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Summary

The enteric nervous system (ENS) in vertebrates is
derived mainly from vagal neural crest cells that enter
the foregut and colonize the entire wall of the gastroin-
testinal tract. Failure to completely colonize the gut
results in the absence of enteric ganglia (Hirsch-
sprung’s disease). Two signaling systems mediated
by RET and EDNRB have been identified as critical
players in enteric neurogenesis. We demonstrate that
interaction between these signaling pathways con-
trols ENS development throughout the intestine. Acti-
vation of EDNRB specifically enhances the effect of
RET signaling on the proliferation of uncommitted ENS
progenitors. In addition, we reveal novel antagonistic
roles of these pathways on the migration of ENS pro-
genitors. Protein kinase A is a key component of the
molecular mechanisms that integrate signaling by the
two receptors. Our data provide strong evidence that
the coordinate and balanced interaction between re-
ceptor tyrosine kinases and G protein-coupled recep-
tors controls the development of the nervous system
in mammals.

Introduction

The mammalian enteric nervous system (ENS) is com-
posed of a large number of neurons and glia that are
organized into enteric ganglia distributed throughout the
gut wall (Gershon et al., 1994). The majority of ENS
progenitors in vertebrates originate during embryogene-
sis at the vagal neural crest, which forms at the level
of somites 1-7 (Le Douarin and Kalcheim, 1999). Upon
delamination from the neural tube, ENS progenitors mi-
grate ventrally to a position immediately posterior to the
branchial arches and in close association with the dorsal
aorta (referred to as pre-enteric neural crest cells [PENCCs])
(Durbec et al., 1996). From this region, PENCCs invade
the foregut mesenchyme (called thereafter enteric neu-
ral crest cells [ENCCs]) and migrate in a rostrocaudal
direction to colonize the entire length of the gastrointes-
tinal (Gl) tract (Durbec et al., 1996; Kapur et al., 1992;
Natarajan et al., 2002; Young et al., 1998). In mouse
embryos, PENCCs invade the foregut at E9.0-E9.5; by
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E10.5 ENCCs have reached the midgut loop, and by
E11.5 they have colonized the entire small intestine (SI)
up to the cecum, the most proximal part of the large
intestine (LI) (Durbec et al., 1996; Natarajan et al., 2002).
Colonization of the hindgut is completed by E13.5 (Dur-
bec et al., 1996; Kapur et al., 1992; Young et al., 1998).
Failure by ENCCs to colonize the complete gut results
in the absence of enteric ganglia from variable lengths
of the colon (colonic aganglionosis), the most common
cause of congenital intestinal obstruction in humans
(Hirschsprung’s disease [HSCRY]) (Chakravarti, 2001).
Two signaling pathways, mediated by the receptor
tyrosine kinase (RTK) RET and the G protein-coupled
receptor (GPCR) endothelin receptor B (EDNRB), have
been identified independently as being critical for en-
teric neurogenesis in mammals (Chakravarti, 2001; Tara-
viras and Pachnis, 1999). RET is the main signaling com-
ponent of cell surface multisubunit receptors for glial cell
line-derived neurotrophic factor (GDNF) and the other
members of the GDNF family of ligands (GFLs), neurt-
urin, artemin, and persephin (Baloh et al., 2000; Saarma,
2000). The interaction between GFLs and RET is medi-
ated by glycosyl-phosphatidyl-inositol (GPI)-linked cell
surface glycoproteins, called GFRa1-4 (Airaksinen et al.,
1999; Baloh et al., 2000). Mutations in c-RET account
for approximately 50% of HSCR cases in the general
population (Chakravarti, 2001), and mice with null muta-
tions in either c-Ret (Ret*"), Gfra1, or Gdnf have com-
plete intestinal aganglionosis (Cacalano et al., 1998; En-
omoto et al., 1998; Moore et al., 1996; Pichel et al., 1996;
Sanchez et al., 1996; Schuchardt et al., 1994). Recently,
we generated two monoisoformic alleles of the murine
c-Ret locus, miRet® (designated hereafter Ret®) and
miRet®" (Ret®"), which express only one of the two main
RET isoforms, RET9 and RET51, respectively. While
RET9 alone supports normal embryonic and postnatal
development, Ret” homozygous mice are characterized
by distal colonic aganglionosis, which is analogous to
that observed in HSCR patients (de Graaff et al., 2001).
EDNRB is a 7-transmembrane receptor for the 21
amino acid peptides endothelin-1 (ET-1), ET-2, and ET-3
(Inoue et al., 1989). Among these peptides, ET-3 appears
to be the only known functional ligand of EDNRB in the
gut during mouse embryogenesis (Gershon, 1999; Leibl
et al., 1999). Mutations in EDNRB are associated with
approximately 5% of HSCR cases (Chakravarti, 2001),
and mice homozygous for null alleles of Ednrb (such as
Ednrb*') or Et-3 (such as Et-3*) have aganglionosis of
the distal colon (Baynash et al., 1994; Hosoda et al.,
1994; Lyon et al., 1996). The restriction of aganglionosis
in EDNRB- and ET-3-deficient mice to the distal colon
suggests that this signaling pathway is required during
relatively late stages of gut colonization by neural crest
cells (Leibl et al., 1999; Sidebotham et al., 2002). In sup-
port of this idea, a study using conditional alleles of
Ednrb in mice has argued that the activity of this locus
in the ENS is required between E11.5 and E12.5, a stage
during which ENCCs cross the cecum and colonize the
proximal colon (Shin et al., 1999). Most studies so far
have focused on the mechanisms by which individual
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signaling pathways, such as those of RET and EDNRB,
control the behavior of ENS progenitors. However, a
recent report has shown that an interaction between the
RET and EDNRB loci in humans and mice regulates
ENS development in the distal colon (Carrasquillo et
al., 2002). Despite these studies, a series of questions
remain unanswered, including the temporal and spatial
regulation of ET-3/EDNRB signaling within the gut dur-
ing enteric neurogenesis; the potential requirement of
ET-3/EDNRB and its interaction with RET for ENS devel-
opment in prececal regions of the gut; the nature of the
cellular responses controlled by RET and EDNRB; and
the identity of the intracellular molecules that mediate
the interaction between the two signaling pathways.

