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Developmental Biology has a long, rich history of publishing papers that have influenced the field for decades. As 2019 marks the 80th
anniversary of the Society for Developmental Biology, I thought it would be useful to republish a sampling of these classic papers both to
highlight their impact and also to give a sense of how the field has advanced.

To begin this series, | have chosen two papers by Nicole Le Douarin and colleagues that are personally important to me and helped to
shape my thinking as a young scientist. The first is a technical note that introduces the quail-chick chimera grafting technique; the second
one, published one year later, utilizes the technique to test the developmental potential of neural crest cells by grafting them to other axial
levels. Published in Developmental Biology in 1973 and 1974, respectively, these papers were paradigm shifting in the neural crest field and
established Le Douarin as one of the most influential scientists of the 20th century.

In the 1970s, the quail-chick chimera was a pivotal technology that transformed cell lineage analysis in higher vertebrates. Le Douarin
recognized that quail and chick embryos are of similar sizes and develop at similar rates under the same conditions, yet quail cells can be
distinguished by the condensed mass of heterochromatin in their nucleolus. In contrast, chick cells are euchromatic such that the two cell
types can be recognized by staining for DNA and ultrastructural analysis (Le Douarin, 1973). To perform lineage analysis, Le Douarin and
colleagues transplanted quail neural tubes in place of chick neural crest populations. First, this was used to map the normal derivatives
arising from the neural crest all along the body axis. These studies represent the most complete understanding of the derivatives that arise
from the neural crest to date.

The second paper extends the quail-chick chimeric technique to test the developmental potential of the neural crest from different
regions of the body axis when grafted to ectopic sites (Le Douarin and Teillet, 1974). The results showed that neural crest cells have broader
developmental potential than they normally expressed. For example, when trunk cells were transplanted to the vagal (neck) level, they
acquired the ability to migrate into the gut and were able to differentiate into enteric ganglia. This shows that trunk neural crest cells are
capable of broader differentiative ability. It also shows that these cells can follow migratory cues that are appropriate for cells arising from
the location to which they were transplanted. Similarly, cranial neural crest cells transplanted to the trunk can follow normal trunk
migratory pathways and give rise to derivatives appropriate for site of transplantation, like sympathetic ganglia and cells of the adrenal
medulla. However, some cells also formed ectopic cartilage, which is appropriate for their site of origin but not for the site of trans-
plantation. Thus, some neural crest cells express their intrinsic program whereas others are flexible and adopt fates to one appropriate for
their new environment. Importantly, this technique enables investigators to challenge the developmental plasticity of cell populations by
putting them into ectopic locations.

Today, cell lineage analysis has undergone a resurgence of interest with the advent of tracers including inducible Cre and Confetti lines,
other lineage markers, and bar-coded single cell RNA-seq, yet still we use these classical papers as reference for our modern experimental
techniques. To put these classical papers in context, the quail-chick chimera in its time had similar impact on the ability to study cell
lineage not only for neural crest development but also in many other developmental contexts.

Editor-in-Chief
Marianne Bronner
California Institute of Technology, Pasadena, California, USA

https://doi.org/10.1016/j.ydbio.2018.12.011
0012-1606/© 2019 Published by Elsevier Inc.


www.sciencedirect.com/science/journal/00121606
www.elsevier.com/locate/developmentalbiology
https://doi.org/10.1016/j.ydbio.2018.12.011
https://doi.org/10.1016/j.ydbio.2018.12.011
https://doi.org/10.1016/j.ydbio.2018.12.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ydbio.2018.12.011&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ydbio.2018.12.011&domain=pdf
https://doi.org/10.1016/j.ydbio.2018.12.011

DEVELOPMENTAL BIOLOGY 30, 217-222 (1973)

A Biological Cell Labeling Technique and Its Use in
Experimental Embryology

NicoLE LE DouariN
Laboratoire d’Embryologie—Université de Nantes—38 Bld Michelet—B.P. 1044—44037—Cedex Nantes

Accepted July 21, 1972

A cell-labeling technique is proposed, based on structural differences between the interphase
nucleus of two species of birds, the japanese quail (Coturnix coturnix japonica) and the chick
(Gallus gallus). The quail nucleus shows large heterochromatic masses associated with the nu-
cleolar RNA. In the chick, on the contrary, the arrangement of chromatin during the interphase
fits the general pattern observed in vertebrate cells: DNA is rather uniformly distributed in the
nucleoplasm, and the quantity of nucleolus-associated chromatin is not significant. It is possible
to distinguish the cells of the two species in histological sections stained by the Feulgen Rossen-
beck reaction, and also at the electron microscope level in sections involving the nucleolus. Thus
quail cells can be used as ‘“natural markers” to study various embryological problems such as
those related to intercellular interactions and cell migration during ontogeny.

INTRODUCTION

The association of tissues from quail and
chick embryos in experiments previously
devised to study heterospecific intertissue
reactions focused our attention on a pecu-
liar feature of the quail interphase nucleus.
With hematoxylin staining, the quail cell
nucleus shows a large nucleolus in all cell
types, including, for instance, mesenchy-
mal cells which may lack such a character-
istic. Therefore it seemed interesting to
compare appearances of chick and quail
nuclei after several specific nuclear stain-
ing procedures.

Then it appeared that cells of the two
species can be identified beyond any doubt
if appropriate staining techniques are em-
ployed. Thus, the quail cells can be used
as “biological markers” in the study of var-
lous embryological problems, such as the
course of morphogenetic movements, cell
migration, and intertissue or intercellular
interactions. The labeling techniques pre-
viously used in higher vertebrates were
based on the incorporation of tritiated
thymidine (Weston, 1963; Johnston, 1966;
Rosenquist, 1966). They have the incon-
venience of not being stable owing to the
dilution of the nuclear marker since exten-
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sive proliferation usually occurs before the
embryonic cells finally express their pheno-
types. The use of quail cells as natural
markers makes it possible to identify the
cells at any developmental stage up to the
time they have reached a fully differen-
tiated state. Since our first observations
(Le Douarin, 1969), the quail cell labeling
technique has already been used to study
the evolution of neural crest cells (Le Dou-
arin and Le Lievre, 1970; Teillet and Le
Douarin, 1970; Le Douarin and Teillet,
1971a,b; Teillet, 1971; Le Lievre, 1971),
the morphogenetic movements of gastru-
lation (Vakagt, 1971) and other problems
(Martin, 1971; Saxod, 1971). It is the pur-
pose of this brief note to bring the method
to the attention of developmental biolo-
gists.

MATERIAL AND METHODS

Various embryonic and adult tissues of
the White Leghorn strain of the chick (Gal-
lus gallus) and japanese quail (Coturnix
coturnix japonica) were observed.

Light microscopy. Tissues were fixed in
Zenker’s fluid and 5 u paraffin-embedded
sections were stained by the Feulgen and
Rossenbeck’s (1924) technique for the se-
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lective staining of DNA.

Some fragments were fixed in Carnoy’s
fluid in order to localize nucleolar RNA.
The Unna-Pappenheim staining method
was combined with ribonuclease digestion
according to Brachet (1940).

Electron microscopy. For electron mi-
croscopic studies, tissues were fixed in
a 6% glutaraldehyde solution in 0.15 M
Strensen-phosphate buffer at pH 7.4 for
20 min, washed, and then postfixed for
1 hr in 1% OsO, in the same buffer. After
alcohol dehydration, the specimens were
embedded in Epon, according to the usual
procedure. Sections were cut with a Reich-
ert ultramicrotome, mounted on uncoated
copper grids and stained with uranyl ace-
tate followed by lead citrate according
to Reynolds (1963).

Experimental procedures. Tissues of
chick and quail embryos were associated
either in vitro in organ culture according
to the Wolff and Haffen technique (1952)
or in grafts in ovo. After various associa-
tion periods, tissues were observed by
light or electron microscopy according to
the techniques previously described.

RESULTS AND DISCUSSION

I CoMPARATIVE StUDY OF CHICK AND
QUAIL INTERPHASE NUCLEUS

1. DNA Arrangement as Evidenced by

Feulgen-Rossenbeck’s Technique

In the quail, a considerable amount of
the chromatin in the interphase nucleus is
usually condensed in a large central mass,
strongly Feulgen-positive. Apart from this
central mass, the nucleoplasm seems to be
relatively poor in heterochromatic DNA
and therefore stains weakly with Schiff’s
reagent. Occasionally, some nuclei show
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2 or 3 chromatin condensations. In young
embryos (2-3 days of incubation) cells from
all three germ layers show this pattern. In
most embryonic and adult tissues whether
from organ rudiments of from fully differ-
entiated organs, the same arrangement is
observed. Such is the case, for instance,
in the spinal cord, the encephalic nervous
tissue, the sensory ganglia and various dif-
ferentiated nervous derivatives. The meso-
nephros, metanephros, suprarenal glands,
lungs, digestive epithelium, thyroid, and
parathyroid glands all show the same pat-
tern of interphase nuclear chromatin. In
muscle cells and hepatocytes, the nucleus
usually contains two or three and some-
times more chromatin masses.

The same tissues in the chick show a
strikingly different disposition of the
chromatin material. It is fairly evenly dis-
tributed in the nucleoplasm, and forms a
network with small dispersed chromo-
centres (Fig. 1).

2. Cytochemical Localization of the Nu-
cleolar RNA in the Quail Nucleus

In adult or embryonic quail tissues, the
nucleolar RNA, stained red by pyronine in
the Unna-Pappenheim technique, is
closely associated with the methyl-green
staining the DNA masses. In hepatocytes,
the nucleolar RNA is often located be-
tween two masses of DNA. Therefore the
central body of the quail nucleus may be
considered as a nucleolus with especially
large amount of associated DNA. In the
chick embryonic and adult hepatocyte
nuclei, the chromatin material stained by
methyl-green is scattered in the nucleo-
plasm. The nucleolus shows a ring of green
staining DNA surrounding a pyroninophilic
RNA center.

Fic. 1. Embryonic mesencephalic neuroblasts of quail (on the right) and chick (on the left) at 7 days of
incubation after the isotopic and isochronic graft of the right mesencephalic quail neural primordium in a

10-somite chick embryo host. Feulgen staining. x 1150.

