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Abstract
The neural crest gives rise to numerous derivatives including adrenergic
and cholinergic
neurons, supportive
cells of
the nervous system, and melanocytes.
In tissue culture,
neural crest cells explanted
from both cranial and trunk
regions were found to differentiate
into adrenergic
neuroblasts or into pigmented
cells when grown in medium containing 10% chick embryo extract. When the embryo extract
concentration
was lowered to 2%, no catecholamine-containing cells (as assayed
by formaldehyde-induced
fluorescence) were detected,
although
pigment
cells were observed. These results suggest the presence of a factor(s) in
embryo extract that promotes or supports adrenergic
differentiation.
To examine the possible
tissue sources of this
factor(s), neural tube, notochord,
or somite cells were used
to condition
medium containing
2% embryo extract. When
neural crest cells were grown in medium conditioned
by
neural tube cells, adrenergic
neuroblasts
were observed in
all cultures.
However,
somite- and notochord
conditioned
medium did not support adrenergic
differentiation.
In addition, medium supplemented
with extracts derived from central nervous system components
did support
adrenergic
expression,
whereas
medium supplemented
with embryo
extract from which the neural tissue was removed did not.
Direct contact with neural tube cell ghost membranes
was
unable to substitute for high embryo extract concentrations
or for neural tube-conditioned
medium. These results suggest that the neural tube makes a diffusible factor(s) that will
support adrenergic
differentiation
of neural crest cells.
Neural crest cells are the precursors to most of the peripheral
nervous system and a number of other structures in vertebrate
embryos. Prior to migration, the neural crest appears to be a
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homogeneous population of cells that originates within the dorsal
margin of the neural tube. After departure from the neural tube,
these cells migrate extensively to defined sites within the embryo
and eventually give rise to a remarkable array of derivatives including
neurons, glia, melanocytes, and neuroendocrine
cells (for review,
see Weston, 1970; Le Douarin, 1982). Because of this diversity in
developmental potential, the neural crest has become an important
system for studying both the nature and the sequence of embryonic
cell lineage decisions.
The embryonic environment through which neural crest cells
migrate in vivo appears to affect the differentiation decisions of some
neural crest cells (Le Douarin and Teillet, 1974; Le Douarin et al.,
1975; Noden, 1975). When regions of the neural tube containing
crest cells that would normally become cholinergic neurons are
transplanted into levels of the neuraxis where adrenergic cells arise,
many of the transplanted cells differentiate according to their new
environment and become adrenergic neurons (Le Douarin et al.,
1975). Similarly, when presumptive adrenergic neural crest cells are
placed in presumptive cholinergic regions, many of the transplanted
cells differentiate into cholinergic neurons (Le Douarin and Teillet,
1974). These results indicate that the embryonic milieu can affect
neural crest differentiation, either by induction or selection of certain
phenotypes.
A successful approach to studying neural crest differentiation has
been to explant neural crest cells in tissue culture under a variety of
experimental conditions (Cohen and Konigsberg,
1975; Cohen,
1977; Greenberg and Schrier, 1977; Newgreen et al., 1979; Smith
et al., 1979; Kahn et al., 1980; Fauquet et al., 1981; Loring et al.,
1982). Tissue culture provides a somewhat defined environment in
which one can examine the effects of experimental alterations on
neural crest cell differentiation. Under appropriate culture conditions,
neural crest cells give rise to pigmented cells and neurons containing
catecholamines, acetylcholine, serotonin, or somatostatin (Cohen,
1977; Greenberg and Schrier, 1977; Kahn et al., 1980; Sieber-Blum
et al., 1981; Maxwell et al., 1982). The tissue culture environment
appears to influence phenotypic expression in neural crest cells;
e.g., fibronectin substrates in vitro increase the percentage of
adrenergic derivatives arising in neural crest cultures (Sieber-Blum
et al., 1980; Loring et al., 1982). Thus, some molecules produced
by embryonic tissues surrounding neural crest pathways may alter
neural crest differentiation by promoting, restricting, or selecting for
certain avenues of differentiation.
Previous investigators have examined the role of tissue interactions in neural crest differentiation. Cohen (1972) co-cultured neural
crest explants together with other embryonic tissues on the chick
chorioallantoic membrane. Only in the presence of somite cells and
the ventral neural tube did adrenergic differentiation occur. These
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studies were extended by Norr (1973), who demonstrated
that
contact with somite cells was necessary
for adrenergic
expression,
but that the ventral
neural
tube
could
exert
its effect
across
a
Millipore
filter, suggesting
that the neural tube was producing
some
diffusible
substance.
Cohen (1977) subsequently
showed
that neural
crest cells could undergo
autonomous
differentiation
into catecholamine-containing
cells when grown
in culture
medium
containing
horse serum and high concentrations
of embryo
extract.
In a related study using different
culture conditions,
Fauquet
et al.
(1981)
examined
neural
crest differentiation
and were
unable
to
detect autonomous
expression
of adrenergic
neuroblasts.
Two major
differences
exist in the growth
conditions
between
their studies and
those of Cohen
(1977):
(7) the neural crest explants
of Fauquet
et
al. (1981) consisted
of neural folds alone, which presumably
contain
no neural
tube elements,
whereas
those
of Cohen
(1977)
were
obtained
from neural tubes
from which
neural
crest cells subsequently
migrated;
therefore,
the latter explants
contained
neural tube
cells for the first 24 to 48 hr in culture;
(2) the medium
used by
Fauquet
et al. (1981)
contained
only 2% chick
embryo
extract
whereas
that of Cohen (1977) contained
10% embryo
extract.
Taken
together,
these results suggest
that either co-culture
with neural tube
cells and/or
high concentrations
of embryo
extract
are required
for
neural crest cells to express
adrenergic
traits.
The present
investigation
extends
these previous
studies
to examine the effects
of different
embryonic
tissues
and culture
conditions on adrenergic
differentiation
of cranial and trunk neural crest
cells in vitro. In particular,
we have examined
the requirements
for
co-culture
with neural tube cells for the expression
of adrenergic
traits. The results resolve
the differences
between
the studies
of
Fauquet
et al. (1981) and Cohen (1977).
Preliminary
reports on some
aspects
of this work have appeared
elsewhere
(Howard
et al., 1982;
Howard
and Bronner-Fraser,
1983).

