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Abstract

Migration and differentiation of cranial neural crest cells are largely controlled by environmental

cues, whereas pathfinding at the trunk level is dictated by cell-autonomous molecular changes

owing to early specification of the premigratory crest. Here, we investigated the migration and

patterning of vagal neural crest cells. We show that: 1) vagal neural crest cells exhibit some

developmental bias and 2) they take separate pathways to the heart and to the gut. Together these

observations suggest that prior specification dictates initial pathway choice. However, when we

challenged the vagal neural crest cells with different migratory environments, we observed that the

behavior of the anterior vagal neural crest cells (somite-level 1-3) exhibit considerable migratory

plasticity whereas the posterior vagal neural crest cells (somite-level 5-7) are more restricted in

their behavior. We conclude that the vagal neural crest is a transitional population that has evolved

between the head and the trunk.
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Introduction

Neural crest cells originate from the dorsal neural tube and migrate throughout the embryo

where they differentiate into neurons, glial cells, melanocytes and craniofacial connective

tissue (Le Douarin and Kalcheim, 1999). At all axial levels, they migrate to their final

destination following two stereotypical migratory pathways, termed the dorsolateral and

ventral pathways. The overarching question we wish to answer is how different neural crest

derivatives are positioned in the embryo and how they access the appropriate pathway: do

they migrate by following extrinsic cues and then differentiate according to the environment

in which they find themselves (i.e., they are ‘plastic’ in terms of migratory potential and

fate), or are they prespecified to become a particular cell type and to follow a specific

pathway (i.e., their fate is ‘restricted’ and consequently they display cell-autonomous

pathfinding)?
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At the trunk level in birds, neural crest cells initially invade the ventral pathway between

somites and through the anterior-half of the somites and give rise to neurons and glial cells

of the peripheral nervous system (Rickmann et al., 1985; Bronner-Fraser, 1986; Loring and

Erickson, 1987; Teillet et al., 1987). Twenty-four hours later, trunk neural crest cells migrate

dorsolaterally between the ectoderm and dermamyotome, where they differentiate into

pigment cells (Serbedzija et al., 1989; Erickson et al., 1992). Analysis of single cells and cell

populations has shown that avian melanoblasts are fate-restricted when they leave the neural

tube (Henion and Weston, 1997; Reedy et al., 1998a). Similar conclusions have been

reached about zebrafish neural crest cells (Raible et al., 1992; Raible and Eisen, 1994).

Furthermore, melanoblasts are the only neural crest cells that have the ability to take the

dorsolateral pathway (Erickson and Goins, 1995; Reedy et al., 1998a). Therefore, at the

trunk level, melanoblasts are specified at the time they emigrate and, as a result of the

molecular changes that accompany specification (Santiago and Erickson, 2002; Harris et al.,

2008; Thomas and Erickson, 2009), their choice of migratory pathways is regulated

(reviewed by Harris and Erickson, 2007).

At the cranial level, mesencephalic neural crest cells disperse predominantly in the

dorsolateral pathway, with only a modest number of cells invading the underlying paraxial

mesoderm (Noden, 1975; Noden, 1988). Both early- and late-emigrating neural crest cells

can give rise to melanocytes, neurons, glia, cartilage and bone (Le Lievre, 1974; Noden,

1978; Le Douarin, 1982; Couly et al., 1993), but the early-migrating neural crest cells

contribute to both dorsal structures (i.e. melanocytes) and ventral structures (i.e. neurons,

glial cells and skeletal derivatives of the jaw), whereas the late-migrating neural crest cells

give rise to more dorsal structures (i.e. melanocytes and parasympathetic neurons in the

ciliary ganglia) and much less cartilage and bone (Baker et al., 1997). Analysis of

heterochronic transplantations of early neural crest cells into late embryos, and vice-versa,

reveals that the grafted cranial neural crest cells behave like the endogenous cells. Therefore

the mesencephalic neural crest cells are plastic in their migratory behavior and

differentiation (Baker et al., 1997), which contrasts with the more restricted nature of the

trunk neural crest cells.

The vagal neural crest, which arises from the axial level of somites 1-7, has been described

as a hybrid between the head and the trunk populations (Kuratani et al., 1991; Kuratani and

Kirby, 1992; Kuratani, 1997; Ferguson and Graham, 2004). The neural crest cells from

somite-levels 1-3 includes a subset of the cardiac crest (defined as the neural crest cells that

originate from the mid-otic placode to somite-level 3 (Kirby et al., 1983; Kirby et al.,

1985)), which plays a role in the septation of the outflow tract of the heart, and contributes

to the connective tissue and smooth muscle of the great vessels (Kirby et al., 1983; Kirby

and Waldo, 1995). Experimental analysis has also shown that no other neural crest cells can

substitute for the cardiac crest that arise from somite-levels 1-3 (Kirby, 1989), which

suggests that cardiac neural crest cells may be specified prior to migration. The vagal neural

crest also produces the neurons and glial cells of the enteric nervous system (Yntema and

Hammond, 1954; Le Douarin and Teillet, 1973; Epstein et al., 1994; Burns et al., 2000;

Burns and Le Douarin, 2001; Burns et al., 2002). Finally, like neural crest cells from other

axial levels, the vagal neural crest contributes to the neurons and glial cells of the peripheral
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nervous system and the melanocytes that populate the skin (Reedy et al., 1998a; Reedy et

al., 1998b).

Previous mapping studies using HNK-1 or E/C8 antibody and DiI labeling have provided

some information regarding the early migratory behavior and distribution of vagal neural

crest cells [HNK-1(Tucker et al., 1988; Kuratani and Kirby, 1992; Reedy et al., 1998a), an

antibody against the neurofilament-associated protein, E/C8 (Tucker et al., 1986), and DiI

labeling (Kuratani and Kirby, 1991; Kuratani and Kirby, 1992; Shigetani et al., 1995; Suzuki

and Kirby, 1997; Ferguson and Graham, 2004)]. However, these studies, unlike those

focused on the head and trunk levels (Serbedzija et al., 1989; Kuratani and Kirby, 1991;

Kuratani and Kirby, 1992; Kontges and Lumsden, 1996), do not trace from beginning to end

the pathways that the vagal neural crest cells take to reach their final destinations. We were

particularly interested to know if there are unique pathways for specific derivatives. For

instance, do the neural crest-derived components of the heart strictly take the dorsolateral

pathway and do the neurons and glial cells of the enteric nervous system take the ventral

pathway? Additionally many of the previous studies labeled large segments of the neural

tube so that the precise axial origins of different neural crest derivatives are not known. We

therefore wanted to determine the pathways taken by the neural crest cells from each somite

level to reach the heart and the gut. Also, the destination of all the vagal neural crest cells

that initially collect in the circumpharyngeal ridge (Kuratani and Kirby, 1991; Kuratani and

Kirby, 1992) (Supplementary Figure 1) has not been ascertained. In particular, since the

circumpharyngeal ridge forms a nexus between the dorsolateral and ventral pathways

(diagrammed in Figure 3), we wondered if neural crest cells use this intersection to switch

pathways. Finally, several reports are in disagreement regarding the axial level and the

embryonic stage at which the vagal neural crest cells migrate segmentally through the

anterior half of the somite (Lim et al., 1987; Kuratani et al., 1991; Ferguson and Graham,

2004) and we wished to resolve this controversy.