Fic. 2. Adrenomedullary cell of a 12-day-old chick embryo. Glutaraldehyde osmium fixation. Uranyl

acetate-lead citrate staining. x 7700.

Fic. 3. Adrenomedullary cell of a 12-day-old quail embryo. Same treatment as in Fig. 2. Large nucleolus
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Fic. 4. Graft of a quail neural tube in a chick embryo. Feulgen and Rossenbeck staining. (a) Quail neural
tube and associated neural crests before the graft. The neural anlage has been separated from the quail
embryo by trypsinization and is completely devoid of mesenchymal cell contamination. x 230. (b) Transverse
section of the chick embryo host 24 hr after the graft of the quail neural tube. The latter is normally incor-
porated in the host axial structures. Feulgen and Rossenbeck staining. x 300.
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3. Electron Microscopy

Numerous embryonic and adult quail
tissues have been observed in electron
microscopy after the double glutaralde-
hyde-osmium fixation and uranyl acetate-
lead citrate staining and compared to the
homologous tissues of the chick. In all cell
types of the quail the nucleus shows one or
sometimes several large nucleoli. As it has
been demonstrated elsewhere (Le Douarin,
1971) with the preferential RNA staining
technique with EDTA (Bernhard, 1968)
quail nucleolar RNA is associated with a
large heterochromatic mass of DNA. The
important amount of nucleolus-associated
DNA is responsible for the large nucleolar
size in this species. Therefore it is possible
to distinguish quail and chick cells at the
electron microscope level by the size of
their nucleolus in many tissues. Such is the
case for instance of adrenomedullary and
calcitonin secreting cells (Le Douarin et
Teillet, 1971a; Le Douarin, 1970). In the
chick, these cells contain one or two small
nucleoli the size of which varies from 0.5 to
1.9 u, the most frequent size being 1 u
(Fig. 2). In the corresponding cells of the
quail, the nucleolus is usually single and
measures 2-4 p when cut in its largest
diameter (Fig. 3). Of course, this criterion
can be applied only to sections of the cell
containing the central nucleolar region,
allowing species identification of only a
certain percentage of cells in a tissue.
This percentage can be estimated at about
50-60% of the cells. Moreover, the struc-
ture of the quail nucleolus as it appears at
the electron microscope level is character-
istic: beside the main central mass of
DNA, some sections of the nucleolus show
one, two, or sometimes three peripheral
RNA containing structures with different
electron densities (Fig. 3). This nucleolar
organization is found in many other cell
types of the quail, such as connective tis-
sue cells, various endocrine cells, muscle
cells, and distal kidney tubule epithelium.
In certain kind of quail cells such as hepa-
tocytes, young blastomeres, epithelium
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of small intestine and proximal kidney
tubule cells, some structural variations are
observed; in these nucleolar DNA sub-
structures are more closely interwoven.

Our observations have shown that the
arrangement of the nucleolar components
and the size of the nucleolus are different
in homologous cell types of the quail and
chick. To be able to distinguish with cer-
tainty quail and chick cells at the elec-
tron microscope level, a careful compara-
tive study of every cell type must be done
in the two species. This study has to be
done not only by the routine electron mi-
croscopic technique but also using the
preferential staining procedure for RNA
with EDTA (Bernhard, 1968) which evi-
dences the pattern of DNA and RNA nu-
cleolar containing structures (Le Douarin,
1970).

II. DisTiINcTION BETWEEN CHICK AND
Qua. CeLLs IN EXPERIMENTAL Asso-
CIATION

Since the chromatin pattern is different
in quail and chick interphase nuclei, it ap-
peared that quail cells could be used as
“natural markers” in the study of embryo-
logical problems. Whether associated in
vitro or in vivo, the cells of the two species
retain their characteristics during the proc-
ess of differentiation as well as in fully dif-
ferentiated organs, and can be easily recog-
nized by applying the Feulgen-Rossen-
beck’s technique.

1. Association of Chick and Quail Rudi-
ments in Culture

In vitro associations were mainly con-
cerned with mesenchymal and epithelial
primordia of certain endomesodermal or-
gans such as liver and lung.

Heterospecific association of the endo-
dermic and mesodermic components of
the liver. Two combinations are possible:
quail mesenchyme with chick endoderm or
vice versa. The hepatic mesenchyme, iso-
lated according to a method previously de-
scribed (Le Douarin, 1964), is taken from
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6-day-old embryos. The hepatic endoderm
is dissociated by trypsinization from the
floor of the foregut of 22- to 25-somite em-
bryos and the two primordia are associated
together on a semisolid culture medium
for 3 or 4 days. As previously observed (Le
Douarin, 1964) in homospecific association
of mesodermal and endodermal liver rudi-
ments of the chick, the endodermal cells
multiply actively and invade the hepatic
mesenchyme, giving rise to a small piece
of liver tissue. In quail mesenchyme +
chick endoderm associations, quail endo-
thelial cells, form a network between the
chick hepatocytes. In the reverse associa-
tion, the hepatocytes originate from quail
endoderm as shown by the two or three
chromatin condensations in their nuclei
while the endothelial cells are derived
from chick mesenchyme.

Heterospecific association of endodermal
and mesodermal components of the lung.
The two components of the lung primor-
dium of 5-day-old embryos are dissoci-
ated by trypsinization and reassociated
heterospecifically on the culture medium.
In some cases, the explants are grafted
onto the chorioallantois of a chick or quail
embryo in order to prolong their survival.
The endoderm, undergoes its differentiat-
ing process in contact with the mesen-
chyme of the other species and the deriva-
tives of both endoderm and mesoderm can
be recognized by their nuclear character-
istics in most cells of the tissue whatever
the duration of the culture (Le Douarin,
1969).

2. Association of Chick and Quail Tissues
in Ovo

The quail-chick association technique
has been applied to the problem of neural
crest cell migrations (Le Douarin et Le
Lievre, 1970; Le Douarin et Teillet, 1970,
1971a,b; Le Lievre, 1971). It is well known
that they migrate extensively in the de-
veloping organism, and give rise to a strik-
ing diversity of differentiated cells and
tissues, some of which are not yet identi-
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fied.

The experimental procedure devised for
this study consists in removing part of the
neural anlage of a chick embryo in a well
defined region of the neural axis, the so-
mites, notocord and endoderm not being
involved in the operation. In a second step,
the same fragment of the neural tube is
isolated from a quail embryo and grafted
orthotopiecally in the chick host. The quail
neural tube is isolated by trypsinization of
the adequate transverse section of the em-
bryo, so that the grafted tissue is per-
fectly devoid of mesenchymal cell con-
tamination (Fig. 4a). The grafted neural
tube is soon incorporated into the axial
structures of the host embryo some hours
after the graft. It is rapidly covered by
the chick ectoderm and undergoes normal
histogenesis in the host (Fig. 4b). The
quail neural crest cells migrate in the host
embryo and can be distinguished from
chick cells wherever they go to and which-
ever the phenotype they finally express
thanks to their nuclear characteristics.
Histological sections of the host embryo
are made at various developmental stages
until the end of the incubation period or
after hatching. It is thus possible to follow
the crest cells until they have reached a
completely differentiated state. Despite
the fact that the technique involves inter-
species combinations no developmental
abnormalities have been observed in the
host embryos, when the graft has been
properly done, in the experiments con-
cerning the neural crest cells migration
from the rhombencephalic and medullary
neural anlage (Le Douarin et Teillet, 1970,
1971a,b; Teillet, 1971; Le Liévre, 1971).
In most experimental embryos the axial
structures induced by the grafted neural
tube are normal and the cutaneous cicatri-
sation makes rapidly the level of the inter-
vention not apparent. We can underline
in this regard that the developmental rates
of the two species are rather close during
the first half of the incubation period.

These observations point out structural
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differences between quail and chick inter-
phase nuclei. The heterochromatic DNA
associated with the nucleolus of the quail
is found in all embryonic and adult cellu-
lar types yet observed, and is stable. It
is maintained in the organ culture condi-
tions and in xenoplastic grafts of embryonic
quail rudiments to the chick embryo. In
the chick nucleus such a prominent mass
of heterochromatic DNA does not exist.
Due to this different arrangement of the
chromatin material, it is possible to dis-
tinguish cells belonging to each species,
which have been artificially associated
in vitro or in vivo. Therefore quail cells
are good ‘“‘biological markers” for experi-
mental embryology.
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By isotopic and isochronic transplantations of fragments of quail neural tube into chick, it has
been previously shown that enteric ganglion cells arise from the ‘“vagal” (somites 1-7) and the
“lumbo-sacral” (behind somite 28) levels of the neural crest, while the trunk region (somites
8-28) gives rise to orthosympathetic ganglion chain and adrenomedullary cells. The latter
originate precisely from the neural crest corresponding to somites 18-24 (i.e., ‘“adrenomedullary”
level of the crest). Heterotopic transplantations of fragments of quail neural tube into chick have
been carried out in the present work. When the “adrenomedullary” level of the quail neural tube is
grafted into the “‘vagal” region of a chick, the crest cells colonize the gut and differentiate into
enteric ganglia of Auerbach’s and Meissner’s plexi. If quail cephalic neural crest is transplanted in
the “adrenomedullary” level of a chick, quail cells migrate into the suprarenal glands and
differentiate into adrenomedullary cells. Mesectodermal cells migrate laterally, and differentiate
into cartilage, dermis and connective tissues. Thus it appears that preferential pathways located
at precise levels of the embryo lead crest cells to their definitive sites. On the other hand the
differentiation of the autonomic neuroblasts is controlled by the environment in which crest cells
are localized at the end of their migration. On the contrary, mesenchymal derivatives of the
cephalic neural crest appear to be early determined since they differentiate according to their
presumptive fate when transplanted into the trunk.

INTRODUCTION

The neural crest is an interesting model
for the study of cell differentiation since
from this apparently homogeneous transi-
tory structure a variety of physiologically
and morphologically differentiated cell
types are derived. These differentiations
occur after an early phase of migration of
undifferentiated cells from the neural an-
lage to a precise site of the developing
body. Thus, in the evolution of the neural
crest system, several problems about the
processes which control morphogenesis,
histogenesis and cell differentiation in em-
bryonic development arise.

