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The Mammalian female
reproductive system : a
complex multiscale system
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Scientific and societal issues in reproductive science

Understanding of a complex process of developmental biology,
occuring during the whole lifespan

Numerous cell types involved, and various interactions
Many different spatial and temporal scales

Hormonal feedback (endocrine, paracrine, autocrine)
Steric and biophysical constraint

Preserve the reproductive ability

latrogenic or physiological alterations
Sensibility to environmental conditions
Biodiversity preservation

Control of the reproduction function (in humans and animals)

Biotechnology of reproduction (in vivo, ex vivo, in vitro)
Clinical, economical and environmental issues
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Hormone

Neuro-hormonal signals (at the anatomic scale)

Mostly phenomenological equations (DDEs/SDEs) to represent
measured levels of circulating hormones, on a daily basis.

Hypothalamus/Pituitary

) ]
N\ A

Ovaries

v

Margolskee & Selgrade, JTB 2013

Inh (pgimL)

o 0 2 ) W 50
cycte day

Margolskee & Selgrade, JTB 2013
These models can explain some disorders in hormonal levels and predict

the effect of pharmaceutical intervention.
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Hormone

Neuro-hormonal signals (at the anatomic scale)

Mostly phenomenological equations (DDEs/SDEs) to represent
measured levels of circulating hormones, on a daily basis.

Inh (pgimL)

Stétzel et al., Therio. 2012

o 0 2 ) W 50
cycte day

Margolskee & Selgrade, JTB 2013
These models can explain some disorders in hormonal levels and predict

the effect of pharmaceutical intervention. Theoretical analysis gets
rapidly challenging !
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The Mammalian female
reproductive system : a
complex multiscale system

Encoding and decoding neuro-
hormonal signals

Population dynamics : gameto-
genesis

Intra-cellular level : signaling net-
works

<>

i Yvinec et al., Advances in computational modeling
approaches of pituitary gonadotropin signaling, Expert
Opinion on Drug Discovery, 2018.
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Ovarian Follicles

Gametogenesis : Ovarian folliculogenesis

e Morphogenesis and maturation of
ovarian follicles
somatic and germ (egg) cells
=- Somatic cell division and germ cell
growth up to ovulation

Fig, 1. Tlu
(d) Type D, x41

Gougeon & Chainy, J. Reprod. Fert. 1987
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Ovarian Follicles

Gametogenesis : Ovarian folliculogenesis

e Morphogenesis and maturation of
ovarian follicles
somatic and germ (egg) cells

B
@ e \
\®/ s —

e Pool of Quiescent follicles @r‘ \
e R

T

static reserve (perinatal in most = [
\ Vnnm;'n‘m =

mammals)
Slow activation ik

Monniaux, Theriogenology 2016
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Ovarian Follicles

Gametogenesis : Ovarian folliculogenesis

e Morphogenesis and maturation of
ovarian follicles

somatic and germ (egg) cells
o Pool of Quiescent follicles ( © et
. . . Srore®
static reserve (perlnatal In most e, (Es])
mammals) (ST o e

Slow activation
Monniaux, Theriogenology 2016

e Basal growth
Dynamic reserve (starting at birth)
Spanning over several ovarian cycles

3/27 Romain Yvinec BIOS, PRC, INRA



Ovarian Follicles

Gametogenesis : Ovarian folliculogenesis

3 /27

Morphogenesis and maturation of
ovarian follicles
somatic and germ (egg) cells

Pool of Quiescent follicles
static reserve (perinatal in most
mammals)

Slow activation

Basal growth
Dynamic reserve (starting at birth)
Spanning over several ovarian cycles

Terminal growth
After puberty : ovulation within an
ovarian cycle

Romain Yvinec

Fotc
Fotcse
prail G

[OF=H oy

=

Follculo
primordal

pRe—

Monniaux, Theriogenology 2016
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Ovarian Follicles

