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Synaptic plasticity
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Bliss and Lgmo, 1973
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Cable theory: Rall model

Cable equation (Rall, 1969) T TRABEDHRND
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Formation of new synapse after brain lesion
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Tsukahara et al. 1975
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Formation of new synapse after cross innervation of forelimb nerves
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Formation of new synapse during learning?
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(MBS IS F3F)
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Classical conditioning mediated by red nucleus
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Classical cond|t|on|ng mediated red nucleus in cat
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J. Neurosci. 1: 72-79, 1981
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Formation of new synapses associated with classical conditioning
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Lost my mentor at 34 years old

R MEEZD

Nakaakira Tsukahara EEEYBOXN=ILENDE

Prof. of Osaka Uni Elc—E A BT AR EEEED
rot. of Usaka Univ. N e Y
& Rockefeller Univ. 5. MRNSEORBILERG ==

(1933~1985) | RPEREE 170073

Japan-air-line crash ERBRAXETEZ
(Aug. 12, 1985)
Hi # (http://matome.naver.jp/odai/2140781974012046201)



Eccles’ School

Nakaakira
Tsukahara

John C. Eccles
(Nobel Prize,
with Hodgkin and Huxley, 1963)

Hi 3R (https://upload.wikimedia.org/
wikipedia/commons/9/97/Eccles_lab.jpg)

Henri Korn invited me to
Pasteur Institute (1990)



Institut Pasteur (1990~1991)

Henri Korn
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Plasticity of Inhibitory Synapse
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Mauthner Cells

Ludwig Mauthner
(1840 - 1894)

https://en.wikipedia.org/wiki/
Ludwig_Mauthner

-

Goldfish
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Long term potentiation of inhibitory response

1= Gi(Vm—E)
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Long term potentiation of inhibitory response
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Potentiation at the inhibitory synapse

EHP

/ Volley
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J. Neurophysiol. 74: 1056-1074, 1995
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Long term potentiation at inhibitory synapse
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1'~3' before

P« = n\Cx« Pk (1 —p)N-k X=0.90mV
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Oda, Charpier, Murayama, Suma, Korn
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Cell Assembly
Hebb (1949)
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Principal circuits for fish escape

Mauthner (M) cells: paired giant reticulospinal neurons in hindbrain

Visual
; Tectum
stim.
Touch ® Single spike
|
Sound Jl\(lauthner cells
+ & |
Trunk
Water flow muscle
Spinal

Motor neuron

A tight link between the M-cell firing and escape

= (1) A spiking of M-cell
AW 4 precedes the escape

(Zottoli, 1977; Eaton et al.,
1982, 1988)

(2) Stimulation of M-cell
produces the initial

phase of escape
(Nissanov et al., 1990)

C-bend
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Sound stimulus induced LTP
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% of baseline

BRI THRESN -1t R EA1ER

Sound stimulus induced inhibitory LTP in auditory pathway

By BE 5 [0 2% 0D+ ]
Auditory pathways . w
- 7
72 } o |
150 el é +‘ % | mat
# EARE DN
Feedback pathway
100 4. - PN T— - 40 9_-5.-415 ______ e
Sound BEMEAT
"0 1 0 20 8 40
Time (min)

Oda et al. Nature 1998
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Control

oms

(ball hits the water) 30 ms
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Long term desensitization of escape behavior
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Probability of escape
response (% of control)

50 -
I Sound (500-800Hz) Conditioned
-30 -15 0 15 30
Time (min)

Oda et al. Nature 394:182-185, 1998



T I AMEEDRIIBREFE DER

A link between synaptic potentiation and behavioral learning

Ball impact  —/\ /\ —

Excitation

Inhibition

M-cell firing
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Zerafish escape behavior

5 dpf Acoustically evoked fast escape of larval zebrafish (x1/9)

Sensory —> Processing in the CNS —> Motor
perception output



Mauther cells in zebrafish

Reticulospinal neurons in hindbrain and midbrain

=
e ©
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Mauthner cells
27 types
100 neurons
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Injection=—

Hindbrain
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Calcium imaging of hindbrain neurons
in behaving fish

Tsunehiko Kohashi

| Tahahashi et al.
J. Neurosci. 2002

Confocal microscope
(Neuronal activity)

Kohashi and Oda
J. Neurosci. 2008




Simultaneous monitoring

of segmental homologs

Hi-speed Y

“Segmental homologs” ,
focus m
Lateral mover
[

dendrite

| |
M_Ce” T s Ea—

Axon

=) Rostral
& B

Midline



Simultaneous monitoring of escape and M-cell activity

Oregon green
BAPTA-1

——

Ipsi. M-cell

Confocal
microscopy

|

High-speed

| x camera
1)

>
W’

1000 frames / sec



M-cell

M-escape vs. Non-M-escape

M-escape Non-M-escape

+ Water pulse

"

