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ABSTRACT Growth of mouse neural crest cultures in the
presence of glial cell line-derived neurotrophic factor (GDNF)
resulted in a dramatic dose-dependent increase in the number
of tyrosine hydroxylase (TH)-positive cells that developed
when 5% chicken embryo extract was present in the medium.
In contrast, growth in the presence of bone morphogenetic
protein (BMP)-2, BMP-4, BMP-6, transforming growth factor
(TGF) b1, TGF-b2, and TGF-b3 elicited no increase in the
number of TH-positive cells. The TH-positive cells that devel-
oped in the presence of GDNF had neuronal morphology and
contained the middle and low molecular weight neurofilament
proteins. Numerous TH-negative cells with the morphology of
neurons also were observed in GDNF-treated cultures. Anal-
ysis revealed that the period from 6 to 12 days in vitro was the
critical time for exposure to GDNF to generate the increase in
TH-positive cell number. The growth factors neurotrophin-3
and fibroblast growth factor-2 elicited increases in the num-
ber of TH-positive cells similar to that seen in response to
GDNF. In contrast, nerve growth factor was unable to sub-
stitute for GDNF. These findings extend the previously re-
ported biological activities of GDNF by showing that it can act
on mouse neural crest cultures to promote the development of
neurons.

In vertebrates the neural crest is a transient embryonic struc-
ture that is the source of many adult cell types including
neurons and glia of the dorsal root, sympathetic, parasympa-
thetic, and enteric ganglia, melanocytes of the skin and irides,
chromaffin cells of the adrenal medulla, connective tissue cells
of the head and face, and cells that make up part of the
aorticopulmonary septum of the heart (1–5). As such, the
neural crest is an excellent model system in which to investigate
the cellular and molecular mechanisms that control the gen-
eration of cellular diversity during development. Neural crest
cells initially form on the dorsal neural tube and subsequently
migrate to many locations in the embryo where they undergo
differentiation into the adult cell types noted above. Evidence
from studies of avian embryos indicates that molecules in the
embryonic environment encountered by neural crest cells
either during or after migration are important determinants of
cell fate and phenotype (3, 6). Analysis of the mechanisms
controlling the development of neural crest cells in the mouse
is of particular interest because of the existence of several
natural mutations involving neural crest derivatives and the
ability to engineer mice with either specific genes deleted or
overexpressed (7–9). In vivo studies have shown that while
neural crest migration in the mouse is similar to that observed
in the avian embryo, there are differences with respect to the
timing of neural crest migration (10–12). Like avian, amphib-
ian, and rat neural crest cells, at least some mouse neural crest

cells are multipotential with respect to their developmental
fate (6, 13–15).
Differentiation of mouse neural crest cells into neurons in

vitro has been observed in medium containing chicken or rat
embryo extract and in defined medium (16–21). Studies indi-
cate that growth factors play a central role in the establishment
of specific phenotypes in mouse neural crest cultures (22).
Fibroblast growth factor 2 (FGF-2) can stimulate the prolif-
eration of mouse trunk neural crest cells in vitro and promote
neuronal differentiation (23). Also, the neuropoietic cytokines
leukemia inhibitory factor (LIF) and ciliary neurotrophic
factor (CNTF) can promote the differentiation of mouse
neural crest cells into sensory neurons (19, 23).
The transforming growth factor b (TGF-b) superfamily of

growth factors has been found to exert a wide variety of effects
on developing and mature tissues (24, 25). Glial cell line-
derived neurotrophic factor (GDNF) is a disulfide-bridge-
linked homodimer of two 134-amino acid peptide chains and
is a distant member of the TGF-b superfamily (26). GDNFwas
originally identified as an activity in glial-cell-conditioned
medium that stimulated the uptake of dopamine in primary
cultures of neurons of the substantia nigra. Subsequent studies
have shown that GDNF can promote the survival and process
outgrowth of a wide spectrum of central nervous system
neurons (27–33). In addition, GDNF can promote the survival
of some classes of neurons in the peripheral nervous system
(34–36).
Given the activity of GDNF on differentiated neurons, it is

also of interest to determine if it can act on populations of
neuronal progenitors. In the present study, we have focused on
the development of adrenergic cells from the mouse trunk
neural crest in vitro. We show herein that GDNF stimulates the
development of adrenergic and other neurons from mouse
neural crest cultures grown in medium containing chicken
embryo extract. In contrast, other TGF-b family members
including bone morphogenetic protein (BMP)—2, BMP-4,
BMP-6, TGF-b1, TGF-b2, and TGF-b3 did not promote
adrenergic development.

