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Scientific and societal issues

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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Hormonal signals (at the anatomic scale)

Mostly phenomenological equations (DDEs/SDEs) to represent
measured levels of circulating hormones.
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These models can explain some disorders in hormonal levels and predict

the effect of pharmaceutical intervention.

Margolskee & Selgrade, JTB 2013
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Hormonal signals (at the anatomic scale)

Mostly phenomenological equations (DDEs/SDEs) to represent
measured levels of circulating hormones.
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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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Gametogenesis : Ovarian folliculogenesis

Ovarian reserves of follicles and their regulations
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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
mammals)

Slow activation
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Ovarian reserves of follicles and their regulations
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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
mammals)
Slow activation

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

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
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Gametogenesis : Ovarian folliculogenesis

Order of magnitude of the follicle
population in women

Antrum

o Quiescent follicles

peri-natal ~ 5.10°
At birth ~ 1.10°
At puberty 10* —10°

At menopause < 103

Activation rate  "A few per days L ﬂﬂ LN ovaation
Atresia

Scaramuzzi et al., Reprod.Fert. Dev. 2011
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Gametogenesis : Ovarian folliculogenesis

Order of magnitude of the follicle
population in women

e Quiescent follicles

peri-natal ~ 5.10°
At birth ~ 1.10°
At puberty 10* — 10°

At menopause < 10°

Activation rate  "A few per days” Ovalation
e Growing f.olllclv.es 120 - 180]

Maturation time
Basa| foIIicIes 103 _ 104 Scaramuzzi et al., Reprod.Fert. Dev. 2011

Terminal follicles 102
Pre-Ovulatory follicles  a few
Atresia Most of them!
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Gametogenesis : Ovarian folliculogenesis
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Order of magnitude of the 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
) ; ) Atresi
Maturation time 120 — 180 _—

e Growing follicles

Basal follicles 10° — 10* Scaramuzzi et al., Reprod.Fert. Dev. 2011
Terminal follicles 10?

Pre-Ovulatory follicles  a few

Atresia Most of them!

-> Only 400 follicles will ever reach
the pre-ovulatory stage
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Gametogenesis : Ovarian folliculogenesis

e Order of magnitude for a single follicle
(women) at different maturation stages
ovocyte (egg cell) diam. : 0.01 — 0.1mm

follicle diam. 0.03 — 20mm
somatic cells diam. ~ 0.0lmm
nb somatic cells 102 — 107

Courtesy of Danielle Monniaux.
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Morphogenesis of a single follicle

Possible physiological or pathological disorders

o Q X

ifa1-/- granulosa
(mouse)

jad-/- oocyte

(mouse)
—
= Q

Inha-/-  KITLE
Kit-/+
(mouse)

O T — o -
wt
Primordial  {mouse

follicle  and sheep) Primordial

090

Primary
follicle follicle Preantral follicle
sctivation
C‘
FecBB/FecsR
(sheep]

K
—_

QO

GDF9-/- (mouse and sheep)

BMP15-/- (sheep)

Monniaux, Theriogenology 2016

7/20



Initiation of a follicle
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Key points of follicle initiation

Exiting of a quiescent state
A single layer of somatic
cells

Two somatic cell types :
flattened and cuboid
Irreversible transition from
flattened to cuboid
Proliferation of cuboid
cells

4 2 s AN
Fig. 1. llustrations of follicle types: (3) Type B, x 570; (b) Type B/C, x 570; (c) Type C, x 570;
(d) Type D, x410.

~ e o
Auto-amplification ? Histological section of women ovarian

follicles, Gougeon et al, 1987
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Key points of follicle initiation

100 000 cnemmams o ©

Exiting of a quiescent state

A single layer of somatic 7

cells
. Type

Two somatic cell types :
flattened and cuboid
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Dynamical model

< Two population of cells : F (flattened) and C (cuboid)

< Small number of cells : Markov chain model

Events Reaction Intensity function
differentiation F—C aF + 5,__,:_(:(:
division C-C+C ~C

< Feedback of cuboid cells on the differentiation rate
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Comparison with data ex vivo

e Ex vivo data in sheep
fetus ( Courtesy of K.

McNatty)
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Basal growth of a follicle

Follicule a début
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Key points of the basal growth of a follicle

Growth of a follicle after initiation
Spherical symmetry
Concentric layers of somatic cells

Joint dynamic
oocyte Growth
somatic cells proliferation

Feedback mechanism ?

Dynamical characteristic ?

Courtesy of Danielle Monniaux.
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Dynamical model

Individual-based spatial model (that started in CEMRACS 20091)

Growth of the ovocyte given by an ODE, modulated by the number of
somatic cells

Age-dependent division and Displacement of somatic cells driven by local
crowding

Free Boundary problem
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Study of a linear model and "kinetic” data

Bellman-Harris multi-types // McKendrick-von Foerster multi-dim

Quantification of the doubling time
Malthusian exponential growth

Long time stable age-spatial distribution (lim;—q o(t, x)e™>f = 5(x))
Calibration of the model with reconstructed kinetic data
parameter values
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Robin et al., arXiv :1712.05372
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Terminal growth
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Antral growth

e No more spherical symmetry

e Joint dynamics
Antrum growth
Proliferation and Differentiation of
somatic cells
Morphogen gradient

3¢A + DA¢A = 0,xe QA(t) s
a”"” + d/v (vmum) = Rm(um),x e Qum(t),
3“6 +div(Ruc) = Re(uc),xeQcl(t),

—+ Boundary conditions and
constitutive laws

work in progress...
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Models of population of follicles : selection model

In reality, the growth process of follicles are not independent but
are highly coordinated, both by steric/biophysical constraints and
hormonal feedbacks.

