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Patterns of migration and regulation of trunk neural crest
cells in Zebrafish (Danio rerio)
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ABSTRACT Regulation is the replacement of lost, undifferentiated embryonic cells by neighboring
cells in response to environmental signals. Neural crest cells, embryonic cells unique to craniates,
are good candidates for studies of regulation because they are pluripotent, and thus might be able
to alter their behavior in response to environmental signals. This study investigated regulation for
the loss of trunk neural crest (TNC) cells, specifically pigment derivatives, in the zebrafish, Danio
rerio. The first part of the study clarifies and extends what has previously been described on normal
patterns of TNC migration and differentiation. These data were then used to address the hypothesis
that there is regulation for loss of TNC, and that regulation would vary with the amount removed,
the position or stage of removal. Zebrafish TNC cells are large and numerous. SEM and DiI labeling
revealed that TNC cells undergo several successive waves of ‘sheet’ and ‘segmental’ migration,
beginning as early as the 12 somite stage. DiI-labeled TNC cells often migrated several somite
lengths anteriorly and posteriorly along the trunk axis to form glial cells, ganglia, pigment,
ectomesenchyme and tail reticular cells. Regulation occurred on a sliding scale, ranging from
complete to incomplete. Defects in development and/or pigmentation occurred if large regions of
TNC cells were removed, or if cells were removed from anterior (cardiac) and posterior (tail)
extremities of the trunk. Melanophores were the cell type most visibly affected by TNC extirpations.
Otherwise, pigmentation was remarkably normal. We propose that the completeness of regulation
largely depends upon healing of the overlying epidermis.
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Introduction

Successful proliferation and migration of cell populations are
critical to shaping embryos. If errors occur during development,
such as through delayed cell migration or defective proliferation,
effects on the embryo can be profound. For instance, deficient
neural crest cell migration to the human distal mandibular arch can
result in otocephaly (absence of lower jaws, ear defects, heart
anomalies) or Treacher Collins syndrome (open eyelid, ear de-
fects, cleft palate; Johnston, 1975; Jones, 1990; Hall, 1999). The
finding that some populations of embryonic cells can compensate
for cell loss, or for actions that would otherwise lead to abnormal
development is termed regulation (Bellairs, 1971; Hall and
Hörstadius, 1988). More specifically, we define regulation as the
replacement of lost, undifferentiated embryonic cells by other cells
in response to environmental signals.

Research on regulative potential in embryos is scattered among
invertebrates and vertebrates and only alludes to underlying mecha-

nisms, which include cells taking on alternative fates in response
to cell loss or trauma during development (Taghert et al., 1984;
Ettensohn and McClay, 1988). Neural crest cells have been the
subject of many studies of regulation, in part because they are
pluripotent and might be able to alter behavior in response to
environmental signals. Moreover, neural crest cells are essential
for normal embryonic development, and are accessible for extirpa-
tion and labeling from where they originate at the boundary of
epidermal and neural ectoderm. After segregation from the neural
tube or keel, neural crest cells migrate along comparable pathways
in all vertebrates (between the somites and epidermis and between
somites and neural tube/keel) and differentiate into a diversity of
tissues and cell types, including: cartilage, bone, connective tis-
sues, odontoblasts, neurons and glia of the autonomic nervous
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system and pigment cells (Le Lièvre and Le Douarin, 1975; Le
Douarin, 1982; Hall and Hörstadius, 1988; Kirby, 1988a,b; Bronner-
Fraser, 1995). The purpose of this study is two-fold. The first goal
is to clarify and extend what has previously been described on the
migration patterns of trunk neural crest (TNC) cells in the zebrafish,
Danio rerio, in order to provide a framework for addressing the
question of regulation. The second is to determine whether there
is regulation for the loss (removal) of TNC cells.

Regulation of neural crest cells has been shown in lampreys
(Newth, 1951, 1956; Langille and Hall, 1988b), teleost fish (Langille
and Hall, 1988a; Raible and Eisen, 1996), amphibians (e.g. Chibon,
1970; Moury and Jacobson, 1990), birds (e.g. Kirby et al., 1983;
Scherson et al., 1993; Couly et al., 1996) and mice (Snow and Tam,
1979) (also reviewed in Vaglia and Hall, 1999). The limitations and
potentials associated with regulation of cranial (e.g. Yntema and
Hammond, 1945, 1954 and references therein; McKee and
Ferguson, 1984; Couly et al., 1996; Hunt et al., 1995; Sechrist et
al., 1995) and cardiac (vagal) (e.g. Bockman and Kirby, 1984;
Bockman et al., 1987; Kirby, 1987; Nishibatake et al., 1987;
Kuratani et al., 1991; Waldo et al., 1996; Suzuki and Kirby, 1997)
neural crest cells have been well established, especially in chicks.
Regulation of TNC cells is less resolved, studies being limited to
analyses of pigment cells and dorsal root ganglia in amphibians
(Lehman and Youngs, 1952), and dorsal root ganglia derivatives of
early- versus late-migrating populations of TNC cells in zebrafish

(Raible and Eisen, 1996). Although early-migrating TNC typically
produce dorsal root ganglia, Raible and Eisen (1996) found that
dorsal root ganglia still form after ablation of early-migrating cells.
From this result the authors suggest that late-migrating TNC can
regulate for loss of the early migrating cells by changing fate. Late-
migrating TNC cells may be bi- or multipotent, but interactions with
early-migrating cells prevent them from forming dorsal root ganglia
under normal circumstances.

In light of the single study by Raible and Eisen (1996), the
potential for TNC cells to regulate, or for other cells to regulate for
loss of TNC requires a more thorough investigation. In this study,
regions of TNC were extirpated from zebrafish embryos to deter-
mine whether the amount of TNC removed, position along the
embryonic axis, and/or timing of TNC cell extirpation affect regula-
tive ability. Pigment cells (melanophores, iridophores, xanthophores)
served as landmarks for analyzing the effects of extirpation in live
embryos throughout embryogenesis and during the larval period.
Ideally, regulation of pigment cells would be compared with regu-
lation of other TNC derivatives such as dorsal root ganglia, the
sensory components of the peripheral spinal nerve. Dorsal root
ganglia accumulate at the mid-somite as segmentally arranged
clusters of neurons and glia between the 16-19 somite stages (ss)
(Laudal and Lim, 1993; Raible and Eisen, 1996). To determine
whether dorsal root ganglia can be identified within the first 24-36
hours of development, embryos were labeled with one of five