The unique ability of the vagal neural crest cells to contribute to the heart suggests that there

may be a causal relationship between prespecification and pathfinding at the vagal level, as

there is for trunk neural crest cells. To test this hypothesis, we used a combination of

experimental approaches, including cell culture, cell lineage labeling and neural tube

heterotopic transplantations. First, we demonstrate using cell culture studies that the vagal

neural crest cells exhibit some developmental bias: the early-migrating neural crest cells

differentiate predominantly into smooth muscle cells, whereas the later-migrating neural

crest cells differentiate principally into pigment cells. Next, we define the timing of

migration of the vagal neural crest cells into the dorsolateral and the ventral pathways and

establish a detailed map of the contribution of vagal neural crest cells from each somite level

to the heart and the gut. We find that the neural crest cells that populate the pharyngeal

arches, great vessels and heart take the dorsolateral pathway, whereas those that give rise to

the neurons and glial cells of the peripheral nervous system, including the enteric nervous

system, primarily take the ventral pathway. Together, these data suggest that there is a

correlation between early specification and pathfinding. However, when we challenged

vagal neural crest cells with alternative migratory environments using heterotopic and

heterochronic neural tube transplants, we observed that the migratory behavior of the vagal

neural crest cells from the level of somites 1-3 exhibit considerable migratory plasticity,
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whereas the neural crest cells from the level of somites 5-7 display cell autonomous

migratory behavior. The data presented here further extend the evidence that the vagal

neural crest represents a transition between the head and the trunk populations (Kuratani and

Kirby, 1991; Ferguson and Graham, 2004).

Results

Vagal neural crest cells are developmentally biased

If early specification of the vagal neural crest controls pathway choice, then neural crest

cells should be specified at the time they emigrate from the neural tube. We therefore first

investigated the developmental potential of the vagal neural crest by performing neural tube

serial-replating experiments. Briefly, we isolated quail neural tubes from Hamburger and

Hamilton stage-10 embryos (Hamburger and Hamilton, 1951) at the level of somites 1-3 and

4-7. The neural tubes were severed between somite-level 3 and 4 because the cardiac crest is

believed to come from somite-levels 1-3 at the vagal level. The neural tube segments were

replated every twelve hours to produce three cultures representing sequential waves of

neural crest emigration (0-12 hours, 12-24 hours and 24-36 hours). The cultures were

subsequently incubated for ninety-six hours in order for the cells to differentiate (as

described in Henion and Weston, 1997; Reedy et al. 1998a; Reedy et al., 1998b). Neural

tube segments from the trunk level were used for comparison. The developmental potential

of the neural crest cells was analyzed using antibodies against α-smooth-muscle-actin

(Kirby et al., 1983; Kirby and Waldo, 1990) to label the smooth- muscle cell lineage (SMA

in Figure1), which differentiates into the vascular smooth muscle that form the tunica media

of the arteries and the mesenchyme responsible for outflow tract septation (Beall and

Rosenquist, 1990). Antibodies against 16A11 and 7B3 were used as markers for neuronal

and glial differentiation, respectively (Weston, 1991; Yao et al., 1993; Marusich et al.,

1994). Melanocytes were identified by the presence of melanin. This experiment was

repeated three times and one representative dataset is shown in Figure 1.

Neural crest cells that emigrated during the first and second twelve-hour time periods

(cultures labeled 12 hours and 24 hours, respectively, in Figure 1), from both somite-level

segments 1-3 and 4-7, differentiate primarily into smooth muscle as revealed by the α-

smooth-muscle-actin-positive immunoreactivity. In the third twelve-hour period (labeled 36

hours in Figure 1), the pigment cell population increases significantly (p<0.001) and

represents the predominant cell type in both cultures, whereas the α-smooth-muscle-actin-

positive cell population declines significantly (p<0.001). The percentage of glial and

neuronal cells is similar for all three time points. These results indicate that the vagal neural

crest cells exhibit some developmental bias: the early neural crest cells favor the smooth

muscle cell lineage, whereas the late-migrating neural crest cells are biased towards a

melanogenic fate. Although there are some α-smooth-muscle-actin-positive cells in the early

migratory trunk neural crest cells, neurons and glial cells predominate.

Migratory pathways taken by the vagal neural crest cell subpopulations

In order to test our hypothesis that specification dictates pathway choice, we needed to know

what pathways are taken by the vagal neural crest cells to the heart and the gut from the time
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they emigrate from the neural tube until they arrive at their final destination. We first

determined the initial pathways (dorsolateral or ventral) invaded by neural crest cells at the

vagal level by electroporating plasmids expressing GFP or TdTomato into the premigratory

neural crest, starting at stage 10, and then analyzing their distribution at stages 12, 13 and

14. By stage 12 (9 hours after electroporation), the neural crest cells from the level of

somites 1-4 have initiated migration in the dorsolateral pathway but not the ventral pathway

(Supplementary Figure 2). They begin to enter the ventral pathway by stage 13 (12 hours

after electroporation), as the migration in the dorsolateral pathway continues

(Supplementary Figure 3). By stage 14 (18-20 hours after electroporation), migration into

the dorsolateral pathway has ceased and neural crest migration is entirely in the ventral

pathway (Supplementary Figure 4). Emigrating neural crest cells re-establish migration into

the dorsolateral pathway at stage 21, which prior studies from our lab show to be

melanoblasts (Reedy et al., 1998b). We also noted that the neural crest cells migrate in the

anterior half of the somite beginning at the level of somite 2 (Supplemental Figure 5).

In contrast, the neural crest cells originating from the level of somites 5-7 initiate migration

in the ventral pathway at stage 12 (Supplementary Figure 2), and persist in their ventral

migration (Supplementary Figure 3 and 4) until stage 21, at which time newly-migrating

cells enter the dorsolateral pathway (Reedy et al., 1998b). These data are summarized in

Figure 2.

Since only neural crest cells from somite levels 1-4 take the dorsolateral pathway and

previous studies have shown that the cardiac crest are uniquely derived from this same axial

level, our data suggest that the cardiac neural crest (smooth-muscle-cell lineage in our

culture study) take the dorsolateral pathway to the arches and the heart, whereas the enteric

neural crest are more likely to follow the ventral pathway.

Neural crest cells that arrive in the arches and the heart take the dorsolateral pathway
whereas neural and glial precursors in the peripheral nervous system mostly take the
ventral pathway

We next investigated the entire length of the pathway that neural crest cells take to the heart

and to the gut. First, to determine what subpopulation of vagal neural crest cells along the

anterior/posterior axis populates the heart vs. the enteric nervous system of the gut, GFP- or

TdTomato-expressing plasmids were focally electroporated in the neural tube at individual

somite levels and the migration of the labeled neural crest cells was followed in

progressively older embryos (Supplementary Table 1). By stage 20, neural crest cells from

the level of somites 1, 2 and 3 migrate to the pharyngeal arches 3-6 and the outflow tract of

the heart. We also observe aggregation of cells next to the neural tube, which have been

referred to as the ganglionic crest of the cranial nerve IX and X (Kuratani et al., 1988). The

neural crest cells from somite-level 1-2 reach the anterior foregut (extending posteriorly to

the site where the laryngotracheal groove has split into the esophagus and the lung buds),

whereas the neural crest cells from somite-level 3 reach the stomach (at the forelimb level).

Neural crest cells from the level of somite 4, by stage 20, aggregate into the ganglionic crest

(as described above), populate the posterior edge of pharyngeal arch 6, and posterior regions

of the foregut (as far posterior as the forelimb level, into the stomach).
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The neural crest cells from the level of somites 5-6 colonize the Froriep's (sensory) ganglia

(Froriep, 1889; Froriep and Beck, 1895) and as far posterior in the foregut as the stomach,

similar to the neural crest cells from the level of somite 4 (Supplementary Figure 6). Finally,

the neural crest cells from the level of somite 7 coalesce to form the first permanent dorsal

root and sympathetic ganglia, but do not migrate into the foregut. Mapping results are

summarized in Figure 3.

We next wanted to determine the final destination of the neural crest cells depending on

whether they initiated migration in the dorsolateral or ventral pathway and to discover

whether neural crest cells could cross over from one pathway to the other at the

circumpharyngeal ridge. To ascertain the destination of the neural crest cells that take the

dorsolateral pathway, we labeled the neural tube at a single-somite level in stage-10

embryos by electroporation of a fluorescent construct, and then ablated the fluorescently-

labeled neural tube twelve-hours later (stage 13) before ventral migration from the level of

somites 1-4 begins.

