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Abstract

Background: In vertebrate embryogenesis, cranial neural crest cells (CNCCs)
migrate along discrete pathways. Analyses in the chick have identified key
molecular candidates for the confinement of CNCC migration to stereotypical
pathways as Colec12, Trail, and Dan. The effects of these factors on CNCCs
in vitro are known, but how they confine migration to discrete streams in vivo
remains poorly understood. Here, we propose and test several hypothetical
mechanisms by which these factors confine cell streams and maintain coher-
ent migration, simulating an expanded agent-based model for collective CNCC
migration.

Results: Model simulations suggest that Trail enhances adhesion between
CNCCs, facilitating movement towards stereotypical migratory pathways,
whereas Colec12 confines CNCCs by inducing longer, branched filopodia that
facilitate movement down Colec12 gradients and re-connections with streams.
Moreover, we find that Trail and Colec12 facilitate the exchange of CNCCs
and the formation of CNCC bridges between adjacent streams that are
observed in vivo but poorly understood mechanistically. Finally, we predict
that Dan increases the coherence of streams by modulating the speed of
CNCCs at the leading edge of collectives to prevent escape.

Conclusions: Our work highlights the importance of Trail, Colec12, and Dan
in CNCC migration and predicts novel mechanisms for the confinement of
CNCGCs to stereotypical pathways in vivo.

KEYWORDS

cell confinement, chemical signaling, collective migration, cranial neural crest,
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1 | INTRODUCTION

The collective migration of cranial neural crest cells
(CNCCs) is a crucial process in vertebrate development
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that leads to the formation of bone, cartilage, and connec-
tive tissues of the face."” During embryogenesis, CNCCs
emerge from the hindbrain (thombomere [r] segments
r1-7) and migrate dorsolaterally in discrete streams
towards the branchial arches (bal-4), where subsequent
cell proliferation and patterning occur. A crucial aspect
of successful migration and subsequent craniofacial pat-
terning is the maintenance of spatial separation between
adjacent CNCC streams throughout migration. If mixing
between streams occurs, a range of birth defects, termed
neurocristopathies, may result.>* As such, a better under-
standing of the mechanisms governing the confinement
of CNCC trajectories to distinct stereotypical migratory
pathways could provide pathological insights into cranio-
facial anomalies and identify therapeutic opportunities to
minimize costly repair surgeries.’

During migration, CNCCs form streams adjacent to
rhombomeres r1/2/4/6 that remain separated by regi-
ons void of CNCCs adjacent to rhombomeres r3/5°
(Figure 1A). In the chick cranial microenvironment,
vascular endothelial growth factor (VEGF) is a chemoat-
tractant that facilitates targeted CNCC invasion from r4
to ba2 (Figure 1B). CNCCs express VEGF receptor 2 and
Neuropilin 1 receptors and respond to self-induced
VEGF gradients (gradients in VEGF generated by
CNCC-induced VEGF degradation).'®'" In vivo single-
cell profiling of chick CNCCs has revealed molecular
heterogeneities within migrating streams, with cells at
the leading edge of collectives exhibiting upregulated
expression of genes that regulate dynamic cell protru-
sions, ECM degradation, and ECM attachment.'?
Conversely, cells behind the leading edge express cell
adhesion genes distinct from leading cells.'” Such find-
ings suggest that the collective invasion of the branchial
arches in the embryonic cranial neural crest is facili-
tated by a differential response to microenvironmental
signals in leading and trailing CNCC populations,
wherein leading cells move primarily in response to che-
moattractant gradients (such as self-induced gradients
in VEGF) and trailing cells move according to cell-cell
guidance cues to create loosely connected streams of
CNCCs that populate bal-4.

The factors influencing the exit locations of newly
delaminated CNCCs onto stereotypical migratory path-
ways in the paraxial mesoderm have been well-studied.
Apoptosis is thought to play a role in regulating the num-
ber of CNCCs exiting from the odd-numbered rhombo-
meres, r3 and r5.'*'* However, it is unlikely that
apoptosis alone is responsible for maintaining spatial sep-
aration between adjacent streams for the duration of
migration towards the branchial arches. After emergence
from the hindbrain in the regions adjacent to r2-5, the
over-expression of soluble Neuropilin-1/2 Fc in the chick
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cranial microenvironment has been observed to result in
the movement of CNCCs into the CNCC-free zone adja-
cent to r3."> This observation is suggestive of a role for
Neuropilin-1/2 in the early confinement of CNCCs in
regions adjacent to the hindbrain (~0-200 pm from the
dorsal mid-line of the neural tube). However, it is
also likely that other factors beyond regions of Semaphor-
ins adjacent to the hindbrain are responsible for confine-
ment in the subsequent stages of migration where
CNCCs collectively migrate long distances through the
mesoderm between the dorsal neural tube and the bran-
chial arches.

In Xenopus, Versican has been shown to confine
CNCC collectives by forming inhibitory boundaries in
placodal tissues near the branchial arches that prevent
the mixing of adjacent streams in late-stage migration.'®
However, Versican loss-of-function experiments show
that reduced Versican expression does not result in exten-
sive mixing between adjacent streams in vivo, meaning
that other factors must also be responsible for the con-
finement of CNCCs to distinct stereotypical migratory
pathways prior to invasion of the branchial arches. Simi-
larly, CNCCs have also been found to avoid regions of
EphB2 and Ephrin-B1 expression in the chick cranial
microenvironment.'” However, the expression of EphB2
and Ephrin-B1 lateral to the otic vesicle and ba2 means
that these factors are also unlikely to be responsible for
the confinement of CNCCs to discrete streams as they
migrate away from the hindbrain towards targets in the
branchial arches. These observations have led to more
recent investigations of the factors expressed in the meso-
derm that confine CNCCs to discrete streams for the dura-
tion of migration. Expression analyses conducted in the
chick cranial microenvironment have highlighted Dan
(NBL1, a Dan family BMP antagonist), Trail (tumor necro-
sis factor-related apoptosis-inducing ligand, CD253), and
Colecl2 (Collectin-12, a transmembrane scavenger recep-
tor C-type lectin) as factors expressed along, and adjacent
to, stereotypical migratory pathways that confine CNCCs
to discrete, spatially-separated streams during migra-
tion.'®'® However, the mechanisms through which these
factors confine CNCC movement to stereotypical migra-
tory pathways in the cranial neural crest remain unclear.

Dan has been found to restrict CNCC movement in
stripe assays and average cell speed and displacement are
reduced in vitro when Dan protein is added to the culture
media.'® Furthermore, Dan is expressed in the paraxial
mesoderm adjacent to the hindbrain and its concentra-
tion is reduced in regions through which CNCCs have
previously migrated. These observations are suggestive of
a mechanism where migrating CNCCs degrade Dan in
the chick, though this hypothesis has not yet been
validated experimentally. The addition of Dan into a
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FIGURE 1 (A) Schematic of CNCC migration (based on prior works®®). CNCCs emerge from r1-7 and are sculpted into discrete
streams that remain spatially separated during invasion of bal-4. The majority of CNCCs originate from r2/4/6 and populate bal-3,
respectively. CNCCs emerging from r3 and r5 are diverted into the regions adjacent to 12, r4, and r6 due to the presence of inhibitory signals
in the paraxial mesoderm adjacent to r3 and r5 (dark green). (B) Schematic of CNCC migration from r4 to ba2 in vivo. CNCCs emerge from
r3-5 and are sculpted into a single stream adjacent to r4 that populates ba2. VEGF guides migration towards ba2, while inhibitory signaling
in the CNCC-free zones adjacent to r3 and r5 (dark green) prevents migration into the regions adjacent to r3 and r5. Additional inhibitory
signaling in the regions proximal to the hindbrain adjacent to r3-5 (translucent gray) modulates CNCC speed after delamination from the
rhombomeric hindbrain. (C) Movement rules in the agent-based model (ABM). Leader cells (green) extend multiple filopodia (black lines) at
random orientations to sample local VEGF gradients and move in the direction of the highest detected positive gradient. Followers (red)
form loosely connected chains behind leaders and move in the same direction as the leader at the front of a chain. If a follower moves out of
the range of interaction of a chain, it executes an unbiased random walk until a chain is detected. (D) Schematic of CNCC migration in the
model. CNCCs migrate along the r4-ba2 pathway for a period of 24 h. Leader cells (green) migrate up self-induced VEGF gradients towards
ba2, while follower cells (red) move according to directional cues from cell-cell contacts, facilitating migration as a collective. Trail and
Colec12 (dark green) are present for a portion of the regions adjacent to r3 and r5 in the x-direction, as observed in vivo. Dan (translucent
gray) is also present for a portion of the regions adjacent to r3-5 and modulates the speed of CNCCs during migration. The domain through
which CNCCs migrate grows in the x-direction but remains at a constant width in the y-direction.