Fig. 1. DiI labeling of TNC cells
in a 12 ss zebrafish embryo,
shown in whole mount and
sections and traced in this sin-
gle individual through 36 hours
post fertilization (hpf). Head (an-
terior) is to the left in images A-C,
H-J. Parallel vertical white lines in
A-C refer to the original site of
injection. (A) Ten minutes after
DiI injection, TNC cells labeled
with DiI at the level of somites (so)
six-seven in a 12 ss embryo be-
gan to migrate anteriorly and
ventrally along the medial path.
(B) 1.5 hours after injection (16
ss), labeled TNC cells had migrated
two somites anteriorly and one
somite posteriorly (level of
somites four-eight), and were dif-
ferentiating in a segmental man-
ner along the medial path (arrow).
(C) TNC cell migration and differ-
entiation (arrows) were un-
changed 2.5 hours after DiI injec-
tion (18 ss). (D-G) Transverse his-
tological sections close to the level
of somites 14-16 confirm the DiI-
labeled derivatives represented in
H-J. UV-illuminated sections  (D,F)
are shown for orienting the DiI

label to embryonic tissues; boxed portions are enlarged in E and G, respectively. g, gut; n, notochord. Bar, 50 µm. (E) At 36 hpf, DiI labeling is seen in patches
of xanthophore cells dorso-lateral to the neural keel (arrow). (G) Dorsal root ganglia located along the medial path between the neural keel and somites also
are labeled (arrows). (H) More detail can be seen in the 36 hpf whole mount, such as the location of dorsal root ganglia (arrow), sympathetic ganglia
(arrowheads) and tail reticular cells (asterisk) that are part of a TNC-derived vascular network surrounding the aorta. The black boxed portion is enlarged in
I; the white box is enlarged in J.
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antibodies: anti-acetylated-α-tubulin (6-11B-
1), anti-Hu (16A11), HNK-1, zn-12 or zn-5.
Because the antibodies tested did not label
dorsal root ganglia early in development,
regulation for these TNC derivatives will not
be addressed in the current study.

This study provides the first documenta-
tion of a population of early-migrating TNC
cells, and characterizes two major modes of
migration that have received little attention in
the literature. The term ‘sheet migration’ is
used to describe how neural crest cells spread
over the neural keel as an unsegmented,
coherent sheet with cells in extensive contact
with one another. ‘Segmental migration’ re-
fers to more localized cell migration in streams
over the lateral faces of somites, although
cells still contact one another. Differences in
the overall number of TNC cells that develop
and temporal patterns of migration are dis-
cussed with regard to existing descriptions of
zebrafish TNC cells and in context with regu-
lation.
As first suggested by Raible and Eisen (1996),
we show that TNC cells in zebrafish can be
replaced by regulation. Pigment patterns re-
vealed that regulation varies spatially along
the embryonic axis and temporally during
development. The results strongly suggest
that regulation for TNC cells is by TNC cells,
rather than by an alternative cell population
such as placodes or epidermal ectoderm.

in ‘yolk crawling’ by extending numerous lamellar-like processes
(filopodia) amidst an extracellular matrix (Figs. 2A, 3B). By the 15
ss, sheet migration is visible in the trunk just posterior to the cardiac
region (somites three-seven) and continues to spread caudally
during development. Trunk neural crest cells labeled with DiI
between the level of somites four to eight at the 14-15 ss gave rise
to pigment cells, glia, dorsal root and enteric ganglia.

Synchronous with ongoing sheet migration in the mid- and
posterior trunk, a third wave of neural crest cells emerges in the
head and cardiac regions between the 16-17 ss (Figs. 2C, 3A). This
third wave of neural crest cell migration is characterized by a
transformation in how cells associate with one another and their
environment – the lateral migratory path – and involves a transition
from ‘sheet-like’ to ‘segmental’ migration. While segmental migra-
tion proceeds anteriorly, a lull in TNC development is observed
more posteriorly as sheet migration gradually ceases and few cells
emerge from the neural keel. Little to no TNC cell migration was
observed following DiI labeling at the 16 ss (level of somites five-
nine), thus confirming the lull in migration demonstrated with SEM
in the mid trunk at this stage (Fig. 2D).

17-23 ss
The 17 ss marks the beginning of true segmental migration in

the trunk, where cells migrate in groups over the lateral face of
somites directly beneath the epidermis. During the 17 ss, cells
gradually separate into groups between somites three-seven and

Results

Migration of neural crest cells

10-12 ss
In fishes, neural crest cells segregate from a solid neural keel

after the neuroepithelium separates from the epidermis during
neurulation. Using a combination of SEM imaging and DiI injec-
tions (cell labeling between somites four-eight), we found that
zebrafish TNC cells begin to migrate from the neural keel at
approximately the 12 somite stage (ss), and that they migrate in
three or four waves. Migration of the first wave of TNC cells along
a medial path in the cardiac (somites one-three/five) and anterior
trunk regions (somites six-eight) (Fig. 1) supports observations
made by Jesuthasan (1996).

13-16 ss
At the 13/14 ss, a second wave of neural crest cells migrates

from the head (mid- and hindbrain) and cardiac regions as expan-
sive sheets, concurrent with ongoing migration along the medial
path in the mid-posterior trunk (Fig. 2B). During ‘sheet migration,’
compact layers of large neural crest cells migrate laterally over the
somites and onto the yolk in a continuous dorso-ventral stream
(Fig. 2A). As neural crest cells invade areas lateral to the neural
keel, furrows between somites are concealed. At any level –
cranial, cardiac or trunk – once cells reach the yolk, they engage

Fig. 2. SEM images of the head and trunk of zebrafish embryos. Head (anterior) is to the right in
all images. (A) In the cardiac/anterior trunk region, neural crest cells (surrounded by dotted line; arrows)
are migrating as a continuous sheet over somites and yolk (y) within a relatively sparse extracellular
matrix (13 ss).e, epidermis. (B) TNC cells assume a ‘bottle’ shape as they migrate towards the medial
path between the neural keel and somites (arrows). Groups of cells overlying somites (arrowheads)
are thought to be TNC cells undergoing lateral sheet-like migration. However, it is possible that these
are somite-derived mesenchymal cells (14 ss). (C) Streams of migrating neural crest cells (arrows) in
the hindbrain and cardiac regions (16 ss). (D) TNC cells destined to migrate segmentally along the
lateral path have not yet emerged from the neural keel in the posterior trunk (between white arrows;
level of somites 11-16; 16 ss). nk, neural keel, s, somite.
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seven-twelve (Fig. 3 B-C). While some neural crest cells continue
to bridge clefts between somites, most cells tend to aggregate over
individual somites. Also by the 17 ss (Fig. 4B), somites have
elevated and lie more ventral than lateral to the neural keel; in
younger stages (e.g. 14 ss) somite pairs are distinct from one
another and lie more lateral to the neural keel. This morphological
change occurs in concert with a raising and narrowing of the neural
keel. Posterior to somite 12, cells continue to migrate as a sheet,
or remain over the neural keel (Figs. 3D, 4A). The first cells to leave
the posterior trunk as new somites are added generally exhibit
sheet migration. However, it is difficult to classify migratory pat-
terns in the posterior trunk because neural crest cells from more
anterior regions mix with those that have just formed. Cells migrat-
ing from more anterior locations tend to overlie, and be oriented
obliquely, to newly emerging or migrating cells.

At the 18-20 ss TNC cells continue to migrate laterally in the
trunk, concurrent with TNC that penetrate the medial migratory
pathway between the neural keel, notochord and somites (Fig. 4B).
Cells migrating along the medial path at these later stages may
represent a fourth wave of TNC, or a continuation of the third wave.
Classification of this phase of migration awaits further study using
clonal cell culture or cell labeling. Trunk neural crest cells injected
with DiI at the level of somites 7-11 in 17-21 ss embryos became
pigment cells –mainly dorsal melanophores and xanthophores –
and contributed to dorsal root, sympathetic and enteric ganglia,
and ectomesenchyme of the aorta (Fig. 5). Labeling at these
stages also revealed extensive migration, especially at somite
stages 19-21.

