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Schneider-Maunoury



Biological background and deterministic model



Biological background: cortical neurogenesis in rodents

of RGCs is not per se sufficient to explain the generation of the
complete set of PN types. Potential additional mechanisms
may include the existence of a somewhat heterogeneous pro-
genitor pool that would include a minority of fate-restricted pro-
genitors, the presence of stochastic processes in progenitors or
newborn neurons that contribute to diversifying cell fate, and
postnatal refinement of neuron class identity via extrinsic mech-
anisms, among others.80,96,97

The use of transgenic mouse lines to label transcription factor
(TF)-expressing RGCs and their progeny suggested that a spe-
cific pool of Cux2+ RGCs preferentially produce upper-layer
PNs.98 Although these conclusions have been contested due
to potential leaky expression of the transgenes,99,100 this model
is partly supported by recent findings that the TFs Lhx2 and Fezf2
mark subsets of RGCs that preferentially generate upper-layer
and deep-layer classes of PNs, respectively.101 See Huilgol

Figure 1. Origin of cellular diversity in the mammalian cortex
Excitatory projection neurons (PNs) are sequentially generated from progenitors in the dorsal telencephalon (left: coronal section through embryonicmouse brain;
enlarged region indicated by gray box). Right: schematic showing the distribution and timing of appearance of the main cortical cell types in the mouse. In the
ventricular zone (VZ), neuroepithelial cells (NECs) self-amplify early on and then transition to radial glial cells (RGCs) that will asymmetrically divide to maintain
the progenitor pool (curved arrow), as well as producing neurons directly (dashed arrow) or indirectly (solid arrow) through intermediate progenitors (IPs) located in
the sub-VZ (SVZ). Newborn neurons migrate radially to form first the subplate (SP) and then the sequential layers of the cortical plate (CP) in an inside-out fashion
(layers labeled I–VI). Cajal Retzius cells (CRs), located in layer I, contribute with critical signals to facilitate radial migration. Distribution of different classes of PN,
as well as their approximate birthdate, are indicated: corticothalamic PN (CThPN or CT, red), subcerebral PN (SCPN or PT, yellow), stellate cells (gray), and
callosal PN (CPN or IT, blue). Inhibitory interneurons (purple) originate from ventral sources including caudal and medial ganglionic eminences (CGE and MGE)
and the preoptic area (POA). They first migrate tangentially to access the cortex through the ventricular surface or under the meninges, to then migrate radially to
reach their final positions (route indicated with dashed lines). Oligodendrocytes (green) originate in three distinct waves and rely on guidance cues and blood
vessels to migrate dorsally to populate the cortex. The first two waves originate during embryonic development and arise from ventral structures (MGE, LGE, and
CGE); the third wave originates during late embryonic and postnatal stages from dorsal progenitors in the VZ. Microglia (pink) originate frommyeloid progenitors
in the yolk sac and infiltrate the brain through the meninges, the blood vessels, and the ventricles. Figure modified from Di Bella et al.82 and Lodato et al.83 with
permission from the authors..
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Biological background: cortical neurogenesis in rodents
Pyramidal (excitatory projection) neurons



Biological background: cortical neurogenesis in rodents
Pyramidal (excitatory projection) neurons

Pyramidal (excitatory) neuron pool

Neurogenesis time window E11-E17

Neuron layering (apical towards basal side)

Neuronal yield associated with intermediate
progenitors



Motivation and positioning

Disruptions of brain development associated with defects in the primary cilium
Mouse model of human ciliopathies (Ftm-/- mutation)

Subtle alterations in corticogenesis
⊙ Transient decrease in the cortical thickness (SVZ and neuronal layer)

compensated for at the end of neurogenesis
⊙ Apparent increase in the number of mitotic and S-labeled IP at mid-neurogenesis
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At mid neurogenesis, while the mitotic and labeling indexes of APs are similar in WT and 
Ftm mutant, the IP indexes were 2 fold higher suggesting a high rate of proliferation or 
shortening of the cell cycle length in IPs. 

-/--/-

Conclusion

Designing a Mathematical Model of the Dynamics of Progenitor Cell Populations in 
the Mouse Cerebral Cortex

Fig.3 Increased rate of IP cell division in E14.5 Ftm   foetuses

Mouse Cortical Neurogenesis 
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Fig.2 Time course of cortical neurogenesis in Ftm    foetuses 
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 Prior to cortical neurogenesis, Apical progenitors (APs, 

Pax6+ cells, green) located at the ventricular zone (VZ) divide 

either symmetrically to expand their pool or asymmetrically to 

self renew and to give rise to the first neurons that form the 

deep layer neurons (L6, 5 & 4,Tuj1+ cells, blue). 

 As neurogenesis progresses, AP cells start to divide 

asymmetrically to generate intermediate progenitors (IPs, Tbr2+ 

cells, red) that migrate away from the VZ to form the 

sub-ventricular zone (SVZ). 

 In mouse, IPs mainly divide symmetrically to give rise to two 

neurons that migrate and form the upper neuronal layers (L3, 2 

& 1 Tuj1+ cells, blue). Very few IPs divide symmetrically to give 

rise to two IPs that subsequently divide to form two neurons.  

Basal

Apical

Pax6 / Tbr2 / Tuj1
Cortical section at E14.5

The cell cycle comprises four different phases:

G1 phase: preparation for DNA synthesis

S   phase:  DNA Synthesis (BrdU incorporation)

G2 phase: preparation for mitosis

M   phase: Mitosis  (PH3+)
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 Neurogenesis defects are transient and the neuronal layer and cortical thickness are 
partially compensated at later stages. 

Fig.4 Designing of a multi-scale mathematical model of corticogenesis 
We have designed a multi-scale mathematical model of structured cell populations taking into account 

different cell types 

Fig.5 The  mathematical model of corticogenesis 

Fig.6 Numerical output of the model
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At mid neurogenesis, the size of the ventricular zone is normal but the layers of IPs and 
neurons are strongly reduced
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Introduction
 The generation of cortical neurons by progenitor cells involves a tight coordination of multiple cellular events including cell cycle length, 

type of generated cells (progenitors/neurons) and neuronal differentiation. Defects in cortical neurogenesis have been associated with 

several neurodevelopmental disorders. Here, we study the cortical neurogenesis of Rpgrip1/ Ftm KO mouse, a model of human ciliopathies. 

Ciliopathies are caused by defects in the formation or function of the primary cilium. Our study of the cortex of Ftm mutant mouse shows 

abnormal cortical neurogenesis characterized by complex and temporally variable defects involving several progenitor and neuron 

populations. 

 We have developed a mathematical model of the neurogenesis of the cerebral cortex and we are using it to help understand the 

perturbations occuring in our Ftm mouse mutant. This spatio-temporal model explicitly represents the different phases of the cell cycle. 

Biological data from the experiments and from the literature provide values for parameters of the model. The outputs of the model are 

interpretable in terms of cell kinetics. They are adjusted to experimental observations by numerical simulation.
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Interphase

Different cell populations 
�  N(t) number of neurons at time t 

� AP(t) number of apical progenitors at time t 

�  IP1(t; a) density of intermediate progenitors of cytologic age a (within 

the cell cycle) at time t committed to divide into 2 intermediate 

progenitors. 

� IP2(t; a) density of intermediate progenitors of cytologic age a (within 

the cell cycle) at time t committed to divide into 2 neurons. 

Division rates (possibly Ɵme varying) 
ɲ : rate of AP symmetrical divisions. 1-ɲ asymmetrical 
divisions into 1 AP and 1 N or 1 IP 
ɴ : rate of AP asymmetrical IPgenic division. 
ɶ : proporƟon of AP asymmetrical IPgenic divisions into 1 
AP and 1 IP1. 
ɸ : renewal rate for IP1 

We hope that this model will help us decipher the cellular bases of progenitor expansion and 
differentiation in the developing mouse cerebral cortex, in normal conditions as well as in models of 
neurodevelopmental disorders such as the Ftm ciliopathy model.
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At mid neurogenesis, while the mitotic and labeling indexes of APs are similar in WT and 
Ftm mutant, the IP indexes were 2 fold higher suggesting a high rate of proliferation or 
shortening of the cell cycle length in IPs. 
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Conclusion

Designing a Mathematical Model of the Dynamics of Progenitor Cell Populations in 
the Mouse Cerebral Cortex

Fig.3 Increased rate of IP cell division in E14.5 Ftm   foetuses

Mouse Cortical Neurogenesis 
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Fig.2 Time course of cortical neurogenesis in Ftm    foetuses 
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 Prior to cortical neurogenesis, Apical progenitors (APs, 

Pax6+ cells, green) located at the ventricular zone (VZ) divide 

either symmetrically to expand their pool or asymmetrically to 

self renew and to give rise to the first neurons that form the 

deep layer neurons (L6, 5 & 4,Tuj1+ cells, blue). 

 As neurogenesis progresses, AP cells start to divide 

asymmetrically to generate intermediate progenitors (IPs, Tbr2+ 

cells, red) that migrate away from the VZ to form the 

sub-ventricular zone (SVZ). 

 In mouse, IPs mainly divide symmetrically to give rise to two 

neurons that migrate and form the upper neuronal layers (L3, 2 

& 1 Tuj1+ cells, blue). Very few IPs divide symmetrically to give 

rise to two IPs that subsequently divide to form two neurons.  
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Pax6 / Tbr2 / Tuj1
Cortical section at E14.5

The cell cycle comprises four different phases:

G1 phase: preparation for DNA synthesis

S   phase:  DNA Synthesis (BrdU incorporation)

G2 phase: preparation for mitosis

M   phase: Mitosis  (PH3+)
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 Neurogenesis defects are transient and the neuronal layer and cortical thickness are 
partially compensated at later stages. 

Fig.4 Designing of a multi-scale mathematical model of corticogenesis 
We have designed a multi-scale mathematical model of structured cell populations taking into account 

different cell types 

Fig.5 The  mathematical model of corticogenesis 

Fig.6 Numerical output of the model
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Introduction
 The generation of cortical neurons by progenitor cells involves a tight coordination of multiple cellular events including cell cycle length, 

type of generated cells (progenitors/neurons) and neuronal differentiation. Defects in cortical neurogenesis have been associated with 

several neurodevelopmental disorders. Here, we study the cortical neurogenesis of Rpgrip1/ Ftm KO mouse, a model of human ciliopathies. 

Ciliopathies are caused by defects in the formation or function of the primary cilium. Our study of the cortex of Ftm mutant mouse shows 

abnormal cortical neurogenesis characterized by complex and temporally variable defects involving several progenitor and neuron 

populations. 

 We have developed a mathematical model of the neurogenesis of the cerebral cortex and we are using it to help understand the 

perturbations occuring in our Ftm mouse mutant. This spatio-temporal model explicitly represents the different phases of the cell cycle. 

Biological data from the experiments and from the literature provide values for parameters of the model. The outputs of the model are 

interpretable in terms of cell kinetics. They are adjusted to experimental observations by numerical simulation.
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Different cell populations 
�  N(t) number of neurons at time t 

� AP(t) number of apical progenitors at time t 

�  IP1(t; a) density of intermediate progenitors of cytologic age a (within 

the cell cycle) at time t committed to divide into 2 intermediate 

progenitors. 