One of the striking properties of the
neural crest is the extensive and well-
defined migration that its cells achieve in
the embryo. How are the initiation and the

arrest .of migration triggered and by what
mechanisms is the migration of the cells
oriented? It can be supposed that, at vari-
ous embryonic levels, preferential path-
ways guide the cells towards their defini-
tive locations. However, it can as well be
imagined that migration begins as a ran-
dom event and that crest cells are there-
after specifically attracted by certain tis-
sues to which they are selectively sensitive.
It is also important to know at what time
crest cells are determined to differentiate
into the various cell types that they are
able to turn into. Indeed if crest cells are
already determined when they leave the
neural primordium, they might also have
specific properties resulting in selective
attraction by a precise embryonic tissue.
On the contrary, if they remain pluripotent
until they have reached their definitive
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location, in order to explain the precise and
constant pattern of distribution of crest
derivatives, it must be admitted that they
spread in the organism through preferen-
tial pathways. The problem is difficult to
solve, due to the multiplicity of factors
involved in the successive steps of neural
crest evolution and to the probable hetero-
geneity of the initial crest cell population.

It has previously been demonstrated
that, at least during the early stages, trunk
crest cells migrate in two well defined
streams: a dorsolateral one, closely associ-
ated with the ectoderm, and a ventral one
(Rawles, 1947; Weston, 1963; Weston and
Butler, 1966). In addition, various experi-
ments suggest that the metameric distribu-
tion of sensory and sympathetic ganglia is
imposed on the crest cells by the segmenta-
tion of somitic mesenchyme: crest cells
migrate uniformly adjacent to the neural
tube (Detwiler, 1937) but secondarily, the
somitic environment enhances migration
while the intersomitic environment limits
it; metameric sensory ganglia would then
condense from this discontinuous popula-
tion of cells (Weston, 1963). On the other
hand, the neural tube seems to play an
important role in the initial orientation of
the neural crest migration (Cohen and
Hay, 1971), the collagenous basal lamina
rich in acid mucopolysaccharide (Cohen
and Hay, personal communication) which
lines the neuroepithelium, seeming to be
responsible for this effect. Even when the
tube is experimentally turned upside-
down, the migration proceeds tangentially
to its surface (Weston, 1963; Weston and
Butler, 1966) and a sort of “contact-guid-
ance” by the substrate (Weiss, 1958) could
perhaps be suggested to account for this
phenomenon. On the other hand, it is
striking that in all cases, even in experi-
mentally produced abnormal conditions,
the net direction of early crest cells migra-
tion is away from their source, whatever
their relationships with the environment
may be (Twitty and Niu, 1948 and 1964;
Twitty, 1949; Horstadius, 1950).
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The most accurate techniques used up to
now for following the various steps of cell
migration are isotopic labelling of crest
cells nuclei by tritiated thymidine (Wes-
ton, 1963 and 1970; Johnston, 1966; Chi-
bon, 1966). Because of dilution of the label
through intensive proliferation of embry-
onic cells, whatever the advantages of this
technique (Weston, 1967 and 1970; Le
Douarin, 1974), it could provide precise
data only about early morphogenetic cell
movements, so that its usefulness for the
study of the whole migration process is
limited.

The cell marking technique devised by
one of us {(Le Douarin, 1969, 1971, 1973)
and based on structural differences of the
interphase nucleus in two species of birds
closely related taxonomically, the Japa-
nese quail (Coturnix coturnix japonica)
and the chick (Gallus gallus), has the
advantage of being stable. Quail and chick
cells, experimentally associated, defini-
tively retain their species characteristics in
the chimaera. By applying this technique
to the problem of neural crest cell migra-
tion and differentiation it is possible to
follow the migration process through the
whole embryonic development, until cells
have reached their definitive location and
are fully differentiated. As it stands pres-
ently, our work contributes new data to the
following points:

1. The mechanisms of migration and
differentiation of the neuroblasts of the
autonomic nervous system.

2. The determination and the differenti-
ating capabilities of neural crest mesen-
chymal derivatives.

In a previous study, isotopic and iso-
chronic grafts of quail neural primordium
into the chick embryo were made; the
precise level of the neural axis from which
the enteric ganglia (Le Douarin and Teil-
let, 1971a, 1973) and the adrenomedullary
cells arise (Le Douarin and Teillet, 1971b;
Teillet and Le Douarin, 1974) were deter-
mined, points which were controversial
(see Andrew, 1971; Le Douarin and Teillet,
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Fic. 1. Diagram showing the anterior and poste-
rior levels of the embryonic neural axis from which the
enteric ganglion cells originate as demonstrated by
isotopic and isochronic transplantations of quail neu-
ral tube into chick embryo (Le Douarin and Teillet,
1973). The neuroblasts arising from the anterior level
(between the levels of somites 1 and 7) colonize the
whole gut. Those which come from the posterior level
located behind somite 28 contribute only to the
formation of the ganglia of the postumbilical gut. The
neural crest of the cervical and dorsal region (from 8
to 28 somites) does not participate in the formation of
enteric ganglia but gives rise to adrenergic orthosym-
pathetic neurones and to adrenomedullary cells which
come from the precise level of somites 18 to 24. R.:
nerve of Remak originating from the lumbo-sacral
level of the neural axis (behind somite 28) (Le
Douarin and Teillet, 1971).

1973; Le Douarin, 1974 for bibliography).
The enteric ganglia derive exclusively from
two different parts of the neural axis: the
“vagal” level (from somite 1-7) and the
lumbo-sacral level (behind the level of
somite 28) (Fig. 1), while the cervico-dorsal
neural crest, corresponding to somites
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8-28, do not participate in the histogenesis
of the cholinergic enteric ganglia. The
cervico-dorsal neural crest only contributes
to the formation of orthosympathetic
chains and plexuses and to the adrenal
medulla, the cells of which derive from an
area of the trunk neural crest located
between somites 18-24 (“adrenomedul-
lary” area of the neural crest).

It must be emphasized that, though
dorsal crest cells which give rise to the
adrenergic aortic plexuses, migrate ventrad
very close to the dorsal mesentery, they are
never attracted by splanchnic structures:
In no case are quail cells found inside the
digestive tract when a quail neural anlage
is grafted orthotopically at the level of
somites 8-28 (Le Douarin and Teillet,
1971a, 1973). However the problem arises
whether these cells are able to provide
enteric ganglia if they are transplanted at
an early stage into the vagal region (level of
somites 1-7). In this case, into which type
of neurones, adrenergic or cholinergic,
would the neuroblasts differentiate. To
answer this question, the “adrenomedul-
lary” area level of the crest was selected for
transplantation. The developmental capa-
bilities of the neural crest in the abnormal
environmental conditions provided by the
splanchnic mesoderm have also been inves-
tigated by in vitro and in vivo tissue
culture methods.

Finally to find out whether a preferential
pathway leads the neural crest cells to-
wards the suprarenal glands in the dorsal
region corresponding to somites 18-24,
quail cephalic neural primordia have been
transplanted into the “adrenomedullary”
area of a chick embryo.

Moreover as several mesenchymal deriv-
atives arise from the cephalic neural crest
{Hammond and Yntema, 1964; Johnston,
1966; Le Lievre, 1971a and b, 1974; Le
Lievre and Le Douarin, 1973 and 1974),
and whereas the trunk crest is completely
devoid of this developmental capability in
higher vertebrates, it was interesting to see




LeDouarIN aND TEILLET

whether cephalic mesectodermal crest cells
were able to migrate and differentiate after
being transplanted into the trunk region.

MATERIAL AND METHODS

White Leghorn and Japanese quail eggs
incubated at 38° + 1°C were used through-
out this investigation. The stages of devel-
opment of the embryos were determined
according to the commonly employed crite-
ria of Hamburger and Hamilton (1951). At
the early development period the stages
have been referred to the number of som-
ites.

A. Surgical Procedures

Heterotopic and heterochronic tran-
splantations of fragments of the quail neu-

QUAIL
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ral primordium into chick embryos are
carried out as outlined in Fig. 2.

In the first step, part of the neural tube
and associated neural folds are excised
from a chick embryo. In the second, an
equal length of a quail embryo neural
rudiment is isolated by trypsinization (0.1%
trypsin DIFCO in Ca?*, Mg?* free Tyrode
solution (Moscona and Moscona, 1952)) and
grafted into the chick in the groove previ-
ously made by removal of the neural tube.
This procedure makes it possible to obtain
nervous rudiments perfectly devoid of mes-
enchymal cell contamination as revealed
by histological examination (Le Douarin,
1973).

Two kinds of experiments are performed:

1. The graft of the “adrenomedullary”

CHICK

Fi6. 2. Heterotopic and heterochronic transplantations of quail neural fragments into chick embryo. (a)
Transplantation of the neural tube and neural crest of a 24-somite quail into a 9-somite chick. The neural
primordium of the chick is removed at the level of somites 1-7 corresponding to the “vagal” region of the n=_.1
crest from which enteric ganglia originate. The neural region of the quail corresponding to the level vt somites
18-24 is isolated by trypsinization and grafted in the vagal area of the chick. The so called ‘“adrenomedullary”
region of the neural crest corresponding to somites 18-24 gives rise in normal development to orthosympathetic
neurones and adrenomedulla, but does not participate in enteric ganglion formation (Experiment 1). (b) Graft
of mesencephalon (M) + anterior rhombencephalon (R.a.) of quail into the “adrenomedullary” region of the
chick neural axis. In this case, the donor embryo is at the 4- to 9-somite stage (upper arrow). A graft of the
“vagal” neural primordium of a 7- to 12-somite quail into the “adrenomedullary’ region of a chick is also

indicated (lower arrow) (Experiment 3).
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region (somites 18-24) of 24- to 26-somite
quail embryos into the ‘“‘vagal” region (so-
mites 1-7) of 7- to 12-somite chick embryos
(Fig. 2a).

2. The graft of the cephalic neural pri-
mordium of 4- to 12-somite quail embryos
into the ‘“adrenomedullary” region (so-
mites 18-24) of 24- to 26-somite chicks. In
this case, the graft consisted either of
mesencephalon and anterior rhomben-
cephalon (down to the level of somite 1) of
4- to 9-somite quail embryos, or of the
“vagal” region (somites 1-7) from 7- to
12-somites embryos (Fig. 2b). In this ex-
perimental series, the length of the grafted
neural tube is larger than the
“adrenomedullary” area, and the excision
of the host neural tube is performed from
somite 16 to 26.

