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⇒ Somatic cell division and germ cell growth up to ovulation
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Neuro-hormonal signals (at the anatomic scale)

Mostly phenomenological equations (DDEs/SDEs) to represent measured levels of circulating hormones, on a daily basis. Stötzel et al., Therio. 2012 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 !

The Mammalian female reproductive system : a complex multiscale system 

Order of magnitude

Follicle population in women • Nonlinear interaction between follicles populations via λ s and µ s.

• Several time scales • Nonlinear interaction between follicles populations via λ s and µ s.
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• Several time scales 
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Theorem (G. Ballif, Averaging slow-fast dynamics)

For smooth and lower/upper bounded rates λ, µ, the CTMC converges as

ε → 0 (in D R [0, ∞[×L m (N d )) towards the solution of                                    dx 0 dt (t) = -Λ 0 x 0 (t) x 0 (t) x 0 (0) = x in 0 , Λ 0 x 0 = y ∈N d λ 0 (x 0 , y ) + µ 0 (x 0 , y ) π x0 (y ) ∀x 0 ∈ R + , 0 = y ∈N d L x0 f (y )π x0 (y ) ∀f ∈ C 2 b (N d ), L x0 f (y ) = λ 0 (x 0 , y )x 0 f (y + e 1 ) -f (y ) ∀y ∈ N d , + d-1 i=1 λ i (x 0 , y )y i f (y + e i+1 -e i ) -f (y ) + d i=1 µ i (x 0 , y )y i f (y -e i ) -f (y )
• Separation of time scale is coherent with biological knowledge and follicles count data. • Linear proliferation dynamics of somatics cells

• Layer dependent division rate

• Multi-type Bellman-Harris Branching process Somatic cells divide and migrate to successive layers.
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• The geometrical model allows a simple spatial description

• The model is linear and decomposable : exponential growth, with a stable asymptotic spatial profile : there exists a unique λ > 0 such that the process Z t verifies lim t→∞ Z t e -λt = Ẑ (in law) More realistic model ?

d O V 1 = 4 3 π ( d O 2 + d G ) 3 -( d O 2 ) 3 ⎡ ⎣ ⎢ ⎤ ⎦ ⎥ V 2 = 4 3 π ( d O 2 + 2d G ) 3 -( d O 2 ) 3 ⎡ ⎣ ⎢ ⎤ ⎦ ⎥ Layer 1 Layer 2 p 0,2 (2) p 1,1 (1)
∂u ∂t + div - → v u = b(x)u(t, x)
for x ∈ Ω(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 :

d dt (r F (t)) = γ Ω(t) b(x)dx + d dt (r O (t))
work in progress...
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Antrum growth model

• Multiphasic advection-diffusion-reaction PDE

(∂t + divx(v M •)) u M = R M v M = -µ M ∇x p M , p M = C M (u M -u 0 ) γ M , (∂t + divx(va•)) Φa = D∆Φa + Ra divxva = 0 , ∇Φa • -→ n a = s(t) = κ Ω M u M (t, x)dx d dt 4 3 πra(t) 3 = J H 2 O = Lp(t) (∆Π -∆p) ∆Π = caΦ γa a ∆p = p M (t, | x |= r + a ) -pe Lp(t) = Π(r F (t) -ra(t)) 4 8ηe(u M ) n(u M ) ,
+ Boundary conditions and constitutive laws work in progress... Ex vivo data (snapshot data) 

  Encoding and decoding neurohormonal signals Population dynamics : gametogenesis Intra-cellular level : signaling networks Yvinec et al., Advances in computational modeling approaches of pituitary gonadotropin signaling, Expert Opinion on Drug Discovery, 2018. Gametogenesis : Ovarian folliculogenesis • Morphogenesis and maturation of ovarian follicles somatic and germ (egg) cells • Pool of Quiescent follicles static reserve (perinatal in most mammals

•••⇒⇒Figure 2 .

 2 Figure 2. Schematic diagram showing the model of follicle dynamics in humans for adult ages up to and above 38 years of age (phases 1 and 2 respectively). Follicles leave stages I, II and III at the indicated growth and death rates (with SE) expressed as http://humrep.oxfo Downloaded from



  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 Romain Yvinec BIOS, PRC, INRA • Compartment based model (CTMC)
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••

  The follicle is "activated" when all cells have transitioned • "Awakening" signals both from external and internal cues Gougeon & Chainy, J. Reprod. Fert. 1987 Spherical ovocyte (d O )

⇒

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

•

  level : signaling networks Yvinec et al., Advances in computational modeling approaches of pituitary gonadotropin signaling, Expert Opinion on Drug Discovery, 2018. cAMP-induced FSH and its regulation at the cellular level • FSHR signaling network and short-term cAMP induction. • 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). 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

⇒••

  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) Robin et al. Stochastic nonlinear model for somatic cell population dynamics during ovarian follicle activation, (submitted) arXiv :1903Age and position dependent division rate (cell cycle regulated by the ovocyte) • At division, unidirectional motion centrifugal • Cells are independant between each other (Unlimited layer capacity) Age and position dependent division rate (cell cycle regulated by the ovocyte) • At division, unidirectional motion centrifugal • Cells are independant between each other (Unlimited layer capacity)
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  Age and position dependent division rate (cell cycle regulated by the ovocyte) • At division, unidirectional motion centrifugal • Cells are independant between each other (Unlimited layer capacity)

	Dynamical model (Multi-type Bellman-Harris Branching
	process)			
	Data points	t = 0 34	(3) t = 20 p 2,0 10	t = 35 18
	Total cell number	113.89± 57.76	885.75 ± 380.89 2241.75 ± 786.26
	p 0,2 Oocyte diameter (µm) (2) Follicle diameter (µm)	49.31 ± 8.15 71.68 ± 13.36	p 1,1 (1) 75.94 ± 10.89 141.59 ± 17.11	88.08 ± 7.43 195.36 ± 23.95
			p 1,1 (1)	
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Data

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

+ Boundary conditions and constitutive laws work in progress... ⇒ 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 ?