Forty-eight hours following the ablation (stage 23), the labeled dorsolaterally-migrating

neural crest cells from the level of somites 1-3 populate the pharyngeal arches 3-6, the

outflow tract of the heart and the foregut. The neural crest from somite-level 1-2 reach the

point where the laryngotracheal groove has split into the esophagus and the lung buds

(Supplementary Figure 7), whereas the neural crest cells from the level of somite 3 migrate

more posteriorly into the stomach, confirming earlier experiments (see Figure 3).

Interestingly, the labeled neural crest cells selectively occupy the lateral portion of the

foregut, which is contiguous with the pharyngeal arch mesenchyme. This same neural crest

subpopulation has been shown previously to be E/C8-immunoreactive by Kuratani and

Kirby (1992). We noted that the neural crest cells from the level of somites 1-3 reach the

foregut by migrating along the circumpharyngeal ridge, whose mesenchyme fuses with that

of the foregut, and not by migrating medially to the ventral pathway. At stage 23, the neural

crest cells from the level of somite 4 populate the posterior edge of the pharyngeal arch 6

and the foregut as far as the stomach (forelimb level), but are absent from the heart.

Therefore, our data show that the vagal neural crest cells from somite-levels 1-4 initiate

migration dorsolaterally and cells in this pathway predominantly populate the pharyngeal

arches and the outflow tract of the heart (see Figure 3 for summary). The cells that reach the

foregut migrate from the circumpharyngeal ridge directly into the foregut mesenchyme.

We further predicted that the ventrally-migrating neural crest cells from the vagal level

would populate the gut and contribute to the development of the enteric nervous system (but

not the pharyngeal arches or the heart). We selectively labeled the ventrally-migrating neural

crest cells by electroporating a GFP construct in the neural tube at each somite level in

stage-13 embryos (time of initiation of ventral migration) and then incubated the embryos

for forty-eight hours (until stage 23) (Supplementary Table 1). Neural crest cells from the

level of somites 1-2 form the ganglionic crest, and colonize the foregut, up to the level

where the laryngotracheal groove splits into the esophagus and the lung buds

(Supplementary Figure 8), whereas the neural crest cells from somite-level 3 reach the

stomach. In contrast to the neural crest cells that migrate to the gut through the

circumpharyngeal ridge, these neural crest cells populate the dorsal and lateral portions of
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the anterior foregut. A previous study from Kuratani and Kirby (1992) showed that neural

crest cells that occupy the anterior dorsal foregut are HNK-1 positive and are E/C8-negative.

Here, we provide evidence that the E/C8-negative cells are those that exclusively take the

ventral pathway. The neural crest cells from the level of somites 4-6 form the ganglionic

crest (at the level of somite 4) and Froriep's ganglia (somite level 5 and 6), and colonize the

foregut, as far posteriorly as the stomach (Supplementary Figure 9). The neural crest cells

from the level of somite 7 only contribute to the dorsal root ganglia and the sympathetic

ganglia that form at somite-levels 7 and 8. Mapping results are summarized in Figure 3.

In conclusion, neural crest cells that migrate to the pharyngeal arches and the heart take the

dorsolateral pathway, whereas neural crest cells that form the peripheral nervous system and

the enteric nervous system follow the ventral pathway. There is minimal cross over between

these pathways at the circumpharyngeal ridge. Taken together with the observation that

vagal neural crest cells have developmental biases that correlate with the time they leave the

neural tube, we hypothesized that early specification dictates whether neural crest cells will

follow the dorsolateral or ventral pathway.

Do the vagal neural crest cells have cell-autonomous pathfinding ability?

To test the cell-autonomous pathfinding abilities of the vagal neural crest cells, we

transplanted quail donor neural tubes (stage 10) from the level of somites 1-3 to the same

axial level of older chick embryo hosts (stage 13) or to the level of somites 5-7 in stage-10

chick embryo hosts (Figure 4 and Table 1). In both situations, the grafted neural crest cells

would normally be migrating in the dorsolateral pathway whereas the endogenous neural

crest cells should be migrating in the ventral pathway. After twelve hours of incubation, the

transplanted quail neural crest cells invade the ventral pathway only. These results suggest

that any cell-autonomous migratory properties possessed by the early migrating neural crest

cells from the level of somites 1-3 are overridden by local environmental directional signals.

To determine whether the neural crest cells from the level of somites 5-7 would maintain

their initial migration in the ventral pathway in an environment where the endogenous neural

crest cells migrate dorsolaterally, we performed two transplantation experiments: 1) we

transplanted a stage-10 quail neural tube from somite-levels 5-7 into a stage-matched

chicken embryo at the level of somites 1-3; and 2) we transplanted a stage-10 quail neural

tube into stage-21 chicken embryos at the trunk level (Table 1). In both cases, the

transplanted neural crest cells are found in the ventral pathway twelve hours later (Figure 5).

The former result is especially surprising since the trunk neural crest cells transplanted to the

level of somites 1-3 do use the dorsolateral space (Harris et al., 2008).

This suggests that neural crest cells in the first migratory wave from the level of somites 5-7

are predisposed to migrate ventrally or at a minimum have endogenous migratory properties

that differ from ventrally-migrating neural crest cells at other axial levels.

The “young” environment (stage-10 embryo) at somite-levels 1-3 does not support the
migration of “older” (stage-13 embryo) vagal neural crest cells populations

To test whether the late-migrating neural crest cells from the level of somite 1-3 (stage 13)

also exhibit similar plasticity in their migratory behavior as the early-migrating neural crest
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cells from stage-10 embryos, we transplanted quail donor neural tubes to the same axial

level, but in younger chicken embryo hosts (stage 10) when the endogenous neural crest

cells migrate in the dorsolateral pathway (Table 1). After twelve hours of incubation, the

quail neural crest cells do not initiate migration from the transplanted neural tube

(Supplementary Figure 10). However, after twenty hours of incubation, which corresponds

to the time at which the endogenous neural crest cells migrate in the ventral pathway, the

transplanted neural crest cells now migrate ventrally (Supplementary Figure 10). Because

these stage-13 (older) neural crest cells immediately migrate in the ventral pathway when

transplanted heterotopically at the level of somites 5-7 in stage-10 embryos (Figure 4), this

suggests that the “young” environment at the level of somites 1-3 is not compatible with the

migration of these older neural crest cells.

Similarly we transplanted the neural tube from somite level 5-7 from a stage-13 embryo into

a stage-10 embryo at the level of somites 1-3 (Table 1). After twelve hours of incubation,

the transplanted quail neural crest cells did not migrate (Supplementary Figure 10), whereas,

twenty hours after the transplantation, the quail neural crest cells were found in the ventral

pathway (Supplementary Figure 10). When the same neural crest cells were transplanted

into a young host, but isotopically, the neural crest cells initiated migration immediately and

ventrally. Again it appears that the “early” environment at the level of somites 1-3 is not

permissive for “older” neural crest cell migration.

All vagal neural crest cells can migrate into the pharyngeal arches 3-6, the outflow tract of
the heart and the stomach

Fate mapping shows that at stage 20, the contribution of neural crest cells from the level of

somites 1-2 to the enteric nervous system is restricted to the anterior foregut up to the

laryngotracheal groove split (posterior to the pharyngeal arch 6). In contrast, the neural crest

cells from the level of somites 3-6 migrate more posteriorly into the foregut, as far as the

stomach (forelimb level) (also see Barlow et al., 2008). In addition, only the vagal neural

crest cells from the level of somites 1-3 reach the outflow tract of the heart. We asked

whether these distinctive distributions reflect a difference in migratory ability or result only

from different start sites.