Donor and host embryos must necessar-
ily be at different developmental stages, in
order that crest cells have not begun mi-
grating at the time of the operation in
either the host or the graft at the concerned
level. It is well known that neural crest cell
migration begins in the head and succes-
sively progresses towards the tail shortly
after closure of the neural tube. Isotopic
and isochronic transplantations of neural
tube give rise to normally developed axial
structures. In contrast, heterotopic trans-
plantations of cephalic regions into the
trunk, disturb embryonic morphogenesis at
the level of the graft because of discrepan-
cies in growth and morphogenetic capaci-
ties of trunk and cephalic neural anlage.
After transplantation of the “vagal” region
of a quail into the “adrenomedullary” area,
the abnormalities of the axial structure are
less important. In some cases skin heals
completely and the external gross aspect of
the host is normal.

A transverse strip of quail-like pig-
mented feathers is observed in operated
embryos after isotopic transplantations, as
previously described (Teillet and Le Doua-
rin, 1970; Teillet, 1971).

The embryos are sacrificed from the 7th
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to the 21st days of incubation. The su-
prarenal glands and the different levels of
the digestive tract (Fig. 3) from the em-
bryos sacrificed at the 11th day onwards
are fixed in various ways according to the
experimental series. Prior to this stage the
whole embryo is cut in serial transverse
sections.

B. In Vitro and in Vivo Culture Experi-
ments

These experiments have been carried out
to study the developmental capabilities of
the trunk neural crest cells in the environ-
ment of the wall of the digestive tube.

Fragments of neural primordium from
the 13-25 somite levels of 13- to 26-somite
quail embryos have been associated with
the rectum taken from 5-day old chick
embryos in organotypic culture according

Fic. 3. Diagram showing the different parts of the
gut observed. (A) cr., Crop; pr., proventriculus; g.,
gizzard. (B) d., Duodenum; b.d., biliary ducts. (C)
pr.i., Preumbilical ileum. (D) po. i., postumbilical
ileum. (E) c., caeca; l.i., large intestine.
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to the technique of Wolff and Haffen
(1952).

Previous results (Le Douarin and Teillet,
1973) have shown that enteric ganglion
cells coming from both the vagal and
lumbosacral levels do not appear in the
rectum before the 7th day of incubation.
For this reason, it seemed especially con-
venient to choose this part of the digestive
tract from 5-day old chick embryos for this
experiment. The quail neural primordium
was inserted into a longitudinal slit made
in the wall of the gut (Fig. 4), in order to
ensure a close contact between the neural
crest and the splanchnic mesoderm. The in
vitro culture lasts 12 hr; the whole explant
is then transplanted on the chorioallantoic
membrane (CAM) of a 6-day old chick for 3
to 6 days. Thereafter the grafted tissue is
fixed for histochemical detection of cate-
cholamines (formol vapor induced fluores-
cence (FIF) technique) according to Falck
(1962) or silver staining procedure accord-
ing to Tinel (1947).

C. Histological and Histochemical Tech-
niques

Three kinds of histochemical techniques
have been applied to the tissues:

1. Specific staining procedure for DNA
according to Feulgen-Rossenbeck (1924)
which makes it possible to distinguish
quail and chick cells by the structure of the
interphase nucleus (Le Douarin, 1969,
1973): quail nuclei of all cell types show one
or several large heterochromatic nucleolar
condensations. In the chick, as in most
other animal species, the chromatin is
evenly dispersed in a fine network through
the nucleoplasm. The different disposition
of the chromatin makes it easy to distin-
guish experimentally associated quail and
chick cells (Fig. 5).

The Feulgen-Rossenbeck reaction can be
applied to tissues after fixation by Zenker’s
fluid and embedding in wax. In some
experimental series, the tissues are treated
by the FIF procedure and embedded in
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HIND GUT of o QUAIL

5 day old NEURAL TUBE

CHICK EMRBRYO (somites13 1o 25)

"IN VITRO " CULTURE (12 hours)

Y

GRAFT on the C.A.M. of o O.day oid CHICK EMBRYO
(3 10 Bdoays)

Fic. 4. Association of hind gut mesoderm from
5-day chick embryo with fragments of trunk neural
primordium of 13- to 26-somite quail embryos. The
neural tube and crest is inserted in a slit made in the
gut wall. The two tissues are cultivated in vitro 12 hr,
become closely associated, and then are grafted to the
CAM for 3-6 days (Experiment 2).

epon 812. The sections made with a Py-
ramitome LKB type, are first observed
in uv light and postfixed overnight in
Zenker’s fluid, and then stained by the
Feulgen-Rossenbeck technique. By this
procedure it is possible to study precisely
correlations between fluorescence and
quail cells. Prior to postfixation, the em-
bedding resin is removed by treatment
with sodium methoxyde, sequential rinsing
in benzene-ethanol and acetone, and
washing in water for a few minutes, accord-
ing to Mayor, Hampton, and Rosario
(1961).

2. Silver impregnation technique accord-
ing to Tinel (1947) for detection of para-
sympathetic or sympathetic neurones. The
tissues are fixed in Bouin’s liquid or pre-
pared according to the FIF technique.
When silver impregnations are to be car-
ried out, serial sections of tissue are alter-
nately placed on two different slides. One
is stained by Tinel’s method, the other one
is postfixed in Zenker’s fluid, and stained
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Fic. 5. Chick (a) and quail (b) cells stained by Fetlgen-Rossenbeck reaction showing in the quail one or two
large clumps of nucleolar heterochromatin, and small dispersed chromocenters in the chick. Dermis of 10-day

old embryos. x 720.

by the Feulgen-Rossenbeck technique.
This procedure makes it possible to learn
two different facts about a group of cells:
whether it is ganglionic and whether it is of
quail or chick origin.

3. The FIF procedure (Falck, 1962) to
detect fluorogenic amine content in gangli-
onic or paraganglionic neural crest deriva-
tives (adrenomedullary cells) has been
used. In certain series, the ability of adre-
nergic neurones to take up r-Dopa and
decarboxylate it into dopamine has been
taken advantage of in order to enhance the
fluorescence of differentiating cells. One
hundred miligrams per kilogram of L-Dopa
(L-3,4-dihydroxyphenylalanine; crystal-
line, Sigma Chemical Company) is in-
jected 1 hr prior to fixation in a chorio-al-
lantoic vessel of 14- to 19-day-old chick
host embryos.

The FIF treatment is applied as follows:

The blocks are frozen-dried in a ther-

moelectric tissue dryer at —40°C for 18 hr.
They are then exposed to formaldehyde
vapor at 80°C for 2 hr and directly embed-
ded in vacuo in Epon-Araldite. In each
case, part of the frozen-dried material is
embedded without formaldehyde vapor
treatment. Those samples form the control
series. Serial sections from all blocks are
cut at 5 um, placed in a drop of distilled
water on glass slides, attached through
rapid water evaporation, and observed di-
rectly without a coverslip. All sections are
examined by fluorescence microscopy
using a Leitz Orthoplan microscope fitted
with an HBO 200W mercury arc lamp.
Filters used are BG 12/5mm, BG 12/3mm,
BG 12/1.5mm for excitation with a K 510
barrier filter. Photomicrographs were
taken on TRI-X, Pan film or Rayoscope
film.

4. Electron microscopy. Suprarenal
glands of control and grafted embryos are
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fixed in 6% glutaraldehyde in 0.1 M phos-
phate buffer, at pH 7.4 for 20 min at 4°C,
and postfixed in 1% osmium tetroxide in
phosphate buffer for 1 hr. Blocks are em-
bedded in Epon; sections, stained by lead
citrate and uranyl acetate, are observed in

an Hitachi HS8—electron microscope.
RESULTS

1. EXPERIMENT 1—GRAFT OF THE
“ADRENOMEDULLARY NEURAL CREST OF

THE QUAIL INTO THE “VAGAL” REGION OF
THE CHick EmBRryYo (Fi16. 2a)

The digestive tract of the chick embryo
hosts ranging from 7 to 18 days of incuba-
tion is examined on Feulgen-Rossenbeck
stained serial sections (Table 1). In 13 of 16
cases, the ganglia of Auerbach’s
Meissner’s plexuses of the anteumbilical
digestive tract are partially or completely
made up of quail cells; these plexi are
normally developed, as shown by silver
/Fig 6).

Caudad to the umbilicus, some quail
cells are found in the wall of the gut but
they are exclusively pigment cells and
never participate in ganglion formation.
Such melanocytes do not appear in the gut
following isotopic and isochronic trans-
plantation of quail vagal primordium into
the chick, nor in the gut of the normal quail
embryo. These pigment cells are always

found in two regions: one lining the inner

and

3 onation
impregnation

manT T

TABLE 1

GRAFT OF THE ‘‘ADRENOMEDULLARY” NEURAL CREST OF
A QuaiL EmBrYo INTO THE “VaGaL” REGION OF A

CHick
Age of the Presence of quail ganglion cells
embryos at the in Auerbach’s and Meissner’s
time of plexuses in the different parts
sacrifice of the digestive tract of the
host
A B C D E
7-9 days 57 5/7 4/7 o1 0N
13-18 days 8/9 849 49 0/9 09

2 A, B, C, D, E correspond to the different parts of
the digestive tract as represented in Fig. 3.

ar
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surface of the circular muscle layer, that is
in the submucosa where Meissner’s plexus
cells are also located and the other in
contact with the outer surface of the circu-
lar muscle layer (Fig. 7). It must be empha-
sized that after the isotopic and isochronic
graft of a quail neural tube into chick, at
the level of somites 1-7, quail cells were
found to participate in the formation of the
enteric ganglia in the whole postumbilical
gut (Fig. 1). Thus it seems that the migrat-

ing capabllltles of the “vagal’ neuroblasts
inside the developing gut environment are
more extensive than those of dorsal neuro-
blasts transplanted into the vagal region.

