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Abstract

Background

Directed cell migration is essential for normal developmeninbst of the migratory cg
populations that have been analysed in detail to date, all of thenighaste as a collective
from one location to another. However, there are also migratdrpa@ulations that must
populate the areas through which they migrate, and thus some deléstdeehind whilg
others advance. Very little is known about how individual cells behavectoeve
concomitant directional migration and population of the migratory role examined th
behavior of enteric neural crest-derived cells (ENCCs), which baiktadvance caudally
reach the anal end and populate each gut region.
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Results

The behaviour of individual ENCCs was examined using live imagma mice in which
ENCCs express a photoconvertible protein. We show that individual EN&IGBIit veryj
variable directionalities and speed; as the migratory wavefroBNGCs advances caudally,
each gut region is populated primarily by some ENCCs migratorgdirectionally. After
populating each region, ENCCs remain migratory for at leastoRds. Endothelin receptpr
type B (EDNRB) signaling is known to be essential for the nbadaance of the ENCC
population. We now show that perturbation of EDNRB principally affects/idual ENCC
speed rather than directionality. The trajectories of solit?dNZEs, which occur transiently
at the wavefront, were consistent with an unbiased random walk andl-sellceontact ig
essential for directional migration. ENCCs migrate in closoa@ation with neurites. We
showed that although ENCCs often use neurites as substrates, E@dise way, neurites
are not required for chain formation and neurite growth is moretidinet than the migration
of ENCCs as a whole.

Conclusions

Each gut region is initially populated by sub-populations of ENCCgrating non-
directionally, rather than stopping. This might provide a mechafesmansuring a uniforrn
density of ENCCs along the growing gut.
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Background

Neural crest cells are a transient migratory embryonic pmpulation. Previous imaging
studies of cranial neural crest cells Xenopus and chick embryos have revealed the
organization of the cells as they migrate, the rules guiding bediavior and some of the
molecular bases of the interactions [1,2]. In both species, thamals as a collective from
one location to another; in chick embryos, there is a “follow th@el&achain migration in
which the spatial order of cells is retained [3-7]X@nopus, several concomitant behaviors
have been identified including “run and tumble” in which phases oftaired migration are
interspersed with phases of small random movements, “mutual ctiatttan which cells
retain the same neighbors for long periods of time, and “comtaitition of locomotion” in
which cells polarize and disperse upon contact with each other [8-12].

A sub-population of vagal level (caudal hindbrain) neural crest céljsatas into and along
the developing gut, and gives rise to most of the enteric nervetensy13-17]. The neural
crest cells that colonize the gut migrate further than ahwryonic cells because the gut is
growing as the cells migrate [18,19]. The migration of ENCCs eshifsvo important
differences from neural crest cell populations that have bemmiegd in detail previously.
First, not only must some ENCCs migrate caudally to reacHisit@l regions of the gut, each
gut region through which ENCCs migrate must be populated by EN&C&ssure there is an
even distribution of enteric neurons along the entire gut; this behbamrbeen termed
“directional dispersion” [20]. In contrast, analyses of migratirgnial and trunk neural crest
cells have been performed as the entire cell population migcatestively from one
location to another. Studies of ENCC migration to date have focust#t araudal advance
of the ENCC wavefront [21-27]. ENCCs migrate in chains with hegh-cell contact



[21,23,24,28], and so little is known about how individual ENCCs behave to ensusdl that
regions of the gut are also evenly populated with ENCCs. We hadpséviassumed that
each gut region is colonized by sub-populations of ENCCs stoppingeasavefront of
ENCCs moves caudally [23]. The migration of ENCCs is an extetedel to examine how
individual cells behave in a population that both migrates directioaatl populates regions
along the migratory route.

A second important characteristic of the migration of ENCCtas a subpopulation of
ENCCs starts to differentiate into neurons that project neucdeslally along the same
pathways that ENCCs are migrating [29,30]. The relationship betge®ving neurites and
migrating ENCCs is still unclear, and it is unknown who leadswvihg at the migratory
wavefront.

We used mice in which all ENCCs express the photoconvertible prii&BR [26] and so
the behaviour of individual ENCCs, their interactions with all othBICEs, and their
location with respect to the migratory wavefront, could be examiedalso examined the
role of signaling via endothelin receptor type B (EDNRB) innatigry behaviour. Detailed
information about the migratory behavior of individual ENCCs at tlielaelevel is likely
to provide clues as to the molecular mechanisms involved, and the el@ia@essential for
the development of models of the colonization of the gut by ENCCs.

Results

Ednrb-hKikGR mice, in which all ENCCs show KikGR fluorescence, were used KIBGR

is a photoconvertible protein that changes its emission freengio red following exposure
to ultraviolet or violet light [4]. Individual or groups of KikGR ceifsexplants of embryonic
gut were photoconverted from green to red, and then time-lapse gragiiormed in which
3-dimensional imagez-stacks were collected at 2-5 minute intervals on a confocal
microscope. The majority of experiments were performed usiptams of gut from E12.5
Ednrb-hKikGR mice because at this age, the ENCC migratory wavefronttisei mid-colon,
and the colon is relatively straight [31]; as a result, the nogravavefront of ENCCs could
be imaged for over 24 hours. In contrast, at E11.5, the ENCC wavefdiffiaslt to define
because of transmesenteric ENCCs, which migrate from thgutadross the mesentery into
the proximal colon [26].

Variability in speed and direction of migration of individual ENCCs at
different distances from the migratory wavefront

ENCCs at defined locations with respect to the most caudal E&AICEHe beginning of
imaging were photoconverted; 210 photo-converted ENCCs within 1.2 mrneombst
caudal ENCC in explants of E12.5 colon were tracked. Every cell¢hained within the
field of view for a minimum of 2 hours (mean imaging time palt € 5.0 = 0.02 hours (
s.e.m.); n = 50 explants) was included in this analysis, includellg evith neuronal
morphologies and solitary cells. To examine how ENCC behavioursvauiitd location,
speed (total distance traversed/time), overall direction of nogratortuosity and rate of
caudal advance of individual ENCCs were determined inibins from the migratory
wavefront for up to 1200m rostrally (Figure 1).



Figure 1 Behaviour of ENCCs at different locations. AExample of a preparation of E12.5
colon. The location of the most caudal cell is indicated with lawedotted line B. Speed of
ENCCs. ENCCs between 750-150 from the wavefront migrated significantly slower
than those within 45@m of the most caudal celC. The angle of migration between the
beginning of end of imaging for each cell, relative to the long akthe gut, which was
defined as 0°. Only angles between 0 and 180° were sedortuosity; there were no
significant differences between the tortuosity of ENCCs Hérént locationsE. Rate of
caudal advance was defined as the longitudinal distance an ENC&adwaaudally during
the imaging period regardless of the route (see Figure 2}CE<150pum and >750um
from the most caudal cell showed the lowest rates of caudal advalhcdata are shown as
mean + s.e.m. and were analyzed using ANOVAs followed by Tukeg&-doc tests.
Asterisks indicatg < 0.05.

