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Bio

Order of magnitude (in Women)

. . 090,0%2 0950500
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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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Order of magnitude (in Women)
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Bio

Order of magnitude (in Women)

o Quiescent follicles 000000000 09,
0950
peri-natal ~5-10° %0090 0% 2
At birth ~1-10°
At puberty 10* — 10°

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

e Growing follicles

Maturation time 120 — 180/
Basal follicles 10° — 10*
Terminal follicles 102 _
Pre-Ovulatory follicles  a few ouetion
Atresia Most of them Atresia

>on|y 400 fOIIiCIeS Wi" ever reaCh Scaramuzzi et al., Reprod.Fert. Dev. 2011

the pre-ovulatory stage
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Population dynamics in female
gametogenesis
e Asynchronous growth

o Several timescales : Ten of years / Months
/ Weeks

e Interactions between subpopulations

Ovarian reserves of follicles and their regulations

NP
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Primordial follicles

Number of follicles
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= lIrreversible (slow) decay of an initial pool of quiescent follicle

=- "Stable" repartition of growing follicle

(2) stoge I follicles

RATTE BREBIS FEMME

10000 T

00300602 4 0gs o1 021 10

o
age (years)

iamiere olliculsie (mem)

Faddy and Gosden 1995 Thibault and Levasseur, 2001

5/39 Romain Yvinec BIOS, PRC, INRA 5



Societal challenges : to preserve the
reproductive ability

e latrogenic or physiological alterations

e Sensibility to environmental conditions

e Biodiversity preservation

Number of follicles

6/39 Romain Yvinec

Ovarian reserves of follicles and their regulations
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e re asabldhed resere
Monniaux, Theriogenology 2016
Economic and environmental
challenges
e Biotechnology of reproduction
e Endocrine disruptors

e Non-hormonal contraception
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Dyn pop

Aim : revisit compartmental model with nonlinear

interaction and timescale analysis

500

— 0.0036 0.17

An Analytical Model for Ovarian Follicle Dynamics

! M. ). FADDY.! ESTHER C. JONES? anp R. G. EDWARDS
1 Departm
Birmingham BI5 2TT, U. KJDypanmen of Anatomy, University
of Birmimgham, Birmingham B15 217 UK, and sohysiological
Labaratory, University of Cambridge, Cambridge CB2 3EG,

U. K.

ment of Mazhmumul Statistics, University of Birmingham,

e "Migration-death” model
e \ e Linear Model

0.12

881 > GE > Ve

" 0.0017 0.0
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Dyn pop

Aim : revisit compartmental model with nonlinear

interaction and timescale analysis

K An Analytical Model for Ovarian Follicle Dynamics

M. J. FADDY,! ESTHER C. JONES? anp R. G. EDWARDS
3 Department of Mathematical Staistics, University of Birmingham,
Birmingham B15 2TT, U.K.;2 Department of Anatomy, University
of Birmingham, Birmingham B15 2TJ, U.K., and *Physiological
Laboratory, University of Cambridge, Cambridge CB2 3EG,

. K.

500

A Y e "Migration-death” model
\ e Linear Model
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Dyn pop

Lifespan follicle population model

e Structured Population in compartments

o Non linear interaction between follicles via \’s
and p's.

Ao(*) A(Y) A2(")
— Y1 — Y, — Y

X
b po(-) bpa(e) L pa(:) b pa()
0 0 ) )

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

| l

-

%@ 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

Lifespan follicle population model

Typical choice

e Structured Population in compartments
o Non linear interaction between follicles via \'s e
I
and p/s. Ai(Y) = mi+ Q7
Ao A1 A2 1+K1,iz“’1.jyj
X - Yy N Yo - Yy fl
4 1o L 2 1 pd
0 0 0 0 mi(Y) = g [l1+Kid wajYj
Jj=0
W
Initiation Terminal development Ovulation
primordial primary secondary antral preovulatory
follicles follicles follicles follicles T follicle(s)
I

-

%@ 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

Lifespan follicle population model

e Structured Population in compartments e Quiescent Pool > Growing
o Non linear interaction between follicles via \’s Follicles
and i's. o
M' e Slow Activation < Fast
e Two time and abundance scales growth
E)\o /\1 /\2
X — Y - Ys - e Yy
L epo T 4 pa 4t
0 U 0 )
Initiation Terminal development Ovulation
primordial primary secondary antral preovulatory
follicles follicles follicles follicles follicle(s)

%@
Bonnet et al. Multiscale population dynamics in reproductive biology : singular-perturbation reduction in deterministic
o s R TV T N o oo