It appear
presumptive orthosympathetic neuroblasts
which, in normal development, do not
penetrate into the splanchnic mesoderm,
are able to invade the gut and to form
enteric ganglia when transplanted at the
hind-brain level. Thus it must be recog-
nized that, in this precise region, a prefer-
ential migration pathway conveys crest
cells towards the developing gut. The ques-
tion arises at this point whether, in the

splanchnic mesodermal environment, dor-
ta 924 _cnmito

~ it thhat
ears from this cz\per'uueuu tnav

Sal neurﬂblasts f}'Om the 18- to Z43-3011e

level will differentiate according to their
presumptive fate into adrenergic neurones,
or into cholinergic ones as in normal enteric
ganglia

To answer this point, the FIF-Feulgen-
Rossenbeck associated techniques were
applied to the guts of three experimental
embryos of 14-19 days of incubation. In no
case have quail cells forming the Auer-
bach’s and Meissner’s plexi shown the
faintest ﬂuorescence even after an in-
travascular injection of L-Dopa. Thus neu-
roblasts orxglnat;mg from the dorsal neural
crest, which have colonized the gut in this
experimental situation do not differentiate
into adrenergic neurones, as their origin

would imply. On the other

hand, as in
normal guts, fluorescent adrenergic fibers
are found in the plexus and also are dis-

persed epithelial cells showing the charac-
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teristic yellowish fluorescence of entero-
chromaffin cells.

2. EXPERIMENT 2—DIFFERENTIATING CAPA-
BILITIES OF DORSAL NEURAL CREST CELLS
IN THE HIND-GUT MESODERM

Fragments of the quail neural tube 6-
somites long are taken at the level of
somites 13-25. The stage of donor embryos
varies according to the level chosen which
always involves the most caudal segmented
region. The neural rudiments are associ-
ated with 5-day-old chick rectum for 12 hr
in vitro and then cultured on the CAM for
3-6 days (Fig. 4).

The evolution of the hind-gut in the
explants is similar to that of control em-
bryos at the corresponding developmental
stages. Enteric ganglia entirely made up of
quail cells are seen in Auerbach’s and
Meissner’s plexi (Fig. 8). Tinel’s stain-
ing procedure has shown that in these,
quail ganglion cells have differentiated into
neurones. The disposition of the ganglia is
often irregular, some areas of the gut being
completely devoid of quail cell aggregates.
On the other hand, it must be pointed out
that the ganglia of each plexus are less
numerous and smaller than in either quail
and chick control embryos or in chick
embryos grafted orthotopically or hetero-
topically with a quail neural tube in the
“vagal” region (Le Douarin and Teillet,
1973).

Neuroblast Differentiation 171

In this experimental series, the intestine
that developed in the CAM in association
with a dorsal quail neural tube contained
numerous pigment cells distributed in two
layers on each side of the circular muscle
layer as in the experiment previously de-
scribed (Fig. 9). However, in this series, the
pigment cells are much more numerous
than in the experiment described in para-
graph 1. The neural tube associated with
the intestine undergoes considerable
growth during the time of cultivation and
gives rise to a large mass of nervous tissue.

The FIF technique has been applied to
explants after 6.5 days of cultivation (12 hr
in vitro + 6 days in CAM), the total age of
the intestine being 11.5 days. No fluores-
cent cells have been found either in the
enteric ganglia or in any fiber of the ex-
plant. The enterochromaffin cells are not
detectable at this stage in normal develop-
ment. This observation confirms the re-
sults of the previous experiment, showing
that the ganglion cells originating from the
dorsal neural crest do not differentiate into
adrenergic neurones when they are in the
mesoderm of the gut wall.

Secondly, it appears from these results
that orthosympathetic ganglia, which nor-
mally arise from the dorsal neural crest, do
not differentiate under these experimental
conditions, for no fluorescent cells can be
seen in the explants. The presumptive
melanoblasts, on the contrary, find in the

Fic. 6. (a) Transverse section of the gizzard of a 15-day chick embryo that received a graft of the

adrenomedullary area of a quail at the 8-somite stage (Experiment 1). Ganglion of Auerbach’s plexus entirely
made up of quail cells. x 540. (b) Same embryo. Section at the level of the duodenum. Silver impregnation
technique according to TINEL showing a differentiated ganglion made up of quail cells in Auerbach’s plexus. x
720.

FiG. 7. Same embryo as in Fig. 6. Behind the level of the umbilicus, no quail cells can be found in enteric
ganglia, but quail pigment cells (arrows) have migrated down to the hind gut (here in the caecum) and are
localized along the inner and outer surface of the circular muscle layer (c.m.) Feulgen-Rossenbeck staining. x
720.

Fic. 8. Transverse section of a chick hind gut cultivated 6.5 days (12 hr in vitro + 6 days on the CAM) in
contact with the “adrenomedullary” (somites 18-24) part of a 25-somite quail embryo (Experiment 2). (a)
Auerbach’s plexus ganglion made up of quail cells. (arrow) x 720. (b) Auerbach’s plexus ganglion made up of
quail cells surrounded by quail pigment cells which have never been observed in normal quail gut nor after
isotopic transplantation of quail neural primordia into chick. x 1350. Feulgen-Rossenbeck staining.




Fic. 9. Same experiment as in Fig. 8 showing the migration of melanocytes along the inner and outer
surfaces of the circular muscle layer (c.m.) of the muscularis. (a) General view of the gut wall. x 540. (b) Detail
of pigment cells in which the quail characteristic nucleus can be seen. x 1350. Feulgen-Rossenbeck staining.

Fic. 10. Suprarenal gland of a 10-day chick embryo which received at 25-somite stage the graft of the
posterior rhombencephalon of a 7-somite quail in the “adrenomedullary” region (Experiment 3). (a) FIF
technique according to Falck. Many cells show the characteristic greenish fluorescence of catecholamines. x
720. (b) The same section is stained by Feulgen-Rossenbeck’s technique: Fluorescent cells belong to the graft. x
720.
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gut good conditions to migrate, proliferate
and differentiate. Their location in the wall
of the gut is the same as that of the enteric
ganglion cells. This fact suggests that each
side of the circular layer of the muscularis
offers an especially appropriate substrate
for crest cell migration.

3. ExPERIMENT 3—GRAFT OF QualL MEs-
ENCEPHALIC AND RHOMBENCEPHALIC PRI-
MORDIA INTO THE ‘‘ADRENOMEDULLARY”’
RecioN oF THE CHick EMBRYO

In this series the embryos were sacrificed
from 7 to 21 days of incubation. Until the
11th day, the whole trunk of the chick host
was fixed and observed either after Feul-
gen-Rossenbeck’s staining, or after treat-
ment by FIF-Feulgen-Rossenbeck associ-
ated techniques. When the operated em-
bryos are sacrificed after the 11th day,
suprarenal glands and, in some cases,
small intestine are fixed for histological
observation.

A. Observation of the Suprarenal Glands
of the Host Embryos

The results summarized in Table 2 show
that in 24/27 cases, numerous quail cells
were present in the host glands where they
formed a network closely intermingled with

TABLE 2

PRrESENCE OF QUAIL CELLS IN THE SUPRARENAL GLAND
oF THE Host AFTER THE GRAFT OF THE CEPHALIC
NEeuraL Crest oF QuaiL EMBRYO INTO THE
“ADPRENOMEDULLARY” REGION (LEVEL 18-24 SoMITES)
oF THE CHICKEN NEURAL AXIsS

Origin of quail Stage of quaiﬂ Num- | Presence
neural primordium donor embryo | berof | of quail
cases | cellsin
ob- [thesupra-
served| renal
glands
Mesencephalon + | 4-to 7-somite 11 10
anterior rhom- stage
bencephalon
‘“Vagal’ neural 7-to 12-somite| 16 14
primordium stage
from somites
1to7
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chick cells. In the best cases, the aspect of
the glandular tissue after Feulgen-Rossen-
beck’s staining is similar to what has been
described in the experiments in which
isotopic and isochronic transplantations of
quail neural primordium corresponding to
the adrenomedullary area (somites 18-24)
have been carried out (Le Douarin and
Teillet, 1971b; Teillet and Le Douarin,
1974). Association of the FIF and Feulgen-
Rossenbeck technigues shows that most
fluorescent cells in the host glands belong
to the quail species (Fig. 10). However, in
this experimental series, the suprarenal
glands contained an abnormally large
number of nerve fibers lined by quail
Schwann cells and also some neurones with
quail nuclear characteristics.

The electron microscopic examination of
such glands has shown many quail glandu-
lar cells with the characteristic secretory
granules of the adrenomedulla (Fig. 11).
The quail secretory cells of these glands are
often found in very close association with
nerve fibers (Fig. 12).

B. Observation of the Intestine of the Host
Embryos

In 10 cases we have fixed the fragments
B, C, D, and E (Fig. 3) of the gut of host
embryos that had received a graft of a quail
neural primordium corresponding to so-
mites 1-7. The stage of the embryos at the
time of sacrifice was from 11 to 21 days. In
all the cases observed quail cells partici-
pate in the formation of enteric ganglia at
the levels of ileum and large intestine
(fragments C, D, E) (Fig. 13). No quail
cells have been found in the duodenum
(fragments B). The most important contri-
bution of the grafted quail cells to gut
innervation is found in the postumbilical
small intestine. While most of the ganglia
are mixed (quail and chick) (Fig. 13), some
of them are entirely made up of quail cells.
No pigment cells have been found in any
part of the intestine of the host. This result
shows that certain vagal neuroblasts are
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specifically attracted by the intestine.
Since in normal development, trunk crest
cells never penetrate into the splanchnic
mesoderm, at this level no preferential
route leads the cells to the intestine. Thus
a selective attractivity of vagal crest cells
by intestinal structures is the only possible
explanation which could account for the
observed facts.

C. Differentiation of Mesenchymal Deriv-
atives in Heterotopic Grafts of Cephalic
Quail Neural Crest into the Dorsal
Region of Chick Embryos

When the mesencephalic and anterior
rhombencephalic quail neural primordia
from 4 to 9 somite embryos were trans-
planted into the adrenomedullary region of
chick embryos, mesenchymal cells origi-
nating from the graft were found in the
host embryo in various locations. The cells
of the implanted nervous rudiment prolif-
erate actively and give rise to a large mass
of brain tissue protruding above the skin
surface. At the level of the graft, induction
of cartilage in the host sclerotome occurred
but the vertebral morphology was abnor-
mal, especially on the dorsal side, because
of the protrusion of the brain tissue (Fig.
14).

The mesenchymal derivatives of the
grafted neurectoderm are dermis, cartilage
and connective cells (Table 3).