Here, we have used several approaches to examine
the combined activity of the RET and EDNRB signaling
pathways during enteric neurogenesis. More specifi-
cally, we have re-examined the pattern of expression of
Et-3 and Ednrb relative to the Ret-expressing ENCCs
and show that Et-3 is expressed with a dynamic pattern
and in close association with the front of migration of
these cells. We have also studied the effects of various
combinations of Ret®’ and Et-3* alleles and demonstrate
that a strong genetic interaction between the two loci
underlies the development of the ENS throughout the
mouse intestine. Using wild-type and mutant embryos,
we show that ET-3 specifically enhances the prolifera-
tion-promoting effect of GDNF on undifferentiated ENS
progenitors but inhibits its chemoattractive role on these
cells. Such effects are likely to result from the modula-
tion of protein kinase A activity. Taken together, our
studies demonstrate that the coordinate and balanced
interaction between RET and EDNRB signaling path-
ways controls the development of the mammalian ENS
throughout the intestine.

Results

Expression of Et-3 and Ednrb in the Developing
Gastrointestinal Tract of Mouse Embryos

To define the spatial and temporal requirement of
EDNRB activation and explore its potential interaction
with RET during mammalian ENS development, we re-
examined the expression of Et-3 and Ednrb in the Gl
tract of mouse embryos between E9.5 and E13.5, stages
that encompass the period of gut colonization by neural
crest cells (Durbec et al., 1996; Kapur et al., 1992; Natar-
ajan et al., 2002; Young et al., 1998). Et-3 mRNA was
first detected in the pancreatic anlage and the mesen-
chyme of the midgut and hindgut at E10.0 (Figure 1A), a
stage at which ENCCs, identified by in situ hybridization
with a c-Ret-specific riboprobe (Pachnis et al., 1993),
had colonized the stomach and the proximal Sl (Figure
1D). During the next 24 hours, as the front of migrating
ENCCs progressed caudally (Figures 1E and 1F), Et-3
expression was localized mainly at the cecum and the
proximal colon (Figures 1B and 1C), where it remained
at high levels until the end of ENCC migration (data not
shown). Comparison of the c-Ret and Et-3 expression
patterns indicated that the front of c-Ret-positive
ENCCs abutted the Et-3-expressing domain of the gut
(Figure 1, compare panels A-C to D-F, respectively).
Expression of Et-3 ahead of the migrating ENCCs indi-

