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Population dynamics in female
gametogenesis

e Asynchronous growth

e Interactions between subpopulations

Number of follicles

Age \ge Age

4 /31 Romain Yvinec

Ovarian reserves of follicles and their regulations
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Scaramuzzi et al., Reprod.Fert. Dev. 2011
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Bio

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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Bio

Lifespan follicle population model

Typical choice

e Structured Population in compartments
e Non linear interaction between follicles via \'s -
and M/s_ Ai(Y) = mj + 7&, B
o A A2 1Ky D wjY
X - Y - Y - Yy ;:1
1 o +p 1 2 + pd _
f) ) ) [) wiY) = g |1+KaiD> wa;V
j=0
v
Initiation Terminal development Ovulation
primordial primary secondary antral preovulatory
follicles follicles follicles follicles T 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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Bio

Order of magnitude (in Women)
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Scaramuzzi et al., Reprod.Fert. Dev. 2011
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Bio

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

=- "Stable" repartition of growing follicle

(2) stoge I follicles

RATTE BREBIS FEMME
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00300602 4 0gs o1 021 10

o
age (years)

iamiere olliculsie (mem)

Faddy and Gosden 1995 Thibault and Levasseur, 2001
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Previous compartmental model (mice data)

> An Analytical Model for Ovarian Follicle Dynamics

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

1 Department of Mathematical Statistics, University of Birmingham,
Birmingham B15 2TT, U.K.;? Department of Anatomy, University

of Birmingham, Birmingham B1S 2TJ, U.K., and SPhysiological
Laboratory, University of Cambridge, Cambridge CB2 3EG,

UK

e e "Migration-death” model

2000

2000

e Linear Model

0.0036

o8 0

- 0.0017 0.0 0.0 0.0 0.27

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

Previous compartmental model (mice data)

> An Analytical Model for Ovarian Follicle Dynamics
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Birmingham B15 2TT, U.K.;? Department of Anatomy, University
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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.
e Two time and abundance scales (¢ < 1)
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Dyn pop

Lifespan follicle population model

e Structured Population in compartments Time scale separation

o Non linear interaction between follicles via \’s

and 's. e Quiescent Pool > Growing

. Follicles
e Two time and abundance scales (¢ < 1)
e Slow Activation < Fast

e )\0 )\1 )\2
1x — \Z - Ys — growth
depo N 4 p2 4 pa
Initiation Terminal development Ovulation
primordial primary secondary antral preovulatory
follicles follicles follicles follicles * follicle(s)
| \

<>

i Bonnet et al. Multiscale population dynamics in reproductive biology : singular-perturbation reduction in deterministic
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Dyn pop
Singular Perturbation Theory

E)\o )\1 /\2
X - Y - Ya - .. Yy
Lepo T b2 4 g
0 0 0 0
In the limit ¢ — 0 and in the time scale t/c :
We expect X and Y = (Y1, -+, Yq) to converge to a differential-algebraic
equation :

G = F(x(1),y(t), x(0)=x™,
0 = G(x(t),y(t)), t>0
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Dyn pop

E)\o )\1 /\2
X — Y1 - Ya - .. Yy
L epo T 42 4 pd
0 ) U )

Theorem (G. Ballif, F. Clément, R.Y. SIAP 2022)
(...) (X, Y?) converges in Dg[0, co[x L(N9) to the unique solution of

KO = Mx)x(), x(0) = x™,
N(x(®) = = 5 (Aaln) + o) mo ),

Z Lap(y)m<(y) =0, Ve bounded on N,
yend

Lab(y) = 2o(x[ly + ) ()] + S M [ly + e — &) — ()]

+ zd: pi(y)yi [d)(y —e)— w(y)} .
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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.
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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
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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 )?

14 /31 Romain Yvinec BIOS, PRC, INRA 14



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
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Dyn pop

Fluctuations with more than two timescales

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

Ao P
follicles : %X - ’17 Y - z
' L eno 1P 1o
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 !
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"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
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Fit

Perturbation data : KO AMH

Number of follcles

e AMH Inhibition in vivo on mice

non-atretic
smallfolicles  small folicles

|200’.7150‘
s, w

| io0of
|

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

Number of follles

e Follicle counts at 3 ages :

C
—25 days (A) E*ﬁ&“‘é“ﬁ‘;l‘ﬁjéi
- 390 ayS gmn‘é 100 Z m‘é

Durlinger and al, Endocrinology, 1999
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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
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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
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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
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€
3
€ 10000 o 200 -
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& 5000 o 100 -
01 0 A
i 1204
100 - s I 200
100 - 6
o [
% 80+ ® F
£ 80 [ 150 &
5 c N
2 604 J 5 44
@ 60 § b 100 &
o] g 8m
2 40 S . B
o < 2 L so
20 4 20 o
0 0 0 Fo
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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
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Fit

Timescale difference between growing / quiescent follicle

802 T T T

801

e
=
(=]

2 log(PL)
)
Ne)
\O

798 k
797 k
mi+g1 mo+gs ma+gs ms+gs
796 mo+go mo+go mo+go mo+go b
1 1
0 0.5 1 1.5

Normalised exit times (log10)
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Fit

Parameter values interpretation

25 /31

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

26 /31

Follicle number

Follicle number
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persp.

Comparison with fish oogenesis

Meiotic arrest

L Q Crag,
e’ Gafe o, .
P R Yy
Ovocyte stage |

Oocyte stage lll and IV

Follicle

formation == Growth

Vitellogenesis

Folliculogenesis

spawning
. O

o
T GO o

e
V Oocyte stage V to VIl

Ovocyte stage IX

Romain Yvinec
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persp.

Continuous structuring variable

whole Follicle count and size measurement

Likiik

3D imaging data :

Taille des ovocytes ()

h? 5)qu size distribution is ovarian-cycle independent (slow variable).
—(Xo(p(t,.)) + po(p(t,-)))ro(t)

) 0Lt ), 3)p(E,%)) — (. ), X)p(tsx) . For
l@o)\(p(t,.),x)p(t,X) = )\o(p(t,.))po(t),
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persp.

More than one structuring variable

Cell number
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persp.

Conclusion and perspective

30 /31

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

Romain Yvinec BIOS, PRC, INRA 30



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-position avalaible in 2023 !

30 /31 Romain Yvinec BIOS, PRC, INRA 30



persp.

Thanks for your attention !

Modélisation Multi-échelle . Echelle tissulaire

de la Foll culogenese k ,c"\\

Number of folcles

Régulations |
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