� IP2(t; a) density of intermediate progenitors of cytologic age a (within 

the cell cycle) at time t committed to divide into 2 neurons. 

Division rates (possibly Ɵme varying) 
ɲ : rate of AP symmetrical divisions. 1-ɲ asymmetrical 
divisions into 1 AP and 1 N or 1 IP 
ɴ : rate of AP asymmetrical IPgenic division. 
ɶ : proporƟon of AP asymmetrical IPgenic divisions into 1 
AP and 1 IP1. 
ɸ : renewal rate for IP1 

We hope that this model will help us decipher the cellular bases of progenitor expansion and 
differentiation in the developing mouse cerebral cortex, in normal conditions as well as in models of 
neurodevelopmental disorders such as the Ftm ciliopathy model.
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⇒ Investigation of IP dynamics



Motivation and positioning

Disruptions of brain development associated with defects in the primary cilium
Mouse model of human ciliopathies (Ftm-/- mutation)

Subtle alterations in corticogenesis
⊙ Transient decrease in the cortical thickness (SVZ and neuronal layer)

compensated for at the end of neurogenesis
⊙ Apparent increase in the number of mitotic and S-labeled IP at mid-neurogenesis

Design of an appropriate modeling framework
accounting for

Different progenitor types

Cell distribution within the cell cycle phases

Quantitative assessment of cell numbers

Interdisciplinary NeuroMathMod project
Sorbonne Université Emergence Call



Macroscopic level: compartmental dynamics

AP(t) Apical Progenitors FAP(t) AP commitment rate
IPP(t) Proliferative Intermediary Progenitors 1− β(t) direct neurogenesis rate
IPN(t) Neurogenic Intermediary Progenitors β(t) indirect neurogenesis rate
N(t) (post-mitotic) Neurons γ(t) balance IPP/IPN from APs



Microscopic level : progression along the cell cycle

Focus on the IP dynamics
IP population structured according to the cytologic age a
⇒Transport equations

∂t IPP(t, a)+∂aIPP(t, a)=0, a∈ [0,T IPP
c ]

∂t IPN(t, a)+∂aIPN(t, a)=0, a∈ [0,T IPN
c ]



Microscopic level : progression along the cell cycle

Focus on the IP dynamics
IP population structured according to the cytologic age a
⇒ Transport equations

∂t IPP(t, a)+∂aIPP(t, a)=0, a∈ [0,T IPP
c ]

∂t IPN(t, a)+∂aIPN(t, a)=0, a∈ [0,T IPN
c ]

T IPP
C = T IPP

G1 + T IPP
S + T IPP

G2 + T IPP
M

T IPN
C = T IPN

G1 + T IPN
S + T IPN

G2 + T IPN
M

Recovery of IP macroscopic cell numbers
Integration in age over the whole cell cycle{

IPP(t) =
∫ T IPP

c

0
IPP(t, a)da

IPN(t) =
∫ T IPN

c

0
IPN(t, a)da

IP(t) = IPP(t) + IPN(t)



Connection micro/macro: IP inflows and outflows

Inflow into the IPP compartment: contribution of AP divisions

IPP(t, a = 0) = γ(t)β(t)FAP(t)



Connection micro/macro: IP inflows and outflows

Inflow into the IPN compartment: contribution of AP and IPP divisions

IPN(t, a = 0) = 2IPP(t, a = T IPP
c ) + (1− γ(t))β(t)FAP(t)



Connection micro/macro: IP inflows and outflows

Exflow from the IPN compartment: contribution to indirect neurogenesis

N(t) =

∫ t

0

(
(1− β(s))FAP(s) + 2IPN(s, a = T IPN

c )
)
ds



Connection micro/macro: IP inflows and outflows

Model summary
PDE transport equations{

∂t IPP(t, a) + ∂aIPP(t, a) = 0, t > t0, a ∈]0,T IPP
C [

IPP(t0, a) = IPP0(a),

Boundary conditions {
∂t IPN(t, a) + ∂aIPN(t, a) = 0, t > t0, a ∈]0,T IPN

C [
IPN(t0, a) = IPN0(a),

IPP(t, a = 0) = γ(t)β(t)FAP(t)

IPN(t, a = 0) = (1− γ(t))β(t)FAP(t) + 2IPP(t, a = T IPP
C )

dN

dt
(t) = (1− β(t))FAP(t) + 2IPN(t, a = T IPN

C ).

Initial conditions : empty IP and N compartments



Macroscopic outputs and data fitting
Acquisition of cell number data
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At mid neurogenesis, while the mitotic and labeling indexes of APs are similar in WT and 
Ftm mutant, the IP indexes were 2 fold higher suggesting a high rate of proliferation or 
shortening of the cell cycle length in IPs. 
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Conclusion

Designing a Mathematical Model of the Dynamics of Progenitor Cell Populations in 
the Mouse Cerebral Cortex

Fig.3 Increased rate of IP cell division in E14.5 Ftm   foetuses

Mouse Cortical Neurogenesis 
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Fig.2 Time course of cortical neurogenesis in Ftm    foetuses 
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 Prior to cortical neurogenesis, Apical progenitors (APs, 

Pax6+ cells, green) located at the ventricular zone (VZ) divide 

either symmetrically to expand their pool or asymmetrically to 

self renew and to give rise to the first neurons that form the 

deep layer neurons (L6, 5 & 4,Tuj1+ cells, blue). 

 As neurogenesis progresses, AP cells start to divide 

asymmetrically to generate intermediate progenitors (IPs, Tbr2+ 

cells, red) that migrate away from the VZ to form the 

sub-ventricular zone (SVZ). 

 In mouse, IPs mainly divide symmetrically to give rise to two 

neurons that migrate and form the upper neuronal layers (L3, 2 

& 1 Tuj1+ cells, blue). Very few IPs divide symmetrically to give 

rise to two IPs that subsequently divide to form two neurons.  

Basal

Apical

Pax6 / Tbr2 / Tuj1
Cortical section at E14.5

The cell cycle comprises four different phases:

G1 phase: preparation for DNA synthesis

S   phase:  DNA Synthesis (BrdU incorporation)

G2 phase: preparation for mitosis

M   phase: Mitosis  (PH3+)
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 Neurogenesis defects are transient and the neuronal layer and cortical thickness are 
partially compensated at later stages. 

Fig.4 Designing of a multi-scale mathematical model of corticogenesis 
We have designed a multi-scale mathematical model of structured cell populations taking into account 

different cell types 

Fig.5 The  mathematical model of corticogenesis 

Fig.6 Numerical output of the model
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At mid neurogenesis, the size of the ventricular zone is normal but the layers of IPs and 
neurons are strongly reduced
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Introduction
 The generation of cortical neurons by progenitor cells involves a tight coordination of multiple cellular events including cell cycle length, 

type of generated cells (progenitors/neurons) and neuronal differentiation. Defects in cortical neurogenesis have been associated with 

several neurodevelopmental disorders. Here, we study the cortical neurogenesis of Rpgrip1/ Ftm KO mouse, a model of human ciliopathies. 

Ciliopathies are caused by defects in the formation or function of the primary cilium. Our study of the cortex of Ftm mutant mouse shows 

abnormal cortical neurogenesis characterized by complex and temporally variable defects involving several progenitor and neuron 

populations. 

 We have developed a mathematical model of the neurogenesis of the cerebral cortex and we are using it to help understand the 

perturbations occuring in our Ftm mouse mutant. This spatio-temporal model explicitly represents the different phases of the cell cycle. 

Biological data from the experiments and from the literature provide values for parameters of the model. The outputs of the model are 

interpretable in terms of cell kinetics. They are adjusted to experimental observations by numerical simulation.
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Interphase

Different cell populations 
�  N(t) number of neurons at time t 

� AP(t) number of apical progenitors at time t 

�  IP1(t; a) density of intermediate progenitors of cytologic age a (within 

the cell cycle) at time t committed to divide into 2 intermediate 

progenitors. 

� IP2(t; a) density of intermediate progenitors of cytologic age a (within 

the cell cycle) at time t committed to divide into 2 neurons. 

Division rates (possibly Ɵme varying) 
ɲ : rate of AP symmetrical divisions. 1-ɲ asymmetrical 
divisions into 1 AP and 1 N or 1 IP 
ɴ : rate of AP asymmetrical IPgenic division. 
ɶ : proporƟon of AP asymmetrical IPgenic divisions into 1 
AP and 1 IP1. 
ɸ : renewal rate for IP1 

We hope that this model will help us decipher the cellular bases of progenitor expansion and 
differentiation in the developing mouse cerebral cortex, in normal conditions as well as in models of 
neurodevelopmental disorders such as the Ftm ciliopathy model.
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Time variations of division rates

Identification of progenitors
AP Pax6, IP Tbr2
IPP Pax6Tbr2
and neurons Tuj1

Huge experimental work
Immunofluorescence staining
Cell counting on 2D slices

Yet . . .
Small datasets
Low time sampling rate



Macroscopic outputs and data fitting
Parameter calibration strategy

Multi-criterion objective function
3 different datasets : IP, IPP and N, with clear differences in amplitude range (×5)
in CTL or KO situation
Too few replicates to weight by empirical variance
Varying sampling rate

Dataset-specific criterion JX (p) =

Nexp∑
i=1

wX
i (X (ti , p)− X exp

i )2

Global criterion J(p) =
∑

X∈{IP,IPP,N}

CX
(JX (p)− J⋆X )

2

(Jmax
X − J⋆X )

2

Marler & Arora, Struct. Multidiscipl. Optim.



Macroscopic outputs and data fitting
Specific choice for the division rates and parameter set

γ1 +
γ0 − γ1

1 + esγ (t−tγ )
KAP es+(t−t+)

(1 + es+(t−t+))(1 + es−(t−t−))
Estimated parameters

θ = {KAP , s+, t+, s−, t−, γ0, γ1, sγ , tγ}

Fixed parameters
Cell cycle duration and durations of cell cycle phases G1, S, G2, M (Arai et al. Nat. Commun. 2011)



Macroscopic outputs and data fitting
Optimization results in the control and mutant cases

Negligible direct neurogenesis rate
Time-varying γ(t) (ratio of IPP/IPN born by AP divisions)
Comparable neuronal output and cumulated AP inflow, yet different timing
Shorter duration of neurogenesis in KO
Plateau-shaped (CTL) versus peak-shaped (KO) change in instantaneous AP inflow



Stochastic model



Beyond deterministic modeling outputs
Main results
⊙ Nested compartmental and age-structured model
⊙ Focus on IP cell dynamics

Pivotal cell type
Cell kinetics viewpoint

⊙ Functional hypotheses for Ftm -/- mutants
⊙ A multiscale mathematical model of cell dynamics during neurogenesis in the mouse

cerebral cortex https://doi.org/10.1186/s12859-019-3018-8

⊙ Simulation environment (Python Notebook) https://github.com/letsop/cemone

Motivations for a stochastic approach
⊙ Intrinsic stochasticity in cell decision making

⊙ vs Extrinsic stochasticity

Experimental sampling (in space and time)
Neuronal “leakage”