Materials

and Methods

Neural crest cell cultures
Japanese qua11 (Coturnix
coturnix japonica)
embryos
were used for all
experiments.
The embryos were incubated at 38°C in a forced air incubator
until they reached the appropriate
stages of development.
After removal of
the neural tube, neural folds, or migrating neural crest cells from the embryos,
the explants were washed in Howard’s
Ringer’s solutron and plated onto 35
mm Petri dishes coated with human flbronectln
(25 pg/ml) or rat-tail collagen
(1 mg/ml). Comparable
results were obtained on both substrates.
For one
set of experiments,
neural crest cells were plated onto neural tube cell
ghosts. Two to seven explants
were placed onto each plate and were
allowed to attach to the dish for several hours, at which time culture medium
was added. After 24 hr, the original explants and any non-neural crest cells
were carefully scraped
from the dish using an electrolytically
sharpened
tungsten needle, leaving only those neural crest cells that had migrated away
from the inltlal explant. The culture medium was removed and replaced with
fresh medium. All plates were screened
on the following 2 days for the
presence
of motoneurons
which would indicate that some residual neural
tube cells were present in the culture (Fauquet
et al., 1981). Motoneurons
can be identified by their long axons, since they are the only cell type
emerging from the explanted
neural tubes that elicit processes within 2 days
after explantation.
Those plates contalnlng
motoneurons
were discarded.
Cultures were fed fresh medium every other day.
Cranial crest cell cultures. Cranial neural crest cells were obtained from
stage 8+ to stage 9- embryos (according
to the criteria of Hamburger
and
HamIlton, 1951). At these stages, the neural folds had begun to fuse at the
level of the mesencephalon
from which the explants
were taken. The
endoderm,
metencephalon,
and rhombencephalon
were dissected
away
from the mesencephalic
folds using fine glass needles. The mesencephalic
tissue contained the neural crest cells within the fused mesencephalic
neural
folds, as well as a small portion of lateral plate mesenchyme,
and notochord.
The tissue was split lengthwise
down the midline, the notochord
was
removed,
and the remaining tissue was washed and plated.
Cranial neural fold cultures.The
cranial neural folds were dissected
from
stage 8- embryos
In which the folds were not yet fused. The neural crest
cells at this stage are situated within the neural folds between ectoderm and
the presumptive
neural tube. After the rhombencephalon
and metencephalon
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were dissected
away, the dorsal portion of the mesencephalic
neural fold
was removed
with fine glass needles by making a series of cuts between
the ectoderm
and the neural groove.
The neural folds were washed
in
Howard’s Ringer’s solution before plating.
Migrating
crania/ crest. Mesencephalic
neural crest cells that were in the
process of migrating were prepared according
to the procedure
of Fauquet
et al. (1981). Embryos at stages 9+ to lO+ of development
were used for
these dissections.
At these stages, many neural crest cells have migrated
from the dorsal neural tube and are situated in the lateral plate mesenchyme
just under the ectoderm and adjacent to the presumptive
otic vesicle. Neural
crest cells that had migrated Into the lateral plate mesenchyme
were obtained
by dissecting free a portion of the mesenchyme
just rostra1 to the initial site
of emigration
at the mesencephalon.
Using fine glass needles, the lateral
plate mesenchyme
(containing
migrating neural crest cells) was separated
from the neural tube, washed, and plated.
Trunk neural crest cultures. Neural crest cultures from the trunk region
were prepared according
to the method of Cohen (1977). The neural tubes
plus surrounding
tissue in the posterior regions of stage 13 to 14 embryos
were removed
using a tungsten
needle. For most experiments,
only the
closed portlon of the neural tube was used; in a few cases, both closed and
unclosed regions of the neural tube were included in the dissectIon.
The
neural tubes were then separated from surrounding
tissue by treatment
with
0.1% crude trypsin (Worthington)
for 20 min at 4°C. The reactton was
stopped by adding tissue culture medium containing
endogenous
trypsin
inhibitors. Neural tubes were released from other tissues by gentle trlturation
and subsequently
were placed onto culture dishes.
Trunk neural fold cultures. Neural folds from the trunk region were obtained
from stage 12+ to 13+ embryos.
Using a tungsten needle, the embryos
were bisected at the level of somite 17. The forming neural tube (containing
the neural folds) lust posterior to the last somite and anterior to Hensen’s
node were removed
with glass dissecting
needles, and the dorsalmost
portion of the neural folds was separated
from the presumptive
neural tube.
After washing in Howard’s
Ringer’s solution, the trunk neural fold explants
were placed in culture.

