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Figure 7. 3D virtualtissue simulations of the growing limb bud for mesenchymal cells with different
contractile activities

(A) Left: DV x PD section of simulated limb (green - proximal mesenchyme; pink - distal mesenchyme; grey
- ectoderm; black lines - cell boundaries). Right: To simulate contractile cell behaviour, pair of cells form
transient contractile links (white bar) between their centers (white bullets). (B) 3D view of cellular links (white)
from cells near the midplane in an AP x PD cutaway view of the simulated limb bud (Red - epithelium;
transparent - mesenchyme). (C) Stage 20HH limb-bud acquired by OPT, used as initial state of the computer
simulations. 3D views match those of the simulations in the same column. (D-G) Left column: midplane DV x
PD cross-section of the initial limb bud shape in (C) (in red), and orientation of preferred intercalatory
directions (white lines). Second column, same midplane cross-section of the initial (red) and final (green)
simulated limb-bud shape. Rightmost columns show two perspective views of final (stage 23 HH) simulated
limb-bud shapes in 3D. Row (D) Contractile links extend towards the nearest point of AER. (E) Orientation of
the contractile links is influenced both by the AER and the nearest ectoderm. (F) Contractile links extend
preferentially towards (and away from) the nearest point in the ectoderm. (G) Same as in (F), but filopodia in
the distal region (pink) have shorter lifetimes than those in the proximal region. (H) Stage 23HH limb-bud
acquired by OPT in views matching those of the simulations in the same column. Simulations begin from the
shape of the stage 20HH limb bud in (C). In all simulations cells grow isotopically at a uniform rate and divide
along random axes.

A new morphogenetic role for FGF signalling in the distal limb bud

It appeared possible that the morphogenetic abnormality of the previous simulation
(Fig.7F) derived from incorrect cell activities in the distal tip. In our initial simulations all
mesenchymal cells were behaving the same, neglecting any differences in cell behaviour
in proximal and distal mesenchyme. Orienting intercalatory activities along the cell-
ectoderm axis produces an AP and DV oriented contractile force in the proximal limb bud
that causes limb elongation, but it causes a PD oriented contractile force at the distal tip
of the limb bud, which opposes the extension. This could explain why the simulated limb
shapes had a flattened tip. In comparison to the real limb buds, the difference could be
that the tip mesenchyme is under the influence of the FGF signalling, which was implicated
in stimulating cell motility (Reiter and Solursh 1982, Li and Muneoka 1999, Gros, Hu et al.
2010). Interestingly, FGFR1 mutant mice also exhibit limb buds that are shorter in the PD
direction and broader in DV and AP (Verheyden, Lewandoski et al. 2005), similar to the
simulation result shown in Figure 7F. In other contexts FGFR1 signalling has been shown
to inhibit E-cadherin expression, thereby allowing cells to become more motile (Ciruna and
Rossant 2001).

To test the influence of higher cell motility on the limb shape we tested a final new model

in which we defined a distal zone of mesenchyme, based on its distance from the AER, and
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reduced filopodial persistence in that region (pink arrows in Figure 7G). The higher turn-
over of links is equivalent to faster, more dynamic cell activity. This change to the computer
simulation made a significant difference to the shape - the limb bud extended further
distally, avoiding the bulging shape of the previous model, and matched the 3D geometry
of a HH23 limb bud remarkably well (Figure 7H).

The model thus predicts that correct morphogenesis is possible when the majority of the
limb bud mesenchyme shows ectodermally-oriented cell intercalation, and when these
coherent contraction forces are reduced in the distal tip. The tip cells in our simulations
must have shorter link life-times than the rest of the tissue, which in real limbs, could
correspond to higher cellular motility induced by FGF signalling and our own observations
of differences in cell shapes between distal cells and the rest of limb mesenchyme (Figure
5M).

Discussion

Combining a novel in ovo two-photon imaging, 3D tomographic scanning and a multi-cell
virtual-tissue simulation, we propose a new view of how events at the cellular level
determine limb bud morphogenesis at the organ level. The measured orientations of cell
divisions are not compatible with an important role in regulating tissue shape. Similarly,
active migration is seen in a small number of cells (6%) and is neither coordinated nor
biased along the PD axis. Instead we propose that the major driving force for tissue
elongation is cellular intercalation, which leads to a process of growth-compensated
convergent-extension (Figure 8). Using a 3D cell-based computer model to explore
hypothetical scenarios for the spatial distribution of orientations, we obtained a clear
theoretical prediction that active cellular intercalation towards the closest ectoderm is a
viable model for limb bud elongation. Our map of Golgi and filopodial orientations shown

that mesenchymal cells are indeed oriented in such direction.
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Figure 8. Proposed model of early limb bud morphogenesis

In most of the limb bud, cells are oriented perpendicular to the PD axis, and perform intercalatory
movements (red arrows). Occasionally they divide, which involves briefly rounding-up into a spherical shape,
then splitting into 2 daughter cells which initially take up a similar combined shape as the original mother
cell, and then migrate off in opposite directions. The daughter cell which migrated away from the nearest
ectoderm then appears to re-orient its Golgi, since the majority of cells analysed have their Golgi closest to
the ectoderm (see Fig.5). Finally, cells in the distal tip show greater motility, and therefore more fluid tissue
behaviour, possibly due to faster filopodial activity under the influence of FGF signalling. The correct

morphogenesis is thus achieved by a combination of convergent-extension in most of the bud, and a softer

tip region whose lack of tension permits the expansion.