Although lateral migration persists in the
trunk beyond the 20 ss, fewer new cells
emerge. Because trunk neural crest deriva-
tives are ultimately present along the entire
embryonic axis, the posterior trunk might be
patterned by neural crest cells that emerge
from the neural keel as the last few somites
form, or by cells migrating from more ante-
rior regions. Extensive dispersion of TNC-
derived cells over the course of 36 hours
post-fertilization suggests not only that large
numbers of cells develop from the neural
keel at specific locations and stages, but
also that cells, especially pigment, divide
along their migratory paths.

In summary, SEM and DiI labeling re-
vealed striking patterns of TNC migration
that support and extend those described by
Raible et al. (1992) by demonstrating: (1)
the presence of more cells than previously
suggested, (2) the existence of waves of
sheet-like (Fig. 2A) as well as segmental
(Figs. 2C, 3 B,C) migration along much of
the trunk, including the yolk (Figs. 2A, 3B)
and (3) migration over larger distances.

Regulation

Results of TNC extirpations are based
on somite stages (ss) (Table 1) that relate to
the patterns of cell migration just described,

Fig. 3. SEM images of the head and trunk of zebrafish embryos. Head (anterior) is to the right in all
images. (A) TNC cells (arrows) are layered over the neural keel prior to and during segmental migration
along lateral and medial pathways at the level of somites one-six (17 ss). e, epidermis. (B) At the level
of somites four-eight, TNC cells are separating into streams (between lines; arrows). nk, neural keel. The
area between the two parallel vertical lines (somites four-eight) is magnified in (C) (17 ss). Arrows
indicate groups of TNC cells migrating segmentally (in streams) over the somites. s, somite. (D) TNC
cells overlying the neural keel in the posterior trunk are elongated antero-posteriorly (arrows) and migrate
along the dorsal neural keel prior to migrating laterally over the somites (arrowheads; 18 ss).

with embryos between the 12-13 ss representing early TNC cell
migration along the medial path, 13-22 ss embryos representing
migration along the lateral path (simultaneous medial and lateral
migration at the 18-22 ss), and embryos older than the 23 ss
representing near completion of cell migration. While some data
analyses include results from extirpations that overlapped with the
cardiac (vagal) region (somites one-three/five), emphasis is placed
on regulation of TNC cells.

Of the 107 zebrafish embryos from which cardiac and trunk
neural crest cells were removed, approximately 13% died prior to
one week post-hatching. Fifty-seven percent of the total mortality
occurred when cells were removed from regions at the level of all
or part of the first five somites in 14-15 ss embryos. The remaining
43% died following removal of large amounts of neural crest, which
may or may not be associated with the fact that these extirpations
included cells from the region of somites one-five (Table 2).

The presence and patterning of pigment cells (melanophores,
iridophores, xanthophores) were the characteristics used to as-
sess regulation of TNC cells. Because the absence of xanthophores
created regions that had very pale (almost albino-like) coloration,
xanthophores were classified simply as present (N=normal) or
absent (A=absent) following extirpations.

Normal pigmentation
Pigment patterning in larval zebrafish is complete by six days

post-hatching. It is easily studied by viewing the three naturally
labeled pigment cell types – melanophores, iridophores, and
xanthophores – under a dissecting microscope. Melanophores are
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black, melanin-producing cells that form dorsal, ventral, lateral, and
yolk sac stripes in the larvae (Fig. 6 A,B). Iridophores are reflecting
pigment cells that appear as iridescent gold spots in association with
the dorsal, ventral and yolk sac melanophore stripes. In some
regions such as over the braincase, swim bladder and ventral yolk
sac, iridophores merge to cover larger areas (Fig. 6C). In older
juveniles, iridophores along the dorsal midline merge into a single
stripe. Xanthophores produce pteridine and/or cartenoid pigments
that appear as a fairly uniform greenish yellow color. These pigment
cells are most prominent dorsally, extending from the head to tail and
wrapping slightly over the lateral sides (Fig. 6D). Xanthophore data
are presented, but these cells were rarely affected by extirpations.

Sham-operated control embryos
Two control (sham-operated) embryos per stage had only the

epidermis removed from the level of somites 7-11. At four days post-
hatch, pigmentation was normal in all but one of the controls in which
the melanophore patterning was severely disrupted, most likely
because the epidermis did not heal properly over the wound. As
discussed in the following sections, regulation for the pigment
derivatives of TNC cells was complete at 48 hours post-fertilization
(hpf) for many of the stages analyzed. Forty-eight hpf was chosen as
the first time interval to assess pigment morphology because all three
types of pigment cells were visible, and patterning was underway.
Regulation was complete for most stages analyzed by four days
post-hatch.

Does the amount of neural crest removed affect pigmenta-
tion?

In a series of preliminary experiments, it was found that zebrafish
embryos regulate completely for removal of small amounts of TNC
cells (three somite lengths) posterior to somite five. In order to push
the limits under which regulation may occur, the amount of neural
crest removed was increased to regions five somites or greater in
length.

Removing larger amounts of neural crest cells (five or more
somite lengths) increased mortality and generated defects ranging
from missing to increased densities or disruptions of pigment cells
(Table 2). These types of defects in pigment pattern represent
various extremes of incomplete regulation. Embryos at the 12 ss
survived extirpations up to seven somites in length, even when
extirpation overlapped the cardiac region (somites one-three/five).
In these embryos, patches of missing or disrupted melanophores
and/or iridophores were the only evidence that cells had been
removed (Table 2; Fig. 7A). Results were similar for 18-19 ss

embryos following removal of even greater amounts of TNC – up
to nine somites in length (Table 2; Fig. 7 C-D). Embryos at the 21
ss or older also exhibited patches of missing or disrupted pigmen-
tation, especially when TNC cells were removed over the length of
five or more somites (Fig. 7 E-G). In these older embryos, regions
of abnormal pigmentation consistently occurred over a length of
two or more somites within, rather than peripheral to, extirpated
regions. In contrast, few 13-15 ss embryos survived removal of five
or more somite lengths of neural crest cells if extirpations over-
lapped the cardiac region (Table 2). Survivors were underdevel-
oped and exhibited different degrees of body curvature and peri-
cardial deformities (Fig. 7B). If the extirpated region included the
posterior tail, abnormal pigmentation was accompanied by de-
layed development, a degenerating tail (Fig. 7H) and spastic
muscle twitching.

No correlation was found between the amount of TNC extirpated
and number of pigment cell types affected. Absence of more than one
cell type (e.g., melanophores and iridophores) was just as likely to
occur whether five or ten somite lengths of TNC were removed (Table
2); loss or disruption of melanophores was frequently accompanied
by loss or disruption of iridophores (Fig. 7 C-D). Xanthophores were
frequently present in patterns that appeared unchanged from controls.