The mean speed of ENCCs within 4pth of the wavefront was significantly higher than
those >75Qum from the wavefront (ANOVA followed by Tukey’s post-hoc tdsgure 1).
However, the speeds of individual ENCCs were variable, and sor@€&MRigrating within
thick strands migrated at ~13@/h for over 4 hours (Figure 2A,B). “Migration” was defined
as displacement of the center of the cell body a minimum gin20every 2 hours. All
photoconverted ENCCs analyzed migrated except one, which jiggled, dbutotlichange
location

Figure 2 Variability in caudal advance of individual ENCCs. A. Cells that were 600-700
pm from the wavefrontwhite arrow) were photoconverted. Some photoconverted cells
migrated caudally along existing strands with high speed and dirediyofealils “a” and “b”,
white and aqua tracks), and 9 hours later, one of the cells (celag)very close to the
wavefront; cell “a” migrated 980m in 9 hours before going out of the field of view. Cell “a”
(white track) also reversed direction and migrated rostrallyohe hour, before migrating
caudally againwhite open arrow). C’. Another cell &rrow in C’) was imaged for 16 hours.
C. Enlarged image of C’ with a color time track showing thaixhibited a complex, circular
pathway; despite migrating at pdn/h, it advanced caudally only 140n after 16 hoursD.
Red channel only showing a photoconverted este(isk) that continues to advance caudally
after it first rounded upafrow). E,F. Local leapfrogging at the migratory wavefrokt. The
most caudal cellyéllow arrow) at the commencement of imaging was photoconvelRetd
hours later, the celly@llow arrow) was >200um behind the most caudal cell. Caudal
advance was defined as the longitudinal caudal displacement of an &N{@G the imaging
period regardless of its pathway; this cell advanced caudally7énlyn in 10 h. The other
red cells in this image are photoconverted cells that were dbhedfeld of view (rostral) at
the beginningG-1. Correlations for the entire ENCC population shown in figure 1 between
speed and angl&s), caudal advance and angt¢)(and caudal advance and speld R is
the correlation coefficient. A negative value for the rate of daadaance means that the
ENCC moved rostrally during the imaging period.

Overall migration direction was defined as the angle betwleehocations at the beginning
and end of imaging relative to the long axis of the gut. Thus] ¢heewas directly caudal to
its starting position at the end of imaging had an overall niigratirection of 0° regardless
of its positions at intermediate times. For these analysesnly used angles between 0° and
180° and did not distinguish between circumferential clockwise (90°) andecolmckwise
(270°) migration around the gut. ENCCs that were <ifs0or >750um from the wavefront
had higher overall migration angles than ENCCs 150-+600rom the wavefront (ANOVA
followed by Tukey's post-hoc test; Figure 1C). Within thick straodented parallel to the
long axis of the gut, most ENCCs migrated caudally (Additiditall: Movie 1), and cells
about to undergo cell division often continued to advance caudally evenoaiteling up for



division (Figure 2D). However, ENCCs were also regularly oteskthat migrated in the
opposite direction from most ENCCs in a strand, and a cell nmgrat one direction could
suddenly reverse direction (Figure 21l a, 2 F; Additional file 1: Movie 1). Furthermore,
some cells followed very circuitous pathways (Figure @@,c; Additional file 2: Movie 2).
There was no correlation between speed and angle of migr&fienQ.02; linear regression
for entire ENCC population; Figure 2G).

Tortuosity is a measure of the deviation from a straight linesandlculated by dividing the
accumulated travel distance by the distance between theaurfidstast points. There was no
significant difference in the tortuosities of ENCCs at diffiérlocations (ANOVA,; Figure
1D). Although tortuosity is a commonly measured parameter in nagrstudies, it does not
take direction into consideration, so it is not a very informativeufaderstanding ENCC
migration.

The rate of caudal advance was defined as the longitudinal adisgilcement/time of an
ENCC, regardless of the route (Figure 2F). Individual ENCCs td@nd >75Qum from
the most caudal cell had significantly lower rates of caudalrmgvthan those 300—45%0n
from the wavefront (ANOVA followed by Tukey’s post-hoc test; g 1E). Consequently,
there is considerable local leapfrogging at the wavefront, andlidrbenot observe any
“pioneer” ENCCs that remained at the front of the ENCC populatiomfie than 2 hours
(Figure 2E,F).

Gut regions behind the wavefront are primarily popuated by ENCCs with
low directionality

ENCCs with low rates of caudal advance will populate a regather than migrate into new
regions. We examined whether the ENCCs that populate a regioatengj the same speed
as other ENCCs but non-directionally, or whether they show simtitactionality to other
ENCCs but migrate slower. Linear regression analyses revélade for caudal advance
versus speed® = 0.24, while for caudal advance versus angle there was an envers
correlation withR? = 0.51 (Figure 2H,1). Hence, low directionality appears to pldsrger

role than decreased speed to reduce caudal advance, and hence poptegiergubehind

the wavefront.

This conclusion was strengthened by the observation that ENCCsnremgratory in
regions that have been long colonized by ENCCs. Cells in the E12ipt@olon, adjacent

to the caecum (around 1-1.2 mm from the wavefront), commonly advancedycékidgire
3A,B). More orally, there was no mass caudally-directed movemeBNGQICs within the
mid and caudal small intestine of E12.5 mice (Figure 3C,D), whick wérally colonized

by ENCCs 24-36 hours previously. However, the ENCC network in the sitedtine was
very dynamic and most ENCCs migrated, but in variable directibrgaure 3E,F) and at
variable speeds (mean + s.e.m. = 25 gnZh; n = 13). There was also extensive process
extension and retraction. Migration of ENCCs in regions that haddmenized for up to 24
hours was also confirmed in the pre-cecal gut of E11.5 mice (Figure 3G,H).



Figure 3 Behaviour of ENCCs rostral to the wavefront. A,B.E12.5 proximal colon, ~1.1
mm behind the wavefront, red channel ofdy.3.5 hours after photoconversion, many cells
had migrated caudallyite arrows), and there was also some dispersal of cells rostrally for
a short distancey@low arrows). C,D. E12.5 mid-small intestine, red channel onD.
Although the cells were very dynamic, after 7 hours, only a smustiber of cellsgrrows)
had migrated substantial distances longitudindtlyz. E12.5 distal small intestine; 3 small
groups of cells (7 cells in total) were photoconvertedTracks of the 7 cells showing that
they migrated variable distances in variable directighgd. E11.5 gut. Individual cells
(arrows) in a variety of locations were photoconverté&s).(H. Tracks of photoconverted
cells overlaid on red channel only. Most cells in the pre-cecal gut weretomygraut often in

a circumferential directionH). Pre-cecal ENCCs migrated slower (tracks are shadtian
post-cecal ENCCs.