⊙ Distribution of cell cycle/phase duration

⊙ Inside-first outside-last neuron layering AP

IP

DL

UL

A

B

Differentiated
neuron

Young
neuron

Apical
radial glial cell

Basal 
radial glial cell
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Beyond deterministic modeling outputs

Bases of the stochastic model

⊙ Probabilistic cell decision making (time-varying probabilities)

⊙ (Possibly) stochastic cell cycle duration

⊙ Neuron allocation to deeper/upper layers

Formalism of Compound Poisson Processes

X (t) is a CPP if it can be represented by X (t) =
∑N(t)

i=1 Yi

N(t) is a Poisson process
Number of AP-derived cells committed to one or another neurogenic pathway

(Yi )1≤i≤Nt
are random variables independent conditionally to
the sequence of arrival times (Tk)k∈N

Choice of the neurogenic pathway



Stochastic framework : Non-homogenous Compound Poisson processes
Arrival times and event choice

event 1 AP −→ AP + IPP
TIPP−→ 2IPN

TIPN−→ 4N

event 2 AP −→ AP + IPN
TIPN−→ 2N

event 3 AP −→ AP + N

1 Asymmetric divisions of AP

ZAP
t =

∑
k≥1

1{Tk≤t}: Poisson point process with intensity FAP(t)

2 Neural output : “choice” of daughter cell type
Given arrival times Tk : Yk = i ⇐⇒ event i occurred at Tk

P[Yk = i |Tk ] =


γ(Tk)β(Tk) if i = 1 Number of events i

(1− γ(Tk))β(Tk) if i = 2 Z
(i)
t =

∑ZAP (t)
k=1 1Yk=i

1− β(Tk) if i = 3



Stochastic framework : Non-homogenous Compound Poisson processes
Delay before neuron production

event 1 AP −→ AP + IPP
TIPP−→ 2IPN

TIPN−→ 4N

event 2 AP −→ AP + IPN
TIPN−→ 2N

event 3 AP −→ AP + N

⊙ Delay between the commitment event and neuron production
marked Poisson point process

⊙ Deterministic cell cycle duration TIPP ̸= TIPN

⊙ Stochastic duration ⇒ additional stochastic variables
Sk (IPP) R

(1,i)i∈1,2

k (IPN, event 1) R2
k (IPN, event 2)

⊙ Exponential, Gamma or Beta(-symmetric) law
explicit control of variance and expectation from the parameter values



Stochastic framework : Non-homogenous Compound Poisson processes
From event numbers to cell numbers

Assessing cell numbers at Tk ≤ t ≤ Tk+1

⊙ Number of past events

⊙ Time elapsed since latest events 1 and 2
Is the IPP generated by latest event 1 still alive?
Are the IPNs arisen from latest events 1 and 2 still alive?

IPP(t) =

AP div︷︸︸︷
ZAP
t∑

k=1

1Yk=1︸ ︷︷ ︸
event type

1t<Tk+TIPP︸ ︷︷ ︸
cell cycle

,

IPN(t) =

ZAP
t∑

k=1

(2.1Yk=11Tk+TIPP≤t<Tk+TIPP+TIPN
+ 1Yk=11t<Tk+TIPN

) ,

N(t) =

ZAP
t∑

k=1

(4.1Yk=11Tk+TIPP+TIPN≤t + 2.1Yk=21Tk+TIPN≤t + 1Yk=3) .



Stochastic framework : Non-homogenous Compound Poisson processes
From event numbers to cell numbers

Assessing cell numbers at Tk ≤ t ≤ Tk+1

⊙ Number of past events

⊙ Time elapsed since latest events 1 and 2
Is the IPP generated by latest event 1 still alive?
Are the IPNs arisen from latest events 1 and 2 still alive?

Stochastic cell cycle duration

⊙ discriminate IPN daughter cells engendered by a same event 1
two asynchronous pairs of neurons

⊙ discriminate IPN cells engendered by either event 1 or 2



Stochastic framework : Non-homogenous Compound Poisson processes
From events to cell numbers : Characteristic function

Theorem

(Direct adaptation of Chen & Savits Statist. Probab. Lett. 1993)
Let (Xt)t≥0 a R-valued, non-homogenous Poisson Process, with intensity λ : R+ −→ R+ and
stochastic kernels (Lt)t≥0. Then for t ≥ 0:

E[Xt ] =

∫ t

0

∫
R
yLt(s, dy)λ(s)ds,

Var(Xt) =

∫ t

0

∫
R
y2Lt(s, dy)λ(s)ds.



Stochastic framework : Non-homogenous Compound Poisson processes
From events to cell numbers : Characteristic function

Instance for IPP(t) (deterministic cell cycle duration)

1 Apply to the counting process of each event Z
(i)
t

E[Z (1)
t ] =

∫ t

0

γ(s)β(s)FAP(s)ds

2 Express cell numbers from the proper combination of Z
(i)
t

remove all cells that have completed a full cycle

IPP(t) =

ZAP
t∑

k=1

1Yk=1,t−Tk<TIPP
= Z

(1)
t − Z

(1)
t−TIPP

1t≥TIPP

3 Compute the expectation and variance
trace back to the delay elapsed since cell cycle has begun

E[IPP(t)] =

∫ t

max(t−TIPP ,0)
γ(s)β(s)FAP(s)ds



Simulation of cell trajectories
Exact simulation with time-varying intensity

“Extrande” variant of Gillespie algorithm (Voliotis et al., PloS Comp. Biol. 2016)

FAP(t) bounded : For all t ≥ 0 FAP(t) ≤ F̄

Introduce (Rt)t≥0 Poisson process with intensity F̄ − FAP(t)

New simulated process Zt = (Zt ,Rt)
Events occur at rate FAP(t) + F̄ − FAP(t) = F̄

Zt = (IPP(t), IPN(t),N(t)) given by the first coordinates of Zt



Simulation of cell trajectories
Exact simulation with time-varying intensity

1 Simulate the next update time (t + tevent) from an Exponential law;

2 Select the division type (event 1, 2 or 3), through classical acceptance-reject from the
realization of a stochastic variable following a Uniform distribution;

3 In the case of stochastic cell cycle durations, compute the value of TIPP and/or TIPN

through the inverse of the distribution functions G−1
IPP and/or G−1

IPN applied to the
realization a Uniform distribution;

4 Update the cell numbers of each cell type (IPP, IPN, N, DL, UL).



Sketch of the pseudocode

1: while t < tend do
2: tevent ← E(F )
3: if t + tevent > tend then
4: t← tend
5: else
6: t ← t + tevent
7: whichdiv← U([0, 1])F
8: if whichdiv ≤ γ(t)β(t)FAP(t) then

9: TIPP = G−1
IPP(U([0, 1])) IPP[t : t + TIPP ] += 1

10: for i = 1, 2 do

11: T
(i)
IPN = G−1

IPN(U([0, 1])) IPN[t + TIPP : t + TIPP + T
(i)
IPN ] += 1

12: else if γ(t)β(t)FAP(t) ≤ whichdiv ≤ β(t)FAP(t) then

13: TIPN = G−1
IPN(U([0, 1]))

14: IPN[t : t + TIPN ] += 1 N[t + TIPN : end] += 2
15: else if β(t)FAP(t) ≤ whichdiv ≤ FAP(t) then
16: N[t : end] += 1
17: else
18: Nothing (update Rt)

return times, IPP, IPN,N



Theoretical and numerical results
Stochastic/deterministic simulations / Instance of the IPN dynamics

Fixed cycle duration Stochastic cycle duration
Trajectories vs deterministic model

Expectation, empirical mean and deterministic model
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Cell number variance
Empirical distribution and 95% quantiles
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Theoretical and numerical results
Data fitting
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Impact of the neurogenic pathway
Variance of the final neuron number

Var(NT ) increases with NT (and T )
⇒ analysis at fixed (biologically-realistic) expected final E(NT )
3 components corresponding to the 3 pathways I1, I2, I3
⇒ trick to study their relative weight in 2D, given that 4I1 + 2I2 + I3 = E(NT )

Var(Nt) = 16


∫ t−TIPP−TIPN

0

γ(s)β(s)FAP(s)ds︸ ︷︷ ︸
I1

1t≥TIPP+TIPN

+ 4


∫ t−TIPN

0

(1− γ(s))β(s)FAP(s)ds︸ ︷︷ ︸
I2

1t≥TIPN

+

∫ t

0

(1− β(s))FAP(s)ds︸ ︷︷ ︸
I3

J1 = I1/(I1 + I2 + I3),

J2 = I2/(I1 + I2 + I3),

J3 = I3/(I1 + I2 + I3)

f (x , y , z) = 16x + 4y + z

f (I1, I2, I3) = Var(NT )

Var(NT ) =


h1(J1, J2)

h2(J1, J3)

h3(J2, J3)



Impact of the neurogenic pathway
Variance of the final neuron number

(J1, J2) (J1, J3) (J2, J3)

⊙ Minimal variance with only event 3 (J3 = 1, direct neurogenesis)
not consistent with the length of the neurogenic window and/or the division rate of AP

⊙ Maximal variance with only event 1 (J1 = 1, IPP pathway)
not consistent with the first arrival times of neurons



Impact of the neurogenic pathway
Variance of the final neuron number

(J2, J3) (I1, I2)
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⊙ Subtle effects in mixed regimen according to the concomitant changes in J1 and J2
δI2 = −6δI1 ⇒ constant Var(NT )
δI2 > −6δI1 ⇒ increase in Var(NT )
δI2 < −6δI1 ⇒ decrease in Var(NT )



Neural layering: upper/lower layer repartition
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SP is inverted (Fig. 3A,B). Reeler mice lack reelin (RELN), an
extracellular matrix glycoprotein that is secreted mainly by MZ
Cajal-Retzius cells (see Glossary, Box 1) over the period of cortical
neuron migration. Research since the original discovery of the Reln
gene has uncovered many components of its signaling pathway.
The definitive role of RELN in neuronal migration and layer
formation, however, has remained elusive. Furthermore, although
the requirement for the Reln signaling pathway in this late step of
migration seems to be shared amongst all projection neurons,
whether neurons of different subtypes or layers have additional
distinct molecular requirements for positioning in their appropriate
laminar destination remains an unresolved question.

