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Mathematical modeling of collective cell movement
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We studied collective cell movement in development using mathematical
modeling and embryonic imaging data. We developed a novel nuclear segmentation algorithm for cell
tracking and a method to validate the accuracy of segmentation algorithms. Using the approach, we
qguantified cell movement in the zebrafish presomitic mesoderm and constructed a physical model that
reproduced observed cell movement ﬁatterns. Furthermore, by using mathematical models, we revealed
that collective cell movement in the tissue could enhance synchronization of gene expression rhythms

across a cell population, suggesting a biological relevance of collective cell movement in
development.



¥ XL C—19, F—19—1, Z—19,

1. WFIEBHAE 4O 5
;Y ORAEITI T, MEBE) X E A& E
O, BABETBZEINMIRBEIO—
SOOI, FIRE BB T I IE ORI
Ho, EHE LT o0 FEIIBEITS Z L
Thd, Z ORI EE S M
D T FNARESCH RN 72 T % LT AAE
HAofER Bl asnsdtEZE2bNTE,
LML ZNODRTFNENZENOMENTE
DX IITHAE SN T, BEF OB
HZMDMCOVWTIERIEHOEETH D, -
FE A B EN L O A A S E L A
Thoi,
MIOBEITSIT, RO TRELY Y
77 7 a—F 20 Tliiie <, Wit -
HEREWEN S DOT Fu—FI k> THIE
SN TE 7z, HEBEOBMICIXIG & £
BB DR A ME L R D8, FDT=
DIIIREMBO T A TA A= T T —H
MNHMEBEORBELMEL, TOT—%
R D EIET NV AR T HZLER D
5o BIEETIIA A=V v IT—X2 LT
FIEFEROT DFENRN ONERENT
/A Rl (O PN R A=k AV (G
R, Fie, EOW O RIEAEV SR A
EEALTIUIET Y I L AHEZOEEN
LD HONWTH MR TR 2 N3 D
N D,

2. WMEOEW

T ZCAMRRE TIIEBET VA HED, W
A BE R R LS ST A=A
ZTOEMFNIBREALNICTHEHT, B
777 4 vy KEIER TR S DM
HOPHET VT L, A A=V T T —H
ol DEEIEIToT, T~ U AR
FELRR L W TR Bh 2 TR E T 2 1 R r el ke
RSO T Y v T BT T,

3. MFED Ik

BHET V7 EHEIaL—va kD
H W TR BB OB 21T - 72, 72,
WEHIRIA DB T T 7 4 v v = Koy Eif IRIE
DT A TA A=V I F—F Zfin, A
RN COMBEI O T BILTFEORRE %
1To7,

4. WFFEEk R
() fpEEs BT 27030 X AOWESL
A A=V T T —F BN TOM
Jagih 2 e85, Maxr Fo
X TTIHIMERDHDL, FT XTI HT
DIZIEA A — VOO E Z R T 2 %
ERH A, FOT T X ADFENLITE
VAT, T30 X AORSE 2 FHh3
L5120, EEOA A=V T — 2 O
BREE, Mo RE &SRV 7T -0
A X7 ) ZHH L= & E G o ERk DT ik
EREL, Fh. BT T 74y aR AT
RE/ER L, AEEHEBEN TN T v 7R E

CK—19 (Gtm)

Ze el 2 HIE DML AT o 7,

(2) BAEMBRICB T 2 eI o E Bk
FAMWMBIZB WL, BEME T CIRE RO
&0, MBEOERSCHENREE 272D, M
faB® = Db 0% AERNTERT D DOIXIER
WCREETH D, T2 CHREMRMIC KT b
XY NAOF My EFRET ST, M
U OB & 2 T BLT 2 FIEERE
Lo TOFEEYT T 7 40 v 2 RyH M
IRBEFARRICE A L, MRk & o fEpr ThEfaf
OB E N E TWDONEH LN
L= (K 1), S5 ISHIIRM O — 3 HEEED RER
FAEFETHZ LT, MlRoBxoX 14~
AR Uiz, AT ORER . Ry i P R ERE AR
TOMEBENL, & DM ~—E DRFFEL,
FEINOHRAICBE FRAEEZD E VD
persistent random walk TH 2D Z & ZH S
Wz L7,

