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Probléemes scientifiques et sociétaux en reproduction
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Compréhension d’un processus complexe de biologie du
développement, survenant pendant toute la durée de vie

o De nombreux types de cellules impliqués et diverses interactions
e De nombreuses échelles spatiales et temporelles différentes

e Rétroaction hormonale (endocrinienne, paracrine, autocrine)

e Contrainte stérique et biophysique

Préserver la capacité de reproduction

o Altérations iatrogenes ou physiologiques
e Sensibilité aux conditions environnementales
o Préservation de la biodiversité

Controle de la fonction de reproduction (chez 'Homme et I'animal)

e Biotechnologie de la reproduction (in vivo, ex vivo, in vitro)
e Enjeux clinique, économique et environnementaux

Romain Yvinec BIOS, PRC, INRA
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Le systeme reproducteur féminin

des mammiferes : un systéme
multi-échelle complexe

o Gamétogenese
Dynamique de population

— Espace : niveau tissulaire
— Temps : vie reproductive

Number of follicles
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Ovarian reserves of follicles and their regulations
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Bio

Modeles de population de follicules (vie reproductive)
Echelle tissulaire

Number of follicles

= Evolution irréversible d’'un pool initial de follicule quiescent

= Décroissance lente du nombre total de follicules et répartition "stable”
dans I'espace de maturité (ou taille)

(o) stage I follicles
-
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Bio

Modeles de population de follicules (vie reproductive)

Age In days

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

5 /45

An Analytical Model for Ovarian Follicle Dynamics

M, J. FADDY.! ESTHER C. JONES? anp R. G. EDWARDS

3 Depariment of Mathematical Staistics, University of Birminghiar,
Birmingkam B1S 2TT, U.K.;* Department of Anatomy, University
of Birmingham, Birmingham B15 211, U.K, and 3Physiclogical
Laboratory, University of Cambridge, Cambridge CB2 3

UE"

e Modele "migration-mort”

e Modeéle linéaire inhomogene en temps

0.0036 0.17 0.12 0.18
O D) .
; Kv[/ T \1/
0.0 0.0 0.16 0,11

0.023

T)__0-0043 /) 0063 A 0.057 0 0.53 °
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Modeles de population de follicules (vie reproductive)

Faddy et al., J. Exp. Zool. 1976
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An Analytical Model for Ovarian Follicle Dynamics

M. J. FADDY.! EST! G. EDWARDS 3
De;

ity of Birminghar.

Haboretons, Oniveraity of Cambridge. Camridoe CB3 3ECL

e Peut-on expliquer ces dynamiques avec
des interactions non linéaire ?

e Quels parameétres peut-on inférer 3
partir de ces observations?

T T D0

.02
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b
°
-
=

0.0 0.27

0.0017 0.0 0.0
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Le systeme reproducteur féminin
des mammiferes : un systeme
multi-échelle complexe

e Croissance d'un follicule
Morphodynamique de population

— Espace : niveau cellulaire
— Temps : Plusieurs cycles ovariens

|
| .
—
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Courtesy of Danielle Monniaux.
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Modélisation de la croissance d'un follicule

7/45

Croissance d’un follicule

Monniaux et al., M/S. 1999

e These de F. Robin, (co-
supervisée. F. Clément)

Romain Yvinec

Echelle cellulaire

|
~+o @

Différentes phases de
croissance

e Activation
Transition / Prolifération cellulaire

e Croissance Basale
Prolifération / superposition cellulaire
e Croissance Antrale
Prolifération / Différentiation cellu-
laire et cavitation
e Phase Terminale
Prolifération / Différentiation et dé-
pendance aux gonadotropines

BIOS, PRC, INRA



Bio

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

8 /45 Romain Yvinec BIOS, PRC, INRA



Bio

Gametogenesis : Ovarian folliculogenesis

8 /45

e Morphogenesis and maturation of

ovarian follicles
somatic and germ (egg) cells

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

Slow activation

Romain Yvinec
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Monniaux, Theriogenology 2016
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Gametogenesis : Ovarian folliculogenesis

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

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

Slow activation

Folicuio
pimordal  [ATRESIE]

S
e i

Monniaux, Theriogenology 2016

e Basal growth
Dynamic reserve (starting at birth)
Spanning over several ovarian cycles
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Gametogenesis : Ovarian folliculogenesis