Our model also proposes a new morphogenetic role for FGF signalling in the distal limb
bud, where FGF increases random cell motility and in such way lowers cells’ ability to
intercalate. Although throughout most of the bud, cellular intercalation is towards the
nearest ectoderm and therefore perpendicular to the PD axis, in the distal tip ectodermally-
oriented convergence would act in the wrong direction (parallel to the PD axis). The
computer model shows that if distal cells intercalate less, this allows the correct shape
changes to proceed. Unlike the rest of the limb bud, we observed that distal mesenchyme
is less-tightly organized (Fig.5M). Additionally, higher FGF signalling correlated with faster
cellular dynamics agrees with previous evidence that FGF signalling acts to stimulate

random cell motility (Gros, Hu et al. 2010) However, at the tissue level our hypothesis
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differs greatly from the previously suggested mechanism of morphogenesis. Both in the tail
bud and the limb bud the higher distal motility has been proposed to drive elongation
through a process of “mass action” of randomly moving cells (Benazeraf, Francois et al.
2010, Gros, Hu et al. 2010). Here, by contrast, we propose that the primary driving force is
convergent-extension in the proximal regions of the limb bud. The higher motility of the
distal cells in our model renders the tip more fluid, thus preventing convergent-extension
in this region, which would otherwise be oriented in such a way as to inhibit limb bud

outgrowth.

It may be useful to clarify the apparent discrepancy between our conclusions, and
previous reports of active cell migration (Gros, Hu et al. 2010, Wyngaarden, Vogeli et al.
2010). The movement of any cell can be explained as a combination of extrinsic and
intrinsic forces, or large-scale movement and active cell movement. The first category
describes the fact that every cell is pushed by the general flow of the tissue. This
movement will generally be coherent, as for example, two cells near to each other in
the distal region of the limb bud will both tend to move away from the body at a
similar speed. However, this coherence says little about the active movements made
by the individual cells. For example, if fluorescent micro-beads were distributed
throughout the tissue and tracked over time, their movements would also be highly
correlated, despite being passive objects that exert no active forces in the tissue. To
understand what cells are actively doing (and therefore how the large-scale tissue
movements are driven) requires examining their local activities. By subtracting the
tissue movements from the cell movements, we saw that local relative cell movements
are not very coherent - indeed cells move away from each other along the PD axis (Figure
4G) - which implied that cell intercalation might be a more plausible mechanism of limb
elongation than distal-ward cell migration. Additionally, previous studies showed that the
PD elongation of the tissue does not depend on mechanical forces from the overlying
ectoderm (Saunders 1948, Martin and Lewis 1986), thus it is much more likely that the
general distalward flow of tissue is driven directly by this observed local intercalatory

behaviour.
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Although we propose a different role for FGF signalling on limb morphogenesis, our
analysis is compatible with previous proposals about which are the most important
molecular pathways involved in limb morphogenesis (FGFs, Wnts and PCP). As
mentioned above, FGFs promotes higher cell motility and lower adhesiveness
(Verheyden, Lewandoski et al. 2005, Gros, Hu et al. 2010), which helps to lower the
intercalation at the tip. Directionality is thought to be provided by Wnt signalling
(Heisenberg, Tada et al. 2000, Kilian, Mansukoski et al. 2003, Gong, Mo et al. 2004,
Gros, Serralbo et al. 2009), and Wnt5a has been the more obvious candidate, due to its
involvement with non-canonical signalling and the PCP system (He, Xiong et al. 2008,
Wang, Sinha et al. 2011). Our results open hew questions about how the PCP pathway
could be involved. The Wntba gradient is along the PD axis with highest concentrations
distally. Cell orientations in much of the bud are essentially DV, but in the distal region
they are PD. For Wntba to specify these orientations would require opposite responses
under the AER compared to under the dorsal and ventral ectoderm. We would suggest that
the orientation may rather be achieved by a general ectodermal signal, such as Wnt3a

(Parr, Shea et al. 1993, Barrow, Thomas et al. 2003), so that - well as under the AER.

Regarding generality of the model beyond limb development, it is important to highlight
that despite superficial similarities with a recent proposal for primary axis elongation
(Mongera et al. 2018), the two models are significantly different. The “fluid-to-solid
transition” model of Mongera et al. also involves a distal (posterior) region of mesenchyme
that is more fluid than the more proximal (anterior) tissue. However, in that model the force
generation for physical elongation comes primarily from active tissue growth in the fluid
region. The solid region acts as a rigid base imposing mechanical constraints on the
growing region - in particular, preventing its expansion laterally and anteriorly, and thus
mechanically guiding it to expand in the posterior direction. By contrast, in our model of
limb morphogenesis, it is the growth and intercalatory activity of the more rigid tissue,
which generates the active forces for limb elongation. Fluidity in the distal limb bud is only
necessary to avoid “blocking” elongation. It is intriguing that the spatial distributions of
mechanical properties may be similar, despite a fundamentally different causal

mechanism for elongation.
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Experimental procedures

We developed an in ovo live two-photon imaging technique to analyse cell behaviour,
and used the Glazier-Graner-Hogeweg (GGH) computational model with Compucell3D
interface (Swat, Thomas et al. 2012) to mathematically test different proposed
mechanisms behind limb morphogenesis. We also performed limb bud section
immunostaining and statistically analysed mesenchymal cell orientations at different
stages. Additional details on techniques and procedures are listed in the Supplemental

Information.
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