Generation and migration of neocortical inhibitory
interneurons
Unlike the projection neurons, the inhibitory interneurons of the
cerebral cortex are generated from distinct progenitor cells in the
germinal zones of the ventral forebrain, mainly within the medial

and caudal ganglionic eminences (MGE and CGE; see Glossary,
Box 1) (Anderson et al., 1997; Nadarajah and Parnavelas, 2002;
Marín and Rubenstein, 2003; Xu et al., 2004; Wonders and
Anderson, 2006). They then undergo tangential migration into the
dorsal forebrain, primarily taking routes both above and below the
CP. Recently, it has been shown that chemokine signaling involving
C-X-C motif ligand 12 (CXCL12) and its receptors CXCR4 and
CXCR7 regulates the tangential migratory stream of interneurons
(Sessa et al., 2010; Sánchez-Alcañiz et al., 2011; Wang et al.,
2011). Although it has been suggested that some interneurons are
derived from dorsal progenitors in the human fetal neocortex
(Letinic et al., 2002; Yu and Zecevic, 2011), certain human
interneuron subtypes are probably generated in the ventral
telencephalon and enter the cortex via tangential migration
(Fertuzinhos et al., 2009). Upon arrival in the neocortex,
interneurons migrate radially to enter the CP (Nadarajah and
Parnavelas, 2002; Ang et al., 2003; Yokota et al., 2007a) and
segregate into their layer destinations based on their molecular
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Fig. 2. Schematic of projection neuron generation and migration in the mouse neocortex. Prior to the onset of neurogenesis, neural
progenitors (NPs) in the ventricular zone (VZ; blue) of the developing neocortex divide symmetrically to expand the progenitor pool, undergoing
interkinetic nuclear migration (IKNM) as they progress through the cell cycle. Starting at ~E11.5, NPs assume radial glial morphology and begin
dividing asymmetrically to generate neurons, which migrate from the germinal zones guided by radial glia cells (RGC) to reach the mantle layers.
The first projection neurons settle within the preplate (PP) to form the nascent cortical plate (CP), which will subsequently become layers (L) 2 to 6
of the neocortex. Additional incoming CP neurons then split the PP into the marginal zone (MZ) and the subplate (SP). As neurogenesis progresses,
diverse subtypes of projection neurons are generated sequentially through successive asymmetric divisions of NPs. Thus, neurons destined for the SP
are generated first, followed by those destined for the deep layers (L6 and L5; red), and finally, those destined for the upper layers (L4, L3 and L2;
green). The migration of newborn neurons into the CP occurs in an inside-first, outside-last manner; early-born neurons form the deep layers,
whereas later-born neurons migrate past older neurons to form more superficial layers. Therefore, the cortical layers are sequentially generated in
an ‘inside-out’ fashion. Some daughter cells of NPs become intermediate progenitor cells (IPCs), migrating away from the VZ and undergoing
symmetric neurogenic divisions in the SVZ. This mode of neurogenesis contributes significantly to upper layer neurons. At the end of neurogenesis
at ~E17.5, the radial scaffold is dismantled and NPs become gliogeneic, generating cortical and subependymal zone (SEZ) astrocytes (Ast) and
giving rise to a layer of ependymal cells (EL). The tangential migration and laminar positioning of interneurons are not illustrated. BV, blood vessel;
CR, Cajal-Retzius neuron; DL Pyr, deep-layer pyramidal neuron; IZ, intermediate zone; UL Pyr, upper-layer pyramidal neuron, WM, white matter.
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Neural layering: upper/lower layer repartition1538

SP is inverted (Fig. 3A,B). Reeler mice lack reelin (RELN), an
extracellular matrix glycoprotein that is secreted mainly by MZ
Cajal-Retzius cells (see Glossary, Box 1) over the period of cortical
neuron migration. Research since the original discovery of the Reln
gene has uncovered many components of its signaling pathway.
The definitive role of RELN in neuronal migration and layer
formation, however, has remained elusive. Furthermore, although
the requirement for the Reln signaling pathway in this late step of
migration seems to be shared amongst all projection neurons,
whether neurons of different subtypes or layers have additional
distinct molecular requirements for positioning in their appropriate
laminar destination remains an unresolved question.

Generation and migration of neocortical inhibitory
interneurons
Unlike the projection neurons, the inhibitory interneurons of the
cerebral cortex are generated from distinct progenitor cells in the
germinal zones of the ventral forebrain, mainly within the medial

and caudal ganglionic eminences (MGE and CGE; see Glossary,
Box 1) (Anderson et al., 1997; Nadarajah and Parnavelas, 2002;
Marín and Rubenstein, 2003; Xu et al., 2004; Wonders and
Anderson, 2006). They then undergo tangential migration into the
dorsal forebrain, primarily taking routes both above and below the
CP. Recently, it has been shown that chemokine signaling involving
C-X-C motif ligand 12 (CXCL12) and its receptors CXCR4 and
CXCR7 regulates the tangential migratory stream of interneurons
(Sessa et al., 2010; Sánchez-Alcañiz et al., 2011; Wang et al.,
2011). Although it has been suggested that some interneurons are
derived from dorsal progenitors in the human fetal neocortex
(Letinic et al., 2002; Yu and Zecevic, 2011), certain human
interneuron subtypes are probably generated in the ventral
telencephalon and enter the cortex via tangential migration
(Fertuzinhos et al., 2009). Upon arrival in the neocortex,
interneurons migrate radially to enter the CP (Nadarajah and
Parnavelas, 2002; Ang et al., 2003; Yokota et al., 2007a) and
segregate into their layer destinations based on their molecular
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Fig. 2. Schematic of projection neuron generation and migration in the mouse neocortex. Prior to the onset of neurogenesis, neural
progenitors (NPs) in the ventricular zone (VZ; blue) of the developing neocortex divide symmetrically to expand the progenitor pool, undergoing
interkinetic nuclear migration (IKNM) as they progress through the cell cycle. Starting at ~E11.5, NPs assume radial glial morphology and begin
dividing asymmetrically to generate neurons, which migrate from the germinal zones guided by radial glia cells (RGC) to reach the mantle layers.
The first projection neurons settle within the preplate (PP) to form the nascent cortical plate (CP), which will subsequently become layers (L) 2 to 6
of the neocortex. Additional incoming CP neurons then split the PP into the marginal zone (MZ) and the subplate (SP). As neurogenesis progresses,
diverse subtypes of projection neurons are generated sequentially through successive asymmetric divisions of NPs. Thus, neurons destined for the SP
are generated first, followed by those destined for the deep layers (L6 and L5; red), and finally, those destined for the upper layers (L4, L3 and L2;
green). The migration of newborn neurons into the CP occurs in an inside-first, outside-last manner; early-born neurons form the deep layers,
whereas later-born neurons migrate past older neurons to form more superficial layers. Therefore, the cortical layers are sequentially generated in
an ‘inside-out’ fashion. Some daughter cells of NPs become intermediate progenitor cells (IPCs), migrating away from the VZ and undergoing
symmetric neurogenic divisions in the SVZ. This mode of neurogenesis contributes significantly to upper layer neurons. At the end of neurogenesis
at ~E17.5, the radial scaffold is dismantled and NPs become gliogeneic, generating cortical and subependymal zone (SEZ) astrocytes (Ast) and
giving rise to a layer of ependymal cells (EL). The tangential migration and laminar positioning of interneurons are not illustrated. BV, blood vessel;
CR, Cajal-Retzius neuron; DL Pyr, deep-layer pyramidal neuron; IZ, intermediate zone; UL Pyr, upper-layer pyramidal neuron, WM, white matter.
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⇒ probability dependent on neuron birth
date

∆(t) = P[Ni ∈ DL|birth = t]
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∆0 −∆1(
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)

DL(t) =

ZAP
t∑

k=1
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1Yk=11Tk+TIPP+TIPN≤tB

(1)
k + 1Yk=21Tk+TIPN≤tB

(2)
k + 1Yk=3B

(3)
k

)
B

(1)
k |Tk = Binom(4,∆(Tk + TIPP + TIPN)),

B
(2)
k |Tk = Binom(2,∆(Tk + TIPN)),

B
(3)
k |Tk = Binom(1,∆(Tk )).



Neural layering: upper/lower layer repartition
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Neural layering: upper/lower layer repartition
Clonal viewpoint

Translaminar clones

2- or 4-cell clones engendered by each AP division

Look at the location of neurons derived from the same
ancestor cell according to arrival time or clone size

⇒ deeper, upper and translaminar clones
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Possible extensions

1 State-varying rates

2 Explicit AP dynamics

3 Enriched IP dynamics

4 Analysis of lineage trees



State-varying rates

Time varying rates ⇒ feedback functions of state variables (N(t)?)
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Explicit AP dynamics
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Ferent et al. Extracellular Cues and RG Scaffolding

FIGURE 1 | Radial glias function as both the source and the support of newborn neurons in the developing cortex. Apical radial glia (aRG) extend an apical process
reaching the ventricular surface, where they expose their primary cilia, as well as a basal process reaching the cortical surface. Basal radial glia (bRG) have their cell
bodies located in more basal areas of the cortical wall. Apical and basal processes from these cells (blue) establish the scaffold across the whole cortical wall. RGs
undergo cell division, giving birth to a daughter cell which can be either another RG (apical or basal – symmetric division) or a basal progenitor (asymmetric division,
intermediate progenitors are represented in orange). These cells give rise to migrating neuroblasts (green) which move along RG basal processes to reach their final
position within the cortical layers. First deep layer neurons are generated, then upper layer neurons are born.

produced in the fourth ventricle by the choroid plexus close
to the hindbrain (Huang et al., 2010), whereas many other
proteins are found only in the lateral ventricles (Zappaterra
et al., 2007). More recently, proteomics data were integrated
with RNA sequencing datasets, comparing telencephalic and
hindbrain choroid plexuses (Lun et al., 2015). This spatial
heterogeneity of their secretomes argue in favor of a precise and
specific regulation of di�erent brain areas. Overall, the eCSF plays
multiple important roles in the formation of the nervous system
(for review, Fame and Lehtinen, 2020). In this part of our review,
we will describe the functional role of the main secreted factors
present in the eCSF for the maintenance of RGs and therefore the
formation of the RG sca�old.

Growth Factors
Asmentioned in the previous section, several cytokines are found
in the eCSF. Di�erent types of molecules can be found within this
family such as growth factors like Transforming Growth Factors
(TGF, developed later on in this review). But not all of these
cytokines have a direct e�ect on radial sca�olding. For example,
chemokines are best known for their action on neurons (Zhu and

Murakami, 2012). On the other hand growth factors are di�usible
cytokines widely known to activate RG proliferation and/or
sustain cell survival. Therefore, we first provide a non-exhaustive
list of eCSF-derived growth factors (Figures 3, 4 and Table 1)
necessary for cortical development and in particular for the
integrity of the RG sca�old.

Multiple Fibroblast growth factor (FGF) ligands are
expressed in the developing telencephalon. At early stages (E10–
E12), FGFs 8, 17, and 18 are expressed in the frontal midline
area where they act as morphogens (see section “Morphogens”
below). In the ventral telencephalon, FGF15 is expressed (Rash
and Grove, 2006; Cholfin and Rubenstein, 2007; Hebert and
Fishell, 2008), whereas in dorsal regions, FGFs 2, 9, and 10 are
expressed (Vaccarino et al., 1999; Raballo et al., 2000; Sahara
and O’Leary, 2009). Here, we focus on FGF2, which increases
the total number of neurons in the mouse cerebral cortex and
promotes self-renewal of cortical progenitor cells (Vaccarino
et al., 1999; Raballo et al., 2000).

Fibroblast growth factor 2 is one of the most important
growth factors for the production and maintenance of RGs
during cortical development. Initially, FGF2 proteins were
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Motivations

1 Complete the model during the neurogenic period

2 Use available AP numbers despite observation bias
available numbers are lower bounds

3 Extend the model before neurogenesis starts
building of the AP pool supporting FAP outflow

4 Pave the way to lineage tracing analysis



Explicit AP dynamics
Simplified AP dynamics piecewise-linear, possibly discrete time (generation number)

If t < tS1{
AP
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Diversified intermediate progenitors
From lissencephalic to gyrencephalic species

Borrell, 2012; Gertz et al., 2014). By contrast, bRG differentiative
(bIP-genic) divisions appear to be characteristic of primate bRG
(Hansen et al., 2010; Betizeau et al., 2013), as theyoccur only rarely in
the embryonic neocortex of mouse (Wang et al., 2011) and ferret
(Gertz et al., 2014).