computational model of CNCC migration showed that
cell speed modulation in the presence of Dan is a poten-
tial mechanism by which the frequent break-up of collec-
tives observed in prior models can be prevented through
a reduction in cell dispersal.’” However, this model
neglected the spatial variations in Dan concentration
along the r4-ba2 pathway that are observed in vivo,

instead assuming that CNCC speed was reduced uni-
formly across streams exposed to Dan. In reality, it is
likely that the reduced concentration of Dan in regions
through which CNCCs have previously migrated results
in a spatially varying effect on CNCCs, with a stronger
influence on cells at the leading edge where Dan concen-
tration is, on average, higher.
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Subsequent analyses in the chick cranial microenvi-
ronment have also revealed high expression of Trail and
Colec12 in CNCC-free zones adjacent to CNCC streams.
In vitro assays have highlighted the effects of Trail and
Colec12 on chick CNCC morphology, migratory dynam-
ics, and cell-cell interactions.'® Trail has been found to
enhance cell-cell adhesion in chick CNCCs, resulting in
clustered amoeboid-like motion rather than movement
as individuals, as observed in control media. Moreover, a
significant reduction in both the average speed and dis-
placement of CNCCs has been observed in cells cultured
in the presence of Trail. Conversely, equivalent assays
have highlighted a change in chick CNCC morphology in
the presence of Colec12 through the formation of longer,
non-retracting filopodial protrusions with increased
branching relative to assays in control media. In vivo,
chick CNCCs in regions of Colecl2 expression have also
been observed to reverse direction and migrate back
towards the neural tube. The mechanism driving this
movement back towards the neural tube remains
unclear, though it is possible that CNCCs migrate down
gradients of Colec12 expression via chemotaxis, which is
a well-documented mechanism of migration in CNCC
populations.?® Experiments in the chick show that loss-
of-function of either Trail or Colecl2 results in the
increased deviation of migrating chick CNCCs away from
stereotypical migratory pathways and into neighboring
CNCC-free zones. However, as in the case of Dan, the
biological mechanisms through which Trail and Colec12
restrict CNCC movement to stereotypical migratory path-
ways in collective invasion of the branchial arches
remain unclear. An agent-based model (ABM) for chick
CNCC migration has been used to predict that the con-
finement of CNCCs to the r4-ba2 pathway by factors
expressed adjacent to r3/5 is only necessary for the first
third of the migratory domain (400 pm) to prevent a
breakdown in the collective invasion of ba2.'® This pre-
diction guided subsequent experiments, which found the
enhanced expression of both Trail and Colecl2 for
approximately the first 400 pm of typical CNCC-free
zones adjacent to r3/5. However, this model and other
previous models of CNCC migration'>'>*' considered a
simplistic representation of inhibitory signaling via the
imposition of zero-flux boundary conditions on CNCCs
at the axial borders of the regions adjacent to r3/5 and, as
such, did not permit an exploration of the mechanisms
through which Trail and Colecl2 confine CNCC migra-
tion to the r4-ba2 pathway in vivo.

The discoveries in the chick of factors like Dan'® and
Colec12/Trail*® that appear to confine CNCC streams
and facilitate collective migration are exciting, but lead to
further questions regarding the mechanisms by which
they achieve confinement. Here, we extend previous
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computational models of CNCC migration to address the
issues that they faced, such as frequent stream-breakage
and the necessary, but experimentally unmotivated
assumption of zero-flux boundary conditions on cells
to confine streams. By using previous experimental
observations,'®'® we construct and test hypothetical
mechanisms by which Trail, Colec12, and Dan interact
with migrating CNCCs to facilitate collective migration
along the r4-ba2 pathway. Using a stochastic ABM for
r4-ba2 CNCC migration, we then study the effect of
these mechanisms on collective CNCC migration, and
hence aim to provide new insights into the complex inter-
play between, and relative importance of, Trail, Colec12,
and Dan in maintaining collective migration along ste-
reotypical pathways in the cranial neural crest. The
model couples an existing stochastic ABM for chick
CNCC r4-ba2 migration'? to a continuum partial differ-
ential equation (PDE) model for the dynamics of factors
expressed adjacent to and along stereotypical migratory
pathways and builds on prior iterations of the model by
explicitly integrating the effects of chemical signaling on
cell speed, direction, and cell-cell interactions.

2 | RESULTS

The ABM for CNCC migration focuses on the migration
of CNCCs through a region adjacent to r4, the r4-ba2
pathway, that is enclosed by CNCC-free zones adjacent
to r3 and r5 (Figure 1B). The model is a two-dimensional
representation of in vivo migration through the three-
dimensional mesenchyme of the chick embryo, and as
such, may be taken to represent the migration of a sin-
gle layer of CNCCs within a stream. Cells are repre-
sented as discrete two-dimensional non-overlapping
discs whose migration depends on the concentration of
VEGF, Dan, Trail, and Colec12 in their neighborhood.
In vivo, CNCCs migrate along curved trajectories.*
Though the effect of domain curvature on migration is
unknown for this ABM, it has recently been shown
that for a purely deterministic model, curvature does
not significantly impact cell motion.** As such, the r4—
ba2 pathway is approximated as a two-dimensional
rectangle in which VEGF is present everywhere and
Dan is present for a certain proportion of the pathway
in the x-direction (Figure 1D). Hence, the r4-ba2 path-
way is assumed to grow in length in a spatially uniform
manner from approximately 300 to 1100 pm over a
period of 24 h and its width is a constant value of
120 pm throughout migration, corresponding to the
anterior-to-posterior length of r4 in the chick. The
assumption of spatially uniform domain growth is
made for computational simplicity, though it has been
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observed that mesoderm grows non-uniformly in both
space and time during chick head morphogenesis.*
Relaxing this model assumption is a subject of future
work. The r4-ba2 pathway is also enclosed by two
CNCC-free zones adjacent to r3 and r5, each of width
120 um, in which VEGF is expressed everywhere and
Trail, Colec12, and Dan are present for a certain pro-
portion of the domain in the x-direction, and that grow
in length at the same rate as the r4-ba2 pathway. For
the chick embryo, there is currently no explicit discus-
sion of VEGF expression adjacent to r3/5 in the experi-
mental literature. Here, we assume that VEGF is
expressed in these regions as this is likely to drive the
invasion of leader cells into CNCC-free zones and
hence, presents the best test of robustness for our pro-
posed mechanisms of CNCC confinement. As in prior
ABMs of CNCC migration,'*'®'® cells adopt one of two
phenotypes—Ileader or follower. In leader—follower
models of CNCC migration, cells at the leading edge of
collectives move up self-induced VEGF gradients
sensed by filopodial protrusions. Cells behind the lead-
ing edge, where VEGF gradients are not detectable due
to the degradation and dilution of VEGF by CNCCs
and tissue growth, respectively, instead form chains of
cells close to each other, in which all follower cells
receive the same directional cues from a leader cell at
the front of a chain (Figure 1C). In the ABM, a follower
cell joins a chain upon the detection of another cell
currently in a chain. Once in a chain, follower cells
move in the same direction as the leader cell at the
front of their respective chain, to create a stream of
cells that migrate as a collective. In the chick cranial
neural crest, VEGF signaling induces the expression of
genes associated with a leader cell phenotype.?’ To
reflect this in the ABM, we implement a mechanism of
phenotype switching, wherein a follower cell that over-
takes a leader cell adopts a leader phenotype and the
leader cell that is overtaken adopts a follower
phenotype, thus ensuring that leader cells remain at
the leading edge of collectives where VEGF concentra-
tion is highest, on average. This mechanism is a com-
putationally simple abstraction of VEGF-induced
phenotype switching that has been used in a prior
model of CNCC migration'? and in many models of
CNCC migration produces qualitatively similar migra-
tory profiles to those in which phenotype switching
depends on time-averaged VEGF exposure.”’ This
mechanism also fixes the number of leader cells in a
simulation, which is another common simplification in
models of CNCC migration. A full description of the
ABM and parameter values can be found in Section 4
and videos of example simulations can be found in
Videos S1-S3.
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2.1 | Trail and Colecl2 confine CNCCs to
the r4-ba2 pathway in collective migration

Expression profile analyses of the paraxial mesoderm
through which CNCCs migrate have revealed enhanced
levels of Trail and Colec12 expression in typically CNCC-
free zones adjacent to r3 and r5. Furthermore, in vitro,
CNCCs have been found to avoid regions of either Trail
or Colecl2 expression.'® These findings suggest that
both Trail and Colecl2 play a role in the confinement
of CNCCs to stereotypical migratory pathways during
migration.

In vitro experiments have shown that CNCCs exposed
to Colec12 protein extend longer, more branched protru-
sions that retract at a slower rate than in control media."®
To investigate the effects of Colecl12 on the spatial con-
finement of CNCCs, we used the ABM to study CNCC
migration along the r4-ba2 pathway with Colecl2 pre-
sent in the CNCC-free zones adjacent to r3 and r5. In the
ABM, Colecl2 is present for a certain proportion of
the CNCC-free zones adjacent to r3 and r5 (Figure 2A).
The proportion of CNCC-free zones for which Colec12 is
present remains constant during domain growth, such
that the distance over which Colec12 is present in CNCC-
free zones increases as the domain is extended. CNCCs
that encounter Colec12 extend filopodial protrusions that
are 1.5 times longer than at baseline. We choose to repre-
sent the increased branching of filopodia in CNCCs
exposed to Colecl2 by the extension of five times the
number of filopodia in a given time interval. Further-
more, we represent the slower retraction of filopodia by
CNCCs by increasing the time interval over which cells
extend new filopodia by a factor of 10 (such that a given
filopodium remains extended for a longer period of time).
A visual summary of the effects of Colec12 protein on
CNCCs in the ABM can be seen in Figure 2C and a full
description of the parameterization and representation of
the effects of Colecl2 in the ABM can be found in
Section 4.7.