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

o Pool of Quiescent follicles
static reserve (perinatal in most

Foliculo
primordal

mammals) O =
ivati I
Slow activation [ErmrTige
e Basal grOWth Monniaux, Theriogenology 2016

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

e Terminal growth
After puberty : ovulation within an
ovarian cycle
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Bio

Gametogenesis : Ovarian folliculogenesis

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

Fotoue i s

Follcule

/ Follcula b début
{ dantum “C
\/ Foliut

o Pool of Quiescent follicles

static reserve (perinatal in most e
mammals) by
Slow activation (AT

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

Ovarian reserves of follicles and their regulations

N2
NP
NP
NP

>

=

=

e Terminal growth

After puberty : ovulation within an e %gm,m
ovarian cycle hetin ’
KITLG Td

e Interactions between all follicles via 7 s
complex (neuro-) hormonal signals

-
[P
-~

Insulin  FSH FSH LH
1GF LH
‘The pre-established reserve The dynamic reserve

Monniaux, Theriogenology 2016
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Order of magnitude

Follicle population in women

o Quiescent follicles

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

At menopause < 103
Activation rate "A few per days”

Ovulation

Atresia

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

Order of magnitude
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Follicle population in women

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

~5-10°
~1-10°

10* — 10°

< 10®

"A few per days”

Ovulation

120 — 180j
103 _ 104 Atresia

2
10 Scaramuzzi et al., Reprod.Fert. Dev. 2011

Pre-Ovulatory follicles  a few

Atresia

Most of them !

Romain Yvinec BIOS, PRC, INRA



Bio

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”

e Growing follicles

Ovulation

Maturation time 120 — 180/

Basal follicles 10° — 10* e

Terminal 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

9 /45 Romain Yvinec BIOS, PRC, INRA



Bio

Order of magnitude

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

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

Courtesy of Danielle Monniaux.
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Dyn pop

Modeles de population de follicules (vie reproductive)

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

10 /45

e Peut-on expliquer ces dynamiques
avec des interactions non linéaire ?
Comment les analyser sur I’échelle
de temps de vie d’une individu ?

e Quels parametres peut-on inférer a
partir de ces observations ?

0.003% 0.17 0.12 0.18
@ P /n-[\ m P~ v+
I Ll/ T

.02

°
N
°
°
o
°
e
-
&
°
-
=

0.0017 0.0 0.0 0.0 0.27
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Dyn pop

Modeles de population de follicules (vie reproductive)
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e Population structurée en compartiments

e Interaction non linéaire entre les
populations de follicules via \'s et y's.
Ao(+) () (")
XO — X1 — X2 —
b po(+) b () b pa()
U ) 0

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

|

-

deterministic and stochastic models, ESAIM : PROCEEDINGS AND SURVEYS, 2020.

Romain Yvinec BIOS, PRC, INRA

Xd
INTHQ)
0

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



Dyn pop

Modeles de population de follicules (vie reproductive)

un choix possible
e Population structurée en compartiments

e Interaction non linéaire entre les M(X) N fi
. . . i = mj - 5
populations de follicules via \'s et u's. d
T4 Ky o wijX;
Ao A1 A2 j=0
Xo — X1 — Xo — (R X4 d
4 no 4o ) Lrd pi(X) = g 1+K21"Z“’2JXJ'
0 0 0 0 =0
Initiation Terminal development Ovulation
primordial primary secondary antral preovulatory

follicles follicles follicles follicles I follicle(s)

@
Bonnet et al. Multiscale population dynamics in reproductive biology : singular perturbation reduction in
deterministic and stochastic models, ESAIM : PROCEEDINGS AND SURVEYS, 2020.
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Dyn pop

Modeles de population de follicules (vie reproductive)

e Population structurée en compartiments e Pool quiescent >>

e Interaction non linéaire entre les Follicules en croissance

opulations de follicules via \'s et u's. L
pop » e Activation lente <

e Deux échelles de temps/nombres croissance rapide
g )\0 )\1 )\2
%Xo — X1 — Xo - Xd
i@suo i@ Ha % 12 i@ Hd
Intation Terminal development Ovalation
primordial primary secondary antral preovulatory

follicles follicles follicles follicles I follicle(s)

>

%@ Bonnet et al. Multiscale population dynamics in reproductive biology : singular perturbation reduction in
deterministic and stochastic models, ESAIM : PROCEEDINGS AND SURVEYS,2020.
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Dyn pop