NPC lineages
Evolutionary changes in the modes of NPC division contribute to
interspecies divergence of NPC lineages and thereby to differences in
the final neuron output. Clonal analyses and time-lapse imaging of
NPC divisions in slice cultures of the embryonic mouse (Haubensak
et al., 2004; Konno et al., 2008; Shitamukai et al., 2011), rat (Noctor
et al., 2001, 2004;Wang et al., 2011), macaque (Betizeau et al., 2013)
and human (Hansen et al., 2010; LaMonica et al., 2013) neocortex
have highlighted important interspecies differences in NPC lineages.
In lissencephalic rodents (Fig. 4), the prevailing outputs of aRG
differentiative divisions are neurogenic IPs (aIPs, neurogenic bIPs),
which divide symmetrically yielding two neurons, i.e. the most
frequent lineage path is aRG→neurogenic IP→neuron (Haubensak
et al., 2004;Miyata et al., 2004;Noctoret al., 2004;Konno et al., 2008;
Stancik et al., 2010; Shitamukai et al., 2011). By contrast, in
gyrencephalic primates (notably at mid- to late neurogenesis), aRG
characteristically produce bRG, which self-amplify and produce
neurons (directly or via bIPs), thereby greatly increasing neuron
output. As a result, the majority of neocortical neurons in primates are
generated by neurogenic divisions of bRG (Fig. 4), i.e. following an
aRG→bRG→neuron lineagepath (Hansen et al., 2010;Betizeauet al.,
2013; LaMonica et al., 2013). Finally, a recently observed property of
primate BPs is their ability to transform into each other. Indeed, as
discussed above, all BP subtypes can yield any other BP subtype
(Betizeau et al., 2013). Although these findings do not contradict the
concept of lineage progression as such –APs give rise to BPs, but not
the other way around – they do add an element of NPC subtype
flexibility to a given node within a lineage.

Cell cycle length
Cumulative S-phase labeling studies initially showed that, in mouse,
an average cell cycle lengthening of NPCs in the VZ accompanies the

progression of neurogenesis (Takahashi et al., 1995). Subsequent
analyses distinguished between distinct NPC populations (Calegari
et al., 2005; Gal et al., 2006; Arai et al., 2011) and revealed that in
mouse: (1) aRG at mid-neurogenesis have a longer cell cycle than at
the onset of neurogenesis, which reflects a lengthening of both the G1
phase andSphase (Calegari et al., 2005;Arai et al., 2011); (2) aIPs and
neurogenic bIPs have a longer cell cycle than aRG, which is due to a
lengthening of the G1 phase in these IPs (Gal et al., 2006; Arai et al.,
2011); and (3) bIP-genic/neurogenic aRG and neurogenic bIPs have
a shorter cell cycle than proliferative aRG and bIPs, which is due to a
shortening of S phase in the former (Arai et al., 2011).

Different observations of cell cycle changes in the course of
neurogenesis have been made in primates (Kornack and Rakic,
1998; Lukaszewicz et al., 2005; Betizeau et al., 2013). In macaque,
the average cell cycle length of NPCs in the VZ was shown to
increase until mid-neurogenesis, but then, in contrast to mouse,
to decrease from mid-neurogenesis onwards (Kornack and Rakic,
1998). This decrease in cell cycle length at later stages of cortical
neurogenesis in monkey has been extended to NPCs in the oSVZ,
and was shown to reflect a shortening of both G1 and S phase
(Betizeau et al., 2013).

These observations are significant because cell cycle length, in
particular the length of the G1 phase, has been shown to be a cell
fate determinant (Calegari and Huttner, 2003). Thus, in mice,
lengthening the G1 phase in NPCs by pharmacological inhibition of
Cdk2/cyclin E (Calegari and Huttner, 2003) or by RNAi-mediated
silencing of Cdk4/cyclin D1 (Lange et al., 2009) was shown to
trigger premature neurogenesis at the expense of NPC proliferation.
Conversely, G1 shortening by overexpression of cyclin D1, cyclin
E1 (Pilaz et al., 2009) or Cdk4/cyclin D1 (Lange et al., 2009;
Nonaka-Kinoshita et al., 2013) increased NPC proliferation and
delayed neurogenesis. In the ferret, the latter form of forced G1
shortening increased cortical folding (Nonaka-Kinoshita et al.,
2013). In the macaque, G1 is shorter in cortical areas showing the
cytoarchitectural hallmarks of neocortex expansion (Lukaszewicz
et al., 2005). Given these findings, it will be a future challenge to
determine the extent to which changes in cell cycle length, notably
of G1 phase, influence bRG pool size and cell division modes, and
contribute to the evolutionary expansion of the neocortex.

Neurogenic period
The length of the neurogenic period is another parameter that can
determine neuron output and contribute to interspecies variation,
and key evolutionary differences in this parameter have indeed
been reported between rodents and primates. First, the onset of
neurogenesis is delayed in primates compared with rodents
(Rakic, 1995, 2009; Kornack and Rakic, 1998), allowing for
greater expansion of the founder NEC pool before neurogenesis
begins. Second, neurogenesis in primates is itself protracted for a
much longer period of time (up to tenfold longer) compared with
rodents (Caviness et al., 1995; Rakic, 1995), allowing for
expansion of NPCs, notably bRG, thereby increasing neuron
output. Protracting the neurogenic period will only lead to an
increase in neuron output if there is no concomitant increase in the
length of the cell cycle. Here, a cursory comparison of the cell
cycle length of mouse versus macaque NPCs might suggest that
the increase in neuron output in primates as compared with rodents
is not as large as expected from the longer neurogenic period in
primates. Specifically, the average cell cycle at mid-neurogenesis
in macaque is about twofold longer than that in mouse (∼40-50 h
versus ∼20-25 h) (Caviness et al., 1995; Takahashi et al., 1995;
Kornack and Rakic, 1998; Lukaszewicz et al., 2005; Dehay and

Fig. 4. NPC lineage relationships in the developing neocortex. Lineage
relationships of NPCs in the developing neocortex of a representative
lissencephalic rodent (left) and a gyrencephalic primate (right). Neurons (gray
box) represent the end point of each NPC lineage. Preferential modes of NPC
divisions are color-coded. NPCs that are capable of both self-renewing and
proliferative divisions are colored both pink and blue. Arrows indicate lineage
progression as detailed in the key.
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Possible first step: stochastic IPP cycle rounds
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Introduction of a mutation distal to the MADM cassette enables the generation of genetic mosaics, providing a unique method to dissect
the molecular regulators of stem cell lineage progression. As such, MADM provides an unparalleled experimental platform to study the cell-
autonomous function of a gene (e.g., its association to microcephaly or macrocephaly). By comparing clones induced in a MADM genetic
mosaic to clones induced in a control MADM, a highly quantitative readout of changes in neuron numbers and distribution can be generated.
Previous MADM-based studies quantified the cell-autonomous function of Otx1 in microcephaly formation at the clonal level (see Figure 6A-
E for a representative example)11. In another study, MADM clonal analysis demonstrated that Ndel1 does not cell-autonomously regulate
projection neuron numbers, but instead the ability of newborn neurons to enter or migrate within the cortical plate, which later forms the adult
cortex46. These studies demonstrated the highly quantitative nature of MADM clonal analysis in studying the cell-autonomous functions of genes
regulating cortical development. There are currently no examples in the literature using MADM to study genes implicated in macrocephaly at the
clonal level. However, in future studies analysis of genes relevant to the control of cortical size in general can provide highly desirable insights at
the molecular and cellular level.

Figure 1: The MADM principle for lineage tracing and clonal analysis at single stem cell level. (A) To perform lineage tracing and clonal
analysis with MADM, two components must be present. First, MADM cassettes must be targeted to identical loci on homologous chromosomes.
Cassettes consist of two chimeric fluorescent reporter genes, eGFP (green, [G]) and tandem dimer Tomato (red, tdT[T]). The GT cassette
contains the N-terminus of eGFP and the C-terminus of tdT, separated by an intron containing a loxP site. The TG cassette is constructed
inversely, with the N-terminus of tdT and the C-terminus of eGFP. Second, the expression of Cre recombinase must occur in the cell containing
the targeted MADM cassettes. The loxP sites serve as a target for Cre-mediated interchromosomal recombination, resulting in the reconstitution
of both expression cassettes simultaneously. If recombination occurs during the G2 phase of the cell cycle followed by X segregation (G2-X), the
two daughter cells will express one of the two fluorescent proteins. (B) MADM principle for genetic mosaic analysis at a single clone level. Mutant
alleles (point mutations, deletions, insertions, loxP-flanked conditional alleles as depicted in Figure 1B, etc.) can be introduced distal to the TG-
MADM cassette via meiotic recombination (see Figure 2 and Hippenmeyer et al.46 for details on how to introduce mutant alleles into the MADM
system). If a G2-X Cre recombinase-mediated interchromosomal trans-recombination occurs between MADM cassettes it results in one GFP+
homozygous mutant cell (GeneX-/-) for the gene of interest and one tdT+ homozygous wild type cell (GeneX+/+) in an unlabeled heterozygous
environment46,47,71. Alternate labeling outcomes not used in the clonal analysis (i.e., yellow cells) have been previously described in detail11,46,47.
Please click here to view a larger version of this figure.

Gao et al., J Vis Exp 2020

distributions experimentally obtained, guiding the biologi-

cal study towards a conclusive characterisation of the pro-

cesses occurring during cortical neurogenesis.

Materials and methods

The MADM dataset

MADM is a unique lineage-tracing tool. In a MADM event two fluo-

rescent markers are reconstituted in a dividing stem cell and trans-

mitted to the two daughter cells. The markers are stable and are

transmitted along the entire subclone (Hippenmeyer et al. 2010;

Ma et al. 2018). Because the MADM labelling can be induced at any

given time, this experimental paradigm provides exact information

on birth dates of clones and their division patterns. For this study

we focused on interval sampling and compiled a set of MADM

clones across different time points during cortical development.

Hence, the dataset consists of the sizes of the green and red sub-

clones, quantified at analysis time, tA, following the initial injection

at t0 (Data S1; Fig. S1). The dataset includes a sparse combination of

16 experimental setups, defined by different injection and analysis

times, over the neurogenic window E10–E17 (Fig. 2).

For each experimental setup, a varied number of replicates is pro-

duced. The approach used is the same as described in previous pub-

lications by the experimental group (Gao et al. 2014; Beattie et al.

2017), and an illustrative outcome is pictured in Fig. 3.

We aim to reconstruct each individual subclone, i.e. given a

subclone of size N, for injection time t0 and analysis time tA, we

aim to describe the cell division and cell death events that lead

to the outcome N. We adopt a binary tree representation,

where the N labelled cells correspond to the tree leaves, and the

first cell to incorporate the (green or red) label corresponds to

the tree root.

