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The ‘coupled-oscillators’ in the zebrafish segmentation clock

Hiroyuki Takeda

Abstract The most unique feature of vertebrate segmentation is its strict periodicity which is

governed by the segmentation clock consisting of numerous cellular oscillators. These cellular

oscillators, driven by a negative—feedback loop of Hairy transcription factor, are linked through

Notch—dependent intercellular coupling and display the synchronous expression of clock genes.

Combining our transplantation experiments in zebrafish with mathematical simulation, we have

examined how the cellular oscillators maintain the synchrony and how they form a robust system

against developmental noise such as stochastic gene expression and active cell-proliferation.

Accumulated data demonstrated that the segmentation clock behaves as a ‘coupled oscillators’™ , a

mechanism that is used for a synchronous flashing of fireflies.
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Fig. 1. Somitogenesis and segmentation clock in zebrafish

a, lateral and dorsal views of zebrafish embryos (left). Somites give rise to the repeated axial skeleton in adult.b,
Schematic diagrams illustrating expression profile of the 4er/ gene (orange) in the PSM.

SERETOBRER

Oy AT DR R ES T & L ORISR S
DM N99T FAZ =T b U CTHEES Tz chairy (~T V)
-/ &) bHLH B E R 7T 5 (Palmeirim et al.,
1997), Z OFE RLARE, WReE BB AR T3 IR 2 ISl oD
FHBM THRE SN, BHRENZ LI, #hbE
W vy F T FARER T Thole, RFFRORIE
THDHET 77 4 v =R TiE, SEIE 30 4512 1 18]
DR—=ZATEI 5, ZIITEN, RBIFFHET 30 571
1E, 79749 aD~T VlGFTHD herl
DRBAA BB ND (Fig. 1b) (R MEFEZE, 2002)
(Holley and Takeda, 2002), her/ ZEBif8Hk1% PSM D%
N 1/4 FRIEZ 5 DN, T ORBEBIIE D%, Btk
OWERFEL 720 7e N HRTFICHEEN LT, FERO S EIL
BCEILT 5, 37 LWISHANT OFER, BN RN
W2 PSM D% 1/4 THE, 1FIETTO PSM iy
D[RRI herl 38D ON/OFF % #: 0 i § [FIFR A IR B
L, —HZ ORI T, BB I 4 A
LB ~BE LT D Z & LT,

AT B S 72 @R in situ hybridization {5 C
RNA D Jaj#E % RIFRIRE Y — o THIZL4 5 & Fig. 2a
DL 51, @ herl mRNA [z, O CIiF A (B

TTLARHIE L2200 kD 7F ), ®
MWAﬂﬁﬁ@t WA I Z R E, O 3 SOREE

JET AR TOMBEAFEFIACH Y I L TWD Z &3
ﬁ%;%%ﬁ;ﬁoto&ﬁil@%%%ﬁﬁﬁﬁ%
RENZEH LZ ORI A B =X 2% LUTF Ci#fr L7z,
BT T 7 4 v a ORI (PSM ) (2317
LREBERE IOV, BEFIMHTIC LY Fig.2b @
L2 RETANRERERINL TS, ZOEFT LTI,
L OFHEE D [FIREICA~T VBT TH D herl DFH
TAT T 4= KRNy I —FRartiry, &5
AT VISR L) v FZREOY N R ThHD

T»&@h%(@m)®%ﬁ%Wﬁbfwéo—ﬁ\
PSM AL /) v F - T Z 2N L CTHREL TV A,

THIENR Y BEHEL TWAEET A THSHD (Lewis,
2003), FxlTAEHEKRY: - TR E & LR T,
10 fE 7> & 30 &> PSM a3 2 > F - FAZ &4 LT
Vo7 —CA LY I 2 b—2—%{ER L. RFRE
B — 2B T D FFAMIRE A R T 5 2 LICAEh L
77 2OV Ialb—X—%ZHWNT, UFIZHR5
BHEROBFEB L OV 2 L—Z —DOF RO in vivo
TOMGEEZATV, IR O EEN R 2 B 520N LT,
U a2 b—H—DFE L WERIRIE SR (Horikawa et al.,
2006) @ supplement % 2,



fEAEEIAR & LT oICHiRE

1

a
notochord .Q .g .@
O |Osomite transcription OFF transcription ON transcription OFF
D O translation OFF translation OFF translation ON
=
w
o
e
tailbud
b

Hairy proteins

L

—;—

Delta J hairy gene

delta genE

mRNA

PSM cell

(cellular oscillator)

Fig. 2. Cellular oscillators in the zebrafish segmentation clock.

a, High resolution in situ hybridization detects subcellular localization of 2er/ mRNA. The PSM cells display a cycle of no
signal (left), nuclear dots (middle) and cytoplasmic signals (right). The posterior PSM exhibit synchronous oscillation.
b, The negative feedback—loop of Hairy lies at the core of the cellular oscillator.
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Fig. 3. Notch—dependent intercellular communication in the segmentation clock

a. Cell-transplantation assay at the blastula stage.

b. Donor cells that constitutively expresses DeltaC due to morpholino—knockdown of Her.

c. Effects of ser-MO cells on transcription of fer/ (left) and segmentation points (right). The timing of Aer/
transcription is locally advanced in the area near to the explants in the posterior PSM. Nuclei, ser/ mRNA and
explants are stained in red, green, and blue, respectively. Arrowheads indicate nuclear—/4er/—cell, whose phase is
advanced by the transplant. This effect results in a segment-shift phenotype. The segment positions are anteriorly
shifted on the transplanted side (arrows). Donor cells are in red and the dashed line indicates the last normally formed
segment border. Bar, 20 um.

d. 1-D simulation of oscillating PSM cells (dots). Snap shots of the calculated results in the 1" (up) and 10th-round of
oscillation (down) are shown. Actively signaling cell is represented as red arrow. The active signal form the transplanted
cell influences the adjacent cell to accelerate the oscillating phase (13.4% of oscillation phase after 500 min.). This
effect is transmitted in succession, and results in the phase—shift of relatively distant cells, although the effect is still
locally limited.

e. The smaller somite (red solid box) is formed by the accelerated oscillation (red line). The spatial pattern of clock
oscillation (lines at the bottom) is translated according to the clock—and-wavefront mechanism.
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a, in silico analysis. The noise condition observed in vivo is introduced. At time 0, all the cells in the array oscillate
synchronously. Without the coupling (down), the phase of oscillation
soon becomes random. However, with coupling (up), the cell array can maintain the coherent oscillation. The traces of

10 cells are superimposed.

b, Disrupted synchrony in 10—somite—stage embryos transiently treated with DAPT for 2 hours. A great number of
cells becomes out of phase, with delayed (arrows) and advanced (arrowheads) phase, in the synchronized zone of the

posterior PSM (compare with 1d1-3 in the normal PSM).
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