N

N

Modelling spontaneous propagating waves in the early
retina

Bruno Cessac, Dora Matzakos-Karvouniari, Lionel Gil

» To cite this version:

Bruno Cessac, Dora Matzakos-Karvouniari, Lionel Gil. Modelling spontaneous propagating waves in
the early retina. Waves Céte d’azur, Jun 2019, Nice, France. hal-02268281

HAL Id: hal-02268281
https://inria.hal.science/hal-02268281
Submitted on 21 Aug 2019

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://inria.hal.science/hal-02268281
https://hal.archives-ouvertes.fr

WAV ES Nice, France,

COTEDAZUR 4-7 June 2019

Modelling spontaneous propagating

waves in the early retina

Dora Matzakos-Karvouniari, LJAD, UCA
Lionel Gil, INPHYNI, UCA

Bruno Cessac, Biovision, Inria

T UNIVERSITE :
U COTED’AZUR - INPHYQNl




Visual system

Visual

Cortex

Retina

Lateral Geniculate
Nucleus (LGN)



The structure of the adult
retina
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The structure of the retina
during development

Retina’s layered structure
1s shaped during development
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amacrine cells

But How? L Retinal waves! ]




What are Retinal waves?

Recordings from the retina

Multi-electrode array
(MEA)

Spontaneous spatio-temporal waves during

development
Disappear short after birth when vision is
functional

|

(Maccione et al. 2014)

MEA recording of the voltage from a

P11 mouse retina in the presence of
10 uM bicuculline.




The timeline of retinal waves

Non Acetylchohne Glutamate I'ye opening
Synaptic (nACh R) |

PO P10 P1 *mouse timeline
Age (postnatal days)
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Stage I Stage 11 Stage 111
* Formation of early * Retinotopic mapping - Disappear when
retinal circuitry . Eye specific vision is functional
* (Chemical synapses segregation Glutamate/AMPA
are not formed yet - Nicotinic Receptors
Electrical synapses Acetylcholine
mediated Receptors (nAchR)
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Focusing on stage 11 retinal waves

—— L —— R — PP
Age (postnatal days)
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Zheng et al. 2006



Why modelling retinal waves is an
interesting problem?

- Retinal waves instruct the shaping of the visual system

« Using biophysical modelling we could
1) find generic principles
11) explain experiments and propose new ones
leading to the better understanding of the underlying
mechanisms of waves.

+ The mathematical modelling of the dynamics of a complex
biological process 1s a very interesting physical problem
with real consequences 1n biology

* Understanding the mechanisms that generate them may help
to control them pharmacologically.
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Variability within retinal waves

i) Across species i1) Development
__________________________________________________________ 1800 ,
____________________________________________________ f; : Degradation of cholinergic nicotinic
;1':;1200. receptors upon maturation
§ :
E 600? Zheng et al. 2004
o
ol 144 3 3 3
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iii) Pharmacology iv) Spatial Variability

Waves have variable
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Modelling stage 11
rebinal waves

c&zmamws |

1. D. Matzakos-Karvouniari et al., A biophysical model explains the
bursting activity in the immature retina, Nat Sci Rep, 2019
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The biophysics of stage 11 retinal waves

Individual SACs burst spontaneously ]

0 - Antagonist cocktail Isolated SAC

Zheng; et al. 2006

0 40 80 . 120 160
sAHP Time (s)
(slow AfterHyperpolarization) Spontaneous Fast
Zheng et al. 2006 ” . “ . .
Calcium regulated oscillations

Immature SACs form a transient cholinergic network ]

Nicotinic Acetylcholine Receptors

Mutual Excitatory
synapses

)
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A model for stage 1I retinal waves

Matzakos-Karvouniari et al. 6 variables: V, N, C, R, S5, A
2019, Lansdell et al. 2014, 3 time scales: Fast, Medium, Slow
Hennig et al. 2009, Morris-Lecar ~ Nonlinear cholinergic coupling
1981 ~30 parameters
Fast Cn%t = —gu(V;— VL) - gC’Mooz(Vi)(Vz' —Ve) — 9x Ni(V; — Vi) — gsaupR; (V; — Vi)
asS A;
—gA(Vi — Va)
2 B
G = A(Vi)(Neo(V) — N;)

—pA; + BaTa(V;).