1RER
— ROEREEE

tailbud ety R
/ " Q
Al @
£0.1 7
¢ 8
S
° 005
MR SN
21 I
oo
0

Bk flR2

100 um

B 1. EEAZ BV O JT T K D M
DX 2B & DOEBEAL, HWENT bLDS
M85 D, DIEA K EWIEE GRE) | FEXTRY 72
E PRIV LEERT,

QVEBT—F~DT 4T 47

@) THRLNZMEBEIOE&T — X%
LT, ZEZRTOBBETNDT 4 v T 4
VI EITVD, A a—X F BB Y —
ERBLLZ (K 2), ETMIIFEED T 2
ANEENTWVWEN, EEXNA X
(Approximate Bayesian Computation) # & H
WCT 4T AT 'lTol, T4 0T 4
LTI TND, BEIEESCHE O B O
B7p EOMBEIORMELZ KD, S HIZ,
V2 ab—va U CHE LB E 2 i
W 7 PRI RIFTEELZH L NIT D
BT, MINOBIEFRIALY AT I 2%
EF AL LT, B LEBEI Y — o DFELE
TCERIGTFRAFA T I ADOKEY I 2
— g EToln A, M ToMBE)
RARRR AR BRI A T LB 758
HAF IV ARSI EHZ xR LT,



tailbud

RIEEE (Lm?)

3

'
anterior
o

10°

T4

g

10°

BFRE (min)

X 2. FHAER]SEY —SeiREE o REH 28 L & 2R
ETFTNANDT 4T 4T, BTTT7 40
Ay 81 PRIERLRR D & FEUE CRHAN A 1T o 72,

4) BB ENC L 5 BIETFREY XA
[ 4] > e e

AT BNC, BT T 7 4 v aRy
i R IE AR L 7 Tl MRS BRI A & OE
DHBEZF - TBEIIL TWAZ LRHRESHh
TWiz, Lo LZDEYZ R ENIAHT
Holry, TZTINEHLMNZIT A0,
BZFFo o & 28, RETRRIERIZI WV TEL
BINDHBEEFRAY) LRI TEREOK
BRIENT 21T o 7=,

2 WoLZEMNZ I 1 B la o EE) F R Z L
WU, 2 OFIZITE Y 2550 2 W )
IS CCRBEN M AZRD D LN )T VAR
AL, ZOFETATIEHA~DEZ M T A
AuEBEZDHIET, B HBEEEZFROBE
RE—VEEVHTZENTE S, MENO
BAFEEY X LINVARER T 7L TRiiR
L7z, v I = b —va o, BE1
FEHLY X L O R 2R ET 2 72D D
WRBE S MOMEBEENS D Z L2 o0
L= 3), YIal—TaryoEonrik
WRMBEEIIRBLZE 2 Mila A XTHY, =
NWITAERNTEE SN ZHBERICTVVETH
ST, ZOZ EIFERNTO BRI EE)
NELETFREY X LORBZEEL TS
etz RIBd 5,

short-range uncorrelated short  long
c 4 corelate uncorrelated c \ : H
o | 0.8 -y
§ Boolm
N long-range NO6," a =100
Sos correlated So4 L~
S So2
Sl <
>ol i _— &0 T G
0 500 1000 o 1 2 3 4
time alignment strength «,,

X 3 Wil e e Eh N BA5 7Y A AD
R 2R 25, M MaER oY X AR
WoOEA, ZEXORERIERERE, A XK O R
R D EZT DT BB ROT 7
A LA NOFRE, T A A FRENK
XV L, MlaloBE i oOHEBEENE<
5,

(5) = ABAMMBICB T2 MBEOET
s
~ 7 ZAFHIIRIZ B W T o AL 2

—ODF~BEIL, TOBE LAt
SEORMANC 72 5, BEMENT & R THl > 2
2 b—ya Il ko T, MR A REMIC
KTEEIRD A = AL &, ISERIZBT 5
MBS Z — B AL T A =X LD
%17 - 7=,

