MaTemaTnyeckoe 1 KOMnbOTEPHOE
MOoAenmnpoBaHne MmopdoreHesa

ModerinposaHme rnpouecca pa3BnTusA
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Ob6o0uweHHada CTpyKTypa KrneTku
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HenpoHbl — KNEeTKM Mo3ra, cneunanuavpyrowneca Ha obpaboTtke nnepenaym
HEPBHbIX UMMNYJS1bCOB

http://probes.invitrogen.com/servlets/photo?fileid=g001482
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http://www.horton.ednet.ns.ca/staff/selig/IDU/neuronanat.htm



OcTteount n octeobnacT — KneTku, obecnevmsarolme nNPoaykumo 1 nogaepxaHme
OCHOBHOIo Matepuana KOCTHON TKaHW

http://www.veisland.com/ENG/exstract/capt05/c05i09.HTML
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Ctaguun pasBuTus
MHOIOKIMETOYHOro opraHn3ma.



Craguu paHHEero pa3BuUTnNA MHOIrokKsfieTo4HOro opraHmamMa.

Figure 4

http://zfin.org/zf_info/zfbook/stages/figs/fig6.html



Cragum paHHEro pa3BuUTnd MHOIokKsfieTo4HOro opraHmamMa.

'3 2Z2FIN Figure 1 - Microsoft Internet Explorer
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Craguun paHHEro pa3BuUTnAa MHOIokKsmeTo4yHOro opraHmamMa.




Ha paHHUX cTaansax pasButusi opraHnama npoucxoauT AeneHmne KrneTok, KoTopoe
COMNPOBOXOAETCA UX AeTepMUHALNEN N nNepedBukeHEM. B pesynbTaTe nameHsaeTcs
dopma KneTo4Horo aHcambns.
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http://www.luc.edu/depts/biology/dev/cellmov.htm



Cnocobsbl
NPOCTPAHCTBEHHO-BPEMEHHOWU
perynauum pasButus



Mo3san4yHoe pasButue (4eTepMmnHaAUNOHHOE) — HA CaMbIX PaHHUX CTagnAX KIeTKu
CTaHOBATCS «NpeaeTepMUHUPOBAHHBIMWUY ONS1 pa3BUTUS onpeaenieHHbIX OpraHoB

OETEPMMWHAUWA NOCPEACTEOM UMTONNAIMATHYECKOW CRELUWMOHKALIMK g

AHWMENEHEA POMOC

. HeApanssam
Myckynarypa WTNEPHA
Xopaa
A s
Meaerooma ~ “3uronepwa

BeretatHaHLIA NOMROS

C. T'un6epT. bronorusa passutusa. M. Mup, 1993

Puc. 7.1. Cerperanms ugroniasMaTHIeCckHs JETEPMUBANTOR B NCPHO onnoaoTeopenna. 4. Paimmuaioumeca mo oxpacke

UMTOMIAIMATHIECKHE ODIACTH OILIONOTBOPERHOTO Afiua acumann (Styela partita) # WX npocnexTaeHOC IHascune. 5. Crpoenne
JHMHHER 0D0I0MHHKOB.



Mo3san4yHoe pasButue (4eTepMmnHaAUNOHHOE) — HA CaMbIX PaHHUX CTagnAX KIeTKu
CTaHOBATCA «NpeaeTepMuUHNpOBaHHbIMU» ONs pa3BUTUS onpeaeneHHbIX opraHoB
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C. T'un6epT. brnonorus passutusa. M. Mup, 1993



PerynaunoHHoe pa3sutme — hopMnpoBaHne TUMNOB KIETOK (M COOTBETCTBYHOLLMX
TKaHel 1 OpraHoB) sIBMSAETCSA pe3ynbTaToM B3aMMOOENCTBUSA KNETOK B aHcambre.

A AHHME N '3 AHAMENDHBA
nonwoe BaMen

/ E'EFE‘THHWI}\ ( BereratHanLii \
nonwoc FHMEC

JapepwanKan BNACTYNE
{ M PEHLRAR, HO (ManexLxan, HO (asoMansHan BNAcTyna)  (NOYTW HODMAENLHEA)
HODMENEHAR ) FEOPIMAMSHAR |