HYPOTHALAMUS HYPOTHALAMUS
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v v
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Clément and Monniaux, PBMB 2013
18/20



Models of population of follicles : selection model

In reality, the growth process of follicles are not independent but
are highly coordinated, both by steric/biophysical constraints and
hormonal feedbacks.
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Models of population of follicles : selection model

Nonlinearly coupled conservation laws, one for each follicle
(somatic cells density population, structured by age and maturity)
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Models of population of follicles : on the lifespan

Folliculogenesis on the lifespan

= Nonlinear interactions between follicles populations (endocrine and
paracrine)

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

Number of follicles

Follicle maturity

Initiation Terminal development Ovulation
primordial primary secondary antral preovulatory
follicles A fu!‘l\lcles follicles follicles x T follicle(s)
f
I
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Models of population of follicles : on the lifespan

Folliculogenesis on the lifespan

= Nonlinear interactions between follicles populations (endocrine and
paracrine)

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

Cemracs project

ot Ox = —u(t,x)p(t,x),t>0,0<x<1,
lim (A(t.)p(t.x) = No(H)po(t) .

dt = —Ao(t)po(t) — po(t)po(t) -
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Initiation Model

F(t) :Fo—Yl(f ()+5(())+Cés())ds)

ct —w([ or Fo) O Y ([[ctoe)

We are interested in the initiation time 7 = inf{t > 0, F(t) = 0}
and the number of cells at that time C(7).
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Basal Model

No t
2) = x0m 0 +f0 Lien, Q (ds, n(dk), d6, J(dj))
k=1

(20x, (s),t—5 = Ox, (), Ax (5= )+ t—s) Loy (s,25,k)

(5J,Ak(s—)+tfs - 5Xk(s—),Ak(s—)+tfs) 1m1(s,Zs,k)<0<m2(s,Zs,k,J)

d
—dy =d§(1— do)’F(Z).

dt
my and my gives the birth rates (age and position dependent) and
displacement rate (crowing dependent). We are interested in the
respective growth rate of the somatic cell population versus the

oocyte diameter.

21/20



Linear basal Model

N(0) Mother ¢ division time

t T 1 T 1
Ze = 2 5ik(0)vak(0)+t+fo flkéN(s) Lygop, sy QUds, dk, db, du)
k=1

[25ik+1,t751E1 + (6ik,tfs + 5ik+1,tfs) 1g, + 20, +—s1E, _5ik,ak+tfs]
| S — |

0 displacement

N L ]
2 displacements daugther ¢ :1 displacement
where @ Poisson measure on R x N* x Rt x [0, 1],
_ ik _ f ik ik ik _ fnik ik
Ev ={u<pyat B2 = {py>r < u < pyrtpi1}, B3 = {portpis < u}

and by (s) = b, (s)(ak(s))
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Linear basal Model

Starting with one cell on layer j and age 0,

¢ Mére Temps de division

zl. —5,t+f flm, - gopsy  QUds, dk, 6, du)

[25ik+1,t751E3 + (5ik,tfs + 5ik+1,tfs) 1g + 26;, +—s1E, _5ik,ak+tfs]
| S | | | I

2 déplacements

¢ filles :1 déplacement 0 déplacement

we have the branching property

. S5 t < 7(i)
7l = hts ,
®) { e — )4 2P 1), ez ()

where P{7(i) > t} = exp (— 5 b,-(s)ds)
and (i1, iz) randomly drawn according to P{,pPé,o’P(i),z-
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Linear basal Model

Starting with one cell on layer j and age 0,

¢ Mére Temps de division

H t I 1 I 1
ZM =5+ L J Licnis) . Locpsy Q(ds, dk,df, du)

[25ik+1,t751E3 + (5ik,tfs + 5ik+1,tfs) 1g + 26;, +—s1E, _6ik,ak+tfs]
| S | | | I

2 déplacements

¢ filles :1 déplacement 0 déplacement

We show that there exists \ such that

lim Ze M =Z.
t—o0
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¢ The Malthus parameter \ exists when the ensemble

E[e—wu)]
I +oo . 1 1
M= {};, f bj(a)e*Afa*SO bi(u)du g — T}
0 2pg

admits a unique maximal element, et A = max M.

Let p(t,) = EZ,.
Theorem (Robin et al., submitted)
IfVj,Ya, 0 < b; < bj(a) < bj <, Then there exists a polynomial
B of degree at most J — 1, n et u > 0 such that
< e Mo(t,") —no| » < B(t)e ™ « oo —nd| > .

where (X, 8, ) are maximal eigenelements , and 1 = {00, ).

+ analogous results on asymptotic higher moments of Z;.
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Folliculogenesis and signaling

Signaling

= Signaling model of FSH in somatic cells

= Auto-amplification of the FSH signaling that could explain the
selection process

= Coupling of a follicle population model and a modele de
signalisation cellulaire "bi-stable”.

GRANULOSA CELL

growing follicle selected follicle

FSH ‘

AP _  cAMP

CYP19AL

testosterone  _, estradiol testosterone estradiol
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