MATERIALS AND METHODS
Neural Crest Cultures. Neural tubes containing the neural

crest caudal to the heart, but excluding the primitive streak,
were dissected from the trunk region of embryonic day 9 (E9)
CBA mice (Walter and Eliza Hall Institute) as described (19).
One neural tube was plated per fibronectin-coated (50 mgyml,
Boehringer Mannheim) well of four-well culture dishes
(Greiner, Nurtingen, F.R.G.) in 75 ml of Monomed medium
(Commonwealth Serum Laboratories, Melbourne) containing
10% fetal bovine serum (Commonwealth Serum Laborato-

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

Abbreviations: GDNF, glial cell line-derived neurotrophic factor;
TGF-b, transforming growth factor; TH, tyrosine hydroxylase; FGF-2,
fibroblast growth factor; CEE, chicken embryo extract; NGF, nerve
growth factor; NT-3, neurotrophin 3; BMP, bone morphogenetic pro-
tein.
†To whom reprint requests should be addressed. e-mail:
maxwell@neuron.uchc.edu.

13274



ries). After 20 hr, the cultures were fed with 2 ml of either
Monomed with 10% fetal bovine serum or Monomed with
10% fetal bovine serum and 5% chicken embryo extract (CEE)
prepared from 9-day chicken embryos (CEE medium) (37).
Neural tubes remained present throughout the culture period.
The following growth factors were added to the cultures where
indicated: BMP-2, BMP-4, and BMP-6 (Genetics Institute,
Cambridge, MA); TGF-b1, TGF-b2, and TGF-b3 (R & D
Systems); GDNF and neurotrophin (NT-3) (PeproTech,
Rocky Hill, NJ); and nerve growth factor (NGF) and FGF-2
(Boehringer Mannheim).
Immunocytochemistry. Cultures were fixed in 4% parafor-

maldehyde in 0.1 M sodium phosphate (pH 7.4) for 40 min and
washed three times in mouse tonicity PBS (19). Cells that were
immunoreactive for tyrosine hydroxylase (TH), neurofila-
ment, peripherin, and SCG10 were visualized by standard
indirect immunofluorescence (38). For TH immunocytochem-
istry, both a mouse monoclonal antibody (39) and a rabbit
antibody (40) were used. For neurofilament staining, a rabbit
antibody to the 150-kDa neurofilament protein (Chemicon)
and a mouse monoclonal antibody to the 67-kDa neurofila-
ment protein (Amersham) were used. For peripherin (Chemi-
con) and SCG10 (41) staining, rabbit antibodies were used.
Detailed staining protocols are available on request from the
authors.
Total Cell Number. To determine total cell number neural

tubes were removed from the cultures with fine tungsten
needles after 12 days in vitro followed by addition of 0.1%
trypsin to remove the cells in the neural crest outgrowths from
the substrate. After the cells had detached from the substrate,
as determined by microscopic examination, an equal volume of
Monomed medium with 10% fetal bovine serum was added
and the number of cells in an aliquot of a known volume of cell
suspension was determined by hemacytometer counting.

Statistical Analysis. Differences among multiple treatment
groups were analyzed by one-way analysis of variance followed
by the Tukey post hoc test.