Chaine de Markov en temps continu, remise a I'échelle :
(X=(t) = eXo(t/e), Yo(t) = (Xa(t/e), -, Xa(t/2))) :

événements Intensité
self-renew : (X,Y) = (X+eY), L)X,
activation: (X, Y) = (X —¢,Y + a), i)\O(Y)X,
atresia : (X, Y) = (X —2,Y), Lin(Y)X,
growth : (X,Y) = (X,Y +er1—e€), X(Y)Y,i=1.d-1,
atresia : (X, )= (X, Y —e), ;u,-(Y)Y,- Ji=1.d,

12 /45 Romain Yvinec BIOS, PRC, INRA



Dyn pop
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événements Intensité
self-renew : (X,Y) = (X+e,Y), L)X,
activation : (X, Y)=> (X —&,Y +e), =Xo(Y)X,
atresia : (X, Y) = (X —¢,Y), 2po(Y)X,
growth:  (X,Y) = (X,Y + 1 —e),  IA(Y)Yi,i=1l.d—1,
atresia : (X,Y) = (X,Y — &), g,u,-(Y)Y,-,izl..d,

Theorem (G. Ballif, F. Clément, R.Y. en révision)

(...) (X%, YE) converge dans Dg|0, oo[x L,(N9) vers I'unique
solution de

5O = M(x(O)x(0), x(0) = X,
M(x(®) = 5 () = 2o(y) = poly)) o0, o

Z Lp(y)m(y) =0, V4 borné sur N
Lp(y) = Ao(y)yx F¢(y +e)— w(y)} + Z Ai(y)yi [w(y +ei1—e) — ¢(y)}

+3 o [V —e) = v()] .

i=1

Romain Yvinec BIOS, PRC, INRA



Eléments de preuves

e Estimée sur les moments : o
Vp>1, supE(suptZO ’Xs(t) +39, Y,E(t)‘ > < 00
15

e |dentification de la martingale "lente” :
M:(t) = f(xa(t)) - fOtAf(XE(s), Yf(s))s+ R:(t) ol
Af(x,y) = (ro(y) = Ao(y) — uo(y))xf’(X)

e Identification de la martingale "rapide” :
Mg(t) =2 [g(Y<(8) = 8(Y(0)] = J Sy Lx=(s)g(Y<(5))ds



événements Intensité

self-renew : (X, Y) = (X +¢,Y), L(Y)X,

activation : (X, Y)=> (X —¢e,Y +e), =o(Y)X,

atresia : (X,Y)—= (X —¢g,Y), 2po(Y)X,

growth:  (X,Y) = (X,Y +eir1— &),  IMN(Y)Yi,i=1.d—1,
atresia : (X,Y) = (X, Y — &), LY i=1.4d,

Hypotheses Eléments de preuves
* ro(y) < RO: Vy e Processus majorant linéaire :
* Ao(y) < Bo, Vy (U, V) = (U+g,V), %ROU,
*x Ai(y) >0,i€[0,d— (U, V)= (U,V +e1), §BOU,
11 v (U, V)= (U—-¢,V+1), U,
]]v y (U, V)= (U,V +eip1 — &), Za;iV;.

* pd(y) >0, Yy

* a > 0 tel que A\i(y)+ j
/J'I(y) > q, Vi € e Lyapounov F(y) = 27:1 (ZJ'::lyj)pl pour
[0,d], ¥y Pi ™\

e Par couplage : X < U et Zji'::l Y; < Z}zl V.



Pour 'unicité :

G (1) = (ro — Ao — po, Te(e))x(t)
e Lyapounov F : (my, F) < oo.
e Pour toute fonction f tel que | f [< F

(f,me = mo) = (x = x){(&x(- +1) — &x(:)) Ao, ™)
ol gy est solution de I'équation de Poisson :
Lygyx = (f,mx) — f et Vérifie | g« |< F



Dyn pop

Modele limite

Xolt) Xu(t) Xa(t)
100001 400
500
8000+ -
5 4001 . 300
3 . t
£ 6000| 3%
2 * 300 200
o v
2 40007 .. 2001 % %0
s . .
= o 100
2000+ pat] - 100] 4
. B
0 e 0 <+ o =
[ 200 400 [ 200 400 5 200 400
Xslt) Xalt)
175 > *
120 in
150 2o(t) =X{"exp ( — (Ao + po)t
100
=125/ 717 (@a®ad)"i —ao(t)as
K Ty (y) = Timy EoEF= emmo®
E 100 80
2 . i—1
» 75 601 AN =] —
2 . - ! N1t
2 50 40 . < . j=0
25 Tl 20 b I
0 @ R 0« -
0 200 400 0 200 400
Time Time

e La séparation de I'échelle de temps est cohérente avec les
connaissances biologiques et les données de comptage des

follicules.