Solitary ENCCs follow an undirected random walk

As described previously [22], transiently solitary ENCCs wemroonly observed close to
the migratory wavefront. Most solitary ENCCs were solitholy only 2—3 hours, but one
ENCC was solitary for 14 hours. The behaviour of ENCCs that sa@itary for a minimum
of 2 hours was examined to reveal the effect of cell-cell coetaenigratory behavior. We
first examined whether the trajectories of solitary ENG&se mathematically consistent
with a random walk, which is a pathway consisting of a success$iordependent random
steps [32]. A power-law was fitted to the time evolution of the iegakthe displacement for
solitary ENCCs (n = 21, see Materials and Methods). Cells undergoing a raradioexmbit

a linear mean square displacement in which the congtantl, whereas cells undergoing
directed migration have a parabolic mean square displacement. iyd6NCCs,a = 1.35

+ 0.58. Asa =~ 1, our data are consistent with the idea that solitary EN&€ctories follow a
random walk. In contrast, chains of ENCCs show an overall caudal advEmsewas
confirmed when the directions of migration (0-360° relative to the lemgyat the gut) for
solitary and non-solitary ENCCs, all within 1h6h of the most caudal cell, were determined
at 10 min intervals (note that the analyses in Figure 1B onlyrdigted the angle between
the start and finish positions). The migration angles of solEMZCs were significantly
different from those ENCCs in contact with other ENCCs (Wassdhtest for angles; [33]),
with non-solitary ENCCs migrating caudally more frequently tisafhitary cells (Figure
4D,E). Moreover, although both solitary and non-solitary ENCCs exdibitariable
behaviours, solitary ENCCs migrated significantly slowpr= 0.003, Figure 4A) and
exhibited higher tortuosityp(= 0.025, Figure 4B; unpaired two tailédests) than non-
solitary ENCCs (all cells analyzed were <1560 from the most caudal cell). The difference
in the rate of caudal advance only just reached statisigraifisance (12.4um/h for non-
solitary ENCCs versus 1.@m/h for solitary ENCCsp = 0.049, Figure 4C) due to large
variability; in contrast to solitary cells, some non-solitary (M migrated rostrally or
caudally for considerable distances (Figure 4C). Of note, 38%oaofsolitary ENCCs
advanced caudally at >2Qum/h whereas none of the solitary ENCCs (Figure 4C) advanced
caudally at >20um/h showing that a sub-population of non-solitary ENCCs is mainly
responsible for migrating into new gut regions. In summary, althbotfh solitary and non-
solitary ENCCs close to the migratory wavefront exhibit venyalde migratory behaviours,
ENCCs in contact with other ENCCs migrate significantiytdlasnd with a caudal bias,
whereas the trajectories of solitary ENCCs are consistent with ancatedirandom walk.



Figure 4 Comparison of solitary and non-solitary cells within 150um of the wavefront.
Scatter plots for the speed)( tortuosity B) and rate of caudal advanc€)(of solitary
(green) and non-solitary (magenta) ENCCs (mean * 1 standardiae\i@ompared to non-
solitary cells, solitary cells migrated significantlyowier = 0.003), exhibited higher
tortuosity p = 0.025) and had a lower rate of caudal advapeed.049; n = 65 non-solitary
ENCCs and 33 solitary ENCCs; unpaitteésts).D. Polar histograms showing the direction
of migration measured at 10 min intervals. The migration anglesldary ENCCs were
significantly different from those ENCCs in contact with otB&ICCs (Watson'sJ? test for
angles; n = 35 non-solitary and 22 solitary ENCCs, randomly chosenmnétyse). E.
Examples of tracks of non-solitary (magenta) and solitary (grees) cell

ENCCs do not retain their spatial order

Cranial neural crest cells in chick and zebrafish maintain ahee sneighbors for extensive
periods of time and so the spatial order of cells is largely retained [4,10,34xak'ened the
spatial order of ENCCs within 1 mm of the most caudal celhénE12.5 colon. When small
groups of ENCCs (2-8 cells) were photoconverted, they migrated abileadirections and it
was very rare for any of the cells to have retained coni#icttheir original neighbors after 2
hours (Figure 5A,B). There was considerable mixing of cells fierdnt locations (Figure
5C-E; Additional file 3: Movie 3). Thus, although there is no largeeskealgitudinal mixing
of ENCCs in the small intestine (see Figure 3C,D), within 1 ohthe wavefront, the spatial
order of cells is not retained.

Figure 5 Spatial order of cells within 1 mm of the migratory wavefront inthe E12.5
colon. A. Small group of cells afrow) that were in contact with each other when
photoconvertedB. Tracks of 6 of the cells in the subsequent 5 hours showing that they
migrated in a variety of direction€-E. A different E12.5 colon explant to show intermixing

of ENCCs.C'. Red and green channels showing photoconversion of 4 groups of cells, which
were 80, 200, 600 and 10@én from the most caudal cell at the commencement of imaging.
C. Red channel only showing the extents of initial locations of eamlpgwhich are marked

by the pale green, yellow, blue and pink b&gd. The spatial extents of cells 2 houB) (

and 4 hoursK) later are shown by the darker green, yellow, blue and red Tagsdarker
lines indicate the furthest extent of dispersal of cells frachegroup, not the number of
cells; more cells dispersed caudally than rostrally from each group of photdeonsells.

Interactions between ENCCs are mainly adhesive

Detailed observations of the interactions between ENCCs acelmbslin Additional file 4:
Figures S1 and S2. In brief, ENCCs at the fronts of chainend&d filopodia and
lamellipodia in a variety of directions into unoccupied regions (Additiilea5: Movie 4)
and ENCCs within chains extended processes within and outsideirnd ¢Additional file 4:
Figure S1). There was no significant difference between thieugive activities of ENCCs
that were 200—400m (where new ENCC network is still forming) and 500—8@0 (where
the network is largely established) from the wavefront (Additiohal4: Figure S1). The
predominant type of interaction between chains of ENCCs wagsa@ interactions
(Additional file 4: Figure S2; Additional file 5: Movie 4).



ENCCs migrate in close association with neurites iuneurites show higher
directionality

Neurite behavior

A sub-population of ENCCs starts to express pan-neuronal madarsafier they enter the
gut [29]. Neuron-like cells can occur within 10t of the wavefront, and possess a single,
persistent caudally-directed neurite [30]. In agreement with ariee study [26], neurons
migrated slower than non-neuronal ENCCs (neurons: 43um/fh, n = 18 for neurons; non-
neuronal cells: 64 + @dm/h, n = 76; unpaired two tailedtest;p < 0.05; neurons and non-
neuronal ENCCs included in this analysis were 200+800from the wavefront. The cells
are also included in the data shown in Figure 1).