Puc. 8.6, AcumseTpia 8 miine sopckoro exa. 4. Korps Téperaamye padjens 8o MOpckoro @Ra B MepHIROHLIBHON
MNOCKOCTH TAK, 9T0 00 NOAOEHEL (MEPOTOHM) CONSHEATH SAHAMAILHYIO | BETETATHEHYI UMTOILIAAMY, PAIBHBAIHCE MEAKHE,
HOPMATBHOro B noyteyew. 5. [Mocne Toro kak sino Mopckoro exa GLA0 pRifeneHo Ha AHMMATILHYIO H BETETATHRHYIO
MOSCEHHEL 0 00¢ NOA0BMHE ONI0AOTEOPCHE, W3 AHHMATLHOA NONOEHHLE PRIBHBANACE NOKPRITAS PECHHYKAMH 1aJepRaHHAN
OMACTYIE, & W3 BEreTATHEHOM - MIVTEYE ¢ PActUMpeHHON KRIDEDI,

C. 'mnbepT. brnonorus passutusa. M. Mup, 1993



MexaHnambl perynaumnoHHOro
Pa3BUTUA U UX MOOENN.
1. MopdoreHeTn4yeckmne nons.



MopdoreHbl, MopdoreHeTndeckme nosns - KoHuenumm

«I'paduenm mopghozena BIsI€TCS BAXXHON KOHIICIIIUEH B
Oouonozuu pazeumus, NOCKOJbKY OH OIMCHIBAET MEXaHU3M,
OCPEICTBOM KOTOPOT'O AMUCCHS HEKOTOPOI'O CUTHAIa U3 OJHOM
4aCcTH YMOPHOHA MOXKET ONPEACIISITh JOKAIU3ALUIO,
au(@epeHIUPOBKY U CYJb0Yy MHOTHX OKPY>KAFOIIMX KIJIETOK...)»

«Mopghozenvt — 5TO HEKOTOPBIE CEKPETUPYEMBIC [ 0THUMHU
KJICTKAMH | CUCHAIbHbLE MOJ1EK)bl, KOTOPHIE OPTraHU3YIOT 00JaCTh
OKPYKaIOIIMX KJIETOK B OIpe/IeJICHHbIC NaTTepHHI...Maes
rpagueHTa MOp(oreHa TECHO CBsI3aHA C KOHIICIIIUEN HOZUYUOHHOU
ungopmayuu...JIevictreue MopporeHa uMeeT 0CoOOyr0 BaKHOCTh B
MIOHUMAaHWH |[IPOLIECCA | PA3BUTHA...»

J. B. Gurdon, P.-Y. Bourillot. NATURE, 2001, v 413, 25 Oct.:797-803.



MopdoreHbl, MopdoreHeTndeckme nosns - KoHuenumm

OcCHOBHBIE NpeACTABJICHUS 00001IEHHON pacnpele/IeHHOM MO/IeJIM B OM0JIOTHH
pa3BUTHSA:

Knemounwie oonracmu (nosis) «<norpyxeHo» B HOAA MOPPO2EHOE.

Ypoenu (konuenmpayuu) mopghozenoe «MHTEPIPETUPYIOTC
T€HOMaMHU KJIETOK B BUJIE OUphepenuyuanvoHoi aKkmueHoCmu 2eH08.

B cBOMO ouepenb, nosa oughhepenyuaivnoii akmueHoCmu 2eH08
(K1iemouHble noJis) OnpeacisaoT peakyuu (BOSHUKHOBEHUS U
HMCUYEC3HOBCHUS) U Oupghyzuonnwvie npoyeccol 1jisi MOP(POreHOB B
STUX IIOJISIX, U MAKUM 00PA30M K/lemoYHble RO hopmupyiom

noJia Mmopghozenos. [paieHTE!
I; padueumbl > JlH(b(bepeHHI/IpOBKI/I KJIETOK
mopghozenos < (epaduenmol 8 K1emMoOUHbIX

nOJIAX)



MopdoreHbl, MopdoreHeTndeckme nossa — KoHuenuunu.
KneTouyHoe none n pacnpocTtpaHaowmnnca mopdoreH (kapukatypa ©)
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MopdoreHbl, MopdoreHeTndeckme nong - [Npmumepbl MOPEOreHos.

[Ipumepsl MOpHOreHoB.

a Drosophiia embryo: dorsoventral axis
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Ventral
PR TR
//———\Tzemnuﬂf_
~\~;'":':'|1;|||;' e i hﬂ:‘m JI_)'L-H L-Jl
< pannier
Early gene
responses
(4 h)
Snail, Twist
Amnicserosa
{extra-embryonic)
Dorsal
Eventual epidermis
cell fate Neurogenic ectoderm
(6 h) (ventral epidermis,

central nervous system)

Mesoderm (muscle)

b Drosophifa wing disc: anteroposterior axis
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J. B. Gurdon, P.-Y. Bourillot. NATURE,
2001, v 413, 25 Oct.:797-803.