Tissue culture growth media
The growth media used to feed neural crest cultures consisted of Eagle’s
minimum essential medium (MEM) (Grand
Island BIologIcal Co., GIBCO)
supplemented
with 15% horse serum (GIBCO)
and 1 l-day whole chick
embryo extract. In addition, extracts derived from a variety of tissue sources
were prepared at concentratjons
of 2%, 5%, or 10%.

Preparation

of embryo extract

Whole chick embryo
extract (Ef). Embryo
extract was prepared
from
White Leghorn chicken embryos
incubated
at 38°C for 11 days. The eggs
were candled and washed with 70% ethanol. After removal of the embryos
from the shell, the beaks and eyes were removed
and discarded.
The
embryos were washed with sterile MEM, minced, and macerated
by pushing
through a 60.ml syringe. An equal volume of MEM was added to the crude
extract, which was then stirred at 4°C for 45 min. Sterile hyaluronidase
(1
mg/25 gm of tissue) was added to reduce the viscosity of the EE, and the
mixture was stirred for an additional 15 min. The extract was sedimented
at
31,000 x g for 30 min at 4”C, the pellet was discarded,
and the supernatant
was sedtmented
at 95,000 x g for 60 min at 4°C. The supernatant
was
collected, filter-sterilized,
and used immediately
as a component
of complete
growth medium which was stored at -80°C.
Embryo extract lacking central nervous system tissues (NM).
NNE was
prepared as described above for EE with one modification.
Following removal
of the beak and eyes, the brain and spinal cord were removed and retained
in MEM on ice. The remainder of the embryo was used to prepare an extract
as described above.
Brain and spinal cord extract. The brains and spinal cords were removed
from 1 l-day chicken embryos and a neural tube extract (NTE) was prepared
as described above.

Preparation

of conditioned

media (CM)

Cultures
of neural tubes, notochords,
or somites
were prepared
as
described
above for trunk neural crest cell cultures. A block of tissue from
the trunk region containing
the neural tube, notochord,
and somites was
separated
from the rest of the embryo
using a tungsten
needle. After
trypsinlzation,
either the neural tubes, notochords,
or somites were separated
from surrounding
tissues by gentle tnturation, washed in Howard’s Ringer’s
solution, and collected. Neural tubes, notochords,
or somites were separately
plated onto culture dishes and were fed growth medium containing 2% EE.
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After 2 days, the conditioned
medium (CM)
and used to feed neural crest cell cultures.

Preparation

was collected,

of neural tube cell membrane

and Bronner-Fraser

filtered-sterrlrzed,

ghosts

Neural tubes were prepared and plated as described above. After several
days in culture, the cells were lysed by adding sterile drstilled water. After
lysis, a layer of cell membranes
vrsible under the phase contrast microscope
remarned
on the culture dish. The membrane
ghosts were washed with
drstilled water and used as substrates
onto which neural crest cells were
plated.

Histochemical

detection

of catecholamines

Catecholamine-containing
cells were identified by formaldehyde-Induced
fluorescence
(Falck et al., 1962). Upon heating in the absence of water,
catecholamrnes
condense
with formaldehyde
vapors to form a fluorescent
product wrth a characteristic
excitation/emission
of 420/480 nm, respectively.
For analysis of catecholamines
in neural crest cell cultures, the culture
medium was removed,
and the cultures were air dried and exposed
to
formaldehyde
vapors at 80°C for 1 hr. The cultures were observed
under a
Zeiss Universal microscope
equipped for epifluorescence,
using a BP 405/
6 excitation filter and an LP 435 barrrer filter.