When groups of ENCCs spanning the entire width of the caudal snesiiivg or colon were
photoconverted, labeled neurites were only observed on the caudal syee (BA,
Additional file 6: Movie 5). However in the longer established EN@Bvork of the E12.5
small intestine and proximal colon, neurites that projected cienemtially were also
commonly observed following photoconversion of small groups of ENCCs (Figure 6B).

Figure 6 Behaviour of neurites. A. 5.5 hours following photoconversion of the entire
diameter of the E12.5 colomgshed box), 600 um from the wavefront. Numerous neurites
(white arrows) were present on the caudal side. More cells migrated caudahyrostrally.

B. A neuron with a circumferentially projecting neurite in the El2:éximal colon.C.
Neurites do not normally explore outside of the ENCC network. Growth @oaaeurite in
the E12.5 colon, which was often bifurcatedr¢ws), and only explored within the ENCC
network. The main shaft of the neurite is marked by an ast&igkolar frequency histogram
showing the direction of neurite advance (n = 9) and migrating ENG6G 6) measured at
10 min intervals. The directions of neurite advance were significdifferent from ENCC
migration direction (Watson’s)? test for angles)E. Close association between a growing
neurite and an individual ENCC. The growing tihite arrow) of the neurite (orange)
initially extends circumferentially and then the neurite exteralsdally. It grew in close
association with a photoconverted (red) EN@&I¢w arrow) for over 2.5 hours. The neuron
cell body @sterisk) also migratesk. Segments oEdnrb-hKikGR small intestine were placed
at both ends of an explant B&t"*™™™ small intestine, which lacks ENCCs. When ENCCs
from the two populations were ~1Q@m apart, the rostrally migrating population was
photoconverted (time = 0). When the two populations collided, chains of ingdedicells
formed @rrow, 2.5 h). Both populations then ceased to advance, although red neapetes (
arrows) continue to grow rostrally for over 15 hours, well beyond the mustal ENCC
(arrow). G. Tracings of 2 ENCCs in the initial stages of neurite ptmadhat were imaged
for 12 hours (top cell) and 7 hours (bottom).

The growth cones at the tips of growing neurites only explorégirvine ENCC network
(Figure 6C). This was in contrast to the lamellipodia and filopodiEENCCs, which
commonly extended outside of the ENCC networks (see Additional filggdre S1). We
observed several examples where a growth cone advanced cawdadndert with a
particular ENCC for over 2 hours (Figure 6E). The rate of daadsance of neurites
(measured as the longitudinal distance advanced caudally regaodlthe pathway) was 39
+ 5 um/h (n = 8), which is similar to the rate at which the ENCC pdjmnaadvances
caudally (35-4Qum/h) [21,23,35]. We compared the directionality of neurite extensitn wi
that of migrating ENCCs; the neurites were 200-ga® from the wavefront, and the 6
ENCCs analyzed were all from one preparation and were in a grauwake00um from



the wavefront. Neurites showed more directional (longitudindaace than the ENCCs
(Figure 6D; Watson'§)? test for angles; [33]).

When ENCCs are introduced into explants of small intestine lackNgECs (from
Ret"®™TM mice), they migrate equally well rostrally as they do cdudab]. In the current
study we used a similar co-culture system to examine the loeinafineurites in a rostrally-
migrating population of ENCCs. Segments of small intestine tdnmb-hKikGR mice were
placed at the rostral and caudal ends of explants of aneuralistesfine fromRet"*"/ ™M
mice (Figure 6F). The ENCC population migrating rostrally ywwhotoconverted from green
to red just prior to them encountering the caudally-migrating papoldFigure 6F). The
caudally-migrating (green) and rostrally-migrating (red) ENCadhered to each other to
form chains of intermingled cells. It was not possible to amalhe effects of collisions
between ENCCs migrating in opposite directions on individual cellvi@mabecause high
levels of cell-cell contact prevented us from obtaining pre-emflidata for individual
ENCCs. After forming a network, the red and green ENCCs continuadgtate for at least
22 hours, but non-directionally (Figure 6F). In contrast, red neuriesinced to grow
rostrally (Figure 6F). We were unable to visualize whether @nthe red ENCCs also
projected neurites caudally.

Initial extension of neurites

Most neuron-like ENCCs in the E11.5 and E12.5 gut project caudally [37,38].0F tle
movies of the E12.5 colon contained photoconverted ENCCs undergoing neuritagienesis
all cases, the neurite formed from a thin process that contioueldrigate. In 2/4 cells, the
neurites did not initially emerge from the caudal side of thieboelies, and in 3/4 cells, the
neurites did not initially project caudally, but first projectedtnadl/ or circumferentially
prior to projecting caudally (Figure 6G). These data suggest tbat imdividual neuron
precursors are not polarized prior to extending a neurite.

Neurite-ENCC interactions at the migratory wavefront

Neurites are closely associated with ENCCs, but it is otiyr@einclear whether neurites or
ENCCs are the lead element in the caudal migration. We photocaheedey ENCC in the
E12.5 mid-colon, except for those within ~1( of the most caudal cell; photoconverted
(red) KikGR protein from nerve cell bodies >10& from the wavefront rapidly spread into
the caudally directed neurites amongst green ENCCs (FigureN&dyites were commonly
observed in association with ENCCs at the migratory wavefimuit,they were usually
located just behind, or a few cells behind, the most caudal ENCChaima (Figure 7B,C). If

a neurite were present close to the wavefront, migrating ENGQGally used the neurite as a
substrate to advance caudally (Figure 7D,E; Additional file 7: M&yieHowever, some
ENCCs extended filopodia and lamellipodia away from neurites, ar@@CSNvere observed
to detach from neurites. We also observed chains of migratingCENI@at broke to reveal
that there was no accompanying neurite (Figure 7F). In additie observed neurites extend
in association with ENCCs, but the ENCCs then migrated awawigrated rostrally back
along the neurite, leaving a neurite without accompanying ENEGare 7C). In summary,
ENCCs lead the way with neurites often located just rostrahe leading ENCCs; these
neurites generally act as substrates for the following ENCQselker, chains of ENCCs can
extend without an accompanying neurite. We did not observe anyaseexiending caudally
in advance of migrating ENCCs.



Figure 7 Interactions between neurites and migrating ENCCs at themigratory
wavefront. A. Diagram showing photoconversion of all ENCCs, except the most caudal
ENCCs, which results in photoconversion of the caudally-projecting tesus. The tip
(open arrow) of a red, caudally-projecting neuritar{ows) is located at the back of the most
caudal cell yellow asterisk). C. The tip ppen arrow) of a red neuriteafrows) advances
slightly behind a migrating ENCC. Even though the neurite advancedsotiation with
migrating ENCCs, 2.5 hours later, there were few ENCCs adsdcwith some sections of
the neurite érrows). D. The tip ppen arrow) of a caudally projecting neuritar¢ows) is just
rostral to the most caudal group of ENCCs, but it acts as a ateb&ir ENCCsflue, pink

and white asterisks) just behind the most caudal ENCEs.Adhesive interactions between a
neurite (red) and a migrating ENCE. Not all chains of ENCCs have neurites associated
with them. Two ENCCswhite and blue asterisks) extend caudally as a chain. After they lose
contact with the ENCCs behind and join another chain, no neurites are \siae 4rea).