MopdoreHbl, mopdoreHeTndeckmne nond — Mogens TelopuHra

[Tuonepckas padota A.TrropuHra onpeaeansa 1eja0e HapaBIeHue B MOJAEIUPOBAHUN
BO3HUKHOBEHUS YCTOMYMBOM MPOCTPAHCTBEHHOM HEOJIHOPOAHOCTU KOHUEHMPAUUU
Mopghozena B pe3ysibTaTe peakyuii BOSHUKHOBEHUS/UCUE3HOBEHUS AKMU8amopa

(mopghocena) v unzudbumopa v vix oughghy3uu B cpenue.

Mooenv Tvropunea

CxopocTh 00pa3oBaHus akTUBaTOpa (peaxius)

s ¢ Ay

()a. p( 1.2 ()"‘ (1 CKOopoCTh BBIXOJIa AKTUBATOPA U3 «TOUYKHU MPOCTPAHCTBAN
> — ——— == /J(l —|— Da — < 3a CUET PA3HOCTHU KOHILECHTPAMKA B ITAHHOW TOYKE WU

d t } l T d,_’[.’z CocemHUMU ToUKamu (Tuddy3us)

T CxopocTb pacmajia akTuBaTopa (peaxiusi)

CKOpOCTB HN3MCHCHUS aKTUBATOPa B TOYKC IIPOCTPAHCTBA

T 's 2
Oh N o“h
— =pa“ —vh+ D,—
ot 0x?
K manHoit cucteme nud@. ypaBHEHHU ciieayeT 100aBUTh TPAaHUYHBIC (HOMOKU KOMNOHEHMO8
Ha epanuye obaacmu) U HadaJdbHbIC (pacnpeodenernue KOMNOHEHMO8 8 HAYAIbHbIL MOMEHM
gpemeHU no 0b.1acmu) yCIOBUAL.

Ananoruysoe YpaBHCHUC IJIA I/IHFI/I6I/ITOpa




MopdoreHbl, MopdoreHeTndeckme nond — Mogens TblopuHra.
ABTOKaTanus3 u 4anbHOAENCTBYOLWMA MHTIMOUTOP — HEOXOAUMbIE YCINOBUSA AN
BO3HWKHOBEHMA MPOCTPAHCTBEHHOW HEOQHOPO4HOCTU KOHLEHTpaL M mopdoreHa

,.--"—___—“'--.ﬁ\\ A : B
—— _':‘*‘*-;\-,_L
Activator "// = N~

Position —
G
Inhibitar i+) n \ II[ |II I.I ll |
i i e N }ﬂl W A H\_,JL‘ 4 J'_,

AVAVATA I AVATAS AN

dopMupoOBaHKE MPOCTPAHCTBEHHOTO MATTEPHA B PE3yNIbTAaTe aBTOKAaTAIM3a U JATbHOACHCTBYIOIIETO
uHrnOupoBanus. A: [Ipocreiimas cxema peakiuu: akTUBaTOP (3€JIEHBIM) KaTATU3UPYET IMPOTYKIHIO CaMOTO
ceOst 1 cBoero ObIcTpo MU dyHIUpYIOIIEro aHTaroHucTa (kpacHbiM). B,C: KOMIIBIOTEpHOE MOACIIMPOBAHUE
BO3HUKHOBEHHMS MPOCTPAHCTBEHHOTO MATTEpHA B OJJHOMEPHOM I10JI€ KIeTOK. Hannuue cydalfHbIx
(bayKTyalui B ClIOCOOHOCTH KIIETOK OCYIIECTBIISATh 3T PEAKIMU (CHHUM IIBETOM) SIBJISIETCS I0CTAaTOYHBIM
U1l uHALManu (opmupoBanus narrepHa. [lokazanbl HauaabHbIE, MPOMEKYTOUHBIE U OKOHYATEIbHBIC
pacripezieneHus KoHueHTpauuii. B: B mosie pasMepoM HECKOIBKO MPEBBIIAIOIIEM XaPAKTEPHBIN pa3Mep
pacIpoCTpaHEHUs! aKTUBATOPa, (POPMUPYIOTCS TOJIBKO MOJIOTHUE paCHpeIeTICHHS.

C: B moJe ¢ pa3MepoM NpeBBIMIAOIIEM XapaKTEPHBIN pa3Mep pacpoCTPaHEHHsT MHTHOUTOPA, BO3ZHUKAST
HECKOJIbKO MaKCHUMYyMOB.

Hans Meinhardt and Alfred Gierer, BioEssays 22:753+760, 2000.