S
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Medium _

TS : — as(l — Si)C',g1 - S,' ‘
SIOW at 'Fast V.N. 71 =11 ms, 7y = 5 ms.
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TR apSi(1 — R;) — R; Medium C.A. 7¢ =25, 7o = 1.86 s.
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4 |
——,—————




Validating our equations by reproducing
experiments

Experiment (Zheng et al. 2006) Model
V (mV) — Oscillations

V (mV
(mV) 0 Block Ca++ |

0 If\‘-#-

-30

Iy =

-60

0 40 80 120 160 0 50 _ 100 150
Time (ms) Time (ms)

I. Equations reproduce the role of voltage-gated Ca+2 channels
on fast oscillations
II. We predict that a fast potassium channel 1s needed to produce

fast oscillations ﬁ
B
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Analysis through bifurcation
theory

How do waves skark? |

1. D. Matzakos-Karvouniari et al., A biophysical model explains the
bursting activity in the immature retina, Nat Sci Rep, 2019
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The mechanism of bursting revealed through
bifurcations

Fast subsystem

JdV
thil(vi - VL)—gCa(Vi)(V,- - VCa) -g.N. (Vz _V

v

v S = A(V)(Nao(V) = N
v

Morris-Lecar &
Fast K+ channels




The mechanism of bursting revealed through

bifurcations
Fast subsystem

dV. |
thi’(vi - VL)—gCa(Vi)(Vi - VCa) - &N, (‘/I -V

V
rx = = A(V)(Nao (V) = N)D
\lr Constant current
Morris-Lecar & (bifurcation
Fast K+ channels parameter)
(kV3)




Bifurcation diagram of the fast subsystem (V,N)
What do we learn about SACs?

I. The SACs repertoire of dynamics upon a current application

Stable rest,Isflat

¢ rest state of Cell oscillates Only stable rest
co existing g}% s is near a constantly due to state at a high
unstable f]. | o
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Bifurcation diagram of the fast subsystem (V,N)
What do we learn about SACs?

I. The SACs repertoire of dynamics upon a current application

Zoom in this
interesting region

-10
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lext (pA)
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Bifurcation diagram of the fast subsystem (V,N)
What do we learn about SACs?

I. The SACs repertoire of dynamics upon a current application

Zoom in this
interesting region

-10
Hopf
-20 - fHdm —
-30 -
Neutral |
.40 x* Saddle i ' 3D
S 5ol Limit cycles and Homoclinic Orbit
£ N
> Homoclinic 1
-60 - Saddle - Node
=70
-80 L 250
0 lext (pA)
X
-90 - V (mV) P
-10
| | | 1 | 1 60 | 1
-50 0 50 100 150 200 250 300

lext (pA)
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V (mV)

The mechanism of bursting revealed through

bifurcations
What do we learn about SACs?

II. The role of sSAHP for the bursting mechanism

Bifurcation diagram of the fast subsystem V,N

S —
Sd
U
0 [SPO = _
Limit cycle
20 +
v’.
Unstédble
40 1 fixed points
s
#
60 | i
Stable fixed poin
80 . , , LT LY ,
-14 -12 -10 -8 -6 4 -2 0
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V (mV)

20

20 +

40

60

The mechanism of bursting revealed through

bifurcations

What do we learn about SACs?
II. The role of sSAHP for the bursting mechanism

Bifurcation diagram of the fast subsystem V,N

S—

Sd
U

_SPO =

Limit cycle

V. .
Unstdble \ trll;r af! el(itOI‘B; OIfn
fixed points X \e ull system .
.’ N
» %

Stable fixed poin

Isn,

Due to time scale
separation,
we make the approximation
and superimpose the
trajectory of the full system
on the bifurcation diagram |