Relationship between ENCC migration direction and neurite orientation well
behind the wavefront

There are prominent, longitudinally-oriented bundles of neuritesgioms long colonized by
ENCCs [38,39]. Here, we reported the paradoxical observations thattimigENCCs often

use neurites as substrates, and that ENCCs well behind the waveigoate, but mostly
circumferentially (see above). Examination of fixed preparationsnadll intestine from
E12.5 Ednrb-hKikGR mice that had been immunostained using the neurite marker, Tujl,
revealed a fine neurite network without any detectable orientatitihe same focal plane as
most of the ENCCs (Figure 8A,B). Thick bundles of longitudinallyrdgd neurites were
present deeper (closer to the circular muscle layer) tham#jerity of ENCCs (Figure
8C,D).

Figure 8 Thick bundles of longitudinally-oriented neurites are deper (closer to the
lumen) than the majority of ENCCs. Single optical sections of wholemount preparations of
E12.5 small intestine of akRdnrb-hKikGR mouse that was also immunostained using an
antibody to Tujl (magental\,B. Single optical section at a focal plane in which there is the
highest density of ENCCs. There is a plexus of Tujl+ cell bodiesngurites with no
obvious orientiationC,D. At the focal plane of the longitudinally-oriented neurite bundles,
the density of ENCCs is lower.

Inhibition of EDNRB signaling primarily affects ind ividual ENCC speed

The caudal advance of ENCCs along colonic explants is retarddte iyDNRB inhibitor,
BQ-788 [40-42]. We examined whether the delay is due to individual ENGIGsating
slower and/or less directionally. ENCCs in colonic explants fra&.&=dnrb-hKikGR mice
exposed to BQ-788 (20M) migrated significantly slower than control ENCCs, exceptehos
that were 150-30Qm behind the wavefront (Figure 9A; two tailetests,p < 0.05, except
for 150—-300um ENCCs wher@ = 0.13; 162 cells were tracked in 12 colon explants exposed
to BQ-788; the control data are the same as those shown in Fig@e EBur ENCCs were
stationary in the presence of BQ-788. Although EDNRB signasirghown to influence the
rate of neuronal differentiation of ENCCs [43,44], the decrease ignation speed of
individual ENCCs exposed to BQ-788 for 10 hours was not associated witthetattable
change in the proportion of Hu + neurons (Additional file 4: Figure $Bgre was no
significant difference in the direction of migration between mdnand BQ-788-exposed
ENCCs except for ENCCs that were 600—1B60 from the wavefront (two tailed tests;
Figure 9B). As in control mice, BQ-788-treated ENCCs thatevie-150um from the most
caudal cell showed lower directionality than ENCCs further agstand there was no



correlation between angle and speBd=% 0.01; linear regression for entire cell population).
These data show that inhibition of EDNRB signaling primaaitiects the speed at which
individual ENCCs migrate. Unlike control explants, in some BQ-788edeaxplants, we
observed neurites transiently in advance of ENCCs (Figure 9C).

Figure 9 Inhibition of EDNRB signaling primarily affects the speedof ENCC migration.
A,B. The speed and angle of migration (mean = s.e.m.) of tracked cBN@Cs (these are
the same data as shown in Figure 1) and ENCCs in explantsedxpmshe EDNRB
antagonist, BQ-788 (20M). A. ENCC speed in explants exposed to BQ-788 is significantly
lower than in control explants, except for ENCCs that were 150x30f0om the migratory
wavefront { tests).B. The angle of migration between the locations at the beginningrahd
of imaging for each ENCC, relative to the long axis of the gaty @ngles between 0 and
180° were used. The angles of ENCCs exposed to BQ-788 were not aighyfidifferent
from controls except for ENCCs that were 600—@B0Dfrom the wavefront, where BQ-788-
treated ENCCs migrated at a higher angle than control ENCC&12.5 colon explant
exposed to BQ-788. The growth coraerpws) of a neurite is in advance of the most caudal
ENCC cell body. An ENCC cell bodwagterisk) uses the neurite as a substrate.

Discussion

Most migratory cell populations that have been studied in detail t® mhégrate as a
collective from one location to another. In contrast, the formadioan enteric nervous
system along the entire gut requires that some ENCCs advancklly while others
populate each region, which has been termed “directional dispersi@jn’f2this study we
showed that a characteristic of ENCCs is their variabiitjnigratory behaviour, particularly
directionality. Most ENCCs appeared to migrate according to ¢hven individual program
whilst maintaining contact with other ENCCs — for example, EN@idsnot retain their
neighbours and cells migrating in opposite directions within the shiaia were commonly
observed. We suggest that variability in ENCC behavior, but with aralbwaudal bias,
results in the colonization of each gut region as well as the Icaddance of some ENCCs.
Despite the variability, our study shows that ENCCs behaverdiffly when solitary
compared to groups, and therefore meet the definition of colleciyeation [45]. For the
majority of time, the behavior of ENCCs did not in general conforthe types of migratory
behaviors described previously for neural crest populations thaatenigs a collective from
one location to another [4,8-10]. However, some behaviours described for otreranesir
populations, including contact inhibition of locomotion, were exhibited occabipaald we
cannot rule out the possibility that non-predominant behaviours play antampoole in
ENCC migration.

Colonization of all regions of the gut with ENCCs

The ENCCs that populate a gut region are those that show the laweest caudal advance.
Our data show low ENCC caudal advance is more highly correldtedow directionality
than with low speed. Thus, the gut is colonized primarily by ENC@gatmg non-
directionally, although ENCCs migrating slower than the restthef population also
contribute to gut colonization. Furthermore, it was not possible to septdma ENCC
population in the E12.5 colon into two distinct groups — those that advancedlycaundia
those that did not.

A recent imaging study using biosensors revealed that EN@Q@Gioin speed was positively
correlated with Racl and Cdc42 activities and inversely cogcelatth PKA activity [46].
Hence the activities of Racl, Cdc42 and PKA are likely to playeain determining the rate



at which an ENCC advances caudally by regulating ENCC speed.shWeed that
directionality is also an important determinant in whether an EM@ICadvance caudally,
and that there was no correlation between direction and speed. Futirenéiging of
signaling molecule activities in ENCCs are required to rewbather migration direction is
correlated with the activity of signaling molecules at particular slibaelocations within an
ENCC, as has been performed in liviXgnopus cranial neural crest cells [9] and fixed
ENCCs [47].

