pavaizduota
daugtaskiais). Siame paveiksle pavaizduotos tik 25 peréjimy tikimybés. Ju i§ viso yra 49.

Pradingje matricoje ,,perejimu_matrica“ (zr. (2.16) formule) peréjimo tikimybé pg reiskia, kad i$
0 koneksiny, esanc¢iy uzdaroje biisenoje, ir 6 koneksiny, esanciy atviroje biisenoje, pereinama i ta pacia
busena 0 (t.y. i 0 koneksiny, esan¢iy uzdaroje biisenoje, ir 6 koneksiny, esanciy atviroje biisenoje).
Analogiskas aiskinimas ir su kitais matricos ,,perejimu_matrica“ elementais.

Teigiama, jog vieno kanalo puskanaliai yra vienodi. Tai skaiciuoti belieka tik vieno puskanalio
koneksiny uzsidarymy tikimybes, kai kito puskanalio koneksinai yra atviri.

Peré¢jimy tikimybés skaiCiuotos, remiantis Sveicary matematiko J. Bernulio formule. Tariama,
kad puskanaliai veikia nepriklausomai vienas nuo kito. Kadangi tiriame tik viena puskanali, tai to
puskanalio 6 koneksinai veikia taip pat nepriklausomai vienas nuo kito. Tarkim, turim vieng koneksina

i$ 6, kuris uzsidaro. Tai nesvarbu, kuris i§ jy uzsidarys. 6 koneksinai yra sujungti lygiagrec¢iai vienas su

kitu.
k _k —k
Pr,(k)=Cy -p"-q"", (2.17)
! S —
¢ia: C,lf = ﬁ — deriniy formulé; n! — skaiCiaus n faktorialas; £k =0,n, n=0,6; k — skaiCius
n—k)

karty, kai jvyksta ivykis; p — per¢jimo tikimybé o—c (c—0); g — per¢jimo tikimybé (1 - p), t.y., 0—o0
(c—o0).

Kiekvienai peréjimo tikimybei skaiciuoti atliekami J. Bernulio eksperimentai. J. Bernulio
eksperimentai — tai nepriklausomi ekperimentai, kuriy kiekvieno metu gali ivykti tik jvykis M
(apibtidinantis koneksino peréjima o—c) arba jam prieingas jvykis M (apibiidinantis koneksino
peréjima o—o0) su nekintanc¢iomis visuose eksperimentuose tikimybémis (Algimantas Aksomaitis,

2002: 7) Poc(APVsteadys Vo )= PrM) s Poo (4 PV geaay Vo )= 1-Pr(M) = Pr(M) ir ivykis N

(apibidinantis koneksino peréjima c—o0) arba jam prieSingas ivykis N (apibudinantis koneksino
peréjima c—c) su nekintaciomis visuose eksperimentuose tikimybémis p,., (A,P, Vmady,VO): Pr(N)
it Pec (4 P.VygeaaysVo )= 1-Pr(V) = Pr(N).

Kairjji puskanalj, sudaryta i$ 6 koneksiny, skaidome i dvi koneksiny grupes: atvirus koneksinus
(I grupé) ir uzdarus koneksinus (II grup¢). Nagrinéjamos busenos, i kurias pereina I ir I grupés
koneksinai. Taigi, yra pradiné biisena (n.,n,); ¢ia n. — uzdary koneksiny skaiCius ir n, — atviry
koneksiny skai¢ius. I§ pradinés biisenos sudaromos dvi naujos biisenos: viena nauja biisena suformuota

i§ I grupés koneksiny ir vadinama kita busena (n. —k,k); ¢ia k=0,n.; ir kita nauja biisena
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suformuota i$ II grupés koneksiny ir vadinama kita busena (I,no —I); ¢ia lzm. I ir 1T grupés
koneksinai keiCia busenas nepriklausomai vieni nuo kity ir sudaro visas galimas busenas
(n,—k,k Lny,—1)=(n,—k+1k+n,~1) ir, naudojantis (2.7)-(2.10) formulémis, gaunamos
peréjimy tikimybés

_ he—k ne—k k  ~ng=l ng—=l |
P (ne—k+1) _Cnc nece £ngco Cno neoc £ nq00 (2.18)

Cla: n=nc =n, =0,6; pp i = Pk (PsVteaay (ne)) s me {0, c};k € {o,c}; P —poliSkumas.

Kai kurios biisenos yra vienodos, taciau ju kombinacija, sudaryta i§ I ir Il grupiy, yra skirtinga.

Dé¢l to naudojama adityvumo tikimybiné aksioma (Algimantas Aksomaitis, 2002: 8), kuri teigia
Pr(aibel U aibe2) = Pr(aibel) + Pr(aibe2), 2.19)

¢ia: aibel(\aibe2 =0, aibél — viena aibé, sudaryta i I ir Il grupés koneksiny; aibé2 — kita aibé,
sudaryta i§ I ir II grupés koneksiny; aibél U aibé2 —1ir Il grupiy aibiy sajunga; Pr — tikimybé.
Pavyzdziui, kairiojo puskanalio koneksinai iSsidéste taip: busena (1,5). I grupés koneksinai
tuomet pereis | blisena kita busena (1—k,k); ¢ia: k :0_,1, ir I grupés koneksinai pereis | biisena
kita busena (1,5—1); Gia: [=0,5. Taigi, sujungus Dekarto sandauga Sias dvieju grupiy busenas
gaunama (1-k,k 1,5-1)=(1—k+1,k+5-1) (2. (2.18)-(2.19) formules).
Sudarius perejimy matrica stacionariosios tikimybés p;; j :O_,6 randamos i$ tiesiniy lygéiy

sistemos:

Pj=2pi; pi;j=00,

i=0
; (2.20)
2 p;=1

éia: Pij matrica, kai i=0,6, j=0,6.

Radus stacionariasias tikimybes skai¢iuojamas PJK laidis g; (V,V.5.n):

Pn - &lefi (Vleﬁ ,P)-g right (Vright P)
AV Vis.n)=
gl( left n) gleft (Vleft9P)+ gright (Vrighhp)

’ 2.21)
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¢ia: p, — stacionarioji tikimyb¢ blisenos n = @ , kuri rodo, kiek koneksiny yra uzdaryty;
81eft Viepi» P)= (6 =18 Ve P+ 18 Vi, P) 2.22)
yra i-tojo PJK kairiojo puskanalio laidis;
Eright (Vright ’ P) =6-g, (Vright . P) (2.23)

yra i-tojo PJK deSiniojo puskanalio laidis; g;(V,V4,n) — i-tojo PIK n=0,6 bisenos laidis;

Vleﬁ = Vsteady > Vright =V - Vsteady'

Kadangi PJ sudaryta i§ daugiau nei vieno kanalo, tai esant nusistovéjusiai blisenai ir nustatytai

itampai V laidis
J
gV Vi, P) = Egi V' Vief» P (2.24)
¢ia:
6
&i(VViefi, P) = ’EO &V Vief> P,n) (2.25)

ir j — PJ kanaly skaicius.
2.2.2. PJK DLMG 12 KONEKSINU 2 BI_JSENU MODELIS

Sis modelis remiasi 2.2.1 skyriuje aprasytu modeliu. Siame modelyje tiek kairiojo, tiek desiniojo
puskanaliy jtampa yra kintanti, t.y., kei¢ia biisenas tiek kairiojo, tick desiniojo puskanalio koneksinai,
nepriklausomai vieni nuo kity. Todél ieSkoma nusistovéjusi jtampa (zr. (2.26) formulg). Pradiniame

zingsnyje (i=0) tariama, kad tiek kairiojo, tiek deSiniojo puskanaliy koneksinai yra atviri, t.y.

Viefi(right),0 =0-

V- right(left) (V(right)left,i—l )
8left (Vleﬁ,i—l )+ 8right (Vright,i—l ) ’ (2.26)

Vleft(right),i =

éia:

V — kanalo jtampa (mV);
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8left (Vzeﬁ,i )=6-n, left) 8o left (Vzeﬁ,i )+n, et " 8clefi (Vzeﬁ,i )~ kairiojo puskanalio

laidis, priklausantis nuo kairiojo puskanalio jtampos; Ne lefi = 0,6 — kairiojo puskanalio uzsidariusiy
koneksiny skaicius;

Eright (Vright,i )= (6-n¢ right) 8o right (Vright,i )+, _right *8c _right (Vright,i ) —  desSiniojo

puskanalio laidis, priklausantis nuo deSiniojo puskanalio itampos; 7. ,;gp = 06 — desiniojo

puskanalio uzsidariusiy koneksiny skaicius;
PViefi(right).i
o lefi(right) (VIeﬁ(right), i): 2-¢ 800 — kairiojo (desiniojo) puskanaliy koneksino laidis,
kai koneksinas yra atviras;
P-Viefi(right),i

gcileﬁ(right)(VIeﬁ(right),i):0'25'e 300 — desiniojo (kairiojo) puskanaliy koneksino

laidis, kai koneksinas yra uzdaras;

= laisteady > isteady — Zingsnis, kai Vleﬁ(right),i = Vleft(right),i—l'
Kai Viefiright),i = Viefi(right),i-1> 1l Zymima Viegrighty = Viefi(right)igroaqy

Markovo modelis sudaromas norint rasti stacionariyjy tikimybiy vektoriy p. Sudaroma peré¢jimy

matrica (pl-’ j); i=048; j= m Kad biity gauta tokia matrica, nesudaroma biiseny aibé taip, kaip

tai buvo atlikta 2.2.1 skyriuje, o tiesiog pasinaudojama formulémis (2.18)-(2.19) ir pavadinama pirmoji
matrica kairiojo puskanalio peréjimy matrica (perejimu_matrica_kp), ir analogiSskai sudaroma
desiniojo puskanalio peréjimy matrica (perejimu_matrica_dp). Tai abieju puskanaliy bendra peré¢jimy

matrica (perejimu_matrica_bendra) bus tokia:

perejimu _matrica _bendra = perejimu _matrica _kp(i, j) -

- perejimu _matrica _dp (2.27)

¢ia: i=0,48 ir j=0,48 reprezentuoja buseny 7, lefi(right) =O_,6; Mo lefi(right) =T6 Dekarto

sandaugas.

Kadangi kairiojo ir deSiniojo puskanaliy koneksinai kei¢ia blisenas nepriklausomai vieni nuo kity, tai
kiekvienas kairiojo puskanalio per¢jimy matricos elementas yra dauginamas i§ visos deSiniojo
puskanalio peréjimy matricos.

Sios matricos (zr. (2.27) formule) kiekvienos eilutés elementai yra normuojami, t.y.,
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perejimu _matrica _bendra; ;

perejimu _matrica _ bendral-’ i =g J ;
> perejimu _matrica _bendra; i (2.28)
k=0

¢ia: i =0,48; j =0,48.

Normuojama dél to, kad matricos kai kuriy eilu¢iy elementy suma néra lygi vienetui (o artima
vienetui) dél peréjimy matricos dirbtinio formavimo (t.y. sudarymo i§ kairiojo ir deSiniojo puskanaliy
peré¢jimy matricy).

Remiantis gautaja per¢jimy matrica, randamas stacionariyjy tikimybiy vektorius p. Radus

vektoriy suskaiCiuojamas i-tojo kanalo laidis

48 Pindeksas ’gleﬁ(Vleﬁ) " Eright (Vright) .

gi= X :
: indeksas=0 gleﬁ(l/}eﬁ)+gright(Vright) (2:29)

¢ia:
Pindeksas — Stacionarioji indeksas = 0,48 busenos tikimybe;

Slefi(right) (Vleﬁ(right)) — kairiojo arba deSiniojo puskanalio laidis, gautas, esant nusistovéjusiai

itampai Vleft(right) .

2.2.3. PJK DLMG 6 KONEKSINU 3 BUSENY MODELIS

Sis modelis remiasi 2.2.1 skyriuje aprasytu modeliu. Kiekviens koneksinas gali biiti 3 bisenu:
atviras (angl. open (zymima o)), uzdaras (angl. closed (zymima c)) ir visiS8kai uzdaras (angl. deep
closed (zymima dc)). Tariama, kad tik kairiojo puskanalio koneksinai kei¢ia biisenas, o deSiniojo
puskanalio koneksinai yra atviri (Zr. 1.4 paveiksla). PJK yra veikiamas itampos V ir dél to kiekvienas
koneksinas keicia blisena o<>c ir c<>dc. Kaip buvo aprasyta ankstesniuose darbuose (Rolf Vogel;
Robert Weingart: 2002: 1), (Ye Chen-Izu; Alonso P. Moreno; Robert A. Spangler: 2001: 3), (Rolf
Vogel; Virginijus Valilinas; Robert Weingart: 2006: 4), peréjimy tikimybés tarp atviros ir uzdaros
biliseny aprasomos sarysiais (2.7)-(2.8), o sarysiai (2.9)-(2.10) yra Siek tiek keiciami (zr. (2.30)-(2.31)
formules) ir dar papildomai jvedamos tikimybés

Pede — tikimybeé koneksinui pereiti 1§ uzdaros ,,c* biisenos 1 visiSkai uzdara ,,dc*;

ir

Pdce — tikimybé koneksinui pereiti i§ visi$kai uzdaros ,,dc* biisenos { uzdara ,,dc*;

Pdcde =1— Pdcc -
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Tikimybés p.j. it pge. yra pasirenkamos laisvai, t.y., jos kinta intervale [0;1]. IS buvusiy
tikimybiu p., ir p,. (zr. (2.9)-(2.10) formules) sudaromos naujos tikimybés p., ,ew IT Pec new
(zr. (2.30)-(2.31) formules), kurios susietos tikimybe p g .

pcoinew(AaP>Vleft’V0>pcdc) = pco(AaP’VlethO)'(l_pcdc) (2.30)
yra nauja peré¢jimo c—o tikimybe;

pccinew(AaP’ Vleft’VO’pch) = Pec(4, P, VleftaVO)'(l — Pede) (2.31)

yra nauja tikimybé pasilikti uzdaroje biisenoje (Zr. 2.4 paveiksla); P yra jtampos poliskumas (+1 or -1).

Poc Pcde

/\

N
oo
O

Pco new

Pdce

Pcc  new

2.4 pav. Peré¢jimai tarp 3 biiseny

KeiCiama kairiojo puskanalio laidzio formulé (Zr. (2.13) formulg), nes pridedama biisena

,,visiSkai uzdara“ (zr. (2.32) formulg).

8lefi (Vzeﬁ (step —1,n).Pnge.ne.ny)=ng. - g, (Vzeﬁ (step —1,n),P)+

+n.-g, (Vleﬁ (step — 1,n),P)+ Ny, gy (Vleﬁ (step -1, n), P) (2.32)

¢ia: n = 1,78, nes tiek yra galimy susidaranc¢iy biiseny, t.y., 6 = n;. +n. +n, , kai

ng. = 0,6 — visiskai uzdary koneksiny skaicius,

n. = 0,6 —uzdary koneksiny skaicius,

n, = 0,6 —atviry koneksiny skaicius.
Taigi, n yra galimy kombinacijy, sudaranciy suma 6, skaicius.
Markovo grandinés peré¢jimy matrica Siuo atveju bus 28x28 dydzio, nes yra 28 galimos biisenos.

Taip pat pakinta peréjimy matricos sudarymo formulé, t.y. formulé (2.18) kei¢iama i (2.33) formulg
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_lde =X Nge—X x
pndw”c»”o T Tnge Pacc  Pcde

nc! Nge—X _Nn,—Yy ny—2Z
. “Ped Pcé newPecd new” .
L 2:33)
No—2 n,—z z
'Cnoo Pol " Poo
Sla: n=ng. =n.=n,=0,6; pup(P, Viteaay(®)) — peréjimy tikimybeés, minétos —anksciau;

ae {o,c};b € {o,c}; a,be {c,dc}, x=0,n4.,y=0,n.,z=0,n, ; P—poliSkumas.

Formulé (2.33) savo struktiira panasi i formulg (2.18), taciau (2.33) koneksiny grupés yra 3, o ne
2: ng.,n.,n, . Turint 28 kombinacijas, kurios sudaro suma 6, kiekviena tokia kombinacija skaidoma |
3 grupes: 1) {ny.,0,0}; 2) {0,n.,0}; ir 3) {0,0,n,}. Kiekviena i§ $iy grupiy taip pat sudaro
kombinacijas, kuriy sumos atitinkamai lygios n;., n. ir n,. Formulei (2.33) panaudota ne tik
binominis skirstinys, bet ir bendresnis atvejis — multinominis skirstinys. Sis skirstinys reikalingas, nes
antroje grupéje {O,nc ,0} 1§ uzdaros biisenos koneksinas gali pereiti ne tik | atvira blisena arba pasilikti
toje pacioje uzdarytoje biisenoje, bet ir pereiti i visiSkai uzdara busena. Todé¢l Siuo atveju yra jau trys
galimos tikimybés: tikimybé pereiti koneksinuo i$ uzdaros busenos i visiSkai uzdarg biisena, tikimybé
pasilikti koneksinui uzdaroje biisenoje, tikimybé pereiti koneksinui i§ uzdaros buisenos i atvirg biisena.

Sudarius peréjimy matrica spredziama Kolmogorovo-Capmeno lygéiy sistema ir gautos

tikimybés panaudojamos plysSinés jungties kanalo laidziui skaiCiuoti (formulés analogiskos (2.20)-

(2.25) formuléms, iSskyrus tai, kad $iuo atveju n =1,28 arba kitaip tariant n yra iSskaidyta i tris grupes:

nge +hp. +n, =6;ny. =0,6,n. =0,6,n, =0,6).

2.2.4. PJK DLMG 12 KONEKSINU 3 BUSENU MODELIS

Sis modelis savo struktiira panasus i 2.2.2 skyriuje apradyta modelj, ta¢iau fomulés tokios, kaip
pateiktos 2.2.3 skyriuje, t.y. peréjimy matrica, laidziy formulés yra tokios, kaip pateiktos 2.2.3
skyriuje.