Does the position of neural crest removal affect pigmentation?
Having observed that there was decreased regulation for neural

crest removed from the region of somites one-three/five, embryos
of the 18-19 ss were used to more specifically test how the position

Fig. 4. Histological sections
through the trunk of an 18 ss
embryo. (A) In this longitudinal
section taken through the trunk
posterior to somite 12, TNC cells
can be seen migrating along the
dorsal neural keel (arrows). (B)
By the 18 ss the somites (arrow-
heads) have elevated and lie
more ventral than lateral to the
neural keel (nk). TNC cells are
penetrating the medial and lat-
eral pathways at the level of the
mid-trunk (arrows). Bars, 50 µm

 TABLE 1

 RELATIONSHIP BETWEEN SOMITE STAGE AND HOURS/DAYS OF
DEVELOPMENT

Stage  (somites) Age  (hrs. post-fertilization)

10 14
12 15
14 16
16 17
18 18
20 19
22 20
24 21
26 22
30 24

Note:  Beyond the 30 somite stage (approx. 24 hrs.) embryos are staged according to
hours of development post-fertilization (e.g. 36 hrs., 48 hrs.). Hatching occurs at
approx. 72 hrs., after which the new larvae are staged according to days post-hatch.
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from which neural crest cells are removed affects pigmentation.
Embryos at these stages are resilient to neural crest cell extirpations
(there was no post-hatch mortality), and many cells are emerging
from the neural keel along much of the trunk.

Regions of missing or disrupted pigment cells in 18-19 ss
embryos most frequently corresponded to TNC removed from the
level of somites one-five and posterior trunk. Pigmentation was
normal in all embryos when TNC cells were removed just posterior
to somite five (somites five-nine) (Table 3). Regardless of the axial
level, melanophore disruptions most frequently occurred within
and anterior to operated regions; iridophore disruptions more
frequently occurred posterior to operated regions.

Does the stage of neural crest removal affect pigmentation?
To determine whether the stage when neural crest cells are

removed affects regulation, TNC cells were removed from the level
of somites 7-11 between the 16-20 ss. A comparison of regulation
across several stages is significant for determining whether regula-
tion is limited or non-existent during specific times of development.

Bearing in mind that neural crest cells are not equally distributed over
the neural keel through development, this comparison also indicates
how TNC cells regulate at various stages of development.

16 ss
Of the stages examined, the 16 ss exhibited relatively less

regulation for pigment cells derivatives. Under these conditions, the
word ‘relatively’ is used liberally because it is not practical to have
sample sizes large enough for true statistical comparisons. While
‘gaps’ in melanophore pigmentation were typically ‘filled-in’ by four
days post-hatch for most stages, it took longer for these cells to be
replaced when extirpations occurred at the 16 ss (Fig. 8 A-E). Minor
disruptions in melanophore and iridophore patterning were observed
towards the anterior boundaries of extirpated regions. Xanthophores
were unaffected at this and subsequent stages.

17 ss
Although development of normal pigmentation, especially later-

ally positioned melanophores, was occasionally delayed in some

Fig. 5. DiI labeling of TNC
cells in a 19 ss embryo,
shown in whole mount
and in histological sec-
tions and traced through
64 hpf. Histological sec-
tions confirm the DiI-labeled
derivatives represented in

H-J; UV-illuminated sections (A,E) are shown for orienting the DiI label to embryonic tissues. a, aorta; g, gut; n, notochord. (A-C) These histological sections
represent the anterior trunk close to the level of somites seven-eight where DiI was initially injected in a 19 ss embryo (left-hand white line in H). The
boxed area in A is enlarged in B and C. Many TNC cells migrated extensively along the medial path (ventrally, anteriorly and posteriorly) and formed portions
of the sympathetic ganglia chain (B,C, short arrows) and dorsal root ganglia (B,C, long arrows). (D-G) Histological sections through the posterior extremity
of the yolk extension (right-hand white line in H). DiI label is found in dorsal root ganglia (D,F; arrows), the vascular system (aorta and/or tail reticular cells;
D,F; arrowheads) and cell bodies and axon extensions of sympathetic ganglia (G; arrowheads). (H) Whole mount view of a 64 hpf embryo showing DiI
labeling of the derivatives mentioned above, namely dorsal root ganglia (short arrow), sympathetic ganglia (long arrow) and the vascular complex (asterisk).
Bars in A,D, 50 µm. (I-J) Enlarged images from boxed portions of H, in order from left to right.
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embryos following surgery, pigmentation was normal within four
days post-hatch. Disruptions in melanophore or iridophore patterning
occurred at the anterior margins of the surgery sites or anterior to
where cells were removed.

18 ss
TNC extirpations at the 18 ss created disruptions in melanophore

patterning such as abnormally spaced cells or increased densities of
melanin in approximately 50% of the embryos within the first 48

TABLE 2

EFFECTS OF EXTIRPATING DIFFERENT LENGTHS OF TNC CELLS ON THE PRESENCE AND PATTERNING OF PIGMENT CELLS IN
ZEBRAFISH EMBRYOS, AS ASSESSED ONE WEEK POST-HATCHING

Stage NC Removed Melanophores 2 Iridiophores 2                     Xanthophores 2

(ss) (somites)1 n N A D N A D N A Mortality

12 1-5 6 3 3 2 3 3 0 6 0 0
(hb-2)3 (4-6) (hb)

1-7 5 2 3 3 2 3 0 5 0 0
(hb-3) (7-8) (hb)

13-15 1-5 4 0 1 2 2 1 0 1 2 1
(5-6) (3-8) (5-10) (hb-2)

1-7 4 0 0 1 0 1 0 0 1 3
(3-10) (7-10) (hb-3)

1-9 4 0 0 1 0 1 0 0 1 3
(3-10) (7-10) (hb-3)

18-19 1-5 5 0 2 3 2 2 1 5 0 0
(1-2) (4-6) (7-11) (6-9)

1-7 6 0 2 2 1 3 0 4 0 2
(hb-2) (hb-4) (5-9)

1-9 5 0 3 2 0 3 2 5 0 0
(hb-2) (hb-11) 0 (5-9) (3-4)

1-12 4 ——- ——-                      ——- 4

Notes:  1Refers to the level (prs. somites) from which TNC cells were removed. 2Numbers under pigment headings indicate number of the total sample size for each stage.
3Numbers in parentheses refer to the somite levels from which cells were missing or patterning was disturbed. In some cases, the anterior extremity is the hindbrain (hb).
Abbreviations:  A: absence of pigment cells; D: pigment cell patterning is disturbed; N: normal pigment morphology in both amount and patterning; n: sample size.

Fig. 6. Pigmentation in controls. Dorsal and lateral views of pigmentation in the same individual at 48 hpf (A,B) and four days post-hatch (C,D). (A)
Melanophores form a dorsal stripe that opens into a ‘v’ over the braincase. (B) Laterally, melanophores form a mid-lateral ‘dashed’ stripe (arrows), as well
as ventral and yolk sac stripes (arrowheads). (C) Iridophores (arrows) are associated with melanophores in regions such as the head, trunk and yolk sac.
(D) Xanthophores (arrowheads) produce a yellowish-colored pigment that can be seen dorsolaterally from head to tail.
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hours. As for earlier stages, these disruptions always occurred
anteriorly, whether anterior to the surgery site or anteriorly within the
surgery site. More embryos were lacking iridophores, or had slight
abnormalities in patterning at four days post-hatch than at previous
stages.

19/20 ss
Regulation at the 19/20 ss most resembled regulation at the 17

ss. No loss of pigmentation was observed at 48 hours; minor
disruptions in melanophore and iridophore patterning were not
evident by four days post-hatch.