#t Mathematica 5.0 - [Nikolaev004.nb *]

File Edit Cell Format Input Eernel Find  ‘Window Help

I B nikolaev004.nb * ol

Infzé3]= p=2;p=1; Da=.01;Dh=1; pl=1;v=2; L =m; tt = 30;
solution = {a, h} f. First [lIDSulve[{

Dla[t, x], t] --DaD[a[t, x], x, x] +

t, x]"2- t, x],
Lt %] aft, x] palt, x]

D[h[t, x], t] == DhD[h[t, %], x, x] + pla[t, x] "2 -vh[t, x],
af0, x]==p/plvfp+ (x /L (x/L-1)4)"10,

hi0, x] ==pfplvippfp+ {x FL{xfL-1)4)"10,

Derivative[0, 1][a][t, 0] == O,

Derivative[0, 1][a][t, L] == 0,

Derivative[0, 1]J[h][t, 0] == 0,

Derivative[0, 1][h][t, L] -- n}, fa, hY, {x, 0, LY, {t, 0, tt}]]:

PlotiD[solution[[iNi[t, x], {x, 0, L}, {t, 0, tt}, PlotRange —A11]; Plot[solution[[ili[tt, %], {x, 0, L}, PlotRange —Al11];

ContourPlot [solutionf[iN[t, x], {x, 0, LY, {t, 0, tt}, PlotRange — A11];




inf27a]= t£=30; p=2; p=1:Da=0.01;: Dh=1; p1 =1; ¥v=2; € =0.001; L = 10;
solution = fa, h} /. First []:IDSulve[{

Dla[t, x],t]-==DaD[a[t, x], x, X] + aft, x]+2 -palt, x].

hit, x]

D[h[t, x], t]--DhD[h[t, x], x, x] +pla[t, x] "2-vh[Lt, x].

a[o, x] == pfplvip+{x /L {(x/L-1)43~100,

hi0, x] ==pfplvfupfp+ {(x fL{xfL-1)4) 100,

Derivatiwve[D, 1][a]l[t, 0] == 0,

Derivative[d, 1][a]l[t, L] == 0,

Derivative[0, 1][h][t, 0] -- O,

Derivative[0, 1][h][t, L] -- l]}, fa, h}, fx, 0, L}, {t |O, tt}]]:
Plot3D[solutionIifi[t , x], {x, 0, L}, {t, 0, tt}, PlotRange — Al11]; Plot [solution[[1]j[tt, x], {x, 0, L}, PlotRange — A11];
ContourPlot [solution[[iNi[t, x], {x, 0, L}, {t, 0, tt}, PlotRange — A11];

1

1z ¢
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Infiz1]= da= .0025; dh =.25/8; o=1.9; tt =4000; €= .001;
golution = {fa, h} /. First [HDSulve[{
Dla[t, x], t] -- w -af[t, x] +daD[a[t, x], x, x]f4"(et),
h[t, x]
D[h[t, x], t]:=ca[t, x]"2-oh[t, x]+dhD[h[t, x], x, x] 74" {et),
af0, x]=-1+{x{x-1)4)"10,
h[O, x]==1+{x{x-1)4)"10,
Derivative[0, 1][a]l[t, 0] == O,
Derivative[0, 1][a][t, 1] == 0,
Derivative[0, 1]J[h][t. 0] == O,
Derivative[D, 1][h]1[t, 1] =- l]}, fa, hY, fx, 0, 1}, {t, 0, tt}]]:
Plot3D[solution[INI[t, x], £, 0, 1}, {t, 0, tt}, PlotRange — Al11]; Plot [solution[[1JJ[tt, x], fx, 0, 1}, PlotRange — All];
ContourPlot [solution[[i[Jj[t, x], {x, 0, 1}, {t, 0, tt}, PlotRange — All];
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Inf2z31]= da= .0025; dh=.25f8; o=2; tt = 3000; €= .001;
golution = {a, hl /. First [HDSulve[{
Dlaft, x], t] == M -a[t, x] +daDfalt, x], x, x]1Ff{1+et)"3,
h[t, x]
D[h[t, x], £] --oa[t, x]"2-oh[t, x] +dhD[h[t, x], x, x] F{1L+et}"3,
afo, x]==1+{x{x-1)43"10,
hIO, ] ==1+{x{x-1)43"10,|
Derivative[0, 1][a][t, 0] ==0,
Derivative[0, 1][a][t, 1] == D,
Derivative[0, 1]J[h][t, 0] -- O,
Derivative[0, 1]J[h][t, 1] -- l]}, {a, h}, {x, 0,1}, {t, 0, tt}]]:
PlotiD[=olution[[1[J[t, x], {x, 0, 1}, {t, 0, tt}, PlotRange — fAll]: Plot [solution[1Ji[tt, x], {x, 0, 1}, PlotRange — All1];
ContourPlot [solutionf[ifift, x], £fx, 0, 1}, {t, 0, tt}, PlotRange - A11]:

2000F;
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MopdoreHbl, MopdoreHeTndeckme nongd — Mogens TeblopuHra «B 4eUCTBUNY

CurHan reHepauum n pereHepauun ronosbl y rmapsl. A: HyBral accouumnpyeTcs ¢ CMrHasom
dopmunpoBaHusa ronossl; B-E: NMocne ypaneHna ronoebl CUrHan BHOBb nosaBasetcsa nocne 3y4. (C),
MOJIHOCTbIO NpeacTaBneH K 44. (D), u yepe3 48uy. wynansbua ctaHaTca suanmsl (E). F,G:
KomnbloTepHOoe MoaennpoBaHme popMmnpoBaHnsa NnaTrepHa M3 NOYTU paBHOMEPHOIro HayaJlbHOro
COCTOAHUA N NpU pereHepaunn. NMIOTHOCTb ToYek n3obpa)kaeT NOKa/ibHble KOHLUeHTpaLun.
[Moka3aHbl NocneaoBaTe/IbHbie MOMEHTbI BpeMeHU. BbicoKkas KOHUeHTpauma «<MopgoreHa roioBbi»
(akTMBaTOpa, Ha PUCYHKEe — ronybbiM) BO3HUKAET HA O HOW CTOPOHE (KIeTOYHOT0) Noss U
HAaXOAWUTCA B AMHAMNYECKOM pPaBHOBECUWN C Aa/IbHOAENCTBYIOWMM UHIMBUTOPOM (KpacHbIM). Mpu
COOTBETCTBYWOLWMX NapamMeTpax «MopdoreH HOrm» (YepHbIM) NOABNIAETCA HA MPOTUBOMOJIOKHOM
KoHUe nons. NMocne yaaneHus ronossl (G) BHayane ymeHblAeTCA YPOBEHb MHIMOUTOpPA B
ocTtaBwemcsa dparmeHTe. [lpn 3TOM B pe3yabTaTe aBTOKATa/in3a BO3pacCTaeT KOHLEHTpaLLUs
aKTMBaTopa, NUK KOTOpPOoro hopMupyeTcs Ha KOHLLe NOJA 3a cYeT ocTaBlwerocs nHrnbutopa. Cnycra
HeKOTopoe BpeMs BOCCTAHAB/IMBAETCA Ha MPOTUBOMOJIOXKHOM KOHLe «MopdoreH Horu». Hans
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MopdoreHbl, MopdoreHeTndeckme nongd — Mogens TeblopuHra «B 4eUCTBUNY

[TochenoBaTeNnbHOCTb
NaTTepPHOB IOBEHWU/IbHOMU
OKpaCKW Pomacanthus
semicirculatus. (a) 2 mecaua; (b)
6 mecaues; U (c) 12 mecaues.
Nature (376, 765-768) .Ans
CpaBHEHWA BHU3Y NpuBeAeHa
KOMMbOTEPHAA KApPTUHA
naTrepHa A8 IOBEHUbHOW
OKpaCKW P. imperator,
nocmpoeHHasl Hd OCHoe6¢e MoL4es1
TblopMHra, LOMNOJTHEHHOMW
MO/ZeNblo XeMOoTaKcmca
XPOMATOMOPHLIX KNEeTOoK B
none mopdgorena. (K. J.
Painter, et al., PNAS, 1999, v.
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Figure 2. Potential Mechaniams of Morphogsn Transport
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Fig. 1. General kinetic schematic for model. The three basic Kinetic
elements of our model are shown. The simplified reactions in the
cytosol involve an activator substance A4 and inactivator [ which are
created at constant rates by the cell and likewise broken down at the
rates A4 and A7. In this case trans-membrane signal transduction takes
the form of transformation of 4 and I in the cytosol (mediated by
the membrane proteins Ty and 7T7) into corresponding messenger
molecules M 4 and Mj in the extracellular matrix. Likewise R4 and Ry
mediate the reverse transformation. Both of the messenger substances
ditfuse at rate D through the extracellular matrix.




MexaHn3ambl perynsaumoHHOro
Pa3BUTUA N UX MOOENMN.
2. Mexkneto4yHble B3auMoaeNCTBuUA.