Romain Yvinec BIOS, PRC, INRA



Dyn pop

Singular Perturbation Theory (deterministic ODEs)

6)\0 )\1 )\2
X — Y - Ys — e Yy
1 epo o L2 4 g
0 0 0 0
In the limit ¢ — 0 We expect X and Y = (Y1, -+, Yy) to converge to a

differential-algebraic equation :

G = F(x(1),y(t)), x(0)=x",
0 = G(x(t),y(t)), t>0

9/39 Romain Yvinec BIOS, PRC, INRA 9



Dyn pop

Singular Perturbation Theory (stochastic CTMC)

8)\0 )\1 )\2
X — Yi = Yo, = - Yy
1 epo 4 1 12 1 ta
0 0 0 0

Re-scaled Continuous Time Markov Chain :
(X5(t) = eXo(t/e), Yo(t) = (Xu(t/e), -, Xa(t/€))) :

Events Rate
self-renew : (X,Y) = (X+¢,Y), Ln(Y)X,
activation : (X, Y) 5 (X —e,Y +e),  Lr(Y)X,
atresia : (X,Y) = (X —¢,Y), spo(Y)X,
growth : (X,Y) = (X,Y +er1—e), N(Y)Yi,i=1l.d-1,
atresia - (X,Y) = (X,Y — &), Lu(Y)ii=1.d,

10 /39 Romain Yvinec BIOS, PRC, INRA 10



Dyn pop

E)\o )\1 )\2
X - Y - Ya - .. Yy
Lepo L b w2 b pd
0 0 0 0

Theorem (G. Ballif, F. Clément, R.Y. SIAP 2022)
(...) (X%, Y?) converges in Dg[0, 0o[x L;m(N?) to the unique solution of

SO = Mo(x(0)x(0), X(0) = X",
N(x(®) = = 5 (Naly) + )70 ),
3" Lap(y)mly) =0, W bounded on N,
Lab(y) = o (x [0l + 1) - ()] + Z N[0y + e — &) = w(y)]

+ Z miely - &) = )] -

11 /39 Romain Yvinec BIOS, PRC, INRA 11



Schéma de preuve

e Compacité / Estimée sur les moments :
Vp > 1, SUPE<5UPt20 ‘Xe(t) +30 Yia(t)‘p> <00

e |dentification de la martingale "lente” :
M:(t) = f(XE(t)> - fotAf<XE(s), Ys(s))s+ R:(t) ol
Af(x,y) = (ro(y) = Ao(y) = 10(y) ) xF'(x)

e Identification de la martingale "rapide” :
Mg(2) = e[g(Y<() = g(Y=(0))] = Ji Juo Lx-(5)8(Y*(s))ds



Events Rate

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

activation : (X, Y)=> (X —&,Y +e), =Xo(Y)X

atresia : (X,Y) = (X —&,Y), ()X,

growth : (X, )= (X,Y + €11 —€), 2N, i=1.d-1,

atresia : (X, )= (X,Y — &), sui(Y)Y;,i=1.d,
Hypotheses Eléments de preuves

* ro(y) < Ro, Vy

* Ao(y) < Bo, Vy

* Ai(y) >0,
ie[o,d— 1], Vy

* pig(y) >0, Vy

* «a; > 0 tel que

i(y) + ni(y) > «i,
vi € [0, d], Vy

e Processus majorant linéaire :

(U, V) = (U +¢,V), IrU,
(U, V) = (U, V +e), ig,u,
(U,V) = (U—¢,V +1), TaoU,

(U V)= (U V +em—e) LoV

e Par couplage : X < U et Z’ Y; < Z 4 V.

e Lyapounov F(y) = Z, 1 (ZJ 1yj) pour p; \.

W




Pour 'unicité :

9X(£) = (ro — Ao — to, Tx(e)) x(1)
e Lyapounov F : (my, F) < oc.
e Pour toute fonction f tel que | f |< F
(fome = me) = (x = x){(&x(- + 1) — &x(*)) Ao, ™)
ou gy est solution de I'équation de Poisson : Lygx = (f,7x) — f et

vérifie | g« |[< F



Dyn pop

Does it works in practice ?

Xo(t) Xa(t) Xa(t)
10000+ * . 400
500
.
8000+ * 300 °
5 .
2 -
E 6000+ 5% .
s 200
B e,
2 4000- .l
°
- 100-
2000+
0 0 .
0 0
175
120
{xom = X" exp (= (o + o)t
100
5 1257 —717¢  Eo®a)¥i —xo(t)a;
2 ” Wz(J(t)(y) =l il e~
£ 100+
2 60 it A
9 75 = — N
E . * H Ajr1tigt
3 s0- . 40 j=0
250 N e 20
K e
0 e P S— o
0 200 460 0 200 460
Time Time

e Timescale separation is coherent with published data on follicle counts
in mice at the lifespan time scale, away from a transient period.