To summarize regulation as assessed by pigment cells, the
stage when TNC cells are removed from the mid-trunk does not
impact regulation for pigment cells to the same extent as the
amount removed and the location from which they are removed.
Embryonic survival was poor when neural crest cells were re-
moved from the level of somites one-five (cardiac region). Embryos
that survived through hatching exhibited abnormal development,
pericardial deformities and/or absence of pigmentation. On the
other hand, TNC cells (posterior to somite five) exhibited extensive
regulation, especially when fewer than nine somite lengths were
removed. Experiments demonstrated that regulation was often

complete when TNC cells were removed from the level of somites
7-11 at various stages. At this axial level, the absence and
disruption of pigmentation were indicators of incomplete regula-
tion. Generally, absence of melanophores correlated with greater
densities and disruptions of surrounding melanophores at all
stages, regardless of the amount of neural crest cells removed.
This pattern was not shared by iridophores which tended to be
missing in localized patches. In most embryos, initial disturbances
in pigment patterning were resolved by four days post-hatching.
Xanthophores were the least affected by extirpations.

Discussion

Migration of neural crest cells
SEM and DiI were the primary techniques used to describe

development and migration of TNC cells in the zebrafish, Danio
rerio. These data clarify and extend what has previously been
described on TNC cell migration, and provide a context for ad-
dressing the question of regulation. Zebrafish neural crest cells
have been described as being larger and less numerous (10-12
cells per segment) than those of other vertebrates such as the chick
(Raible et al., 1992; Raible and Eisen, 1996). This observation

Fig. 7. Pigment patterning and developmental abnor-
malities in larvae after extirpation of TNC cells. Indicated
for each image are the stage of TNC extirpation (ss) and the
somite level from which cells were removed (parentheses).
Vertical lines indicate the regions from which TNC cells were
extirpated. All larvae are one-week post-hatching except for
(H) which is 60 hours post-fertilization (hatching occurs at 72
hours). (A) Melanophores, iridophores and xanthophores are
missing dorsally over the hindbrain and at the level of the first
two somites (arrow). Abnormally dense patches of
melanophores are present anterior and posterior to the
region of missing cells (arrowheads). (B) This embryo is
underdeveloped with an enlarged pericardial cavity (arrow)
and enlarged yolk sac. Abnormal pigmentation included loss
of dorsal melanophores within the operated region, and loss
of dorsal iridophores within and posterior to the same area.
(C) Melanophores are missing over the posterior hindbrain
and at the level of the first somite (arrow), while iridophores
have merged at the level of the third somite (arrowhead). (D)
There is little disruption of melanophores; however, some
iridophores are missing within and posterior to the operated
region (between lines). (E) Melanophores are missing from
the hindbrain (arrow), and both melanophores and iridophores
are absent in patches along the length of somites 6-10
(arrow, between lines) and disrupted posterior to somite 10.
(F) The lateral view of (E) shows the dorsal fin fold missing or
reduced along the length of somites 6-10 (arrow, between
lines). (G) Melanophores are disrupted and abnormally dense
anterior to and within the operated region (between lines).
Iridophores are absent from the same region, and
xanthophores are sparse. Although not visible in this image,
patterning of the mid-lateral melanophore stripe is disrupted.
(H) Prior to hatching this embryo was underdeveloped with
a degenerating tail. In addition, melanophore patterning was
severely disrupted, and iridophores and xanthophores were
absent.
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teral paths seen in amniotes (Lamers et al., 1981; Loring, 1987;
Serbedzija et al., 1989, 1990; Erickson et al., 1992). In zebrafish,
the first wave of TNC cells begins to migrate along the medial path
at the level of somites one-six between the 12-13 ss (Raible and
Eisen, 1996) (Fig. 1).

Between the 14-15 ss, a second wave of neural crest cells
begins to migrate laterally as a uniform sheet over the somites and

yolk in the hindbrain and cardiac regions (Fig. 2A). ‘Sheet migra-
tion’ proceeds in a rostral-caudal direction along the trunk during
development. Sadaghiani and Vielkind (1989) describe a similar
phenomenon of neural crest cells arranged as a sheet between the
otic vesicle and the first somite in Xiphophorus (swordfish). How-
ever, there is little mention in the literature of extensive sheet-like
migration along the entire embryonic axis (Weston, 1970), or of

Fig. 8. Pigmentation in larvae after extirpation of
TNC cells at the 16 ss. Dorsal and lateral views of
pigmentation in the same individual at 48 hpf (A,B),
and four days post-hatch (C,D), and a dorsal view at
10 days post-hatching (E). TNC cells were removed
from the level of somites 7-11, as indicated by the
parallel vertical lines. (A,B) Melanophores and
iridophores are absent at the level of somite seven
(A, arrow), and melanophores are disrupted anterior

to and within the operated region. (C,D) Melanophores and iridophores are absent from the same location
as in A-B (arrow). (E) Interestingly, pigmentation in this embryo is completely normal ten days after hatching.
Note how melanophores have filled in the ‘gap’ observed at the younger stages.

would not seem to support the number
and variety of derivatives that arise
from teleost neural crest cells. While
zebrafish neural crest cells are defi-
nitely large, our study demonstrates
the presence of more cells than previ-
ously documented. SEM images and
DiI labeling suggest that at least 10-15
neural crest cells emerge per segment
for each wave of migration. Because
there are several waves of TNC migra-
tion, up to three times as many cells
are produced. Development of
populations of TNC containing larger
numbers of cells more closely corre-
sponds to the extensive migration and
derivative formation observed along
the length of the trunk in zebrafish.

A specific pattern and pathway of
migration is associated with each ma-
jor population of TNC cells that leaves
the neural keel. Similar to other teleosts
such as the platyfish and swordtail
(Sadaghiani and Vielkind, 1990;
Sadaghiani et al., 1994), populations
of TNC cells in zebrafish migrate in
sequential waves – firstly along a me-
dial path, secondly along a lateral path,
and thirdly along a medial path. The
medial and lateral migratory routes
correspond to the ventral and dorsola-

 TABLE 3

 EFFECTS OF EXTIRPATING DIFFERENT REGIONS OF TNC CELLS ON THE PRESENCE AND PATTERNING OF PIGMENT CELLS IN
ZEBRAFISH EMBRYOS, AS ASSESSED ONE WEEK POST-HATCHING

Stage Neural crest Melanophores2 Iridiophores2 Xanthophores2 Other
(ss) Removed

(somites)1 n  N A D  N A D  N A

19 1-5 5 0 3 2 3 2 0 5 0 –
(1-2)3 (1-4) (7-11)

18 5-9 7 7 0 0 7 0 0 7 0 –

18 10-14 6 1 2 3 3 2 1 6 0 3
(9-12) (2-9) (9-12) 1(7-8) short fin

18 14-18 5 1 3 1 2 2 1 2 3 _
(15-18) (13-17) (<14) (<15) (>11)

Notes:  1Refers to the level (prs. somites) from which TNC cells were removed. 2Numbers under pigment headings indicate number of the total sample size for each stage.
3Numbers in parentheses refer to the somite level from which cells were missing or patterning was disturbed (<, anterior to; >, posterior to). Abbreviations: A: absence of pigment
cells; D: pigment cell patterning is disturbed; N: normal pigment morphology in both amount and patterning; n: sample size.