17 /45
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Dyn pop

Modele limite

v' accélération de la
décroissance de la
réserve :

& = —(a+ i)

v’ forme "stable” de m,
pour |'évolution de la
répartition des
follicules en
croissance

Follicle number

18 /45 Romain Yvinec BIOS, PRC, INRA



Dyn pop

Modeles de population de follicules (vie reproductive)

19 /45

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

e Peut-on expliquer ces dynamiques avec
des interactions non linéaire ?
Comment les analyser sur I'échelle de
temps de vie d'une individu ?

e Quels parameétres peut-on inférer a
partir de ces observations ?
(Preliminary results)

0.0017

Romain Yvinec BIOS, PRC, INRA



"Time" course

e Follicle count in mice of ™
strain CBA from birth until woo’
|
500 days. [ Neeo
e Reserve + 4 compartments .

(classification of Faddy)

e (Recovery of points by hand)

Age (days)

Faddy, Gosden and Edwards, J. Endo., 1983

20 /45 Romain Yvinec BIOS, PRC, INRA



"Time" course

e Follicle count in mice of

strain CBA/CA from birth
until 100 days.

No. of follicles

e Reserve + 4 compartments
(classification of Faddy)

50
age (doys)

e (Recovery of points by hand)

Faddy, Telfer and Gosden, Cell Proliferation, 1987

Faddy, Telfer and Gosden, Cell Proliferation, 1987

21 /45 Romain Yvinec BIOS, PRC, INRA



"Time" course
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Nombre de follicules

Temps (jour)

Romain Yvinec

BIOS, PRC, INRA
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Fit

Perturbation data : KO AMH

23 /45

AMH Inhibition in vivo on mice of strain
Ch57B6.

3 genotypes : control group (+/+),
heterozygous mice KO AMH (+/-)
homozygous mice KO AMH (-/-).

Follicle counts at 3 ages :
- 25 days (A)

- 120 days (B)

- 390 days (C)

Romain Yvinec

4000

3000

Number of follicies.

5000 180
|
|

Number of follicle

5000 | 1200 180 ‘

2000 | 1000 160

00 |~ | s00 | 2 (%0 A |
n

wll |l | o]

Number of folcles

N

7 I |
o LA ol
primordial nonatretic atretic

smallfolicies  smallfolicles.

Durlinger and al, Endocrinology, 1999
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Fit

Refinement on "initial” condition

e Two distinct population of follicles are present initially

e Labelling of each population
Labeling of the first wave of primordial follicles
@ The first wave of follicles

(@)
@ Adult primordial follicles
o o0
000200, 092°%00,
()

L L L L
r T T T
E16.5(TM) PD7 PD45 3 months
Zheng, Zhang and Liu, Hum. Mol. Reprod, 2014

BIOS, PRC, INRA

Romain Yvinec
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Fit

Refinement on "initial” condition

Tamoxifen was given at E16.5 and ovaries were analyzed at various ages

e Tracing follicles of the first
wave of activated follicles

(in green).

e Proportion p(t) of first wave ,
activated follicles among =
growing follicles.

4 50 ym
Z Xlll ( t ) G ~@— Labeled first wave of follicles H ~@— Labeled first wave of follicles
§ — 1 ~¥- Unlabled follicles ~¥- Unlabeled follicles
)= e |
> X[ (t) L I
i=1 LI < I S T AN NN

Zheng, Zhang and al, Hum. Mol. Gen, 2014
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EDO model

O = germ cell before entering in follicle (pre/peri-natal)
X; = Follicle in maturity stage i

0+0
T ro
mot— o
o M X, R L N AL N N
go 4 g4 gl & gl 1 &g
0 0 0 0 0 0
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EDO model

2 populations (0, X;) and (0', X/) :

0+ 0
T ro
’"O+ﬁ

o =% X, TS X My X, M X By )
gol g g1l o3 gl d

0 0 0 0 0 (
o'+ 0

Tro/

o oxp Mox B ox X B X

g0 4 g+ &l & g3l la

0 0 0 0 0 0
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EDO model

2 populations (0, X;) and (0’, X/) :