Gametogenesis : Ovarian folliculogenesis

e Morphogenesis and maturation of
ovarian follicles
somatic and germ (egg) cells

Foliculs Foliculo
préanral

e Pool of Quiescent follicles
static reserve (perinatal in most

O
cul
primordial ATRESIE

mammals) oo
Slow activation OB o
e Basal g rowth Ovarian reserves of follicles and their regulations

Dynamic reserve (starting at birth)

Spanning over several ovarian cycles LS L L ”

e Terminal growth

. s small antral
After puberty - ovulation within an Primordial follicles %gmulaﬁm

Activin

ovarian cycle e
A} )
. . . A S epuiters
e Interactions between all follicles via I N A
. IGF LH
complex (neuro-) hormonal signals The preestablihedresere

Monniaux, Theriogenology 2016
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Ovarian Follicles

Order of magnitude

Follicle population in women

o Quiescent follicles

peri-natal ~5-10°
At birth ~1-10°
At puberty 10* — 10°

At menopause < 10°
Activation rate "A few per days”

Ovulation

Atresia

Scaramuzzi et al., Reprod.Fert. Dev. 2011
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Ovarian Follicles

Order of magnitude

4/21

Follicle population in women

Quiescent follicles
peri-natal
At birth
At puberty
At menopause
Activation rate
Growing follicles
Maturation time
Basal follicles
Terminal follicles

090,0%2 08005L0°
050 590 ]
082,02062692009

~5-10°
~1-10°

10* — 10°

<103

"A few per days”

Ovulation

120 — 180;
10% — 10*

102 Scaramuzzi et al., Reprod.Fert. Dev. 2011

Atresia

Pre-Ovulatory follicles  a few

Atresia

Most of them !
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Ovarian Follicles

Order of magnitude

o 6 60000000
: - 50095008 9885998
Follicle population in women 0605309 D2

e Quiescent follicles o
peri-natal ~5-10° ! 4 K
At birth ~1-10° '
At puberty 10* — 10°
At menopause < 10°
Activation rate "A few per days”

e Growing follicles Ovulation

Maturation time 120 — 180/

Basal follicles 10® — 10*

Termina| follicles 102 Scaramuzzi et al., Reprod.Fert. Dev. 2011
Pre-Ovulatory follicles  a few

Atresia Most of them!

-> Only 400 follicles will ever reach
the pre-ovulatory stage
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Ovarian Follicles

Order of magnitude

e a single follicle (in women)
at different maturation stages

somatic cells diam. 10pum
ovocyte (egg cell) diam. : 10 — 100um
follicle diam. 0.03 — 20mm
nb somatic cells 10% — 107

Courtesy of Danielle Monniaux.
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Ovarian Follicles

Modeling ovarian folliculogenesis

Growth of a single follicle Populations of follicles

°° °n°°o 080%
o3

Folicue

.

Foliol préowiatore

Ovulation

Monniaux et al., M/S. 1999

Scaramuzzi et al.

, Reprod. Fert. Dev. 2011
e Thesis of F. Robin, (co-supervised. F. Clément)

e CEMRACS 2018 (summer school), C. Bonnet, K.
2016-2019 Chahour, (co-supervised by F. Clément, M. Postel)

e Thesis of G. Ballif, (co-supervised. F. Clément)
2019-2022
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Ovarian Follicles

Modeling ovarian folliculogenesis

Growth of a single follicle Populations of follicles

03030%" 36 0% o°
2,00 909

Folicul préowsatore

Ovulation

Monniaux et al., M/S. 1999

Scaramuzzi et al.

, Reprod. Fert. Dev. 2011
Thesis of F. Robin, (co-supervised. F. Clément)

o CEMRACS 2018 (summer school), C. Bonnet, K.
2016-2019 Chahour, (co-supervised by F. Clément, M. Postel)

e Thesis of G. Ballif, (co-supervised. F. Clément)
2019-2022
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Ovarian Follicles

Models of population of follicles on the lifespan

= Nonlinear interactions between follicles populations (endocrine and
paracrine)

= Slow decay of total follicles number and "stable” repartition in the
maturity space

£

2

8

s

g

2

E

E}

z

Follicle maturity

Initiation Terminal development Ovulation
primordial primary secondary antral preovulatory
follicles [ follfl\lcles follicles follicles % T follicle(s)