876       J.L. Vaglia and B.K. Hall

neural crest cell migration over the yolk (Sadaghiani and Vielkind,
1989). It remains unclear what cell types arise from sheets of
migrating neural crest, but precursor pigment cells and
ectomesenchymal cells of the heart and vessels are good candi-
dates (Bockman et al., 1987; Erickson, 1993; Olsson, 1994;
Sadaghiani et al., 1994).

At approximately the 18 ss, a third wave of neural crest begins
to migrate segmentally, rather than as a sheet, along the lateral
path in the head and cardiac regions (Fig. 2C). Segmental migra-
tion of neural crest cells in the head is a common pattern among
amniotes and teleosts (Sadaghiani and Vielkind, 1989; Lumsden
et al., 1991; Bemis and Grande, 1992; Serbedzija et al., 1992),
while segmental migration through somites in the trunk has been
well documented for birds (Teillet et al., 1987; Serbedzija et al.,
1989, 1990; Krull et al., 1995). Also beginning around the 18 ss, a
new population of neural crest cells – a potential fourth wave –

begins to migrate on the medial path. Migration of a second group
of neural crest cells along the medial path appears to be simulta-
neous with ongoing migration on the lateral path (Fig. 3B-D). Trunk
neural crest cells also migrated distances equivalent to several
somite lengths in the anterior and posterior directions. Newly
emerging TNC cells in the anterior trunk may migrate one-three
somites anteriorly and as far posterior as somite 25.

Regulation

Much of our insight on regulation has been indirectly harnessed
from neural crest cell ‘fate-mapping’ studies. The goal of such
studies was to remove cells and subsequently infer missing or
reduced structures as being derived from those cells. In order to
prevent regulation from occurring, and to effectively deplete struc-
tures, it was necessary to extirpate large regions of neural crest
(e.g., Newth, 1951; Hammond and Yntema, 1964). In addition to
‘fate-mapping’ studies, more direct tests of regulation have tended
to be specific to a particular population, or even derivative of neural
crest cells. In this study, the development and patterning of TNC-
derived pigment cells were used as measures of regulation in
zebrafish. The experimental procedure involved extirpating re-
gions of TNC and varying the amount removed, position and stage
of removal. Regulation occurred on a sliding scale, ranging from
complete to incomplete.

A combination of the amount of neural crest removed, and the
position and stage of removal affects regulation

Based on earlier fate-mapping studies by Hammond and Yntema
(1964) and Langille and Hall (1988a), we predicted that a sizable
amount of TNC must be extirpated to produce defects in pigmen-
tation. In experiments where the amount of neural crest cells
removed spanned regions five somites or greater in length, defects
in the amount and/or patterning of pigmentation were generated
(Fig. 7). Almost no pigment defects were observed when smaller
regions of neural crest cells were extirpated, unless extirpations
overlapped the cardiac region (somites one-three/five). The nature
and extent of the defects also correlated with the position from
which cells were removed. Regulation was most affected when
TNC cells were removed from anterior (cardiac) and posterior (tail)
extremities of the trunk at various stages (Table 3; Fig. 7 B,H). In
more extreme cases, embryos that survived extensive extirpations
were underdeveloped, had minor pericardial defects and/or spinal
column deformities, and were missing pigment cells.

Although heart development was not investigated following
neural crest extirpations, the results suggest that neural crest cells
removed from the region of somites one-three/five (cardiac) have
limited regulative ability. This was no surprise; several studies have
shown that precursor cardiac neural crest cells in the chick do not
regulate (Bockman and Kirby, 1984; Kuratani et al., 1991; Waldo
et al., 1996; Suzuki and Kirby, 1997). Cardiac neural crest cells
provide both ectomesenchymal and neuronal components to the
heart and great vessels, and connective tissue to thymus, thyroid
and parathyroid glands (Le Lièvre and Le Douarin, 1975; Bockman
et al., 1987; Kirby, 1988b; Kuratani and Kirby, 1991). The lack of
regulation for cardiac neural crest cells suggests that they are
specified early in development, and that timing of migration is
critical for normal differentiation. Thus, any opportunity for these
cells to regulate would likely fall within a narrow window of time.

Fig. 9. TNC extirpation. (A) Lateral view of an 18 ss embryo demonstrating
surgical extirpation of TNC cells (arrows) using a glass-pulled micropipette
that has been inserted just beneath the epidermis at the level of somites
8-11. Somites are visible as chevron-shaped blocks; the notochord is visible
behind the somites. Rostral is to the left. (B) Cross section through the mid-
trunk of an operated 17 ss embryo. The epidermis and uppermost cell
layers of the neural keel have been surgically extirpated (arrow). The intact
epidermis is visible lateral to both sides of the neural keel (arrowheads).
Bar, 50 µm.
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Because cardiac neural crest precursors emerge and migrate as a
large population of tightly layered cells, as described earlier in the
paper, extirpations may target so many cells that the embryo
cannot adjust for the loss. The observation that regulation differs
among neural crest cell populations located only one or several
somites apart is significant for determining the transition between
cardiac and trunk regions, as well as for future studies on regulation
of cardiac neural crest.

Regulation also was poor when TNC cells were removed from
the posterior trunk/tail. In zebrafish, tail and trunk tissue contribute
neural crest cells as far anteriorly as somites 11-12 (Kanki and Ho,
1997). Because cellular movements and differentiation in the tail
are less well studied than in the anterior-mid trunk, interpreting how
regulation functions for cells extirpated from the tail will need to be
the topic of another study.

Extirpations of TNC cells at different stages affect populations
with different migratory patterns, from cells that are prevalent at the
14-16 ss and destined to migrate laterally as a uniform sheet, to
cells that migrate segmentally on the medial path from the 10 ss
onward, or on the lateral path from the 18 ss onward. Moreover,
neural crest cells are not uniformly present along the entire length
of the dorsal neural keel, and therefore, may not be uniformly
present within the surgery site. Bearing these factors in mind,
regulation for zebrafish TNC cells did not appear to vary signifi-
cantly across stages (with the exception of somite stage 16).
Embryos at the 16 ss were the most likely to be missing pigment
cells, namely melanophores and iridophores, at four days post-
hatch (Fig. 8 A-D). Relative to the 18-21 ss where segmental
migration of TNC is occurring along the lateral path, fewer cells
emerge at the 16 ss. In studies of the chick, regulation for hindbrain
neural crest cells changes during development, yet there is some
contention as to whether optimal regulation occurs early (prior to
the four ss; Saldivar et al., 1997), or later in development (approxi-
mately the 10 ss; Diaz and Glover, 1996).