cated that it was expressed in the splachnic mesen-
chyme (Leibl et al., 1999; Wu et al., 1999), which was
further supported by a normal expression pattern of this
gene in the Gl tract of RET-deficient embryos (data not
shown). Analysis of Ednrb expression in the gut of wild-
type and Ret* mutant embryos at E11.0-E11.5 showed
that the gene was expressed in ENCCs (Figures 1G-1L,
arrows in panels H and | point to EDNRB-expressing
ENCCs present in the small intestine and around the
ileocecal junction, respectively). In addition to ENCCs,
diffuse mesenchymal Ednrb-specific signal was also ob-
served in the small intestine (jejunum) of Ret* embryos,
which lack endogenous neural crest cells (Figures 1J
and 1K). However, no signal was observed in the distal
small intestine and the cecum of these mutants (Figure
1L). These findings suggest that, in addition to ENCCs,
Ednrb is specifically expressed by the splachnic mesen-
chyme of the proximal small intestine but is absent from
the splachnic mesenchyme of the cecum and proximal
colon (see also Wu et al., 1999). Taken together, these
studies show that during colonization of the SlI, Et-3
is expressed ahead of the invading c-Ret- and Ednrb-
expressing neural crest cells. This raises the possibility
that the ET-3/EDNRB signaling pathway, in addition to
its requirement for enteric ganglia formation in the distal
colon, plays an important role in the development of the
ENS in prececal gut segments.

Genetic Interaction between Ret®'

and Et-3° Alleles

To further examine the role of RET and EDNRB signaling
in the developing ENS, guts from Ret®*’ and Et-3*'
mutant embryos ranging from stage E10.5 to E15.5 were
labeled for Phox2B or Tud1 to visualize ENCCs and their
neuronal progeny, respectively (Natarajan et al., 2002;
Young et al., 1999, 2003). Consistent with our previous
findings, we observed a reduced number and delayed
migration of ENCCs in the gut of E10.5 Ret*"5' embryos
relative to wild-type controls (Figure 2, compare panels
A and D; see also Natarajan et al., 2002). However, the
colonization defect in the Sl of Ret®” homozygotes was
largely corrected shortly afterwards, and by E12.5 the
apparent number and distribution of Phox2B+ cells in
this region of the gut were comparable to control em-
bryos (Figure 2, compare E1-E2 to B1-B2). Consistent
with this, by E15.5 an apparently normal neuronal net-
work had formed throughout the Sl of Ret*”*’ embryos
(Figure 2F1). As in the Sl, colonization of the LI was also
delayed in Ret®” homozygotes. Thus, at E12.5 the cecum
was partially colonized and only a small nhumber of
ENCCs had entered into the colon (Figure 2, compare
panels E1-E2 to B1-B2). However, unlike the recovery
in the SI, ENCCs in the LI failed to complete their migra-
tion and mature ganglionic plexi formed only in the proxi-
mal third of the colon (Figure 2, compare panels F3 and
C3; see also de Graaff et al., 2001).

In Et-3""* embryos, the number of Phox2B+ cells and
the extent of migration in the Sl at E10.5 were also
reduced relative to wild-type controls (Figure 2, compare
panels G and A). By E12.5, the front of migration of
ENCCs had reached the ileocecal valve (located at the
junction of SI and cecum), but the number of neural
crest-derived cells throughout the Sl appeared to be
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5!’1, (A-F) Whole-mount in situ hybridization of
E10.0 (A and D), E10.5 (B and E), and E11.0 (C
and F) mouse embryonic gut with riboprobes
€0 specific for Et-3 (A-C) and c-Ret (D-F). The
c-Ret-specific signal tracks the migration of
neural crest-derived cells along the rostro-
caudal axis of the gut. At E10.0 (A), Et-3 is
expressed in a relatively broad segment of
midgut (m) and hindgut (h), but shortly after-
wards (E10.5; B) it is restricted to the cecum
(ce) and the proximal colon (co). Throughout
the developmental period examined here, the
front of migrating ENCCs abuts the Et-3-
expressing domain of the gut.
(G-L) In situ hybridization of E11.5 gut with
an Ednrb-specific riboprobe. Wild-type guts
were hybridized as whole-mount prepara-
tions (G), and sections corresponding to the
dotted lines H (jejenum) and | (cecum and
proxinal colon) are shown in (H) and (I), re-
spectively. In the jejenum (H), Ednrb was ex-
pressed in neural crest-derived cells (strong
fa punctate signal) and in the splachnic mesen-
s chyme (relatively weak and diffuse signal) dis-
tributed around the endoderm (e). In the ce-
cum region (I), expression was observed only
in ENCCs. E11.5 guts from Ret mutants were

