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Summary

The timing and pattern of cranial neural crest cell emergence and migration in the Mexican Axddgs#toma mexicanyrare as-

sessed using scanning electron microscopy (SEM). Cranial neural crest cells emerge and begin to migrate at the time of neural fold clo-
sure and soon form three distinct streams. The most anterior (mandibular) stream emerges first, at the level of the mesencephalon. Cells
in this stream migrate rostroventrally around the optic vesicle. The second (hyoid) and third (branchial) streams emerge in close succes-
sion at the level of the rhombencephalon and extend ventrolaterally. Cells forming the hyoid stream migrate rostral to the otic vesicle,
whereas the branchial stream divides into two parallel streams, which migrate caudal to the otic vesicle. At later stages (stage 26 on-
wards) the cranial neural crest cells disperse into the adjacent mesoderm and can no longer be followed by dissection and SEM. The pat-
tern of cranial neural crest emergence and migration, and division into migratory streams is similar to that in other amphibians and in
the Australian lungfishNeoceratodus forstgriEmergence of crest cells from the neural tube, relative to the time of neural tube clo-

sure, occurs relatively late in comparison to anurans, but much earlier than in the Australian lungfish. These results establish a morpho-
logical foundation for studies in progress on the further development and fate of cranial neural crest cells in the Mexican axolotl, as well
as for studies of the role of cranial neural crest in cranial patterning.
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Introduction processes and mechanisms that underlies the evolution
of novelties.
There is now renewed interest in comparative embryhis paper presents data on cranial neural crest devel-
ological studies, as part of broader attention to the relgpment in the Mexican axolotlA(nbystoma mexi-
tionship between evolution and development, or “evaanun). This is perhaps the most well studied salaman-
devo.” Many recent textbooks give overviews of thisler species embryologically, and it has often been used
field (Arthur, 1997; Gerhart and Kirschner, 1997; Hallas a model for salamanders in general. The Mexican ax-
1998; Carroll et al., 2001; Wilkins, 2002). Most conolotl remains an important organism for studies whose
temporary work in developmental biology involvesmain focus is on the evolution of development. The
either studies of a single organism or comparisomsesent study is part of a larger project on the evolution
among a small number of so-called model species, anidhead development in lungfishes and amphibians, in-
often the main interests are early embryonic patternirfuding both frogs and salamanders (e.g., Olsson et al.,
and conserved genes and functions. It is also importaB000). We emphasize neural crest development because
however, to extend comparative studies to embratiee cranial neural crest has played an important role in
other species, as well as the variation in developmenthaé evolution of cranial patterning (Hunt et al., 1991,
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Hanken and Thorogood, 1993; Langille and Hallehydrated in an ethanol series (50%, 70%, 90%, 95%
1993). Relatively little research has been done on thed absolute ethanol) and transferred into liquid @O
cranial neural crest in urodeles since the classic studeesritical point dryer. The dried embryos were mounted,
by Landacre (1921) and Stone (1922), and later by Sedputter-coated with gold/palladium, and examined in a
man (1946) and Horstadius and Sellman (1946). Iihilips CM10 scanning electron microscope. Digital
deed, a comprehensive study of cranial neural crgsttures were obtained as TIFF files. Scanning electron
emergence, migration and fate, using modern technicrographs were assembled into montages, each con-
niques such as electron microscopy and fluoresceatning 4—-24 separate images.
markers, does not exist for any urodele. Such a study is
long overdue and would provide an important baseline
for further studies of both developmental and eVOILl{'\‘esuIts
tionary questions relating to the neural crest and its
derivatives. The two studies containing scanning eIeE-
tron micrographs of the urodele cranial neural crest
focus on somitomere development (Jacobson aidstage 17, cranial neural crest cells have not yet differ-
Meier, 1984) and cranial nerve development (Northcughtiated. Epidermis covers the neural fold and no crest
and Brandle, 1995), respectively, and studies of the ecells are visible (data not shown). The mandibular neu-
pression of patterning genes in the developing cranial crest stream appears initially at stage 18, atop the
neural crest are almost totally lacking (but see Eppereural folds at the level of the future mesencephalon. Its
lein et al., 2000). The present work provides data on thells begin to migrate rostrally and ventrolaterally be-
emergence and migration of the cranial neural cresttimeen the epidermis and the neural folds (Fig. 1A). At
the axolotl as assessed with scanning electron nsiage 19, the mandibular neural crest stream continues
croscopy. It represents the initial part of a comprehete migrate rostroventrally. A second neural-crest stream
sive study of axolotl head development, which is beirgppears on the neural tube, at the level of the rhomben-
followed up by studies of cell differentiation and fatecephalon, and its cells begin to migrate ventrolaterally
We discuss our data in the context of earlier work dpetween epidermis and the neural folds (Fig. 1B).
cranial neural crest migration in lungfishes and aniNeural folds fuse at stage 20, forming the neural tube.
rans. The mandibular neural crest stream continues to mi-
grate rostroventrally. The second neural crest stream is
subdividing to form two distinct streams, an anterior