Results
These experiments were designed to address some aspects of
neural crest cell lineage decisions. In particular, we have looked for
the presence of factors in growth medium or synthesized by embryonic tissues that influence neural crest differentiation into adrenergic
cells. For the purpose of this study, we define an adrenergic cell as
one containing catecholamine stores that are identifiable by means
of formaldehyde-induced
fluorescence; catecholamines
fluoresce
with a characteristic blue/green color after reaction with formaldehyde vapors and, therefore, are easily identified with epifluorescence
microscopy.
Effects of EE on neural crest cell differentiation
Some neural crest cells will differentiate into adrenergic cells when
grown in medium supplemented with 10% EE and 15% horse serum
(Cohen, 1977) but not when grown under different culture conditions
with reduced concentrations of EE (Fauquet et al., 1981). Here, we
examine the effects of EE concentration
on the differentiation of
both cranial and trunk neural crest cells into adrenergic cells, Cultures
were grown in media containing MEM, 15% horse serum, and EEs
added at concentrations
of IO%, 5%, or 2%. The 2% EE was
chosen because this concentration was used to supplement medium
in the experiments of Fauquet et al. (1981). Although Fauquet et al.
(1981) supplemented their medium with 15% fetal calf serum, we
used horse serum for these experiments because survival of neural
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crest cells was markedly longer in medium supplemented with horse
serum (Howard, 1984) although the same range of derivatives was
observed with both sera.
Neural crest explants were prepared in two ways: (7) from neural
folds, or (2) from explanted neural tubes. The former presumably
do not contain neural tube cells, whereas the latter cultures contain
some neural tube cells during the first 24 hr in culture, after which
time the neural tube cells were scraped away.
Cranial neural crest cells. Cranial crest cultures were maintained
for 6 to 62 days. In all cranial crest cultures grown in either 10% or
5% EE, many cells differentiated into adrenergic cells, as assayed
by formaldehyde-induced
fluorescence, and pigmented cells, as
identified by melanin granules (Table I). In contrast, cranial crest
cultures grown in medium supplmented with 2% EE did not contain
adrenergic cells as assayed by formaldehyde-induced
fluorescence
(Table I). The cultures were apparently healthy since pigment cells
were observed in all cultures and began to differentiate between
day 5 and 6 in vitro. Thus, this experiment suggests that cranial
neural crest cells require some component(s) of the embryo extract
in a concentration greater than 2% in order to express the adrenergic
phenotype.
Trunk neural crest cultures. Trunk neural crest cultures were grown
in the presence of IO%, 5%, and 2% EE. After 6 or more days, the
cultures were examined for the presence of pigment cells and
catecholamine-containing
cells. In cultures grown in 10% or 5% EE,
both adrenergic cells and pigment cells were observed (Fig. la,
Table 1). When the growth medium was supplemented
with only
2% EE, melanocytes were present in all cultures but no adrenergic
differentiation occurred. These observations are analogous to those
found for cranial neural crest cultures. Thus, in low concentrations
of embryo extract, the tissue culture conditions are permissive for
melanogenesis but restrictive for adrenergic differentiation of both
trunk and cranial neural crest cells. This suggests that 1 l-day
chicken embryo extract may contain some factor or factors that are
required for the expression of adrenergic cells.
The effects of neural tube on neural crest cell differentiation
In the previous series of experiments, both trunk and cranial crest
cells were explanted with a portion of the neural tube which remained
in the culture dish for the first 24 hr. In order to separate the effects
of the neural tube on adrenergic differentiation from EE effects,
cultures of neural crest cells lacking the neural tube were prepared.
These explants were either prepared from tips of neural folds which
contain neural crest cells prior to their migration, or were made from
the lateral mesenchyme which contains migrating neural crest cells
that had already left the neural tube.

TABLE I
Differentiation
of trunk and cranial neural crest cells
Neural crest cells from cranial or trunk regions were grown in different concentrations
of whole chick EE. Explants were
folds shortly before neural tube closure, or from the neural tube after closure. The cultures were analyzed
for catecholamine
presence of prgment cells.
Presence of Neural
Tube in lnitral
Explant

Dissection
Cranial

crest

yes

Trunk crest
Cranial

yes

no

neural fold

Catecholamine
2

Hrstofluorescence
(% EE)
5

0/68a

12112

@lw
o/37
(O/l 0)
o/20

cm
20120
W)
ND”

W3)
Migrating

mesencephalic

crest

no

O/25

(‘J/6)
Trunk

neural fold

no

o/22

WV
a Number of explants positive per total explants,
’ Number of plates positive per total plates.
’ ND, not determined.

lO/lO
(3/3)
ll/ll
(4/4)

IO

either derived from the neural
histofluorescence
and for the

Pigment Cells
(2 to 10% EE)

55155
(15/15)
68168

125/125
Gv29)
1251125

Um3)

(37137)
47147

27127

W3)

UW6)

25125
25125

125/l 25
(15/15)
58158

(7/7)

UW9)

w3)

