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Making a complex machine

We need to make all the parts of the machine.
We need to assemble the parts.
Cars never makes it self. We need to do everything.



All the process is absolutely autonomous!!




Similar patterns develop in non-
organic systems







Similar mechanism???




To find out the mechanism autonomous
pattern formation, we selected the animal
skin markings.




How are the pigmentation patterns made ?

species show variety of skin pattern.
>>An identical mechanism must be able to generate different pattern.



How are the pigmentation patterns made ?

n.
>>Patterns are autonomously made in the skin.



How are the pigmentation patterns made ?

>>periodicity



What is making the skin pattern?

Patterns on the skin is the array of
numerous pigment cells.

More than two types of pigment
cells.

Cells interact each other.

Cells can move, develop and die.

-

We cannot grasp what really
happen with our brain.




Huge number of interactions occur simultaneously.

N o

Need the help of computer and mathematics.



Alan Mathison Turing

Turing presented a simple system in which interactions among
the chemical (cells) and the diffusion of the chemicals signal
can generate a spatial pattern.

Reaction-diffusion model



Integrating the differential equation

Stationary case. After a sufficient lapse of time X, —#4 and ¥, & approach asymptotically
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Answer Is

After long time has past,,,,

Case A: generates stable pattern

Case B: generates oscillating
pattern.
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Six different states are possible

Initial condition

Both morphogenesis
diffuse and react each
other

uniform, stationary
oscillating

Six possible states

i

uniform stationary waves with

extreme short wave-

—>

)

Oscillatory cases with
extreme short wave-
length

stationary waves with
finite wave-length
Turing pattern)

Oscillatory cases
with finite wave
lengthy




Mathematics is difficult,,,,

* Testing the system with simulation is easy!!
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Huge number of interactions occur simultaneously.

N o

Need the help of computer and mathematics.
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=F(u,v)—d,u+D,Au

i G(u,v)—d,y+D,Av

F(u,v)=au+hbv+c
G(u,v) =a,u+b,v+c.




Ui(t0) = Concentration of U in position i at time t
Vi(t0) = Concentration of V in position i at time t

If we know Ui(t+dt) and Vi(t+dt), we can predict how the system behave in the future

What we need to calculate is Synthesis, degradation and diffusion.
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synthesis

synthesisU = F(u,v) = a,u + by,v + ¢,
synthesisV = G(u,v) = a,u+ b,v + ¢,

Input >> concentration of U and V
Output >> synthesis of U and V

Position |



degradation

du dv are the
degradation
constant of u and v

degradationU = —d,, *u
degradationV = —d,, * v

Position |



Reaction=synthesis + degradation

reactionU = synthesisU + degradationU = F(u,v) —d, * u
reactionV = synthesisV + degradationV = G(u,v) —d, * v

Position |
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concentration

i

Position i+1

Position i-1

Position |



concentratio




Synthesis of u

Synthesis of v

RD simulator

| £ simRDj
File Option

BZ (spiral) wave
Randomize division

| st [ capwre | save | Del |
Ju 0.03 0.02

— = F(u,v) — dyu + DyAu
ot B

0.08 -0.08 0.04 0.2

0 < F(u,v) = ayu+ byv + ¢, < Fmazx
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ot
w0 someen o 0.0 045 05
0 < G(u,v) = apu+ byv + ¢, < Gmax

Diffusion and degradation

Diffusion and degradation



Conditions to make stable pattern

Positive
feedback
TN
Move slow
_J(local)
Move fast
AN yZ (long range)
Negative =

feedback
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Reaction-Diffusion Model by Alan Turing




RD model reproduces animal skin patterns




complex patterns




RD model reproduce the pattern regeneration

Laser ablation




History of Turing model

1952 Turing presented RD model

1954 Turing died

1970 re-discovery of RD model by mathematicians

1972~1989 some discussions among developmental biologists

1990 most of biologists discarded the RD model
1991 generation of RD pattern in chemical system




How one can prove the RD theory

* Normal strategy is too complex
— Get mutant with disturbed pattern.

— |Identify all the molecular and cellular events
related to the pattern formation

— Measure the reaction parameters and the
diffusion constants

— Simulate the interaction network identified

* Needs more easy strategy



Easy method to prove the RD model

* Turing models says
— Pattern is formed as a kind of “wave”.
— Pattern regenerate when disturbed.

— If the pattern is disturbed, it should regenerate in
the way the simulation predict.



Prediction of the skin pattern change

i

simulation

of Emperor angelfish

day 40

day 90

Nature 1995: Kondo



Prediction of the change of spot pattern
In a cat fish, Plecostoms.
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PNAS 1999: Kondo



In case of Zebrafish with artificial disturbance
of the pattern,,,,

simulation



Simulation successfully predicted the
pattern change!

experiment simulation

PNAS 2007, Yamaguchi and Kondo



Prediction of the ¢ | of hybrid fish
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Nature communlcatlon 2010; Miyazawa and Kondo



Mutual interaction between the pigment cells
should be the key factor

xanthophore




What does the mathematical theory suggest ?

Positive
feedback

g i T i be two kinds of

‘ Interactions between the
pigment cells.