Note that because of the nature of the assay with short sampling

windows, we cannot infer birth time of an individual cell. Hence,

without information about its location and cell cycle progression, a

fluorescent cell present at time tA could be a progenitor captured

during ongoing cell cycling, or a post-mitotic neuron produced at

t < tA, having permanently exited the cell cycle. Therefore, we are

going to consider a one-species branching process, without a dis-

tinction between cell types.

By using the experimental paradigm above, we cannot determin-

istically reconstruct a lineage tree. Even assuming that generations

are equally spaced in time, and disregarding cell death, the combi-

natorial range of binary trees that match a clonal size of N is intract-

able, especially for larger subclones in the dataset (e.g. N = 180). It

can be shown that this range includes all trees of depth l, with

d1þ log2Ne" l"N. Note that the issue is exacerbated in the case of

experiments of longer duration (affecting the values that l can real-

istically take). Figure S2 illustrates the combinatorial explosion,

showing examples of possible binary trees for small l, and corre-

sponding outcomes N.

Not only are the assumptions that consecutive generations

appear at fixed frequency and that no cells die along the way

highly unrealistic but, also, by attempting to deterministically

reconstruct lineage trees, we are disregarding the evolving and

stochastic nature of the developmental programme followed by

individual progenitor cells at different stages of the neurogenic

window (Noctor et al. 2004; Taverna et al. 2014). In fact, previous

MADM-based lineage-tracing experiments indicate that while the

overall dynamics of the total population unfolds in a predictable

manner, the behaviour of the individual progenitors appears to be

stochastic (Gao et al. 2014). In the following we are going to pre-

sent a stochastic mathematical description of clonal lineages, which

does not rely on the assumption of fixed cell cycling time, and

allows for cell death.

Fig. 2 Experimental setups of the Mosaic Analysis with Double Mark-

ers (MADM) dataset include intervals defined by injection and analysis

time, t0 and tA, respectively, over the mouse neurogenic window E10–
E17. The MADM labelling is induced at t0 and the sizes of subclones

are quantified at tA. For a representation of the entire dataset, see

Fig. S1.

Fig. 3 A single Mosaic Analysis with Double Markers (MADM) clone

in vivo in the developing cortex with tamoxifen-mediated induction at

E10 and analysis at E16. A G2-X event (see Hippenmeyer et al. 2010

for an illustration of the MADM principle) results in two columns of

green and red labelled cells. Neurons migrate along the processes of

radial glia progenitor cells from the ventricular zone (VZ), through the

intermediate zone (IZ), toward their final position in the developing

cortical plate (CP). Figure reused from Hippenmeyer et al. (2010) with

permission.

© 2019 The Authors. Journal of Anatomy published by John Wiley & Sons Ltd on behalf of Anatomical Society.
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these observations. We found that G2-X clones could be
grouped into two types. They either contained sizable numbers
of both green and red neurons (more than three neurons of
each color) distributed throughout the superficial and deep
layers (termed type I, Figure 2A, left) or else contained a ‘‘major-
ity’’ population in one color and a ‘‘minority’’ population (less
than four neurons, mostly one or two neurons) in the other color
(termed type II, Figure 2A, right). Interestingly, in type II clones,
the minority population always resided in the deeper layers rela-
tive to the majority population. Consistent with the ‘‘inside-out’’
sequence of neocortical neurogenesis (Angevine and Sidman,
1961), the minority population thus represents the earliest-born
neurons in the labeled lineage. Moreover, the relative scarcity
of the minority population indicates that the original daughter
cell, from which the minority population arises, is either a neuron
or an IP capable of undergoing only one to two rounds of division
(i.e., producing no more than four neuronal progeny) (Noctor
et al., 2004), whereas the majority population originates from a
self-renewing RGP. Therefore, type II clones represent asym-
metric neurogenic clones (Figure 2A, right, top). In contrast,

type I clones represent symmetric proliferative clones, as the
two originally labeled daughter cells are most probably self-
renewing RGPs, each capable of producing a large cohort of
neuronal progeny (Figure 2A, left, top).
The exquisite resolution of G2-X clones allowed a direct quan-

titative measurement of symmetric proliferative and asymmetric
neurogenic division frequencies of RGPs in vivo. We found that
the transition from symmetric proliferation to asymmetric neuro-
genesis occurs predominantly at E11–E12 (Figure 2B). Impor-
tantly, the explicit identification of asymmetric neurogenic clones
(type II) enabled a quantitative assessment of the neurogenic
capacity of individual RGPs as they switch from symmetric pro-
liferative division to asymmetric neurogenic division. We found
that the average size of asymmetric neurogenic clones labeled
by TM treatment at E10–E12 was !8–9 neurons (Figure 2C).
Moreover, the histogram of individual asymmetric neurogenic
clone sizes could be described by a Gaussian-like distribution
(which we term ‘‘Unitary Gaussian’’; centered on a ‘‘mean’’ value
of [m0 = ]8.4 neurons and a SD of [d = ]2.6 neurons; Figure 2D).
The appearance of a defined peak at eight to nine neurons

Figure 2. Unitary Production of Excitatory
Neurons by RGPs
(A) 3D reconstruction images of representative

symmetric proliferative (left) and asymmetric

neurogenic (right) clones. Schematics of the clone

are shown at the top. RG, radial glia; N, neuron; IP,

intermediate progenitor.

(B) Percentage of symmetric proliferative division

versus asymmetric neurogenic division at different

embryonic stages.

(C) Quantification of the size of asymmetric

neurogenic clones labeled at E10–E12 (n = 109).

(D) Clone size distribution of the asymmetric

neurogenic clones at E10–E12 fitted by aGaussian

distribution, indicating an average RGP output of

!8–9 neurons (mean m0 = 8.4, SD d = 2.6; fitting

error = 5.3%; blue broken line; termed ‘‘Unitary

Gaussian’’).

(E) Gaussian fitting of the overall clone size varia-

tion. The 192 clones with a size of up to 50 neurons

were fitted by the sum (black line) of a series of

Gaussians centered on integer multiples of the

mean of Unitary Gaussian in D (1m0, 2m0, 3m0;

colored lines; higher-order Gaussians are not

plotted for clarity).

(F) Quantification of the size of asymmetric

neurogenic clones located in different neocortical

areas (SS, 7.9 ± 0.3, n = 44; MO, 8.1 ± 0.7, n = 10;

AUD, 7.3 ± 0.6, n = 15; VISal, 9.0 ± 1.0, n = 2;

PTLp, 8.8 ± 0.7, n = 5; Medial, 7.6 ± 1.2, n = 10).

SS, somatosensory cortex; MO, motor cortex;

AUD, auditory cortex; VISal, visual cortex; PTLp,

posterior parietal association areas; Medial,

including anterior cingulate area, dorsal pedun-

cular area, infralimbic area, prelimbic area, and

retrosplenial area.

Data are presented as mean ± SEM. n.s., not

significant. See also Figures S3 and S4.

778 Cell 159, 775–788, November 6, 2014 ª2014 The Authors
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Towards a model-based clonal analysis of lineage tracing
Dynamic lineage time-lapse study, Shen et al., EMBO J 2026
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Towards a model-based clonal analysis of lineage tracing
Inferring the division type probability?

Forward problem : describe the tree and associated outputs

⊙ Distribution of the progenitor (AP) extinction generation number

⊙ Computation of cell numbers of each type at each generation and final neuron number

Backward problem : What can we infer from total or partial observation of the lineage
tree?
leaves, nodes, roots / tree topology (symmetry)

⊙ Switch from proliferative to neurogenic division mode of AP

⊙ Contribution of the neurogenic pathways to the final neuron output

additional rounds of division via IPs/IPPs delay the birthdate of
PyNs upon RGP division, and potentially affecting their final radial
positioning in the neocortex.

Stable transition probabilities of RGP division patterns
across generations

During cortical development, RGPs dynamically switch between
generating neurons, IPs and IPPs. Balancing the temporal
transition of RGPs between direct and indirect neurogenesis is
essential for precisely regulating the number of neurons in the
neocortex (Mihalas et al, 2016). We next systematically studied the
transitions of RGP division patterns between generations. In the

first generation of RGP neurogenesis, we found that the propor-
tions of RGPs producing neurons, IPs and IPPs were 40.7% (105/
258), 33.7% (87/258) and 25.6% (66/258), respectively, indicating
that RGPs seem to randomly give rise to neurons, IPs and IPPs in
G1 (Fig. 5A,B). As neurogenesis progressed, 25.9-50.0% of RGPs
changed their division patterns between consecutive intergenera-
tion, and the proportions of RGPs exiting the neurogenic cycle
significantly increased (Fig. 5C,D). Notably, the overall transition
probabilities of RGP division patterns remained largely consistent
across generations (Fig. 5A). We calculated the transition
probabilities for the first four generations of RGPs, which were
the main generations to generate neurons. Chi-square tests
assessing the dependency of division patterns between two
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Figure 3. Direct and indirect neurogenesis in the developing neocortex.

(A) PyN outputs in G1-G6. The mean of PyN outputs decreases exponentially across generations. Decay index λ=−0.4898. (B) Percentages of IPP, IP, and N divisions in
all lineages. (C) Percentages of PyNs generated by IPP, IP, and N divisions across G1 to G6. (D) Percentages of PyNs generated by IPP, IP and N divisions in all lineages. (E)
Relationships between division (IPP, IP and N patterns divisions) and PyN subtypes (CThPN, DL-CPN, SCPN/HPN, SL-CPN) are shown in the circular Sankey diagram. (F)
Contributions of IPP, IP, and N divisions to four PyN subtypes. (G) Distribution of PyNs in the neocortex across G1 to G6 (from left to right, n= 553, 440, 261, 136, 70, 24).
Red horizontal lines indicate median and quartile values. Cortical layers are shown on the right. Data are shown as mean ± SEM. ****P < 0.0001 (Kruskal–Wallis one-way
ANOVA). (H) Cortical distribution of clonal neurons generated by IPP, IP, and N divisions across G1 to G6 (from left to right, G1: n= 117, 183, 253; G2: n= 113, 174, 139; G3:
n= 107, 86, 41; G4: n= 72, 48, 12; G5: n= 40, 20; G6: n= 20, 4). Cortical layers are shown on the right. Data are shown as mean ± SEM. G1: ****P < 0.0001
(Kruskal–Wallis one-way ANOVA). G2: ****P < 0.0001 (Kruskal–Wallis one-way ANOVA). G3: **P= 0.0058 (Kruskal–Wallis one-way ANOVA). G4: P= 0.2213
(Kruskal–Wallis one-way ANOVA). G5: P= 0.6891 (unpaired Student’s t test followed by Mann–Whitney test). G6: P= 0.0292 (unpaired Student’s t test followed by
Mann–Whitney test). Source data are available online for this figure.
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additional rounds of division via IPs/IPPs delay the birthdate of
PyNs upon RGP division, and potentially affecting their final radial
positioning in the neocortex.