}
|
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Ovarian Follicles

Models of population of follicles on the lifespan

= Nonlinear interactions between follicles populations (endocrine and
paracrine)

= Slow decay of total follicles number and "stable” repartition in the
maturity space

(a) stage I follicles

100000 F-
RATTE BREBIS FEMME

70000

10000

nombre de follicules

1000

el A7ams

2 25 34 33 “ .5 00300602 4 005 01 021 10
age (years)
diomnétre officulaire (mm)

6 /27 Romain Yvinec BIOS, PRC, INRA



Ovarian Follicles

Models of population of follicles on the lifespan

Faddy et al., J. Exp. Zool. 1976

7/21

An Analytical Model for Ovarian Follicle Dynamics

M. ). FADDY,! ESTHER C. JONES? anp R. G. EDWARDS ®
1 Department of Math i sta ty of gham,
H

e "Migration-death” stochastic model

W17

e Linear model with time-dependent
}

coefficient

(o —22 (o =2
’ T 7 7
0% o ;
:

0.0036 0.
>0
0.0
N\ 00063 /TN 0063 /TN 0057 () 0.3

b

0.0017 0.0 0.0 0.0 0.27

Romain Yvinec BIOS, PRC, INRA



Ovarian Follicles

Models of population of follicles on the lifespan

e Compartment based model (CTMC)

.
Ai(X) = m; + ’d ,
e Nonlinear interaction between follicles T+ Ky wi X
populations via A’s and 4's. =0
e Several time scales d
miX) =g [ 1+ Ko, D wa i X

Ao A1 A2 =0
XO — X1 — X2 — cee Xd
1 o b 12 1 pa
) 0 0

Initiation Terminal development Ovulation
primordial primary secondary antral preovulatory
follicles follicles follicles follicles follicle(s)

4
| |

<>

I Bonnet et al. Multiscale population dynamics in reproductive biology : singular perturbation reduction in
deterministic and stochastic models, to appear in ESAIM : PROCEEDINGS AND,SURVEYS.
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Ovarian Follicles

Models of population of follicles on the lifespan

e Compartment based model (CTMC)

.
A(X) = mj + - ,

e Nonlinear interaction between follicles T+ Ky wi X

populations via A’s and 4's. =0
e Several time scales d

miX) =g [ 1+ Ko, D wa i X
£Xo A1 Ao J=0

%Xo — Xl — X2 — v Xd
L epo L

4 2 b 1d
0 0 0 0

Terminal development Ovulation
primordial

primary
follicles

secondary antral
follicles

preovulatory
follicles follicles

follicle(s)

4
\ | I

<>

I Bonnet et al. Multiscale population dynamics in reproductive biology : singular perturbation reduction in

deterministic and stochastic models, to appear in ESAIM : PROCEEDINGS AND,SURVEYS.
8 /27
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8)\0 )\1 )\2

%XO — X1 — X2 — cee Xd
L epo NG} {2 1 pd
0 0 0 0

Theorem (G. Ballif, Averaging slow-fast dynamics)

For smooth and lower/upper bounded rates \, i, the CTMC
converges as ¢ — 0 (in Dg|0, 0o[x L,(NY)) towards the solution of

L0) = ~Rolxolt))xlt) %(0) =
Mo(x) = y%d (AO(XoaY) + Mo(Xo,)/)>7Tx0(y) Vxo € Ry,
0 = ygd Lo F ()7 (¥) vf € Cj(NY),
Lof(y) = Aol y)o[f(y + &) = F()] vy €N,
+ jleA,-(xO,y)y,- {f(y + e — ) — f()’)]
+ é pi(xo, y)yi [f(y —e)— f(y)}