Kiekviens koneksinas gali biiti 3 biiseny: atviras (angl. open (Zymima o)), uzdaras (angl. closed
(zymima c)) ir visidkai uzdaras (angl. deep closed (zymima dc)). Siame modelyje tiek kairiojo, tiek
desiniojo puskanaliy itampa yra kintanti, t.y., kei¢ia biisenas tiek kairiojo, tieck deSiniojo puskanalio
koneksinai, nepriklausomai vieni nuo kity.

IS esmés Sis skyrelis analogiskas 2.2.2, i§skyrus tai, kad indeksacija yra 0,(28-28)—1, o ne

0,(7-7)—1 ir, kaip minéta aukSc¢iau, peréjimy matrica ir laidziy formulés 2.2.3 skyrelio.
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2.3. PJK TOLYDAUS LAIKO MARKOVO GRANDINES (TLMG)

MODELIAI
2.3.1. PJK TLMG 6 KONEKSINU 2 BUSENU MODELIS

Sis modelis yra kuriamas panasiai, kaip ir modelis, apraytas 2.2.1 skyriuje, i§skyrus tai, kad &ia
bus kuriama tolydaus laiko Markovo grandiné.

Tolydaus laiko Markovo grandiné — tai stochastinis procesas {X ®),t2 0}, kurio buiseny aibe yra

baigtiné {0,1,2,...} ir turintis Markovo savybe
Pr(XsH =Xy =Xy = X :il):Pr(XsH =Xy =i) V> 0,555, >..>5 20 ir
i,jipeZ".

Apibréziama dazniy matrica Q, kuri yra iS§vestiné tikimybiu ivykiy, kintan¢iy per be galo maza
laiko intervala. Tariama, kad koneksinai gali keisti buseng per vieng Zingsnj dazniu n-A,. (V5 ) (Cia:

— p (A’ P, Vl 3 ) . v
=06, Aoe Viest) = ——~ gy i 1 2o Vigft) (sia:
time of _a connexin

_ APV,
n= 056 B /16‘0 (Vleft) = pCO( Ieﬁ)

- —; time_of a_connexin — koneksino buvimo toje pacioje
time _of _a_connexin

busenoje laikas (jvedama vartotojo reikSmé programoje)). Taigi, naudojamasi tik 2 tikimybémis, nes,
remiantis tolydaus laiko Markovo grandinés teorija, koneksinai pasilikti toje pacioje biisenoje negali (6

koneksiny buseny grafas parodytas zemiau).
6/100 5/100 4/100 3/100 2’/100 //LOC
/ICO 2/100 3/100 4/100 5/100 6/100
2.5 pav. Kairiojo puskanalio biiseny grafas su dazniais

Remiantis 2.5 paveiksle pavaizduotu grafu, sudaroma dazniy matrica:
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~64p¢ 62p¢ 0 0 0 0 0
2eo (oo +50c) 50pc 0 0 0 0
0 220 —(24,0 +42,,) 4200 0 0 0
o= 0 0 32co ~(34¢0 +324¢) 3 e 0 0 2.34)
0 0 0 420 — (44,0 +22,,) 2Apc 0 )
0 0 0 0 520 ~(52¢0 +Aoe)  Aoe
0 0 0 0 0 60 6400

(6-1)-Ay.,jeli—j=~1;
i Ay, Jeli—j=1;

- 2qik-Jjeii=j;
k#i

0, kitu atveju.

Kitaip tariant, Q reikSmes gaunamos taip: g;; =

Kadangi norima gauti stacionary PJK laidj, tai, remiantis Kolmogorovo balanso lygtimi ir
normavimo salyga, gaunama lyg€iy sistema (zr. (2.35) formulg), kuria iSsprendus gaunamas

stacionariyjy tikimybiy vektorius IT, naudojamas laidzio formuléje (Zr. (2.21)-(2.25) formules).

6

2 11; 4 = 0;

i=0

6 (2.35)
I =1

i=0

2.3.2. PJK TLMG 12 KONEKSINU 2 BUSENU MODELIS

Sis modelis sudaromas panagiai, kaip ir aprasytas 2.3.1 skyriuje, tadiau struktiira (matricos
formavimas, laidzio skaiCiavimas) analogiSkas modeliui, apraSytam 2.2.2 skyriuje. Pradzia (itampos
nusistovéjimas) aprasoma lygiai taip pat, kaip ir 2.2.2 skyriuje. Siuo atveju ie§koma ne peréjimy
matrica, bet dazniy (intesyvumuy) matrica, taciau bendros matricos sudarymo formulé panasi i (2.27)
formulg, iSskyrus tai, kad kairiojo puskanalio intensyvumuy matricos Q (zr. (2.34) formulg) (Zymima
intensyvumu_matrica_kp) kiekvienas elmentas yra pridedamas prie deSiniojo puskanalio intensyvumuy
matricos (intensyvumu_matrica_dp) (zr. (2.36) formulg). Be to, diagonalés elementai kairiosios ir
desiniosios intensyvumy matricy nesumuojami. Kai sudaroma bendra (abiejuy puskanaliy) matrica
(intensyvumu_matrica_bendra), tai diagonalés elementams priskiriamos kiekvienos bendros peréjimuy

matricos eilutés sumos su neigiamais zenklais, kad matricos kiekvienos eilutés suma biity lygi 0.

inltensyvumu _matrica _bendra = inltensyvumu _matrica _kp(i, j) +

+ inltensyvumu _matrica _dp (2.36)
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¢ia: i=0,48 ir j=0,48 reprezentuoja buseny 7, lefi(right) =O_,6; o lefi(right) =T6 Dekarto
sandaugas.
Kadangi norima gauti stacionary PJK laidj, tai, remiantis Kolmogorovo balanso lygtimi ir

normavimo salyga, gaunama lyg€iy sistema (zr. (2.37) formulg), kuria iSsprendus gaunamas

stacionariyjy tikimybiy vektorius IT, naudojamas laidzio formuléje (Zr. (2.21)-(2.25) formules).

48

2 1, qij = 0;

i=0

48 (2.37)
ZHi Zl

i=0

3. TIRTAMOJI DALIS

3.1. PJK DLMG MODELIU ANALIZE
3.1.1. PJK DLMG 6 KONEKSINU 2 BUSENU MODELIO TYRIMAS

Kad galima biity atlikti laidziy skai¢iavimus, remiantis (2.21)-(2.25) formulémis, pasirenkamos

reikSmés parametry, apibiidinanciy koneksiny buseny kitimo savybes (Zr. 3.1 lentelg).

3.1 lentelé. Pasirinkty parametry reikSmeés

Parameterai | ReikSmés (vienetai)
A 0.1 (1/mV)
P 1 (const.)
V -100:20:100 (mV)
Vo 40 (mV)
2o\Viett right> P) PViefi  right
2.e 800 (ps)
gc (Vzeﬁ ,P) PViefy
0.25-¢ 300 (pS)
K 0.1 (const.)

Formulémis (2.18)-(2.20) suskaiciuojamos PJK stacionariosios tikimybés, kei¢iant PJK jtampa

(V' =-100+100 mV). Siy tikimybiy kitimas, priklausomai nuo jtampos, parodytas 3.1 paveiksle.
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—

0 . s . * +

-100 -80 -60 -40 -20 0 20 40 60 80 100
Voltage, mV

=g
oo}

Probability
=
~

— 0 closed connexins = 1 closed connexin — 2 closed connexins
-3 closed connexins + 4 closed connexins = 5 closed connexins
-+ 6 closed connexins

3.1 pav. PJK kairiojo puskanalio 7 biiseny (t.y. 6 koneksiny 2 (open-closed) biiseny) stacionariyju
tikimybiy priklausomybés nuo itampos V grafikas

Kai V'=-100 mV, tikimybé, kad visi koneksinai bus atviri, lygi vienam. Kai ¥ =100 mV,
tikimybeé, kad visi koneksinai bus uzdari, taip pat lygi vienam. Neimanoma, kad uzsidarys daugiau nei
vienas, bet maziau nei 6 koneksinai, atitinkamai kai V' =-100 mV ir JV =100 mV. Kai
V' =-100+100 mV, likusios biisenos visos tikétinos.

Laidzio reikSmes, gautos keiCiant jtampa V, yra palygintos su reik§Smémis, gautomis atlikus
simuliacija (Nerijus Paulauskas; Mindaugas Pranevi¢ius; Henrikas Pranevicius; Feliksas Bukauskas:
2009: 9). Simuliacijos rezultatai buvo patikrinti su eksperimentiniais rezultatais ir yra adekvatis.

Modeliu reikSmés skiriasi iki 10 % (zr. 3.2 lentelg).

3.2 lentelé. Simuliacijos ir diskretaus laiko Markovo 6 koneksiny 2 biiseny modeliy rezultatai,
naudojantis parametrais, pasirinktais 3.1 lentel¢je.

[tampa, Laldis, ps Santykiné paklaida
mV Simuliacijos rezultatai | Markovo modelio (%)
(t=1000 ms) rezultatai

-100 5,5736 5,6365 1,12
-80 5,643 5,7074 1,13
-60 5,7131 5,7791 1,14
-40 5,7583 5,8515 1,59
-20 5,8018 5,9228 2,04
0 5,8276 5,9814 2,57
20 5,7916 5,9585 2,8
40 5,2061 5,5769 6,65
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60 3,987 3,942 114
80 1,8875 1,906 0.97
100 1,5811 1,7277 8.49

ReikSmés skiriasi 0,1-0,2 pikosimenso. Galima teigti, kad Markovo modelio rezultatai yra

adekvatiis simuliacijos rezultatams.
3.1.2. PJK DLMG 12 KONEKSINU 2 B[_JSENU MODELIO TYRIMAS

Tiriant §] modeli naudojamasi taip pat 3.1 lentele ir gauti tokie Markovo modelio rezultatai:

3.3 lentelé. Simuliacijos ir diskretaus laiko Markovo 12 koneksiny 2 biiseny modeliy rezultatai,
naudojantis parametrais, pasirinktais 3.1 lenteléje.

Itampa, Laidis, pS Santykiné paklaida
mV Simuliacijos rezultatai | Markovo modelio (%)
(t=1000 ms) rezultatai
-100 5,1712 5,2844 2,14
-80 5,1778 5,3860 3,87
-60 5,1930 5,4885 5,38
-40 5,2082 5,5902 6,83
-20 5,2232 5,6863 8,14
0 4,9405 5,7621 14,26
20 4,9600 5,7761 14,13
40 4.9796 5,6183 11,37
60 4,9988 5,0694 1,39
80 4,7245 4,0063 17,93
100 1,7444 1,8641 6,42

Matyti, kad reik§mes artimos, kaip ir 6 koneksiny atveju, taciau skirtumai didesni.
Kadangi Siame modelyje nagrinéjama 12 koneksiny, tai ir nagriné¢jama uzsidariusiy 0-12

koneksiny tikimybiy priklausomybé nuo jtampos (Zr. 3.2-3.3 paveikslus).
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I I
0 closed connexins
1 closed connexin

2 closed connexins |
3 closed connexins
4
S5
=]

closed connexins
closed connexins
closed connexins

Prabability

]
-100 -80 -B0 -40 =20 o 20 A0 (={u] 80 100
“oltage ), my

3.2 pav. 12 (nuo 0 iki 6 uzsidariusiy) koneksiny 2 biiseny tikimybiy priklausomybés nuo itampos

grafikas
0.35 T T T T T T T T T
H H H H H 7 closed connexins
g closed connexin
9 closed connexins
T 7 AN S S H SR S 10 closed connexins | |
: 11 closed connexing
12 closed connexing
T oeeee b SR EERRRRE SRR

Probability

0.05

u]
-100 -80 -B0 -40 -20 o 20 100

“oltage O, m

3.3 pav. 12 (nuo 7 iki 12 uzsidariusiu) koneksiny 2 buseny tikimybiy priklausomybés nuo jtampos
grafikas

Zvelgiant i auk$¢iau nubraizytus grafikus matyti, kad jtampai didéjant tikimybé, kad uzsidarys 0
koneksiny, t.y. kad visi koneksinai bus atviri, maz¢&ja nuo 1, kai itampa yra -100 mV, iki 0, kai itampa

yra 100 mV. [tampai didéjant tikimybeé, kad uzsidarys 12 koneksiny, didéja nuo 0, kai jtampa yra 0
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mV, iki ~0,05, kai jtampa yra 100 mV. Tikimybés, kad uzsidarys nuo 1 iki 6 koneksiny, yra
atitinkamai lygios apie 0,4 (kai itampa yra 40 mV) ir 0,2 (kai itampa yra 90 mV). Tikimybés, kad
uzsidarys nuo 7 iki 11 koneksiny (taip pat ir auks¢iau minéty 12 koneksiny), yra nedidelé, esant 90-

100 mV jtampai.
3.1.3. PJK DLMG 6 KONEKSINU 3 BI_JSENU MODELIO TYRIMAS

Tiriant §i modeli naudojamasi taip pat 3.1 lentele ir gauti tokie Markovo modelio rezultatai:

3.4 lentelé. Simuliacijos ir diskretaus laiko Markovo 6 koneksiny 3 biiseny modeliy rezultatai,
naudojantis parametrais, pasirinktais 3.1 lenteléje.

[tampa, Laidis, p5 Santykiné paklaida
mV Simuliacijos rezultatai | Markovo modelio (%)
(t=1000 ms) rezultatai
-100 5,0234 5,6358 10,87
-80 5,0339 5,7056 11,77
-60 5,0645 5,7742 12,29
-40 5,0951 5,8383 12,73
-20 5,1251 5,8888 12,97
0 5,1558 5,9020 12,64
20 5,1859 5,8186 10,87
40 5,2160 5,5183 5,48
60 5,2460 50111 4,69
80 4,0077 4,7033 14,79
100 4,0301 4,6364 13,08

Triju biseny modelio parametruose (zr. 3.1 lentelg) ivedamos tikimybiy reikSmés
Pede = 0.1, pgee = 0.1, kurios nepriklauso nuo itampos (programoje vartotojas pats pasirenka, kokia
reik§me 1§ intervalo [0;1] ivesti).

Matyti, kad Sio modelio rezultatai skiriasi daugiau kaip 10 % (maksimali santykiné paklaida yra
~15 %), kaip 2 biisenu modeliu. Todél 3 biiseny modeliams vertinti negalima pasakyti, ar Markovo
modelis tinkamas.

Tikimybés priklausomybé nuo itampos panasi i 6 koneksiny 2 buseny modelio (zr. 3.1

paveiksla):
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T
0 closed connexing
1 closed connexin

2 closed connexins |
3 closed connexing
4 closed connexing
5 closed connexing

B closed connexins ||
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3.4 pav. 6 koneksiny 3 biiseny stacionariyjy tikimybiy priklausomybés nuo itampos V grafikas

Lyginant 3.4 paveiksla su 3.1 paveikslu matyti, kad tikimybé, kad uZsidarys 6 koneksinai (,,6
closed connexins® (roziné linija)), yra nedidelé (artima nuliui), o tikimybé, kad neuzsidarys né vienas,
t.y. kad bus 6 atviri koneksinai, jtampai did¢jant mazé¢ja nuo 1 iki ~0. Kai jtampa teigiama, tai

uzsidaranciy nuo 1 iki 5 koneksiny tikimybé yra nuo 0,38 iki 0,1.
3.1.4. PJK DLMG 12 KONEKSINU 3 B[_JSENU MODELIO TYRIMAS

Tiriant §] modeli naudojamasi taip pat 3.1 lentele ir gauti tokie Markovo modelio rezultatai:

3.5 lentelé. Simuliacijos ir diskretaus laiko Markovo 12 koneksiny 3 biiseny modeliy rezultatai,
naudojantis parametrais, pasirinktais 3.1 lenteléje.

[tampa, Laldis, ps Santykiné paklaida
mV Simuliacijos rezultatai | Markovo modelio (%)
(t=1000 ms) rezultatai
-100 5,0234 5,2840 4,93
-80 5,0339 5,3849 6,52
-60 5,0645 5,4856 7,68
-40 5,0951 5,5826 8,73
-20 5,1251 5,6667 9,56




0 5,1558 5,7145 9,78
20 5,1859 5,6747 8,61
40 5,2160 5,4733 4,7
60 5,2460 5,0005 4,91
80 4,0077 4,0335 0,64
100 4,0301 3,6913 9,18
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Sio modelio rezultatai jau yra panasesni negu 6 koneksiny 3 biiseny modelio (santykiné paklaida

nevirSija 10 %). Tai gali bati del to, kad kintant abiems puskanaliams gaunamos Markovo modelio

reik§més yra dauginamos, t.y. dauginama kairiojo puskanalio peréjimo tikimybiy kiekviena reikSme i$

desiniojo puskanalio matricos. Tod¢l tikimybés tikslesnés ir laidziy reikSmeés artimesnés simuliacijai.

Modelis yra tikslesnis negu 12 koneksiny 2 biliseny modelis, kurio santykiné paklaida, esant

teigiamoms jtampos reikSméms santykiné paklaida virSija 10 %.

Kadangi Siame modelyje nagrin¢jama 12 koneksiny, tai ir nagriné¢jama

koneksiny tikimybiy priklausomybé nuo jtampos (Zr. 3.5-3.6 paveikslus).

3.5 pav. 12 (nuo 0 iki 6 uzsidariusiy) koneksiny 3 biiseny tikimybiy priklausomybés nuo itampos

Probahility

uzsidariusiy 0-12

I I T
0 closed connexing
1 closed connexin
2 closed connexins
3 closed connexins

4 closed connexins
S closed connexins
E closed connexins

———————————————————————————————————————————————————————————————————

——————————————————————————————————————————————————————————————————

H H f
-80 -0 -40 -20 o 20 40 (=1n] 80
~oltage W, mt

grafikas

100
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018 T T T T T T T T T

' H ' ' ' ¥ closed connexins
8 closed connexin
H H 9 closed connexins
016 — - - - - - L Lo TR

10 closed connexins ?
— 11 closed connexins

12 closed connexins

Prabability

0.05

0.05

0.04

0.02

o L
-100 -80 -B0 -40 -20 o 20 40 [=1u] 20 100
“oltage 0w,

3.6 pav. 12 (nuo 7 iki 12 uzsidariusiy) koneksiny 3 biiseny tikimybiy priklausomybés nuo jtampos
grafikas

Lyginant 3.2-3.3 grafikus su 3.5-3.6 grafikais matyti, kad 3 buseny grafikuose tikimyb¢, kad
uzsidarys 12 koneksiny, lygi 0, o 2 biiseny grafikuose tikimybé, kad uzsidarys 12 koneksiny, néra lygi
0, kai jtampa yra 100 mV. Grafike 3.2 tikimybés, kad uzsidarys 2-5 koneksinai, lygios 0, kai jtampa
yra 100 mV, o 3.5 paveiksle atitinkamos tikimybés yra lygios ~0,02-0,22. Grafike 3.6 matyti, kad
tikimybés, kad uzsidarys 7-11 koneksiny, kai jtampa yra 100 mV, yra ~1,5 karto mazesnés uz
tikimybes, pavaizduotas 3.3 paveiksle. Taigi, 12 koneksiny 3 biiseny modelis kiek tikslesnis,
parodantis, kad pridéta treCioji visiSkai uzdara (angl. deep-closed) busena didina tikimybe uzsidaryti

koneksinams.