The nature of pigment cells and the role of extracellular matrix
Trunk neural crest cells may acquire different regulative abilities

over development, but our data suggest (with the exception of the
cardiac region and tail) that regulation is most efficient when large
numbers of TNC cells are migrating from the neural keel over a length
of fewer than six consecutive somites. This would allow greater
opportunity for relatively ‘plastic’ (undifferentiated) cells to compen-
sate for the loss, compared to a stage where few cells are migrating,
or cells have yet to migrate. In a situation where cells have not yet
migrated, extirpation of TNC and neural keel cells would affect the
development, migration and patterning of the next wave of cells
(Weston, 1970; Nishida and Satoh, 1989; Patterson, 1990;
Thibaudeau and Holder, 1998). At the other extreme, regulation is
less, or at least delayed, when cells are removed from later stages
(e.g. 21 ss and older; Fig. 7 E-F). Cells that have differentiated or are
beginning to differentiate might be less able to regulate – early
migratory neural crest are heterogeneous and may be more respon-
sive to environmental signals (e.g. Frank and Sanes, 1991; Ito and
Sieber-Blum, 1993; Le Douarin et al., 1994; Thibaudeau and Holder,
1998; Dorsky et al., 2000). At later stages of development, we would
need to consider whether cell replacement in larvae or among
differentiated cells is regulation, or a different form of wound healing.

Evidence of decreased regulation in older embryos does not
imply that compensation for cells removed during the embryonic

period ends with a specific stage. Following TNC cell extirpations,
pigmentation was typically monitored for up to seven days post-
hatching. If abnormalities in pigmentation were observed between
four and seven days post-hatching, the morphology was viewed as
‘permanent’ for the individual. We later found that the absence of
pigmentation in one-week old larvae was not necessarily indicative
of the final juvenile/adult pigment pattern. Extirpation of TNC cells
at the level of somites 7-11 in a 16 ss embryo resulted in a patch
of missing melanophores and iridophores that was still evident at
four days post-hatch. By 10 days post-hatching, pigmentation was
perfectly normal (Fig. 8). Thus, pigment cells are able to replace
themselves, or to be replaced, well into the larval period (Johnson
et al., 1995; Parichy et al., 1999). Furthermore, normal pigmenta-
tion in species of the salamander genus Triturus arises in part from
a secondary invasion of pigment cells later in development (Niu,
1954).

In general, regions lacking pigmentation corresponded to loca-
tions from which TNC cells were removed. Patches of dense and/
or disrupted pigmentation frequently occurred anterior to, and
occasionally posterior to pigment-free surgery areas. In other
cases, an excess of pigment cells, namely melanophores, was
produced along the length of extirpated regions and persisted
through at least one week post-hatching. Extirpations of both
cranial and trunk neural folds in salamanders also have resulted in
larvae with regions of increased pigmentation (Twitty, 1944; Lehman
and Youngs, 1952) versus pigment free areas (Niu, 1947). Such
uncharacteristically dense regions of pigmentation give the ap-
pearance of ‘over regulation’ (i.e. excess cell division) for cell loss.
Conversely, isolated patches of dense or disrupted pigmentation
may represent cells that failed to migrate as a result of severely
disrupted extracellular matrix (ECM).

Several studies have demonstrated that the ECM is both struc-
turally and molecularly important for the migration and differentia-
tion of neural crest cells (Löfberg et al., 1980; Erickson et al., 1992;
Erickson, 1993; reviewed by Parichy, 1996). The importance of
ECM to neural crest cell migration is exemplified in the white axolotl
mutant that lacks pigmentation because the ECM is a defective
substrate for migrating precursor pigment cells (Löfberg et al.,
1989). If TNC cells in zebrafish lack a scaffolding/matrix upon
which to migrate in either the anterior or posterior direction (Kanki
and Ho, 1997), a “traffic jam” could occur at the perimeters of the
surgery region where there is no matrix. Similarly, disrupted
pigment cells could reflect an altered ECM that prevented cells
from migrating along their normal routes.

Role of the epidermis in regulation
In these experiments regulation was accompanied by healing of

the overlying epidermis. Interaction between non-neural ectoderm
(epidermis) and neuroepithelium (neural keel) is essential for
neural crest cell development (Hall, 1999). In teleost fishes, the first
neural crest cells appear after neural and epidermal ectoderm
separate from one another (Schmitz et al., 1993; Papan and
Campos-Ortega, 1994). In sham-operated control embryos where
only the epidermis was removed, pigmentation was normal, al-
though occasionally delayed. Delays in establishing normal pig-
ment patterning could be a function of the time it takes for epidermis
to heal. Studies on regeneration of fins and limbs have demon-
strated that the epidermis heals rather quickly, within several hours
up to 24 hours after surgery (Martin, 1996; Mescher, 1996). When
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neural crest cells are removed, the initial absence of epidermis
might prevent induction of a new population of potentially regulat-
ing cells from the underlying neural keel. In addition, the epidermis
is not immediately available as a substrate for cells to migrate into
the neural crest-ablated area from surrounding regions. Because
epithelium is an essential positioning signal for embryonic cells (Ho
and Weisblat, 1987), some instances of incomplete regulation may
result from delays in epidermal closure.

Potential sources of replacement cells – a summary
Many studies have discussed possible sources of cells that

could replace extirpated neural crest. They include placodes,
neural and epidermal ectoderm and neural crest itself (Kirby, 1987;
1988a,b). Placodal cells are precursors to sensory receptors and
cranial ganglia. They arise in the head as ectodermal thickenings
that invaginate and further delaminate following transformation
from an epithelial to a mesenchymal cell type in all but the lens
placode. In this study, for placode cells to be considered a source
of replacement cells for cardiac and TNC cells, they would either
need to be in close proximity to extirpated regions, or migrate a
considerable distance. Epidermis also was not expected to be a
source of replacement cells because it would first need to heal.
Moreover, epidermis is necessary as an inducing factor for neural
crest cells to be generated from the neural keel.

Many studies have shown that neural crest cells regulate, and
that regulative potential varies with cranial versus cardiac versus
trunk crest populations (reviewed in Vaglia and Hall, 1999). As
alluded to in the context of fate-mapping studies, cranial neural
crest cells regulate quite proficiently in organisms ranging from
lampreys to chicks (e.g. McKee and Ferguson, 1984; Langille and
Hall, 1988a,b; Moury and Jacobson, 1990; Scherson et al., 1993;
Hunt et al., 1995; Couly et al., 1996; Diaz and Glover, 1996; Suzuki
and Kirby, 1997). Cardiac neural crest cells, on the other hand,
have little potential for regulation (e.g. Waldo et al., 1996; Suzuki
and Kirby, 1997). Our study has shown there is regulation for TNC-
derived pigment cells in zebrafish, and that TNC cells most
commonly regulate for other TNC cells. The capacity for regulation
of TNC-derived ganglia is unknown. Having demonstrated in
zebrafish that at least a single cell lineage derived from TNC is
regulated for, the next goal is to investigate possible mechanisms
of replacement. Preliminary experiments using fluorescent DiI to
trace cell migration and BrdU (bromodeoxyuridine) to assess
levels of cell division reveal that both cell migration and increased
division are important to regulation.

Materials and Methods

Zebrafish maintenance and breeding
Adult zebrafish (Danio rerio ) were purchased from either local pet

stores in Halifax, Nova Scotia, Canada or from Boreal Laboratories, Ltd.
(Ontario, Canada). Females and males were separated and kept in 10
gallon tanks at a temperature of 27-29ºC on a 14 hour light and 10 hour dark
cycle. Breeding colonies were established with three females and three-
five males. Eggs were collected in the evening and raised at 28.5ºC in
Hank’s solution (Westerfield, 1995).