also hybridized as whole-mount preparations with an Ednrb riboprobe (J). Sections through the jejenum and cecum/proximal colon are shown
in (K) and (L), respectively. Both regions of the gut lack neural crest-derived signal, while mesenchyme-specific signal was observed only in
the jejenum (K) and was absent from the cecum and colon regions. ce, cecum; co, colon; e, endoderm; h, hindgut; m, midgut; p, pancreas;

s, stomach; and si, small intestine.

reduced relative to control guts (Figure 2; compare pan-
els H1-H2 to B1-B2). To quantify this effect, we hybrid-
ized guts from wild-type and ET-3-deficient E12.5 em-
bryos with a Phox2B-specific riboprobe and determined
the number of ENCCs present on Sl sections (Figures
2P and 2Q). The average number of Phox2B+ cells pres-
ent in Sl sections from ET-3-deficient embryos (39 + 7)
was significantly reduced relative to that of their wild-
type littermates (69 =+ 7). In addition to the reduction in
cell number, no ENCCs had entered the colon at this
stage (Figures 2H1 and 2H2). However, at E15.5, the
number of neurons in the Sl of Et-3** embryos was
apparently similar to that of wild-type controls, but
Tud1+ cells were detected only in the proximal 1/3-1/2
of the colon (Figure 2, compare panels 11-13 with C1-C3).
In summary, these studies showed that in addition to
colonic aganglionosis, both Ret*’*" and Et-3*"* embryos
have a transient defect in ENS formation in the Sl (be-
tween E10.5 and E12.5), characterized by reduced num-
ber and delayed migration of ENCCs.

To examine the genetic interaction between c-Ret and
Et-3, compound heterozygotes for Ret’ and Et-3*
(whose gut phenotypes were indistinguishable from
wild-type controls) were intercrossed, and guts of em-
bryos with various combinations of mutant alleles were
analyzed for Phox2B (at E12.5) or TuJ1 (at E15.5) expres-
sion. At E12.5, in 35% of Ret"%'; Et-3*" (n = 23) and in
70% of Ret’’s’; Et-3*"* (n = 10) embryos examined,
ENCCs were virtually absent from the entire intestine
and were detected only within the stomach wall (Figures
2J1, 2J2, 2L1, and 2L2). In the remaining less severely
affected embryos, some ENCCs were detected in the

SI, but their number and extent of migration were signifi-
cantly reduced relative to Ret*”®! guts (data not shown).
This colonization defect was not corrected at later em-
bryonic stages, as a similar proportion of double mu-
tants at E15.5 showed drastically reduced or completely
absent enteric neurons throughout the intestinal wall
(Figures 2K1-2K3 and 2M1-2M3). These findings show
that removal of Et-3 activity in Ret®”®" animals results in
a phenotype (total intestinal aganglionosis) that is much
more severe compared to that of ET-3-deficient or Ret°"’
embryos (colonic aganglionosis) and suggests a strong
genetic interaction between Ret® and Et-3* alleles.
We also compared the colonization of the gut by
ENCCs between Et-3*s and Ret*”'; Et-3"* embryos.
At E12.5 we found that the number and distribution of
Phox2B+ cells in the Sl of the two groups were similar.
However, colonization of the colon was more extensive
in Ret™'; Et-3*" embryos relative to single Et-3°"* mu-
tants (Figure 2, compare N1-N2 and H1-H2). Thus,
ENCCs had successfully crossed the cecum and colo-
nized the proximal colon in 28% of Et-3*"* embryos (n =
14), but they did so in 90% of similar stage Ret*’*'; Et-
3" embryos analyzed (n = 12). To examine whether
this apparent rescue of LI colonization in E12.5 Ret*"';
Et-3*"* embryos is maintained at later stages, we com-
pared the distribution of Tud1+ cells in the Gl tract of
Et-3"s and Ret*”; Et-3""* embryos ranging from E14.5
to E15.5. Enteric neurons were detected in the proximal
LI of all embryos analyzed (Figures 2I1 and 201). How-
ever, and consistent with our findings at E12.5, the LI
of Ret™"'; Et-3*/* embryos was more extensively colo-
nized by enteric neurons relative to single Et-3*"* mu-
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Figure 2. Genetic Interaction between Ret®’ and Et-3"* Alleles Controls the Development of the ENS throughout the Intestine