-14

-12 -10
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The mechanism of bursting revealed through
bifurcations

The biophysical interpretation

Bursting
sAHP

1. Bursting
\" I I ‘l I I6°mV Increase of Calcium load
Voliage 70 mv during bursting
N LT
K+ gating 0

— 2. Calcium Buffering
20 s
C

Intraceliular ]
Calcium 88 nM . -
Concentration

Bursting starts again
when the Calcium
load is low enough

Calcium controls the sAHP phase.
Voltage is low and Calcium

3. sAHP starts offloading

S N~~~ 102

Ca-dependent 0.4
K+ gating

S o.z\f\.f ~— I0.4

Probabliity of
C a lllrn MU |'.'."1 | —

binding 20 s
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How do waves
propagate and stop?

2. D. Karvouniari et al., Spontaneous emergence of spatio-temporal
structure in the early retina, (under preparation for Phys. Review E)
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How do waves propagate?

24

Full interacting waves are
a complex paradigm

Waves propagate in a
landscape changing
constantly

It is hard to extract a
mechanism of propagation



A network model of stage Il retinal waves

—
‘/1 V\ h
/
— __/.
@‘ = NVi)(Nao (Vi) —ﬁ SAHP current Ach current
I Reﬁ:ct(.)ry Network
mechanism
Morris-Lecar & effect

Fast K+ channels ‘




Condition for wave propagation:
IAch+IsAHP=ISN ]

Sl e g— ' ' ' '
I I ! > Trajectory of |
- ;—. - ;‘- - 0 F0 == the full system |
ILimit cycle
! I 1Ach | 20 |
— O = | t=p @ == =) @ == E
J ! ] >
40
| I l
o @ ) | ) @ = ) @ = 5
S |
. . . . - . ;ISN . .
SACs become points on a2 a0 s 6 4 2 0
a lattice lext (PA)
( V, M
m _’ = _gL (‘/1 - VL) - gCa (‘/I)(‘/l - VCa ) - gKNi (vl - v +IACh+ISAHP




A4 (NM)

A2 (nM)

12

08 +
06 +
04 +
02 +

12
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The coupled dynamics of 2 SACs

Ach profile

0 — 005]

015 — 03 —

Cell #1

IAach+IsAHP=ISN

Condition for bursting to start: I

; !

Response Time

1 2 , Isn "y RYV_ -V
t,-=——log(1+ M/’YA( SN + gsagpR*( K)))]

I

n; 362 ga(V_ —Vy)

Waves speed

1

B ter — 1 log (1 4 200/ A ( IsN+gsaupRY(V_—Vk) ) )l

ga dpQ (V_—=Va)
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Analytic form of waves propagation
coupling threshold

Waves speed (1D)

Based on our model, where wave
propagation 1s only possible when the total
current received by a
neighbouring cell exceeds the (saddle-
node)
bifurcation threshold, we extract the
analytic form for the
waves propagation coupling threshold (1D
case).

(ce‘:ls) g ga <:(critical point)
45
4 +
395 ¢
3 F
2.3 -
15 | Analyt:)c;rot:l'g
Og - 2nd order’
O ‘:' 1 1 ] ]
0 01 02 03 04 05
gA
(nS)

-+ For the zero order approximation
we assumed that V_, R and @ do
not depend on gA. Fit holds for

smaller gA

9A.