Stable transition probabilities of RGP division patterns
across generations

During cortical development, RGPs dynamically switch between
generating neurons, IPs and IPPs. Balancing the temporal
transition of RGPs between direct and indirect neurogenesis is
essential for precisely regulating the number of neurons in the
neocortex (Mihalas et al, 2016). We next systematically studied the
transitions of RGP division patterns between generations. In the

first generation of RGP neurogenesis, we found that the propor-
tions of RGPs producing neurons, IPs and IPPs were 40.7% (105/
258), 33.7% (87/258) and 25.6% (66/258), respectively, indicating
that RGPs seem to randomly give rise to neurons, IPs and IPPs in
G1 (Fig. 5A,B). As neurogenesis progressed, 25.9-50.0% of RGPs
changed their division patterns between consecutive intergenera-
tion, and the proportions of RGPs exiting the neurogenic cycle
significantly increased (Fig. 5C,D). Notably, the overall transition
probabilities of RGP division patterns remained largely consistent
across generations (Fig. 5A). We calculated the transition
probabilities for the first four generations of RGPs, which were
the main generations to generate neurons. Chi-square tests
assessing the dependency of division patterns between two
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Figure 3. Direct and indirect neurogenesis in the developing neocortex.

(A) PyN outputs in G1-G6. The mean of PyN outputs decreases exponentially across generations. Decay index λ=−0.4898. (B) Percentages of IPP, IP, and N divisions in
all lineages. (C) Percentages of PyNs generated by IPP, IP, and N divisions across G1 to G6. (D) Percentages of PyNs generated by IPP, IP and N divisions in all lineages. (E)
Relationships between division (IPP, IP and N patterns divisions) and PyN subtypes (CThPN, DL-CPN, SCPN/HPN, SL-CPN) are shown in the circular Sankey diagram. (F)
Contributions of IPP, IP, and N divisions to four PyN subtypes. (G) Distribution of PyNs in the neocortex across G1 to G6 (from left to right, n= 553, 440, 261, 136, 70, 24).
Red horizontal lines indicate median and quartile values. Cortical layers are shown on the right. Data are shown as mean ± SEM. ****P < 0.0001 (Kruskal–Wallis one-way
ANOVA). (H) Cortical distribution of clonal neurons generated by IPP, IP, and N divisions across G1 to G6 (from left to right, G1: n= 117, 183, 253; G2: n= 113, 174, 139; G3:
n= 107, 86, 41; G4: n= 72, 48, 12; G5: n= 40, 20; G6: n= 20, 4). Cortical layers are shown on the right. Data are shown as mean ± SEM. G1: ****P < 0.0001
(Kruskal–Wallis one-way ANOVA). G2: ****P < 0.0001 (Kruskal–Wallis one-way ANOVA). G3: **P= 0.0058 (Kruskal–Wallis one-way ANOVA). G4: P= 0.2213
(Kruskal–Wallis one-way ANOVA). G5: P= 0.6891 (unpaired Student’s t test followed by Mann–Whitney test). G6: P= 0.0292 (unpaired Student’s t test followed by
Mann–Whitney test). Source data are available online for this figure.
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Appendix : More on cell kinetics



Mesoscopic scale : cell kinetics indexes

Mitotic index
Integration in age over phase M – neurogenic fraction (Proportion of neurogenic IP mitoses)


IPPM(t) =

∫ T IPP
c

T IPP
c −TM IPP

IPP(t, a)da

IPNM(t) =
∫ T IPN

c

T IPN
c −TM IPN

IPN(t, a)da


MI (t) =

IPPM(t) + IPNM(t)

IP(t)

ψ(t) =
IPNM(t)

IPPM(t) + IPNM(t)



Mesoscopic scale : cell kinetics indexes
Labeling index
Integration in age over phase S


IPPS(t) =

∫ T IPP
G1 +T IPP

S

T IPP
G1

IPP(t, a)da

IPNS(t) =
∫ T IPN

G1 +T IPN
S

T IPN
G1

IPN(t, a)da

LI (t) =
IPPS(t) + IPNS(t)

IP(t)



In silico cell kinetics experiments
Neurogenic fraction

Experimental discrimination between IPgenic and neurogenic IP
Transgenic Tis21 lines

VZ 

SVZ 

Identification of four different types of progenitor cells by lineage markers 

E14.5 cerebral cortex 

G1 
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G2 
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G1 

M 
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Apical progenitors 
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S 
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Pax6+ Tbr2– Tis21-GFP–  Pax6+ Tbr2– Tis21-GFP+  

Tbr2+ Tbr1– Tis21-GFP– Tbr2+ Tbr1– Tis21-GFP+ 

Courtesy Y. Arai

Computation of the neurogenic fraction

ψ(t) =
IPNM(t)

IPPM(t) + IPNM(t)

Proportion of neurogenic IP mitoses

consistent with the data set obtained in wild-type C57BL/6 mice
(Fig. 3). For example, results from Tis21-GFPmice replicated the
finding that apical progenitormitosesweremore numerous than
INP mitoses, whether counted on the basis of mitotic location
(Fig. 8A--C) or transcription factor expression (Fig. 8D--F).

Likewise, both data sets showed a transient decrease in the
abundance of INPs on E14.5 (Figs 3A,C and 8A,D).

Tis21-GFP analysis revealed a profound difference of
neurogenic activity between INPs and apical progenitors.
Throughout the period from E10.5 to E18.5, the neurogenic
fraction of INP (basal or Tbr2+) divisions remained much higher
than the neurogenic fraction of RGP (apical or highly Pax6+)
divisions (Fig. 8B,E). During these ages, the INP neurogenic
fraction varied between 40% and 80%, whereas the apical pro-
genitor neurogenic fraction remained below 10--20% (Fig.
8B,E). Only at the end of neurogenesis, on P0.5, did the
neurogenic fraction of RGPs approach that of INPs (converging
to 30--55%), consistent with terminal neurogenesis (Fig. 8B,E).

The overall higher neurogenic fraction of INP divisions,
combined with their symmetric production of neuron pairs (vs.
asymmetric production of single neurons from RGPs), in-
dicated that despite the numerical predominance of RGP
divisions, INPs actually produced the majority of cortically
derived projection neurons at all ages (Fig. 8C,F). Even during
preplate neurogenesis on E10.5--E11.5, a majority of neurons
were produced by INPs. Throughout subsequent stages
encompassing neurogenesis of deep, middle, and superficial
layers, INPs produced the vast majority ( >80%) of cortical
projection neurons (Fig. 8C,F). These results suggested that,
contrary to the hypothesis that INPs are fated to produce upper

Figure 7. Tis21-GFP expression distinguishes proliferative (Tis21-GFP!) and neuro-
genic (Tis21-GFPþ) INP and apical progenitor divisions. (A--G) Triple labeling for
Tbr2 (red), Tis21-GFP (green), and Pax6 (blue) in E14.5 cortex. (A) Merged image.
(B--D) Higher magnification of basal mitosis with neurogenic INP expression profile
(Tis21-GFPþ/Pax6!/Tbr2þ), located in the intermediate zone (IZ). (E--G) Higher
magnification of 2 apical progenitor mitoses: one proliferative (Tis21-GFP!/Pax6þ/
Tbr2!) and one neurogenic (Tis21-GFPþ/Pax6þ/Tbr2!). Scale bar: (A) 50 lm; (B--G)
20 lm.

Figure 8. Neurogenic output of INP and apical progenitor divisions as indicated by Tis21-GFP expression. (A--C) Comparison of apical and basal mitoses. Apical divisions were
more numerous than basal throughout neurogenesis (A), but basal divisions were more often neurogenic (B). (D--F) Comparison of Tbr2þ and highly Pax6þ mitoses. Pax6þ

divisions were more numerous (D), but Tbr2þ divisions were more often neurogenic (E). Neurogenic output from INPs was found to be higher than from RGPs, regardless
of whether progenitor types were defined by apical or basal division (C) or by transcription factor expression (F).

2446 Intermediate Neuronal Progenitors d Kowalczyk et al.

Kowalczyk et al.
Cereb. Cortex 2009

Postel et al. Page 37 of 45

increasing or decreasing FAP (t) is clearly visible. Also, the indexes are only displayed in the time window E12-E16,

during with the IPP and IPN cell cycles are filled of cells, and the index formulas are valid.

Panels D and E illustrate how the index patterns get complicated, and not intuitively predictable, in the realistic

situation involving a time-varying �(t) and di↵erent durations of the cell cycle phases for IPP and IPN. Not only the

indexes do not reach any stationary regime, but they are also non monotonic and their ordering can change with

time between the scenarios (for each scenario, the constant values computed from equations (A1-1-A1-2) are shown

as dashed lines).

In both the simplified and realistic configuration, the corresponding neurogenic fraction (proportion of IPN mitoses

amongst the whole IP mitoses) are shown on the rightmost panels (C and F).

Figure A1-1 Panels A, B and C. Cell kinetics indexes for a simplified parameter set (FAP , from
scenario 3 of Table 4, � = 1, and identical cell cycle phases for both IPPs and IPNs, second line in
3). We keep �(t) = cte with three possible values 0 (in red), 0.5 (in blue) and 1 (in green). Panel
A displays the labeling index (LI, in percent) for total IPs (13). Panel B displays the mitotic index
(MI, in percent) for total IPs (14). Dashed lines indicate the theoretical index level with constant
AP input flux. Panel C displays the ratio of neurogenic IP mitoses (in percent),  (t), computed
with (23) (solid lines), along with the estimate (24) (dashed lines). Panels D, E, and F :
corresponding indexes for the 4 scenarios in Table 4; dashed curves indicate the theoretical index
level with constant AP input flux and constant �. At time t the displayed values correspond to
� = �(t) for each scenario.

ψ computed from
estimated parameters



In silico cell kinetics experiments
Long-term double-labeling experiments

Experimental assessment of “IP self-renewal” : tracking IP cells along S phases

©
20

16
N

at
ur

e 
A

m
er

ic
a,

 In
c.

  A
ll 

ri
gh

ts
 r

es
er

ve
d.