RESULTS

GDNF Promotes Adrenergic Development When Cultures
Are Grown in Medium Containing Embryo Extract. As shown
in Fig. 1, addition of GDNF at 10 ngyml to neural crest cultures
grown in CEE-containing medium resulted in a greater than
50-fold increase in the number of TH-positive cells that were
present when the cultures were assayed at 12 days in vitro.
However, addition of GDNF to cultures grown in medium
without CEE had little effect on the number of TH-positive
cells that developed. In marked contrast to the effect of
GDNF, several other TGF-b superfamily members tested did
not increase the number of TH-positive cells irrespective of the
presence or absence of CEE in the medium. Cultures treated
with BMP-2, BMP-4, BMP-6, TGF-b1, TGF-b2, and TGF-b3
showed no increase in TH-positive cell number relative to
controls. The dose–response profile to GDNF in the presence
of CEE is shown in Fig. 2. The number of TH-positive cells that
developed rose rapidly with GDNF between 1 and 10 ngyml,
with 10 ngyml being a maximal dose.
When total cell number was determined in cultures grown in

CEE medium, we found that GDNF at 10 ngyml stimulated a
5-fold increase compared with control cultures after 12 days in
vitro. In the presence of GDNF, 5.6 3 105 6 0.3 3 105 cells
were present per culture (mean6 SEM, n5 5) compared with
1.1 3 105 6 0.1 3 105 (mean 6 SEM, n 5 5) cells per control
culture. Thus, the magnitude of increase in the number of
TH-positive cells was about 10-fold greater than the increase
in total cell number.
As shown in Fig. 3, round TH-positive fluorescent cell

bodies with neuronal morphology were observed in both the
control and GDNF-treated conditions. Fluorescent processes
connected to TH-positive cell bodies were observed in both the
control and GDNF-treated cultures on some, but not all, cells.

FIG. 1. Development of TH-positive cells in mouse trunk neural
crest cultures in response to selected growth factors in the TGF-b
superfamily. Cultures were grown for 12 days either in medium
containing 10% fetal bovine serum and 5% CEE (solid bars) or in
medium containing 10% fetal bovine serum (open bars) in the
presence of the growth factors indicated. Concentrations of the growth
factors were as follows: GDNF, BMP-2, BMP-4, and BMP-6, 10 ngyml;
TGF-b1, TGF-b2, and TGF-b3, 2 ngyml. The number of TH-positive
cells per culture is expressed as the mean 6 SEM of three to eight
cultures analyzed per condition.

FIG. 2. Dose–response profile of the development of TH-positive
cells to GDNF. Neural crest cultures were grown in medium contain-
ing 10% fetal bovine serum and 5% CEE with the concentrations of
GDNF indicated for 12 days in vitro. They were then processed to
reveal TH-positive cells. The number of TH cells is expressed as the
mean6 SEMwith four cultures analyzed per condition. The 0, 0.1, and
1 ngyml values are statistically different from the 10 and 50 ngyml
values with P , 0.05.
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The TH-positive cells in both control and GDNF-treated
conditions often appeared to develop on top of another cell
layer. Another feature of both the control and the GDNF-
treated cultures was that the TH-positive cells were intermin-
gled with cells that were TH-negative but that had neuronal
morphology under phase-contrast microscopy (Fig. 3).
Staining of GDNF-treated cultures with antibodies to TH

and the middle molecular weight neurofilament protein
showed that the TH-positive cells also had neurofilaments that
were labeled (Fig. 4). Similar results were obtained when the
cultures were stained for TH and the low molecular weight
neurofilament protein (data not shown). In addition, in
GDNF-treated cultures, there was also extensive neurofila-
ment staining that was not associated with TH-positive cells,
indicating the presence of many nonadrenergic cells in the
neuronal lineage. The presence of neurons that were TH-
negative was further supported by examination of the neuronal

markers SCG10 and peripherin. Numerous SCG10-positive
cell bodies and peripherin-positive fibers were present in
GDNF-treated cultures (data not shown). These SCG10-
positive and peripherin-positive cells were not TH-positive.
The complexity of the SCG10 and peripherin staining patterns
precluded quantitation of the number of cells with these
phenotypes.
Temporal Requirement for Exposure to GDNF. We exam-

ined the temporal response to GDNF (Fig. 5A). The results of
these experiments showed that there were few TH-positive
cells present after 6 days in vitro under either control or
GDNF-treated conditions. In contrast, by 12 days in vitro the
number of TH-positive cells was dramatically increased in the
presence of GDNF compared with control cultures grown in
CEE medium without GDNF. Although the increase in TH-
positive cell number was observed after 12 days in vitro, these
experiments did not define when GDNF was acting during this