Ovarian Follicles

Models of population of follicles on the lifespan

‘ o X0 pat)
10000 * . o
. 5001 .
8000| * o
. wl . & ELTIA
E . . . \ *
§ oo000; 3% 3001 DN 2001 *. ot
v e L. B - .
= a000; 7,7 ©o200 %% o
H - . 100{
20001 P 100+ " * R
o B ol
0
mo : 2.069502e-03
ml: 1.606441e-02
donnees m2 : 2.064819e-02
m3 : 2.207980e-01
donnees 0 : 4.421688e-03
pi g4 : 7.096060e-02
NO : 3.292280e+03
i +- 2sigma
P 9 J:41
—— edo

edo +- 2sigma

Time Time

e Separation of time scale is coherent with biological knowledge
and follicles count data.
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Ovarian Follicles

Models of population of follicles on the lifespan

. Xl . pat) ) Xa(t)
10000/ * - 400
500+
.
8000 * ; \
5 . 400 .\ 300 .
E - *
6000| 5% -
5 ¥ | - . AN
2 3007 \ 200{ " .
. e L. . ee 0 N0
g ao000 " %L: 200 & %0 e
B . . % . . - .
- o . 100 .
‘. e . —
of wes ol ee & ol . =
4 200 400 [ 200 400 0 200 400
Xslt) Xalt)
175 (6 4(6)
150 120
100 moO : 2.069502¢-03
. . ml: 1.606441e-02
% \ donnees m2 : 2.064819e-02
. m3 : 2.207980e-01
“ o\ donnees g0 : 4.421688e-03
60 AN — pi 94 : 7.096060e-02
B =X NO : 3.292280e+03
40 . < . i +- 2sigma
St . P 9 J:a1
. 201 - " o .| — edo
2L ole . e edo +- 2sigma
[ 200 400
Time Time

Separation of time scale is coherent with biological knowledge
and follicles count data.

Work in progress...

e |dentifiability issues (even with the linear model)

e The limit model allows to test null hypothesis (no regulation)
10 /27 Romain Yvinec BIOS, PRC, INRA
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Cell dynamics

Modeling ovarian folliculogenesis

Growth of a single follicle Populations of foIIicIes

°° °n°°o 080%
o3

r's
[ovousrion]

Follo préowatore.

Ovulation

Monniaux et al., M/S. 1999

Scaramuzzi et al., Reprod. Fert. Dev. 2011
e Thesis of F. Robin, (co-supervised. F. Clément) e CEMRACS 2018 (summer school), C. Bonnet, K
2016-2019

Chahour, (co-supervised by F. Clément, M. Postel)

e Thesis of G. Ballif, (co-supervised. F. Clément)
2019-2022
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Cell dynamics

Follicle initiation

12 /27

© Follicule
\ primaire -
¥ Granulosa Membrane
L Ovuc;ﬂe:@ . basale
\ Follicule " Granulosa
\ ok ATRESI Cumulus
oophorus

Follicule & début
d'antrum

Follicule Vascularisation
a antrum thécale

Follicule
préantral

Théque externe
Théque interne

Zone pellucide
Ovocyte

Follicule préovulatoire

P
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Cell dynamics

Key features of follicle initiation

e Leave the quiescent phase
(static reserve)

e A single layer of somatic
cells

e Two types of cells :
Flattened and Cuboid

e Irreversible transition from
Flattened to Cuboid cells

e The follicle is "activated”
when all cells have

transitioned - EIRNE
4 4
° "AWakening" Signals both ‘l*‘:l’(.“_ly»;‘.ll:;(r:\r:xasol'ihllmlcIypcx\n)Type&x570:lb)TypcB/C.xS’/U‘(c;Tych.x57u.
from external and internal Gougeon & Chainy, J. Reprod. Fert. 1987

cues
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Basal growth

Cell dynamics

Granulosa
Ovccy!e:@

primaire
Fpllicul_e Granulosa
primordial ATRESIE S
oophorus
Zone pellucide

14 /27

=~
Follicule & début
d'antrum

Vascularisation
thécale

Follicule
a antrum

Follicule
Théque externe
Théque interne

préantral

Membrane

Follicule
basale

Ovocyte

x
OVULATION Follicule préovulatoire
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Cell dynamics