Days
6-62
7-16
7
7-21
6-21
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cranial neural fold or migrating mesencephalic crest cells were grown
in medium containing either lo%, 5%, or 2% EE. Regardless of the
EE concentration, melanocytes differentiated in both types of cultures. Adrenergic differentiation, however, occurred only when the
medium contained 5% or 10% EE (Table I) for both cranial neural
fold cultures and migrating mesencephalic crest cultures. When the
concentration of EE was lowered to 2%, no adrenergic cells were
detected. These results are analogous to those reported above for
cranial neural crest cultures (containing the mesencephalic neural
tube for the first 24 hr in culture) and, therefore, suggest that the
initial presence of the neural tube is not necessary for the expression
of adrenergic and melanotic derivatives. Thus, embryo extract concentrations of 5% and 10% appear to be sufficient for both adrenergic and melanotic expression of mesencephalic neural crest cells
with or without the initial presence of the neural tube.
Trunk region. Trunk neural fold explants that lacked associated
neural tube cells were prepared from the posterior neural folds prior
to neural crest migration. Similar to the results observed with cranial
neural crest cells, the trunk neural fold cells gave rise to both
pigmented and adrenergic cells in the presence of 5% or 10% EE.
When the EE concentration was lowered to 2%, no catecholaminecontaining cells were detected although pigment cells did differentiate (Table I). Thus, for all dissections of cranial and trunk neural
crest, regardless of the initial presence or absence of neural tube
cells, medium containing 5% or 10% EE resulted in adrenergic
differentiation whereas medium containing 2% EE was unable to
support adrenergic differentiation.
The effects of extracts derived from different embryonic tissues
on adrenergic differentiation
EE lacking central nervous system (CNS) elements. Extract was
prepared from 11 -day chicken embryos from which the brain and
spinal cord were removed. This extract lacking CNS components
(NNE) was then used to supplement growth medium at concentrations

of 2% or 10%.

Several

types

of cultures

(either

initially

contain-

ing or lacking neural tube cells) were grown under these conditions.
The results are summarized in Table II. In either 2% or 10% NNE
medium, pigment cells differentiated, but no adrenergic cells were
observed. Because 10% whole EE is sufficient to promote adrenergic differentiation in neural crest cultures yet 10% NNE cannot, these
results suggest that the factors in whole EE that appear to be
important for adrenergic differentiation are either lacking or are
present in subthreshold concentrations in NNE.
Brain and spinal cord extract (NTE). In order to determine whether
the CNS produces factors which support adrenergic differentiation
of some neural crest cells, extract was made from the brain and
spinal cord of 1 l-day chick embryos. This NTE was used to supplement growth medium at concentrations of 2% or 10% which was
then

Frgure 7. Fluorescence
superimposed
on brrghtfreld photomrcrographs
of
catecholamrne
hrstofluorescence
In neural crest cells derived from neural
fold explants. a, Cells were grown In medtum contarnrng
10% EE. Note the
numerous fluorescent
cell bodies lndrcatrng the presence of adrenergic cells
in these cultures. Numerous
pigment cells, identified by the dark melanrn
granules wrthin therr cytoplasm,
were also present. b, Cells were grown in
medium
containing
10% NTE. Both catecholamrne-contarnrng
cells and
pigment cells drfferentrated
under these conditions.
c, Cells were grown in
neural tube CM which contained
2% EE. Both adrenergrc
and pigmented
cells were observed
under these condrtrons.

Cranial region. In the cranial region, two types of explants were
prepared that do not contain any portion of the mesencephalic
neural tube: (7 ) cranial neural folds, and (2) migrating mesencephalic
neural crest cells. In experiments parallel to those reported above,

fed to cranial

and trunk

neural

crest

cultures.

In both

10%

and

2% NTE, adrenergic cells were observed between 7 and IO days in
all neural crest cultures, including those lacking neural tube cells in
the initial explant
(Fig. 1 b). Pigmented
cells were observed
in all
cultures as well. These results are summarized in Table III. Thus, the
brain and spinal cord appear to synthesize some substance or
substances that will support differentiation of adrenergic cells from
undifferentiated neural crest cells.
CM effects on neural crest differentiation
The experiments described above suggest that some factor(s),
which may be produced by CNS elements, is required for adrenergic
differentiation of some neural crest cells in vitro. Therefore, we
examined whether tissues encountered by migrating neural crest
cells could produce diffusible substances which affect adrenergic
differentiation by conducting a series of CM experiments. Neural
tube, somite, and notochord cells were used to condition growth
medium containing 2% EE; medium containing 2% EE cannot, on
its own, support adrenergic differentiation (see Table I). The CM was
then fed to neural

crest

explants

from

various

axial levels

and derived
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Neural crest cells from cranial or trunk
svstem elements (NNE) and were assaved
Drssectron
crest

yes

Cranial

neural fold

no

Trunk

mesencephalrc
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TABLE II
Differentiation
of trunk and cranial neural crest cells in NNE
regions were grown in two drfferent concentrations
of extract prepared
for catecholamine
histofluorescence
and the presence of pigment cells
Presence
of Nkural
Catecholamrne
Tube I” lnrtral
NNE (“Ii)
Hrstofluorescence
Explant