NATURE NEUROSCIENCE VOLUME 19 | NUMBER 7 | JULY 2016 891

A R T I C L E S

Figure 3 SmoM2 expands bRGs by increasing 
their self-renewal and changing the aRG 
division angle toward bRG production. (a) The 
experimental scheme and E16.5 cortices labeled 
for Pax6 (blue), Tbr2 (green), BrdU (gray) and 
EdU (red). The boxed areas are enlarged in the 
right. Pictures represent at least 3 repeats.  
(b) Proliferation (EdU+, left) and self-renewal 
(EdU+BrdU+, right) of radial glia and IPCs. All 
data collected from 8 brain slices from 3 mice 
per group passed Kolmogorov–Smirnov (KS)  
test for normality, P > 0.1. Two-tailed unpaired 
t-test for proliferation: aRG, P = 0.2680, t(14) =  
1.154; bRG, P = 0.0103, t(14) = 2.960; IPC, 
P = 0.0001, t(14) = 15.75. F-test for equal 
variance: aRG, P = 0.5533, F(7,7) = 1.594; bRG, 
P = 0.3659, F(7,7) = 2.045; IPC, P = 0.1751, 
F(7,7) = 2.963. Two-tailed unpaired t-test with 
Welch’s correction for self-renewal of bRG:  
P = 0.0056, t(9) = 3.618; F-test for variance:  
P = 0.0274, F(7,7) = 6.245. Two-tailed unpaired 
t-test for self-renewal of IPC: P = 0.0001,  
t(14) = 5.321; F-test for variance: P = 0.0869, 
F(7,7) = 4.013. (c) Distribution of the distances 
of the EdU+ bRGs from the ventricular surface. 
Mann-Whitney test, P = 0.0001, sum of  
ranks = 1,392, 10,540, U = 571.5, n = 40 bRGs  
for control and 114 bRGs for SmoM2. N = 8  
brain slices from 3 mice per group. (d) E15.5 
cortices labeled for TuJ1 (red), Pax6 (blue), and 
Tbr2 (green). (e) Numbers of neurons in the 
ventricular zone (VZ; top) and cell fate (IPC vs. 
radial glia (RG)) in the VZ (bottom) for the same 
cortices used in d. Pictures represent at least  
3 repeats. For relative density of TuJ1 in the VZ, 
Mann Whitney test, P = 0.0006, sum of  
ranks = 134, 37, U = 1.000, n = 10 and 8 for 
control and SmoM2, respectively, brain slices 
from 3 pairs of mice. For ratio of radial  
glia and IPC in the VZ, Mann Whitney test,  
P = 0.0021, sum of ranks = 28, 77, U = 0,  
n = 7 brain slices from 3 mice per group.  
(f,g) Mitotic aRGs at E14.5 labeled for phospho-
vimentin (P-Vim, green) and DAPI (blue) (f) and quantification of the division angle (g). We blindly analyzed 101 cells (SmoM2 mutants) and 71 cells 
(controls) from 3 pairs of mice. In f,  indicates the angle between the apical surface (dotted line) and the plane of division (solid line). The divisions are 
termed ‘horizontal’ if 60° <   90°, ‘oblique’ if 30° <   60°, and ‘vertical’ if 0° <   30°. Mann Whitney test, P = 0.0092, sum of ranks = 6,937, 
7,769, U = 2,719. P > 0.05; *P < 0.05; **P < 0.005; ***P < 0.001; ns, nonsignificant. Error bars represent s.e.m. Scale bars in a and d, 50 m; f, 5 m.

To investigate the mechanism by which the cell composition 
changed in the SmoM2 ventricular zone, we investigated the division 
angles of aRGs. aRGs dividing on an axis horizontal to the ventricu-
lar surface (horizontal division) mostly produce neurons or IPCs, 
whereas those dividing vertically or obliquely produce bRGs13,27. 
Vertical and oblique divisions were remarkably increased in SmoM2 
mutants, as compared to controls (42% versus 15%) (Fig. 3f,g). 
Furthermore, radial glia dividing in the ventricular zone but away 
from the ventricular surface were significantly increased in SmoM2 
mutants (Supplementary Fig. 3b–d). Radial glia dividing non-apically  
in the ventricular zone produce bRGs23,29 and may also represent 
bRGs in transit to the SVZ after generation at the ventricular surface; 
bRGs are also found in the inner SVZ and ventricular zone11,14,23. 
Thus, SmoM2 increased the number of bRGs by shifting aRG divi-
sion toward bRG production. SmoM2 also greatly increased the 
number of proliferating IPCs (Fig. 3b and Supplementary Fig. 3b,d),  
resulting in their expansion in the SVZ despite their decreased pro-
duction from aRGs (Fig. 3e). These results suggest that the expan-
sion of bRGs through increased production and self-renewal, along 

with an increased number of IPCs, led to neocortical expansion  
and folding in SmoM2 mutants.

Fate analysis of progenies from aRGs expressing SMOM2
To confirm that SmoM2 shifted aRG division toward bRG production 
at the expense of IPCs and neurons, we transduced aRGs sparsely 
with retroviruses expressing GFP either alone or with SMOM2  
(a constitutively active human SMO) at E13.5 and examined the fates 
of GFP+ cells in transduced clones that had at least two cells. At E15, 
46% of clones expressing GFP alone contained only IPCs and/or  
neurons (IPC/N) without radial glia (IPC/N clones), a further 46% 
contained one aRG with IPC/N (aRG + IPC/N), and 8% contained two 
aRGs with or without IPC/N (2aRGs + IPC/N) (Fig. 4). Similarly to 
what we observed in SmoM2 mutants (Fig. 3e), SMOM2 transduction 
increased clones containing aRGs to 67% (56% aRG + IPC/N and 11% 
2aRG + IPC/N) at the expense of IPC/N clones (33%). Remarkably, by 
E16, the proportion of aRG-containing clones decreased to the control 
level (47%), concomitant with a marked increase in the proportion 
of bRG-containing clones to 23%, which was much higher than that 
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Figure 3 SmoM2 expands bRGs by increasing 
their self-renewal and changing the aRG 
division angle toward bRG production. (a) The 
experimental scheme and E16.5 cortices labeled 
for Pax6 (blue), Tbr2 (green), BrdU (gray) and 
EdU (red). The boxed areas are enlarged in the 
right. Pictures represent at least 3 repeats.  
(b) Proliferation (EdU+, left) and self-renewal 
(EdU+BrdU+, right) of radial glia and IPCs. All 
data collected from 8 brain slices from 3 mice 
per group passed Kolmogorov–Smirnov (KS)  
test for normality, P > 0.1. Two-tailed unpaired 
t-test for proliferation: aRG, P = 0.2680, t(14) =  
1.154; bRG, P = 0.0103, t(14) = 2.960; IPC, 
P = 0.0001, t(14) = 15.75. F-test for equal 
variance: aRG, P = 0.5533, F(7,7) = 1.594; bRG, 
P = 0.3659, F(7,7) = 2.045; IPC, P = 0.1751, 
F(7,7) = 2.963. Two-tailed unpaired t-test with 
Welch’s correction for self-renewal of bRG:  
P = 0.0056, t(9) = 3.618; F-test for variance:  
P = 0.0274, F(7,7) = 6.245. Two-tailed unpaired 
t-test for self-renewal of IPC: P = 0.0001,  
t(14) = 5.321; F-test for variance: P = 0.0869, 
F(7,7) = 4.013. (c) Distribution of the distances 
of the EdU+ bRGs from the ventricular surface. 
Mann-Whitney test, P = 0.0001, sum of  
ranks = 1,392, 10,540, U = 571.5, n = 40 bRGs  
for control and 114 bRGs for SmoM2. N = 8  
brain slices from 3 mice per group. (d) E15.5 
cortices labeled for TuJ1 (red), Pax6 (blue), and 
Tbr2 (green). (e) Numbers of neurons in the 
ventricular zone (VZ; top) and cell fate (IPC vs. 
radial glia (RG)) in the VZ (bottom) for the same 
cortices used in d. Pictures represent at least  
3 repeats. For relative density of TuJ1 in the VZ, 
Mann Whitney test, P = 0.0006, sum of  
ranks = 134, 37, U = 1.000, n = 10 and 8 for 
control and SmoM2, respectively, brain slices 
from 3 pairs of mice. For ratio of radial  
glia and IPC in the VZ, Mann Whitney test,  
P = 0.0021, sum of ranks = 28, 77, U = 0,  
n = 7 brain slices from 3 mice per group.  
(f,g) Mitotic aRGs at E14.5 labeled for phospho-
vimentin (P-Vim, green) and DAPI (blue) (f) and quantification of the division angle (g). We blindly analyzed 101 cells (SmoM2 mutants) and 71 cells 
(controls) from 3 pairs of mice. In f,  indicates the angle between the apical surface (dotted line) and the plane of division (solid line). The divisions are 
termed ‘horizontal’ if 60° <   90°, ‘oblique’ if 30° <   60°, and ‘vertical’ if 0° <   30°. Mann Whitney test, P = 0.0092, sum of ranks = 6,937, 
7,769, U = 2,719. P > 0.05; *P < 0.05; **P < 0.005; ***P < 0.001; ns, nonsignificant. Error bars represent s.e.m. Scale bars in a and d, 50 m; f, 5 m.

To investigate the mechanism by which the cell composition 
changed in the SmoM2 ventricular zone, we investigated the division 
angles of aRGs. aRGs dividing on an axis horizontal to the ventricu-
lar surface (horizontal division) mostly produce neurons or IPCs, 
whereas those dividing vertically or obliquely produce bRGs13,27. 
Vertical and oblique divisions were remarkably increased in SmoM2 
mutants, as compared to controls (42% versus 15%) (Fig. 3f,g). 
Furthermore, radial glia dividing in the ventricular zone but away 
from the ventricular surface were significantly increased in SmoM2 
mutants (Supplementary Fig. 3b–d). Radial glia dividing non-apically  
in the ventricular zone produce bRGs23,29 and may also represent 
bRGs in transit to the SVZ after generation at the ventricular surface; 
bRGs are also found in the inner SVZ and ventricular zone11,14,23. 
Thus, SmoM2 increased the number of bRGs by shifting aRG divi-
sion toward bRG production. SmoM2 also greatly increased the 
number of proliferating IPCs (Fig. 3b and Supplementary Fig. 3b,d),  
resulting in their expansion in the SVZ despite their decreased pro-
duction from aRGs (Fig. 3e). These results suggest that the expan-
sion of bRGs through increased production and self-renewal, along 

with an increased number of IPCs, led to neocortical expansion  
and folding in SmoM2 mutants.

Fate analysis of progenies from aRGs expressing SMOM2
To confirm that SmoM2 shifted aRG division toward bRG production 
at the expense of IPCs and neurons, we transduced aRGs sparsely 
with retroviruses expressing GFP either alone or with SMOM2  
(a constitutively active human SMO) at E13.5 and examined the fates 
of GFP+ cells in transduced clones that had at least two cells. At E15, 
46% of clones expressing GFP alone contained only IPCs and/or  
neurons (IPC/N) without radial glia (IPC/N clones), a further 46% 
contained one aRG with IPC/N (aRG + IPC/N), and 8% contained two 
aRGs with or without IPC/N (2aRGs + IPC/N) (Fig. 4). Similarly to 
what we observed in SmoM2 mutants (Fig. 3e), SMOM2 transduction 
increased clones containing aRGs to 67% (56% aRG + IPC/N and 11% 
2aRG + IPC/N) at the expense of IPC/N clones (33%). Remarkably, by 
E16, the proportion of aRG-containing clones decreased to the control 
level (47%), concomitant with a marked increase in the proportion 
of bRG-containing clones to 23%, which was much higher than that 
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Model-assisted experimentation

Reliability of the tracking subject to
⊙ the experimental delay t2 − t1
⊙ differences in successive S phase durations
Computation of the fraction of “recovered” cells
ρ(t2− t1)

IPP	cycle	 	IPN	cycle	

t2-t1	=	TSIPP		+	TG2IPP		 +	TG1IPN		+	TMIPP		

t2-t1	=	TG2IPP			+	TMIPP		+	TG1IPN		+	TSIPN	

S	phase	 S	phase	G1	phase		G2+M	phases	



In silico cell kinetics experiments
Principles of computation

Retrotracing from the characteristic curve solutions



IPP(t, 0) = γ(t)β(t)FAP(t)

IPP(t, a) =

{
IPP(0, a− t) for t < a < T IPP

C
IPP(t − a, 0) for 0 < a < t

IPN(t, 0) = (1− γ(t))β(t)FAP(t) + 2IPP(t,T IPP
C )

IPN(t, a) =

{
IPN(0, a− t) for t < a < T IPN

C
IPN(t − a, 0) for 0 < a < t