15 /39
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Dyn pop

What is it useful for?

(0) stege I follicles

v acceleration of reserve
decay with age :
% =—(a+ Hf’cx)x
-> Mechanistic
explanation of previously
published statistical
regression model (coworh

Follicle number

and Hawkes 2010)
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Dyn pop

What is it useful for?

— (0) stege I follicles

v acceleration of reserve
decay with age :
% = _(a + I:CX)X
-> Mechanistic
explanation of previously
published statistical

k regression model (coworh
» I . o . w0 and Hawkes 2010)

Follicle number

0 1 2 3 4
Time
t-05

[

]

v’ "stable” evolution of
growing follicles Y
-> Antral Follicle Count
for fertility test and
primary ovarian
insufficiency detection

BRERs

16 /39 Romain Yvinec BIOS, PRC, INRA 16



Dyn pop

Going further

o What about fluctuations?

e Can we infer the regulation mechanism that control follicle
activation ?

e Can we refine the model to model the transient phase ( reserve
establishment / early post-natal dynamics )?

17 /39 Romain Yvinec BIOS, PRC, INRA 17



Dyn pop
Fluctuations

XE—x

At leading order, fluctuations are Gaussian of order /e : U = NG

CLT

.. U® converges towards U that satisfies
. t
u(t) = U™ + /0 Xo(x(s))x(s) + A(x(s) | U(s)s

/ V(G(X(s), ) mo) W

18 /39 Romain Yvinec BIOS, PRC, INRA 18



Dyn pop

Fluctuations with more than two timescales

X=quiescent follicles; Y=small growing follicles; Z large terminal

Ao P
follicles : %X - }” Y - z
' L epo 1P 12
0 0 )

For p > 1/2, fluctuations on X are still on order /¢, with Y and Z
contributing equally.

For p < 1/2 : undergoing work !

19 /39 Romain Yvinec BIOS, PRC, INRA 19



"Time" course

e Follicle count in mice from birth
until 500 days.

No. of follicles

e Reserve + 4 compartments
(Faddy's classification)

e (Recovery of points by hand)

Age (days)

Faddy, Gosden and Edwards, J. Endo 1983

20 /39 Romain Yvinec BIOS, PRC, INRA



Fit

Perturbation data : KO AMH

A
- 180 [
. i" 1501 1
% 800 V/ 120 %
E ,/ 001
E 1%
. .. . . - = ©
e AMH Inhibition in vivo on mice wﬂ ;
J
non-atretic ° ti

small foliicles ~small follicles

1200 180

e 3 genotypes : control group (+/+), N }
heterozygous mice KO AMH (+/-) = |
homozygous mice KO AMH (-/-).

Number of follicles

H O imordial  © non-atretic atretic
e Follicle counts at 3 ages : B s sl kios
C
- 25 days (A) o R R ]
300 | 300 ~*, |30 \ .A. ‘
- 120 days (B) 1 I
$ 2001 | 200 20 || |1
- 390 days (C) iy AR
w| ] |l ALl
7 ,
a . 1.1
O s O o © o

small follicles ~ small ollicles
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Fit

Ovarian Reserve build-up

e Two distinct population of follicles are present initially

e Labelling of each population

Labeling of the first wave of primordial follicles
a g
@ Adult primordial follicles @ The first wave of follicles
o0 000 0090
..O 0.. ..O 0.. ... 0..

° ° ‘% o )
(] (-] o
° ® S
o. ° ()

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

22 /39 Romain Yvinec BIOS, PRC, INRA 22



Fit

Ovarian Reserve build-up

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

e Tracing follicles of the first wave
of activated follicles.

e Proportion of first wave
activated follicles among
growing follicles.

E PD105 F 4'months

4
.Zl Xll ( t) 50 ym 50 pm
1=

p( t) = - G @~ Labeled first wave of follicles H —8— Labeled first wave of follicles.
24: " t( ) g % Unlabled folicies —%- Unlabeled follicies
Xiot(t AT SEr i B B =
= Q- P
8 g2 -
o A L
B B <N H L BN
Age(days) 1323 3545 G0 90 105 120 Ase(dar) 3545 60 % 105 120

23 /39 Romain Yvinec BIOS, PRC, INRA 23



ODE model

KN =N N I R A
lgo 191 lgz -i-léh Tl.% 195

.