anial neural crest cell migration

Materials and methods hyoid stream and a posterior branchial stream, both of
which migrate ventrolaterally (Fig. 2A, B). By stage
Embryos 21, the mandibular neural crest stream surrounds the

] ) ) optic vesicle. The hyoid and branchial streams continue
Wild type and albino embryos of the Mexican axolotkg migrate ventrolaterally between the epidermis and
Ambystoma mexicanymwere obtained from the breed-neyral tube (Fig. 3A). Stage 22 resembles stage 21, al-
ing colony at the Evolutionary Biology Centre, Uppsalghough the hyoid stream has begun to extend onto the
University, Sweden, and from the Axolotl Colony, Indisyrface of the mesoderm. Crest-free zones on the neural
ana University, Bloomington, USA. Embryos wergube between the mandibular, hyoid and branchial
staged according to Bordzilovskaya et al. (1989) angreams are more pronounced than in earlier stages
reared using standard procedures. (Fig. 3B).

By stage 23, the once thick layer of mandibular neural
crest cells on the dorsal part of the neural tube is thin-
ning (Figs. 4A, C). Hyoid and branchial neural crest

Early migration of cranial neural crest cells was folstreams continue to migrate ventrally between the epi-
lowed by scanning electron microscopy (SEM). Atermis and mesoderm. The branchial neural crest
least four embryos each of stages 17-25 were dejelligilieam begins to divide into two parallel streams

mechanically with forceps and fixed in modified(Fig. 4B).

Karnovsky fixative (1.5% glutaraldehyde and 1.5%\t stage 24, the once single branchial neural crest
paraformaldehyde in 0.1 M cacodylate buffer) overstream is clearly divided into two parallel streams

night or longer (Karnovsky, 1965). They were thefFigs. 5A, B). The hyoid neural crest stream migrates
transferred to 0.1 M phosphate buffer, and the epidefentrally faster than either of the two branchial streams
mis removed with tungsten needles. Embryos wesand begins to overtake them. On the dorsal part of the
postfixed in 1% OsO4 in 0.1 M cacodylate buffer foneural tube, the mandibular and hyoid streams remain
1 h. After rinsing in 0.1 M phosphate buffer, they wereonnected by a patch of cells, although only a few cells

Scanning electron microscopy
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Figs. 1-6.Scanning electron micro-
graphs of embryonicAmbystoma
mexicanumshowing the emergence
of cranial neural crest from lateral
(Figs. 1-4 and 6) and dorsal (Fig. 5)
views. Anterior is to the right. Over-
lying epidermis (EP) has been re-
moved.
Fig. 1. (A) Stage 18 embryo. The
mandibular neural crest (MNC) has
emerged from between the epider-
mis (EP) and the neural fold (NF) at
the level of the mesencephaldB)
Stage 19 embryo. Mandibular neural §#
crest cells are migrating anteroven- g
trally. A second neural crest stream
(NC) has emerged onto the neural
fold (NF) at the level of the
rhombencephalon.  Scale  bars,f
0.2 mm.