Cranial

Migrating

and Bronner-Fraser

crest

10
2
10
2
10
2
10
2

no

crest

ves

O/16” (O/7)b
O/l 7 (O/7)
c
o/1
O/l
O/l
O/7
o/1

$6)
7 (O/7)
1 (O/4)
(O/3)
2 (O/4)

from embryos

lacking

central

Pigment Cells

Days

16/l 6 (7/7)
17/l 7 (7/7)
ND
16/16 (6/6)
17/l 7 (717)
11 /l 1 (4/4)
717 (3/3)
12/l 2 (4/4)

7-10
10
ND
7-10
7
7
7-10
7-10

nervous

a Number of explants posrtive per total explants
b Number of plates positive per total plates.
’ ND, not determined.
TABLE Ill
Differentiation
of trunk and cranial neural crest cells in NE
Neural crest cells from cranral or trunk regrons were grown in two different concentrations
of extract prepared
Cultures were analyzed for catecholamrne
hrstofluorescence
and the presence of pigment cells.
Presence of Neural
Catecholamine
DIssectron
Tube I” Initial
NTE (%)
Hrstofluorescence
Exolant
Cranial crest

yes

Cranral

no

neural fold

Mrgrating

mesencephalic

crest

no

Trunk crest
a Number
b Number

10
2
10
2
10
2
10
2

yes

16/l 6” (5/.!?@
19/l 9 (7/7)
30/30 (9/9)
26/26 (1 O/l 0)
414 U/l)
313 U/l)
11 /l 1 (5/5)
i 7117 (a/a)

from the brain and spinal

Pigment Cells
16/l 6 (5/5)
19/19 (7/7)
30/30 (9/9)
26/26 (lo/lo)
4/4 U/l)
313 U/l)
11 /l 1 (5/5)
i 7117 (a/a)

Days
7-10
10
7-10
7-a
7
10
7-9
7

of explants positive per total explants
of plates positive per total p!ates.

TABLE IV
Differentiation
of trunk and cranial neural crest cells in CM
Cranial or trunk neural crest cells were grown in medium containing 2% EE that had been conditioned
by neural tube, somite,
were assayed for catecholamine
histofluorescence
and for pigment cells
DIssectron

cells. Cultures

Conditronrng
Tissue

Catecholamrne
Hrstofluorescence

Pigment Cells

Days

6/6” (3/3)b
O/l 4 (O/5)
o/g (O/3)
29/29 (9/9)
o/g (O/3)
o/g (O/3)

616 (3/3)
14/l 4 (5/5)
g/g (3/3)
29/29 (9/9)
g/g (3/3)
319 (l/3)

12
12
9-12

o/a (014)

318 (114)

12

crest

yes

Neural tube
Somite
Notochord

Cranial

neural fold

no

Neural tube
Somite
Notochord

no

Notochord

Trunk

or notochord

Presence of Neural
Tube rn lnrtral
Explant

Cranial

a Number
b Number

cord (NTE).

neural fold

9-12
7-9
12

of explants positive per total explants.
of plates positive per total plates.

from explants
of either neural folds or neural tubes. With the exception of some cultures
fed notochord
CM, pigment
ceils were observed in most cultures
regardless
of the conditioned
medium
used.
In all cultures
examined,
neural tube CM was able to support
adrenergic
expression
of neural crest cells (Figure
lc, Table IV). In
contrast,
no catecholamine-containing
cells were detected
in cultures grown
in medium
conditioned
by somite
or notochord
cells.
These
results
indicate
that the neural tube but not notochord
or
somite cells synthesizes
and secretes
some factor
or factors
that
will support
expression
of adrenergic
traits from neural crest precursors.

Although
the neural tube appears
to synthesize
some substances
which promote
adrenergic
differentiation,
the presence
of the neural
tube for the first 24 hr was not sufficient
for adrenergic
expression
in neural crest cultures
grown
in 2% EE containing
medium.
We
therefore
examined
whether
continuous
co-culture
of neural crest
cells with neural tube cells would result in adrenergic
differentiaiton
regardless
of the EE concentration.
Cranial
neural crest cells were
grown
in medium
containing
2% EE, and the neural tube cells from
the original explants,
that would normally
be scraped
away after 24
hr, were left in the culture dish. As predicted
by the data above,
in
33 of 33 explants
(8 of 8 plates)
examined,
both adrenergic
and
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pigmented cells were observed when neural tube cells remained in
the culture dish for extended periods of time.
Effects of neural tube cell membrane