L-cuctemsl

Jlpyroe HampapieHHuE MOJACIUPOBAaHUS B OMOJIOTHU PAa3BUTHA O€pET Ha4aao OT
paboTt A. JIungeHmaiiepa o MoAeIupoBaHrI0 popmMooOpa30BaHus y pacTCHUMN
(L-cuctemsl, L-systems).

B HameM KOHTEKCTE MOXKHO CKa3aTh, 9YTO L-CHCTEMBI «KOHIICHTPUPYIOT BHIMAHHC)
Ha KJIETOYHOM aHcaMmOJIe.

dopmansHo L-cucrema npencrasisger coboii Tpoiiky L = (V, P,a.)

Andasut V' — KOHEUHOE MHOKECTBO CUMBOJIOB;
AKCHOMA O — CTPOKA CUMBOJIOB U3 V, HHULIMATOD;
IIpaBuia npoaykuuu P (npasuna nepenucviéanusi) — CTaBIT B COOTBETCTBUE

KaXJIOMYy CUMBOJIY U3 alipaBUTa V' HEKOTOPYIO CTPOKY U3 MHOXKECTBa V'*, rue V™ -
MHOJKECTBO CTPOK Haja V, B TOM 4HCJIe H «aTyCcTash cTpoka 0.

B 3aseucumocmu om Ummepnpemayuu Cume0o.ioe nojayddron npedcmaeﬂeHue
KOHKp@I’I’lHO?:Z cucmemal.



L-cuctemsl
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IIpumenenne DOL-cucTeMBI U1 HIMUTAIAM POCTA OJJHOMEPHOTO KIIETOYHOTO
ancaMOus1 (DO o3HavaeT 1eTepMUHUPOBAHHYIO M 0€3 yuyeTa KOHTEKCTA)

[IpaBuna npoayKuu: Wurepriperanus:
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Obwue xapakTepucTUKn perynsauun B reHHbix CeTAX Pa3BUTUA
MHOTOKNETOUYHbIX CTPYKTYP: UHCTPYKTUBHDLIE MEXK/IETOYHbIe
B3aUMOACUCTBUA

B npucytctBum knetok A, kneTkn B
cneuuduyecknum obpasom
anddpepeHumnpyoTca

Ho B oTcyTCTBUM KIeToK A
3TOro He HabrnogaeTca

Kretkn C cneumdmyecku
andbdepeHumpyoTca

Ho kneTkn A moryt nHay-
LUMpoBaTb aHasiorMyHyto
AanddpepeHUnpoBKy Kin. B

IIpuMep KOHTEKCTHO-3aBUCUMOM I'PaMMaTHUKMU:

AB=>AB, *B=>BB, *C=>CC, AC=> AB



V= { a E:'} The generations simply double each time: a, ab, abab, abababab, etc. To a and b, we associate the shapes:
— !

=
b
Py & ——3 ab
pe i b ——ab a
—
The first four generations of this L-system are displayed below, starting with the 2 tnangle.
Gen. 1
e Lo
a - ab Gen. 2
Gen. 3 </\§
V Gen. 4 I
b = ab

Figure 5: First Fouf Generations of Dragon Curve
«4yepenawba» rpacbl/lKa —npunMep nHTepnpeTaunn L-cuctemsbl
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Figure &: Dragon Curve Generation 10

Figure 7: Dragon Fractal



Ang 1= 10 This can be viewed as replacing each straight edge by the following confisuration:

Awiom F

F=F[+F]F o
[+F] 36

Figure 12: Simple branch

The change of angle and one step iz taken with the pop and push operators, Scaling so that the main trunk remains the same size, we see the sequence of
generations in the fgure below.

Gen. 1 Gen. 3 % %

Gen. 2 Gen. 8 a1, BP ey
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figure 13: Generations of branching



Puc.1ITocie JoBaTe ThHOE PHMeHEHIHe TIPABKA MEP eNMACLIEAHHA H HHTEPIIP e TAIMA Mo IVIeHHOT 0
pe3¥ILTaTa

2-0fi 1Iar IpHMeHeHIA
CHCTEMEL
64 peTen

3-mif war npEMeHe A
CHCTEMEI

4-BIif IMar NpHMeHe s
CHCTEMEI

512 pereReii 4069 peTR Rl

Axcroma: F
Ilpaemmo: F -= FF -[-F+F+F] + [+F-F-F]