Scanning electron microscopy
Patterns of trunk neural crest cell migration were primarily determined

using scanning electron microscopy (SEM; Nanolab 2000, Bausch and
Lomb). To remove the epidermis, dechorionated embryos were incubated
in an enzyme solution (0.257 g Trypsin + 0.043 g Pancreatin in 10 ml PBS)

at 4ºC for 20-30 minutes. Embryos were then transferred to room tempera-
ture and covered with a thin layer of 1.0% agarose. A glass-pulled
micropipette was used to tease the epidermis away from underlying cells,
after which embryos were preserved immediately in Karnovsky’s fixative.
Following overnight fixation, samples were rinsed in 0.2 M cacodylate
buffer at pH 7.4 with 20% sucrose. They were then post-fixed in OsO4,
rinsed a second time in 0.2 M cacodylate with 20% sucrose, dehydrated
and critical point dried. Specimens were coated with gold using a sputter
coater prior to viewing (Samsputter-2a; Tousimis Research Corp.; Sargent-
Welch Vacuum Pump). Because of individual variation, and differences
associated with processing specimens for SEM, several embryos were
used for each stage.

DiI labeling
DiI labeling provided further detail on early patterns of TNC cell migra-

tion in the anterior-mid trunk. Fluorescent DiI (SP-DiIC18(3)) (Molecular
Probes, D-7777) was diluted to a concentration of 2 mg/ml in 92%
Dimethylformamide (DMF) and 8% H20. Immediately prior to use, DiI
aliquots were briefly centrifuged to remove any precipitate. Thick-walled
glass capillaries (OD 1.2 mm, I.D. 0.69 mm with filament) were pulled into
micropipettes using a vertical pipette puller (Model 700C, David Kopf
Instruments). Micropipettes were backfilled with 1.5 µl DiI, followed by 1 µl
0.2 M KCL and stored in glass jars in a 37° C incubator to slow crystallization
of dye during injection sessions.

For injections, embryos between somite stages 10 and 22 (14-20 hours)
were embedded in 1% agarose. An empty glass-pulled micropipette was
used to create an opening in the agarose and pierce the epidermis. The
empty needle was replaced by a DiI-filled needle attached to a joystick
micromanipulator (World Precision Instruments), and DiI was focally in-
jected as a single two millisecond pulse under a Leitz Laborlux D compound
microscope using a PV830 pneumatic picopump (World Precision Instru-
ments) attached to a nitrogen air source. Embryos were injected at a
constant tank pressure of 100 kPa and ejection pressure of approximately
30 psi. Holding pressure varied slightly according to the size of the
micropipette tip opening, but generally ranged between 10 and 20 psi. For
consistency, cardiac and TNC cells were labeled over the length of two
somites between the level of somites 4-11. Specimens were viewed under
a Leitz Aristoplan fluorescent microscope (N2.1 filter) within five-ten
minutes of the initial injections, and subsequently at hourly intervals.
Injections were replicated several times to account for developmental
variation. Because mesodermal cells also migrate during the early stages
of development, it was important to ensure that somites were not inadvert-
ently labeled during DiI injections. Controls were performed by injecting DiI
onto somitic cells lying dorsolateral to the neural keel (adjacent to where
TNC emerge) at stages corresponding to those used for tracing TNC cell
migration. DiI remained localized and no cell migration was observed in the
controls (see also Smith et al., 1994).

Removal of trunk neural crest cells
To investigate regulation of embryonic cells, TNC and neural keel cells

were removed from regions equivalent to the length of five or more somites
along the anterior-posterior axis. Zebrafish embryos ranged in stages from
12 to 25 pairs of somites (15 to 21 hours post-fertilization). After removing
the chorion with #5 watchmaker forceps, embryos were positioned on a
slide in 1.2% low melting point agarose. Under magnifications of 25 or 40x
(Zeiss Inverted Microscope), cells were removed using a pulled glass
micropipette attached to a micromanipulator (M3301, World Precision
Instruments; Fig. 9A). Sham-operated control embryos had only the
overlying epidermis removed. Following surgery, embryos recovered in
Hank’s solution containing 2% antibiotic-antimycotics (GIBCO). This solu-
tion was replaced completely once a day for two days after surgery.
Embryos were subsequently kept in Hank’s without antibiotics. Embryos
hatch approximately 72 hours (three days) after fertilization; three days
after hatching, larvae were fed cultured Parameciam (Boreal Laboratories,
Ltd.) and raised until seven or eight days post-hatching.
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Live embryos
Pigment development and patterning were traced through embryogen-

esis and into the larval period in individual control and experimental
embryos. To document changes in pigmentation, embryos and larvae were
anesthetized using a 0.4% solution of MS-222 (Tricaine) and stabilized on
slides using 3% methyl cellulose. Live embryos or larvae were photo-
graphed under a Tessavar dissecting microscope at magnifications of 10x
or 16x. After removing the animals from methyl cellulose, recovery was
rapid and they developed as usual in Hank’s solution.

Histology
The depth of neural keel extirpation, and completeness of trunk neural

crest removal were verified in sectioned embryos (Fig. 9B). For paraffin
sectioning, embryos were fixed in 4% paraformaldehyde, dehydrated in a
series of methanol/PBS (Dulbecco’s phosphate buffered saline, Freshney,
1987), infiltrated, embedded in low melting point wax in a vacuum oven, and
cut at 5 µm. Sections were mounted on Poly-L-Lysine-coated slides and
stained with HBQ (Hall and Brunt’s Quadruple Stain, Hall, 1986) or Ehrlich’s
Hematoxylin (see Gurr, 1962).

Antibody staining
For whole-mount antibody staining, embryos were fixed overnight in 4%

paraformaldehyde at 4°C followed by several rinses in 0.1 M PBS. Embryos
were incubated for one hour in blocking solution (PBS with 0.1% Tween, 1%
BSA and 20% normal goat serum for HNK-1; 20% normal sheep serum for
all other antibodies), then incubated overnight in primary antibody at 4ºC (6-
11B-1, anti-acetylated-∝-tubulin: 1:1000; 16A11 (anti-Hu): 1:150; HNK-1:
1:50; zn-5: 1:50; zn-12: 1:10). Following a one hour rinse with several
changes in 0.1M PBS with 0.1% Tween, HNK-1-labeled embryos were
incubated in fluorescent CY3-conjugated goat anti-mouse secondary an-
tibody (1:500) for two hours at room temperature in the dark. Embryos
labeled with other antibodies were incubated in horseradish peroxidase-
conjugated sheep anti-mouse secondary antibody (1:250) for two-three
hours at room temperature or overnight at 4°C. HNK-1-labeled embryos
were then rinsed extensively over one-three hours with several changes in
ddH20 and viewed under a Leitz Aritstoplan fluorescent microscope using
an N2.1 filter. Embryos labeled with other antibodies were rinsed for one
hour with several changes in PBS with Tween, washed for 10 minutes in
TRIS (pH 7.6), and then incubated in 1.0 mg/2.0 ml diaminobenzidine
(DAB) dissolved in 20 µl DMSO (dimethylsulfoxide) and brought to a final
volume of 20 ml with TRIS buffer. One µl H2O2 was added to the final
solution to develop the HRP (POD) reaction product.
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