AN

2. Functional distance of the

Negative interactions should be different.
feedback

local positive feedback
+

long negative feedback



Local interaction between the pigment cells

M is surrounded by Xs
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PNAS 2007 Nakamasu, Takahashi and Kondo



Long range interaction between the pigment cells

ablation pattern

PNAS 2007 Nakamasu, Takahashi and Kondo



Simulation of deduced network forms the stripes

=) Activation
=] Inhibition

= | ONQ range

Short range

Next to do is finding the molecular and cellular basis of these three interactions



|dentifying the molecular mechanism

1) Cloning of some responsible genes

leopard

e
Bty _\ ~f s 5 < =

~ Time lapse observation



In vitro behavior of pigment cells

Wild type




Science 2012; Inaba, Yamanaka and Kondo



melanophores and xanthophores will segregates.



Separation Is impaired in Kir7.1 mutant

Wild type Jaguar(Kir7.1) jaguar; mitfa:kir7.1

Kir7.1 is expressed in melanophore



Behavior of pigmer In Kir7.1 mutant,

Kir7.1is e




e+ jaguar igm
s - 8 >
depolariza 2nce intensity

R & ;

ﬁll

Depolarization is detected by C accumulates in depolarized cells.



Depolarization(Kir7.1)
Migration(in vitro, in vivo)
Apoptosis(in vivo)




Plasma membranes

Expressed in both melanophores and xanthophores



In vitro behavior of pigment cells

Wild type

depolarize
ﬁl/\?@ Kir7.1




Pigment cell behavior of gap
junction mutant

S

Xanthophores looks unable > ;

to sense melanophores.




Depolarization(Kir7.1)
Migration(in vitro, in vivo)
Apoptosis(in vivo)

Dendrite elongation
migration

Gap junction
cx418




What does the mathematical theory suggest ?

1. There should be two kinds of interactions between the pigment cells.

2. Functional distance of the interactions should be different

t

Another “ long range” signal ?

L T




Laser ablation of xanthophores (yellow cells) induced
the cell death of melanophores

ablated pattern Odays 3days 5days

PNAS 2007 Nakamasu, Takahashi and Kondo



Finding the long range factor

St

~20,000 genes Gene chip:
/ Xenthophores/melanophores > 3
AP Realtime PCR:

8 Xenthophores/melanophores > 5

< +
Protein ligands or membrane
6 genes proteins

ST———  Transgenic fish:

Expression in melanophores
1 gene Alteration of the pattern?



Delta-Notch system involves in the long range effect

Fin

B-actin
Control T Mm‘

(melanophore)

Control
(xanthophore)

L
DeltaC -
Notchla (I e
Notchlb -
-
L

Notch2
Notch3

Xanthophores express DeltaC ligand
Melanophores express Notchla receptor

control
'1 '”}" -‘a'm;"'q"' x4
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Inhibition of Notch signal
kills melanophores



Delta and Notch are the membrane bound molecules

How do they work In the long range interaction ?



Melanophores elongate long projections
toward xanthophores

yellow stripe
s & 7 v region
;. A
black stripe
region
& ,““u

~ -5

v
" yellow stripe
| | region

Membrane bound GFP is expressed in some of the melanophores



Melanophores elongate long projections
toward xanthophores

Membrane bound GFP is expressed in some of the melanophores



Transgenic fish with Delta or Notch gene

Delta

Notch nuclear

1 transcriptional control

In both cases, melanophores should become less dependent to xanthophores.

Wider stripes or large spots ??



Ectopic expression of DeltaC or Notchla-ICD
caused wider stripes

Ectopic expression of Notch-ICD
in melanophore



Is the identified network a “Turing mechanism” ?

Positive
feedback
@ Local
Long
range
Negative
feedback

local positive feedback
+

long negative feedback






Ildentified network Is equivalent to the Turing model.

Positive
feedback Survival is enhanced
\ by long projection
Local
Long
range
Negative R Ision
feedback - O

by short dendrites

local positive feedback
+

long negative feedback
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Delta-notch

Cx418(gap junction)



Mutation at the N-terminal of connexin changes
the channel activity of gap junction

TM1
MKL418 MKLMADWSLLGSF LEEVQEHSTS VGKVWLTILF IFRILVLGTA AE
418 (WT) MADWSLLGSF LEEVOEHSTS VGKVWLTILEF TIFRILVLGTA AE
418del-6 MGSF LEEVQEHSTS VGKVWLTILF IFRILVLGTA AE
418del-10 MEEVQEHSTS VGKVWLTILF IFRILVLGTA AE

418del-14 MEHSTS VGKVWLTILF IFRILVLGTA AE
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wt on-melanophore

Most of the pigment patterns seen in the wild animal can be made by
the modified cx418 gene.



questions to be answered

Depolarization(Kir7.1)
Migration(in vitro, in vivo)

Apoptosis(in vivo) Dendrite elongation

migration

Gap junction
cx418

What Is the signaling molecules



guestions to be answered
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Bone shape ?

Wild type

Kir7.1
(K channel)

Connexin41.8
(gap junction)




Shape of the fin-bones may be controlled
by the similar mechanism.

Johnson et al. (2010) Development
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Pattern formation labo

Your visit Is welcome !