2py/7a Isn +gsRY (V- — Vi)

n; 3€2 Vo —V}y
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time (s)

Propagation in 1D without friction

2 /YA Isn + gsR* (V- — Vi)
JA > A = —
\J“ JAJ JA. n; 3€2 Vo —Vj4

l

600 40

35
500

30

400
25

300 20

Ca (nM)
time (s)
Ca (nM)

/ o 0.96
15 x(1)=0.841 tYV-~*
200

10

100
5

0 0
0 20 40 60 80 100 0 20 40 60 80 100

Fitting trajectory: u:speed

_ 42 ~——» 7 :propagation exponent
(P) = po+v (e.g. z=1 ballistic)

- Around the propagation threshold, waves could stop even
without friction, due to noise and the fact that the Ach current
1s not sufficient to fulfil the propagation condition l

T R I I



Propagation in 2D without friction

Approximation, free propagation no friction, all cells are at rest

Cancnam, QA«S |38 Calonm, gA«d |5 Calom, ghad § 508 Calium, gA=0 1308
“ w0 “ “w
; » ] “
. . . L
' ' @ | '
} > » © - " ¢ » S w . 5 ] ] . » [ - 0 9 v (3 ~ -~
0L o - e ot R YPRPETA

g Waves speed (2D)
7 .

; . Iy
6 | - propagation '

threshold

« The speed increases with
the coupling strength |

; | ; LA |

v (cell/s)
Fes

|- a L A " i
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
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. function of the strength of sAHP

‘ 0.6 Rs — ad1/4 35

How do waves stop? The sAHP saga
l” Max Waves size as a

0.7

°° -+ Simulation

40.4 30 | + ++
7 — Analytic Fit

0.2
25 t

0.1

20 F

15

10 ¢

o

The waves size decreases
hyperbolically

with the strength of sAHP |

Example of a wave propagation
in a radial landscape of R 31
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Patterns evolve within stage 11

1800+ ,
< : : T
S Degradation of cholinergic nicotinic
;:';1200. receptors upon maturation
S
&)
o
2
600+
x stage 11
Q 5
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60 |

50
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Synchronisation Transition

Average population firing rate Standard deviation firing rate

<F> - . ** ) e
005- . 010_ .
. 0.08- ’
0.041 )
0.06-
0.03- . °
0.04-
0021 0.02-
0  0.002 0004 0.006 0.008 0.010 0.012 0  0.002 0004 0006 0.008 0010 0.012

The average and the std of the population firing rate
undergo a transition at a specific range of cholinergic
coupling 1
L




10'4

|

< 10%
= '
m“!
10"
104
|

10°%4

Probability density functic

.5
10°%4
10"

10 1
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Distribution of waves sizes
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Our model indicates the existence of power
law like distributions for waves sizes for a
range of coupling strength

|

R I D

2.0
18-
16-
1.4-.
1.2-.
1.0-.
0.8-.
0.6-.

0.4-

Fano coefficient

Ratio of mean and standard
deviation of a distribution

gsahp=10 ns

0.2 3(%#%?%#-#######

0

0.002 0.004 0.006 0.008 0.010 0.012

gachm (ns)



Indications for criticality in experiments

Mouse P5 C Mouse P1

: \\% \ - Hennig et. al 2009 also found power
law -like distributions for the waves

1 10
Wave Size (# Electrodes) SizeS

*  Hennig et al. 2009
- Criticality 1s a precise concept 1n physics and
power law distributions are not enough
to characterise 1t

—
o, -o
w N [ [ o
-

Probability O

a=1l.7

-
o,

Also, criticality 1s not a natural state and it 1s achieved by
bringing the system to a specific point

Two “critical” points:
1) Experimental data need to be analysed in a more elaborate way to
reveal the actual distributions of waves characteristics
11) If indeed there is criticality and power laws, then we miss a mechanism
that brings the system to the critical point L
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Conclusions & Perspectives

- Analysing the dynamics of our model using dynamical systems
theory leading to a main hypothesis: Immature SACs are near a
bifurcation point!
Consequences:
- individual SACs properties*®
- how SACs lose their excitability upon maturation
- explain variability of wave features across species
- wave propagation conditions*
- criticality and power laws*
spontaneous activity could be generated by a SACs
network that is optimised for input processing=dynamic
range
- Future direction towards completing studying waves in a
dynamically changing landscape
Characterise criticality in our model and use the same tools
to characterise experimental data

* Proposing new experiments based on theoretical hypothesis
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