FIG. 3. Appearance of mouse trunk neural crest cultures in the presence and absence of GDNF. (A) Fluorescence photograph of TH-positive
cells in a cultures grown in CEE medium in the presence of GDNF at 10 ngyml for 12 days in vitro. Numerous TH-immunoreactive cells bodies
and some cellular processes are present. (B) Phase-contrast view of the same field in A, demonstrating the dense packing of the neuron-like cell
bodies in these cultures. Many TH-negative cells are intermingled with the TH-positive cells. (C) Fluorescence photograph of a control culture
grown in CEE medium in the absence of GDNF. Two TH-positive cells are present. (D) Phase-contrast view of the same field as in C, showing
the presence of numerous TH-negative cells with both neuronal and nonneuronal morphologies. (Bar 5 30 mm.)

FIG. 4. TH-positive cells that develop in mouse trunk neural crest are also neurofilament-positive. Cultures were prepared as described and
grown in medium with 10% fetal bovine serum, 5% CEE, and GDNF (10 ngyml) for 12 days in vitro. Confocal image of a culture that was double
labeled for TH and the middle neurofilament protein after 12 days in vitro. (A) Fluorescent image of TH-positive cells. (B) Fluorescent image of
neurofilament-positive cells. Neurofilament-positive processes emanating from other cells in the culture are also observed. (Bar 5 5 mm.)
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period. Accordingly, we performed experiments in which we
varied the time period when GDNF was present over the 12
days in vitro. As shown in Fig. 5B, these experiments clearly
indicated that 6–12 days in vitrowas the critical period required
for GDNF to be present to affect an increase in TH-positive
cell number. This relatively late action of GDNF indicates that
the precursors of the TH-positive cells are able to survive for
6 days in vitro in the absence of GDNF. GDNF may then act
to promote their further differentiation into TH-positive cells.
Alternatively, the TH-positive cells may differentiate in the
absence of GDNF but require GDNF for their survival once
they assume the TH-positive phenotype.
Comparison of the Activity of GDNF with NGF, FGF-2, and

NT-3. Several other growth factors including NGF, NT-3, and
FGF-2 have been reported to act on various stages of sympa-
thetic neuron development (42–45). Accordingly, we have
compared the action of these factors to that of GDNF. Few
TH-positive cells developed in the presence of NGF. Further-
more, NGF with GDNF did not potentiate the effect of GDNF
(Fig. 6). These results argue that the action of GDNF is distinct
from that of NGF. In contrast to the lack of effect of NGF,
FGF-2 was effective at promoting the development of TH-
positive cells to an extent similar to that of GDNF, while NT-3
was also active but somewhat less potent (Fig. 6). Simultaneous
addition of GDNF, NT-3, and FGF-2 did not increase the
number of TH-positive cells above that seen with GDNF
alone, indicating that these factors do not act synergistically on
the generation of adrenergic cells in the mouse trunk neural
crest cultures.

DISCUSSION

Previous work has shown that GDNF can act on both central
and peripheral nervous system neurons to promote survival
and process outgrowth. Populations affected byGDNF include
substantia nigra and locus coeruleus neurons, motor neurons,
Purkinje cells, and peripheral autonomic neurons (26–36).
Given the wide range of neuronal types affected by GDNF, it

was of interest to learn if GDNF could also act on neuronal
precursor cell populations of the neural crest. Our present
work extends the range of GDNF activity to an earlier stage of