Trunk muscle

Tail flex. Subthreshold: only EPSPs

Time after stim.(sec) Time after stim.(sec)

Kohashi and Oda
J. Neurosci. 28:10641-53, 2008



M-escape vs. Non-M-escape

Tail flexion angle

601 M-escape Non-M-escape

© (degree)

Time after stim. (ms)



Auditory inputs are necessary for Mauthner escape

Intact
40'_ M-escape
v 30+
Q- ~
g 20 - Non-M-escape
= 10+
Water pulse Lateral line 0 '
+ + + —
== 2 4 6 8 10 12 14
Escape onset latency
Otic Vesicle (inner ear)
40- .
- ! OV lesioned
¢ 30 -
(| o
] 20-
" Rustral 10-
0

"2 4 6 8 10 12 14
Kohashi and Oda J. Neurosci. 2008



Escape circuits built in hindbrain segments

Mauthner Escape Non-Mauthner Escape

“Minimum latency” “Delayed”

DLCW

4\ M-cell _A j

. ]
|’_|: -.: |||
—0

Non-Mauthner

Moto- Trunk q
muscle

neuron l _/k’-

Sound

Interneuron
+

Spinal cord




Escape!!

H 88 (http://www.preparednesspro.com/the-battle-of-mice-and-men)



bt 3% 1 FEE
1. H{T0 /N HIE R
2. OF TR0
(P FTREFE

(2)IMFESFTRAD REAEA

(3)FEZEIVFTAA

Ly

3. EFPD-_1—0OV;EE): BE

4. FE FILOVNEEEDER
(1) EE)DFHE
(2)RREDER




Development of escape behavior

100 hpf (adpf)

50 hpf (2dpf)

% .
100-

Touch

50-

X1/60 speed

60 80 100 120
Hours post-fertlization (hpf)

Loud speaker

/S

Kohashi et al., J. Neuroscience 2012

Sound




Development of Escape Networks

60-70hpf (2dpf) >80hpf (3dpf)

Non-M-escape

M-escape M-escape
to touch to sound to touch/sound
“Minimum latency” “Delayed”

Trigeminal

nerve
3@' M cell 2 Meell 96'"\
° » Dc & ©
_L;l "1 Non-M
J

“Switch”
of acoustic

. nerve
M-cell inputs

Hindbrain

Motor
neuron

Spinal Cord

Trunk
Muscle

Kohashi, Nakata, Oda J. Neurosci. 2012
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H B (http://www.nature.com/nrg/journal/v5/n7/
fig_tab/nrg1377_F1.html) (2) ENETH
10 psec

Yukiko Ota
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In Vivo Whole-Cell Recording

7 (3
(2785RE1ED) I

1T mm

A (ATHFREER)

20 um
GFPZRIRIT DV IR T—Hifa
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Development of M-cell auditory response

Z¥E% 39 B BEXA RREES
246 hpf 246 hpf
46 F5E : O <) RS —iflkd

62 BFh

<27 hpf

BRI (500Hz, 98dB SPL)
Tanimoto et al., J. Neurosci. 2009



A

RN EFIZIELAELDIZLEAIZIE?

1. BRZETFYRILOFKIE

TRPN1

Sidi et al., Science, 2003 (zebrafish)
Shin et al., PNAS, 2005 (Xenopus)

TMC1/2

Kawashima et al., J Clin. Invest. 2011
Pan et al., Neuron 2013 (mouse)

.......

Kinocilium

Stereocilia TRPN1 (NompC) >48 hpf

TMC1/2? | >23hpf

Tanimoto et al.
J Neurosci. (2011)
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Otolith size contributes to the hair cell responsiveness to sound

Control (5dpf) S otol

Microphonic potentials

ith removed U+S otolith on U

—_—

TNV

AERFZBELEVLUD
HEMBENFICSE

AW\~ AW\~ AW\~

Sound (500 Hz)

Inoue et al., Scientific Reports 2013
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Reticulospinal (RS)
Neurons

o \ |

/ |
*&) Mcellr x

/Lateral dendrite

Axon

Ventral
_ dendrite

MiD2cm

R

=

]

N

(@]

=
v.zvé .
: SIS

Hindbrain

Morphologically and developmentally homologous
neurons are repeated in the adjacent segments in the
hindbrain (Metcalfe et al., 1986)
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Auditory inputs to segmentally homologous neurons

midbrain

hindbrain

Hisako Nakayama
J Neuroscience 2004
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Different excitability between homologous neurons

JRF 1)L
—__IDO_ M-cell
— r4
IEI ek
rS5
i MiD2cm >
ré
MiD3cm >

Nakayama and Oda
J Neuroscience 2004

M-cell

L%

1.5T~lk/——‘
O
5ms*

J2 18] 14 #110

2.0T

Injected current

“Bm”