Guts were dissected from E10.5 (A, D, and G), E12.5 (B1-B2, E1-E2, H1-H2, J1-J2, L1-L2, and N1-N2), and E15.5 (C1-C3, F1-F3, 11-13, K1-K3,
M1-M3, and 01-03) mouse embryos of the appropriate genotypes and hybridized with a Phox2B-specific riboprobe (E10.5 and E12.5
preparations) or stained with neuron-specific tubulin (E15.5 preparations) as whole-mount preparations. Panels B2, E2, H2, J2, L2, and N2
show enlargements of the distal small intestine, cecum, and colon of the gut preparations shown in B1, E1, H1, J1, L1, and N1, respectively.
Arrowheads in B2, E2, H2, and N2 indicate the position of the front of migrating ENCCs. The diagram below the E15.5 panels is a schematic
presentation of the gut. The shaded parts of the diagram show the regions of the gut represented in each column. (P) and (Q) show representative
transverse sections through the small intestine of E12.5 wild-type and Et-3*"* mutant guts, respectively. Note the reduced number of Phox2B+
cells in the ET-3-deficient gut.

Combination of Ret®’ and Et-3" alleles in the genotypes shown in panels J1-J2, K1-K3, L1-L2, and M1-M3 results in a dramatic reduction in
the number of ENCCs in the entire intestine relative to the single Ret*"*" (E1-E2) and Et-3*"* (H1-H2) mutants. However, a single Ret® allele
partially rescues the phenotype of Et-3*"* homozygotes at E12.5 as more Phox2B-expressing cells have crossed the cecum to enter the colon
in Ret*’®"; Et-3*"s embryos (N1-N2) relative to stage-matched Et-3** littermates (H1-H2). This rescue effect is maintained at later stages of
development as shown by the comparison of panels O3 and 13.

(R) Diagrammatic representation of distal small intestine (Sl), cecum (ce), and large intestine (co) of E14.5-E15.5 embryos with numbers
indicating the fraction of the colon beyond the cecum. Each symbol represents the extent of colonization of the gut by neural crest-derived
cells in an individual embryo. Same shape symbols (grouped on a single line) represent littermates. Black shapes are Et-3*"* embryos, while
red shapes represent Ret"; Et-3"s embryos. Note that the presence of single Ret® allele generally results in more extensive colonization of
the large intestine in E14.5-E15.5 Et-3*"* homozygous embryos. ce, cecum; co, colon; s, stomach; and si, small intestine.

tants (Figure 2, compare panels I3 and O3). This effect centage length of LI covered by neuronal plexus was
is shown schematically in Figure 2R, where we recorded greater in Ret*”®'; Et-3*"s embryos relative to their Et-
the extent of colonization of the LI in Et-3" and Ret™’; 3“s counterparts. These findings indicate that the pres-

Et-3""* littermates at E14.5-E15.5. In general, the per- ence of a single Ret® allele can partially rescue the
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aganglionosis of Et-3** animals and suggest that changes
in RET activity can alter the phenotypic outcome of Et-3/
Ednrb mutations.

Synergistic Effect of ET-3 and GDNF on the
Proliferation of ENS Progenitors In Vitro

The dramatic reduction in the number of ENCCs and
enteric neurons in the Sl of Ret®"*"; Et-3*"s and Ret°"*"; Et-
3s embryos relative to single Ret*’?! or Et-3"* mutants
suggests that EDNRB and RET signaling together con-
trol the colonization of the fetal Gl tract by ENS progeni-
tors. Previous studies have shown that GDNF promotes
the proliferation, differentiation, migration, and survival
of cultured ENCCs and that ET-3 inhibits their differenti-
ation (Focke et al., 2003; Gianino et al., 2003; Hearn et
al., 1998; Heuckeroth et al., 1998; Natarajan et al., 2002;
Taraviras et al., 1999; Worley et al., 2000; Wu et al.,
1999; Young et al., 2001). Here, we have re-examined
the effects of GDNF and ET-3, separately and in combi-