O+0
Tro
’”0+W
o =% X, TR o My X, Xy B )
go g4 g1l & e {
0 0 0 0 0 (
o+ 0
T ror
o o x; Iy oxr Myoxp oxp By oxg
g0+ g+ &l g g l g
0 0 0 0 0 ]

KO AMH : Ky =0
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EDO model

26 /45

2 populations (0, X;) and (0’, X/) :

0+ 0
T ro
fo
0 Mo x, LTIy m o m
gol g g1l 2l gl
0 0 0 0 0
o +0
Tro
N AL NV N N N
go g+ &l g g A
0 0 0 0 0 0

27 parametres...
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Cost function

é: m >
] S
o 3 p—— — 3
O 24 g - 3 - N <
S 71 '\ R
Q 04 = . =
S 4
2] ——
g 2] P — |x
o 21
] ?
§ 0] &
Z 14
2.
14 >
01 N
—1 4

0 100 200 300 400
Temps (jour)

Multiplicative lognormal statistical model :

4 M; 2
Jfaddy(e) = Z [I\:;J Z (Iog(xg(tpl)j— |Og(X,Q)> + Iog(aj)]

j=0 i=1
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Data fitting

10000 - k »
5000 4 4 s ©
0 i i = —_
s B
= 4001 kS %
o 2004 X ve - 2 S
= 0l 2=
£ 5004
© 4009 [ \._._ P
8 208' -y RS — —
5 o 3%
90 1 s g
cE) 891 mz_': a > &
=z 0 Ve - — ——
1 1 o ..:°3- °
TJ/.N T - — —= T = Al T
0 100 200 300 400 500
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Temps (jour)
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Data fitting

T= 25 jours =122 jours
9000 - (9}
c.
6000 - o2
Q.
o 3000- ]
e . data
o
€ 1500- o . Fit
1000 - 62‘
500 . 4 =
«Q
WT KO AMH WT KO AMH
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Data fitting

100- -

75~
o
QO
g 50-
o
c

25-

0- e
0 100 200 300 400 500

temps
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Taux d'activation

0.015 T T T T T

_ bil
Ao =my + TRGTT)

0.0l 1

Activation rate

802
800

798

2 log(PL)

796
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Fit

Vitesse d'évolution follicules en croissance / quiescent

802 T T T

801

o
(=]
(=]

2 log(PL)
~J
O
=)

798 1
797 1
mi+g1 ma+gs my+gy m3+gs
796+ mo+go mo+go mo+9go mo+go -
1 1
0 0.5 1 1.5

Normalised exit times (log10)
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Fit

Comparaison ler/2e vague

802 T

14,1

o mity;
i = —5—%
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801F
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Taux d'atrésie
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Cell Dyanmics

Le systéme reproducteur o T U_L
féminin des mammiferes : un :
systéme multi-échelle complexe Cnveornyse )
e Signaux neuro-hormonaux [ FsH OLH“L
Encodage et décodage i ‘
e Gamétogenese C\@g’(”bwq
Dynamique de population =)

e Croissance d’un follicule
Morphodynamique de cellules

e Niveau intra-cellulaire
réseaux de signalisation

-
%@ NV

R.Y., P. Crépieux, E. Reiter, A. Poupon, F. Clément, Advances in computational modeling approaches of
pituitary gonadotropin signaling, Expert Opinion on Drug Discovery, 2018.

@
F. Clément, P. Crépieux, R. Y., and D. Monniaux. Mathematical modeling approaches of cellular
endocrinology within the hypothalamo-pituitary-gonadal axis. Mol. Cell. Endocrinol. 2020;
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Cell Dyanmics
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Le systeme reproducteur féminin
des mammiferes : un systeme
multi-échelle complexe

) ) s [ATRESIE]
e Croissance d'un follicule

Morphodynamique de population

— Espace : niveau cellulaire
— Temps : Plusieurs cycles ovariens

|
| 4 '
-»Q-» -

250 560
Follcle diameter

@

Number of granuiosa cels,log10-scaling

Courtesy of Danielle Monniaux.
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Cell Dyanmics

Key features of follicle initiation

37 /45

Leave the quiescent phase
(static reserve)

A single layer of somatic
cells

Two types of cells :
Flattened and Cuboid
Irreversible transition from
Flattened to Cuboid cells

The follicle is "activated”
when all cells have
transitioned

Fig. 1. Tllustrations of follicle types: (a) Type B, x 570; (b) Type B/C, x 570; (c) Type C, x 570;

"Awakening” signals both e 0

. Goug & Chainy, J. R d. Fert. 1987
from external and internal oueson & Hhaiy S epred e

cues

Romain Yvinec BIOS, PRC, INRA



Cell Dyanmics

Key features of follicle basal growth

o 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 Dyanmics

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

e Role of the Liquid-filled cavity ?