To determine whether the neural crest cells from the level of somites 1-2 are capable of

invading the posterior regions of the foregut (by stage 20), we performed heterotopic

transplantations using quail neural tubes and chick hosts. When the neural crest cells from

the level of somites 1-2 (stage-10 embryo) are transplanted posteriorly to somite-levels 5-7

(stage-10-embryo host), they do not migrate anteriorly into the pharyngeal arches 3-6 or the

outflow tract of the heart, but rather migrate posteriorly into the stomach, reaching regions

normally populated by neural crest cells from the level of somites 5-7 (Figure 6). Note that

the transplanted cells occupy the dorsal and lateral portion of the foregut, similar to the

endogenous neural crest cells (Figure 3).

Conversely we asked whether neural crest cells from the level of somites 4-6 can migrate to

the pharyngeal arches 3-6 and the outflow tract of the heart. When neural crest cells from

these somite-levels (stage-10 embryo) are transplanted to the level of somites 1-3 (in a

stage-10 host), they only migrate in the ventral pathway. At later time points (forty-eight
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hours after the surgery, stage 20), the transplanted cells populate the pharyngeal arches 3-6

and the outflow tract of the heart, but also continue their posterior migration into the

stomach along the ventral pathway (Figure 7). The transplanted cells also occupy the dorsal

and lateral portions of the foregut. These observations suggest that neural crest cells from

the level of somites 4-6, when moved anteriorly, can find their way into anterior structures

normally filled by the neural crest cells that originate from the level of somites 1-3. This

means that the transplanted neural crest cells crossed over from the ventral to the

dorsolateral pathway in order to invade the pharyngeal arches. In addition, the results

strongly suggest that the cardiac developmental potential as reflected by the bias toward the

smooth muscle cell lineage observed in cell culture (Figure 1), might allow the neural crest

cells from the level of somites 4-6 to invade or be attracted to the pharyngeal arches and the

heart.

The neural crest cells from somite-levels 3-6 prevent the migration of the neural crest cells
from somite-levels 1-2 into the stomach

We hypothesized that the failure of neural crest cells from the level of somites 4-7 to

migrate to the heart during normal development could be the result of contact inhibition or

population pressure generated by the neural crest cells that have already migrated from the

level of somites 1-3. To determine if there is a role for endogenous neural crest cells from

the level of somites 1-3 in restricting the migration of the more posterior neural crest cells

into the heart, we ablated the neural tube from the level of somites 1-3 in stage-10 embryos

and concurrently labeled the remaining neural tube from the level of somites 4-7 by

electroporating GFP. By stage 20, in the absence of neural crest cells from the level of

somites 1-3, the neural crest cells from the level of somites 4-7 are still missing from

pharyngeal arches 3-6 and the heart (Figure 8). This suggests that the neural crest cells from

the level of somites 1-3 do not block the anterior migration of posterior vagal crest into the

pharyngeal arches and the heart.

Conversely, to determine if the endogenous crest from somites 3-6 prevent neural crest cells

from somite level 1-2 from migrating into the stomach, we ablated the neural tube from the

level of somites 3-6 and simultaneously labeled the remaining neural tube from the level of

somites 1-2 in stage-10 embryos. Under these conditions, the neural crest cells from the

level of somites 1-2 colonize the pharyngeal arches and the outflow tract, and also migrate

posteriorly into the stomach (Figure 8). We conclude that the neural crest cells from the

level of somites 3-6 prevent the migration of the neural crest cells from the level of somites

1-2 as far as posterior as the stomach.

Discussion

How neural crest cells find their way to their proper location is a matter of considerable

importance to the embryo and still debated in the scientific community. At the trunk level,

only fate-specified melanoblasts can take the dorsolateral pathway, whereas neural crest

cells that are restricted to the neural or glial lineage are prevented from entering the

dorsolateral pathway. There is also evidence suggesting that fate-restricted neural and glial

precursors are directed to the appropriate sites in the ventral pathway (Harris and Erickson,
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2007). For example, George et al. (2007) have discovered that different subsets of sensory

neurons are specified prior to migration and they take either an ipsilateral or contralateral

direction to arrive at the developing dorsal root ganglion. Similarly, a subset of ventrally

migrating neural crest cells express the receptor CXCR4, are attracted to a source of the

ligandSDF-1, near the dorsal aorta, and are destined to become the core of the sympathetic

ganglia (Kasemeier-Kulesa et al., 2010). At the cranial level, neural crest cells largely take

the dorsolateral pathway beneath the ectoderm (Noden, 1988) and although there may be

some cranial neural crest cells that are specified at the time they initiate migration,

heterotopic and heterochronic transplantation experiments (Baker et al., 1997) reveal that the

mesencephalic crest are plastic in their behavior and that development is normal when early-

and late-migrating neural crest cells are exchanged.

We explored the possibility that neural crest cells from the vagal level might be directed to

the appropriate target by molecular changes that occur during specification. We made the

following discoveries: 1) Tissue culture studies suggest that there is some developmental

bias of neural crest cells depending upon the order in which they leave the neural tube. Most

early migrators develop into myofibroblasts, late migrators into pigment cells, and an equal

number of neural and glial cells emigrate at all times. This pattern of developmental bias

correlates with the timing of the neural crest cells dispersing into the dorsolateral vs. ventral

pathways, at least at somite levels 1-4. 2) Neural crest cells that will populate the pharyngeal

arches and heart initiate migration in the dorsolateral pathway and do not cross over into the

ventral pathway at the circumpharyngeal ridge. Conversely, neural crest cells that give rise

to the neurons and glial cells of the peripheral nervous system and the enteric nervous

system initiate their migration in the ventral pathway and do not normally cross over into the

arches at the circumpharyngeal ridge. 3) Despite the correlation between developmental bias

and pathway choice, transplantation experiments do not suggest a rigid molecular control of

pathway determination depending on order of migration. For example, neural crest cells

from the axial level of somites 5-7, which normally migrate ventrally and do not migrate to

the heart, still migrate ventrally when grafted to somite level 1-3 and not dorsolaterally, as

the host cells do, and yet will arrive in the heart by taking an atypical pathway. Our results

suggest that there are some migratory differences in neural crest cells that arise from various

regions of the vagal level, but that the pathways are not rigidly assigned, as at the trunk

level.

What are the pathways at the vagal level?

Most early studies of the vagal neural crest using chick/quail chimeras (Le Douarin and

Teillet, 1973; Le Lievre and Le Douarin, 1975) determined the final destination of the neural

crest from this region but not the pathways they took or differences in pathways depending

on the somite level from which they originated. Later detailed studies of the cardiac neural

crest using HNK-1 and DiI (Kuratani and Kirby, 1991) and E/C8 (Kuratani and Kirby,

1992) labeling described the pathways taken by the circumpharyngeal crest, but did not

address whether the pathways to the heart and the gut overlapped or were completely

separate. In order to define the pathways more completely we introduced several

experimental strategies, including: labeling of the premigratory neural crest at individual

somite levels; early vs. late labeling of premigratory neural crest cells to follow separately
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the cell populations that migrate dorsolaterally and ventrally; and simultaneous labeling of

the somites and the neural crest cells in order to identify unequivocally the position of the

somites, since somite 1 eventually disintegrates (Huang et al., 1997). We resolved the timing

of migration into the dorsolateral and ventral pathway as well as the destinations (i.e. heart

or gut) associated with these migratory pathways. We conclude that: 1) the

ectomesenchymal contribution to the pharyngeal arches 3-6 originates from the level of

somites 1-4 and these neural crest cells migrate in the dorsolateral path; 2) the cardiac neural

crest cells originate from the level of somites 1-3 (and also the post-otic crest, which we did

not study) and migrate through the pharyngeal arches; 3) the enteric neural crest cells are

derived primarily from the neural crest cells from the level of somites 3-6 that take the

ventral path.

Importantly, we observe a minimal cross-over between the dorsolateral and the ventral

pathways at the circumpharyngeal ridge, indicating that the dorsolateral pathway is largely

reserved for ectomesenchyme and the ventral pathway for nervous system. An exception to

this generality is a subpopulation of enteric neural crest cells that are derived from the

dorsolaterally-migrating neural crest cells from the level of somites 1-4, and which are

seeded medially from the pharyngeal arches. Even in this latter case, the neural crest cells

are still not in the ventral pathway.