ghosts

Neural crest cells were grown on neural tube cell membrane
ghosts in order to determine whether continuous contact with neural
tube membranes could also promote differentiation of adrenergic
neurons. Neural crest cells were plated onto ghosts of neural tube
cells (see “Materials and Methods”) in medium containing 2% or
10% EE. Regardless of the EE concentration, pigment cells differentiated in these cultures. However, adrenergic cells were only
observed on the membrane ghosts in the presence of medium
containing 10% EE. These results (summarized in Table V) indicate
that contact with neural tube membrane ghosts is not sufficient to
cause catecholaminergic
differentiation of neural crest cells and
support the results described above indicating that the neural tube
produces and releases a diffusible factor that promotes adrenergic
expression.
Discussion
The results presented in this paper show that neural crest cell
differentiation into adrenergic cells requires diffusible factors synthesized by other embryonic tissues, In both trunk and cranial neural
crest cultures, some cells differentiated into catecholamine-containing cells when grown in the presence of high concentrations of EE
(5% or greater); however, adrenergic differentiation did not take
place when the EE concentration was lowered to 2%. Embryo
extract, therefore, contains some factors that support adrenergic
expression. Identical data were obtained for neural crest cells grown
in the absence of neural tube cells as for those co-cultured with
neural tube cells for the first 24 hr, indicating that the initial presence
of the neural tube does not alter the results. Extracts prepared from
neural tissue alone were able to support adrenergic differentiation,
whereas those prepared from embryos lacking nervous tissue did
not. This suggests that the factors are of neural tissue origin. Neural
crest cells grown in neural tube CM also differentiated into adrenergic
cells, indicating that the factors may be diffusible. Cells grown in
medium conditioned by somite or notochord cells did not produce
adrenergic cells; thus, the factors that promote adrenergic differentiation of neural crest cells appear to be either absent in somite and
notochord tissues, or are not produced in sufficiently high concentrations to be effective.
It had previously been suggested that neural crest cells require
the presence of other embryonic tissues in order to differentiate into
adrenergic neurons (Cohen, 1972; Norr, 1973). These investigators
found that adrenergic differentiation of neural crest cells grown on
the chorioallantoic
membrane or grown on Millipore filters was
dependent upon the presence of somites or the ventral neural tube.
The neural tube was effective in a trans-filter configuration to the
neural crest cells (Norr, 1973) suggesting that this tissue may
TABLE V
with neural tube cell ghosts on differentiation
of
neural crest cells
Cranial neural crest cells were grown on neural tube cell membrane ghosts
in medrum contarning
either 2% or 10% EE. Cultures were assayed for
catecholamine
histofluorescence
and for pigment cells.
The effects

of contact

Presence of
Neural Tube
r lnrtial
Explant

Drssectton

Cranial crest
Migrating mes
encephalrc
crest
a Number
* Number

Catecholamrne
H’stof’uorescence
(% EE)
2

Prgment Cells
(2 to 10% EE)

Days

10

yes

0183

a/a

no

(O/4?
o/a
(O/4)

(4/4)
a/a
(4/4)

of explants posrtrve per total explants.
of plates posrtive per total plates.

16116
(a/a)
16116
(a/a)