MiD3cm

i
1L
i

Injected current

/

10 12 14 16 18 20 22 24 26
Injected current ( xT)

RS

— =

: 3l
20mVv

400

w
[=]
o

- N
o o
o o

Frequency (Hz)
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Zebrafish expressing GFP in Mauthner cells

Retrogradely labeled
reticulospinal neurons




M-cell acquires single-spiking property during early development

5 W 0

1mm !
No response Escape from sound
. / \ / C '
Fertilize 2days \ / 4days \
/ \ / \
/ \
/ \
Multiple
MiD2/3cm MiD2/3cm Takako Suzuki
l{ M / h_

4 '"\
Watanabe et al, J. Neurophysiol. 2014 Aoba Mishiro
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Low threshold K*channels are required for single-spiking of Mauthner cell

DTX XE991

Kvl
MiD2/3cm

M-cell @ 4 B3

l = M-cell @ 2B &5

I

Single spiking Multiple spiking Mmm




Cellular and network development
for auditory response

2 dpf: escape from touch 5 dpf: escape from sound & touch
Touch:
Trigeminal n. Touch:

Trigeminal n.

3 Mauthner cell 3 | Kv1.1+B Kv7.4
- I Low Kv M O

I

Sound: L f Z J *Sound onset
Hair cells o ( A
~ Nav High
l Kv
MiD2/3cm * Sound intensity
DA * Tactile stimulus

J. Neuroscience (2008, 2009, 2012, 2014), Scientific Reports (2013), J. Neurophysiology (2014)
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Paired intracellular recordings from hindbrain reticulospinal neurons

Horizontal view Frontal view

M-cell | Mivl |

h . Neurobiotin
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Functional motifs composed of segmentally homologous neurons

EH=—a—Aa A

A A IEXTFR
M-cell
MiM1D r4
MiD2cm
MiD2i rS
MiD3cm
MiD3i ré

Haruko Matsui Hisako Nakayama

BAl=—2—AEA~
EAXR
AN +é MiV1
=T =
+
Po<== | wmiv2

+

C‘E“E Miv3

J. Neuroscience 2014
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Takashi Fuijii

Daisuke Neki
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Synaptic inputs to RSNs from M-cell during C-start

stage1 stage?2
spike
M-cell | inhibitory
Propulsion
swimming +
C-shaped '
Body b_end /[) +
iy y
'-., +
Ml miv2 //

N ) U 200 ms
+
stage1 stage2 Bi. MiV1,3

I stage1 stage?2
0 10 20 30 40 50 60 70 80ms
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Lateralized Behavior in a Lake Tanganyika Scale-Eating Cichlid Fish

mEcE KAEME Yuichi Takeuchi
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Scale-eating Cichlid

~
A

AAODERZE

THEDEEE

BRI-BOERE
HER
yawz Nl afxdl
GFE 0 76
ERE 39 0

Hori Science 1993

EHE aFE

John Alcock,Animal behavior : an evolutionary approach,pp218
Sunderland,Mass.:sinauer Associeates ,2013



Predation behavior of P. microlepis

Righty tears off scales

from right flank of prey.

Normal speed




A clear bias toward striking on one side

Ratio of attack direction
Left side attack = ——p- Right side attack

100 : ‘
,11 i
£ L l ’ ‘ H Left side attack
3 N B . ]
80 -B-B-RGirird----- B -B- (success)
Left side attack
(failure)
;\3 60 Right side attack
= (success)
2
=2 Right side attack
40 (failure)
20

0 5 | 7 mLEY Bl FR Bl BN B3 P — Attack numbers W \
ID— A B

c b E F GH I J] KL M N O P Q R S
Mouthmorph— L L L L L L L L L L R R R R RIRRRZRHR

Strong preference for specific side:
Lefty mostly attacked from the left side, while righty from the right side



Sequence of predation behavior

@ Approaching dash
@ Stealthy swimming
@ S-shaped posture

@ Fast body flexion
(attack)

@ Twisting

‘ | every 48ms

Takeuchi et al. PLoS ONE 2012
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Development of lateralized behavior

DOV DE b\b?*Hﬂbeﬁllﬁﬁﬁ

" :,;«i';:,.i NG
7_E17MEIJEE5E AiREIE%k
W Lateralized
\ predation

Bilateral
predatlon

Takeuchi et al.
1 Juvenlle 2. Adult PLoS ONE 2016
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l Flexion for
scale-eating

Visual
information

P,

(A Optic nerves)}
LN ~\

Scale-eating Escape

Inner ear

f

1 1 Trunk muscle
—O O
pinal cord

Yuichi Takeuchi BEIZH 2B HEE (R )

P. microlepisD BIBIZHIN h 7o7EL)
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Thank you for your attention
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