Mouse and chick neural crest cells behave differently at the trunk level, and this seems to be

the case at the vagal level as well. Chan and colleagues (2004) labeled mouse neural crest

cells with DiI or gold-conjugated WGA and observed that at the vagal level, cell migration

occurred simultaneously in both the ventral and dorsolateral pathway (as opposed to

migrating initially in the dorsolateral pathway, as we have reported here). Interestingly in the

splotch mutant mouse, which shows severe defects in heart development, neural crest cells

were not found in the dorsolateral pathway. This suggests that even in the mouse, those crest

cells that migrate dorsolaterally are critical for normal heart development.

Segmental migration of the vagal neural crest cells begins at the level of somite 2

Previous reports have addressed the segmental migration of the vagal neural crest cells

through the anterior half of the somite, but the results do not agree about where this

segmental behavior begins. Lim et al. (1987) show, by HNK-1 immunolabeling, that

segmental migration of the neural crest cells begins at the level of somite 2 in stage-15

embryos. Kuratani and Kirby (1991 and 1992) reported that the segmental migration in the

ventral pathway begins at the level of somite 3 in stage-13 embryos, using similar antibody

labeling. More recently, using a lipophilic dye to label the neural tube, Ferguson and

Graham (2004) claimed that segmental migration is initiated in somite 4 in stage-14/15

embryo. In our study, we followed the migration of the vagal neural crest cells by labeling

them with GFP and co-labeled the somites with a muscle marker. The sections were

subsequently analyzed by confocal microscopy. We found that the neural crest cells migrate

in a segmental fashion through the anterior half of the somite starting with somite 2, in

accord with Lim et al. (1987). Our conclusions may differ from that of Kuratani and Kirby

(1991 and 1992) and Ferguson and Graham (2004) because we labeled neural crest cells

with a longer-lasting fluorophore, and we visualized the embryos with confocal microscopy,
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which allowed us to observe the lesser number of neural crest cells in the anterior somites

and to distinguish whether they were in the somite or the intersomitic space. Additionally we

were able to keep track of somite number even after somite 1 is no longer recognizable

morphologically, using a skeletal-muscle-specific marker.

Are the vagal neural crest cells specified prior to emigration from the neural tube?

Recent evidence suggests that most neural crest cells are not pluripotent when they initiate

migration, but rather display some degree of fate-restriction. Henion and Weston (1997)

showed in the chick that virtually all trunk neural crest cells are developmentally restricted

at the time they initiate migration. By labeling individual cultured neural crest cells, they

discovered that the first cells to migrate are either neurogenic or gliagenic, whereas the last

to leave are melanogenic. Similar tissue culture studies have not been done using cranial

neural crest cells, but when early- and late-migrating neural crest cells are reciprocally

exchanged in vivo (Baker et al., 1997), development is normal, suggesting that as a

population either these cells are not developmentally restricted or that they are extremely

plastic.

In this study we show, by serially replating neural tubes, that there is developmental bias, at

a population level, in the vagal neural crest. The first neural crest cells to migrate from

neural tubes taken from either somite level 1-3 or from 4-7 differentiate largely into alpha-

smooth-muscle-actin-positive cells (which populate the aorticopulmonary septum of the

outflow tract of the heart and the great vessels (Beall and Rosenquist, 1990; Rosenquist and

Beall, 1990). This was not surprising since Kirby et al. (1983) discovered, by ablation

experiments, that neural crest cells from the level of somites 1-3 are the only neural crest

cells that can give rise to elements of the heart, therefore also suggesting early fate

restriction. Additionally, previous limit-dilution clonal analysis of the vagal crest

demonstrated that there are two lineage-committed cells: smooth muscle and pigment cells

(Ito and Sieber-Blum, 1991; Youn et al., 2003; Sieber-Blum, 2004). What is surprising is

that the initial wave of neural crest cells from somite level 5-7, which do not normally

migrate to the heart or the pharyngeal arches, are also biased towards a smooth muscle fate

and have the capability of invading the pharyngeal arches and the heart when grafted to a

more anterior axial level (our data). Under normal in vivo circumstances, we do not know

how the first wave of migrating neural crest cells at somite level 5-7 differentiate since they

do not contribute to the pharyngeal derivatives or the heart. Similarly, the last cells to

migrate differentiate into pigment cells, which we had shown previously (Reedy et al.,

1998b). Curiously, we saw a small percentage of pigment cells develop from the first wave

of migration in culture, which is consistent with recent reports that pigment cells in the heart

are associated with repression of atrial arrhythmias (Levin et al., 2009).

We observe a differential colonization of the foregut by neural crest cells that migrate along

the dorsolateral or the ventral pathway: the former populate the lateral region of the foregut,

whereas the latter occupy the dorsal and lateral regions. Kuratani and Kirby (1992) have also

reported two subpopulations of enteric neural crest based on their HNK-1 and E/C8

immunoreactivity. Specifically, they show that the circumpharyngeal crest that fills the

pharyngeal arches are E/C8-positive and, from fixed tissue sections, that they occupy the
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lateral and ventral region of the gut whereas the ventrally-migrating cells are E/C8-negative

and populate the dorsolateral region of the gut. Together, these data suggest that: 1) there are

vagal neural crest cells prespecified as enteric neural crest cells, and 2) that these cells take

specific pathways to reach different regions of the gut.

Does early specification dictate migratory pathway?

Although there is clear evidence of developmental bias from our tissue culture studies, we

wished to address directly whether this bias might confer behavioral differences. Our

heterotopic transplant studies show that there are some migratory differences between early

vs. late-migrating neural crest and between neural crest cells arising from somite level 1-3

and those from 5-7.

When early-migrating neural crest cells from somite level 5-7 are grafted in place of the

early migrating neural crest cells at somite level 1-3, the grafted cells do not enter the

dorsolateral path and instead migrate ventrally. Interestingly, even though the transplanted

cells are developmentally biased toward the smooth muscle lineage, based on our tissue

culture studies, they do not enter the usual pathway at somite level 1-3. This is in contrast to

the early-migrating neural crest cells from somite levels 1-3, which also exhibit a bias

toward the smooth muscle lineage, but whose migratory behavior changes to that of the

endogenous neural crest cells when heterotypically grafted to the level of somites 5-7. The

migratory plasticity of the neural crest cells from somite-levels 1-3 that we describe is

consistent with a report from Boot et al., (2003) where they report two temporally-separated

cardiac crest cell populations (early and late from somite-levels 1-3) whose apparent

developmental bias does not impart differences in cell behavior. Nevertheless, after

migrating ventrally, these cells cross over to the dorsolateral path at the circumpharyngeal

ridge, invade the pharyngeal arches, and eventually reach the heart. Therefore, even though

the grafted cells do not initially use the dorsolateral path, they still colonize the heart by

taking an atypical pathway. Thus, at least some aspects of pathfinding are cell autonomous

in this developmentally biased subpopulation of neural crest cells. We do not know what

attracts the cardiac neural crest to the outflow tract of the heart, but the presence of Plexin-

A2, Plexin-D1 and neuropilin-1 receptors on the cardiac neural crest and its associate ligand,