Tertiary ( antral) follicle
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Cell Dyanmics
EDO model

@ = Quiescent cells

P = Proliferative cells

D = Differentiated cells

do, da = germ cell and antrum diameters

PiP
T v(do, da)
Q P p g p
d
Cdy = f(do,P
el (do, P)
d

s = g(da P
A g(da, P, Q)
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Cell Dyanmics
EDO model

40 /45

® = Quiescent cells

P = Proliferative cells

D = Differentiated cells

do, da = germ cell and antrum diameters

PP
1 (do, da)
Q ‘M p "dodw) p
d
—dy = f(dy, P
L (do, P)
d

7dA = g(dA7P) Q)

8,7, 0, f and g depends on various functional hypotheses of
molecular dialogue inside a follicle.

Romain Yvinec BIOS, PRC, INRA



Cell Dyanmics

Data fitting

Cell number

v data fitting shows (or confirms) positive feedbak loop for
Quiescent cells activation (through Proliferative cells), germ
cell growth (through Proliferative cells) and antrum growth
(through Proliferative/Differentiative cells)
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Cell Dyanmics

42 /45

3D imaging data : Follicle count and morphometric measurement

-> structuring the population based on morphologic variable.

dpﬁft) = —(Ro(p(t, ) + po(p(t,)))ro(t),
£0:p(t, x) = —3(A(p(t,.), x)p(t,x)) — u(p(t,.), x)p(t, x),
lim A(p(t ). x)p(t:x) = Ao(p(t,))po(t).

Romain Yvinec BIOS, PRC, INRA



Cell Dyanmics

rs des modeles plus réalistes 7 Croissance antrale

antrum

Pression
extere

Number of granulosa cells,log10-scaling

0 500 750 1000
Foliicle diameter

work in progress...
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Cell Dyanmics

Antrum growth model

antrum

e Multiphasic advection-diffusion-reaction

PDE

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

Pm

(0¢ + divx(va)) ®a
divyva

Vo, -,

& (5mra(1)*)

Al

Ap

Lp(t)

Rm

—pumVxPum ,

Cm(um — up)™™

DA®, + R,

07

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

JHZO = LP(t) (An - Ap) p:?‘e;ign

Cad)za gy T .

pm(t,| x |=rf) — pe

N(re(t) — ra(1))*
8ne(um)

n(uym),

+ Boundary conditions and constitutive laws
work in progress with Erwan Hingant...
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Cell Dyanmics

Merci de votre attention !

Modélisation Multi-échelle , Echelle tissulaire

de la Folliculogenése \ N\
SR - i | N~

N CENTRAL

Echelle cellulaire

~+0@ [E

Echelle intra-cellulaire

lreia—  INRAQ

+ INRIA Saclay : Frédérique Clément, Guillaume Ballif, Frédérique Robin

* INRAE PRC : Team BIOS, BINGO (Danielle Monniaux, Véronique Cadoret, Rozenn Dalbies-Tran)
* INRAE LPGP (Julien Bobe, Violette Thermes)

* CEMRACS 2018 (Céline Bonnet, Keltoum Chahour)
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Cell Dyanmics

Ex vivo data (snapshot data)

1.00- o OO —oOG . e Ex vivo data in sheep
. fetus ( Courtesy of K.
' | McNatty) : WT (++)
0.50- s oo vs Mutant (BB)
025, _: = Proportion of

o°° cuboid cells
0.00- e

Q BB pC:C/(F+C) VS

1.00- . e eeccccccce oo . number of cuboid
0.75- . . cells C
0.50- 'o::o.:o
0.25- i

3
0.00- ' T

0 10 20 30

Cc
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Cell Dyanmics

Ex vivo data (snapshot data)