FIG. 5. (A) Time course of development of TH-positive cells in the presence and absence of GDNF. Cultures were grown in the presence (●)
or absence (E) of GDNF at 10 ngyml in medium containing 10% fetal bovine serum and 5% CEE and assayed at the times indicated for number
of TH-positive cells. The number of TH-positive cells is expressed as the mean6 SEMwith three cultures analyzed per condition. The day 12 GDNF
and control values are statistically significant with P , 0.05. (B) Analysis of the temporal requirement for GDNF. Cultures were grown for a total
of 12 days in vitro in either the presence (1) or absence (2) of GDNF at 10 ngyml for the time period indicated. TH-positive cell number per culture
is expressed as the mean 6 SEM with 12 cultures analyzed per condition. These results indicate the presence of GDNF in the period from 6 to
12 days in vitro is required for a robust increase in TH-positive cell number. The 2y2 and 1y2 values are statistically different from the 2y1
and the 1y1 values with P , 0.05.

FIG. 6. Comparison of the response to GDNF to that of NGF,
FGF-2, and NT-3. Cultures were grown for 12 days in medium
containing 10% fetal bovine serum and 5%CEE in the presence of the
factors indicated. NGF, FGF-2, and NT-3 were present at 50 ngyml
and GDNF was present at 10 ngyml. The values are expressed as the
mean 6 SEM of four to six cultures per condition. The NGF value is
statistically different from the GDNF, NT-3, and FGF-2 values with
P , 0.05.
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development by showing that it can promote the appearance
of adrenergic and other neurons inmouse neural crest cultures.
The activity of GDNF is apparent when neural crest cells are

grown in medium containing 5% CEE and 10% fetal bovine
serum but not in medium without CEE. The dose–response
profile to GDNF is comparable to that seen in other systems
(27, 32, 34). One possible explanation for the requirement for
CEE is that a factor or factors present in CEE are required to
allow neural crest cells to reach a developmental state where
they can respond to GDNF. A second possibility is that the
CEE factors work with GDNF to promote the development of
the adrenergic and other neuronal phenotypes. The require-
ment for the presence of CEE for the development of adren-
ergic cells is consistent with the previous report of Ito and
Takeuchi (16) that small numbers of catecholamine-positive
cells developed in mouse neural crest cultures in the presence
of CEE-containing medium. In addition, Matsumoto (20) has
reported that TH-positive neurons can develop in mouse
neural crest cultures in the presence of rat embryo extract.
The TH-positive cells in these cultures stain for the middle

and low molecular weight neurofilament proteins. In addition,
many of these TH-positive cells possessed rounded cell bodies
and long cellular processes, some of which were more than 100
mm long. These immunocytochemical andmorphological traits
indicate that these cells are in the neuronal lineage. The
TH-positive cells were not stained with SCG10 or peripherin
antibodies, suggesting that perhaps that these cells represent
an intermediate stage of neuronal differentiation (21). Addi-
tional evidence for the neuronal nature of these cells comes
from the lack of staining with fluorescently labeled peanut
agglutinin. In the rat, it has been reported that peanut agglu-
tinin is a marker for neuroendocrine cells and not for neurons
(46). We found that the TH-positive cells in our cultures were
negative for peanut agglutinin, further suggesting that these
TH-positive cells are in the neuronal lineage (data not shown).
Our results are consistent with a model in which neural crest

progenitors survive and proliferate in the presence of CEE
medium but do not require GDNF. This is shown by the fact
that GDNF is not required until at least day 6 in vitro.
Differentiation of these progenitors into TH-positive cells
would then require the presence of GDNF. An alternative
model is that the differentiation of TH-positive cells is inde-
pendent of GDNF, but these cells require GDNF for their
survival once they differentiate. It is also possible that GDNF
acts indirectly by stimulating production of other growth
factors required for adrenergic development. Regardless of
which of these mechanisms is operative, it is clear that GDNF
must do more than simply support the survival of fully
differentiated adrenergic neurons. This is the case since one
can wait until 6 days in vitro, a time when few TH-positive cells
are present, to add GDNF and still generate large numbers of
TH-positive cells.
The dramatic increase in TH-positive cells in the presence