Key features of follicle basal growth

e Growth of a small follicle
after initiation

e Spherical Symmetry

e Spatial structure of somatic
cells in concentric layers

e Joint dynamic

* Ovocyte growth
* Somatic cells Proliferation

e Growth signals from the
Ovocyte to somatic cells and
vice-versa. Courtesy of Danielle Monniaux.
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Cell dynamics

Terminal growth

Follicule a début
d'antrum

Vascularisation
thécale

Follicul Follicule
ollicule a antrum

préantral
) Théque externe
Follicule
primaire Théque interne

Granulosa Membrane

Ovocyle:@ basale
Follicule

primordial

Granulosa

Cumulus
oophorus

Zone pellucide

7
Ovocyte

x
OVULATION Follicule précvulatoire
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Cell dynamics

Key features of Follicle terminal growth

antrum

e Lost of spherical symmetry
e Joint Dynamic

* Liquid-filled cavity
formation and growth

* Switch from proliferation to
differentiation of somatic
cells

* Morphogen gradient

¢ Role of the Liquid-filled cavity ?

Tertiary ( antral) follicle

17 /27 Romain Yvinec BIOS, PRC, INRA



Cell dynamics

Simple model : spatial compartment in successive layers

18 /27

oocyte

Spherical ovocyte (do) granulosa

Linear proliferation dynamics of cells
somatics cells

Layer dependent division rate

Multi-type Bellman-Harris
Branching process

Somatic cells divide and migrate
to successive layers.

Romain Yvinec BIOS, PRC, INRA
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Cell dynamics

4 [dy o dys
v, ’7”[(7“"') 7(7)]

e The geometrical model allows a
simple spatial description

Layer 2

e The model is linear and
decomposable : exponential
growth, with a stable asymptotic W N
spatial profile : there exists a .
unique A > 0 such that the process

Z; verifies E@% @ @

. 70 Sofy
lim Zie ™t =2 (in law) O% o
t—00 O? OOOQI//
Leee

@

<>

i Clément et al. Analysis and Calibration of a Linear Model for Structured Cell Populations with
Unidirectional Motion : Application to the Morphogenesis of Ovarian Follicles, SIAM App. math, 2019
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Cell dynamics

Fitting results

=- Exponential growth dominated by the first cell layer
= Parameter identifiability and doubling time quantification (= 16 days) :
Cell-cycle time  with ovocyte distance

1200 1200

1000 Couche 1 1000 Couche 2 12

Number of cells

Couche 4

Number of cells

25 30 35 o s 10

5 20
Time day)

o s 1w 1 2
E Time (day)

Clément et al. Analysis and Calibration of a Linear Model for Structured Cell Populations with
Unidirectional Motion : Application to the Morphogenesis of Ovarian Follicles, SIAM App. -math, 2019
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Cell dynamics

More realistic model ?

INe(t)

% + div (7u) = b(x)u(t, x)

for x € Q(t) and with V linked
to the negative gradient of the
pressure, and the pressure related
to the density...

Under locally constant density
and spherical geometry, one
have :

5 Y 00()\0(1)

free boundary

d d
G (rO) =7 [ s G (role)
work in progress...

21 /27 Romain Yvinec BIOS, PRC, INRA



Cell dynamics

Antrum growth model

e Multiphasic advection-diffusion-reaction

antrum

PDE

(8t + diVX(VM~)) upm
VM

Pm

(0¢ + divx(va)) ®a
divyva

Vo, -,

& (5mra(1)*)

Al

Ap

Lp(t)

+ Boundary conditions and constitutive laws

work in progress...