Unexpectedly, most ENCCs were still migratory in regionsutftigat had been colonized for
over 24 hours, although they migrated slower than ENCCs closee towvabefront. Many
ENCCs in long-colonized regions migrated circumferentially. Mms also surprising as
there are prominent longitudinally-oriented neurite bundles in colomegidns of the gut
[38,48], and we showed that ENCCs advancing caudally often use seasit@ migratory
substrate. However, we also demonstrated that the thick longitueanehted neurites are
located deeper than the un-oriented neurite network associated @atrEMCCs. InEdnrb
mutant mice where ENCC migration is delayed, the E14.5 mid-csloolonized by ENCCs
migrating circumferentially from a dorsal mesentericredrfd0]. Combined the data suggest
that as the gut matures, it favors the circumferential atiggr of ENCCs. The mechanisms
promoting circumferential migration remain to be identified, butusléely to be related to
the vasculature as the blood vessel network in the mouse intestimesily associated with
the mucosal crypts and the submucosa [23,49], whereas the circumafersigration
reported in the current study is mainly in the outer mesenchymeeswhe myenteric plexus
will later form. Furthermore, circumferentially migrating ENCCigrated within the existing
ENCC network.

Consistent with our earlier study [23], we found that the shapes &N networks first
laid down are retained over time. As we now show that most ENGGSnue to migrate
after they colonize each gut region, we propose that the ENC@nhkeisvmaintained by a
scaffold of un-oriented neurites that is present at the sawekas the majority of ENCCs. In
the mature gut, myenteric ganglia are long structuresatieadriented parallel to the circular
muscle layer. In contrast, the clusters of ENCC present saEBNS development are not
oriented in any particular direction and are dynamic in theirposition. Hence major
reorganization of the ENCCs occurs prior to mature ganglion formation.

During development of the lateral line in zebrafish, cells negcallectively along the body
of the embryo and deposit cell clusters called rosettes atetiislocations; these are the
progenitors of mechanosensory organs [50]. A recent study showed tlikgpibstion of a
sub-population of cells to form rosettes during the migration of tHectiwke involves the
formation of microtubule-dependent adherens junctions [51]. The formation of
mechanosensory organs at distinct intervals in the zebrafesilléne is, however, different
from the directional dispersion of ENCCs, as ENCCs are dispersady along the entire
length of the gut. Like ENCCs, other neural crest-derived cell popogasuch as Schwann
cells and melanocytes evenly populate structures as they engjsdally. The migratory
behaviour of these cell types has not yet been examined in detaal,sbudy of intact skin
explants from E14.5 mice showed that melanoblasts remained migmategions already
colonized [52]. Unlike ENCCs, however, melanocytes are found asrgalgis that exhibit
repulsive interactions upon contact with other melanocytes and condgqoexntain
individual territories [52].



Frontal advance

Earlier studies have shown that ENCCs at the migratory fran¢ are mainly responsible
for populating uncolonized regions of gut; this process has been tefroathl* advance”
[22,26,27]. Our data are in agreement with this model but provide somemeints. First,
we show that there is considerable local leapfrogging of ENiE @ wavefront because the
most caudal cells on average show low directionality and hencedadal advance. Thus,
within the frontal advance zone, ENCCs do not retain their spatiat.dPrevious studies in
which small regions of mesenchyme in explants of chick gut wegkaced with quail gut
mesenchyme suggested that the ENCC frontal advance zone isamyg 200—-30@um long
[27]. Our data show that ENCCs advancing caudally are not found istiactlizone with
definable boundaries — ENCCs located 300—-4B80from the most caudal cell showed the
highest average rate of caudal advance, and the probabilityntHaN@C would advance
caudally decreased caudo-rostrally thereafter so that inrtak istestine (>1.2 mm from the
wavefront), there was no significant caudal advance even thoughombe cells were still
migratory. It is likely that the length of the ENCC frontal atlv@ zone varies with age and
species.

ENCCs at the migratory wavefront show low directiorality

Cranial and trunk neural crest cells in the chick migrate innshaith clear leading cells
[3,53,54]. Even excluding solitary cells, our data show that the eatreavefront ENCCs
migrate with lower directionality than ENCCs that are 150-(00 from the wavefront.
Druckenbrod and Epstein (2007) tracked individual ENCCs in the chickhguhad been
labeled with GFP by electroporation and, consistent with the ciateshy, ENCC behaviour
was shown to be variable, and to vary at different distances frerwavefront. However,
ENCCs within 200pm of the wavefront were observed to show the most directional
migration [22]. Hence, there may be some species differences in the beha¥iBWNCCs.

We were unable to shed light on the unresolved question of why chatii¢Gfs advance
into uncolonized regions. Unlike follow-the-leader chain migration afralecrest cells in
chick [54], our study showed that the protrusive activity of ENCGssdnot vary with
location. Combined, the data are consistent with the idea that EN&@®®t detect the
polarity of the gut, but preferentially migrate into areas of EEMCC density while retaining
contact with other ENCCs.

Role of ENCC-ENCC contact

Our study shows that although ENCCs generally do not maintaigatime neighbours for

long, there are strong transient adhesive interactions betwegimboering ENCCs. The

molecular bases of the adhesive interactions between ENCCs arenmaletely understood

but LLCAM andpl integrins play roles [55-59]. Despite the strong adhesive int@nacti

ENCCs that are transiently solitary are frequently observéoeatigratory wavefront [22].

For follow-the-leader chain migration of cranial and trunk neurastccells, it has been
suggested that cells in a chain follow a path of lesser aasistthrough the ECM and
therefore migrate faster than solitary cells [7]. Consistettit this idea, the speed of solitary
ENCCs was significantly slower than ENCCs in chains. FurthegmBNCCs in chains

migrated more directionally than solitary ENCCs suggeshag¢ell-cell contact is essential
for ENCCs to respond to environmental cues as has been shown fat nemal crest cells

in Xenopus [9] (see below).



Role of EDNRB signaling

Endothelin-3 (EDN3) acting at EDNRB receptors expressed on ENKCEssential for the
normal colonization of the gut by ENCCs [60-63]. Interpretatiomefmigratory behavior of
ENCCs inEdnrb null mutant mice is difficult because the entry of neuradtederived cells

into the gut is delayed and thus the gut environment through which EN{@G&aris older

than in wildtype mice [40]. Our data, using a pharmacological itdnilof EDNRB, reveal

that EDNRB signaling primarily promotes migration speed, rathan directionality.