Dermis. At the transverse level of the
graft, some limited areas of the dermis are
made up of quail cells (Fig. 15). They are
located on the dorsal and dorsolateral sides
of the operated embryo and are never
found in the ventral skin. Chimeric feather
buds, the ectoderm of which belongs to
chick while the mesenchyme derives from
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the quail neural tube, undergo normal
development at least up to 10th day of
incubation, i.e., the oldest stage observed.

Cartilage. Differentiation of cartilage
originating from the grafted neurectoderm
occurs in various location in the host em-
bryo. Nodules or elongated pieces of carti-
lage made up of quail cells have been
encountered in four cases in the intermedi-
ate cell mass derivatives, i.e., inside the
mesonephritic tissue (Fig. 16), in the vicin-
ity of the kidney and of the Miillerian duct.
In two cases, quail cells have been found to
participate in the formation of vertebral
cartilage though only in rather restricted
areas (Fig. 17).

Connective cells. Quail cells are often
encountered in the mesonephros, where
they form the connective intertubular ele-
ments (Fig. 16), and in the wall of the
Miillerian duct (Fig. 18).

DISCUSSION

The present investigation deals with the
following aspects of the mecanisms control-
ling the migration and differentiation of
neural crest cells: 1) the existence and the
role of preferential migration pathways; 2)
the determination of the neuroblasts of the
autonomic nervous system and the influ-
ence of environmental factors on their
differentiation; 3) the migration and differ-
entiation capabilities of cephalic mesen-
chymal derivatives when they are submit-
ted to the abnormal environmental condi-
tions of the trunk region.

1. EvipENCE, NATURE AND ROLE OF PREFER-
ENTIAL MIGRATION PATHWAYS oF NEURAL
Crest CELLS

Trunk neural crest cells transplanted at
the vagal level give rise to enteric ganglia

Fic. 11. Quail adrenomedullary cell in the chick host suprarenal gland of a 13-day old chick embryo into
which the posterior rhombencephalon of a 9-somite quail embryo has been grafted at the “adrenomedullary”
level. Large DNA-rich nucleolus of quail type (arrows) and characteristic catecholamine secretory granules. x

23,000.

Fic. 12. Same experiment as in Fig. 11. A large number of nerve fibers in the vicinity of a quail

adrenomedullary cell. x 11,000.




Fic. 13. Transverse section of the gut of a 21-day chick embryo that has received at 24-somite stage the graft
of the “vagal” neural anlage from a 7-somite quail embryo at the “adrenomedullary” level. Enteric ganglion of
Meissner’s plexus (G.) made up of a mixture of quail and chick cells. Feulgen-Rossenbeck. x 1,300.

Fic. 14. Transverse section of a 10-day old chick embryo that has received at 25-somite stage a graft of
mesencephalon and anterior thombencephalon from a 6-somite quail embryo at the ‘““adrenomedullary” level of
the neural axis (Experiment 3). The chick host sclerotome has been induced by the grafted nervous tissue (G.)
to differentiate into cartilage, but the morphological development of the vertebra (V.) is abnormal.
Feulgen-Rossenbeck staining. x 100.

Fi6. 15. Same experiment as in Fig. 14. Dorsolateral skin area of the host embryo showing that the dermis is
made up of quail cells. Some quail cells—presumably melanoblasts—have penetrated into the chick epidermis
(arrow). Feulgen-Rossenbeck staining. x 720.
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TABLE 3
MESENCHYMAL DERIVATIVES DERIVING FROM CEPHALIC NEURAL CREST TRANSPLANTED INTO THE TRUNK
Origin of the neural primordium | Stage of quail | Number | Ageofthe | Quail connective | Quail cartilage Quail
donor embryo | of cases | embryos tissue dermis
observed
In | Ininter- | In In inter-| In dorso-
axial | mediate | axial | mediate | lateral
region| cell mass | region |cell mass | side only
deriva- deriva-
tives tives
Mesencephalic + anterior 4- to 7-somite 4 7-10days | 4 3 2 4 4
rhombencephalon stage
Posterior rhombencephalon | 7- to 12-somite 4 7-9 days 0 1 0 0 0
from somites 1-7 stage

whereas in normal development they never
penetrate into the splanchnic mesoderm.
On the other hand, cephalic crest cells,
transferred into an adequate dorsal level,
migrate massively into the suprarenal
gland. These results show that precise
pathways guide neural crest cells from
certain transversal levels of the embryo
towards specific organs where their pro-
gression stops and where they proliferate
and differentiate.

However, chemical attractions must also
play a role in the localization of neural
crest cells, as shown by the experiments
concerning the formation of enteric
ganglia: after orthotopic transplantation in
the dorsal area (I.e Douarin and Teillet,
1973), no quail cells are found in these
ganglia, thus no specific pathway from the
crest to the intestine is present at this
level; however if ‘“vagal’ crest is trans-
planted to this same dorsal area, some
quail cells colonize the intestine, thus dem-
onstrating an attraction of these presum-
ably predetermined cells. The seemingly
contradicting results of these two types of
experiments are best explained by a proc-
ess of “double assurance,” one being the
existence of a specific pathway from the
vagal crest to the intestine, the other being
ganglionic predetermination of some of the
“vagal” cells. That crest cells of the ‘“va-
gal” level are selectively attracted by intes-
tinal structures is indeed the only possible
explanation which can account for the

observed facts. Apart from enteric ganglia,
some vagal crest cells grafted to the trunk
also give rise to sensory neurones, adrener-
gic ganglia and adrenomedullary cells.

It has been demonstrated (Rawles, 1947;
Weston, 1963) that in the trunk, crest cells
begin to migrate in two main streams: a
superficial one located under the ectoder-
mal layer and a dorsoventral one between
the neural tube and the somites. Trunk
crest cells migrating in the ventral stream
become localized in three main areas (Fig.
19). First, some crest cells settle in the
somitic mesenchyme and give rise to sen-
sory ganglia; the second area corresponds
to the region where the primary sympa-
thetic ganglion chain arises. It is located
around the lateral levels of the notochord;
the third, ventral in respect to the latter
two is represented by the somatopleure
area ventral to the aorta, where aortic plexi
and suprarenal glands differentiate. Some
cells also localize in the metanephric mes-
enchyme (Fontaine and Le Douarin, 1971).

Whether the cells are trapped in these
locations by a mechanical process or are
retained by a specific chemical attraction
is not clear. It is now established that the
cells that are in contact with the somite
and the neural tube for a period of time
receive an induction to which they answer
by catecholamine synthesis and storage
{Cohen, 1972; Norr, 1973). In normal devel-
opmental conditions, or in isotopic and
isochronic transplantations of quail neural
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tube into the chick, the whole population
of neuroblasts originating from the
“adrenomedullary’’ area of the neural crest
becomes distributed through these three
main locations. On the contrary, “vagal”
crest cells transplanted to the
“adrenomedullary” level are partly re-
tained in these loci, while some of them
. proceed with their migration and penetrate
'into the mesentery and the splanchnic
mesoderm. Thus it appears that the prede-
termined enteric ganglion cells which arise
from the “vagal”’ neural crests are not
attracted by the 3 areas that retain sensory
and adrenergic neurones and also
adrenomedullary cells in the trunk. On the
other hand, although during their migra-
tion they are a while in contact with the
axial structures (ventral neural tube and
somites) that normally induce adrenergic
neurone differentiation (Norr, 1973), they
do not elaborate catecholamines. It can be
assumed that the induction coming from
the axial structures is necessary but not
sufficient for catecholamine synthesis and
that a “maintenance factor” present in the
dorsal trunk mesoderm but absent in the
gut wall is necessary for adrenergic differ-
entiation.

We can conclude from experiments 1 and
3 that in normal development ‘‘vagal”
neural crest cells that colonize the intes-
tine are both selectively attracted by
splanchnic mesoderm and passively led to
the intestine by a preferential pathway,
since cells which have not a specific affin-
ity for the gut wall nevertheless migrate
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into this organ when transplanted to the
vagal level.

The nature of the pharyngeal pathway to
gut wall. When the “adrenomedullary”
neural crest is transplanted at the “vagal”
level, presumptive neuroblasts of the auto-

Fi16. 19. Schematic drawing showing the three
main regions of the trunk where the neuroblasts
originating from the neural crest become localized.
Crest cells migrate in two streams, one dorsolateral
and one ventral. From the latter, crest cells are
distributed in the somitic mesenchyme (1) where they
differentiate into sensory ganglia, in the orthosympa-
thetic chains (2) and in a more ventral area (3)
involving the ventrolateral side of the aorta (aortic
plexus), the suprarenal glands and the metanephric
mesenchyme. The neuroblasts of the trunk do not
penetrate into the dorsal mesentery.

Fic. 16. Same experiment as in Fig. 14. Transverse section of the host mesonephros containing mesenchy-
mal derivatives of neural crest origin. T, kidney tubules belonging to the host; Q.M., mesenchyme located
between the mesonephritic tubules, made up of quail cells; C., nodule of cartilage located inside the
mesonephritic tissue. Feulgen-Rossenbeck staining. x 700.

Fic. 17. Same experiment as in Fig. 14. Participation of neural crest mesenchyme in the formation of
vertebral cartilage in the trunk at the level of the graft. q.c., quail cartilage cells. Feulgen-Rossenbeck staining.

x 720.

Fic. 18. Same experiment as in Fig. 14. Neural crest mesenchyme in the wall of the Miillerian duct of the

host. Feulgen-Rossenbeck staining. x 720.
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nomic nervous system, which normally
differentiate into adrenergic neurones and
adrenomedullary cells, massively colonize
the intestine and give rise to nonadrenergic
neurones. Previous studies on the contribu-
tion of cephalic neural crest to pharyngeal
derivatives in the chick (Johnston, 1966;
Le Douarin and Le Lievre, 1971, 1972; Le
Lievre and Le Douarin, 1973, 1974; Le
Douarin, 1974) have shown that crest cells
originating from the mesencephalon and
rhombencephalon migrate ventrad in large
number and penetrate between the ecto-
dermal and endodermal layers. Only a few
cells of mesodermal origin are present in
the branchial arch at this stage. Thus, the
neural crest cells fill the free space be-
tween ectoderm and endoderm in the same
way as the mesodermal layer does during
gastrulation.