22 /27

R

—umVxpm ,

Cm(um — up)™™

DA®, + R,

07

s(t) =k [q,, um(t, x)dx

Jn,0 = Lp(t) (AN — Ap)

Ca(bza

pum(t, | x |=r) — pe

N(re(t) — ra(t))*
8ne(um)

Pression
extemne

P

n(uym),
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Cell dynamics

Antrum growth model

e Multiphasic advection-diffusion-reaction

PDE

(8t + diVX(VM~)) upm
vm

Pm

(0¢ + divk(va-)) ®,
divyva

Vo, T,

5 Grra(t))

Al

Ap

Lp(t)

Rm

—BUMVxPM
Cm(um — up)™™
DA®, + R,

07

s(t) =k [q,, um(t, x)dx
Jmo = Lp(t) (AN — Ap)
c,d7°

pm(t,| x |=ri) — pe
N(re(t) — ra(t))*

8ne(om) n(uym),

+ Boundary conditions and constitutive laws

work in progress...
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The Mammalian female
reproductive system : a
complex multiscale system

Encoding and decoding neuro-
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Réceptenr
Population dynamics : gametoge- C@y membrane plasmique
nesis

cellule ovarienne

Intra-cellular level : signaling
networks
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Intracellular

cAMP-induced FSH and its regulation at the cellular level

e FSHR signaling network and short-term cAMP induction.

e Long-term regulation of the FSHR network during follicular
selection.

The Cellular "switch” is a pre-requisite for follicle selection .
This switch is implemented at molecular level by the FSHR
network and cAMP output (which is a good marker of follicle
maturity).

4

GRANULOSA CELL

growing follicle selected follicle
~ - -

AP cAMP

AP cAMP

Q’ PXA
CYP19A1

Qv PYA
CYP19A1
o

sterone. » estradiol testosterone estradiol
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Intracellular

FSHR networks : very complicated dynamics!

] \ » -

3 oavee | [ apve parr .

4 b HCaVEE~ b ACVEE L

SEMP= o (MR VEE S s -
AE> e AT o

/ X RESH.
) " farr
ATFS B SANP EPFLLVEE RIF1E

Lo e RFSH
Arie ) &
(PEEL D \nwras
J P y
- farr
- - . - S
D) -
RFSH | I e RFSH
far Lmoe parr
T RLPEEE

Cell Membrane

BIOS, PRC, INRA
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Intracellular

networks : very complicated dynamics!

bl
1 RFSH e i : ~
£l A :I-@ =
TN aapy Ao Oy o

Barr =

GaVEE | | gpyves
ACa VEE'= O ACVEE:

R G e, Y
L T :
.

Cell Membrane

"Network Biology"™-> next week !
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Intracellular

Summary

e Circulating hormones dynamical models (Selgrade’'s model)
* Purely hormonal dynamics
* limit cycles in compact delay differential equation models
of the ovarian cycle

T
GnRH GnRH Pituitary
Ik A
1]+
|
Estradiol s A
. Tl LH Pituitary LHBlood T
-
7L b "
15  FSHPituitary FSH Blood
Inhibin T
+ T+ T
} —— ¥
Follicles r
l T
Corpus Luteum

T

+ CJ
T + +
Oxytocin Enzymes
'—*—' T
+ T

PGF2 o T T I0F

Stotzel et al., Therio. 2012
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Intracellular

Summary

e Circulating hormones dynamical models (Selgrade’s model)
e Follicles dynamics in compartment (Faddy's model)
* Reproductive lifespan timescale

* Follicle communication and "hormonal control” through
population feedback

Follicle Intermediate
8 development
Large store |_M1 | recruited for [ _m2 Zstagpe iy mN Precsaggl’aetory
of follicles development i=2,.. N—1 (stage N)
(stage 1)

T T

Clark & Kruger, WIREs Syst Biol Med 2017
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Intracellular

Summary

e Circulating hormones dynamical models (Selgrade's model)
e Follicles dynamics in compartment (Faddy's model)
e Coupled Hormonal/Follicle dynamical models (Lacker's &
Clément’s model)
* Ovarian cycle / follicle cohort timescale
* Follicle cohort subject to a shared hormonal environment

* The individual follicle maturity rate has local positive feedback
and global negative feedback.

