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Question: Are there mechanical regulators of 

proliferation and/or differentiation during neural 

tube growth?

 Background: Experiments on cell stretching in vitro show that proliferation can 

respond to externally applied mechanical strain (Aragona et al., 2013; Benham-Pyle et al., 

2015; Streichan et al., 2014); 

 also differentiation of stem cells in culture has been shown to be dependent on 

the mechanical properties of their microenvironment (Arulmoli et al., 2015; Engler et al., 

2006; Gilbert et al., 2010; Leipzig and Shoichet, 2009; Pan et al., 2016; Seidlits et al., 2010).

 Neural tube is more complex than the 2D cell monolayers previously studied in 

vitro.



Novelty:

 Changes to cell geometry associated with dense tissue packing play a 

significant role in regulating differentiation rate in the zebrafish neural 

tube. Progenitors that are displaced away from the apical surface due to 

crowding, tend to differentiate in a Notch-dependent manner. 

 Using simulations they show that interplay between progenitor density, 

cell shape and changes in differentiation rate could naturally result in 

negative-feedback control on progenitor cell number.



Introduction

 Tissue growth rate: rate of increase in cell number within the tissue (hr-1).

 It affects two interlinked and essential processes of development: 

 (1) proliferation of a pool of dividing progenitors

 (2) differentiation of progenitors into post-mitotic differentiated cells, which 

reduces progenitor number (progenitor apoptosis negligible).

 In homeostatic tissues: proliferation and differentiation must be perfectly 

balanced to maintain a constant pool of cycling cells.

 In developing tissues: proliferation and differentiation must instead be 

coordinated.



Developing tissues

 Determining how differentiation and proliferation are controlled is 

fundamental to understanding how tissues reach a robust final size, despite 

the stochastic and noisy mechanisms underpinning their development.

 Although many molecular regulators have been established, how these 

connect to physical and geometrical aspects of tissue architecture is poorly 

understood. 



Zebrafish neural tube

 Initial phase of rapid proliferation, and subsequent gradual shift to 

differentiation.

 Throughout neurulation the zebrafish neuroepithelium remains 

pseudostratified.

 Epithelial: Columnar cells with apical-basal polarity, extend apically from the 

basement membrane, and may or may not make contact with the apical domain.

 Pseudostratified: multiple nuclei are packed at different depths.

 Dynamic: As in many other epithelia, neuroepithelial cells round up and divide 

apically, driving extensive rearrangement of nuclei.

24hpf



They used

 High resolution confocal stacks of embryos doubly transgenic for: 

 a ubiquitous membrane label, Tg(actb2: memCherry2): PROGENITORS

 a pan-neuronal marker, Tg(neurod:eGFP): NEURAL CELLS.

 3D cell segmentations using ACME (Mosaliganti, et al., 2012). 

 Measure of cell shape: distance between apical surface and cell centroid (d).

 In toto timelapse imaging datasets that allowed single-cell tracking of neural 

progenitors over 12 h starting from 24 hpf.

 Novel Notch marker.

 Mathematical modelling.



Results

1. Description of the tissue: Densely packed and crowded at the apical 

surface.

2. Progenitors far from the apical surface differentiate.

3. Apical displacement promotes differentiation.

4. The effect of the apical arrested mitotic cell is primarily physical.

5. Notch as a candidate molecular transducer of apical crowding.

6. Apical crowding provides a negative feedback on progenitor number



1. Description of the tissue: Densely packed and crowded at the apical surface.

 Neurons are located basally, progenitors predominantly apical, with a 

large variability in cell shape.

 Density of progenitors varies across tissue.

 Correlation between progenitor density and 

nuclear position.

Fig. 1.



 As progenitors differentiate they move basally.

 As they divide, they move to the apical surface. 

 Movements during interphase 

appear largely undirected.

Fig. 1.



2. Progenitors far from the apical surface differentiate

 Correlation between differentiation 

of progenitors and their apical-basal 

positioning. 

 They analyzed the shapes of 

progenitors prior to their division

in order to make a quantification. 

d: maximum distance of the cell 

nucleus to the apical surface 

observed in a time window 45-60 

min prior to mitosis.

Fig. 2.



 Association between cells whose nuclei were far from the apical surface, and 

cells that rapidly turned on neurod after dividing (Fig. 2C).

 By fitting a simple parametric form to the Kaplan–Meier differentiation curves 

(Fig. 2D,E), they quantify how the differentiation rate (R) depended on 

distance of nucleus to the midline (d) and found a positive correlation 

between the two (Fig. 2F)

Fig. 2.



So far…

 This suggests a model whereby apical crowding induces differentiation:

 High density of cells at the apical surface progenitors displaced 

away from the apical surface increase in differentiation rate (R).

 Testing hypothesis…



3. Apical displacement promotes differentiation

 Locally increase density at the apical surface increase distance 

between the progenitors to the midline.  

 Methodology: arrest a fraction of cells in mitosis (large size and rounded 

morphology) mimic the effect of crowding.

 Progenitors next to arrested cells become neural 

cells more rapidly than control. 

Fig. 3



 No significant difference was found in proliferation rate between regions 

deformed by an arrested cell and unperturbed regions. 

 Together, this suggests that crowding progenitor nuclei away from the 

apical surface leads to an increase in differentiation, but not in 

proliferation.

4. The effect of the apical arrested mitotic cell is primarily physical

 They arrested mitotic cells in such a way that they did not increase 

pressure at the apical surface (they were located close to the basement 

membrane) and therefore do not deform their neighbors to the same 

extent.

 Neighbouring cell nuclei remained apical (Fig 3D).

 It was not observed a local increase in differentiation apical location 

of the mitotic cell is necessary for its neurogenic effect (Fig 3E). 



5. Notch as a candidate molecular transducer of apical crowding

 Notch pathway: is necessary for progenitor maintenance. 

 Background: Previous studies in retina have suggested that Notch activity can 

depend on nuclear position potentially via an apical to basal gradient of 

Notch. 

 Significant downregulation of Notch activity in progenitors adjacent and basal 

to an arrested mitotic cell was found (Fig. 5A, B).

 This supports a model whereby apical crowding inhibits Notch signaling, thus 

causing cells to differentiate.
Fig. 5.



 And last but not least the mathematical model…

6. Apical crowding provides a negative feedback on progenitor number

Red and blue 

regions: s.d. for

3000 independent 

simualations. 



Discussion

 When neural progenitor nuclei are displaced away from the midline (and/or 

their apical surface is compressed), they were more likely to differentiate. This 

suggests that neurogenesis dynamics within the neural tube can be regulated by 

the mechanical properties of the tissue, its environment and how these interact 

to regulate tissue packing.

 This phenomenon could result in negative-feedback control between progenitor 

number and differentiation rate, and that this can significantly reduce 

variability in developmental trajectories.

 The exit from the early proliferative phase of neural tube growth could be 

governed by this mechanical feedback, in addition to known molecular 

regulators.



Future study

 Evaluating the relative importance of cell cycle control, and its coordination 

with differentiation control.

 Exploring different hypothesis concerning Notch regulation (different and 

complementary to the activity of Notch as a readout of cell shape), and also 

different signaling pathways (Wnt, Hippo, signals from the basal compartment, 

etc).

 The function that relates cell shape to differentiation rate may be adjusted 

between different tissues to result in different epithelial thicknesses.

 It will be interesting to determine whether the feedbackcontrol between tissue 

packing and differentiation rate described in this work is a common feature in 

other tissues, how the relationship can be tuned to achieve different 

morphologies. 