When heterotopic transplantations of
quail ‘“adrenomedullary’’ neural tube are
made to the chick “vagal” region, the
dorsal crest cells follow the same migration
routes as ‘“‘vagal” crest cells do, namely
towards the ventral side of the embryo.
They arrive in contact with the ventrolat-
eral endoderm and then are incorporated
into the developing intestinal wall. As has
been suggested before (Weiss, 1961; Hay,
1968; Cohen and Hay, 1971), the basement
membrane of young epithelia (here ecto-
derm and endoderm) might provide a sub-
strate functioning as routes for cell migra-
tion. Such an explanation seems very likely
since crest cells of various origins follow the
same migration pathway and fill the empty
space of the ventrolateral pharyngeal wall.

The cells that normally colonize the
ventrolateral region of the pharynx have a
wide range of developmental capabilities,
some of them giving mesenchymal deriva-
tives (Hammond and Yntema, 1964; John-
ston, 1966; Le Lievre and Le Douarin, 1973,
1974; Le Lievre, 1974) some others differen-
tiating into Schwann cells, carotid body
cells (Le Douarin et al., 1972, Pearse et al.,
1973) calcitonin producing cells (I.e Doua-
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rin and Le Lievre, 1971, 1972; Le Douarin
et al., 1974), and neurones, especially en-
teric ganglion cells (L.e Douarin and Teil-
let, 1973). Later on, the presumptive para-
sympathetic neurones of the intestine wall
undergo a long migration caudad along the
gut, some of them reaching the rectum.

In the present study we were interested
by the eventual ability of “adrenomedul-
lary” neural crest cells to colonize the
intestine and give rise to enteric ganglia;
whether some of these cells may differenti-
ate into other structures at the vagal level
has not yet been ascertained and is now
under investigation. The morphogenetic
capacities of dorsal crest cells to make up
Auerbach’s and Meissner’s plexi and
ganglia in normal anatomical locations is
interesting to note. In in vivo and in vitro
experiments, where the intestine and the
trunk neural tube have been associated,
crest cells that colonize the developing gut
spread in two distinct layers located on
both sides of the circular layer of the
muscularis externa. Inner and outer sur-
faces of circular muscle layers are lined by
PAS positive mucopolysaccharide—rich
material; it can be assumed that this kind
of structure is a favorable substrate for
crest cell migration, and that it ensures
their preferential localization in two layers
in normal and experimental conditions. It
is remarkable indeed that, in the cultures
of associated neural tube and intestine, not
only the neurones but also the melanocytes
are distributed at the normal level of
Meissner’s and Auerbach’s plexuses.

2. INFLUENCE OF ENVIRONMENTAL FACTORS
ON PRESUMPTIVE NEUROBLASTS DIFFER-
ENTIATION

It has been demonstrated previously that
the differentiation of orthosympathetic
ganglioblasts depends on the inductive
influences they are submitted to, along
their migratory route towards their final
site (Cohen, 1972). More precisely, it seems
established from the work of Norr (1973)
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that the ventral neural tube is responsible
for a developmental change in somitic
mesenchyme, which in turn elicits sympa-
thoblast differentiation.

Our results show that presumptive dor-
. sal neuroblasts which in normal develop-
ment would give rise to adrenergic sympa-
thoblasts or adrenomedullary cells differ-
entiate into nonadrenergic neurones when
submitted to the splanchnic mesoderm
environment (experiment 1 and 2). Experi-
ment 2 shows in addition that, in gut
mesenchyme, presumptive sympathoblasts
as well as adrenomedullary cells cannot
express at all their phenotypes. Physiologi-
cal evidence that they differentiate into
cholinergic neurones has recently been pro-
vided by our group (L.e Douarin et al.,
1974).

Then it appears from these experiments
that the presumptive adrenergic neuro-
blasts have the ability to become organized
into enteric ganglia. This observation con-
firms the previous findings of Andrew
(1971) who found out that enteric ganglia
could differentiate within intestinal struc-
tures developing in the CAM from dorsal
level fragments of 13- to 25-somite chick
embryos. Thus, the bipotentiality of dorsal
crest cells to contribute either to ortho- or
parasympathetic systems may be consid-
ered as established.

On the other hand, our experiments
show that cephalic neural crest cells have
the ability to  differentiate into
adrenomedullary cells when they are in
contact with a particular zone of the dorsal
somatopleure. In previous studies we have
shown that avian metanephric mesen-
“chyme contains during normal develop-
ment small islets of adrenomedulla—like
cells, which contain secretory granules of
catecholamines {(Le Douarin, 1968; Le
Douarin and Houssaint, 1969; Fontaine
and Le Douarin, 1971; Fontaine, 1974).
The multiplication of these cells, which
originate from the neural crest (Le Doua-
rin, 1969), is enhanced in cultures of iso-
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lated metanephritic blastema which do not
differentiate into kidney tissue. Thus we
can assume that the extracellular matrix
properties, necessary to promote the differ-
entiation of catecholamine producing and
storing cells from neural crest elements,
overspread the precise region of the su-
prarenal gland and extend caudally into
the metanephric mesenchyme. It must be
pointed out, however, that the capacity to
induce adrenomedullary cell proliferation
and differentiation is greater in the su-
prarenal gland region than in the posterior
coelomic epithelial field.

While presumptive peripheral nervous
tissue needs precise conditions for differen-
tiation, melanocytes do not appear to have
such requirements. When the dorsal neural
primordium (neural tube and associated
folds) is combined with splanchnic mesen-
chyme of the rectum, melanocytes can be
seen in the gut wall. The results of in vitro
cultures of 4-day chick embryo sensory
ganglia have previously suggested (Weston
and Butler, 1966; Cowell and Weston,
1970) that melanocytes could derive from
initially pluripotent neural crest cells, one
of the factors which could promote their
differentiation into melanocytes being the
degree of dispersion of the cells at a deci-
sive stage of their developmental evolution.
Evidently, this kind of extrinsic influence
is much less specific than those which are
involved in neurone differentiation.

3. DEVELOPMENTAL CaPpABILITIES OF EcTo-
DERMAL MESENCHYME IN THE TRUNK
ENVIRONMENT

It has appeared from previous studies
(Hammond and Yntema, 1964; Johnston,
1966; Johnston and Listgarten, 1973; Le
Lievre, 1971 a and b, 1974; Le Lievre and
Le Douarin, 1973, 1974) that the capacity
of the neural crest to give rise to connective
tissue and its derivatives, is restricted to
the head region. The posterior limit of this
developmental capability is located ap-
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proximately around the level of somite 5
(Le Douarin and Le Lievre, unpublished).
The results we have obtained in experi-
ment 3 show that, when transplanted into
the trunk, the presumptive mesectodermal
crest cells can migrate and, to a certain
extent, express their normal phenotypes.
They give rise to dermis, cartilage and
connective elements forming the wall of
blood vessels and Miillerian duct or to
intertubular mesonephritic mesenchyme.
Experiments performed in Amphibian
embryos have shown that differentiation of
cranial crest cells into skeletal structures
require the influence of pharyngeal en-
doderm as well as an appropriate sequence
of interactions with other tissues (Hor-
stadius, 1950; Horstadius and Sellman,
1946; Newth, 1954; Seno and Nieuwkoop,
1958; Holtfreter, 1968): the head crest will
not chondrify when cultured by itself in
sandwich experiments, in cell culture, or in
the flank of a host. From our results it
appears that, in birds, the inductive influ-
ence of pharyngeal endoderm is not neces-
sary to promote the chondrification process
in the neurectodermal mesenchyme, since
cephalic crest cells transplanted into the
trunk give rise to vertebral cartilage and
chondrified nodules located in various
places of the somatopleural mesoderm.
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This work has been supported by grants of CNRS
and DGRST.

REFERENCES

ANDREwW, A. (1971). The origin of intramural ganglia.
IV. The origin of enteric ganglia. A critical review
and discussion of the present state of problem. J.
Anat. GB 108, 169-184.

CHiBon, P. (1966). Analyse expérimentale de la ré-
gionalisation et des capacités morphogénétiques de
la créte neural chez 1I’Amphibien Urodéle
Pleurodeles waltlii Michah. Mem. Soc. Zool. Fr. 36,
1-107.

CoHEN, A. M. (1972). Factors directing the expression
of sympathetic nerve traits in cells of neural crest
origin. J. Exp. Zool. 179, 167-182.

DEvELOPMENTAL BioLocy

VoLuME 41, 1974

CoHEN, A. M., and Hay, E. D. (1971). Secretion of
collagen by embryonic neuroepithelium at the time
of spinal cord-somite interaction. Develop. Biol. 26,
578-605.

CoweLL, L. A., and WEsToN, J. A, (1970). An analysis
of melanogenesis in cultured chick embryo spinal
ganglia. Develop. Biol. 22, 670-697.

DEeTwILER, S. R. (1937). Observations upon the migra-
tion of neural crest cells, and upon the development
of the spinal ganglia and vertebral arches in Am-
blystoma. J. Anat. GB 61, 63-94.

FaLck, B. (1962). Observations on the possibilities of
the cellular localization of monoamines by a
fluorescence method. Acta Physiol. Scand. 56, 1-25.

FeuLGen, R., and RossenBeck, H. (1924). Mikros-
kopisch-chemischer Nachweis einer Nucleinsaiire
vom Typus der Thymonucleinsaiire und die darauf
beruhende elektive Farbung von zellkernen in mik-
roskopischen Prdparaten. Hoppe-Seyler’s Z. Phys-
iol. Chem. 135, 203-252.

FoONTAINE, J. (1974). Présence de cellules a catéchola-
mines dans le mésenchyme métanéphritique de
I’embryon de Poulet. Ann. Embry. Morphol. 3,n°2,
in press.

FonTaINE, J., and LE DouariN, N. (1971). Mise en
évidence par fluorescence de cellules a catéchola-
mines dans le mésenchyme métanéphritique de
I’embryon de Poulet. C. R. Acad. Sci. Ser. D 273,
1299-1301.

HaMBURGER, V., and HamiLton, H. L. (1951). A series
of normal stages in the development of the chick
embryo. J. Morphol. 88, 49-92.

Hammonp, W. S., and YnTEMA, C. L. (1964). Deple-
tions of pharyngeal arch cartilages following ex-
tirpation of cranial neural crest in chick embryo.
Acta Anat. 56, 21-34.