3.2. PJK TLMG MODELIU ANALIZE
3.2.1. PJK TLMG 6 KONEKSINU 2 BUSENU MODELIO TYRIMAS

Tiriant §] modeli naudojamasi taip pat 3.1 lentele ir nustatytu koneksino laiku, kuris nurodo, kiek
laiko koneksinas biina toje pacioje biisenoje (nustatytas laikas yra 1000), ir gauti tokie Markovo

modelio rezultatai:



3.6 lentelé. Simuliacijos ir tolydaus laiko Markovo 6 koneksiny ir 2 biiseny modeliy rezultatai,

naudojantis parametrais, pasirinktais 3.1 lenteléje.

[tampa, Laldis, p5 Santykiné paklaida
mV Simuliacijos rezultatai | Markovo modelio (%)
(t=1000 ms) rezultatai
-100 5,5736 5,6363 1,11
-80 5,643 5,7067 1,12
-60 5,7131 5,7772 1,11
40 5,7583 5,8460 1,5
220 5,8018 5,9081 1,8
0 5,8276 5,9487 2,04
20 5,7916 5,9232 2,22
40 5,2061 5,6797 8,34
60 3,987 4,5948 13,23
80 1,8875 2,6133 27,77
100 1,5811 1,9198 17,64
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Remiantis lentele, reikSmés artimos (santykiné paklaida 1-2 procenty), kai jtampos reikSmés yra

neigiamos, ir reikSmeés néra artimos, kai itampos reik§més teigiamos. Tokiems pokyciams galéjo daryti

itaka parinkti intensyvumai, aprasyti 2.3.1 skyriuje. Taciau kokij beparinktume koneksino buvimo toje

pacioje biisenoje laika, reikSmes, gautas Markovo modeliu, gauname vis vien panasias.

Grafikas tikimybiy priklausomybés nuo itampos (Zr. 3.7 paveiksla) panasus { grafika, gauta

naudojant diskretaus laiko model;j (Zr. 3.1 paveiksla).
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Woltage (), my

3.7 pav. Tolydaus laiko 6 koneksiny 2 biiseny tikimybiy priklausomybés nuo jtampos V grafikas

Sio modelio tikimybés, kad uZsidarys 2-5 koneksinai, yra didesnés 2 kartus negu pavaizduotos
3.1 paveiksle, tikimybé, kad uzsidarys 6 koneksinai, yra 2 kartus maZesnés negu pavaizduotos 3.1
paveiksle. Taigi, tolydaus laiko Markovo grandinés modelio rezultatai néra adekvatis tikrinant

simuliacijos rezultatus, kai jtampa yra 60-100 mV.

3.2.2. PJK TLMG 12 KONEKSINU 2 BUSENU MODELIO TYRIMAS

Tiriant §] modeli naudojamasi taip pat 3.1 lentele ir nustatytu koneksino laiku, kuris nurodo, kiek
laiko koneksinas biina toje pacioje biisenoje (nustatytas laikas yra 1000), gauti tokie Markovo modelio

rezultatai:

3.7 lentelé. Simuliacijos ir tolydaus laiko Markovo modeliy 12 koneksiny 2 buiseny rezultatai,
naudojantis parametrais, pasirinktais 3.1 lenteléje.

Laidis, pS . .
[tampa, Santykiné paklaida
mV Simuliacijos rezultatai | Markovo modelio (%)
(t=1000 ms) rezultatai
-100 5,1712 5,2720 1,91
-80 5,1778 5,3495 3,21
-60 5,1930 5,3841 3,55
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-40 5,2082 5,3102 1,92
-20 5,2232 5,0385 3,67
0 4,9405 4,5983 7,44
20 4,9600 4,1967 18,19
40 4,9796 3,9148 27,2
60 4,9988 3,6609 36,55
80 4,7245 3,3395 41,47
100 3,7444 3,0131 24,27

Remiantis lentele, reikSmés panaSios (santykiné paklaida 1-4 %), kai jtampos reikSmeés
neigiamos, ir reikSmés skiriasi (santykiné paklaida > 10 %), kai jtampos reikSmés teigiamos. Taciau
koki beparinktume koneksino buvimo toje pacioje biisenoje laika (zr. 3.2.1 skyriu), reikSmes, gautas
Markovo modeliu, gauname vis vien panasias.

Lyginant 12 koneksiny 2 buiseny diskretaus laiko Markovo grandinés modelio grafika (zr. 3.2-3.3
paveikslus) su tolydaus laiko Markovo grandinés modelio grafiku (zr. 3.8-3.9 paveikslus) matyti, kad
tolydaus laiko Markovo modelio tikimybés, kad uzsidarys 0-12 koneksiny, 2 kartus mazesnés uz

diskretaus laiko modelio tikimybes (Zr. 3.2-3.3 paveikslus).

T
0O closed connexins
1 closed connexin

2 closed connexins |
3 closed connexins
4 closed connexins
5 closed connexins
E closed connexins

Probahility

-100 -80 -0 -40 -20 o 20 40 60 {=n] 100
oltage O,

3.8 pav. Tolydaus laiko 12 (nuo 0 iki 6 uzsidariusiy) koneksiny 2 biiseny tikimybiy priklausomybés
nuo itampos grafikas
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T T I

¥ closed connexins
S closed connexin
9 closed connexins |4
10 closed connexins 5
— 11 closed connexins
12 closed connexins

0.0s

Prohahility

0.06

0.04

0.0z

D = 1 i
-100 -80 -60 -40 -20 o 20 A0 B0 80 100
“oltage M, my

3.9 pav. Tolydaus laiko 12 (nuo 7 iki 12 uzsidariusiy) koneksiny 2 biiseny tikimybiy priklausomybés
nuo itampos grafikas
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4. PROGRAMINE REALIZACIJA IR INSTRUKCIJA VARTOTOJUI

Programa kurta Matlab R2010a. Pasirinkta §i programa dél to, kad atlieckami veiksmai su
matricomis ir Matlab programoje kai kurios procediiros, kaip antai: lyg€iy sistemy sprendimas taip pat
sprendziamas matricine forma.

Sukurta grafiné vartotojo sasaja, kurios instrukcija apraSoma Siame skyriuje.

Grafin¢ vartotojo sasaja (angl. Graphical User Interface) veikia Windows operacinéje sistemoje
(sukurtas paleidziamasis (angl. executable (.exe)) failas). Programa paleidziama i failo
,Program_GJM.exe“. Si programa i operacing sistema néra diegiama, o tiesiog i§ karto paleidziama,
taCiau reikalingas Matlab kompiliatorius ,,Matlab Compiler Runtime®, kurj reikia idiegti i operacing
sistema prie§ paleidziant faila ,,Program GJM.exe“. Sis kompiliatorius (,, MCRInstaller.exe®) jrasytas
kompaktiniame diskelyje, prisegtame prie Sio magistrinio darbo.

Programos langas buvo parodytas skyriuje 1.2. (zr. 1.6 paveiksla).

Paleidus programa pirmiausia reikia nustatyti norimas parametry reikSmes ir tuomet pereiti prie
meniu skilties ,,File®.

Programos lange yra dvi meniu skiltys: ,,File” ir ,,About”. Meniu skiltyje ,,File* galima pasirinkti
,,Discrete Time Markov Model“ — tai diskretaus laiko Markovo modelis. I§ Sios skilties reikia
pasirinkti 2 arba 3 bliseny modelius (,,2 states* arba ,,3 states®). Pasirinkus kazkurig i§ 2 skil¢iu reikia
pasirinkti arba 6 koneksiny arba 12 koneksiny modelius (,,6 connexins® arba ,,12 connexins®).
»Continuous Time Markov Model“ — tai tolydaus laiko Markovo modelis. IS Sios skilties reikia
pasirinkti 2 (,,2 states*) biiseny modelius. Tuomet galima rintis arba 6 arba 12 koneksiny modelius (,,6
connexins‘“ arba ,,12 connexins‘).

Skiltyje ,,About* trumpai parasyta apie programa ir iraSyta programa kiirusio studento vardas,
pavardé ir grupé.

Nustacius pasirinktas parametry reikSmes ir pasirinkus vieng i§ modeliy programos lange
vaizduojami tokie grafikai:

1) jei tai 6 koneksiny modelis, tai bus vaizduojama kairiojo puskanalio laidzio
priklausomybé nuo biisenos; jei tai 12 koneksiny modelis, tai bus vaizduojama
abieju kanaly laidZio priklausomybé nuo biisenos.

2) laidZio priklausomybés nuo pasirinkto jtampos intervalo grafikas.
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ISVADOS

Magistriniame darbe pateikiama lasteliy plySinés jungties Markovo modeliy metodika, leidzianti
skaiCiuoti plySinés jungties laidumo priklausomybe nuo jtampos. Markovo grandiniy peré¢jimo
tikimybiy skai¢iavimams naudojama nepriklausomy J. Bernulio bandymy schema. Sukurta plySinés
jungties Markovo modeliy metodika, kai koneksinas aprasomas trimis blisenomis.

Lyginant Markovo modeliais gautus rezultatus su imitacinio modeliavimo rezultatais parodyta,
kad abiejy modeliavimy rezultatai skiriasi ne daugiau kaip 10 %, taciau tokia nedidelé paklaida buvo
ne visy modeliy. Pateikiami pavadinimai keturiy modeliy, kuriy rezultatai nevirsija 10 %:

1. diskretaus laiko 6 koneksiny 2 buseny Markovo modelio;

2. diskretaus laiko 12 koneksiny 3 biiseny Markovo modelio;

3. tolydaus laiko 6 koneksiny 2 biiseny Markovo modelio (iki 60 mV, t.y. itampos intervale

[-100;60) mV);

4. tolydaus laiko 12 koneksiny 2 biiseny Markovo modelio (kai jtampa yra neigiama, santykiné

paklaida nevirsija 8 %).

Likusiy modeliy (taip pat keturiy) rezultaty santykiné paklaida vir$ija nuo 15 iki 41 %:

1. diskretaus laiko 12 koneksiny 2 buiseny Markovo modelio rezultaty santykiné paklaida yra iki

18 %;
2. diskretaus laiko 6 koneksiny 3 biiseny Markovo modelio rezultaty santykiné paklaida yra iki
15 %;

3. tolydaus laiko 6 koneksiny 2 biiseny Markovo modelio, kai jtampos intervalas [60;100] mV,

rezultaty santykiné paklaida yra iki 28 %;

4. tolydaus laiko 12 koneksiny 2 biiseny Markovo modelio rezultaty santykiné paklaida yra nuo

18 % iki 41 %.

Taigi, simuliacijos rezultatams adekvatiis rezultatai Siy modeliy: diskretaus laiko 6 koneksiny 2
biiseny ir 3 biiseny Markovo modeliy ir diskretaus laiko 12 koneksiny 2 ir 3 biiseny Markovo modeliy
(jeigu santykiné paklaida yra iki 20 %). Taciau tolydaus laiko Markovo modeliy rezultatai néra tikslas
(Markovo modeliy ir simuliacijos rezultaty rezultaty reik§miy skirtumai didinant itampa didéja), todél
néra tinkami (todél ir nebuvo kuriami tolydaus laiko 3 biseny modeliai).

Tyrimus magistrinio darbo tematika numatoma te¢sti, kai koneksinas aprasomas 3 biisenomis.
Taip pat numatoma sukurtus plySinés jungties Markovo modelius panaudoti parametry optimizavimui

bei modeliuojant elektriniy signaly perdavima lasteliy tinkluose.
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1 PRIEDAS. PROGRAMOS KODAS (MATLAB)

function program GJM

% Graphical User Interface

figure handle = figure('Visible', 'off','Position', [200,300,1000,700]);
% Menu

menu_handle=uimenu(figure handle, 'Label', 'File');

menu_ File handle l=uimenu (menu handle, 'Label', 'Discrete Time Markov Model');
submenu File handle ll=uimenu(menu File handle 1, 'Label','2 states');
submenu File handle lll=uimenu (submenu File handle 11, 'Label','6
connexins', 'Callback',@six connexins button Callback);

submenu File handle ll2=uimenu (submenu File handle 11, 'Label','12
connexins', 'Callback',@twelve connexins button Callback);

submenu File handle 12=uimenu(menu File handle 1, 'Label','3 states');
submenu File handle 12l1=uimenu (submenu File handle 12, 'Label','6

connexins', 'Callback',@six connexins button2 Callback) ;
submenu File handle 122=uimenu (submenu File handle 12, 'Label','12
connexins', 'Callback',@twelve connexins button2 Callback);

menu_File handle 2=uimenu (menu_handle, 'Label', 'Continuous Time Markov Model');
submenu File handle 2l=uimenu(menu File handle 2, 'Label','2 states');

submenu File handle 2ll=uimenu(submenu File handle 21, 'Label','6

connexins', 'Callback',@six connexins continuous button Callback);

submenu File handle 212=uimenu(submenu File handle 21, 'Label','12

connexins', 'Callback',@twelve connexins continuous button Callback);

menu_ File handle 3=uimenu (menu_ handle, 'Label', 'Exit', 'Callback',@exitbutton Callba
ck);

set (menu File handle 3, 'Separator',6 'on');

menu_handle 2=uimenu(figure handle, 'Label', "About', 'Callback', @aboutbutton Callbac
k) ;

o

% end of Menu

descriptionl text=uicontrol('Style', 'text', 'String', 'Left
Hemichannel', '"Position', [15,680,100,15]);

Al text = uicontrol('sStyle', 'text','String','A = ','Position',[15,660,60,15]);
Pl text = uicontrol('style', 'text', 'String','P = ','Position', [15,640,60,15]);
V0l text = uicontrol('Style','text',6 'String','V0O = ','Position',[15,620,60,15]);
K1 text = uicontrol('Style', 'text',6 'String','K = ','Position',[15,600,60,15]);

timel text = uicontrol('Style','text','String', 'Time =
', "Position', [15,580,60,15]);
pcdcl text = uicontrol ('Style','text','String', 'pcdc =
', "Position', [15,560,60,15]);
pdccl text = uicontrol('Style','text',6 'String', 'pdcc =
', '"Position', [15,540,60,15]);

description2 text=uicontrol('Style', 'text',6 'String', 'Right
Hemichannel', '"Position', [15,510,120,2071);

A2 text = uicontrol('sStyle', 'text', 'String','A = ','Position',[15,490,60,15]);
P2 text = uicontrol('Style', 'text', 'String','P = ', 'Position', [15,470,60,15]);
V02 text = uicontrol('Style','text','String','V0O = ', 'Position', [15,450,60,15]);
K2 text = uicontrol('Style','text',6 'String','K = ', 'Position',[15,430,60,15]);
time2 text = uicontrol('Style', 'text',6 'String', 'Time =

', '"Position', [15,410,60,15]);

pcdc2 text = uicontrol ('Style','text','String', 'pcdc =
', '"Position', [15,390,60,15]);

pdcc2 text = uicontrol('Style','text','String', 'pdcc
', '"Position', [15,370,60,15]);

V_text = uicontrol('Style', 'text',6 'String','V = ','Position',[15,340,60,15]);
V_min text = uicontrol('sStyle', 'text',6 'String','V min =
', '"Position', [15,320,60,15]);
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V_step text = uicontrol('Style','text',6 'String','V step =

', '"Position', [15,300,60,15]);

V_max_ text = uicontrol('sStyle',6 'text',6 'String','V max =

', '"Position', [15,280,60,15]);

Channels text =

uicontrol ('Style', 'text', 'String', 'Channels', '"Position', [15,260,60,15]);

Al handle = uicontrol('Style','edit', 'String','0.1","'Position', [80,660,60,15]);
P1 handle uicontrol ('Style', 'edit', 'String','1l', 'Position', [80,640,60,15]);
V0l handle = uicontrol('Style','edit','String','40', 'Position', [80,620,60,15]);
K1 handle = uicontrol('Style','edit','String','0.1"', 'Position', [80,600,60,15])
timel handle =

uicontrol ('Style','edit', 'String','1000', "Position', [80,580,60,15]);

pcdcl handle = uicontrol('sStyle','edit', 'String','0.1"',"'Position', [80,560,60,15]);
pdccl handle = uicontrol('sStyle','edit',6 'String','0.1"',"'Position', [80,540,60,15]);
A2 handle = uicontrol('sStyle','edit',6 'String','0.1"', 'Position', [80,490,60,15]);

P2 handle = uicontrol('Style','edit', 'String','l','Position', [80,470,60,15]);
V02 handle = uicontrol('Style','edit','String','40', 'Position', [80,450,60,15]);
K2 handle = uicontrol('Style','edit','String','0.1"', " 'Position', [80,430,60,15])
time2 handle =

uicontrol ('Style', 'edit', 'String','1000', "Position', [80,410,60,15]);

pcdc2 _handle = uicontrol('Style','edit','String','0.1"', 'Position', [80,390,60,15]);
pdcc2 handle = uicontrol('sStyle','edit',6 'String','0.1"','Position', [80,370,60,15]);

’

’

V_handle = uicontrol('sStyle','edit','String',"'100"', 'Position', [80,340,60,15]);
V_min handle = uicontrol('Style', 'edit', 'String','-

100", "Position', [80,320,60,15]);