In order to quantify the extent to which Colec12 con-
fines CNCCs to the r4-ba2 pathway in model simula-
tions, we define three regions of the r4-ba2 pathway
and adjacent CNCC-free zones according to their dis-
tance from the central mid-line of the r4-ba2 pathway
(Figure 2B). After 24 h of migration, we classify CNCC
positions in zones of no, minor, or major deviation
according to the endpoint of their trajectory in the
domain.

Simulations of the ABM show that CNCC interactions
with Colecl2 sub-regions have a minimal effect on the
overall confinement of migrating CNCCs to the r4-ba2
pathway. By varying the proportion of CNCC-free zones
for which Colecl2 is present (Figure 2A), we found no

5L 1T SO aAIER1D) 3|eat|dde ay) Aq pauenoh ale sapie YO ‘8sn Josajnt Joj AkiqiauljuQ 481N UO (SUOIIPUOI-pUe-SLLLBI/W0Y' A3 | IM* AReiq | U 1|UO//SdNY) SUONIPUOD pUe SWB | 3Y) 88S *[9202/20/.0] Uo AkeiqiauliuQ AS|IA\ ‘90us|paX3 e pue L) eaH 10 alnisu| euoieN ‘IO IN Aq 22002 APAP/Z00T 0T/I0p/wod A 1m Areiq 1 putjuosgndAwoeue//sdny wouy pepeojumod ‘T ‘9202 'LLT0L60T



“S_LW] LEY— DD Developmental Dynamics
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Final cell position classified according to
perpendicular distance from the midline of the r4-
ba2 pathway (dashed white line).

(D) The effect of Trail in the ABM

Trail not present
4

Trail present

o Cell speed is reduced by 25% in the presence
of Trail.

e Chained follower cells move directly towards
the cell ahead in the chain, rather than in the
same direction as the leader cell at the front
of the chain. Leader cells move towards a
randomly selected chained follower cell (blue
arrows indicate direction of movement).

(A) Schematic of the expression patterns of Trail and Colec12 in Section 2.1. Trail and/or Colec12 are expressed for a certain

proportion of the CNCC-free zones adjacent to r3/5 in the x-direction, which is varied to study the effects of Trail and Colec12 expression on
CNCC confinement. In the initial computational experiments where Trail and Colec12 are expressed for variable proportions of CNCC-free
zones, Dan is not expressed anywhere in the domain and VEGF is expressed everywhere in the domain. (B) Schematic showing zones of
deviation in the ABM. The final position of CNCCs in the domain is classified by their perpendicular distance from the midline of the r4-ba2

pathway after 24 h of migration. If a cell remains in the r4-ba2 pathway after 24 h, it lies in a zone of no deviation. Cells in CNCC-free

regions within 60-120 pm of the mid-line of the r4-ba2 pathway after migration are classified as having exhibited a minor deviation. All

other cells are classified as having exhibited a major deviation in migration. (C) Schematic for the effects of Colec12 in the ABM. CNCCs

that encounter Colec12 extend five times the number of filopodial protrusions, that are each 1.5 times longer in length than at baseline.

Filopodia are also retracted 10 times more slowly than at baseline. In the revised model representation of the interaction between Colec12

protein and CNCCs, CNCCs also undergo chemotaxis down concentration gradients in Colec12, driving movement away from regions of

Colec12 expression back towards the r4-ba2 pathway. (D) Schematic for the effects of Trail in the ABM. Movement speed is reduced by 25%

when cells encounter Trail. Follower CNCCs exposed to Trail also move directly towards the cell in front of them in a chain and leader

CNCCs move towards a randomly selected chained follower CNCC, to represent an increase in cell-cell adhesion.

correlation between the proportion of CNCC-free zones
for which Colecl2 is present and the extent to which
CNCCs remain confined to the r4-ba2 pathway for the
24 h period of migration (Figure 6, Section 4.11). For all
distances of Colec12 expression in CNCC-free zones, we
found that approximately 35% of CNCCs lay in regions of
minor or major deviation after migration ended.

Furthermore, we found that this lack of confinement to
the r4-ba2 pathway led to the frequent break-up of col-
lectives and a subsequent breakdown in collective
migration. This finding is suggestive of an additional
mechanism of interaction between Colec12 and CNCCs
that is responsible for their confinement during
migration.
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Motivated by the observation that CNCCs exposed to
Colec12 in vivo frequently change direction and migrate
back towards the neural tube,'® we added a mechanism of
chemotaxis in CNCCs exposed to Colecl2 protein, such
that they migrate down concentration gradients of Colec12
in the model (Figure 2C). When this mechanism of inter-
action was added to the model representation of Colec12,
a strong dependence between the extent of CNCC confine-
ment to the r4-ba2 pathway and the proportion of CNCC-
free zones for which Colec12 is expressed in CNCC-free
regions emerged. We found that as the proportion of
CNCC-free zones for which Colec12 is expressed increases,
the overall confinement of CNCCs to the r4-ba2 pathway
after the 24 h period of migration increases from approxi-
mately 65% confinement for no Colecl2 expression in
CNCC-free zones to approximately 95% confinement when
Colec12 is expressed for the full length of CNCC-free
zones (Figure 3A). Based on these observations, we
hypothesize that chemotaxis down gradients in Colecl2
protein is the primary mechanism through which Colec12
confines CNCCs to the r4-ba2 pathway during migration.
The morphological effects of Colec12 on CNCCs observed
in vitro may, therefore, be interpreted as mechanisms that
increase the likelihood of gradient detection through the
extension of longer, more branched filopodia.

To study the effect of Trail expression in CNCC-free
zones adjacent to r3/5, we conducted a similar investigation
by varying the fraction of CNCC-free zones for which Trail
is present. In vitro, Trail reduces the speed at which CNCCs
move and increases adhesion between CNCCs, resulting in
an amoeboid-like movement.'® To represent the effects of
Trail on CNCCs in the ABM, we reduce cell speed in the
presence of Trail protein by 25% and alter the mechanism
through which CNCCs move when they encounter Trail. In
the absence of Trail, follower cells in the ABM move by
forming chains of cells with a leader at the front
(Figure 1C). If a follower cell lies in a chain at the time of
movement, it moves in the same direction as the leader cell
at the front of its respective chain. In regions of Trail expres-
sion, we represent an increase in cell-cell adhesion by alter-
ing the mechanisms of CNCC movement, such that
follower cells instead move directly towards the cell in front
of them in their respective chain and leader cells move
towards a randomly selected chained follower cell, directing
CNCC movement towards areas of higher cell density, on
average. A visual summary of the effects of Trail expression
on CNCCs in the ABM can be seen in Figure 2D, and a full
description of the parameterization and representation of
Trail expression in the ABM can be found in Section 4.6.

As in the case of our modified model for Colecl2
expression in CNCC-free zones, we find a strong depen-
dence between the proportion of CNCCs confined to the
r4-ba2 pathway at 24 h and the fraction of CNCC-free
zones adjacent to r3 and r5 for which Trail is expressed.
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Model simulations suggest that increasing the length over
which Trail is expressed in CNCC-free zones increases
the overall confinement of CNCCs to the r4-ba2 pathway
from approximately 65% confinement for no Trail expres-
sion to approximately 90% confinement for expression
along the entire length of CNCC-free zones (Figure 3B).
These observations suggest that the effects of Trail on
CNCCs noted in vitro are mechanisms through which
Trail may confine CNCCs to the r4-ba2 pathway during
migration. By increasing cell-cell adhesion, Trail may
drive CNCC movement into regions of high cell density,
and hence, towards the stream along the r4-ba2 pathway.

We concluded our investigation of the effects of Trail
and Colec12 expression in CNCC-free zones by investigat-
ing the combined effects of both Trail and Colec12 expres-
sion in CNCC-free zones adjacent to r3 and r5 on the
confinement of CNCCs to the r4-ba2 pathway. As in our
prior investigations of the effects of either Trail or Colec12
expression in CNCC-free zones, we conducted simulations
in which both Trail and Colec12 are expressed for a fraction
of the CNCC-free zones adjacent to r3/5. Simulations of
this model reveal that the proportion of CNCCs confined to
the r4-ba2 pathway with both Trail and Colecl12 expressed
is higher than in the cases of either Trail or Colec12 expres-
sion in CNCC-free zones (Figure 3C). We find that the con-
finement of CNCCs to the r4-ba2 pathway increases from
65% for no Trail or Colecl2 expression in CNCC-free zones
adjacent to r3 and r5 to almost 100% confinement for the
expression of both Trail and Colec12 along the full length
of CNCC-free zones. The expression of both Trail and
Colec12 in the CNCC-free zones adjacent to the r4-ba2
pathway is, therefore, a mechanism that mitigates against
large migratory defects by preventing the invasion of
CNCC-free zones (Figure 3D).