of GDNF is reminiscent of the increased numbers of TH-
positive cells that developed in avian neural crest cultures in
the presence of BMP-2, BMP-4, and OP-1yBMP-7 (47–49).
Like GDNF, the activity of the BMPs in avian neural crest
cultures also requires the presence of CEE in the growth
medium (48). In contrast to the dramatic increase in TH-
positive cells in quail trunk neural crest cultures in response to
BMP-2 and BMP-4, we observed no increase in TH-positive
cells in mouse trunk neural crest cultures in response to either
BMP-2 or BMP-4. In addition, Shah et al. (50) have recently
shown that in rat neural crest cultures BMP-2 and BMP-4 can
stimulate the development of neurons in the sympathetic
lineage, but these neurons do not express TH. GDNF has been
shown to increase the survival of avian and mouse sympathetic
neurons (34, 35). In the case of chicken sympathetic neuron
cultures, younger developmental stages are more responsive to
GDNF than are neurons from older embryos. However,

GDNF does not increase the number of TH-positive cells that
develop in quail neural crest cultures (47). Thus, these findings
suggest that either there are either species differences in the
response to members of the TGF-b superfamily or that
relatively subtle differences in cultures conditions may have
major effects on the way neural crest cells respond to this
family of molecules.
Postulating a role for GDNF in the generation of TH-

positive cells suggests that it should be present in the periphery
of the developing embryo. In situ hybridization, Northern blot
analysis, and polymerase chain reaction studies indicate that
GDNF mRNA is present in the periphery of both rat and
mouse embryos in a number of sites including the developing
gut, skin, whisker pads, kidney, stomach, and testis (35, 51–54).
Thus, the distribution of GDNF mRNA is consistent with it
playing a role in the generation of peripheral adrenergic
neurons.
Several reports have appeared recently that described the

phenotype of GDNF null mice and characterized the GDNF
receptor complex (55–61). Interestingly, in GDNF null mice,
some neural crest-derived sympathetic and sensory neurons
and virtually all neural-crest-derived enteric neurons are ab-
sent (55–59). This deficit in neural-crest-derived neurons is
consistent with our present findings that GDNF can act on
neural crest populations in vitro and underscores the important
role played by GDNF in neural crest development. Identifi-
cation of the ret tyrosine kinase and the GDNFR-a receptors
for GDNF will provide important new avenues for the explo-
ration of the role of GDNF in neural crest development
(58–61).
We found that GDNF, NT-3, and FGF-2 can all increase the

numbers of TH-positive cells which develop. Previous work
has shown that NT-3 can act as a survival factor for rat
sympathetic neuroblasts isolated from ganglia (43, 44). Our
results suggest that NT-3 may act at even earlier stages of
development. This conclusion would be consistent with the
report that NT-3 is mitogenic for avian neural crest cells (62).
Similarly FGF-2 has previously been shown to be able to
promote the neuronal differentiation of mouse neural crest
cells and rat neural crest-derived cells (23, 45). The fact that
GDNF null mice have reduced numbers of sympathetic neu-
rons suggests that in vivo FGF-2 and NT-3 do not act precisely
like GDNF and cannot compensate for the lack of GDNF.
Thus, although GDNF, FGF-2, and NT-3 can increase the
number of TH-positive cells, these TH-positive cells may not
be identical to one another. For example, perhaps distinct
neuropeptide-containing subsets of TH-cells are generated by
each of these growth factors. The fact that NGF does not share
this TH-cell promoting activity with GDNF, NT-3, or FGF-2
reinforces the notion that there is a stage-specific shift in
neurotrophic factor dependence that occurs during the ontog-
eny of specific neuronal populations of neural crest cell origin
(43, 44).
In conclusion, our findings indicate that GNDF acts on an

intermediate stage of neural crest cultures to promote the
development of adrenergic and other neuronal phenotypes.
These findings extend the range of known activities of GDNF
to an earlier stage of development than previously identified.
They suggest that further analysis of the mechanism of GDNF
action may prove relevant to biological contexts in which the
production of new neurons is sought to replace neurons lost to
conditions of disease or injury.
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