EDNRB signaling is likely to affect ENCC migration via RKctivity [46,64]. Although it is

well established that EDNRB signaling inhibits ENCC diffeiegtidan [65], we showed that
exposure of explants to the EDNRB inhibitor in the timespan of peranents was not
sufficient to result in any detectable changes in neuronal eliffiation. Thus the effect of
inhibition of EDNRB signaling on ENCC migration cannot be entirelue to an

enhancement of neuronal differentiation and our data therefore suppodnitiasions of a
previous study [40] showing that EDNRB signaling has a direecetin ENCC migration,
as well as an indirect effect via its influence on differd¢iaina It will be interesting to

determine whether the delay in the caudal advance of the ENCC paputaother models
of Hirschsprung disease is due to perturbed speed or directionality of individu@ISEENC

Longitudinal growth of axons

We showed that neurites within the E12.5 colon advance caudally withlloheaga
directionality, implying that neurites can detect the longitudinxa and the polarity of the
gut. However, when ENCCs were introduced into the caudal end of expfaateural small
intestine, some neurites grew orally. Our data are consistédntivel idea that neurites use a
property of the gut tube to detect the longitudinal axis of the lgutt the mechanism
regulating the direction of neurite growth remains to be determwd have previously
suggested that the direction of neurite growth might be determingeklwirection of ENCC
migration [30]. However, in the current study, when the orally projgatieurites in the co-
cultures encountered a population of ENCCs migrating anally, thr@inaed to grow orally.
Furthermore, following pharmacological inhibition of EDNRB signalimgurites were
observed in advance of ENCCs, showing that ENCCs are not required for longitudirtal neuri
extension. In control explants, the growth cones of the growing neulidlesot explore
outside of the ENCC network, and thus it appears highly unlikely thaite® normally
navigate along longitudinally-oriented structural components of thevallit outside of the
ENCC network. Mature enteric neurons also include subtypes thattpcojgumferentially
or orally [66]. Some circumferentially projecting neurons were feskeat E12.5, but only in
the small intestine and proximal colon.

Role of neurites in ENCC migration

Sacral neural crest cells migrate into the hindgut alongxbesaof extrinsic neurons [15].
Neurites (from intrinsic neurons) are present in close apposition to chaingabBMNCC, but

it was previously unclear whether neurites or ENCCs lead tlye iwdixed tissue the most
caudal structure is most commonly an ENCC, but it is also not uniasolbserve neurites in
advance of ENCCs [67]. Our data show that ENCCs lead the way Hevgut, with neurites
following a short distance behind. Furthermore, the growth cones of iseanig explored

within the ENCC network, and as a result, neurites always advancedcert with chains of
ENCCs. Sometimes ENCCs were observed to reverse direction gnatemback along a
neurite or to migrate away from a neurite, which explains wayrites are sometimes
observed caudal to the most caudal ENCC in fixed tissue. Our data also show thed aetri
as substrates for migrating ENCCs. Although neurites are not eddfair the extension of



chains of ENCCs into unpopulated regions, it is possible that longgtildoriented neurites
facilitate the directional migration of ENCCs towards the e&feont. Previous studies have
provided evidence both for and against an essential role for neurieSICC migration.
Humans with mutations in the gene encoding kinesin binding protein (KizRe
Hirschsprung disease [68], and studies in neuronal cell lines, gricoatical neurons and
zebrafish have shown that the main role of KBP appears to be inenfeuntation [69-71].
On the other hand, mutant mice with defects in the longitudinal prajsctif neurites do not
exhibit any delay in ENCC migration [38] showing that longitudinalrite projections are
not essential, or that only a small number of longitudinally orienéedlites is necessary, for
normal ENCC migration. To reveal the role of neurites in ENCG@ration conclusively,
future studies are required in which neurite formation is blocked in differentragungns.

Individual ENCC are unable to detect gradients of marphogens along the gut

A number of molecules that influence the migration of EN@@tro are found in gradients
along the gut [72-74]. For example, GDNF is chemoattractive ©8E&NnN cultured explants,
and Gdnf is expressed in a spatial and temporal gradient from the dtotoabe caecum
coincident with the migration of ENCCs towards the caecum [75,76].sidee of the cell
body from which axons emerge and the initial direction of axon d¢raftsome CNS
neurons can be influenced by gradients of guidance factors [77,78]. We pregitiees of
evidence to suggest that individual ENCCs cannot sense the polahty agitt First, our data
suggest that the polarization of an ENCC cell body requiredhoiinitial formation of an
axon is random, and that neurites must project for a minimum distanaexist for a
minimum amount of time, before they are able to detect the long#udxis of the gut.
Second, the migration of solitary ENCCs was consistent with amsgdbirandom walk. This
implies that individual ENCCs are unable to detect chemotadidients along the gut. In
Xenopus, groups of cranial neural crest cells show a strong chenwtasponse towards the
chemokine, Sdfl, but single cells respond poorly and thus cell-cekatitars are essential
for chemotaxis of cranial neural crest cells towards Sdfll{9)ould therefore be very
interesting to determine whether solitary ENCCs show a chemotagitansesto GDNF.

Conclusions

ENCCs exhibit variable speeds and directionalities, but withudatdias, and this results in
the population of each gut region as well as the caudal advance efE9¢8Cs. Hence the
gut is not populated by cells stopping, but by cells migrating naciihnally. ENCCs
remain migratory after colonizing each gut region, which migtd beechanism to ensure an
even density of cells as the gut grows. Despite the variabilibehaviour, ENCCs overall
behave differently in groups compared to solitary cells andftrereneet the definition of
collective migration [45]. Moreover, previous studies have shown thatGsSN€n act
cooperatively in the regulation of proliferation and migration [60,79]. ChafnENCCs
appear to advance caudally because they prefer regions witEN@NC density whereas
neurites can detect the longitudinal axis of the gut and exhileittainal growth, although
they do not lead the way down the gut. Future studies are needed rotathmpulations
that exhibit directional dispersion to reveal if the behavior of ENCCs can bealypedr



Methods
Mice

Ednrb-hKikGR mice, in which all ENCCs express the photoconvertible protein, KiK&5
were used for all experiments. C57BL/6 mice were time, plugant Ednrb-hKikGR mice.
Segments of small intestine from E11R8t"™°™™M mice [80] were also used for some
experiments. Mice carrying E11.5 or E12.5 embryos were killed twceé dislocation. All
experiments were approved by the Anatomy & Neuroscience, Paghé&bgrmacology and
Physiology Animal Ethics Committee of the University of Melbourne.

Time-lapse imaging and analysis

The gut from E11.5 or E12 Bdnrb-hKikGR mice was dissected in DMEM/F12 containing
20 mM glutamine, 10% FBS and penicillin/streptomycin, and attachedsaefd8 cut into a
piece of filter paper as described previously [81]. The filter pajas inverted and placed in
a 35 mm coverslip-bottomed dish. A stainless steel ring was ptacéte edge of the filter
paper support to prevent movement. In some experiments, the culture nasihurontained
the EDNRB antagonist, BQ-788 (Sigma-Aldrich; @), which was added 3—4 hours prior
to the commencement of imaging. Co-cultures were also set upiah wegments of small
intestine from E11.%dnrb-hKikGR mice were placed at both the rostral and caudal ends of
segments of small intestine froRet ™™™ mice, which lack ENCCs [36]. The co-cultures
were grown in an incubator at 37°C with 5% Lf@r 24-48 hours prior to imaging.
Preparations to be imaged were placed in an environmental chdmlebat 37°C, mounted
on an inverted Leica SP5 laser confocal microscope. Photoconversionvafuatior groups

of KikGR + cells was performed using a 405 nm laser and thenegf interest (ROI)
function on the confocal microscopg:series images were obtained through the ENCC
network at 2.5, 3, 4 or 5 minute intervals using X10, X20 or X40 oil immersigectives.
Cell tracking (manual and automatic), and measurements of aagteslistances, were
performed on videos of projectedseries using Axiovision (Zeiss) or ImageJ software.
Filopodial extensions were quantified by counting the number of nepofiial extensions
outside of the ENCC network in a 100 X 2(afh area at 5 minute intervals for 3 hours.
Immunohistochemistry was performed using Tujl antibodies (Covance, NRytle,
Australia) as reported previously [39].