F ;\MH '"""i

EO\ m, A m l l
(o J= L J=( o J=( w [ v (v
lgo l!h lgz 193 194 lgs
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Data fitting

20000 o B
1000 o control 400
—— KO AMH
5 15000 ~ 300 4
Qo
€
E
<€ 10000 - 200 H
o
o
& 5000 o 100 4
04 04
. 1204
100 - s I 200
100 - 6
o 9
% 80+ ® F
£ 80 [ 150 &
3 c >
2 604 J 5 44
K] 60 i L 100 &
o] g 8m
= 40 40 - 5] >
2 <2 L 50
20 4 20 o
01 01 0 4 F o0
T T T T T T T T T
0 200 400 0 200 400 0 200 400
Time (days) Time (days) Time (days)
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|dentifiability

Theoretlcal (Structural Identifiability Julia package) A nd praCtlca| |dent|f|a blllty (Data2Dynamics

log10() 10g10(Ritor) Finie 1og10(K1)
799‘: . 799“‘ “ 799 4. «| 799 4. .
. N ° N ®e el
798 - 2. | 798 { - - [ 708 - L RN
797 4 7974 ‘.' 7974 . 797 ",_ "
7964 N 796 '.' 796 796 '
IR I 795 4 795 - 5|70 4
794 = 794 S 794 L L P —
=17 -1.6 5.0 5.2 0.8 0.9 =25 -=2.0
logio(lo) A b3 pa
799 REEER 799 4. 799 4.
798 o ': 798 o 2~ ----| 798 4% 798 4 2-mmmmmmmmmmes
797 4 797 4 °, 797 '-‘ 797
7964 R R e FEE IS 796
795 795 795 4 795 4 o,
794 4 = 1704 L d 704 LTttt g, e
00 02 04 05 1.0 050 075  1.00 050 075 1.00

vagb 2Qcf -31 parameters are practically identifiable.
e Mean activation time is around 200 days, while growing time is
around 50 days.
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|dentifiability

Theoretlcal (Structural Identifiability Julia package) A nd praCtlca| |dent|f|a blllty (Data2Dynamics

log10() 10g10(Ritor) Finie 1og10(K1)
799‘: . 799“‘ “ 799 4. «| 799 4. .
. N ° N ®e el
798 - 2. | 798 { - - [ 708 - L RN
797 4 7974 ‘.' 7974 . 797 ",_ "
7964 N 796 '.' 796 796 '
IR I 795 4 795 - 5|70 4
794 = 794 S 794 L L P —
=17 -1.6 5.0 5.2 0.8 0.9 =25 -=2.0
logio(lo) A b3 pa
799 REEER 799 4. 799 4.
798 o ': 798 o 2~ ----| 798 4% 798 4 2-mmmmmmmmmmes
797 4 797 4 °, 797 '-‘ 797
7964 R R e FEE IS 796
795 795 795 4 795 4 o,
794 4 = 1704 L d 704 LTttt g, e
00 02 04 05 1.0 050 075  1.00 050 075 1.00

vagb 2Qcf -31 parameters are practically identifiable.
e Additional Data on germ cell dynamics would greatly improve
identifiability

26 /39 Romain Yvinec BIOS, PRC, INRA 26



Fit

Parameter values interpretation

27 /39

e Mean activation time is around 200 days, while growing time is
around 50 days.

e The first-wave follicles is approx. 5 times faster than the second wave
for compartments 0,1,2

e Follicles atresia is negligible in compartment 2,3,4

Romain Yvinec BIOS, PRC, INRA




Fit

Prediction of AMH administration

28 /39

Follicle number

Follicle number

2500
2000 4 3000 -
1500 + 2000 -
1000
1000 -
500
0 04
T T T T T T T T T
0 100 200 0 100 200 0 100 200
50
150 30 1 40
30
100 \ 20 4 \
N\ A N
20
50 10 ~
10
0 04 0
T T T T T T T T T
0 100 200 0 100 200 0 100 200
Time Time Time

Romain Yvinec

BIOS, PRC, INRA




persp.

Comparison with fish oogenesis

O

4&,9:%

Ovocytesage| e Study of Medaka oogenesis
| 3 e Renewed asynchronous
| & Oocyte stage Ill and \v
[ 3 oogenesis
Follicle g .
formation —= - Growth e Useful for ECO—TOXICO|Ogy
v Vitellogenesis StUdIeS

Folliculogenesis

spawning
&
T go‘*‘aﬁo“

ot

m V Pl

Ovocyte stage IX
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persp.