Hay, E. D. (1968). Organization and fine structure of
epithelium and mesenchmye in the developing
chick embryo. In “Epithelial-Mesencyhmal In-
teractions” (R. Fleischmajer and R. E. Billingham,
eds.), pp. 31-55. Williams and Wilkins, Baltimore,
MD.

HOLTFRETER, J. (1968). Mesenchyme and epithelia in
inductive and morphogenetic process. In “Epi-
thelial-Mesenchymal Interactions” (R. Fleisch-
majer and R. E. Billingham, ed.), pp. 1-30. Wil-
liams and Wilkins, Baltimore, MD.

HorsTADIUS, S. (1950). “The Neural Crest. Its Proper-
ties and Derivatives in the Light of Experimental
Research.” Oxford Univ. Press, New York.

Horsrabius, S., and SELLMAN, S. (1946). Experimen-
telle Untersuchungen iiber die Determination des
Knorpeligen Kopfskelettes bei Urodelen. Nova
Acta Soc. Sci. Upsala Ser. IV 13, 1-170.

JonnsToN, M. C. (1966). A radicautographic study of
the migration and fate of cranial neural crest in the
chick embryo. Anat. Rec. 156, 130-143.

JounstoN, M. C., and ListGarTEN, M. A. (1973).




LEDOUARIN AND TEILLET

Observations on the migration, interaction and
early differentiation of orofacial tissues. In “Devel-
opmental Aspect of Oral Biology” pp. 53-80. Aca-
demic Press, New York.

LE Douarin, N. (1968). Etude ultrastructurale du foie
sans glycogéne reésultant de l'association d’hé-
patocytes avec le mésenchyme métanéphritique de
I’embryon de Poulet. C. R. Acad. Sci. Ser. D 207,
886-888.

LE Douarin, N. (1969). Particularités du noyau inter-
phasique chez la Caille japonaise (Coturnix cotur-
nix japonica). Utilisation de ces particularités
comme ‘‘marquage biologique” dans des recherches
sur les interactions tissulaires et les migrations
cellulaires au cours de 'ontogenese. Bull. Biol. Fr.
Belg. 103, 435-452.

LE Douarin, N. (1971). Caractéristiques ultrastruc-
turales du noyau interphasique chez la Caille et
chez le Poulet et utilisation des cellules de Caille
comme ‘“‘marqueurs biologiques “‘en Embryologie
expérimentale. Ann. Embryol. Morphol. 4,
125-135.

LE DouariN, N. (1973). A biological cell labelling
technique and its use in experimental embryology.
Develop. Biol. 30, 217-222.

LE Douarin, N. (1974). Biological nuclear markers.
Med. Biol. In press.

LE DouariN, N., FontaINE, J., and LE Lieverg, C.
(1974). New studies on the neural crest origin of the
Avian ultimobranchial glandular cells. Interspecific
combinations and cytochemical characterization of
C cells based on the uptake of biogenic amine
presursors. Histochemie 38, 297-305.

LE Douarin, N., and Houssaint, E. (1969). Mise en
evidence des cellules phéochromes dans le mésen-
chyme métanéphritique de Poulet évoluant en ’ab-
sence de 'ureteére. C, R. Soc. Biol. 163, 505-508.

LE Dovarin, N., and LE Ligvrg, C. (1971). Sur Vorigine
des cellules a calcitonine du corps ultimobranchial
de l'embryon d’Oiseau. C. R. Ass. Anat. 152,
558-568.

LE Douarin, N, and e Lievge, C. (1972). Demonstra-
tion of the neural origin of the ultimobranchial body
glandular cells in the avian embryo. Third Interna-
tional Symposium of Endocrinology, July 1971,
London.

LE Douarin, N., LE Lieveg, C., and FontaNg, J.
(1972). Recherches expérimentales sur l’origine em-
bryologique du corps carotidien chez les Oiseaux. C.
R. Acad. Sci. Ser. D 275, 583-586.

LE Douarin, N., REnaup, D., TeLLET, M. A., and LE
DouariN, G. (1974). Cholinergic differentiation of
presumptive adrenergic neurcblasts demonstrated
in interspecific chimeras following heterotopic
transplantations. (Submitted for publication in the
PNAS)).

LE DouariN, N., and TeiLLET, M. A. (1971a). L’origine
des cellules du systéme ganglionnaire intramural

Neuroblast Differentiation 183
du tractus digestif chez 'embryon d’Oiseau. C. R.
Acad. Sci. Ser. D 273, 1411-1414.

LE Douarin, N., and TriLLET, M. A. (1971b). Localisa-
tion par le méthode des greffes interspécifiques du
territoire neural dont dérivent les cellules adrénales
surrénaliennes chez l’embryon d’Oiseau. C. R.
Acad. Sci. Ser. D 272, 481-484.

LE Douarin, N., and TemwrLer, M. A. (1973). The
migration of neural crest cells to the wall of the
digestive tract in avian embryo. J. Embryol. Exp.
Morphol. 30, 31-48.

LE Lievre, C. (1971a). Recherches sur l'origine em-
bryologique des arcs viscéraux chez ’embryon d'Oi-
seau par la méthode des greffes interspecifiques
entre Caille et Poulet. C. R. Soc. Biol. 165, 395-400.

LE Lievre, C. (1971b). Recherches sur 'origine em-
bryologique du squelette viscéral chex 'embryon
d’Oiseau. C. R. Ass. Anat. 152, 575-583.

LE Lievee, C. (1974). Role des cellules mésectoder-
miques issues des crétes neurales céphaliques dans
la formation des arcs branchiaux et du squelette
viscéral. J. Embryol. Exp. Morphol. 31, 453-477.

LE Lievrg, C., and Le Douarin, N. (1973) Contribution
du meésectoderme a la gendse des arcs aortiques
chez I'embryon d'Oiseau. C. R. Acad. Sci. Ser. D
276, 383-386.

LtE Lieveg, C., and LE Douariy, N. (1974). Origine
ectodermique du derme de la face et du cou, mont-
rée par des combinaisons interspécifiques chez
I’embryon d’Oiseau. C. R. Acad. Sci. Ser. D 278,
517-520.

Mavor, H. D., Hampron, J. C., and Rosario, B.
(1961). A simple method for removing the resin
from epoxy-embedded tissue. J. Biophys. Biochem.
Cytol. 9, 909-910.

Moscona, A., and Moscona, H. (1952). The dissocia-
tion and aggregation of cells from organ rudiments
of the early chick embryo. J. Anat. 86, 287-301.

NewtH, D. R. (1954). Determination in the cranial
neural crest of the Axolotl. J. Embryol. Exp.
Morphol. 2, 101-105.

Norr, S. C. (1973). In vitro analysis of sympathetic
neuron differentiation from chick neural crest cells.
Develop. Biol. 34, 16-38.

Pearse, A. G. E., Porak, J. M., Rost, F. W. D,
FonTaINE, J., 1E LIEVRE, C., and LE DouariN, N.
(1973). Demonstration of the neural crest origin of
type I (Apud) cells in the avian carotid body, using
a cytochemical marker system. Histochemie 34,
191-203.

Rawres, M. E. (1947). Origin of pigment cells from
the neural crest in the mouse embryo. Physiol. Zool.
20, 248-266.

Seno, T., and Nieuvwkoor, R. D. (1958). The autono-
mous and dependent differentiations of the neural
crest in amphibians. Proc. Kon. Nederl. Akad. Wet.
(Biol. Med.) C 61, 489-498.

TeLLET, M. A. (1971). Recherches sur le mode de




184

migration et la différenciation des meélanocytes
cutanés chez ’embryon d’Oiseau: étude expérimen-
tale par la méthode des greffes hétérospécifiques
entre embryons de Caille et de Poulet. Ann. Em-
bryvol. Morphol. 4, 95-109.

TewLer, M. A., and LE Douarin, N. (1970). La
migration des cellules pigmentaires étudiée par la
méthode des greffes hétérospécifiques de tube ner-
veux chez ’embryon d’Oiseau. C. R. Acad. Sci. Ser.
D 270, 3095-3098.

TewLET, M. A, and LE Douarin, N. (1974). Détermi-
nation par la méthode des greffes hétérospécifiques
d’ébauches neurales de Caille sur I’embryon de
Poulet, du niveau du névraxe dont dérivent les
cellules médullo-surrénaliennes. Arch. Anat. Micr.
Morphol. Exp. In press.

TiNeL, J. (1947). In “Techniques Histologiques,” (M.
Gabe, ed.), pp. 919-921. Masson, Paris, (1968).

Twrrry, V. C. (1949). Developmental analysis of
amphibian pigmentation. Growth 13, Suppl. 9,
133-161.

Twrrry, V. C., and Niu, M. C. (1948). Causal analysis
of chromatophore migration. J. Exp. Zool. 108,
405-437.

Twirry, V. C., and N1y, M. C. (1954). The motivation

DEevELoPMENTAL BroLocy

VoLUME 41, 1974

of cell migration, studied by isolation of embryonic
pigment cells singly and in small groups in vitro. J.
Exp. Zool. 125, 541-573.

Weiss, P. (1958). Cell contact. Int. Rev. Cytol. 7,
391-423.

WEiss, P. (1961). Ruling principles in cell locomotion
and cell aggregation. Exp. Cell Res. Suppl. 8,
260-281.

Weston, J. A. (1963). A autoradiographic analysis of
the migration and the localization of the trunk
neural crest cells in the chick. Develop. Biol. 6,
279-310.

WesTton, J. A. (1967). Cell marking. In: Methods in
Developmental Biology (F. H. Wilt and N. K.
Wessells, eds.), pp. 723-736. Crowell, New York.

WesTon, J. A. (1970). The migration and differentia-
tion of neural crest cells. Adv. Morphol. US 8,
41-114,

WEsTON, J. A., and ButLeg, S. L. (1966). Temporal
factors affecting localization of neural crest cells in
the chicken embryo. Develop. Biol. 14, 246-266.

Worrr, E., and HarrFen, K. (1952). Sur une méthode
de culture d’organes embryonnaires in vitro. Texas
Rep. Biol. Med. 10, 463-472.




	7928.pdf
	Commentary on Le Douarin, 1973 and 1974