9
9
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produce some diffusible substance that supports adrenergic differentiation. In contrast, somite cells were only effective when cisfiltered to the neural crest cells. Both somite and neural tube cells
synthesize fibronectin, which is known to enhance adrenergic differentiation of neural crest cells in vitro (Sieber-Blum et al., 1981).
Therefore, the effects of somite cells on adrenergic differentiation
may be mediated by fibronectin. However, fibronectin is primarily
found on the dorsal neural tube and little is detectable by immunocytochemistry on the ventral tube surface (our unpublished observation), indicating that the effect of the ventral neural tube may be
mediated by another factor.
In intact embryos, removal of the neural tube and notochord
following the migration of some neural crest cells results in absence
of dorsal root and sympathetic ganglia (Teillet and Le Douarin,
1983). This indicates that neural crest cells cannot differentiate
properly into these ganglia without the neural tube and notochord.
In vitro, however, neural crest cells that are grown in a rich culture
medium apparently can form adrenergic derivatives in the absence
of other tissues (Cohen, 1977). These neural crest explants were
co-cultured with neural tube cells for the first 24 to 48 hr. Using
lower concentrations of EE and neural crest explants which contained no neural tube cells, Fauquet et al. (1981) were unable to
detect catecholamines in neural crest cultures. They concluded that
initial co-culture with neural tube cells was necessary for the differentiation of adrenergic cells. These differences between the studies
of Cohen (1977) and Fauquet et al. (1981) suggest that adrenergic
differentiation may require: (7 ) the presence of neural tube cells in
culture for 24 to 48 hr, or (2) a growth medium containing more
than 2% EE.
Our study demonstrates that neural crest cells can differentiate
into adrenergic cells either in the initial presence or absence of the
neural tube. We find that EE concentrations of 5% or 10% were
able to support adrenergic expression of cells from explants that
initially contained the neural tube, as well as from explants that
contain no neural tube cells. If neural crest cells are continually cocultured with neural tube cells or fed neural tube CM, an EE
concentration of 2% is sufficient to result in adrenergic differentiation.
Therefore, there appears to be some factor or factors present in EE
and neural tube CM that supports adrenergic differentiation of some
neural crest cells. For cultures grown in 2% EE medium, adrenergic
cells failed to differentiate if the neural tube was removed after 24
hr. Thus, the presence of the neural tube for the first day in culture
was not sufficient to support differentiation. These data reconcile
the discrepancies between the experiments of Cohen (1977) and
Fauquet et al. (1981) and suggest that the support of adrenergic
differentiation provided by 10% EE can also be provided by diffusible
substances produced by the neural tube.
The present study used five different neural crest explants taken
from different levels along the neural axis and from neural crest cells
at various stages of migration in order to explore regional variations
in differentiation potential and to provide reproducibility. Neural crest
cells taken from all levels of the neural axis gave similar results with
respect to the extent or the nature of the identifiable crest derivatives
formed; some cells within both cranial and trunk neural crest cultures
gave rise to pigmented cells or adrenergic cells. In the intact embryo,
derivatives arising from trunk neural crest are quite different from
those derived from the cranial neural crest. For example, cranial
neural crest cells do not normally give rise to pigment or adrenergic
cells in viva (Weston, 1970).
Pigment cells differentiated under all of the ,rowth media conditions utilized in this study. This suggests that the factors necessary
for the differentiation of melanocytes were present in all of the
various media used, even though the factors necessary for adrenergic expression were sometimes missing. Derby and Newgreen
(1982) have described a high molecular weight factor present in EE
and in some lots of fetal calf serum that is required for pigment cell
differentiation; pigmentation does not occur when molecules in its
molecular weight range are removed by dialysis. These investigators
showed that this factor can be synthesized by neural tube cells,
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since the neural tube can also stimulate melanogenesis
in the
absence of embryo extract. Our results confirm the results of these
previous investigators in suggesting that this pigment-promoting
factor is present in embryo extract concentrations as low as 2%.
Evidence suggesting that the factors promoting melanogenesis and
adrenergic differentiation are distinct includes: (7) when pigmentation is inhibited by removing high molecular weight molecules,
neurogenesis still occurs (Derby and Newgreen, 1982); and (2) the
factors are in different molecular weight ranges, since the adrenergic
promoting factor appears to have a low molecular weight (M. J.
Howard, and M. Bronner-Fraser, submitted for publication). It should
be noted that a limited number of neural crest derivatives have been
detected in tissue culture. This may indicate that an appropriate
environment for the expression of some other derivatives has not
yet been found. Still other derivatives have not yet been identified in
vitro due to the lack of appropriate phenotypic markers.
Other factors have been described that influence the phenotypic
expression of neural crest cells and their derivatives. Sympathetic
neurons, derived from trunk neural crest cells, normally synthesize
catecholamines. When explanted in tissue culture and grown in the
presence of non-neural cells, medium conditioned by non-neural
cells, or chick EE, the sympathetic ganglion cells stop making
catecholamines and begin synthesizing acetylcholine (Patterson and
Chun, 1974, 1977a, b; Johnson et al., 1976; Ross et al., 1977;
lacovitti et al., 1981). This adrenergic to cholinergic transiton has
been observed with single neurons in tissue culture (Potter et al.,
1981). A glycoprotein in the molecular weight range of 40,000 to
45,000 appears to be the molecule responsible for this transition.
Factors present in heart CM can affect the differentiation of neural
crest cells, by promoting cholinergic differentiation while suppressing
catecholamine content and melanin production (Sieber-Blum and
Kahn, 1982). Some adrenergic traits can also be enhanced in
cholinergic cells by co-culture with the notochord (Teitelman et al.,
1985). In addition to diffusible factors, substrate-bound material can
influence neural crest differentiation. For example, fibronectin or
somite conditioned substrates tend to suppress melanogenesis
while promoting adrenergic differentiation (Sieber-Blum et al., 1981;
Loring et al., 1982). In addition, substrate-bound
factors can influence neurotransmitter expression in cultures of sympathetic neurons
(Hawrot, 1980).
The results of the present study demonstrate that diffusible factors
exist that are able to promote adrenergic differentiation. The neural
tube is one tissue that apparently synthesizes this factor and secretes it into the extracellular spaces. Whole EE and EE made from
neural tissue also contain this factor. In the studies of Cohen (1972)
and Norr (1973) neural crest cells gave rise to adrenergic derivatives
when grown in the presence of neural tube and somite cells. Our
findings suggest that support of adrenergic expression by the neural
tube may be the result of a diffusible factor. Because this factor is
also present in EE, neural crest cells can differentiate into adreneric
neurons in the absence of other tissue when the EE concentrations
are sufficiently high (Cohen, 1977). Although our studies have
examined one factor that supports adrenergic expression, it is
unlikely that one factor alone can account for the complex decisions
involved in the differentiation process. Rather, a multitude of factors
is likely to act in concert to influence phenotypic expression of an
individual cell. To understand better the role of the factor synthesized
by neural tube cells in cell lineage decisions, we have undertaken a
biochemical investigation of the neurotransmitter
biosynthetic enzymes dopamine P-hydroxylase and choline acetyltransferase. The
results suggest that the neural tube-derived factor increases activity
of the adrenergic enzyme in some neural crest cells, while simultaneously suppressing or delaying the activity of the cholinergic enzyme. These findings are described in detail elsewhere (M. J.
Howard, and M. Bronner-Fraser, submitted for publication).
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