V_step handle = uicontrol ('Style','edit','String','10"', 'Position', [80,300,60,15]);
V_max_handle = uicontrol('sStyle','edit','String',"'100', 'Position', [80,280,60,15]);
Channels handle =

uicontrol ('Style', 'edit', 'String','10', 'Position', [80,260,60,15]);

Al text 2 = uicontrol('Style','text',6 'String','l/mV', 'Position', [145,660,60,15]);
Pl text 2 =

uicontrol ('Style', 'text', 'String', 'const."', 'Position', [145,640,60,15]);

V01l text 2 = uicontrol('style','text','String','mv','Position',[145,620,60,15]);
K1l text 2 =

uicontrol ('Style', 'text', 'String', 'const.', 'Position', [145,600,60,15]);

timel text 2 = uicontrol('Style', 'text',6 'String', 'ms','Position', [145,580,60,15]);
pcdcl text 2 =

uicontrol ('Style', 'text', 'String', 'const."', 'Position', [145,560,60,15]);

pdccl text 2 =

uicontrol ('Style', 'text', 'String', 'const."', 'Position', [145,540,60,15]);

A2 text 2 = uicontrol('Style','text',6 'String','l/mV','Position', [145,490,60,15]);
P2 text 2 =

uicontrol ('Style', 'text', 'String', 'const."', 'Position', [145,470,60,15]);

V02 text 2 = uicontrol('style', 'text','String','mv','Position',[145,450,60,15]);
K2 text 2 =

uicontrol ('Style', 'text', 'String', 'const."', 'Position', [145,430,60,15]);

time2 text 2 = uicontrol('Style', 'text',6 'String', 'ms','Position', [145,410,60,15]);
pcdc2 text 2 =

uicontrol ('Style', 'text', 'String', 'const.', 'Position', [145,390,60,15]);

pdcc2 text 2 =

uicontrol ('Style', 'text', 'String', 'const."', 'Position', [145,370,60,15]);

V_text 2 = uicontrol('Style','text','String','mvV', 'Position',[145,340,60,15]);
V_min text 2 = uicontrol('sStyle','text','String', 'mV','Position', [145,320,60,15]);
V_step text 2 =

uicontrol ('Style', 'text', 'String', 'mV', 'Position', [145,300,60,15]);

V_max_ text 2 = uicontrol('Style',6 'text',6 'String','mV','Position',[145,280,60,15]);
Channels text 2 =

uicontrol ('Style', 'text', 'String', 'const.', 'Position', [145,260,60,15]);
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table initial=[[0:6]"' zeros(7,2)];
table initial handle = uitable('Position',
[220,440,272,170], 'Data’', table initial, ...
'ColumnName', {'State','Voltage', 'Conductance'}, ...
'ColumnFormat', {'numeric', 'numeric', 'numeric'},...
'ColumnWidth', {80 80 80});
bar initial handle =
bar (axes ('Units', 'Pixels', 'Position', [560,350,300,300]),table initial(:,1),table i
nitial(:,3));
title 'Bar of a conductance of a channel (depending on a state)';
xlabel ('a state of a left hemichannel, const.')
ylabel ('Conductance of a channel, pS")
axis ([0 7 0 61);
set (table initial handle, 'FontName', 'Courier', 'FontSize',12);
set (bar _initial handle);
table initial 2=zeros(10,2);
table initial handle 2 = uitable('Position',
[220,50,210,260], 'Data',table initial 2,...
'ColumnName', {'Voltage', 'Conductance'},...
'ColumnFormat', {'numeric', 'numeric'}, ...
'ColumnWidth', {80 80});
plot initial handle =
plot(axes('Units', 'Pixels', 'Position', [560,60,300,220]),table initial 2(:,1),table
_initial 2(:,2), 'LineWidth',2);
set (table initial handle 2, 'FontName', 'Courier', 'FontSize',12);
title 'Conductance dependence on voltage';
xlabel ('V, mV")
ylabel ('G(V), pS")
axis ([-100 100 0O 7]);
set (plot _initial handle);
grid on;
set ([descriptionl text,Al text,Pl text,V0l text,Kl text,timel text,pcdcl text,pdcc
1 text, ...

description2 text,A2 text,P2 text,V02 text,K2 text,time2 text,pcdc2 text,pdcc2 tex
t,...
V_text,V min text,V step text,V max text,Channels text,...

Al text 2,P1l text 2,V0l text 2,Kl text 2,timel text 2,pcdcl text 2,pdccl text 2,..

A2 text 2,P2 text 2,V02 text 2,K2 text 2,time2 text 2,pcdc2 text 2,pdcc2 text 2,..

V_text 2,V min text 2,V step text 2,V max text 2,Channels text 2],...
'FontName', 'default', 'FontSize',10);
set ([Al handle, Pl handle,VOl handle,Kl handle, timel handle,pcdcl handle,pdccl hand
le, ...

A2 handle, P2 handle,V02 handle,K2 handle, time2 handle,pcdc2 handle,pdcc2 handle, ..

V_handle,V min handle,V_step handle,V max handle,Channels handle], 'FontName', 'Cour
ier', 'BackgroundColor', 'white');
set (figure handle, 'Units', 'normalized', 'NumberTitle', 'off', 'Menubar', 'none');
defaultBackground = get (0, 'defaultUicontrolBackgroundColor') ;
set (figure handle, "Name', 'GJM', 'Color',defaultBackground),
moveguil (figure handle, 'center')
set (figure handle, 'Visible', 'on');
% methods that are the same in every model
function g open = g open connexin (P,voltage)
g _open = 2*exp (P*voltage/800);
end
function g closed = g closed connexin (P,voltage)
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g closed = 0.25*exp (P*voltage/300);
end
function g left = g left hemichannel (P,voltage,n)

g left=(6-(n-1))*g_open connexin(P,voltage)+(n-1)*g closed connexin(P,voltage);
end
function g right = g right hemichannel (P,voltage,n)

g_right=(6-(n-1))*g open connexin (P,voltage)+(n-1)*g closed connexin(P,voltage);
end
function k value=k(A,P,V0,voltage)

k value=exp (A* (P*voltage-VO0));
end
function poc_value=poc(A,P,V0,K,voltage)

poc_value=K*k (A,P,V0,voltage)/ (1+k(A,P,V0,voltage));
end
function poo_value=poo(A,P,V0,K,voltage)

poo_value=l-poc(A,P,V0,K,voltage);
end

function pco_value=pco(A,P,V0,K,voltage)

pco_value=K/ (1+k(A,P,V0,voltage));

end

function pcc_value=pcc (A, P,V0,K,voltage)

pcc_value=l-pco(A,P,V0,K,voltage);

end
% for model of 6 connexins only

function voltage s=voltage left stationary(Pl,P2,V)

for n=1:1:7

V_left hemichannel(1l,n)=(V*g right hemichannel (P2,0,1))/ (g left hemichannel (P1,0,n
)+g_right hemichannel (P2,0,1));
end
for t=2:1:5
for n=1:1:7
V_left hemichannel (t,n)=(V*g right hemichannel (P2,V-V left hemichannel (t-
1,n),1))/...
(g_left hemichannel (P1,V left hemichannel (t-
1,n),n)+g _right hemichannel (P2,V-V_left hemichannel (t-1,n),1));
end
end
voltage s=V left hemichannel(5,:)"';
end
% for Continuous Time Models
function lambda=lambda oc (A, P,V0,K,voltage, t)
lambda=poc (A, P,V0,K,voltage) /t;
end
function lambda=lambda co(A,P,V0,K,voltage, t)
lambda=pco (A, P,V0,K,voltage) /t;
end
% end of for Continuous Time Models

% for 3 States Models
function g left = g left hemichannel 3 (P,voltage,nl,n2,n3)

g left=nl*g closed connexin(P,voltage)+n2*g closed connexin(P,voltage)+n3*g open c
onnexin (P,voltage);

end

function g right = g right hemichannel 3(P,voltage,nl,n2,n3)

g _right=nl*g closed connexin (P,voltage)+n2*g closed connexin (P,voltage)+n3*g open

connexin (P,voltage) ;
end

function pco_value new=pco_new(A,P,V0,K,pcdc,voltage)



pco_value new=pco (A,P,V0,K,voltage) * (1-pcdc) ;

end

function pcc_value new=pcc_new(A,P,V0,K,pcdc,voltage)
pcc_value new=pcc(A,P,V0,K,voltage) * (1-pcdc) ;

end

% end of for 3 States Models

function stationary = stationary probabilities(A)

% Compute the stationary distribution of an ergodic Markov chain
% caracterized by its transition probabilities matrix A such that
$ A =Pr(x {k} | x {k - 1}) , sum(A , 2) = 1.

% PI = stationary(A);

[V,D]=eig (A");

[foo,tpl=sort (diag (D)) ;
stationary=V(:,tp(end))/sum(V(:,tp(end)));
end

o)

% 2 states models

function six connexins button Callback(source,data)

% 6 connexins model

% variables

Al variable str2num(get (Al handle, 'String'))

Pl variable = strZ2num(get (Pl handle, 'String'))

V0l variable = str2num(get(VOl handle, 'String'’

K1 variable = str2num(get (K1 handle, 'String'));

A2 variable = str2num(get (A2 handle, 'String'));
)

’

))

P2 variable = str2num(get (P2 handle, 'String'));
V02 variable = str2num(get (V02 handle, 'String'));
K2 variable = str2num(get (K2 handle, 'String'));

V_variable = str2num(get(V_handle, 'String'));
V_min variable = str2num(get(V_min handle, 'String'));
V_step variable = str2num(get (V_step handle, 'String'));
V_max variable = str2num(get(V_max handle, 'String'));
number of channels=str2num(get (Channels handle, 'String'));
% end of variables
if Pl variable < -1 || (Pl variable >-1 && Pl variable < 1) || Pl variable >1
...
P2 variable < -1 || (P2 variable >-1 && P2 variable < 1) || P2 variable >1
message handle=msgbox ('P1/P2 has to be +1 or -1!','Error');
set (message handle, 'Units', 'normalized', 'Color',defaultBackground) ;
end
if (V_max variable<V min variable) || (V_step variable > V max variable) |]...
(V_max variable<V_min variable) && (V_step variable > V max variable)
message handle=msgbox ('V max is smaller than V min or V step is greater than V
max.', 'Exrror');
set (message handle, 'Units', 'normalized', 'Color',defaultBackground);
end
if round (number of channels) ~= number of channels || number_of_channels<=0
message handle=msgbox ('Number of channels must be positive integer!',6 'Error');
set (message handle, 'Units', 'normalized', 'Color',defaultBackground) ;
end
formation of a matrix
function matrix=formationOfMatrix (A,P,V0,K,voltage steady)
states=zeros(7,2);
for n=1:1:7
states(n,1l)=n-1; states(n,2)=6-(n-1);
end
function Cartesian=setCartesian(states_1,states 2)
one=sortrows (repmat (states 1, [size(states 2,1) 11));
second=repmat (states 2, [size(states 1,1) 1]);

o\°
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Cartesian=[one second];
end
matrix=zeros (7);
o=1;
while o0<8
statesl=zeros (states(o,1)+1,2);
for 1=1:1:states(o,1)+1
statesl (l,1)=states(o,1)-(1-1);
statesl (1l,2)=1-1;
end
states2=zeros (states(o,2)+1,2);
for 1=1:1:states(o,2)+1
states2(1,1)=1-1;
states2(1,2)=states(o0,2)-(1-1);
end
Cartesian product=setCartesian(statesl,states2);
sum_ l=sum(Cartesian product(:,1:2:3),2);
sum 2=sum(Cartesian product(:,2:2:4),2);
indices=[Cartesian product sum 1 sum 2];
number=size (indices, 1) ;
probabilities=zeros (number, 1) ;
for numberl=1:1:number
probabilities (numberl)=...
nchoosek (o-
1,indices (numberl, 1)) *pcc (A, P,V0,K,voltage steady (o))" (indices (numberl,1))*...

pco(A,P,V0,K,voltage steady (o))" (indices (numberl,2))*...
nchoosek (6- (o-
1) ,indices (numberl, 3)) *poc (A, P,V0,K,voltage steady (o))" (indices (numberl,3))*...

poo (A,P,V0,K,voltage steady (o))" (indices (numberl, 4));

end
probabilities2=zeros(7,1);
for numberl=1:1:number
for 1=1:1:7
if indices (numberl,5)==(1-1)
probabilities2 (1)=probabilities2 (1l)+probabilities (numberl) ;
end
end
end
for j=1:1:7
matrix (o, j)=probabilities2(j);
end
o=o+1;
end
end
V=voltage left stationary (Pl variable,P2 variable,V variable);
matrix a=formationOfMatrix (Al variable, Pl variable,V0l variable,Kl variable,V);

function normalised=normalised matrix (matrix)
normalised=zeros(size (matrix,1l));
sum of p rows=sum(matrix,2);
for i=1:1:length(sum of p rows)
normalised (i, :)=matrix (i, :)/sum of p rows(i);
end
end
matrix=normalised matrix(matrix a);
PI=stationary probabilities (matrix);

A=[matrix' - eye(size(matrix,l)); ones(l,size(matrix,l))];
B=[zeros(size (matrix,1),1);11;
X=A\B;

initial distribution=[1 0 0 0 0 0 0];
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p(l,:)=initial distribution(l,:);
for i=1:1:200

p(i+l, :)=p(l,:)* (matrix"i);
end

conductance=zeros (7,1);
for n=1:1:7

conductance (n) =number of channels*X(n)* (g _left hemichannel (Pl variable,V(n),n)*g r
ight_hemichannel(P2_variable,V_variable—V(n),1))/...

(g_left hemichannel (Pl variable,V(n),n)+g_right hemichannel (P2 variable,V variable
-Vi(n),1));

end
n=0:1:6; n=n';
table = [n V conductance];

o o o

% % % For drawing the graphic conductance (V), when V variable change
% values from the specified interval
min=V _min variable; max=V max variable; step=V_step variable;
count voltages=numel (min:step:max) ;

V_left hemichannel2=zeros(5,7);

conductance_interval=zeros (count voltages,1);

index=1;

for V_variable variates=min:step:max

for n=1:1:7

o0

V_left hemichannel2(1l,n)=(V_variable variates*g right hemichannel (P2 variable,0,1)

Y/ ..

(g_left hemichannel (P1 variable,0,n)+g right hemichannel (P2 variable,0,1));
end

for t=2:1:5
for n=1:1:7

V_left hemichannel2(t,n)=(V_variable variates*g right hemichannel (P2 variable,V va
riable variates-V_left hemichannel2(t-1,n),1))/...
(g_left hemichannel (Pl variable,V left hemichannel2 (t-
1,n),n)+g _right hemichannel (P2 variable,V variable variates-V_left hemichannel?2 (t-
1,n),1));
end
end
V2=V _ left hemichannel2(5,:)"';

matrix2=formationOfMatrix (Al variable, Pl variable,V0l variable,Kl variable,V2);
X2=[matrix2' - eye(size(matrix2)); ones(l,length(matrix2))] \...
[zeros (length (matrix2),1);1];
statmatrix (:, index)=abs (X2);
conductance2=zeros (7,1);
for n=1:1:7

conductance2 (n)=number of channels*X2(n)* (g_left hemichannel (Pl variable,V2(n),n)*
g _right hemichannel (P2 variable,V variable variates-v2(n),1))/...

(g_left hemichannel (P1 variable,V2(n),n)+g right hemichannel (P2 variable,V variabl
e variates-v2(n),1));

end

conductance interval (index)=sum(conductance2) ;

index=index+1;

end

table handle = uitable('Position', [220,440,272,170], 'Data',table,...
'ColumnName', {'State','Voltage', 'Conductance'}, ...
'ColumnFormat', {'numeric', 'numeric', "'numeric'}, ...
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'ColumnWidth', {80 80 80});
bar handle =
bar (axes('Units', '"Pixels', '"Position', [560,350,300,300]),table(:,1),table(:,3));
title 'Bar of a conductance of a channel (depending on a state)';
xlabel ('a state of a left hemichannel, const.')
ylabel ('Conductance of a channel, pS'")
axis ([0 7 0 6]);
set (bar_handle) ;
set (table handle, 'FontName', 'Courier', 'FontSize',12);
voltage interval=min:step:max; voltage interval=voltage interval';
table handle 2 = uitable('Position', [220,50,210,260], 'Data’', [voltage interval
conductance_ intervall, ...
'ColumnName', {'Voltage', 'Conductance'}, ...
'ColumnFormat', {'numeric', 'numeric'}, ...
'ColumnWidth', {80 80});
plot handle =
plot (axes('Units', 'Pixels', 'Position', [560,60,300,220]),voltage_interval, conductan
ce interval, 'LineWidth',2);
set (table handle 2, 'FontName', 'Courier', 'FontSize',12);
title 'Conductance dependence on voltage';
xlabel ('V, mV")
ylabel ('G(V), pS")
axis ([-100 100 0O 7]);
set (plot _handle);
grid on;
figure handle O=figure();
i=1:1:201;
plot(i',p(:,1),'0",i',p(:,2),'v",i",p(:,3),'g"',i",p(:,4),"'v"', ...
i',p(:,5),'k",i",p(:,06),'c",i'",p(:,7),'m", 'LineWidth',2);
legend('p O0','p 1','p 2','p 3','p 4','D 5", 'P 6");
grid on;
set (figure handle 0, 'Units', 'normalized', 'NumberTitle',
'off', "Menubar', 'none', 'Name', 'Simulation of
Probabilities', 'Color',defaultBackground) ;
figure handle l=figure();

plot (voltage interval,statmatrix(l,:)','b',voltage interval,statmatrix(2,:)','r",.

voltage interval,statmatrix(3,:)','g',voltage interval,statmatrix(4,:)"','y"',...

voltage interval,statmatrix(5,:)"','k',voltage interval,statmatrix(6,:)','c',...
voltage interval,statmatrix(7,:)','m', 'LineWidth',2);
xlabel ('Voltage (V), mV'")
ylabel ('Probability")
legend('0 closed connexins','l closed connexin','2 closed connexins',...
'3 closed connexins','4 closed connexins','5 closed connexins', ...
'6 closed connexins');
grid on;
set (figure handle 1,'Units', 'normalized', 'NumberTitle',
'off', '"Menubar', 'none', 'Name', 'Dependency of
Probabilities', "Color',defaultBackground) ;
end

function twelve connexins button Callback (source,data)

% 12 connexins model

% variables

Al variable = strZ2num(get (Al handle, 'String'))

Pl variable = strZ2num(get (Pl handle, 'String'))

V01l variable = strZ2num(get(VOl handle, 'String'

K1 variable str2num(get (K1 _handle, 'String'));

A2 variable str2num(get (A2 handle, 'String'));
)

’

))

P2 variable = strZ2num(get (P2 handle, 'String')

V02 variable = str2num(get (V02 handle, 'String'));
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K2 variable = str2num(get (K2 handle, 'String'));

V_variable = str2num(get(V_handle, 'String'));
V_min variable = str2num(get(V_min handle, 'String'));
V_step variable = str2num(get (V_step handle, 'String'));
V_max variable = str2num(get(V_max handle, 'String'));
number of channels=str2num(get (Channels handle, 'String'));
% end of variables
if Pl variable < -1 || (Pl variable >-1 && Pl variable < 1) || Pl variable >1
...
P2 variable < -1 || (P2 variable >-1 && P2 variable < 1) || P2 variable >1
message handle=msgbox ('P1/P2 has to be +1 or -1!','Error');
set (message handle, 'Units', 'normalized', 'Color',defaultBackground);
end
if (V_max variable<V min variable) || (V_step variable > V max variable) |]...
(V_max variable<V_min variable) && (V_step variable > V max variable)
message_handle=msgbox ('V max is smaller than V min or V step is greater than V
max.', 'Error');
set (message handle, 'Units', 'normalized', 'Color',defaultBackground) ;
end
if round (number of channels) ~= number of channels || number_of_channels<=0
message handle=msgbox ('Number of channels must be positive integer!',6 'Error');
set (message handle, 'Units', 'normalized', 'Color',defaultBackground);
end
right=1;
number=7;
counter=1;
while right<=number
for left=1:1:number

V_left hemichannel (1, counter)=(V_variable*g right hemichannel (P2 variable, 0, right)

V.