Semaphorin 3C, in the outflow tract suggest that these neural crest cells may find their way

to the heart by chemotaxis (Toyofuku et al., 2008). FGF8, expressed in the pharyngeal

endoderm and ectoderm (Wendling et al., 2000; Farrell et al., 2001), has recently been

shown to be a chemotactic signal to the cardiac neural crest cells as they migrate into the

caudal pharyngeal arches (Sato et al., 2011). In the aforementioned report, the authors show

that the cardiac neural crest cells migrate towards an ectopic source of FGF8 in vivo, a

response is mediated by FGFR1 and 3, and that this signaling activates the Ras (Mek/Erk,

p38). This leaves unanswered why neural crest cells from the axial level of somites 5-7 do

not normally find their way to the outflow tract. One possibility is that migration anteriorly

is blocked by neural crest cells that have migrated from somite level 1-3. However, when we

ablate the more anterior neural tube, neural crest cells from somite level 5-7 are not diverted

anteriorly to the heart. These results suggest that either there is some morphological block to

anterior migration, or that the chemotactic cues do not diffuse far enough to attract the more

posterior neural crest cells.
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A second difference in migratory behavior is the enhanced ability of neural crest cells from

somite-levels 3-6 to migrate along the developing gut. During normal development, we

show that the more anterior neural crest cells (from the level of somites 1-2) only invade the

anterior foregut, up to the esophagus and the lung buds regions, whereas the neural crest

cells from somite-levels 3-6 migrate into the foregut, as far posteriorly as the stomach by

stage 20. Our data are consistent with a previous report from the Burns laboratory, which

showed that neural crest cells from the level of somites 3-5 are the major contributor to the

enteric nervous system (Burns et al., 2000). A later study extended these data by

demonstrating that the neural crest cells from somite-level 3 are able to populate the entire

gut (Barlow et al., 2008). However, heterotypic transplantations were not performed in

either of these studies. Here, we show that when these two subpopulations are

heterotopically exchanged, the neural crest from somite-levels 1-2 can now migrate into the

stomach. However, neural crest from somite-levels 4-6, even when transplanted to the more

anterior level, still migrate along the length of the foregut into the stomach. In addition, we

show that the neural crest cells from the level of somites 3-6 prevent the neural crest cells

from somite-levels 1-2 from entering the stomach. The most parsimonious explanation is

that, in addition to population pressure, there is an environmental block to the more anterior

neural crest, which can be overcome by the posterior neural crest. Since RET has been

shown to enhance invasive behavior of the vagal neural crest over the sacral crest

(Delalande et al., 2008), potentially there is a difference in RET expression in the anterior

vs. posterior vagal neural crest that accounts for this difference in migratory behavior.

The vagal neural crest as a transition between the head and the trunk

The border between rhombomere 8 and the spinal cord is considered to be at the intersomitic

space between somite 4 and 5 (Kalcheim and Le Douarin, 1986; Lumsden, 1991; Muller and

O'Rahilly, 1994). This is also the position of the occipitocervical junction (but see Christ and

Wilting, 1992; Ferguson and Graham, 2004, who suggest that the boundary is between

somites 5-6). The vagal neural crest from somite level 1-7 appears to be a molecular and

behavioral interface between the cranial and trunk neural crest, and reflects an evolutionary

transition from the brain to the spinal cord. The surrounding embryonic structures, namely

the somites and the pharyngeal arches, are similarly superimposed in this region to suggest

an overlapping transitional zone (the posterior arch 6 is at the same axial level as the somite

4/5 boundary (Kuratani, 1997).

Neural crest behavior can also help to define this transition zone. We propose the following

to extend the description of the vagal neural crest as a head-trunk hybrid cell population.

First, the neural crest cells from the level of somites 1-4 begin their migration in the

dorsolateral pathway, which reflects a pattern typical of the cranial neural crest. Conversely,

the neural crest cells from the level of somite 5 and posterior begin their migration in the

ventral pathway, like the trunk neural crest cells, which favors the location of the head-trunk

neural crest interface at the boundary between somite 4/5, as proposed by Ferguson and

Graham (2004). This is contradictory to the view of Kuratani (1997), who proposed the

dorsal interface between the head and spinal chord is at the somite 1/2 boundary based on

his view that the neural crest cells that migrate into the arches do so by migrating around the

somites rather than over them. We clearly show that neural crest cells do migrate
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dorsolaterally over somites 1-4 to reach the branchial arches and the heart. Secondly, we

propose that the hybrid nature of the vagal neural crest cells can be based on the contribution

to the pharyngeal mesenchyme (a characteristic found at the cranial level), which we show

originates from the neural crest cells at the level of somites 1-4, and not somite 1-5 as

reported by Shigetani et al. (1995). Third, our heterotopic transplantations suggest that cell-

autonomous guidance signals direct the neural crest cells from the level of somites 5-7 into

the ventral pathway. This is in contrast to the neural crest cells from a more anterior level,

which are guided into pathways depending on the surrounding environmental cues. The

latter reflects a cranial behavior (Baker et al., 1997). This differs from the trunk neural crest

cells, which are lineage-restricted at the time they migrate, and whose behavior is dependent

on their lineage. Together these observations show that the vagal crest cells represent a

transitional zone where cranial neural crest behavior morphs into trunk neural crest

behavior. Understanding the molecular, cellular and behavioral differences between these

three populations of neural crest cells will be of assistance when trying to understand the

evolution of the head-neck junction.

Experimental Procedures

Embryo Preparation

Fertilized White Leghorn chicken (Gallus gallus domesticus) eggs (Animal Sciences, UC

Davis) were incubated at 37°C in a humidified incubator until Hamburger and Hamilton

stage 10 or stage 13 (Hamburger and Hamilton, 1951). The eggs were windowed after

removing 4ml of albumin using a 26-gauge needle. A solution of 10% India ink

(Rapidograph, Ultradraw 3785-F) in phosphate buffer saline (PBS) (Fisher Sciences) was

injected below the embryo for visualization.

Quail neural crest cultures

Quail neural tubes from the vagal level (stage-10 embryos; somite-level 1-7) were dissected

as described previously and divided into two segments between somites 3 and 4 (Reedy et

al., 1998a). For comparison, we also cultured trunk segments taken from the axial level of

the six last-formed somites from stage-14 embryos. The segments were cultured in 35-mm

culture dishes for twelve hours, during which time the neural crest cells migrated onto the

dishes. Neural tubes were then peeled away with tungsten needles and replated in a fresh

dish for another twelve hours. This replating was performed a total of three times, which

resulted in cultures of progressive waves of neural crest cell migration. The resulting neural

crest cells were cultured for ninety-six hours (as described in Reedy et al. (1998a)) before

fixation and immunohistochemical analysis. There were at least seven neural tubes for each

time point.

Lineage analysis of cell cultures

To determine the percentage of myofibroblasts (α-smooth-muscle-actin-immunoreactivity),

glial (7B3-immunoreactivity), neuronal (16A11-immunoreactivity) and pigment (presence

of melanin) cells, cell counts were performed as follows. Each field of analysis extended

from the location of the neural tube, prior to its removal, to the lateral edge of the cell

outgrowth. The entire region was captured using a Leica DM5000B microscope and a 20×
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objective (2048 × 2048 resolution). Depending on the extent of cell dispersal, each field

encompassed 4-6 images. We recorded at least two fields per outgrowth. The statistical

analysis was performed using GraphPad Prism version 5.

Neural crest cell labeling in vivo

Neural tubes at the vagal level (somite-level 1 through 7) were labeled using a pcaβ-GFP

construct (gift from Dr. Jonathan Gilthorpe, King's College, London), or a pcaβ-TdTomato

construct (the TdTomato sequence, a gift from Dr. Robert Tsien, was inserted into the pcaβ

vector). After windowing the eggshell, the vitelline membrane was torn open above the

neural tube at the desired axial level using a sharpened tungsten needle. The construct

(2mg/ml) was injected into the lumen of the neural tube at the desired axial level in stage-10

embryos using a pulled borosilicate glass needle (Sutter; BF100-50-10, Novato, CA). Thin

(26-gauge or finer) platinum wire was held on either side of the neural tube with electrode

holders (Genetronics, Inc., San Diego) and a current was applied (12Volts, 3× 50ms pulses

at 1ms intervals) using an electroporator (Electro Square Porator ECM 830; BTX). The

electrodes were buffed or sanded so that the tips were beveled or pointed and could be

precisely positioned alongside the neural tube. The eggs were sealed with adhesive tape and

re-incubated at 37°C in a humidified incubator for forty-eight hours or seventy-two hours.