Puc.?2 CtoxactHieckHe L-cHCTeMEI

Ilepeas ¢ eepoaTHOCTEI 0.9,
ETOpad - ¢ BepoaTHocTe 0.1

Ilepeas L-cucTema

AxcHoma: X

Ilpaepmna: X -= F [+X] F [-X] +X
F-=FF

Ilepeas c eeposTaHOCcTEIO 0.5,
BTOpad - ¢ BEpoATHoCTEI 0.5

Bropasa L-cucTena

AxcHoma: X

Ilpapmna; X = F [+X] [ X] FX
F-=FF

aiff g

\“"’rﬂ _

Ilepeas c eepogaTaHocTEIO 0.1,
BETOpad - ¢ BEpoATHoCTEI 0.9



In(z7]= Show[{hex[{{0, 0}, 1}]}, DizplayFunction -~ $DisplayFunction]

i[27]= = Graphics -

In[22]:= vizualization[1]

Out[z8]= = Graphics -

n1]= rulel=a' = {c”, h™, c”}:
rule?=a —={c’, h’, c'}:
rulei=h —a;
ruled=h" »a’:
rulei=c”  =h";
rule6=c’ =h":
Zamenal[x ] := Replacefll[x, {rulel, rule2, ruled, ruled, ruled, rule6}];
Z1[1i=st ] :=Flatten[Map[Zamena, 1ist]]
Map [Length, HestList[Z21, {a™}, 10]]
Map [Length, HestLi=t[Z1, {a’, b*, c’, a , b, c7}, 10]]




«Yepenawbsa» rpacduka nmeet onpeaeneHHbin dmunocodcknm cmolicn ©
B Heun KpoeTca «HaMeKk» Ha nepapxmyeckoe CTpoeHne CUCTEM, B
OCODEHHOCTU — XXUBbIX CUCTEM.
OTO 3aMeyvaHne MOXHO pacrnpoCcTpaHUTb Ha BCe YNOMSAHYTbIE paHee MogeNun
pacnpenerneHHbIX CUCTEM.
N cevac nepengem K paclumdpoBke aToro «Hameka» © Ha npumepe
MOOENMPOBaHNA NogaepXaHnsa CTPYKTYpbl NOOEroBon MepuUcTeEMbl pacTEHUS
Apabungoncuc
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CtpoeHune AnukanbHoun Noberoson Mepucremsi.
KneToyHble nepemMeLleHuUs.

LenTpansHas 30Ha

JIncToBoi
MPAMOPAHH
P-1
(JIIT)

JIncrosoi
[IPHMOPIHH
PO- P1
(JIIT)

®ponTaneHbIl cpe3 AIIM



B3anmogencTene KNneTok aByxX 30H MEPUCTEMD

CTBO0JI0BBIE KJIETKH
HEeHTPAJIbLHOU 30HbI

\ JIncroBbie

CLV3 3a4YaTKH
o™ ()

\\ \
exe” D
2 reniagy,




YpaBHeHNA MmoaenupoBaHUA PerynaTopHOro KOHTypa c
NIoKanbHOU AuHamMmukon n anddysmen.

8([1/1;/5’]) = (|CLV3];|CLV1])
odeLysh = f,([WUS]) + Deyy s ° ([C[;V3])
ot OX

OcTaeTcsi NOHSATL YTO TaKoe: ]Fl ([CL V3] . [CL Vl])
w LL,(IWUS])



[eHHasn ceTb pa3BuTuUa nobera Apabupgoncuca

Cnenudurka reHHOW ceTy pa3BUTUA MEpUCTEMbL. Bce B3auMOIeiCTBUS HENIPSIMBbIE.
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N coBcem KpaTko B 3aksitoveHne ©
[Ae v Korga ewe nponcxoasaTt cobbiTust pasButusa n MmopdoreHesa.
Kakue elle nons (KpoMme Nosnsi KOHLUEHTpaL WM BelecTBa) ynpaBnsoT 3TUMU
npoueccamu



Wound Healing (Days 1-2)

Within 24 hours of amputation, a layer of epidermis
migrates across the limb stump, closing the wound. This
is a critical step for limb regeneration.
Dedifferentiation (Days 3-12)

After the wound is closed, the cells of the stump undergo
a process of dedifferentiation.

Blastema formation (Days 13-21)

The dedifferentiated cells then begin to accumulate at
the end of the stump beneath the epidermis to form the
blastema. Redifferentiation and Pattern Formation (Days
22-40)

Once the cone begins to elongate, one can usually
identify cells that are beginning to redifferentiate.
Cartilage cells forming around the end of the amputated
bone are the first to appear and later the other mature
cell types reappear. As redifferentiation proceeds, the
rudiments of all the bones distal to the amputation level
are laid down, initially as condensations of precartilage
cells. By about 6 weeks after amputation, the entire limb
pattern has been restored. Subsequent growth of the
regenerate will make it almost indistinguishable from the
original limb by about 3 months post-amputation.