(+4) . .
1.00- os o sessssee eees . e Ex vivo data in sheep
fetus WT vs BB
0.75-
4 e Once activated,
0501 : follicles have "fast”
025 e cell proliferation
oco 0 = Are both
2 BB differentiation et de
1.00- . ® ec0ccccccce oo . . .
proliferation process
075- ... . concomitant or
*e successive 7
0.50- ° o000
° L] :
0.25- i
3
0.00- o
0 10 20 30
Cc
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Cell Dyanmics

Ex vivo data (snapshot data)

1.00- os o sessssee eees . e Ex vivo data in sheep
fetus WT vs BB
0.75-
+ e Proportion of cuboid
0501 s " cells seems higher in
025 e mutant than WT, for
a given number of
0.00- e .
Q - cuboid cells.
1.00- . ® ec0ccccccce oo . N .
= s it coming from a
o5 e, . kinetic difference ?
0.50- 'o.n.:o
0.25- i
3
0.00- o
0 10 20 30
Cc
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Cell Dyanmics

Ex vivo data (snapshot data)

(53

1.00- os o sessssee eees . e Ex vivo data in sheep
fetus WT vs BB
0.75-
: e Regulatory
0501 : mechanism for this
025 e process are barely
.t known.
0.00- e
2 BB = Is the transition of
1.00- . e e0ccccccce oo . . . .
cell differentiation
0.75- ... . abrupt or more
o, 1 ?
- progressive 7
° L] :
0.25- i
3
0.00- o
0 10 20 30
Cc
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Cell Dyanmics

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;] < o0 if v < v+ 3)

= 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 §/y >>1

<>

(E

activation, (submitted) arXiv :1903.01316

45 /45

Robin et al. Stochastic nonlinear model for somatic cell population dynamics during ovarian follicle
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Cell Dyanmics

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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Cell Dyanmics

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)

45 /45 Romain Yvinec BIOS, PRC, INRA



Cell Dyanmics

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)

‘e &

f\GG Ly
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Cell Dyanmics

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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Cell Dyanmics

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 + 1089 88.08 -+ 7.43
Follicle diameter (pum) 71.68 + 1336 141.59 + 1711 195.36 + 2305

45 /45

Romain Yvinec

BIOS, PRC, INRA




Cell Dyanmics

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+ 5776 885.75 + 38080 | 2241.75 + 786.26
Oocyte diameter (um) 49.31 + 515 75.94 + 1080 88.08 + 7.43
Follicle diameter (pm) 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 ?

45 /45

Romain Yvinec
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Cell Dyanmics

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 +s1s 75.94 - 10389 88.08 743
Follicle diameter (pum) 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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Cell Dyanmics

Simple model : spatial compartment in successive layers

oocyte

e Spherical ovocyte (do) granulosa

e Linear proliferation dynamics of cells
somatics cells

e Layer dependent division rate

e Multi-type Bellman-Harris
Branching process

Somatic cells divide and migrate
to successive layers.
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Cell Dyanmics

A fdy o dys
Vi f;ﬂ[(TH’(,) 47)]

e The geometrical model allows a
simple spatial description

Layer 2

e The model is linear and
decomposable : exponential
growth, with a stable asymptotic N 8
spatial profile : there exists a v
unique A > 0 such that the process

Z; verifies E@ m
: @

o ®
. A @
lim Ze =27 (in law) L) O\EO;
t—00 o© GE%G;‘;;G; A
Soee
)

<>

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 Dyanmics

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 2

Number of cells

Number of cells

25 30 35 o 5 10

25 30 35

o 5 w0 3 2 5 2
<= Time (day) 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 Dyanmics

More realistic model ?

INo(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 020\0(1)

free boundary

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

Vers des modeles plus réalistes ?

o (t)

e Advection-reaction PDE

84+ div (Vu) = b(x)u(t, x)

V ~Vu
5 Y 020\
free boundary
dt i (rr(t) 'Yfﬂ(t x)dx + G % (ro(t))

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

Encoding and decoding neuro-

hormonal signals Reégulations |
Population dynamics : gametoge- C\@y S
nesis cellule ovarienne

o 7//
Intra-cellular level : signaling

networks

<>

Yvinec et al., Advances in computational modeling Ovocye

Oestradiol
approaches of pituitary gonadotropin signaling, Expert
Opinion on Drug Discovery, 2018.

Testostérone
Anhibine




Cell Dyanmics

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).
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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Cell Dyanmics

FSHR networks : very complicated dynamics!

L RFSH e
G 5 o apy ~
rz Fea BN Capy L LRSS
T o I

cRK23

n . pe
Lo \ GaVEE | | opyvis

N ACa VEE'= &G VEE.