(g_left hemichannel (Pl variable,0,left)+g right hemichannel (P2 variable, O, right));
V_right hemichannel (1, counter)=V _variable-V left hemichannel (1,counter);
counter=counter+1;
end

right=right+1;
end
for t=2:1:5
right=1;
number=7;
counter=1;
while right<=number
for left=1:1:number

V_left hemichannel (t,counter)=(V_variable*g right hemichannel (P2 variable,V right
hemichannel (t-1,right),right)) /...
(g_left hemichannel (P1 variable,V left hemichannel (t-
1,1left),left)+g right hemichannel (P2 variable,V right hemichannel (t-
1,right),right));
V_right hemichannel (t,counter)=V variable-V_ left hemichannel (t,counter);
counter=counter+l;
end
right=right+1;
end
end
V_left steady=V left hemichannel (5,1:1:49);
V_right steady=V right hemichannel (5,1:1:49);
% formation of a matrix
function matrix=formationOfMatrix (A,P,V0,K,voltage steady)
states=zeros(7,2);
for s=1:1:7
states(s,1)=s-1; states(s,2)=6-(s-1);
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end
function Cartesian=setCartesian(states_1,states 2)
one=sortrows (repmat (states 1, [size(states 2,1) 1]));
second=repmat (states 2, [size(states 1,1) 11]);
Cartesian=[one second];
end
matrix=zeros(7);
o=1; number 1=1;
while o0<8
statesl=zeros (states(o,1)+1,2);
for 1=1:1:states(o,1)+1
statesl (1l,1)=states(o,1)-(1-1);
statesl(1l,2)=1-1;
end
states2=zeros (states(o,2)+1,2);
for 1l=1:1:states(o,2)+1
states2(1l,1)=1-1;
states2(1,2)=states(o0,2)-(1-1);
end
Cartesian product=setCartesian(statesl,states2);
sum_l=sum(Cartesian product(:,1:2:3),2);
sum_2=sum (Cartesian product(:,2:2:4),2);
indices=[Cartesian product sum 1 sum 2];
number=size (indices, 1) ;
probabilities=zeros (number, 1) ;
for numberl=1:1:number
probabilities (numberl)=...
nchoosek (o-
1,indices (numberl, 1)) *pcc (A, P,V0,K,voltage steady(indices (numberl, 5)+number 1)) " (i
ndices (numberl, 1)) *...

pco(A,P,V0,K,voltage steady(indices (numberl, 5)+number 1)) " (indices (numberl,2))*...
nchoosek (6- (o-

1) ,indices (numberl, 3) ) *poc (A, P,V0,K,voltage steady(indices (numberl,5)+number 1)) " (

indices (numberl,3))*...

poo (A,P,V0,K,voltage steady(indices (numberl, 5)+number 1)) " (indices (numberl, 4));
end
probabilities2=zeros(7,1);
for numberl=1:1:number
for 1=1:1:7
if indices (numberl,5)==(1-1)
probabilities2 (1)=probabilities2 (1)+probabilities (numberl) ;
end
end
end
for j=1:1:7
matrix (o, j)=probabilities2(j);
end
number l=number 1+7;
o=o+1;
end
end

matrix of a left hemichannel=formationOfMatrix (Al variable,Pl variable,VO0l variabl
e,Kl variable,V left steady'):;

matrix of a right hemichannel=formationOfMatrix (A2 variable,P2 variable,V02 variab
le,K2 variable,V _right steady');
matrix of both hemichannels=zeros(49);
size of left matrix=size(matrix of a left hemichannel, 1);
size of left right matrix=size(matrix of both hemichannels,1);
for i=l:size of left matrix:size of left right matrix
for j=l:size of left matrix:size of left right matrix



matrix of both hemichannels (i:i+(size of left matrix-
1),J:J+(size_of left matrix-1))=...
matrix of a left hemichannel ((i+(size of left matrix-
1)) /size of left matrix, ...
(J+(size_of left matrix-
1)) /size of left matrix)*matrix of a right hemichannel;
end
end
matrix of both a=matrix of both hemichannels;
function normalised=normalised matrix (matrix)
normalised=zeros(size (matrix,1));
sum of p rows=sum(matrix,2);
for i=1:1:1length(sum of p rows)
normalised (i, :)=matrix (i, :)/sum of p rows(i);
end
end
matrix of both=normalised matrix (matrix of both a);
X=stationary probabilities (matrix of both);
sum_of p rows=sum(matrix of both hemichannels, 2);
initial distribution=zeros(49,1);
initial distribution(1l)=1;
p(l,:)=initial distribution';
for 1=1:1:200
p(it+l,:)=p(l,:) *expm(matrix of both*i);
end
conductance=zeros (49,1);
right=1;
number=7;
counter=1;
while right<=number
for left=1:1:number

61

conductance (counter)=number of channels*X(counter)* (g left hemichannel (Pl variable

,V_left steady(l,counter),left)*g right hemichannel (P2 variable,V right steady(1l,c

ounter),right)) /...

(g_left hemichannel (Pl variable,V left steady(l,counter),left)+g right hemichannel

(P2 _variable,V_right steady(l,counter),right));
counter=counter+l;
end
right=right+1;
end
n=0:1:48; n=n';
table=[n [V_left steady' V right steady'] conductance];

o o o o

% % % % % For drawing the graphic conductance (V), when V variable change
% % values from the specified interval
function Cartesian=setCartesian(states 1,states 2)
one=sortrows (repmat (states 1, [size(states 2,1) 11));
second=repmat (states 2, [size(states 1,1) 1]);
Cartesian=[one second];
end
minimum=V _min variable; max=V max variable; step=V_step variable;
count voltages=numel (minimum:step:max);
conductance_interval=zeros (count voltages,1);
index=1;
for V_variable variates=minimum:step:max
right=1;
number=7;
counter=1;
while right<=number
for left=1:1:number

V_left hemichannel 2(1,counter)=(V_variable variates*g right hemichannel (P2 variab

le,0,right)) /...
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(g_left hemichannel (P1 variable,0,left)+g right hemichannel (P2 variable,0,right));
V_right hemichannel 2(1,counter)=V variable variates-
V_left hemichannel (1, counter);
counter=counter+1;
end
right=right+1;
end
for t=2:1:5
right=1;
number=7;
counter=1;
while right<=number
for left=1:1:number

V_left hemichannel 2 (t,counter)=(V_variable variates*g right hemichannel (P2 variab
le,V right hemichannel (t-1,right),right))/...

(g_left hemichannel (Pl variable,V left hemichannel (t-
1,1left),left)+g right hemichannel (P2 variable,V right hemichannel (t-
1,right),right));

V_right hemichannel 2(t,counter)=V variable variates-

V_left hemichannel (t, counter);
counter=counter+1;
end

right=right+1;

end
end
V_left steady 2=V _left hemichannel 2(5,1:1:49);
V_right steady 2=V right hemichannel 2(5,1:1:49);

matrix of a left hemichannel 2=formationOfMatrix (Al variable,Pl variable,V0l varia
ble,Kl variable,V left steady 2'");

matrix of a right hemichannel 2=formationOfMatrix (A2 variable, P2 variable,V02 vari
able,K2 variable,V right steady 2');
matrix of both hemichannels 2=zeros(49);
size of left matrix 2=size(matrix of a left hemichannel 2,1);
size of left right matrix 2=size(matrix of both hemichannels 2,1);
for i=l:size of left matrix 2:size of left right matrix 2
for j=l:size of left matrix 2:size of left right matrix 2
matrix of both hemichannels 2(i:i+(size of left matrix 2-
1),j:J+(size of left matrix 2-1))=...
matrix of a left hemichannel 2((i+(size of left matrix 2-
1)) /size of left matrix 2,...
(j+(size of left matrix 2-
1)) /size of left matrix 2)*matrix of a right hemichannel 2;
end
end

X 2=stationary probabilities (matrix of both hemichannels 2);

for s=1:1:7
state(s)=s-1;
end
Cartesian product l=setCartesian(state',state');
sum_l=sum(Cartesian product 1(:,1:2),2);
statmatrix O=[Cartesian product 1 sum 1 X 2];
number=size (statmatrix 0,1);
X 20=zeros(13,1);
for numberl=1:1:number
for 1=1:1:13
if statmatrix O (numberl, 3)==(1-1)
X 20(1)=X 20(l)+statmatrix O (numberl, 4);
end
end
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end

for 3=1:1:13
statmatrix (j, index)=abs (X 20(3));

end

conductance 2=zeros(49,1);
right=1;
number=7;
counter=1;
while right<=number
for left=1:1:number

conductance_ 2 (counter)=number of channels*X 2 (counter)* (g left hemichannel (Pl vari
able,V left steady 2(1,counter),left)*...
g right hemichannel (P2 variable,V right steady 2(1,counter),right))/...
(g_left hemichannel (Pl variable,V left steady 2(1,counter),left)+...
g _right hemichannel (P2 variable,V right steady 2(1,counter),right));
counter=counter+1;
end
right=right+1;
end
conductance interval (index)=sum(conductance 2);
index=index+1;
end

figure handle O=figure();
table handle = uitable('Position', [100,340,450,300], 'Data',table,...
'ColumnName', {'State','Voltage of the Left
Hemichannel', 'Voltage of the Right Hemichannel' , 'Conductance'}, ...
'ColumnFormat', {'numeric', 'numeric', 'numeric'},...
"ColumnWidth', {80 150 150 80});
bar handle =
bar (axes ('Units', '"Pixels', '"Position', [600,350,600,300]),table(:,1),table(:,4));
title 'Bar of a conductance of a channel (depending on a state)';
xlabel ('a state of left and right hemichannels, const.')
ylabel ('Conductance of a channel, pS'")
axis ([0 48 0 21);
set (bar_handle) ;
set (table handle, 'FontName', 'Courier', 'FontSize',12);
voltage interval=minimum:step:max; voltage interval=voltage interval';
table handle 2 = uitable('Position', [100,50,210,260], 'Data', [voltage interval
conductance_ intervall, ...
'ColumnName', {'Voltage', 'Conductance'}, ...
'ColumnFormat', {'numeric', 'numeric'}, ...
'ColumnWidth', {80 80});
plot handle =
plot(axes('Units', 'Pixels', 'Position', [600,60,300,220]),voltage_interval, conductan
ce interval, 'LineWidth',2);
set (table handle 2, 'FontName', 'Courier', 'FontSize',12);
title 'Conductance dependence on voltage';
xlabel ('V, mV")
ylabel ('G(V), pS")
axis ([-100 100 0O 7]);
set (plot _handle);
grid on;
set (figure handle 0, 'Units', 'normalized', 'NumberTitle',
'off', '"Menubar', 'none', '"Name', '"Model of 12 Connexins', 'Color',defaultBackground);
figure handle l=figure();
i=1:1:201;
subplot(2,4,1), plot(i',p(:,1),'d",i",p(:,2),'v',i",p(:,3),"'g",1",p(:,4),"'Vv", ...
i',p(:,5),'k",i",p(:,06),'c",i",p(:,7),'m", 'LineWidth',2);
legend('p O0','p 1','p 2", 'p 3','p 4", 'p 5',"'"p 6'); grid on;
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subplot(2,4,2),
plOt(l'lp( 8)!'b'ri'lp(:lg)l'r'li'lp(:llo)l'g'li'lp(:lll)l'y'r---
i',p(:,12),'k",1i",p(:,13),'c",i",p(:,14),'m", "LineWidth',2);
legend('p 7','p 8','p 9", 'p 1 0','p 1 1", 'p 1 2",'"p 1 3'"); grid on;

subplot (2,4, 3),

plot(i',p(:,15),'b",i",p(:,16),'c",i",p(:,17),"'g",1i",p(:,18),"'yv", ...
i',p(:,19),'k',i',p(:,20),‘c',i',p(:,21),'m','LineWidth' 2);
legend('p 1 4','p 1 5','p 1 6"'",'p 1 7','p 1 8",'"p 1 9",'p 2 0"); grid on;

subplot(2 4 L4),

PlOt(i',P( )l'b'li'rp(:r23)r|r'rl'lp(:124)l'g'li'rp(:r25)r|y'r~-~
i',p(: ),'k',i',p(:,27),'c',i',p(:,28),'m','LineWidth' 2);
legend('p 2 1''p22",'p 23'",'"p 2 4",'p 25", '"p 2 6", 'p 2 7"); grid on;
subplot (2, 4 5),
PlOt(i',P( )l'b'li'rp(:r3o)r|r'rl'lp(:l31)l'g'li'rp(:r32)r|y'r~-~
i',p(.,33),'k',i',p(:,34),'C',i',p(:,35),'m','Linewidth' 2);
legend('p 2 8','p 2 9','p 3 0",'p 3 1','p 3 2",'"p 3 3'",'p 3 4"); grid on;

subplot(2 4 6),
plot(i',p( 36),'b'",i",p(:,37),'c",1i",p(:,38),'g',1",p(:,39),
p(:,40),'k",i'",p(:,41),'c'",1",p(:,42 m', 'LinewWidth',2);
legend( p_3_5',‘p_3_6','p_3_7',‘p_3_8','p_ 9','p 4 0','p 4 1"); grid on;
subplot(2,4,7)
plot(i',p(:,43),'b",i",p(:,44),'v',i",p(:,45),"'g',1",p(:,46),'yv", ...
i',p(:,47),'k',i',p(:,48),‘c',i',p(:,49),'m','LineWidth' 2);
legend('p 4 2','p 4 3','p 4 4','p 4 5','p 4 6','p 4 7','p 4 8"
set (figure handle 1, 'Units', 'normalized', '"NumberTitle',
'off', "Menubar', 'none', 'Name', 'Simulation of
Probabilities', "Color',defaultBackground) ;
figure handle 2=figure();
subplot(1,2,1),
plot (voltage interval,statmatrix(l,:)', 'b',voltage interval,statmatrix(2,:)','r',.

~

); grid on;

voltage interval,statmatrix(3,:)"','g',voltage interval,statmatrix(4,:)','y',...

voltage interval,statmatrix(5,:)"', 'k',voltage interval, statmatrix(6,:)','c’,
voltage interval,statmatrix(7,:)','m', 'LineWidth',2);

xlabel ('Voltage (V), mV")

ylabel ('Probability")

legend('0 closed connexins', 'l closed connexin','2 closed connexins',

'3 closed connexins','4 closed connexins','5 closed connexins','6 closed

connexins'); grid on;

subplot (1,2,2),

plot (voltage interval,statmatrix(8,:)','b',voltage interval,statmatrix(9,:)','r",.
voltage interval,statmatrix(10,:)','g',voltage interval,statmatrix(1ll,:)','y',...
voltage interval,statmatrix(12,:)','k',voltage interval,statmatrix(13,:)','c', 'Lin

eWidth',2);

xlabel ('Voltage (V), mV")

ylabel ('Probability")

legend('7 closed connexins','8 closed connexin','9 closed connexins'

'10 closed connexins', 'll closed connexins','1l2 closed connexins'); grid

on;

set (figure handle 2, 'Units', 'normalized', 'NumberTitle',
'off', '"Menubar', 'none', 'Name', 'Dependency of
Probabilities', "Color',defaultBackground) ;
end

function six connexins continuous button Callback (source,data)
% variables

Al variable str2num(get (Al handle, 'String'));
Pl variable = strZ2num(get (Pl handle, 'String'));
V01l variable = str2num(get(VOl handle, 'String’

’

)) i
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K1 variable = strZnum )
A2 variable = strZ2num )
P2 variable = str2num(get (P2 handle, 'String')
V02 variable = str2num(get (V02 handle, 'String
K2 variable = str2num(get (K2 handle, 'String')

get
get

K1 handle, 'String'
A2 handle, 'String’

( ( )
( ( )
)

))
) ;

V_variable = str2num(get (V_handle, 'String'));

V_min variable = str2num(get(V_min handle, 'String'));
V_step variable = str2num(get (V_step handle, 'String'));
V_max variable = str2num(get(V_max handle, 'String'));
number of channels=str2num(get (Channels handle, 'String'));

time of a connexin=str2num(get (timel handle, 'String'));

o)

% end of variables

if Pl variable < -1 || (Pl variable >-1 && Pl variable < 1) || Pl variable >1
...