AnekTpuyeckoe none MoXXeT HanpaBnsATb POCT aKCOHOB HENPOHOB,
N BNUATb Ha 3aXXMBrEeHMe paH.
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TRENDS in Neurosciences

Fig. 4. Direction of nerve sprouting, wound healing and cell division by a wound-induced electric field

(EF} inrat cornea. (a) Merves {labelled green using an anti-GAP-43 antibody) are imaged against a

background of nuclei (stained red using propidium iodide). Betwean 16 and 24 hours after wounding,
a large number of stout nerve sprouts project directly towards the cut wound edge (the left-hand side)

in awhole-mount rat cornea. Collapsing the trans-corneal potential difference (TCPD) withthe
Ma+k+-ATPase inhibitor, ouabain, collapses the wound-induced lateral EF. As a consequence, nerve

anrartinn ie ruch lnse moarkad  and iz diractod rancambe aeith roenoct tothe FE vactor noare toctha

Fig. 5. Acorneal wound edge and electrical control of multiple cell
behaviours. (a) A wound-induced electric field (EF) inliving rat cornea
(endogenous EF vector shown inred) directed nerve sprouting (green)
towards the wound edge (left). It also directed cell division (cell
membranes in red, mitotic spindles in green) with the spindle axes
lying along the EF vector, and directed cell migration towards the
cathode {at left). Scale bar, 100 pm. (b) Profile of trans-corneal potential
difference (TCPD) near a cornealwound [10]. The TCPD has collapsed to
zero atthewound, but is already at 0% of its maximum ~ 250 pm away
from the wound edge and by 500 pm away has regained its normal
value of +35- +40 mV. This creates a steep lateral EF near the wound.



rpaD,I/IeHTbI TeMmneparypbl, pH N 3JTEKTPUNHECKOIO rnoTeHunasia MmoryT BJIMATb Ha
BO3HMKHOBEHNE aCMMMETP NN MOpCbOFeHOB

4.1. POLAR AND SYMMETRICAL STRUCTURES 27

(e)

Figure 4.2: Outgrowth of the brown algae Fucus. As a rare case, the egg of the brown alga Fucus
has almost no internal asymmetry. The normal outgrowth (a-d) can be oriented by differences
of temperature, pH, light or electric potential. (e) Tlumination of an ege with pnitmzed light
(the arrows indicates the plane of vibration of the electric vector) can Tlead to a symmetric
outgrowth. (f) The influence from other eggs is sufficient to orient the outgrowth. Drawn after

Jaffe (1968).



rpa,El,I/IeHTbI MeXaHN4YECKUNX Hal'lpﬂ)KeHI/IIZ B KNNETOYHOM rJiaCte MOryT BJINATb Ha
BO3HMKHOBEHNE aCMMMETP NN MOpCbOFeHOB
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A C Frh = Deapth of Invagination (prm) Fig. 3. The apical
500 1 " : T ; constriction model.
K EI Ve i (A) Schematic of the
b b_. | E i ' | distribution of contractile
w0 . % I; Y ', | forces assumed in the model
LT AT T [ simulations. The arrows
Sty N . B | indicate the degree of

IR I'!' (] | isotropic swelling (arrows
1 YR T directed against the cell
[t W L S 1 . membrane) and the degree of
L= R T S . A1 ' 1 isotropic confraction (Arrows
VALV s T . directed inward from the cell
Yooty g membrane). (B) Initial
MR S LR geometry and final
o ALRAA WA N S BN invaginated geometry from a
Apical Constriction an 200 4400  single run of the apical
Hyaline Layer Elastic Modulus (Pa) constriction model. The
depth of the invagination (8
B in pm) used i C is defined
as the change in position of
the center of the vegetal
plate. (C) Invagination (&)
occurring at different values
of stiffness (E) of the apical
lamina (vertical axis) and the
hyaline layer (horizontal
axis). The contour lines
connect pomts in this elastic
modulus parameter space
which generate identical
depths (8) of invagination. The parameter space shown here is a portion of a plane where the cell stiffness is 20 Pa (1 Pascal =1 N/m? =1
pN/um?), the apical lamina stiffness varies from 10 to 500 Pa. and the hyaline layer stiffness varies from 20 to 4400 Pa. Note that while the
scale of the elastic modulii axes are different in each quadrant of C, the material properties are continuous.
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