CACT feACar . -

ATE S eghiMPr  =SAMP AP;’u VEE

=

RLPIE

I
.

RLF2E

Cell Membrane

nec BIOS, PRC, INRA
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Cell Dyanmics

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
GrRH GnRH Pituitary
4
T?+
.
Estradiol  —T T+ A
1l ©_  LHPituitary LHBlood
™ 9
7| ™ "
T FSH Pituitary FSH Blood
Inhibin T
+T T4 B
4’1 +
Follicles T
=
Corpus Luteum

+ +
T . +
Oxytocin Enzymes
T‘—*_‘ T
I+ T
PGF2a T + I0F

Stotzel et al., Therio. 2012
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Cell Dyanmics

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
| t
Large store [_M1 | recruited for | M2 dez;;)gpemi)en mN Pre(s):/au;tory
of follicles development =2 N1
(stage 1) i=2,.., (stage N)
d1 di dN

Clark & Kruger, WIREs Syst Biol Med 2017
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Cell Dyanmics

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

Follicle 1 i
LH

Pituitary

Matures based
lon FHS and LS

releases
estradiol

Folicle | f¢—|

Matures based

on FHS and LS
releases
estradiol

Follicle N

Matures based f¢—— Clearance

on FHS and LS of
releases estradiol
estradiol

LHand FHS

production,

afunction of
estradiol

Clark & Kruger, WIREs Syst Biol Med 2017

45 /45 Romain Yvinec

BIOS, PRC, INRA




Cell Dyanmics

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

_ i . . Apoptotic
Proliferating A Differentiating V. cells Vion
cells cells 2 (N —
(Np) Cell cycle (Ng) * Phagocytose
exit Dependent on time since
EntE'Ing
VF\[

Cells divide
New cells
are created

Clark & Kruger, WIREs Syst Biol Med 2017
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Cell Dyanmics

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, CAMP response

Rrsu £ | Ri
Lo ki
- (FSH-Rrsn) —2MP)_(eSH R, 51op)
',,,,,,,,,,,J
AC. ATP

Reinecke & Deuflhard,JTB 2007
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Cell Dyanmics

Multiscale Models of ovarian follicle selection

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

GNRH
PULSE HYPOTHALAMUS

GENERATOR

(o e

PITUITARY PORTAL SYSTEM [l R

i — * From (stochastic) GnRH pulse
generator to detailed steroid
metabolism through
(compartment-based) follicle
development

BLoon 444

e * Focus in this paper is on the
model development

BLOOD

- * 43 equations (stochastic input
—— & and delay differential
- equations), 191 parameters.

Reinecke & Deuflhard, JTB 2007
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Cell Dyanmics

Summary

Population dynamics in ovarian h%@m”‘/”
folliculogenesis

S i I liferati CHYPOPRYSE D
e Somatic cells proliferation —
. .. P . ' M © \H‘
differentiation, and migra- [ FsH | LH
Régulations
tion during follicle initiation& endocrines

|
Récepteur
growth —

cellule ovarienne
e Multiscale nonlinear dyna-
mics shape the follicle po-

-

Yy
. . . . . H ( Régulatipns fss
pulation distribution into dif- e’ ..
ferent maturity stages. R ™

Ovocite %\ Progestérone
Oestradiol

Testostérone
Anhibine
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Cell Dyanmics

Summary
Population dynamics in ovarian h%@vm/* T
folliculogenesis
. . . HYPOPHYSE ) —
e Somatic cells proliferation, Caeormyse > -
differentiation, and migra- [ FsH AR
Régulations
tion during follicle initiation& endocrines

|
Réceptenr
growth [

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

cellule ovarienne

Ovocite %\ Progestérone
Oestradiol

Testostérone
Anhibine

Thank you for your attention !
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Cell Dyanmics

Le systeme reproducteur
féminin des mammiféres : un
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R.Y., P. Crépieux, E. Reiter, A. Poupon, F. Clément, Advances in computational modeling approaches of
pituitary gonadotropin signaling, Expert Opinion on Drug Discovery, 2018.

@
F. Clément, P. Crépieux, R. Y., and D. Monniaux. Mathematical modeling approaches of cellular
endocrinology within the hypothalamo-pituitary-gonadal axis. Mol. Cell. Endocrinol. 2020;
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Cell Dyanmics

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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Cell Dyanmics

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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