Follicles Plasma Pituitary

Follicle 1
Matures based LH
on FHS and LS
releases
estradiol
Folicle | j¢—— LHand FHS
Matures based
on FHS and LS production,
Fiis and a function of
estradiol estradiol
Follicle N
Matures based p=——— Clearance
lon FHS and LS of
releases estradiol
estradiol
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Intracellular

Summary

Circulating hormones dynamical models (Selgrade’s model)
Follicles dynamics in compartment (Faddy's model)
Coupled Hormonal/Follicle dynamical models (Lacker's &
Clément’s model)

Cell dynamics in a single follicle (Clément's model)

* Cell cycle time scale
* Pool of different cell types within a single follicle
* Complex geometry and moving boundary problems

. . ) o Apoptotic
Proliferating v, Differentiating v cells Von
s calls 2 N —
a.
(N) Cell cycle (Ng) Phagocytose
exit Dependent on time since
entering
V‘\]
Cells divide

New cells
are created

Clark & Kruger, WIREs Syst Biol Med 2017
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Intracellular

Summary

Circulating hormones dynamical models (Selgrade’'s model)
Follicles dynamics in compartment (Faddy's model)
Coupled Hormonal/Follicle dynamical models (Lacker's &
Clément's model)

Cell dynamics in a single follicle (Clément’s model)
Intra-cellular dynamics (Clément / Quignot & Bois)

* Steroidogenesis, cCAMP response

ey
Resu  — R:
ApR Ky
AMP
(ESH-RRSR—CAMP)_(ESHIRES)

AC; T

i,,,,,,,,,,,,:
AC, ATP

Reinecke & Deuflhard,JTB 2007
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Intracellular

Multiscale Models of ovarian follicle selection

e Putting "many” pieces together (Reinecke & Deuflhard)

GNRH

TR * From (stochastic) GnRH pulse
— generator to detailed steroid
e metabolism through
_— (compartment-based) follicle
R coolclens development
g s e e * Focus in this paper is on the
e e R e model development
a2 = * 43 equations (stochastic input
L. e and delay differential
= . equations), 191 parameters.

Reinecke & Deuflhard, JTB 2007
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Intracellular

Summary

Population dynamics in ovarian
folliculogenesis

e Somatic cells proliferation,
differentiation, and migra-
tion during follicle initiation&
growth

e Multiscale nonlinear dyna-
mics shape the follicle po-
pulation distribution into dif-
ferent maturity stages.

Romain Yvinec

O

FSH LH -LLL
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.
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Testostérone
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Intracellular

Summary
. . . @ma
Population dynamics in ovarian cevtraL G
folliculogenesis
e Somatic cells proliferation, o JHV
differentiation, and migra- poaains | R M
tion during follicle initiation& dvertnes %9“
g rowt h ‘membrane plasmique

cellule ovarienne

e Multiscale nonlinear dyna-
mics shape the follicle po-
pulation distribution into dif-
ferent maturity stages.

Ovocite %\ Progestérone
Oestradiol

Testostérone
Anhibine

Thank you for your attention !
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Intracellular

Ex vivo data (snapshot data)

1.00-

0.75-

0.50-

0.25-

0.00-

pC

1.00-

0.75-

0.50-

0.25-

0.00-
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e oo
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°
°
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. e e0ccccccce oo

o—i— .

30

Romain Yvinec

e Ex vivo data in sheep

fetus ( Courtesy of K.
McNatty) : WT (++)
vs Mutant (BB)

Proportion of
cuboid cells
pc=C/(F+C) vs
number of cuboid
cells C

BIOS, PRC, INRA



Intracellular

Ex vivo data (snapshot data)

(++)
1.00- S e B . e Ex vivo data in sheep
075 fetus WT vs BB
. e Once activated,
0.50- e oo - ", "
: follicles have "fast
025- e cell proliferation
0.00- o = Are both
‘imo_ o B . differentiation et de
proliferation process
0.75- g J concomitant or
0.0 . successive ?
0.25- i
3
0.00- =
0 10 20 30
Cc
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Intracellular

Ex vivo data (snapshot data)

(+4)
1.00- oe o eccscses coss . e Ex vivo data in sheep
o75) fetus WT vs BB
- . e Proportion of cuboid
.50~ e oo . .
3 cells seems higher in
025 e mutant than WT, for
ool a given number of
2 ) cuboid cells.
100- L] L] 00000000 L] L] . .
= Is it coming from a
075- = o kinetic difference ?
0.50- 'o.n-:o
0.25- §
3
0.00- o
0 10 20 30
Cc
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Intracellular

Ex vivo data (snapshot data)

(++)
1.00- oo o essssses ssss > e Ex vivo data in sheep
075 fetus WT vs BB
e . e Regulatory
.50~ e oo . .