To summarize, model simulations of Trail and/or
Colec12 expression in CNCC-free zones adjacent to stereo-
typical migratory pathways suggest that Trail and Colec12
are complementary factors for the confinement of CNCCs
to stereotypical migratory pathways during migration. In
simulations, the confinement of CNCCs to stereotypical
migratory pathways increases with the fraction of CNCC-
free zones for which either factor is expressed. Further-
more, the confinement of CNCCs to stereotypical migra-
tory pathways in model simulations is maximized when
both Trail and Colec12 are present in CNCC-free zones.

2.2 | CNCC-induced degradation of Dan
increases stream coherence through
differential CNCC speed modulation

Dan is a bone morphogenetic protein (BMP) antagonist
that has been found to exhibit a dynamic expression pro-
file along stereotypical migratory pathways in the chick
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(A-C) The confinement of migrating CNCCs to the r4-ba2 pathway as a function of the fraction of CNCC-free zones for

which Colec12, Trail, or Colec12/Trail are present. In all simulations, Dan is not present anywhere in the domain and VEGF is present

everywhere in the domain. (D) Truncated kernel density estimates for the distribution of final CNCC y coordinates relative to the mid-line of

the r4-ba2 pathway when Trail and Colec12 are not expressed and are expressed for the full length of CNCC-free zones. Dashed lines

indicate the maximum and minimum deviations when Trail and Colec12 are expressed for the full length of CNCC-free zones. Both kernel
density estimates are displayed only between the maximum and minimum values in each respective data set to avoid displaying non-zero
densities for distances beyond extremal data points. The results in each plot are averaged over 500 simulations.

cranial neural crest.'” Prior to migration, Dan is present
throughout the regions parallel to the body axis adjacent
to r1-7. However, after CNCCs populate the branchial
arches, Dan concentration is lower in regions through
which CNCCs have previously migrated. This observa-
tion suggests that Dan may be degraded by CNCCs dur-
ing their migration, though this has not yet been verified
experimentally. In vitro, CNCCs avoid regions of Dan
expression and move more slowly when they encounter
Dan protein, suggesting that Dan may restrict the move-
ment of CNCCs during migration by lowering their aver-
age speed and displacement. Simulations of a previous
computational model support this hypothesis by

suggesting that Dan prevents the escape of cells at the
leading edge of CNCC collectives by modulating their
speed,"® which is necessary to ensure proper development
in the chick.'?> However, this computational model did
not fully account for the dynamic concentration profile of
Dan, in that the potential degradation of Dan by CNCCs
was not accounted for and its concentration was assumed
to be spatially uniform in a subregion of the domain
through which migration occurs. This in turn did not per-
mit a study of the effects of preferential, rather than uni-
form, speed modulation in cells at the leading edge of
collectives which may arise due to interactions between
Dan and CNCCs.
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In order to investigate the mechanisms through
which Dan promotes collective migration in the cranial
neural crest, we represent Dan as a degradable, non-
diffusive chemical that is initially present for approxi-
mately the first one-third of the regions adjacent to r3-5
(Figure 1D). As CNCCs move through the domain, they
locally degrade Dan to produce a dynamic concentration
profile in which the concentration of Dan is lower in
regions through which CNCCs have previously
migrated (Figure 4A). To represent the modulation of
CNCC speed by Dan observed in vitro,"” we reduce the
speed of CNCCs that encounter Dan by a factor propor-
tional to the concentration of Dan at a cell's current
position (Section 4.5). We then repeated previous
model simulations in which Trail and Colecl2 are
expressed for a certain fraction of CNCC-free zones
adjacent to the r4-ba2 pathway (Figure 2A) to study
the effect of Dan on the frequency of leader escape dur-
ing collective migration.

Model simulations show that the presence of Dan in
the regions through which CNCCs migrate is essential
for collective migration to occur by preventing the break-
up of collectives. Furthermore, we find that the degrada-
tion of Dan is a mechanism that confers robustness on
migration, in that dynamic Dan concentration profiles
increase the range of CNCC-induced VEGF degradation
rates for which collective migration is preserved
(Figure 4C). When Dan is degraded by CNCCs, we find
that it functions as a preferential modulator of speeds at
the leading edge of CNCC collectives (Figure 4A), such
that it prevents the break-up of collectives when leader
cell movement along VEGF gradients occurs too rapidly
for coherent stream migration to occur in follower popu-
lations. In simulations where Dan is not present in the
regions adjacent to r3-5, at least 60% of CNCCs are not in
chains when migration ends after a period of 24 h, on
average (Figure 4D). However, when Dan is present
for the first one-third of the r4-ba2 pathway, we find that
for Trail/Colecl2 expression distances of greater than
approximately one-half of the CNCC-free zones adjacent
to r3/5, all CNCCs remain in streams throughout migra-
tion, on average. The addition of Dan expression into the
model also reproduces the observation from a previous
computational model that collective migration towards
the branchial arches can occur for only partial expression
of Trail and Colecl2 in the regions adjacent to r3/5'
(Figure 4B).

In summary, model simulations suggest that Dan
expression along the r4-ba2 pathway is necessary to
prevent the break-up of CNCC streams during migra-
tion due to the escape of cells at the leading edge of col-
lectives. As CNCC collectives move along stereotypical
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migratory pathways, cells at the leading edge of collec-
tives invade regions of high Dan expression, such that
their speed is significantly reduced. Due to the degrada-
tion of Dan by CNCCs in the ABM, trailing cells
migrate into regions of lower Dan concentration, such
that their speed of movement is higher than leading
cells, on average, thus preventing the escape of leader
cells that results in a breakdown of collective migra-
tion. When Dan, Trail, and Colec12 are present in their
typical patterns of expression (Figure 1B), CNCC
migration in the model is both highly confined to the
r4-ba2 pathway and coherent in the sense that all cells,
on average, remain in streams throughout migration
towards ba2.

2.3 | Trail and Colecl2 expression in
CNCC-free zones facilitates the exchange of
CNCCs between adjacent collectives

Timelapse imaging of chick cranial neural crest migra-
tion has revealed the exchange of a small number of
CNCCs between streams emerging from regions adjacent
to r4 and r6.>* While streams adjacent to r4 and r6
remain largely separated during invasion of ba2 and ba3
in vivo, a small number of CNCCs within these streams
invade the region lateral to the otic vesicle (OV) lying
between the typical migratory pathways from r4 and r6
to ba2 and ba3, respectively. This results in the exchange
of a small number of CNCCs between the streams along
the r4-ba2 and r6-ba3 pathways over distances of 50-
100 pm, without the breakdown of collective migration.
Furthermore, npn2 or sema3F loss-of-function assays in
the chick have demonstrated the formation of single-cell
wide bridges between streams invading bal and ba2,
without large-scale disruption to migration.”> Hitherto,
the mechanisms underpinning these phenomena have
not been explained through experiments or computa-
tional modeling.

Using the ABM for CNCC migration, we investigated
the effects of Trail and Colec12 expression in the CNCC-
free zone adjacent to r3 on the exchange of cells between
streams invading bal and ba2. In order to study the
exchange of CNCCs between streams, we modified
the model geometry to include two streams adjacent to r2
and r4 that are separated by a CNCC-free zone adjacent
to r3 in which Trail, Colec12, and Dan are expressed
(Figure 5A). As before, VEGF is present everywhere in
the domain'® and Dan is expressed for approximately the
first one-third of the regions adjacent to all rhombo-
meres. In this revised model geometry, Trail and Colec12
are also expressed for the full length of the regions
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FIGURE 4 (A) Schematic of leader cell speed modulation by Dan in CNCC migration. CNCCs at the leading edge of collectives invade
regions in which Dan protein concentration is high, leading to a reduction in their average speed and displacement. Trailing cells in
collectives migrate through regions of lower Dan concentration and hence move with a higher average speed, thus preventing a loss of
contact with cells closer to the leading edge of streams. (B) The confinement of migrating CNCCs to the r4-ba2 pathway as a function of the
fraction of CNCC-free zones for which Trail and Colec12 are present with Dan present for approximately the first one-third of the r4-ba2
pathway and VEGF present everywhere in the domain. (C) Boxplots of the proportion of CNCCs not in chains after 24 h of migration as a
function of VEGF degradation rate. When Dan is not present, high rates of VEGF degradation (and hence, the formation of VEGF gradients
along which leader cells migrate) lead to a break-up of streams due to leader escape. When Dan is present for approximately the first one-
third of the r4-ba2 pathway, migration is robust to rapidly induced VEGF gradients. Here, Trail and Colec12 were expressed for the full
length of the CNCC-free zones adjacent to r3/5. Red lines indicate the median proportion CNCCs in streams after 24 h, boxes indicate the
upper and lower quartile values, and circles indicate outliers. The baseline rate of VEGF degradation in simulations is 2.75 x 10? pm?/h. (D)
Boxplots of the proportion of CNCCs not in chains after 24 h of migration as a function of the proportion of CNCC-free zones for which
Trail and Colec12 are expressed. When Dan is not present in the domain, the median fraction of CNCCs not in streams after migration ends
at t = 24 h remains above a value of 0.6 for all Trail/Colec12 expression lengths along CNCC-free zones adjacent to the r4-ba2 pathway. For
Dan expression along the first one-third of the r4-ba2 pathway, the proportion of CNCCs in streams after migration ends at ¢t = 24 h exhibits
phase transition-like behavior as the length of CNCC-free zones for which Trail/Colec12 are expressed increases. When Trail/Colec12 are
expressed for at least half of CNCC-free zones in the proximal-to-distal direction, all CNCCs are in chains when migration ends, on average.
Blue lines indicate the median proportion of CNCCs in streams after 24 h, boxes indicate the upper and lower quartile values, and circles
indicate outliers. The results in figures (B-D) are each averaged over 500 simulations.
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FIGURE 5 (A) Revised model geometry for studying cell exchange between adjacent streams. (B) Mechanism for the formation of