P2 variable < -1 || (P2 variable >-1 && P2 variable < 1) || P2 variable >1
message handle=msgbox ('P1/P2 has to be +1 or -1!','Error');

set (message handle, 'Units', 'normalized', 'Color',defaultBackground) ;
end
if (V_max variable<V min variable) || (V_step variable > V max variable) |]...
(V_max variable<V _min variable) && (V_step variable > V max variable)
message handle=msgbox ('V max is smaller than V min or V step is greater than V
max.', 'Error');
set (message handle, 'Units', 'normalized', 'Color',defaultBackground) ;
end
if round(number of channels) ~= number of channels || number of channels<=0
message handle=msgbox ('Number of channels must be positive integer!',6 'Error');
set (message handle, 'Units', 'normalized', 'Color',defaultBackground) ;
end
if time of a connexin <= 0
message_handle=msgbox ('Time of a connexin being in the same state is non-
negative!', '"Error');
set (message handle, 'Units', 'normalized', 'Color',defaultBackground) ;
end
% format shortE;
function [matrix,
probability]=matrix and probability(A,P,V0,K,voltage steady,moment)
Rate=zeros (7);
for i=1:1:7
for 3=1:1:7
if i-j==-1
Rate(i,J)=(7-1i) *lambda oc(A,P,V0,K,voltage steady(j,1),moment);
elseif i-j==
Rate(i,Jj)=j*lambda co(A,P,V0,K,voltage steady(j,1),moment);
end
end
end
sum_of rate rows=sum(Rate,2);
Diagonal=zeros (7) ;
for i=1:1:7
for j=1:1:7

if i==j
Diagonal (i,J)=sum_of rate rows(j);
end
end
end
matrix=Rate-Diagonal;
A=[matrix'; ones(l,size(matrix,1))];

B=[zeros(size (matrix,1),1);11;
probability=A\B;
end
V=voltage left stationary (Pl variable,P2 variable,V variable);
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[Q,
PI]=matrix and probability (Al variable,Pl variable,V0l variable,Kl variable,V,time
_of a connexin);

initial distribution=[1 0 O O O O O];

p(l,:)=initial distribution(l,:);
for step 1=1:1:9

p(step i+l,:)=p(1l,:) *expm(Q*step 1i);
end

conductance=zeros (7,1);
for n=1:1:7

conductance (n) =number of channels*PI(n)* (g left hemichannel (Pl variable,V(n),n)*g
right_hemichannel(P2_variable,V_variable—V(n),1))/...

(g_left hemichannel (Pl variable,V(n),n)+g_right hemichannel (P2 variable,V variable
-Vi(n),1));
end

n=0:1:6; n=n';
table = [n V conductance];
% % % For drawing the graphic conductance (V), when V variable change
values from the specified interval
minimum=V _min variable; max=V max variable; step=V step variable;
count voltages=numel (minimum:step:max) ;
V_left hemichannel2=zeros(5,7);
conductance_interval=zeros (count voltages,1);
index=1;
for V_variable variates=minimum:step:max
for n=1:1:7

o0

o0

V_left hemichannel2(1l,n)=(V_variable variates*g right hemichannel (P2 variable,0,1)

Y/

(g_left hemichannel (P1 variable,0,n)+g right hemichannel (P2 variable,0,1));
end
for t=2:1:5
for n=1:1:7

V_left hemichannel2(t,n)=(V_variable variates*g right hemichannel (P2 variable,V va
riable variates-V_left hemichannel2(t-1,n),1))/...

(g_left hemichannel (Pl variable,V left hemichannel2(t-1,n),n)+...

g _right hemichannel (P2 variable,V variable variates-
V_left hemichannel2(t-1,n),1));

end
end
V2=V _ left hemichannel2(5,:)"';

[matrix2,X2]=matrix and probability (Al variable,Pl variable,V0l variable,Kl variab
le,V2,time of a connexin);
statmatrix (:, index)=abs (X2);
conductance2=zeros (7,1);
for n=1:1:7

conductance?2 (n) =number of channels*X2(n)* (g left hemichannel (Pl variable,V2(n),n)*
g right hemichannel (P2 variable,V variable variates-v2(n),1))/...

(g_left hemichannel (P1 variable,V2(n),n)+g right hemichannel (P2 variable,V variabl
e variates-v2(n),1));

end

conductance interval (index)=sum(conductance2) ;

index=index+1;
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end

table handle = uitable('Position', [220,440,272,170], 'Data',table,...
'ColumnName', {'State','Voltage', 'Conductance'}, ...
'ColumnFormat', {'numeric', 'numeric', 'numeric'},...
'ColumnWidth', {80 80 80});
bar handle =
bar (axes('Units', '"Pixels', "Position', [560,350,300,300]),table(:,1),table(:,3));
title 'Bar of a conductance of a channel (depending on a state)';
xlabel ('a state of a left hemichannel, const.')
ylabel ('Conductance of a channel, pS'")
axis ([0 7 0 61);
set (bar_handle) ;
set (table handle, 'FontName', 'Courier', 'FontSize',12);
voltage interval=minimum:step:max; voltage interval=voltage interval';
table handle 2 = uitable('Position', [220,50,210,260], 'Data’', [voltage interval
conductance_ intervall, ...
'ColumnName', {'Voltage', 'Conductance'}, ...
'ColumnFormat', {'numeric', "'numeric'},...
'ColumnWidth', {80 80});
plot handle =
plot (axes('Units', 'Pixels', 'Position', [560,60,300,220]),voltage interval, conductan
ce interval, 'LineWidth',2);
set (table handle 2, 'FontName', 'Courier', 'FontSize',12);
title 'Conductance dependence on voltage';
xlabel ('V, mV")
ylabel ('G(V), pS")
axis ([-100 100 0O 7]);
set (plot _handle);
grid on;
figure handle O=figure();
i=1:1:10;
plot(i',p(:,1),'0",i',p(:,2),'v",i",p(:,3),'g"',i",p(:,4),"'Vv"', ...
i',p(:,5),'k",i",p(:,6),'c",i",p(:,7),'m", 'LinewWidth',2);
I'p

legend('p 0", 'p 1','p 2", 'p 3','p 4", 'p 5','p_6");

grid on;

set (figure handle 0, 'Units', 'normalized', 'NumberTitle',
'off', "Menubar', 'none', 'Name', 'Simulation of
Probabilities', 'Color',defaultBackground) ;

figure handle l=figure();
plot (voltage interval,statmatrix(l,:)','b',voltage interval,statmatrix(2,:)','r",.
voltage interval,statmatrix(3,:)"','g',voltage interval,statmatrix(4,:)"','y',...
voltage interval,statmatrix(5,:)"','k',voltage interval,statmatrix(6,:)','c',...

voltage interval,statmatrix(7,:)','m', 'LineWidth',2);

xlabel ('Voltage (V), mV")
ylabel ('Probability")
legend('0 closed connexins', 'l closed connexin','2 closed connexins', ...

'3 closed connexins', '4 closed connexins','5 closed connexins', ...
'6 closed connexins');

grid on;

set (figure handle 1, 'Units', 'normalized', 'NumberTitle',

'off', '"Menubar', 'none', 'Name', 'Dependency of
Probabilities', '"Color',defaultBackground) ;
end

function twelve connexins continuous button Callback (source,data)
12 connexins model

% variables

Al variable = str2num(get (Al handle, 'String'));

o\°
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Pl variable = strZnum(get (Pl handle, 'String'));

V01l variable = str2num(get(V0l handle, 'String'));

K1 variable = str2num(get (K1l handle, 'String'));

timel of a connexin=str2num(get (timel handle, 'String'));
A2 variable = str2num(get (A2 handle, 'String'));

P2 variable = str2num(get (P2 _handle, 'String'));

V02 variable = str2num(get (V02 handle, 'String'));

K2 variable = str2num(get (K2 handle, 'String'));

time2 of a connexin=str2num(get (time2 handle, 'String'));

V_variable = str2num(get(V_handle, 'String'));

V_min variable = str2num(get(V_min handle, 'String'));
V_step variable = str2num(get (V_step handle, 'String'));
V_max variable = str2num(get(V_max handle, 'String'));

number of channels=str2num(get (Channels handle, 'String'));
% end of variables
if Pl variable < -1 || (Pl variable >-1 && Pl variable < 1) || Pl variable >1
...
P2 variable < -1 || (P2 variable >-1 && P2 variable < 1) || P2 variable >1
message handle=msgbox ('P1/P2 has to be +1 or -1!','Error');
set (message handle, 'Units', 'normalized', 'Color',defaultBackground) ;
end
if (V_max variable<V min variable) || (V_step variable > V max variable) |]...
(V_max variable<V min variable) && (V_step variable > V max variable)
message_handle=msgbox ('V max is smaller than V min or V step is greater than V
max.', 'Error');
set (message handle, 'Units', 'normalized', 'Color',defaultBackground) ;
end
if round(number of channels) ~= number of channels || number of channels<=0
message handle=msgbox ('Number of channels must be positive integer!',6 'Error');
set (message handle, 'Units', 'normalized', 'Color',defaultBackground);
end

if timel of a connexin <= 0 || time2 of a connexin <=0
message handle=msgbox ('Time of a connexin being in the same state is non-
negative!', '"Error');

set (message handle, 'Units', 'normalized', 'Color',defaultBackground) ;
end

right=1;
number=7;
counter=1;
while right<=number
for left=1:1:number

V_left hemichannel (1, counter)=(V_variable*g right hemichannel (P2 variable, 0, right)

Y/

(g_left hemichannel (Pl variable,0,left)+g _right hemichannel (P2 variable, O, right));
V_right hemichannel (1, counter)=V _variable-V left hemichannel (1,counter);
counter=counter+l;
end

right=right+1;
end
for t=2:1:5
right=1;
number=7;
counter=1;
while right<=number
for left=1:1:number

V_left hemichannel (t,counter)=(V_variable*g right hemichannel (P2 variable,V right
hemichannel (t-1, right),right)) /...



(g_left hemichannel (P1 variable,V left hemichannel (t-
1,1left),left)+g right hemichannel (P2 variable,V right hemichannel (t-

1,right),right));

V_right hemichannel (t,counter)=V variable-V_ left hemichannel (t, counter);

counter=counter+1;
end

right=right+1;

end
end
V_left steady=V left hemichannel(5,1:1:49);
V_right steady=V right hemichannel (5,1:1:49);

formation of a matrix

o

function Rate=formationOfMatrix(A,P,V0,K,voltage steady,moment)

Rate=zeros (7);
ind voltage oc=2;
ind voltage co=8;
for i=1:1:7
for §=1:1:7
if i-j==-1
Rate (i, 3)=(7-

i) *lambda_ oc(A,P,V0,K,voltage steady(ind voltage oc,1l),moment);

ind voltage oc=ind voltage oc+8;
elseif i-j==

Rate(i,j)=j*lambda co(A,P,V0,K,voltage steady(ind voltage co,1l),moment);

ind voltage co=ind voltage co+8;
end
end
end
end
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matrix of a left hemichannel=formationOfMatrix (Al variable,Pl variable,VO0l variabl

e,Kl variable,V left steady', timel of a connexin);

matrix of a right hemichannel=formationOfMatrix (A2 variable,P2 variable,V02 variab

le,K2 variable,V right steady', time2 of a connexin);
matrix of both hemichannels=zeros(49);

size of left matrix=size(matrix of a left hemichannel, 1);
size of left right matrix=size(matrix of both hemichannels,1);

for i=l:size of left matrix:size of left right matrix
for j=1l:size of left matrix:size of left right matrix
matrix of both hemichannels (i:i+(size of left matrix-
1),j:J+(size_of left matrix-1))=...
matrix of a left hemichannel ((i+(size of left matrix-
1)) /size of left matrix, ...
(j+(size of left matrix-
1)) /size of left matrix)+matrix of a right hemichannel;

end

end

function prob=stationary(matrix)
A=[matrix'; ones(l,size(matrix,1))];
B=[zeros(size (matrix,1),1);11;
prob=A\B;

end

function matrix=fully formed matrix(rate)
sum of rate rows=sum(rate,2);
Diagonal=zeros (size(rate,l));
for i=l:1:size(rate, 1)

for j=1:1:size(rate, 1)

if i==j
Diagonal (i,J)=sum_of rate rows(j);
end
end

end
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matrix=rate-Diagonal;
end
matrix of both=fully formed matrix (matrix of both hemichannels);
X=stationary (matrix of both);
conductance=zeros (49,1);
right=1;
number=7;
counter=1;
while right<=number
for left=1:1:number
conductance (counter)=number of channels*X(counter)*...
(g_left hemichannel (Pl variable,V left steady(l,counter),left)*...
g right hemichannel (P2 variable,V right steady(l,counter),right))/...
(g_left hemichannel (Pl variable,V left steady(l,counter),left)+...
g _right hemichannel (P2 variable,V right steady(1l,counter),right));
counter=counter+l;
end
right=right+1;
end
n=0:1:48; n=n';
table=[n [V _left steady' V_right steady'] conductance];
% % % % For drawing the graphic conductance (V), when V variable change
% % values from the specified interval
function Cartesian=setCartesian(states 1,states 2)
one=sortrows (repmat (states 1, [size(states 2,1) 1]));
second=repmat (states 2, [size(states 1,1) 1]);
Cartesian=[one second];

o0

end
minimum=V _min variable; max=V max variable; step=V_step variable;
count voltages=numel (minimum:step:max) ;
conductance_ interval=zeros (count voltages,1);
index=1;
for V_variable variates=minimum:step:max
right=1;
number=7;
counter=1;
while right<=number
for left=1:1:number
V_left hemichannel 2(1,counter)=(V_variable variates*...
g right hemichannel (P2 variable,0,right))/...

(g_left hemichannel (Pl variable,0,left)+g right hemichannel (P2 variable, O, right));
V_right hemichannel 2(1,counter)=V _variable variates-
V_left hemichannel (1, counter);
counter=counter+l;
end
right=right+1;
end
for t=2:1:5
right=1;
number=7;
counter=1;
while right<=number
for left=1:1:number
V_left hemichannel 2 (t,counter)=(V_variable variates*...
g right hemichannel (P2 variable,V right hemichannel (t-1,right),right))/...
(g_left hemichannel (Pl variable,V left hemichannel (t-1,left),left)+...
g_right hemichannel (P2 variable,V right hemichannel (t-1,right),right));
V_right hemichannel 2(t,counter)=V variable variates-
V_left hemichannel (t, counter);
counter=counter+l;
end
right=right+1;
end
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end
V_left steady 2=V _left hemichannel 2(5,1:1:49);
V_right steady 2=V right hemichannel 2(5,1:1:49);

matrix of a left hemichannel 2=formationOfMatrix (Al variable,Pl variable,V0l varia
ble,Kl variable,V left steady 2',timel of a connexin);

matrix of a right hemichannel 2=formationOfMatrix (A2 variable, P2 variable,V02 vari
able,K2 variable,V right steady 2',time2 of a connexin);
matrix of both hemichannels 2=zeros(49);
size of left matrix 2=size(matrix of a left hemichannel 2,1);
size of left right matrix 2=size (matrix of both hemichannels 2,1);
for i=l:size of left matrix 2:size of left right matrix 2
for j=l:size of left matrix 2:size of left right matrix 2
matrix of both hemichannels 2(i:i+(size of left matrix 2-
1),J:J+(size of left matrix 2-1))=...
matrix of a left hemichannel 2((i+(size of left matrix 2-
1)) /size of left matrix 2,...
(J+(size_of left matrix 2-
1))/Size_of_left_matrix_Z)+matrix_of_a_right_hemichannel_2;
end
end
matrix of both 2=fully formed matrix(matrix of both hemichannels 2);
X 2=stationary(matrix of both 2);

for s=1:1:7
state(s)=s-1;

end
Cartesian product l=setCartesian(state', state');
sum_l=sum(Cartesian product 1(:,1:2),2);

statmatrix O=[Cartesian product 1 sum 1 X 2];
number=size (statmatrix 0,1);
X 20=zeros(13,1);
for numberl=1:1:number
for 1=1:1:13

if statmatrix O (numberl, 3)==(1-1)
X 20(1)=X 20(1l)+statmatrix O (numberl, 4);
end
end

end
for 3=1:1:13

statmatrix (j,index)=abs (X 20(j));
end

conductance 2=zeros (49,1);
right=1;
number=7;
counter=1;
while right<=number
for left=1:1:number
conductance 2 (counter)=number of channels*X 2 (counter)*...
(g_left hemichannel (Pl variable,V left steady 2(1,counter),left)*...
g right hemichannel (P2 variable,V right steady 2 (1,counter),right))/...
(g_left hemichannel (P1 variable,V left steady 2(1,counter),left)+...
g _right hemichannel (P2 variable,V right steady 2(1,counter),right));
counter=counter+l;
end
right=right+1;
end
conductance interval (index)=sum(conductance 2);
index=index+1;
end
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figure handle O=figure();
table handle = uitable('Position', [100,340,450,300], 'Data',table,...
'ColumnName', {'State','Voltage of the Left
Hemichannel', 'Voltage of the Right Hemichannel' , 'Conductance'}, ...
'ColumnFormat', {'numeric', 'numeric', 'numeric'},...
'ColumnWidth', {80 150 150 80});
bar handle =
bar (axes('Units', '"Pixels', '"Position', [600,350,600,300]),table(:,1),table(:,4));
title 'Bar of a conductance of a channel (depending on a state)';
xlabel ('a state of left and right hemichannels, const.')
ylabel ('Conductance of a channel, pS'")
axis ([0 48 0 21):
set (bar_handle) ;
set (table handle, 'FontName', 'Courier', 'FontSize',12);
voltage interval=minimum:step:max; voltage interval=voltage interval';
table handle 2 = uitable('Position', [100,50,210,260], 'Data', [voltage interval
conductance_ intervall, ...
'ColumnName', {'Voltage', 'Conductance'}, ...
'ColumnFormat', {'numeric', "'numeric'}, ...
'ColumnWidth', {80 80});
plot handle =
plot (axes('Units', 'Pixels', 'Position', [600,60,300,220]),voltage interval, conductan
ce interval, 'LineWidth',62);
set (table handle 2, 'FontName', 'Courier', 'FontSize',12);
title 'Conductance dependence on voltage';
xlabel ('V, mV")
ylabel ('G(V), pS")
axis ([-100 100 0O 7]);
set (plot _handle);
grid on;
set (figure handle 0, 'Units', 'normalized', 'NumberTitle',
'off', "Menubar', 'none', 'Name', 'Continuous Time Model of 12
Connexins', 'Color',defaultBackground) ;
figure handle l=figure();
subplot(1l,2,1),
plot (voltage interval,statmatrix(l,:)','b',voltage interval,statmatrix(2,:)','r",.

voltage interval,statmatrix(3,:)"','g',voltage interval,statmatrix(4,:)','y',...

voltage interval,statmatrix(5,:)"','k',voltage interval,statmatrix(6,:)','c',...
voltage interval,statmatrix(7,:)','m', 'LineWidth',2);

xlabel ('Voltage (V), mV")

ylabel ('Probability")

legend('0 closed connexins','l closed connexin','2 closed connexins', ...