Random walk analysis

To determine whether solitary ENCCs moved in a random walk, dataildeg the &(t),
y(t))coordinates of 21 solitary ENCC trajectories (ENCCs tirate not in contact with any
other ENCCs for a minimum of 2 hours) were analysed. First, ecdethether there was
any bias in the motion, the time evolution of the displacement in -theegtion and y-
direction was estimated by calculating

X (1) =(x(t) =x(0)). () =(v(t) - (0)) . "
We then fitted the observed(t), Y(t) data to the following model

X(t)=rt,Y(t)=vt. 2



This fitting procedure allowed us to estimate the drift velaiti@nd vy. An unbiased
random walk hasy = vy, = 0. Our data suggest that the mean drift in the x-directiops
0.020 + 0.062um/minute, and the mean drift in the y-directionvis= 0.020 + 0.078
um/minute. Here we have quantified the uncertainty in our es#gnasing the sample
standard deviation. Since we only have a relatively small numbeajettories the sample
standard deviation is large. In summary, given the large variainildyr data, our estimates

of v, andvy are sufficiently close to zero to conclude that the motion is, on average, unbiased.

To determine whether the motion followed a standard unbiased randomweafikied a
power-law to the time evolution of the square of the displacement

(1)=A" ©

Wherer?(t) = X%(t) + Y(t), anda andp are positive constants; for a standard unbiased random
walk, o = 1. To determine whether our data are consistent with an edhiasdom walk, we
fitted the data for each solitary ENCC trajectory to Eigmaf3) to give 21 estimates of
from which we could estimate an average value of this exponentit Taurf data, we
rearranged Equation (3) to obtain

log,, (@] = |Oglo(:8) +(@-1) IOglO(t) :
4)

2

r=(t)
|Oglo(—]

By fitting a straight line to a plot of as a function of logq(t), the least-squares

estimate of the slope of that line provided us with an estimate-of.}.
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Additional files

Additional_file_1 as MOV

Additional file 1 Movie 1. Explant of colon from an E12Esinrb-hKikGR mouse in which a
group of ENCCs that were 600-7(t from the wavefront were photoconverted from green
to red. Some of the photoconverted ENCCs migrated along longitudinally-oriertedsstr

with high speed (cells tracks indicated by blue and purple lidesries images using a X10
objective lens through the ENCC network were captured every 4 minutes for 10 hours, and
then eaclz-series projected. Caudal is to the right.



Additional _file_2 as MOV

Additional file 2 Movie 2: Same explant as shown in Movie 1. One of the photoconverted
ENCCs exhibited a complex, circular pathway as indicated by the white hiseENCC
migrated at an average of @/h, but it advanced caudally only 14t after 16 hours. In

the middle of the movie when it is migrating rostrally, it collides with a beighteen ENCC
that is migrating caudally, but still proceeds rostrally. Caudal is toghe ri

Additional_file_3 as MOV

Additional file 3 Movie 3: Explant of colon from an E12EsInrb-hKikGR mouse. Red
channel only showing 4 groups of photoconverted ENCCs, which were 80, 200, 600 and
1000um from the most caudal cell at the commencement of imaging. ENCC do not retain
their spatial order, and there is significant intermixing of cells photocouvatridifferent
locations. Images were captured every 10 minutes for 5 hours using a X10 obgive |
Caudal is to the right.

Additional_file_4 as PDF

Additional file 4 Figure S1 Morphology of ENCCs and filopodia and lamellopodia
extension. Figure S2 Interactions between the filopodia and/or lamellipodiafarthef one
chain and cells or filopodia from another chain resulted in three general outcdimesve,
“walk-past” and repulsive (contact inhibition of locomotion). Figure S3 There meere
significant differences in the number of Hu+ neurons per area of Kik+ celisirot

explants (n = 12) and in explants cultured in the presence of BQ7881)2® = 13) for 10
hours. At the end of the culture period, explants were fixed, processed for
immunohistochemistry using an antibody to the pan-neuronal marker, Hu. The number of
Hu+ cells per area of Kik+ cells was quantified using Fiji software.

Additional _file_5 as MOV

Additional file 5 Movie 4. Higher magnification movie showing a photoconverted ENCC in

the middle of the field of view, which is the daughter cell of a cell that was@thoterted

when it was undergoing mitosis; the nucleus is red and the cytoplasm is orange bettaise
presence of newly synthesized (green) protein after cell division. This EMGOflzer

ENCCs in the field of view at the fronts of chains, extended filopodia and lamellopaia i
variety of directions. After the red ENCC encountered another chain, a number skpsoce
adhered to the chain and the cell then joined the chain. The movement between images is due
to spontaneous contractions of the developing external muscle. Images wera@amye

2.5 minutes for 5 hours using a X40 objective lens for 2 hours. Caudal is to the right.

Additional_file_6 as MOV

Additional file 6 Movie 5: Red channel only after ENCCs 0 from the wavefront of the
E12.5 colon had been photoconverted. Longitudinally projecting neurites are present on the
caudal side. Images were captured every 5 minutes for 5 hours using a X20 olgastioe |

9.5 hours. Caudal is to the right.

Additional_file_7 as MOV

Additional file 7 Movie 6: Movie in which all ENCCs, except those ~1®0 from the
wavefront, were photoconverted from green to red. ENCCs use the red neurite in tlee middl
of the field of view as a substrate to advance caudally. Images were capingea X40
objective lens every 4 minutes for 16 hours, but this movie only shows a 3 hour period
starting 11 hours after photoconversion and the commencement of imaging. The kmightnes
the green channel is reduced. Caudal is to the right.
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Additional files provided with this submission:

Additional file 1: 5332306831156433 add1.mov, 3394K
http://www.biomedcentral.com/imedia/4948271891251525/supp1.mov
Additional file 2: 5332306831156433 _add2.mov, 2587K
http://www.biomedcentral.com/imedia/1673323114125152/supp2.mov
Additional file 3: 5332306831156433 add3.mov, 297K
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http://www.biomedcentral.com/imedia/2055108374125152/supp4.pdf
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