CNCC bridges between adjacent collectives for when Trail (or both Trail and Colec12) is expressed in CNCC-free zones. (i) Cells migrate in
distinct streams towards bal/2. (ii) A cell (circled) loses contact with cells in its current stream and detects a cell in the adjacent stream with
filopodial protrusions. (iii) The presence of Trail in the CNCC-free zone separating streams adjacent to r2 and r4 facilitates cell-cell adhesion
that drives the movement of the cell across the mid-line of the CNCC-free zone adjacent to r3 (dashed-black). Other cells in the presence of
Trail also begin to move towards one another (blue arrows), forming a chain of cells that invade the region adjacent to r3. (C) Boxplots of
CNCC exchange frequency in the model as a function of the width of the region adjacent to r3 for Colec12, Trail/Colec12, and Trail
expression in the CNCC-free zone adjacent to r3. Red lines indicate the median frequency of exchange, boxes indicate the upper and lower

quartile values, and circles indicate outliers. Results are averaged over 500 simulations in each plot.

adjacent to rl/5 along the migratory pathway. The
expression of Trail and Colec12 in the regions adjacent to
rl/5 has not been confirmed experimentally, but is
included to keep streams confined to the regions adjacent
to r2/4 during migration. However, the mechanistic infer-
ences made in this section depend only on the expression
of Trail/Colec12 in the region adjacent to r3, which has
been observed in vivo.'®

As before, migration occurs over a period of 24 h, and
the rules governing cell movement in the ABM are
unchanged. In simulations, we characterize the exchange
of a cell between streams as having occurred when a cell

migrates from its original stream, crosses the mid-line of
the CNCC-free zone adjacent to r3, and joins the neigh-
boring stream. For exchange to have occurred, this cell
must then remain in this new stream until migration
ends after 24 h. We adopt this definition of cell exchange
to prevent over-counting cell exchange when a CNCC
fluctuates about the mid-line of the CNCC-free zone adja-
cent to r3.

Model simulations indicate that the possibility of
CNCC exchange between adjacent collectives depends
primarily on the distance of separation between adja-
cent collectives (Figure 5C). In simulations, cells are
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exchanged between the streams adjacent to r2 and r4
when either Trail, Colec12, or Trail and Colecl2 are
present in the CNCC-free zone adjacent to r3. When
only Colec12 is present, exchange occurs due to single-
cell chemotaxis across the region adjacent to r3, when
cells move into regions of Colecl2 expression and
extend filopodia into the adjacent stream where
Colec12 is not expressed. However, in this context, we
also find that both streams often develop diffuse edges
which occasionally merge with one another, disrupting
migration (Supplementary information S4). Con-
versely, when Trail is present in the CNCC-free zone
(by itself or in addition to Colec12), the mechanism of
CNCC exchange is different and leads to the formation
of CNCC bridges between the two streams without a
large-scale disruption to migration. In this instance,
the exchange of cells between the r4-ba2 and r2-bal
pathways is observed when a cell loses directional
information in its current stream due to a loss of cell-
cell contact during migration (Figure 5B(i)). When this
occurs, it is possible that filopodial protrusions
extended by a cell proximal to the CNCC-free zone
adjacent to r3 detect a cell in the adjacent stream
(Figure 5B(ii)). If a cell in an adjacent stream is
detected, then movement towards this cell is induced
by the increase in cell-cell adhesion in regions of
enhanced Trail expression within the CNCC-free zone
adjacent to r3 (Figure 5B(iii)). Any other cells in this
chain that also lie in the CNCC-free zone move
towards the cell they are connected to, forming a
chain that migrates across the CNCC-free zone
(Supplementary information S5).

If only Trail is expressed in the CNCC-free zone adja-
cent to r3, we find that CNCC bridges form consistently
for stream separation distances of approximately 24 pm
or less (Figure 5C), which corresponds to the approxi-
mate maximum radius of communication for a cell in the
model (the maximum length of a filopodial protrusion).
If both Trail and Colec12 are expressed in the CNCC-free
zone adjacent to r3, the frequency of exchange is slightly
lower than in the case of only Trail, as a smaller number
of cells initially invade the region adjacent to r3. How-
ever, exchange occurs over a larger range of separation
distances (approximately 36 pm), which corresponds to
the increase in the length of filopodia extended by
CNCCs exposed to Colec12 (Figure 5C). If only Colec12
is expressed in the CNCC-free zone adjacent to r3,
exchange between streams occurs for a similar range of
separations, but only due to single-cell migration down
gradients in Colecl2, and can lead to a disruption in
migration when the diffuse edges of the two adjacent
streams make contact.

JOHNSON ET AL.

Overall, simulations in this revised geometry suggest
that CNCC exchange between adjacent streams can occur
due to the hypothetical Trail and Colec12 mechanisms of
action considered here. An increase in cell-cell adhesion in
the presence of Trail may cause movement of cell chains
across CNCC-free zones due to loss of contact guidance in a
cell's current stream together with connections with the
adjacent stream. The morphological effects of Colec12 noted
in vitro may increase the likelihood of contact with adjacent
streams due to the formation of longer filopodial protru-
sions that span the region separating adjacent streams. Cells
can also be exchanged between streams due to the effects of
Colec12, though these exchanges represent single-cell
migration across the CNCC-free zone, rather than the col-
lective migration of chains observed in vivo. Here, we also
note that Trail and Colecl2 protein stripe assays analyzed
in prior studies of CNCC migration show cells stretching to
lengths well beyond the maximum value prescribed in the
ABM considered here.'® However, CNCC lengths in these
stripe assays were not precisely measured or quantitatively
analyzed, such that their values remain undetermined. If
we were to reflect these observations in the ABM and
increase the maximum radius of cell communication to
larger values, then the width of the CNCC-free zone adja-
cent to r3 for which swapping occurs would likely increase
to values comparable to the width of the CNCC-free zone
adjacent to r3 in vivo. We highlight further study of the
sizes of CNCCs exposed to Trail and Colecl2 as a key exper-
imental means of validating our proposed mechanism of
CNCC exchange between adjacent streams.

3 | DISCUSSION

In this study, we used an ABM for CNCC migration to
generate and test mechanisms for maintaining the coher-
ence and spatial confinement of migrating CNCC
streams. Our main objective was to study the effects of
Trail and Colec12 on the confinement of CNCC streams
to the stereotypical r4-ba2 pathway during migration.
Prior in vitro studies have highlighted a change in the
migratory dynamics and morphology of CNCCs cultured
in the presence of Trail and Colec12.'® Furthermore,
in vivo experiments have shown that loss-of-function of
either Trail or Colecl2 results in the increased diversion
of chick CNCCs away from the stereotypical r4-ba2
migratory pathway into CNCC-free zones adjacent to r3
and r5. However, prior work in this context has not yet
elucidated the mechanisms through which Trail and
Colec12 confine CNCC streams to stereotypical migratory
pathways in vivo. To this end, we conducted model simu-
lations of CNCC responses to Trail and Colecl2
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mechanisms of action on CNCC behaviors derived from
in vitro observations.

Model simulations predict that the presence of Trail
in CNCC-free zones confines CNCC streams to stereotyp-
ical migratory pathways by enhancing cell-cell adhesion,
resulting in the migration of CNCCs in the presence of
Trail back towards areas of higher cell density in the
r4-ba2 migratory pathway. Conversely, equivalent
simulations of the presence of Colec12 in CNCC-free
zones adjacent to the r4-ba2 pathway predict that the
effects of Colec12 on the protrusive dynamics of CNCCs
observed in vitro'® have a negligible effect on the con-
finement of CNCCs to stereotypical migratory path-
ways in migration. We then hypothesized a mechanism
of chemotaxis in CNCCs, motivated by observations
that CNCCs exposed to Colecl2 migrate back towards
the neural tube in the chick, and found that this
revised model increased the proportion of CNCCs con-
fined to the r4-ba2 pathway throughout migration. As
such, we predict that chemotaxis down gradients in
Colecl2 is the primary mechanism through which
Colecl2 restricts CNCC trajectories to stereotypical
migratory pathways in vivo and that the morphological
effects of Colec12 on CNCCs that have been observed
in vitro are mechanisms that increase the likelihood of
gradient detection in chemotaxis.