'3 closed connexins','4 closed connexins','5 closed connexins','6 closed

connexins'); grid on;

subplot (1,2,2),

plot (voltage interval,statmatrix(8,:)', 'b',voltage interval,statmatrix(9,:)','r',.
voltage interval,statmatrix(10,:)','g',voltage interval,statmatrix(1ll,:)','y',...
voltage interval,statmatrix(l2,:)','k',voltage interval,statmatrix(1l3,:)','c’', 'Lin
eWidth', 2);

xlabel ('Voltage (V), mV")
ylabel ('Probability")
legend('7 closed connexins', '8 closed connexin','9 closed connexins', ...

'10 closed connexins','ll closed connexins','l2 closed connexins'); grid
on;
set (figure handle 1, 'Units', 'normalized', 'NumberTitle',
'off', '"Menubar', 'none', 'Name', 'Dependency of

Probabilities', "Color',defaultBackground) ;
end
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function six connexins button2 Callback (source,data)
% variables

Al variable str2num(get (Al handle, 'String'))
Pl variable = strZnum(get (Pl handle, 'String'));
V01l variable = str2num(get(V0Ol handle, 'String'));

K1 variable = str2num(get (Kl handle, 'String'));

pcdcl variable = str2Znum(get (pcdcl handle, 'String'));
pdccl variable = str2num(get (pdccl handle, 'String'));
pdcdcl variable=l-pdccl variable;

A2 variable = str2num(get (A2 handle, 'String'))
P2 variable = str2num(get (P2 _handle, 'String'));

V02 variable = str2num(get (V02 handle, 'String'));

K2 variable = str2num(get (K2 handle, 'String'));

pcdc2 variable = str2num(get (pcdc2 handle, 'String'));
pdcc2 variable = str2num(get (pdcc2 handle, 'String'));
pdcdc2 variable=l-pdcc2 variable;

’

’

V_variable = str2num(get (V_handle, 'String'));
V_min variable = str2num(get(V_min handle, 'String'));
V_step variable = str2num(get (V_step handle, 'String'));
V_max variable = str2num(get(V_max handle, 'String'));
number of channels=str2Znum(get (Channels handle, 'String'));
% end of variables
if Pl variable < -1 || (Pl variable >-1 && Pl variable < 1) || Pl variable >1
[...
P2 variable < -1 || (P2 variable >-1 && P2 variable < 1) || P2 variable >1
message handle=msgbox ('P1/P2 has to be +1 or -1!','Error');
set (message handle, 'Units', 'normalized', 'Color',defaultBackground) ;
end
if (V_max variable<V _min variable) || (V_step variable > V max variable) |]...
(V_max variable<V _min variable) && (V_step variable > V max variable)
message handle=msgbox ('V max is smaller than V min or V step is greater than V
max.', 'Error');
set (message _handle, 'Units', 'normalized', 'Color',defaultBackground) ;
end
if round (number of channels) ~= number of channels || number_of_channels<=0
message handle=msgbox ('Number of channels must be positive integer!',6 'Error');
set (message _handle, 'Units', 'normalized', 'Color',defaultBackground) ;
end
if pcdcl variable < 0 |
pcdc2 variable < 0 |
((pcdcl variable < 0

| pcdcl variable > 1
| pcdc2 variable > 1
|| pcdcl variable > 1) &&...
| pcdc2 variable > 1)) [|...
|
|

\
\
)
(pcdc2_variable < 0 | 1))
pdccl variable < 0 || pdccl variable > 1 |[]...
pdcc2 variable < 0 || pdcc2 variable > 1 |[]...
((pdccl_variable < 0 || pdccl _variable > 1) &&...
(pdcc2 variable < 0 || pdcc2 variable > 1))
message handle=msgbox ('pcdc and pdcc must be in the range of [0;1]!','Error');

set (message handle, 'Units', 'normalized', 'Color',defaultBackground);
end

states=zeros (28, 3);
n=1; nnn=0;
while n<8
for nn=1:1:7-(n-1)
states (nnn+1,1)=n-1; states(nnn+l,2)=nn-1; states(nnn+l,3)=6-(n-1)-(nn-
1);
nnn=nnn+1;
end
n=n+1;
end
for n=1:1:28
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V_left hemichannel (1,n)=(V_variable*g right hemichannel 3 (P2 variable,0,0,0,6))/..

(g_left hemichannel 3 (Pl variable,0,states(n,1),states(n,2),states(n,3))+...
g _right hemichannel 3 (P2 variable,0,0,0,6));
end
for t=2:1:5
for n=1:1:28
V_left hemichannel (t,n)=(V_variable*...
g _right hemichannel 3 (P2 variable,V variable-V left hemichannel (t-
1,n),0,0,6))/...
(g_left hemichannel 3 (Pl variable,V left hemichannel (t-
1l,n),states(n,1),states(n,2),states(n,3))+...
g _right hemichannel 3 (P2 variable,V variable-V left hemichannel (t-
1,n),0,0,6));
end
end
V=V_left hemichannel(5,:)";

o

formation of a matrix, when connexin can be in 3 states: open,
closed or deep-closed
function matrix=formationOfMatrix 3 (A,P,V0,K,voltage steady)
states=zeros (28, 3);
n=1; nnn=0;
while n<8
for nn=1:1:7-(n-1)
states (nnn+1,1)=n-1; states(nnn+l,2)=nn-1; states(nnn+l,3)=6-(n-1)-(nn-

o

1);
nnn=nnn+1;
end
n=n+1;
end
function Cartesian=setCartesian(states_1,states 2)
one=sortrows (repmat (states 1, [size(states 2,1) 11));
second=repmat (states 2, [size(states 1,1) 1]);
Cartesian=[one second];
end
matrix=zeros (28);
o=1;
while o0<=28
statesl=zeros (states(o,1)+1,3);
for 1=1:1:states(o,1)+1
statesl (1l,1)=states(o,1)-(1-1);
statesl (1l,2)=1-1;
statesl (1,3)=0;
end
n=1; nnn=0;
while n<=states(o,2)+1
for nn=1:1:states(o,2)+1-(n-1)
states2 (nnn+1,1)=n-1;
states2 (nnn+1,2)=nn-1;
states2 (nnn+1,3)=states (0,2)-(n-1)-(nn-1);
nnn=nnn+1;
end
n=n+1;
end
states3=zeros(states(o,3)+1,3);
for 1=1:1:states(o,3)+1
states3(1,1)=0;
states3(1,2)=1-1;
states3(1l,3)=states(o,3)-(1-1);
end
Cartesian product half=setCartesian(statesl,states2);
Cartesian product full=setCartesian(Cartesian product half,states3);
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sum_l=sum(Cartesian product full(:,1:3:7),2);
sum_2=sum(Cartesian product full(:,2:3:8),2);
sum_3=sum(Cartesian product full(:,3:3:9),2);

indices=[Cartesian product full sum 1 sum 2 sum 3];
number=size (indices, 1) ;
probabilities=zeros (number, 1) ;
for numberl=1:1:number

probabilities (numberl)=...

nchoosek (states (o, 1),indices (numberl, 1)) *pdccl variable” (indices (numberl,2))*...
pdcdcl variable” (indices (numberl, 1)) *...

(factorial (states (0,2))/ (factorial (indices (numberl, 4))*factorial (indices (numberl, 5
)) *factorial (indices (numberl, 6))))*...

pco_new(A,P,V0,K,pcdcl variable,voltage steady (o))" (indices (numberl,4))*...

pcc_new (A, P,V0,K,pcdcl variable,voltage steady (o))" (indices (numberl,5))*...
pcdcl variable” (indices (numberl, 6))*...
nchoosek (states (o, 3),indices (numberl, 9))*...
poc(A,P,V0,K,voltage steady (o))" (indices (numberl, 8)
poo (A, P,V0,K,voltage steady (o))" (indices (numberl, 9)

*

) *. ..
)
end
probabilities2=zeros (28,1);
for numberl=1:1:number

for 1=1:1:28

if indices (numberl,10)==states(l,1) &&
indices (numberl, 11)==states (1, 2)
probabilities2 (1)=probabilities2 (1l)+probabilities (numberl) ;
end
end

end
for §J=1:1:28
matrix (o, j)=probabilities2(j);
end
o=o+1;
end
end

matrix a=formationOfMatrix 3 (Al variable,Pl variable,V0l variable,Kl variable,V);

function normalised=normalised matrix (matrix)
normalised=zeros(size (matrix,1));
sum of p rows=sum(matrix,2);
for i=1:1:1length(sum of p rows)

normalised (i, :)=matrix (i, :)/sum of p rows(i);
end
end
matrix=normalised matrix (matrix a);
A=[matrix' - eye(size(matrix,l)); ones(l,size(matrix,1l))];
B=[zeros(size (matrix,1),1);11;
X=A\B;

initial distribution=zeros(28,1);
initial distribution(1l)=1;

p(l,:)=initial distribution’';
for 1i=1:1:100

p(i+l, :)=p(l,:)* (matrix"i);
end

conductance=zeros (28,1);
for n=1:1:28
conductance (n) =number of channels*X(n)*...
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(g_left hemichannel 3 (Pl variable,V(n),states(n,1),states(n,2),states(n,3))*...
g right hemichannel 3 (P2 variable,V variable-v(n),0,0,6))/...

(g_left hemichannel 3 (Pl variable,V(n),states(n,1),states(n,2),states(n,3))+...
g _right hemichannel 3 (P2 variable,V variable-vV(n),0,0,6));

end

n=0:1:27; n=n';

table = [n V conductance];

% % % % For drawing the graphic conductance (V), when V variable change

o

values from the specified interval
min=V _min variable; max=V max variable; step=V_step variable;
count voltages=numel (min:step:max);
V_left hemichannel2=zeros (5,28);
conductance interval=zeros (count voltages,1);
index=1;
for V_variable variates=min:step:max
for n=1:1:28
V_left hemichannel2(1l,n)=(V_variable variates*...
g right hemichannel 3 (P2 variable,0,0,0,6))/...

(g_left hemichannel 3 (Pl variable,0,states(n,1l),states(n,2),states(n,3))+...
g _right hemichannel 3 (P2 variable,0,0,0,6));
end

for t=2:1:5
for n=1:1:28
V_left hemichannel2(t,n)=(V_variable variates*...
g _right hemichannel 3 (P2 variable,V variable variates-
V_left hemichannel2(t-1,n),0,0,6))/...
(g_left hemichannel 3 (Pl variable,V left hemichannel2(t-1,n),...
states(n,1l),states(n,2),states(n,3))+...
g _right hemichannel 3 (P2 variable,V variable variates-
V_left hemichannel2(t-1,n),0,0,6));
end
end
V2=V _left hemichannel2(5,:)"';

matrix a2=formationOfMatrix 3 (Al variable,Pl variable,V0l variable,Kl variable,V2)
matrix2=normalised matrix (matrix aZ2);
X2=[matrix2' - eye(size(matrix?2)); ones(l,length(matrix2))] \...
[zeros (length(matrix2),1);1];

states=zeros (28, 3);
n=1; nnn=0;
while n<8
for nn=1:1:7-(n-1)
states (nnn+l,1)=n-1; states(nnn+l,2)=nn-1; states(nnn+l,3)=6-(n-1)-(nn-

nnn=nnn+1;
end
n=n+1;
end
sum_ l=sum(states(:,1:2),2);
statmatrix O=[states sum 1 X2];
number=size (statmatrix 0,1);
X 20=zeros(7,1);
for numberl=1:1:number
for 1=1:1:7

if statmatrix O (numberl, 4)==(1-1)
X 20(1)=X 20(l)+statmatrix O (numberl,5);
end
end

end



for 3=1:1:7
statmatrix (j, index)=abs (X 20(3));
end

conductance2=zeros (28,1);
for n=1:1:28
conductance?2 (n)=number of channels*X2(n)*...

(g_left hemichannel 3 (Pl variable,V2(n),states(n,1l),states(n,2),states(n,3))*...
g_right hemichannel 3 (P2 variable,V variable variates-v2(n),0,0,6))/...

(g_left hemichannel 3 (Pl variable,V2(n),states(n,1l),states(n,2),states(n,3))+...

g _right hemichannel 3 (P2 variable,V variable variates-v2(n),0,0,6));
end

conductance_interval (index)=sum(conductance2) ;

index=index+1;

end

figure handle O=figure();
table handle = uitable('Position', [100,340,450,300], 'Data',table,...
'ColumnName', {'State','Voltage of the Left
Hemichannel', 'Conductance'}, ...

'ColumnFormat', {'numeric', 'numeric', 'numeric'},...

'ColumnWidth', {80 150 80});
bar handle =

bar (axes ('Units', 'Pixels', "Position', [600,350,600,300]),table(:,1),table(:,3));

title 'Bar of a conductance of a channel (depending on a state)';
xlabel ('a state of left and right hemichannels, const.')

ylabel ('Conductance of a channel, pS")

axis ([0 27 0 21);

set (bar_handle) ;

set (table handle, 'FontName', 'Courier', 'FontSize',12);

voltage interval=min:step:max; voltage interval=voltage interval';

table handle 2 = uitable('Position', [100,50,210,260], 'Data', [voltage interval

conductance_interval], ...
'ColumnName', {'Voltage', 'Conductance'},...
'ColumnFormat', {'numeric', 'numeric'}, ...
'ColumnWidth', {80 80});
plot handle =
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plot(axes('Units', 'Pixels', 'Position', [600,60,300,220]),voltage_interval, conductan

ce interval, 'LineWidth',2);

set (table handle 2, 'FontName', 'Courier', 'FontSize',12);

title 'Conductance dependence on voltage';

xlabel ('V, mV")

ylabel ('G(V), pS")

axis ([-100 100 0 7]);

set (plot handle);

grid on;

set (figure handle 0, 'Units', 'normalized', 'NumberTitle',
'off', '"Menubar', 'none', 'Name', '"Model of 6 Connexins (3
States) ', 'Color',defaultBackground) ;

figure handle l=figure();

i=1:1:101;

subplot(2,2,1),

plot(i',p(:,1),'D",i",p(:,2),"'c',i",p(:,3),'g",1",p(:,4),"'y

i',p(:,5),'k",i",p(:,6),'c",i",p(:,7),'m", 'LinewWidth',2);

legend('p O','p 1','p 2','p 3','p 4','p 5','p 6");

grid on;

subplot(2,2,2),

plot(i',p(:,8),'0",i",p(:,9),"'v",i",p(:,10),"'g",i",p(:,10),"'y"', ...

i',p(:,12),'k",i",p(:,13),'c',i",p(:,14),'m', 'LineWidth',2);
legend('p 7','p 8','p 9','"p 1 0','p 1 1", 'p 1 2", 'p 1 3");
grid on;

e e .



subplot(2,2,3),
plot(i',p(:,15),'b',i",p(:,16),'c",i",p(:,17),"'g",i',p(:,18),"'v', ...
i',p(:,19),'k",i",p(:,20),"'c',i",p(:,21),'m"', 'LineWidth',2);
legend('p 1 4','p 1 5','p 1 6','"p 1 7",'p 1 8",'"p 1 9", '"p20");
grid on;
subplot (2,2,4),
plot(i',p(:,22),'D',i",p(:,23),"'c",i",p(:,24),"'g",1i",p(:,25),"'v', ...
i',p(:,26),'k",i",p(:,27),'c',i",p(:,28),'m"', 'LineWidth',2);
legend('p 2 1','p 2 2','p 2 3','"p 2 4','p 2 5','"p 2 6','p 2 7");
grid on;
set (figure handle 1, 'Units', 'normalized', 'NumberTitle',
'off', '"Menubar', 'none', 'Name', 'Simulation of
Probabilities', 'Color',defaultBackground) ;
figure handle 2=figure();
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plot (voltage interval,statmatrix(l,:)', 'b',voltage interval,statmatrix(2,:)','r',.

voltage interval,statmatrix(3,:)"','g',voltage interval,statmatrix(4,:)','y',...

voltage interval,statmatrix(5,:)"', 'k',voltage interval,statmatrix(6,:)','c',...
voltage interval,statmatrix(7,:)"','m', 'LineWidth',2);

xlabel ('Voltage (V), mV'")
ylabel ('Probability"')

legend('0 closed connexins','l closed connexin','2 closed connexins',...
'3 closed connexins', '4 closed connexins','5 closed connexins', ...
'6 closed connexins');
grid on;
set (figure handle 2, 'Units', 'normalized', 'NumberTitle',
'off', '"Menubar', 'none', 'Name', 'Dependency of
Probabilities', 'Color',defaultBackground) ;
end

function twelve connexins button2 Callback (source,data)
% 12 connexins model

% variables

Al variable = str2num(get (Al handle, 'String'))
Pl variable = strZnum(get (Pl handle, 'String'));
V01l variable = str2num(get(VOl handle, 'String'));

K1 variable = str2num(get (Kl handle, 'String'));

pcdcl variable = str2Znum(get (pcdcl handle, 'String'));
pdccl variable = str2num(get (pdccl handle, 'String'));
pdcdcl variable=l-pdccl variable;