: mechanism for this
025 e process are barely
- known.
%100_ o B . = Is the transition of
cell differentiation
075 Sa e : abrupt or more
050 N . progressive ?
0.25- §
3
0.00- =
0 10 20 30
Cc
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Intracellular

Events Reaction Intensity function
differentiation F—C aF + ’BF,:—CC
prolifération cC—-C+C ~C

e Theoretical study

Two cell populations : F (flattened)
and C (cuboid)

Small number of cells

Retro-action of cuboid cells on the
differentiation rate : is it relevant ?

From (Fp, 0) to (0, Cr)

= Statistics of the "transition” time 7 to reach F = 0.

= Variability of final cuboid cells (E[C;] < oo if v < a+ f3)

= Impact of parameters e.g. on qualitative dynamics
(progressive vs abrupt)

e Parameter calibration : lack of identifiability. Either v << 1
and 3 unconstrained, or v > 1 and 3/y >>1

<>

E

activation, (submitted) arXiv :1903.01316
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Intracellular

Agreement to data

Wild-Type Mutant

= The model can capture both data sets
= Lack of identifiability (non-conclusive on retro-action)
= First differentiation, then proliferation (sligtly more

concomitant in mutant case)
-

{2

Robin et al. Stochastic nonlinear model for somatic cell population dynamics during ovarian follicle
activation, (submitted) arXiv :1903.01316
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Intracellular

Dynamical model (Multi-type Bellman-Harris Branching

process)

e Age and position dependent division rate (cell cycle regulated by the
ovocyte)

e At division, unidirectional motion centrifugal

e Cells are independant between each other (Unlimited layer capacity)
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Intracellular

Dynamical model (Multi-type Bellman-Harris Branching

process)

e Age and position dependent division rate (cell cycle regulated by the
ovocyte)

e At division, unidirectional motion centrifugal

e Cells are independant between each other (Unlimited layer capacity)
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Intracellular

e We have counting data of somatic cells in snapshot data,
morphological data (diameter) and order of magnitude of

transit times between follicle "type”

t=20 t=20 t=235
gData points 34 10 18
Total cell number 113.89+ 5776 885.75 + 38080 | 2241.75 + 786.26
Oocyte diameter (um) 4931 515 75.94 + 1080 88.08 -+ 7.43
Follicle diameter (pum) 71.68 + 1336 141.59 + 1711 195.36 + 2305

Romain Yvinec

BIOS, PRC, INRA




Intracellular

e We have counting data of somatic cells in snapshot data,
morphological data (diameter) and order of magnitude of
transit times between follicle "type”

t=0 t=20 t=35
fData points 34 10 18
Total cell number 113.89+ 57.76 885.75 + 38089 | 2241.75 + 786.26

Oocyte diameter (um) 49.31 + 515 75.94 + 1080 88.08 + 743
Follicle diameter (pum) 71.68 + 1336 141.59 + 1711 | 195.36 + 2305

= Can we explain proliferation in concentric layers by a simple
model of "division-migration”? Or do physical constraint play
important role ?
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Intracellular

e We have counting data of somatic cells in snapshot data,
morphological data (diameter) and order of magnitude of
transit times between follicle "type”

t=20 t=20 t=35
fData points 34 10 18
Total cell number 113.89+ s57.76 885.75 + 38080 | 2241.75 + 786.26

Oocyte diameter (um) 49.31 + 515 75.94 + 1080 88.08 + 743
Follicle diameter (um) 71.68 + 1336 141.59 + 1711 | 195.36 + 2305

= Can we characterize the growth rate of a follicle and spatial
repartition of somatic cells ?

= What is the impact of spatial position of a somatic cell on its
division rate ?
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