Model simulations also predict a synergy between
Trail and Colecl2, in that the confinement of CNCCs to
stereotypical migratory pathways is maximized when
both Trail and Colec12 are present in CNCC-free zones
adjacent to the r4-ba2 pathway. In good agreement with
prior studies,'® we also find that high levels of spatial
confinement of CNCCs to the r4-ba2 pathway are
achieved by expressing Trail and Colecl2 in approxi-
mately the first one-third (~400 pm) of the CNCC-free
zones adjacent to r3 and r5. Collectively, model simula-
tions suggest that both Trail and Colec12 are each factors
that reduce the invasion of CNCCs into typically CNCC-
free zones adjacent to r3/5. The Colecl2 mechanism of
action hypothesized here acts on individual cells to drive
movement along external chemical gradients and re-
connections with streams along the r4-ba2 pathway.
Conversely, the Trail mechanism of action proposed here
alters cell-cell interactions within collectives, and hence,
primarily acts to keep CNCC streams as a whole within
the region adjacent to r4. These two distinct mechanisms,
therefore, maximize CNCC confinement in a comple-
mentary manner by driving both individual and collec-
tive CNCC migration towards the r4-ba2 pathway.

Previous experiments have highlighted the impor-
tance of Dan in collective chick CNCC migration." In
vitro, Dan has been found to modulate the speed at
which CNCCs move. Moreover, in vivo experiments in
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the chick cranial neural crest have shown that Dan loss-
of-function results in increased speed and directionality
in CNCCs. Unlike Trail and Colec12, the expression pro-
file of Dan extends parallel to the body axis all alongside
rl-7 and, intriguingly, the concentration of Dan is
reduced in regions through which leader CNCCs have
previously migrated. In the ABM, we reflected these
observations by representing Dan as a degradable factor
expressed both along the stereotypical r4-ba2 migratory
pathway and in the regions void of CNCCs adjacent to r3
and r5. Simulations predict that while Trail and Colec12
prevent invasion into CNCC-free zones, they cannot pre-
vent the frequent escape of cells at the leading edge of
streams, resulting in the breakdown of directional guid-
ance cues in streams and a subsequent separation of the
stream. However, simulations in which Trail, Colecl2,
Dan, and VEGF are present in CNCC-free zones, and
VEGF and Dan are present in regions adjacent to r3-5,
suggest that Dan decreases the frequency of break-up of
CNCC collectives by preferentially reducing the speed
of cells at the leading edge of collectives to prevent their
escape. In the model, Dan differentially modulates CNCC
speeds through its degradation by CNCCs, in that cells at
the leading edge of collectives are exposed to higher
levels of Dan expression and hence have their speeds
reduced by a greater amount than trailing cells that
migrate through regions in which Dan has previously
been degraded. While previous models of CNCC migra-
tion have reproduced collective migration without con-
sidering the effects of Dan,'*'®*! successful migration in
these models required VEGF degradation by CNCCs (and
hence, the formation of VEGF gradients) to occur at suffi-
ciently slow rates to prevent leader escape. The addition
of Dan into the ABM considered here increased the range
of feasible VEGF degradation rates for collective migra-
tion to occur. As such, we predict that both the expres-
sion of Dan along stereotypical migratory pathways and
the degradation of Dan by CNCCs are mechanisms that
confer robustness in collective invasion of the branchial
arches. If Dan is expressed along stereotypical migratory
pathways and Trail/Colec12/Dan are expressed in adja-
cent CNCC-free zones, we find that CNCCs remain in
streams confined to stereotypical migratory pathways
that collectively invade the branchial arches for a wide
range of VEGF degradation rates (and hence, maximum
speed of movement of CNCCs at the leading edge).

A final prediction of the ABM is that Trail and
Colecl2 can drive a small number of cells to divert into
CNCC-free zones and connect neighboring streams
through single cell-wide strands without disrupting the
overall migratory pattern. The exchange of single cells
between streams has previously been observed in the
chick, where contact between CNCCs in adjacent streams
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is found to occur infrequently but consistently through-
out migration.** Furthermore, in mice carrying null
mutations of either npn2 or Sema3F, single-cell wide
bridges have been observed to form between streams
invading bal and ba2.>> Hitherto, this phenomenon has
not been explained either with experiments or computa-
tional models. We predict that for adjacent collectives
within approximately four CNCC radii (30 pm) of one
another (the approximate range of cell-cell interactions
in regions of Colec12 expression), the effects of Trail and
Colec12 on CNCC migratory behavior facilitate contact
between cells in adjacent streams. When a cell loses
directional information in its current stream, it is possible
that a cell in an adjacent stream is detected through the
extension of filopodial protrusions. If this occurs, then
cells in the presence of Trail begin to move towards the
cell detected in an adjacent stream, leading to movement
across a CNCC-free zone and into a neighboring collec-
tive. We find that the exchange of CNCCs between adja-
cent streams increases as the distance between collectives
is reduced, as contact between CNCCs in adjacent collec-
tives occurs at a higher frequency. This effect is also
observed when only Trail is present in CNCC-free zones,
though adjacent streams must be closer to one another
for this to occur at the same frequency as when Colec12
is also expressed (due to the reduced range of interactions
in CNCCs). We believe that this mechanism presents a
possible explanation for the formation of CNCC bridges
between adjacent collectives observed in vivo that is hith-
erto without a mechanistic explanation.

Each of the biological hypotheses generated here
merits further experiments to validate our predictions. Our
hypothesis that Trail confines CNCC movement to stereo-
typical migratory pathways may be tested experimentally
through studying the secretome of CNCCs cultured in the
presence of Trail. If an upregulation of chemokines associ-
ated with cell clustering is observed in the secretome of
CNCCs exposed to Trail, then it is likely that enhanced
cell clustering is a primary mechanism through which
Trail confines CNCCs to stereotypical migratory pathways
in vivo. Furthermore, the exposure of CNCCs to Colec12
gradients in culture would provide a simple means of vali-
dating our hypothesis of CNCC chemotaxis down Colec12
gradients. Additionally, Trail and Colec12 stripe assays in
which the width of Colec12/Trail-positive stripes separat-
ing adjacent CNCC streams are varied would allow for val-
idation of the prediction that the distance at which
adjacent CNCC streams are separated by regions of
enhanced Trail and Colec12 expression is the major deter-
minant in the formation of single-cell wide bridges
between adjacent streams. It would also be desirable to
measure the maximum observed cell length in these stripe
assays to determine if the putative mechanisms of CNCC
exchange in the ABM are a sufficient mechanism for the
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exchange observed over longer distances in vivo. A final
testable hypothesis generated by this model is that the deg-
radation of Dan by CNCCs would result in a higher num-
ber of CNCC exchanges between adjacent streams in
regions of the domain where exchanges have previously
occurred due to a localized loss of speed modulation from
Dan. This hypothesis could be easily tested in modified
Trail and Colec12 protein stripe assays where Dan protein
is also present.

It is important to acknowledge that these results were
generated within a simplified model framework that
makes multiple assumptions regarding CNCC migration
and the geometry of the chick cranial neural crest. For
example, we assumed the growth of the domain through
which CNCCs migrate to be spatially uniform. However,
recent in vitro co-culture assays have found mesoderm to
proliferate at a higher rate in the presence of CNCCs.* It
is, therefore, possible that the domain through which
CNCCs migrate grows in a spatially non-uniform manner
that depends on the local density of CNCCs. Future work
will aim to reflect these findings and verify the robustness
of our results to different spatial growth profiles of the
domain through which CNCCs migrate. Moreover,
the model uses a leader-follower representation of CNCC
phenotypes, wherein cells are either a leader phenotype,
with movement occurring solely via self-induced che-
moattractant gradients, or a follower phenotype, where
movement occurs solely through cell-cell guidance cues.
This representation of CNCC phenotypes is motivated by
observations of differential gene expression between
chick CNCC leaders and followers.*?> However, it is likely
that the molecular heterogeneities within a CNCC stream
may vary in a continuous manner, rather than in the
binary wavefront fashion considered here. In future stud-
ies, we will aim to refine the computational model to
account for this (as in other modeling studies of neural
crest migration®®) to ensure the robustness of our find-
ings to more sophisticated representations of CNCC
phenotypes.

4 | EXPERIMENTAL PROCEDURES

41 | Computational model of cranial
neural crest migration

We use a stochastic ABM written in Python3 to simulate
the migration of chick CNCCs over a period of 24 h. The
model builds on, and is primarily parameterized according
to, prior ABMs of chick CNCC migration.">'®'?! We
build on these models by integrating signaling affecting
cell speed, direction, and cell-cell interactions into a single
model framework. The full computational implementation
of the model is described below.
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4.2 | Domain growth

The domain through which CNCCs migrate is
modeled as a two-dimensional rectangle of a fixed width
(Ly =360 pm) and a length that increases in time. We
model the growth of the domain through which CNCCs
migrate to be spatially uniform, and logistic in time. Our
implementation of domain growth is based on prior mea-
surements in the chick cranial neural crest.'” The length
of the domain at time ¢ during migration is given by

L

L) = T rewe

+b, (1)

where Ly = 855.8 pm, k=0.294h™"', t,=14.98 h, and
b =294.3 pm. Parameter values were obtained by least
squares fitting the experimental data to Equation (1).
[Correction added on 22 January 2026: Equation (1) has
been corrected, the values of k and ¢, are k = 0.294 h!
and t, = 14.98 h.]