A2 variable = str2num(get (A2 handle, 'String'))
P2 variable = str2num(get (P2 handle, 'String'));

V02 variable = str2num(get (V02 handle, 'String'));
K2 variable = str2num(get (K2 handle, 'String'));
pcdc2 variable = str2num(get (pcdc2 handle, 'String'));
pdcc2 variable = str2num(get (pdcc2 handle, 'String'))
pdcdc2 variable=l-pdcc2 variable;

’

’

’

V_variable = str2num(get(V_handle, 'String'));
V_min variable = str2num(get(V_min handle, 'String'));
V_step variable = str2Znum(get (V_step handle, 'String'));
V_max variable = str2num(get(V_max handle, 'String'));
number of channels=str2num(get (Channels handle, 'String'));
% end of variables
if Pl variable < -1 || (Pl variable >-1 && Pl variable < 1) || Pl variable >1
[
P2 variable < -1 || (P2 variable >-1 && P2 variable < 1) || P2 variable >1
message handle=msgbox ('P1/P2 has to be +1 or -1!','Error');
set (message handle, 'Units', 'normalized', 'Color',defaultBackground) ;
end
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if (V_max variable<V min variable) || (V_step variable > V max variable) |]...
(V_max variable<V _min variable) && (V_step variable > V max variable)
message handle=msgbox ('V max is smaller than V min or V step is greater than V
max.', 'Error');
set (message handle, 'Units', 'normalized', 'Color',defaultBackground) ;
end
if round (number of channels) ~= number of channels || number_of_channels<=0
message handle=msgbox ('Number of channels must be positive integer!',6 'Error');
set (message handle, 'Units', 'normalized', 'Color',defaultBackground) ;
end
if pcdcl variable < || pcdcl variable > 1 |]...
pcdc2 variable < || pcdc2 variable > 1 |]...
((pcdcl_variable < 0 || pcdcl_variable > 1) &&...
| ) ...
|
|

[eoNe)

(pcdc2_variable < pcdc2 variable >

0
pdccl variable < 0 pdccl variable >

0

<

1
1
pdcc2 variable > 1
| >

\
\
)
! )
l [...
pdcc2 variable < y [...
0 | 1) &&...
))

((pdccl variable pdccl variable
(pdcc2 variable < 0 || pdcc2 variable > 1
message handle=msgbox ('pcdc and pdcc must be in the range of [0;1]!','Error');

set (message handle, 'Units', 'normalized', 'Color',defaultBackground) ;
end

states=zeros (28, 3);
n=1; nnn=0;
while n<8
for nn=1:1:7-(n-1)
states (nnn+l,1)=n-1; states(nnn+l,2)=nn-1; states(nnn+l,3)=6-(n-1)-(nn-1);
nnn=nnn+1;
end
n=n-+1;
end
right=1;
number=28;
counter=1;
while right<=number
for left=1:1:number
V_left hemichannel (1, counter)=(V_variable*...

g _right hemichannel 3 (P2 variable,0,states(right,1),states(right,2),states(right,3
)/

(g_left hemichannel 3 (Pl variable,0,states(left,1l),states(left,2),states(left,3))+

g _right hemichannel 3 (P2 variable,0,states(right,1),states(right,2),states(right,3
)))
V_right hemichannel (1, counter)=V variable-V left hemichannel (1, counter);
counter=counter+l;
end
right=right+1;
end
for t=2:1:5
right=1;
number=28;
counter=1;
while right<=number
for left=1:1:number
V_left hemichannel (t,counter)=(V_variable*...
g _right hemichannel 3 (P2 variable,V_right hemichannel (t-
1,right),states(right, 1), states (right,2),states(right,3)))/...
(g_left hemichannel 3 (Pl variable,V left hemichannel (t-
1,left),states(left,1),states(left,2),states (left,3))+...
g _right hemichannel 3 (P2 variable,V_right hemichannel (t-
1,right),states(right, 1), states(right,2),states(right,3)));



V_right hemichannel (t,counter)=V _variable-V_left hemichannel (t,counter);
counter=counter+1;
end
right=right+1;
end
end
V_left steady=V left hemichannel(5,1:1:28%*28);
V_right steady=V right hemichannel (5,1:1:28%28);
% formation of a matrix
function
matrix=formationOfMatrixl12 3(A,P,V0,K, pcdc,pdcc, pdcdc,voltage steady)
states=zeros (28, 3);
n=1; nnn=0;
while n<8
for nn=1:1:7-(n-1)
states (nnn+l1,1)=n-1; states(nnn+l,2)=nn-1; states(nnn+l,3)=6-(n-1)-(nn-1);
nnn=nnn+1;
end
n=n+1;
end
function Cartesian=setCartesian(states_1,states 2)
one=sortrows (repmat (states 1, [size(states 2,1) 1]));
second=repmat (states 2, [size(states 1,1) 11]);
Cartesian=[one second];
end
matrix=zeros (28);
o=1; number 1=1;
while o0<=28
statesl=zeros (states(o,1)+1,3);
for 1=1:1:states(o,1)+1
statesl (1l,1)=states(o,1)-(1-1);
statesl (1,2)=1-1;
statesl (1,3)=0;
end
n=1; nnn=0;
while n<=states(o,2)+1
for nn=1l:1:states(o0,2)+1-(n-1)
states2 (nnn+1,1)=n-1;
states2 (nnn+1,2)=nn-1;
states2 (nnn+1,3)=states(o,2)-(n-1)-(nn-1);
nnn=nnn+1;
end
n=n+1;
end
states3=zeros (states(o,3)+1,3);
for 1=1:1:states(o,3)+1
states3(1,1)=0;
states3(1,2)=1-1;
states3(1l,3)=states(o,3)-(1-1);
end
Cartesian product half=setCartesian(statesl,states2);
Cartesian product full=setCartesian(Cartesian product half,states3);
sum_ l=sum(Cartesian product full(:,1:3:7),2);
sum_2=sum(Cartesian product full(:,2:3:8),2);
sum 3=sum(Cartesian product full(:,3:3:9),2);
indices=[Cartesian product full sum 1 sum 2 sum 3];
number=size (indices, 1) ;
probabilities=zeros (number, 1) ;
for numberl=1:1:number
probabilities (numberl)=...

nchoosek (states(o,1),indices (numberl, 1)) *pdcc” (indices (numberl,2)) *...
pdcdc” (indices (numberl, 1)) *...
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(factorial (states (0,2))/ (factorial (indices (numberl, 4))*factorial (indices (numberl, 5
)) *factorial (indices (numberl, 6))))*...

pco_new(A,P,V0,K,pcdc,voltage steady(indices (numberl,10)+number 1)) " (indices (numbe
rl,4))*...

pcc_new(A,P,V0,K,pcdc,voltage steady(indices (numberl,10)+number 1)) " (indices (numbe
rl,5))*...

pcdcl variable” (indices (numberl, 6))*...

nchoosek (states (o, 3),indices (numberl, 9))*...

poc(A,P,V0,K,voltage steady(indices (numberl, 10)+number 1)) " (indices (numberl,8))*..

poo (A, P,V0,K,voltage steady(indices (numberl,10)+number 1)) " (indices (numberl,9));

end
probabilities2=zeros (28,1);
for numberl=1:1:number

for 1=1:1:28

if indices (numberl,10)==states(1l,1) &&
indices (numberl, 1ll)==states (1, 2)
probabilities2 (1)=probabilities2 (1l)+probabilities (numberl) ;
end
end

end
for j=1:1:28
matrix (o, j)=probabilities2(j);

end
number l=number 1+28;
o=0+1;
end
end

matrix of a left hemichannel=formationOfMatrix1l2 3 (Al variable, ...

Pl variable,VO0l variable,Kl variable,pcdcl variable,pdccl variable,pdcdcl variable
,V_1left steady');
matrix of a right hemichannel=formationOfMatrixl12 3 (A2 variable, ...

P2 variable,V02 variable,K2 variable,pcdc2 variable,pdcc2 variable,pdcdc2 variable
,V_right steady'):;
matrix of both hemichannels=zeros (28*28);
size of left matrix=size(matrix of a left hemichannel,1);
size of left right matrix=size (matrix of both hemichannels,1);
for i=l:size of left matrix:size of left right matrix
for j=1l:size of left matrix:size of left right matrix
matrix of both hemichannels (i:i+(size of left matrix-
1),J:J+(size of left matrix-1))=...
matrix of a left hemichannel ((i+(size of left matrix-
1)) /size of left matrix, ...
(J+(size_of left matrix-
1)) /size of left matrix)*matrix of a right hemichannel;
end
end
matrix of both a=matrix of both hemichannels;
function normalised=normalised matrix (matrix)
normalised=zeros(size (matrix,1l));
sum_of p rows=sum(matrix,2);
for i=1:1:length(sum of p rows)
normalised (i, :)=matrix (i, :)/sum of p rows(i);
end
end
matrix of both=normalised matrix (matrix of both a);
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X=stationary probabilities (matrix of both);
conductance=zeros (28*28,1);
right=1;
number=28;
counter=1;
while right<=number
for left=1:1:number
conductance (counter)=number of channels*X(counter)*...
(g_left hemichannel 3 (Pl variable,V left steady(l,counter),...
states (left,1l),states(left,2),states(left,3))*...
g_right hemichannel 3 (P2 variable,V right steady(l,counter), ...
states (right, 1), states (right,2),states(right,3)))/...
(g_left hemichannel 3 (Pl variable,V left steady(l,counter),...
states (left,1l),states(left,2),states(left,3))+...
g_right hemichannel 3 (P2 variable,V right steady(l,counter), ...
states(right, 1), states(right,2),states(right,3)));
counter=counter+1;
end
right=right+1;
end
n=0:1:((28*28)-1); n=n';
table=[n [V _left steady' V_right steady'] conductance];
% % % % For drawing the graphic conductance (V), when V variable change

oe

% % values from the specified interval
function Cartesian=setCartesian(states 1,states 2)
one=sortrows (repmat (states 1, [size(states 2,1) 1]));
second=repmat (states 2, [size(states 1,1) 1]);
Cartesian=[one second];
end
minimum=V _min variable; max=V max variable; step=V_step variable;
count voltages=numel (minimum:step:max);
conductance_interval=zeros (count voltages,1);
index=1;
for V_variable variates=minimum:step:max
right=1;
number=28;
counter=1;
while right<=number
for left=1:1:number
V_left hemichannel 2(1,counter)=(V_variable variates*...
g _right hemichannel 3 (P2 variable,0,...
states (right, 1), states (right,2),states(right,3)))/...
(g_left hemichannel 3 (Pl variable,O, ...
states (left,1l),states(left,2),states(left,3))+...
g _right hemichannel 3 (P2 variable,0,...
states(right, 1), states(right,2),states(right,3)));
V_right hemichannel 2(1,counter)=V _variable variates-
V_left hemichannel (1, counter);
counter=counter+l;
end
right=right+1;
end
for t=2:1:5
right=1;
number=28;
counter=1;
while right<=number
for left=1:1:number
V_left hemichannel 2 (t,counter)=(V_variable variates*...
g _right hemichannel 3 (P2 variable,V right hemichannel (t-1,right), ...
states (right, 1), states (right,2),states(right,3)))/...
(g_left hemichannel 3 (Pl variable,V left hemichannel (t-1,left),...
states (left,1),states (left,2),states(left,3))+...
g _right hemichannel 3 (P2 variable,V _right hemichannel (t-1,right), ...
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states(right, 1), states(right,2),states(right,3)));
V_right hemichannel 2(t,counter)=V variable variates-
V_left hemichannel (t, counter);
counter=counter+l;
end

right=right+1;

end
end
V_left steady 2=V left hemichannel 2(5,1:1:28%28);
V_right steady 2=V right hemichannel 2(5,1:1:28%*28);

matrix of a left hemichannel 2=formationOfMatrixl2 3 (Al variable, Pl variable, ...

V0l variable,Kl variable,pcdcl variable,pdccl variable,pdcdcl variable,V left stea
dy_2');

matrix of a right hemichannel 2=formationOfMatrixl12 3 (A2 variable,P2 variable, ...

V02 variable,K2 variable,pcdc2 variable,pdcc2 variable,pdcdc2 variable,V right ste
ady 2");
matrix of both hemichannels 2=zeros(28*28);
size of left matrix 2=size(matrix of a left hemichannel 2,1);
size of left right matrix 2=size (matrix of both hemichannels 2,1);
for i=l:size of left matrix 2:size of left right matrix 2
for j=l:size of left matrix 2:size of left right matrix 2
matrix of both hemichannels 2 (i:i+(size of left matrix 2-
1),J:J+(size of left matrix 2-1))=...
matrix of a left hemichannel 2 ((i+(size of left matrix 2-
1)) /size of left matrix 2,...
(J+(size_of left matrix 2-
1)) /size of left matrix 2)*matrix of a right hemichannel 2;
end
end
X 2=stationary probabilities(matrix of both hemichannels 2);

states=zeros (28, 3);
n=1; nnn=0;
while n<8

for nn=1:1:7-(n-1)

states (nnn+1,1)=n-1; states(nnn+l,2)=nn-1; states(nnn+l,3)=6-(n-1)-(nn-1);

nnn=nnn+1;

end
n=n+1;
end
Cartesian product l=setCartesian(states,states);
sum_l=sum(Cartesian product 1(:,1:2),2);
sum 2=sum(Cartesian product 1(:,4:5),2);
sum_3=sum_l+sum 2;
statmatrix O=[Cartesian product 1 sum 1 sum 2 sum 3 X 2];
number=size (statmatrix 0,1);
X 20=zeros(13,1);

for numberl=1l:1:number
for 1=1:1:13

if statmatrix O (numberl, 9)==(1-1)
X 20(1)=X 20(l)+statmatrix O (numberl,10);
end
end

end

for §=1:1:13
statmatrix (j, index)=abs (X 20(3j));

end

conductance 2=zeros (28*28,1);
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right=1;

number=28;

counter=1;

while right<=number
for left=1:1:number
conductance 2 (counter)=number of channels*X 2 (counter)*...
(g_left hemichannel 3 (Pl variable,V left steady 2(1,counter),...
states (left,1),states (left,2),states(left,3))*...
g_right hemichannel 3 (P2 variable,V right steady 2(1,counter), ...
states (right,1),states (right,2),states (right,3))) /...
(g_left hemichannel 3 (Pl variable,V left steady 2(1,counter),...
states (left,1l),states(left,2),states(left,3))+...
g _right hemichannel 3 (P2 variable,V right steady 2(1,counter), ...
states (right,1),states(right,2),states(right,3)));
counter=counter+l;
end

right=right+1;

end

conductance interval (index)=sum(conductance 2);
index=index+1;
end

figure handle O=figure();
table handle = uitable('Position', [100,340,450,300], 'Data',table,...
'ColumnName', {'State','Voltage of the Left
Hemichannel', 'Voltage of the Right Hemichannel' , 'Conductance'}, ...
'ColumnFormat', {'numeric', 'numeric', 'numeric'},...
"ColumnWidth', {80 150 150 80});
bar handle =
bar (axes('Units', '"Pixels', "Position', [600,350,600,300]),table(:,1),table(:,4));
title 'Bar of a conductance of a channel (depending on a state)';
xlabel ('a state of left and right hemichannels, const.')
ylabel ('Conductance of a channel, pS'")
set (bar_handle) ;
set (table handle, 'FontName', 'Courier', 'FontSize',12);
voltage interval=minimum:step:max; voltage interval=voltage interval';
table handle 2 = uitable('Position', [100,50,210,260], 'Data’', [voltage interval
conductance_interval], ...
'ColumnName', {'Voltage', 'Conductance'}, ...
'ColumnFormat', {'numeric', 'numeric'}, ...
'ColumnWidth', {80 80});
plot handle =
plot(axes('Units', 'Pixels', 'Position', [600,60,300,220]),voltage_interval, conductan
ce interval, 'LineWidth',2);
set (table handle 2, 'FontName', 'Courier', 'FontSize',12);
title 'Conductance dependence on voltage';
xlabel ('V, mV")
ylabel ('G(V), pS")
axis ([-100 100 0O 7]);
set (plot handle);
grid on;
set (figure handle 0, 'Units', 'normalized', 'NumberTitle',
'off', "Menubar', 'none', '"Name', "Model of 12 Connexins', 'Color',defaultBackground);
figure handle l=figure();
subplot(1,2,1),
plot (voltage interval,statmatrix(l,:)','b',voltage interval,statmatrix(2,:)','r",.

voltage interval,statmatrix(3,:)"','g',voltage interval,statmatrix(4,:)','y"',...

voltage interval,statmatrix(5,:)"', 'k',voltage interval,statmatrix(6,:)','c',...
voltage interval,statmatrix(7,:)"','m', 'LineWidth',2);
xlabel ('Voltage (V), mV")
ylabel ('Probability")
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legend ('O closed connexins','l closed connexin','2 closed connexins',...
'3 closed connexins','4 closed connexins','5 closed connexins','6 closed
connexins'); grid on;
subplot(1,2,2),

plot (voltage interval,statmatrix(8,:)', 'b',voltage interval,statmatrix(9,:)','r',.
voltage interval,statmatrix(10,:)','g',voltage interval,statmatrix(1ll,:)','y',...
voltage interval,statmatrix(12,:)','k',voltage interval,statmatrix(13,:)','c', 'Lin
eWidth',2);

xlabel ('Voltage (V), mV")

ylabel ('Probability")

legend('7 closed connexins', '8 closed connexin','9 closed connexins', ...

'10 closed connexins', 'll closed connexins','l2 closed connexins'); grid

on;

set (figure handle 1, 'Units', 'normalized', 'NumberTitle',
'off', '"Menubar', 'none', 'Name', 'Dependency of
Probabilities', "Color',defaultBackground) ;
end

function aboutbutton Callback (source,data)
message handle=msgbox ({'This is the program of gap junction models (2 states and
3 states).';...
'@Aurelija Sakalauskaité, FMMM-9 grupés studenté'}, 'About GJ Model');
set (message handle, 'Units', 'normalized', 'Color',defaultBackground) ;
end

function exitbutton Callback (source,data)
close all;

end

end