Neural crest cell labeling at a single-somite level

The neural tube at an individual somite level (somites 1 through 7) was labeled using the

same constructs described above by electroporation using custom-made electrodes. The

electrodes consisted of a microinjection needle (Sutter Instrument) through which a thin

platinum wire (thinner than the wire described above), approximately the width of a somite,

was inserted. The end of the needle was sealed with nail polish after leaving a portion of the

platinum wire extending from the needle. The needle was held using a needle holder (Fine

Science Tools). An electrical wire connected to the electroporator was then inserted in the

needle holder to contact the platinum wire. After windowing the eggshell, the vitelline

membrane was opened. The GFP construct (2mg/ml) was injected into the lumen of the

neural tube as described above. Two platinum wires were placed on top of the neural tube

adjacent to the somite level of interest and a current was applied (12Volts, 2× 45ms pulses at

1ms intervals). The eggs were sealed with adhesive tape and re-incubated.

Neural tube transplantation

In all transplantation experiments, the quail embryos (Coturnix coturnix japonica) were

incubated at 37°C in a humidified incubator until the equivalent of Hamburger and Hamilton

stage 10 or stage 13. The embryos were then collected and tissue sections spanning the

entire vagal region were removed and placed in Pancreatin (Sigma) to loosen the neural

tubes from the adjacent somites and overlying ectoderm. Using sharpened tungsten needles,

the neural tubes were peeled away from somites and ectoderm, and transferred to Ham's F12

medium (Invitrogen) supplemented with horse serum to inhibit Pancreatin activity. The host

chicken embryos were windowed and the neural tubes spanning the regions of somites 1-2

or somites 5-7 were removed using sharpened needles. Briefly, incisions were made

between the somites and neural tube, followed by cuts perpendicular to the anterior-posterior
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axis. The neural tube was then removed by teasing it away from the notochord. Once the

host neural tube was removed, the donor quail neural tube was maneuvered into place. The

eggs were then sealed with adhesive tape and re-incubated at 37°C.

Immunohistochemistry

Fertile chicken eggs were incubated at 37°C, and the embryos were collected at the

appropriate developmental stages. Embryos were fixed 2-3 hours in 4% paraformaldehyde at

room temperature and then rinsed several times in phosphate buffer saline (PBS) (Fisher

Scientific). For antibody labeling, the embryos or tissue sections were incubated with

primary antibody [1:10 MF20 (Developmental Studies Hybridoma Bank); 1:10 HNK-1

(supernatant made from cells purchased from ATCC); 1:10 QCPN (Developmental Studies

Hybridoma Bank)] in PBS+ 3% BSA (Sigma) +0.1% TritonX (Sigma) and 0.1% Tween20

(Sigma) at 4°C overnight. The primary antibody was then washed off with PBS and the

embryos were incubated with secondary antibody [1:1000 Goat anti-mouse Alexa 488

(Invitrogen); 1:1000 Goat anti-mouse Alexa 555 (Invitrogen); 1:1000 Goat anti-mouse Cy5

(Jackson Immunoresearch)] in the same solution used previously overnight at 4°C. The

embryos were then washed extensively with PBS at room temperature.

Tissue Sectioning

For paraffin sections, the embryos were dehydrated in an alcohol gradient (50% to 100%),

cleared with Histoclear, embedded in paraffin, and then sectioned at 7μm. The sections were

rehydrated in an alcohol gradient (100% to 15%), rinsed in PBS, mounted with

Fluoromount-G mounting medium (Southern Biotech), and imaged using a Leica DM5000

microscope. For thick tissue sections, the embryos were embedded in 4% PBS/low melting

agar (Invitrogen) and sectioned in cold PBS using a vibratome 1000plus (Vibratome) at 300-

μm intervals. The sections were then mounted with Fluoromount-G mounting medium

(Southern Biotech) and imaged using an Olympus Fluoview FV1000 confocal laser

scanning microscope (Olympus).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Vagal neural crest cells exhibit some developmental bias
Stage-10 quail neural tubes from the level of somites 1-3 and 4-7 and stage-14 trunk neural

tubes were serially replated to generate successive waves of migrating neural crest cells

(labeled 12 hours, 24 hours and 36 hours), and immunolabeled with lineage markers for

smooth muscle (α-smooth-muscle-actin), neural (16A11) and glial fates (7B3). Melanocytes

were identified by the presence of melanin. Smooth muscle cells (SMA lineage) are

predominant in the first (twelve hours) and second (twenty-four hours) cultures, whereas the

pigment cells are most abundant in the last culture (labeled 36 hours). The percentage of
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neurons and glial cells does not vary significantly with the time of migration. Fewer

myofibroblasts differentiate in the trunk cultures. **p<0.01 and ***p<0.001 by two-way

ANOVA with Bonferroni correction.
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Figure 2. Summary of the early migratory pathways taken by the vagal neural crest cells
Whole-mount representations are on the left and cross-sections taken from somite-levels 1-4

(A) and 5-7 (B) are to the right. The neural crest cells from the level of somites 1-4 initiate

their migration in the dorsolateral pathway (between the ectoderm and the dermomyotome)

at stage 10 (box A; stage-11 schematic; green arrow), whereas the neural crest cells from the

level of somites 5-7 are only in the early stages of their emigration from the neural tube (box

B; stage-11 schematic; black arrow). By stage 13, the neural crest cells from the level of

somites 1-4 stop migrating dorsolaterally (box A; stage -13 schematic; red line) and begin to

migrate in the ventral pathway (box A; stage-13 schematic; black line) up until stage 21,

when they subsequently migrate into the dorsolateral pathway (see Reedy et al., 1998a). At

the level of somites 5-7 migration persists in the ventral pathway (box B; stage-13

schematic; black line). Dermomyotome (DM), Dorsal aorta (DA), Somites 1-7 (S1-S7).
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Figure 3. Final destination of the vagal neural crest cells
Schematic representations of neural crest pathways shown in whole mount and in cross

sections. The destination of neural crest cells taking the dorsolateral pathway are shown in A

and the ventral pathway is illustrated in B. Although the migratory pathways are only

depicted on one side, these events occur bi-laterally.

(A) The dorsolaterally-migrating vagal neural crest cells from somite-level 1-3 populate the

pharyngeal arches 3-6 and the outflow tract of the heart, whereas the neural crest cells from

somite-level 4 only populate the posterior region of pharyngeal arch 6 (green arrows).
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Additionally, the dorsolaterally-migrating neural crest cells invade the gut by migrating

along the circumpharyngeal ridge (red arrows in inset in A) and populate the lateral region

of the foregut (red patch in A) by subsequently moving medially from the pharyngeal arch

(red arrow in cross section). Neural crest cells from somite-level 1-2 reach the anterior

foregut (esophagus/lung bud region), while the cells from somite-level 3 and 4 migrate more

posteriorly in the stomach, by stage 22-23.

(B) At stage 13 the vagal neural crest cells from somite-level 1-4 begin migrating ventrally.

By stage 23, at somite-level 1-3 they coalesce to form the ganglionic crest (GC), and reach

the anterior foregut (black arrows). These cells populate the dorsal and lateral regions of the

foregut (black patch in cross section). The ventrally-migrating neural crest cells from

somite-levels 4-6 form the ganglionic crest, and reach the stomach. The neural crest cells

from somite-level 7 only populate the dorsal root and sympathetic ganglia.