4.3 | Chemical reaction-diffusion
dynamics

We model the evolution of VEGF, Dan, Trail, and
Colec12 concentration with four reaction-diffusion par-
tial differential equations (PDEs) comprising terms
for cell-induced degradation, production within the
domain (assumed to be spatially uniform), dilution dur-
ing domain growth, and diffusion. The concentration of
chemical j (j € {VEGF, Dan, Trail, Colecl2}), c¢(x, y),
where (x, ¥) € (0, L(t)) x (0, Ly), evolves according to
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ac 1 J%¢ I
E_D’<L()2&x2+&y (3)

(Ia)

where term (Ia) represents diffusion, term (IIa) repre-
sents internalization by cells, term (IIIa) represents
spatially uniform production, and term (IVa) repre-
sents dilution due to domain growth. In simulations,
we solve Equation (3) using a custom forward-
Euler solver developed using Python3 (available
at https://github.com/SWSJChCh/leaderFollower). To
maintain numerical accuracy, we use time-steps smal-
ler than those for cell movement (Afgver = 0.1AL).
We impose zero-flux boundary conditions on all che-
micals at x=0 and x = L(t) and periodic boundary
conditions on all chemicals at y=0 and y=1,, to
represent the presence of adjacent migratory pathways
in the axial direction. The initial conditions are uni-
form concentrations of c¢i(x, y) = ¢, =1 in the regions
where each chemical is expressed. Parameter names
and values are given in Table 1, with some parame-
ters set to zero to omit certain terms in Equation (3)
for certain chemicals.

de d(ag) [ G, d¢ L)
TR —D<a—xz ) ’Zz R
— ~———

[ x—x)’+-y)°
2R?

+ x6(1—¢),
~———

) (In)

where term (I) corresponds to advection and dilution
due to growth of the domain, term (II) represents
diffusion, (III) is an internalization term represent-
ing the local degradation of chemicals by cells
(indexed by i), and term (IV) represents the spatially
uniform production of the chemical within the
domain. In solving Equation (2), we re-scale to a
domain of unit length ((x, y) € (0, 1) x (0, Ly)) for
numerical convenience. The re-scaled equation is
given by

)
(1IT)

44 | Sensing accuracy
Our implementation of the sensing accuracy of chemo-
tactic gradients by cells is based on prior work by Berg
and Purcell®’ and is as described in prior models of chick
CNCC migration." In the ABM, a filopodial protrusion
senses a chemical gradient when

c(xy) —c(xy)
c(x,y)

2¢ (4)

(x y)’
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TABLE 1 Default parameter values are given.

Description

Afilo Directions sampled in one sampling interval

it (fixed) number of leader cells

At Simulation time-step

R Cell radius (nuclear)

Viead Cell speed (leader cells)

Viollow Cell speed (follower cells)

L, Height of domain

L, Length of domain (Equation 1)

lsito Cell sensing radius

o Maximum separation of cells in contact

Kin Rate at which cells enter the domain

& Chemical sensing accuracy

AVEGE VEGF internalization rate

XVEGF VEGF production rate

Dyggr VEGF diffusivity

ADAN Dan internalization rate

XDAN Dan production rate

Dpan Dan diffusivity

Acia Colecl2 internalization rate

Xc12 Colec12 production rate

Dc1» Colec12 diffusivity

ATRAIL Trail internalization rate

JTRAIL Trail production rate

Drram Trail diffusivity

Pcrz Fold increase in filopodia extended per unit time
in regions of Colec12 expression

aciz Fold decrease in rate of filopodia retraction in

regions of Colec12 expression
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Value References

3 McLennan et al.*®
5 McLennan et al.?®
1 min n/a

7.5 pm McLennan and Kulesa'
62.1 pm/h McLennan et al.*®
82.6 pm/h McLennan et al.*®
360 um McLennan et al.*’
294-1107 pm McLennan et al.’?
27.5 pm McLennan et al.'*
45 pm McLennan et al.'?
10/h McLennan et al.*®
0.1 McLennan et al."

2.75 x 10* pm*/h
10 */h

McLennan et al.®

McLennan et al.*®

0.1 pm*/h McLennan et al.'?
2.75 x 10° pm*/h n/a Section 4.10.1
0-1/h (0) n/a Section 4.10.1
0-10 pm?/h (0.1) n/a Section 4.10.1
0 pm?/h n/a Section 4.10.1
0-1/h (0) n/a Section 4.10.1
0-10 pm?/h (0.1) n/a Section 4.10.1
0 pm?/h n/a Section 4.10.1
0-1/h (0) n/a Section 4.10.1

0-10 pm?/h (0.1)
2-10(5)

2-20 (10)

n/a Section 4.10.1
n/a Section 4.10.1

n/a Section 4.10.1

Note: When a range is given, model outputs are robust to a variation of the parameter in the stated range, and bracketed values were used as default. Chemical

concentrations are given in relative units, such that for VEGF, Dan, Colec12, and Trail, ¢, = 1.
[Correction added on 22 January 2026: In Table 1, the Chemical sensing accuracy parameter has been corrected from “{” to “€” in this version.]

where c{x, y) is the average chemical concentration inte-
grated along the filopodium, c(x, y) is the chemical concen-
tration at a cell's current position, cg is the initial uniform
concentration of the chemical within the domain, and £ is a
dimensionless parameter that determines the accuracy of
chemotactic gradient detection by cells. Parameter names
and values are given in Table 1. [Correction added on 07
January 2026, after first online publication: In Equation (4),
the fractions on the right-hand side had the numerator and
denominator flipped in this version.]

4.5 | Cell movement in the presence of Dan

We assume that the speed of migrating CNCCs is modu-
lated in the presence of Dan protein according to

0
vi(x,y) = o Dan — “Dan %) iDan .y) , (5)
CDan
where vy(x, y) is the speed of movement of CNCC i at a
position (x, y), v, is the maximum speed of movement for
CNCC i (dependent on its phenotype), ¢, is the initial
(uniform) concentration of Dan in the domain, and
Cpan(X, ¥) is the concentration of Dan at a position (x, )
in the domain. Equation (5) means that CNCC move-
ment speed decreases linearly with the local concentra-
tion of Dan, and that movement ceases completely in
regions where Dan is of an initial maximum concentra-
tion of ¢, . A similar representation of CNCC speed
modulation in regions of Dan expression was considered
in a prior model of CNCC migration,” though in this
model, Dan was not degraded by CNCCs, and hence was
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of a spatially uniform concentration in the domain that
varied as a function of time.

4.6 |
of Trail

Cell movement in the presence

We represent the effects of Trail protein on CNCCs
in vitro through multiple modifications to the behavior
of CNCCs. When a CNCC encounters Trail, its speed is
reduced by 25%, in line with in vitro observations.'® To
represent increased cell-cell adhesion in the presence
of Trail, we modify the primary mechanism of move-
ment for CNCCs in chains. When not in the presence
of Trail, follower cells in our model move by forming
chains of cells with a leader at the front (Section 4.9).
All cells in a given chain move in the same direction as
the leader cell at the front of the chain. In CNCCs that
encounter Trail, we modify this mechanism of movement,
such that follower cells instead move towards the cell
directly in front of them in their respective chain and
leader cells move towards a randomly selected follower
cell, meaning that movement in the presence of Trail is
directed towards areas of higher cell density, on average.

4.7 |
Colec12

Cell movement in the presence of

We represent the effects of Colecl2 protein on CNCCs
in vitro through multiple modifications to the behavior of
CNCCs. When a CNCC encounters Colec12, the length
of filopodial protrusions it extends is increased by 50%, in
line with in vitro observations.'® Furthermore, we repre-
sent the increased branching of filopodia by the extension
of a higher number of filopodia in a given time interval
(Section 4.10.1). To represent the slower rate of filopodia
retraction in CNCCs exposed to Colec12 protein, we also
increase the time interval between the retraction and
extension of new filopodia for CNCCs, such that a given
filopodium remains extended for a longer time interval
(Section 4.10.1). In simulations where the effects of
Colec12 protein on CNCCs were limited to the morpho-
logical changes observed in vitro, the presence of Colec12
in CNCC-free zones adjacent to r3/5 was insufficient to
confine CNCCs to the r4-ba2 pathway (Section 4.11). As
such, we also added a mechanism of chemotaxis, in
which CNCCs migrate down gradients in Colec12 protein
and back towards the r4-ba2 pathway where its concen-
tration is lower. The detection of gradients in Colec12 by
CNCCs is a modification of Equation (4) in Section 4.4,
such that a gradient in Colec12 is detected if

DD Developmental Dynamics A /ﬁ.\SM?:"R/C‘A?rTBNrZ"\? -WILEY

C12 C12 C12
(x,y) = (x,y) <_¢ % , (6)
() ()
where cf'?(x,y) is the average concentration of Colec12

integrated along the filopodium, ¢“**(x, y) is the concentra-
tion of Colec12 at a cell's current position, c5'? is the initial
uniform concentration of Colecl2 within the domain,
and £ is a dimensionless parameter that determines the
accuracy of Colecl12 gradient detection by cells. [Correc-
tion added on 07 January 2026, after first online publica-
tion: In Equation (6), the fractions on the right-hand side
had the numerator and denominator flipped in this
version.]