Fig. 2. (A) Stage 20. The mandibular
neural crest (MNC) has migrated fur-
ther anteroventrally. The second neu-
ral crest stream is subdividing to form
an anterior hyoid neural crest (HNC)
stream and a posterior branchial neu
ral crest (BNC) stream. Both of these &=
streams migrate ventrolaterally. Ar- ‘@
rows indicate the direction of cell mi- £ x
gration. NT, neural tube. Scale bar, &=
0.2 mm.(B) Close-up of A. Left ar-

rows point to the few neural crest cells
remaining between hyoid and
branchial streams. The right arrow
points to the crest-free area betweergs
mandibular and hyoid streams. Scalef
bar, 0.1 mm.
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Fig. 3. (A) Stage 21. The mandibular
neural crest (MNC) migrates around
the optic vesicle (OV). The branchial
stream (BNC) is beginning to mi-
grate from the surface of the neural
tube (NT) onto mesoderm (M}B)
Stage 22. The hyoid neural crest
stream (HNC) has reached the meso-
derm (M). Arrows point to crest-free
zones on the neural tube. Scale bars,
0.2 mm.

Fig. 4. (A) Stage 23. Mandibular
(MNC), hyoid (HNC) and branchial
(BNC) neural crest streams continue
to migrate ventrally and slightly cra-
nially, as indicated by arrows. Scale
bar, 0.2 mm.(B) Close-up of left
inset in A. The branchial neural crest
stream is subdividing to form two
parallel streams, which are separated
by a narrow cleft (arrows). Scale bar,
0.1 mm.(C) Close-up of right inset
in A. Continuing migration of man-
dibular neural crest cells begins to
expose the surface of the neural tube
(NT). Arrows indicate the direction
of neural crest cell migration. Scale
bar, 0.1 mm.
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Fig. 5.Dorsal view of a stage 24 em-
bryo. (A) Only a few cells from the
mandibular neural crest (MNC)
stream remain on the dorsal part of
the neural tube. The branchial neural
crest stream (BNC) is now clearly
divided into two distinct, parallel
streams. Scale bar, 0.2 mnB)
Close-up of inset in A showing the
formation of dorsal sulci (S) between
the two branchial neural crest x
streams (BNC) and between the an-=
terior branchial and hyoid neural g
crest streams (HNC). The anterior |
branchial, hyoid and mandibular
streams nevertheless remain con-%:,
nected by thin zones of neural crest
cells dorsally on the neural tube (ar- & ' K8
rows). OV, optic vesicle. Scale bar,
0.1 mm.

Fig. 6. Stage 25. The mandibular

neural crest stream (MNC) sur-
rounds the optic vesicle (OV). The
hyoid neural crest stream (HNC),
which lies rostral to the otic vesicle
(O), has migrated the furthest ven-
trally of all the streams. Two
branchial streams of cranial neural 2"
crest (BNC) are seen post-otically.
Neural crest cells are beginning to [
disperse from their respective &
streams into the adjacent mesoderm £
Scale bar, 0.2 mm.

remain from the mandibular neural crest streafy stage 25, the mandibular neural crest stream sur-
(Fig. 5B). Two sulci have formed, beginning mid-dor+rounds the optic vesicle (Fig. 6). The hyoid stream has
sally, and appear elliptically shaped when seen fromigrated further ventrally. Subsequently, cranial neural
above (arrows in Fig. 5B). They separate the hyoid aesdest cells begin to disperse from their respective
two branchial streams dorsally, but a few cells still corstreams into adjacent mesoderm. Their migration and
nect the hyoid and anterior branchial streams laterallyfates can no longer be followed by dissection and SEM.
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_ AT o ) Fig. 7. Cladogram showing the
gﬁ@ 6%(( D | ( = conserved pattern of cranial neural
‘ CE - i -~ crest streams at comparable stages

Neoceratodus Ambystoma ~ Xenopus ~ Bombina Bufo Rana  Physalaemus Eleutherodactylus in Australian lungfish, Mexican
axolotl and several anurans.

Species depicted aNeoceratodus
forsteri, Ambystoma mexicanym
Xenopus laevisBombina orien-
talis, Bufo bufg Rana arvalis
Physalaemus  pustulosus,and
Eleutherodactylus coquiAll are
lateral views; anterior is to the left.
Note that inNeoceratodushe mi-
gration of cranial neural crest
commences much later than in am-
phibians, and the antero-posterior
gradient is much more pronounced
at early stages than at the stage
depicted here.