3D imaging of whole ovary in Medaka

3D imaging data : whole Follicle count and size measurement

1200/

il

Taille des ovocytes (u)

30 /39 Romain Yvinec BIOS, PRC, INRA



persp.

Modele structuré en taille

T = (r(p(t.2)) = Aop(t..)) = po(p(t..))) pol®).
8tp(t,X) = _8X()‘(p(t7 .),X)p(t,X)) —u(p(t,.),x)p(t,x)
)!@O)\(p(t,.),x)p(t,x) = Jo(p(t,.))po(t),

31/39 omain Yvinec BIOS, PRC, INRA




persp.

Dépendance du cycle ovarien ?

Distribution de la taille des ovocytes a chaque temps de 'expérience

g ._

b=

- _E_ - i._ -t S pvalue ANOVA en fonction de la classe de test, classes de 25 microns
800) 104 ' === pvalue=0.05
i ~== 565 microns
i —==- 840 microns

03 1

1

1

1

d |

1 |

Lo !

] |

s 1

a |

|

|

044 |

|

1

1

1

1

i

1200 t r

1000,

Taille des ovocytes ()
=

00

Tonr N0 TO ORI {30 13030 o 30 T2 L1NI) o 42030 T8 [2ERIO] o +1AD0 T4 [1AD] o AN TS [S0]

FIGURE A. 1 - Présentation de I'évolution des distributions de la taille des ovocytes de 10 en 10 im oo

en échelle logarithmique 0 200 100 600 800
taille ovocytes
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persp.

Probléme stationnaire pour la partie indépendante du cycle

0 = —0x(Mp,x)p(x)) — ulp,x)p(x), for x €(0,1),
r Jim A(p, x)p(x)

33/39 Romain Yvinec BIOS, PRC, INRA 33



persp.

Résultat préliminaire de probleme inverse (modele linéaire,

p=0)

fit échantillon B1T5F13

0.010
sortie modele lineaire stationnaire
0.008
0.006 1
0.004 1
0.002 A
0.000 T T T T T
100 200 300 400 500 600
B1T5F13
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persp.

Résultat préliminaire de probleme inverse (modele linéaire,

p=0)

i
]

Courbes des fonctions

r

1

44 1
1

1

1

1

I

1

i

i

I

i

1
2, pb lineaire avec recrutement constant et sans mortalité

500

600

T
-
500 N
100 200 300 100
x (taille des ovocytes en juni)

300 400
x (taille des ovocytes en pim)

100 200

Romain Yvinec BIOS, PRC, INRA
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sp.

Transition Juvénile -> adulte

Distribution des tailles

—— Echantillon CT
—— Echantillon CTF_2
—— Echantillon CTF_4
—— Echantillon B1TOF13
Echantillon B1ITOF12
—— Echantillon B1TOF11
—— Echantillon BIT1F11
—— Echantillon B1T1F13
Echantillon B1T1F12
Echantillon B1T2F12
—— Echantillon B1T2F13
—— Echantillon B1T2F11
—— Echantillon B1T3F11
Echantillon B1T3F12
—— Echantillon BT3F2
SRBSRBRBFS2RRSISRIISRRAIIGRIISARRIR  —— Echantillon BT3F3
SSRRSREREE2IE3EI000SEEIIEEIIIE EchantiloniTarL
_— illon B1T4F13
Classe de taille um Echantillon B1T4F14
—— Echantillon BIT5F11
—— Echantillon B1IT5F14
—— Echantillon B1T5F12
Echantillon B1T5F13

w » v
S o =
S S 5}

N
1=
S

Nombre d'ovocytes

100
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persp.

More than one structuring variable

Cell number
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persp.

Conclusion and perspective

38 /39

Lifespan ovarian follicle population dynamics model

Separation of time scale explains slow decay of the reserve and quasi
stable growing follicle repartition

Follicle count data and perturbation experiments may reveal feedback
mechanisms

Extension to three timescale (reserve, basal growth and terminal
growth)

Extension to (several) continuous structuring variable

Comparative physiology approach
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persp.

Conclusion and perspective

v’ Lifespan ovarian follicle population dynamics model

v' Separation of time scale explains slow decay of the reserve and quasi
stable growing follicle repartition

v' Follicle count data and perturbation experiments may reveal feedback
mechanisms

e Extension to three timescale (reserve, basal growth and terminal
growth)

e Extension to (several) continuous structuring variable
e Comparative physiology approach
Open Post-doc position avalaible in 2023 !
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