5. TiesEdin L%
(WFZEREE . BFZe 408 R ORI 2 1
X THR)

UdEsEamsc) GGt 4 1)
(1)Rajasekaran B, Uriu K,
Tinevez JY, Oates AC.
Object segmentation and ground truth in
3D embryonic imaging
PLoS One #AFtA 2016 11(6):e0150853 doi:
10. 1371/ journal. pone. 0150853

Valentin G,

(2)Uriu K.

Genetic oscillators in development.

Dev Growth Differ. AF¢iA 2016 58(1) :16-
30. doi: 10.1111/dgd. 12262

(3) Uriu K, Morelli LG, Oates AC.
Interplay between intercellular signaling
and cell movement in development
Semin Cell Dev Biol. #E#if 2014 35:66-72
doi:10.1016/j. semcdb. 2014. 05. 011.

(4) Uriu K, Morelli LG.
Collective cell movement
synchronization of coupled
oscillators

Biophys J. ArHiH 2014 15;107(2) :514-26.
doi: 10.1016/j.bpj.2014. 06.011.

promotes
genetic

(F2¥FE] G 9 )

(1) JIWAEHE—BR

B Eh S IR RIS 5 2 2B A A A
— DT LI T AT LTS
HAREAEEYWESKEZED VAR T T A 2016,

2016 4 10 A 20 H, =BHEXbLEAE (F
B =B

(2) JRAE#E—BR

Quantification of relative cellular

movement and mathematical modeling in
vertebrate somitogenesis

%5 38 [l B ARy AW P2, 2016 4 12 A
IH~2016F 12 A4 . MR- TA4 T
N (L - =)

(3)Uriu K, Rajasekaran B, Morelli L.G.,
Oates A.C.

Quantification and mathematical modeling
of the effect of cellular movement on
oscillator synchronization in vertebrate
somitogenesis

The 26th CDB meeting, 201549 H 8 H~



201549 A 8 H. RIKEN CDB, (JtJ& - = i)

(4) JIAEBE— BB

Modeling cellular motion in vertebrate
somitogenesis based on embryonic imaging
data

2015 £F A AREFAEY 22 F 2 2016 428 1 26
H~2015 48 H 29 A, [FEEHRS: OLH - 52
BT

(5) WA BE— BB
Relative cellular motion in vertebrate
somitogenesis
%5 48 Bl H RS A P2, 2015 426 H 2
H~2015 46 H 5 0., S <IXEBE=HS (K
W e o < IET)

(6) IAEBE—HB

Synchronization of coupled genetic
oscillators promoted by collective cell
movement

CDB Symposium 2015 Time in Development,
20154 3 H 23 H~20154F 3 H 25 A, RIKEN
CDB (JJi « 4= 1i1)

(7) JRAE BB
Collective cell movement promotes
synchronization of coupled genetic

oscillators

The Joint Meeting of the Japanese Society
for Mathematical Biology and the Society
for Mathematical Biology, 201447 H 28
H~2014 48 A 1 B, KIKEE=#ES ORIk -
NG

(8) IAEBE—HB

Collective cell movement promotes
synchronization of coupled genetic
oscillators

The 9th European Conference on
Mathematical and Theoretical Biology,

2014 £ 6 H 15 H~2014 £ 6 H 19 H.
Chalmers Conference Center (Gothenburg -
Sweden)

(9) NAHE— B8
Collective cell promotes
synchronization of the segmentation clock
5 AT Bl AR A RS, 2014 25 A
2T H~20144E5 A30 B, Va7 Wb (B
- A )

movement

(XEF) Gt 0 )

(P 36 U PEAE )
ORI Gt 0 1)

OBfsiRdt Gt 0 1)

(D)
L

6. WAL

(D) TR FTE

LA #—EF ( Koichiro Uriu )
SRR - TR B R AT L5 % - B
#

WFgeE&5 1 90726241