Discussion glion formation, but their observations on cranial neural
crest migration are consistent with our results. Horsta-
In the axolotl, cranial neural crest cells first emerge dius and Sellman (1946; reviewed in Hall and Hoérsta-
stage 18, when they begin to form the largest amlilis, 1988) applied vital dyes to prospective neural
most anterior stream, the mandibular stream. Theyest cells and showed migratory streams derived from
emerge from between the epidermis and the neuthbse cells. Although their drawings depict only some
fold, at the level of the mesencephalon, and begin &b the stages covered in the present study, their repre-
migrate as the neural folds are about to close. A seentations of cranial crest streams are in general agree-
ond stream of cranial neural crest cells begins toent with our results. Using SEM, however, we pro-
emerge at stage 19, at the level of the rhombevide more details on how the cranial neural crest cells
cephalon, and by stage 20 it has divided into two segssemble into streams and on cell shape and orientation
arate streams. The more anterior and smaller of thkdifferent stages of migration. Short term (a few days,
two, the hyoid stream, migrates ventrolaterally, rostrat most) fate mapping using a fluorescent cell label also
to the otic placode (Fig. 1A, 2). The remaining, oshows marked cells in positions that correspond to the
branchial stream migrates ventrolaterally. It furthecranial crest streams directly observed with SEM (Ep-
divides into two distinct streams at stage 23 (Fig. 4perlein et al., 2000). SEM observations at later stages
In earlier stages, the two branchial streams migratean those used in the present study (27-35 vs. 17-25;
faster than the hyoid stream, but by stage 24 the hyd@drdzilovskaya et al. 1989) by Northcutt and Brandle
stream has overtaken both branchial streams, as w&B95), show the further development of the cranial
as the mandibular stream, and has migrated the farest streams in relation to other tissues, but neural crest
thest ventrally of them all (Fig. 5). The mandibulargells cannot be reliably distinguished from other cells at
hyoid and branchial neural crest cells form distindhese stages.
streams, which generally are separated from one arie assembly of emerging cranial neural crest cells into
other by crest cell-free zones. However, adjacediscrete migratory streams is a general phenomenon in
streams remain connected with each other on the namphibians, as well as in the Australian lungfish
ral tube by small patches of crest cells (Figs. 5B, 6). (Fig. 7). Indeed, the number and identity of cranial neu-
These data based on SEM are more detailed than thosecrest streams is highly conserved from lampreys to
from earlier studies of the cranial neural crest in urodeaammals (Kuratani et al., 1997, 2001; Hall, 1999;
les obtained using other methods. They both validatérigome et al., 1999). Within classes of vertebrates,
and extend the earlier results. Landacre (1921) aeden drastic changes in embryonic cranial development
Stone (1922), working with species Bfethodonand and morphology, such as those associated with the evo-
Ambystomarespectively, described migrating cranialution of direct development in amphibians (Hanken et
neural crest cells in serial sections, taking advantageaif, 1992; 1997b), leave these basic features of cranial
the fact that neural crest cells can be distinguished higeural crest streams intact (Moury and Hanken, 1995;
tologically from mesoderm cells in the early stages d¢danken et al., 1997a). In the Mexican axolotl, as well
migration. These authors were mostly interested in gaas in the frogs we have studied, cranial neural crest
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cells emerge along an anterior to posterior gradient; thesium “Evolutionary perspectives on amphibian mor-
mandibular stream forms first, followed by the hyoigphogenesis and development” at ICVM-6 in Jena. We
stream, etc. The gradient, however, is relatively weatfjank Stefan Gunnarsson and Gary Wife for assistance
by later stages of migration, all streams extend a similaith scanning electron microscopy. Financial support
distance from the neural tube (e.g., Figs. 5 and 6). Was provided by the Deutsche Forschungsgemeinschaft
this respect, the Australian lungfish deviates signifigrant no. OL 134/2-1 to L.O.), the U.S. National Sci-
cantly from most terrestrial vertebrates by having ence Foundation (IBN 94-19407 to J.H.), the Wenner-
very steep anteroposterior gradient in cranial neur@ren Foundations (to L.O.), the Swedish Institute (to
crest development. The anteriormost (mandibulab).O. and P.F.), the Helge Ax:son Johnson Foundation
stream, for example, is well developed before there [{® P.F.), and the Foundation for Zoological Research
any sign of the branchial streams (Falck et al., 200@o P.F. and L.O.).
The marsupial Monodelphis domesticds another
species with a very steep anteroposterior gradient in
cranial neural crest emergence (Smith, 2001). References
Although cranial neural crest cell migration often be-
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