4.8 | Phenotype switching

Our implementation of phenotype switching is similar
to that of a prior model for CNCC migration.'® In vivo,
VEGF signaling has been found to induce the expression
of genes associated with leader cell behavior in the
chick cranial neural crest.*' To reflect these observa-
tions in the ABM, we approximated this mechanism by
fixing the number of leader cells in each simulation
(Section 4.10.1), and updating CNCC phenotypes after
movement according to their position in the domain. If,
after movement, a follower cell lies a distance ¢ ahead of
a leader cell, their phenotypes are switched, such that
the follower cell adopts a leader phenotype and vice-
versa. If a follower cell lies a distance ¢ ahead of multi-
ple leader cells after movement, it switches phenotypes
with the leader cell it is closest to. This mechanism
ensures that CNCCs with a leader phenotype are those
which lie in the regions of highest VEGF concentration
along the r4-ba2 pathway, on average.

4.9 | Model pseudocode

Main ABM loop

initialise parameters

initialise leaders

for t from 6h to 24h:
insert_follower()
solve_chemicals()
grow_domain()

move_cells()
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Main loop functions

1

(0]

10

1

—

12

13

14

FUNCTION insert_follower():
if t == insertion time and space available:

insert follower at LHS of domain

FUNCTION solve_chemicals():
solve Eq (3) for Colec12, Trail, Dan, VEGF

FUNCTION grow_domain():

increase domain length, advect cells

FUNCTION move_cells():
for each cell in random order:
generate new filopodia directions if required
if cell is a leader:
move_leader(cell)
elif cell is a follower:

move_follower(cell)

Helper functions

10

11

12

13

14

15

16

17

FUNCTION in_presence(chemical):
if chemical concentration at cell position > threshold:
return True
else:

return False

FUNCTION move_leader(cell):

hasC « in_presence(Colec12)

hasT « in_presence(Trail)

if VEGF gradient detected by at least one filopodium:
bestVEGF « direction of largest detected VEGF gradient

else:
bestVEGF < random direction

if negative Colec12 gradient detected by at least one filopodium:
bestColec12 « direction of largest detected negative Colec12 gradient

else:

bestColec12 < random direction
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18 if hasC and hasT:

19 move in average direction of bestColec12 and direction of a random attached follower
20 elif hasC and not hasT:

21 move in direction of bestColec12

22 elif not hasC and hasT:

23 move in direction of a random attached follower cell

24 else:

25 move in direction of bestVEGF

26~ FUNCTION move_follower(cell):

27 hasC « in_presence(Colec12)

28 hasT « in_presence(Trail)

29 if cell is chained:

30 move_chained_follower(cell, hasC, hasT)

31 else:

32 move_free_follower(cell, hasC, hasT)

33

34  FUNCTION move_chained_follower(cell, hasC, hasT):

35 if negative Colec12 gradient detected by at least one filopodium:

36 bestColec12 « direction of largest detected negative Colec12 gradient
37 else:

38 bestColec12 « random direction

39 if cell too far from cell it is attached to in chain:

40 detach cell from chain

41 elif hasC and hasT:

42 move in average direction of bestColec12 and direction of cell ahead in chain
43 elif hasC and not hasT:

44 move in direction of bestColec12

45 elif hasT and not hasC:

46 move towards cell ahead in chain

47 else:

48 move in same direction as leader at front of chain

49

WILEY_L ¢
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50  FUNCTION move_free_follower(cell, hasC, hasT):

JOHNSON ET AL.

51 if negative Colec12 gradient detected by at least one filopodium:

52 bestColec12 « direction of largest detected negative Colec12 gradient
53 else:

54 bestColec12 < random direction

55 if hasC:

56 move in direction of bestColec12

57 elif within detection distance of chained cell:

58 join chain and move towards cell ahead in the chain

59 else:

60 move in random direction

410 | Model parameterization studies that allow us to parameterize this rate of degrada-

We detail the parameters used in ABM simulations
(Table 1), and briefly discuss the values of select
parameters.

4.10.1 | Notes on model parameterization
Diffusivity of Trail, Colec12, and Dan

The diffusivity of Trail, Colec12, and Dan has not been
quantified experimentally. In the absence of experimental
parameterization, we assume that the diffusivity of
Colec12, Trail, and Dan is the same as that of VEGF. In
general, we find that VEGF, Trail, Colecl2, and Dan
must all be of a diffusivity D <10 um®/h for typical
stream patterning to occur.

Internalization rate of Trail, Colec12, and Dan

The degradation of Trail and Colec12 by CNCCs has not
been observed in vivo. As such, CNCCs in the model do
not degrade Trail or Colecl2 as they migrate. However,
in the chick neural crest, Dan has been observed to
exhibit a dynamic expression profile during CNCC migra-
tion, in that Dan concentration is lower in regions
through which CNCCs have previously migrated, when
compared with regions through which migration has not
occurred.” As such, we hypothesize that CNCCs degrade
Dan during migration. In the absence of experimental

tion, we assume Dan to be degraded at the same rate as
VEGEF (2.75 x 10% pm?/h).

Production rate of Trail, Colec12, and Dan

There is no in vivo evidence to suggest that Dan, Trail,
and Colecl2 are produced in the paraxial mesoderm
during CNCC migration. As such, our default produ-
ction rates of Dan, Trail, and Colecl2 are ypan =
XTRAIL = Yc12 = 0/h. However, our findings are robust
for all values of ytrar. and yci» With ypan < 1/h.

Fold increase in the number of filopodia extended when
CNCCs encounter Colecl2

In vitro, CNCCs in the presence of Colecl2 exhibit
increased branching in the filopodia they extend
when compared with control media.'® We represent
increased branching in filopodia by the extension of a
higher number of filopodia in regions of enhanced
Colec12 expression. There is no way to directly link
the increased branching observed in vitro to the fold
increase in filopodia extended in our model. As a
default value, the fold increase in filopodia extended
by CNCCs that encounter Colecl2 protein expression
is fci2 =25, but our findings are robust to large
variations in this parameter (Bci2 = 2-10).
[Correction added on 22 January 2026: The default
value of “fc;, = 2” has been changed to “fic, = 57
in this version.]
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Fold decrease in the rate of filopodia retraction when
CNCCs encounter Colec12

In vitro, CNCCs in the presence of Colec12 retract filopo-
dia at a slower rate than in control media.'® However,
the fold decrease in the rate at which filopodia are
retracted in regions of Colecl2 expression has not been
quantified experimentally. We chose a default value of
aciz = 10, but our findings are robust to large variations
in this parameter (ac,, = 2-20).

411 |
Colec12

Original model representation of

The original model representation of the interaction
between CNCCs and Colecl2 protein was based on
in vitro observations that CNCCs cultured in the pres-
ence of Colecl2 extend longer, more branched filopo-
dia that are retracted at a slower rate.'® We
represented these observations in the ABM by having
CNCCs that encounter Colec12 extend twice the
number of filopodia, each of 1.5 times the length at
baseline. Furthermore, CNCCs retracted filopodia at
a rate 10 times slower than at baseline in the pres-
ence of Colecl2. Model simulations in which the
proportion of CNCC-free zones adjacent to r3/5 for
which Colecl2 was present suggested that these
effects of Colec12 were insufficient to confine CNCC
migration to the r4-ba2 pathway. For all distances of
Colec12 expression in the x direction, we found that
the endpoint of around 35% of CNCC trajectories lay
outside of the r4-ba2 pathway after 24 h. The results

i A lon ron 63
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in this figure are averaged over 500 simulations
(Figure 6).

DEDICATION
This paper was submitted for publication just weeks
before the untimely passing of Paul M. Kulesa.

Paul gained his doctorate in mathematical biology
under the supervision of Professor J.D. Murray. As a the-
oretician, Paul felt frustrated that model predictions were
rarely tested, so he trained as an experimentalist under
the guidance of Professor Scott Fraser. This gave him the
powerful set of combined skills in being able to deter-
mine which biological questions were amenable to math-
ematical modeling and which were not. Thus began a
fruitful collaboration between us and the Kulesa labora-
tory that spanned over a decade. During this time, we
combined theory with experiment to unearth a number
of key findings in neural crest biology. Paul was an excel-
lent scientist, always full of new ideas and very passion-
ate about combining mathematics with biology to lead to
insights that could not be achieved by either discipline
alone. He was also very warm, kind, and supportive, with
a cheeky sense of humor that always made us laugh. He
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is also a Senior Researcher in his lab, and five children.
Paul will be sorely missed by all who knew him, but he
leaves behind a rich legacy of scientific work that will live
long into the future.
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