Cardinal vein (CV), Dorsal aorta (DA), Dermomyotome (DM) Circumpharyngeal ridge

(CPr; purple), Ganglionic crest (GC), Dorsal root ganglia (DRG).
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Figure 4. Neural crest cells from the level of somites 1-3 [stage-10 embryos] exhibit migratory
plasticity
Quail neural tubes (labeled with QCPN antibody; green) from somite-level 1-3 were

heterotopically or heterochronically transplanted into a stage-10 chicken embryo to test for

cell autonomous behavior. Neural crest cells are labeled with HNK-1 antibody (red) and the

myotome labeled with MF20 (white A-C only) to indicate unambiguously the boundary

between the dorsolateral and ventral pathways. The boxed areas are shown at higher

magnification in the insets. Representative sections are shown from somite-levels 1,2,3, (A-

C) or somite levels 5 and 6 (D,E; F-G).
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When a quail neural tube from the level of somites 1-3 [stage 10] is isotopically transplanted

into a stage-13 chick embryo host (A-C) or heterotopically transplanted to the level of

somites 5-7 in a stage-10 chick host (D-E), the transplanted neural crest cells (QCPN-

positive) switch their migration to the ventral pathway, 12 hours later [stage 16 and 13,

respectively], thus mimicking the migratory behavior of the endogenous neural crest. (F-G)

The ventrally-migrating neural crest cells from the level of somites 1-3 [stage 13] migrate in

the ventral pathway when transplanted to the level of somites 5-7 in stage-10 embryo hosts,

12 hours later [stage 13] like the endogenous cells.

Somite 1 (S1), Somite 2 (S2), Somite 3 (S3), Somite 5 (S5), Somite 6 (S6), Dermomyotome

(DM), Dorsal aorta (DA), Neural tube (NT), Pharynx (Ph). Scale bar = 100μm.
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Figure 5. Neural crest cells from the level of somites 5-7 [stage-10 embryos] always migrate in
the ventral pathway
Quail neural tubes (labeled with QCPN antibody; green) from somite-level 5-7 were

transplanted heterotopically and heterochronically to test for cell autonomous behavior.

Neural crest cells are labeled with HNK-1 (red) and the myotome labeled with MF20 (white

in D only) to indicate unambiguously the boundary between the dorsolateral and ventral

pathways. The boxed areas are shown at higher magnification in the insets. Representative

sections are shown from somite-levels 1,2,3 (A-C) or the trunk level (D).

The transplanted neural crest cells from the level of somites 5-7 from stage-10 embryos

maintain their migration into the ventral pathway when they are transplanted to the level of

somites 1-3 in stage-10 embryo hosts,12 hours later [stage 13] (A-C) or to the trunk level in

stage-21 embryo hosts (arrowheads D).

Somite 1 (S1), Somite 2 (S2), Somite 3 (S3), Dermomyotome (DM), Dorsal aorta (DA),

Neural tube (NT), Pharynx (Ph).

Scale bar = 100μm.
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Figure 6. Neural crest cells from the level of somites 1-2 [stage-10 embryos] transplanted to the
level of somites 5-7 [stage-10 embryos] migrate into the stomach and not into the heart
To test whether neural crest cells from somite-level 1-2, which normally reach the lung

buds, can migrate more posteriorly to the stomach, a quail neural tube (labeled with QCPN,

green) from somite level 1-2 was grafted to the axial level of somites 5-7 in a stage-10

embryo. Neural crest cells were labeled with HNK-1 (red) and the myotome labeled with

MF20 (cyan). Forty-eight hours later [stage 20], the transplanted neural crest cells (QCPN-

positive) migrated posteriorly into the stomach (arrowheads B, BB), which is normally

populated by neural crest cells from the level of somites 5-7. However, the transplanted
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neural crest cells did not migrate anteriorly into the pharyngeal arches 4-6 and the outflow

tract, which they normally populate (A, AA). Dorsal aorta (DA), Cardinal vein (CV). Scale

bar = 100μm.

Kuo and Erickson Page 31

Dev Dyn. Author manuscript; available in PMC 2014 June 25.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 7. Neural crest cells from the level of somites 5-7 [stage-10 embryos] transplanted to the
level of somites 1-3 [stage-10 embryos] migrate into the pharyngeal arches 4-6, the heart and the
stomach
To test whether neural crest cells from somite-levels 5-7 are capable of migrating into the

pharyngeal arches and the outflow tract, a quail neural tube (labeled with QCPN, green)

from somite-levels 5-7 [stage 10] was transplanted to the level of somites 1-3 in a stage-10

chick embryo host. All neural crest cells are labeled with HNK-1 (red). The myotome is

indicated by MF-20 label (cyan). Forty-eight hours later [stage 20], the transplanted neural

crest cells (QCPN, green) migrated into the pharyngeal arches 4-6 (top arrow in A and AA)

and the outflow tract (lower arrow in A and AA), normally occupied by the neural crest cells

from the level of somites 1-3. Additionally, they migrate posteriorly into the stomach region,

which they normally reach (arrowheads B and BB). This shows that the neural crest cells

from the level of somites 5-7 can migrate into the pharyngeal arches 4-6 and the outflow

tract of the heart even when they initially migrate ventrally. (C) Schematic depicting the

ventral migration of the transplanted neural crest cells, and their entry in the pharyngeal arch

and the heart [red arrow] once they reach the circumpharyngeal ridge. Note: The migration

is only depicted on one side in panel C, but the migration is bilateral.

Dorsal aorta (DA), Cardinal vein (CV), Sympathetic ganglion (SG), Outflow tract (OFT),

Circumpharyngeal ridge (CPr). Scale bar = 100μm.
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Figure 8. Effects of neural crest interactions on migratory behavior
To address the effect of the neural crest cells from somite-levels 1-3 on the migration of the

neural crest cells from somite-levels 5-7, and vice-versa, we performed partial neural tube

ablation with concurrent labeling of the remaining neural tube with tdTomato by

electroporation. The migrating the neural crest (tdTomato, red A-B, G and white H), also

labeled with HNK-1 (white), was analyzed forty-eight hours later [stage 20]. The myotome

is labeled with MF20 (green) to identify the location of the somites. Whole-mount

representations of stage-20 embryos are in the top panels, and representative cross-sections
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at the levels of the outflow tract (C and I), the laryngotracheal groove (D and J), and the

stomach (E-F and K-L) are in the lower panels.

(A-F) The neural tube from somite-levels 1-3 from a stage-10 embryo was removed,

whereas the neural tube at somite-level 5-7 was fluorescently labeled. Forty-eight hours later

[stage 20], the labeled neural crest cells still do not migrate anteriorly into the pharyngeal

arches 4-6 (labeled 4 and 6 in A and B) or the outflow tract (C), but they still populate the

foregut (arrowheads D) as far posteriorly as the stomach (arrowheads E,F). (G-L) The neural

tube from somite-levels 3-7 from a stage-10 embryo was removed and the neural tube from

the level of somites 1-2 was fluorescently labeled. Forty-eight hours following the

procedure, the labeled neural crest cells colonize the pharyngeal arches 4-6 (labeled 4 and 6

in G and H), the outflow tract (arrowhead I), and the anterior foregut (arrowheads J), as they

normally do, but they also migrated posteriorly into the stomach (arrowhead K,L), which

they do not normally colonize.

Pharyngeal arch 6 (PA6), Laryngotracheal groove (LTG), Esophagus (E), Outflow tract of

the heart (OFT). Scale bar = 100μm.
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Table 1
Summary of transplantation experiments

[Donor]: host
migratory
behavior

Expected
migratory

behavior of the
transplanted cells

Actual migratory behavior of the
transplanted cells

n

somite-level 1-3 (stage 10) transplanted to
somite-level 5-7 (stage 10)

[DL]:VL DL VL migration after 12 hours 4

somite-level 1-3 (stage 10) transplanted to
somite-level 1-3 (stage 13)

[DL]:VL DL VL migration after 12 hours 4

somite-level 1-3 (stage 10) transplanted to
somite-level 5-7 (stage 13)

[DL]:VL DL VL migration after 12 hours 2

somite-level 5-7 (stage 10) transplanted to
somite-level 1-3 (stage 10)

[VL]:DL VL VL migration after 12 hours 4

somite-level 1-3 (stage 13) transplanted to
somite-level 1-3 (stage 10)

[VL]:DL VL No migration after 12 hours 21

VL after 20 hours 4

somite-level 5-7 (stage 13) transplanted to
somite-level 1-3 (stage 10)

[VL]:DL VL No migration after 12 hours 11

VL after 20 hours 6
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