Figure 3. Synergistic Effects of ET-3 and
GDNF on the Proliferation of Undifferenti-
ated ENCCs

E11.5 mouse embryonic ceca were dissoci-
ated, cultured for up to 36 hr, and stained by
immunofluorescence with antibodies for RET
(red), TuJ1 (green), and H3p (red), and coun-
terstained with the nuclear stain TO-PRO-3
(blue). Characteristic examples of individual
cells from such cultures are shown in (A)—(D).
In Tud1— cells, RET expression is identified
by the red cytoplasmic signal (arrows in A
and B), while in Tud1+ cells, RET expression
is identified by the yellow cytoplasmic signal,
which results from the superimposition of red
(RET) and green (TuJ1) colors outside the nu-
cleus (arrows in C and D). H3p+ dividing cells
are identified by red signal within the nucleus
(B and C). Cells in (A) and (B) are RET+/
Tud1—-/H3p— and RET+/TudJ1—/H3p+, re-
spectively. Cells in (C) and (D) are RET+/
Tud1+ "/H3p+ and RET+/TuJ1+ "s"/H3p—,
respectively.

The histograms in (E) and (F) show the pro-
portion of H3p-expressing undifferentiated
progenitors (RET+/Tud1-) (E) and the frac-
tion of H3p-expressing neuroblasts (RET+
TuJd1+"") (F) in cultures maintained in the in-
dicated combinations of GDNF, ET-3, PKAI,
and forskolin. Note that ET-3 on its own has
relatively small effects on the percentage of
proliferating cells but specifically enhances
the effect of GDNF on the proliferation of un-
differentiated progenitors of the ENS. The ef-
fect of PKAI is similar to that of ET-3.
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nation, on the proliferation of ENS progenitors by estab-
lishing primary cultures from the cecum of E11.0-E11.5
mouse embryos. As Ednrb expression was undetectable
in the splachnic mesenchyme of the cecum at this stage
(Figures 11 and 1L), we reasoned that any changes in
proliferation of ENCCs were likely to reflect the direct
effect of ET-3 on ENS progenitors. This is further sup-
ported by our failure to detect expression of Ednrb by
RT-PCR analysis of the mesenchymal component of
dissociated cecal cultures established from either wild-
type or RET-deficient E11.0-E11.5 mouse embryos (data
not shown). Dissociated ceca were plated at low density
in the presence of various combinations of growth fac-
tors (see Experimental Procedures), and 24-36 hours
after plating, cultures were analyzed for expression of
RET (to identify neural crest-derived cells), Tud1 (to iden-
tify cells committed to the neuronal lineage), and the
mitotic marker phosphohistone-3 (H3p; Figures 3A-3D).
This marker combination enabled us to identify the frac-
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tion of dividing (H3p+) cells among the pool of undiffer-
entiated ENCCs (RET+/Tud1—; which constitute ap-
proximately 15% of the total RET+ population) or
committed neuroblasts and neurons (RET+/Tud1+;
85%). All dividing RET+/Tud1+ cells expressed rela-
tively low levels of TuJ1 and showed no signs of overt
neuronal differentiation, and we never observed H3p+/
RET+/Tud1 + M cells. Relative to control medium, addi-
tion of GDNF increased significantly the fraction of H3p+
cells among both the RET+/Tud1— and RET+/TuJd1+
cell populations (by 11.6% and 19.2%, respectively; p <
0.001; Figures 3E and 3F). ET-3 alone had either no
effect on RET+/Tud1— cells or resulted in a relatively
small increase in the fraction of H3p+ cells of the RET+/
Tud1+ cell population (Figures 3E and 3F). GDNF and
ET-3 in combination also did not change significantly
the percentage of dividing neuroblasts relative to GDNF-
only cultures (20.4% *+1.2% and 19.9% = 2.9%, respec-
tively; Figure 3F). However, in the presence of GDNF,
ET-3 led to a more than 3-fold increase in the percentage
of H3p+ undifferentiated ENS progenitors (36.6% =
3.0% versus 11.7% = 1.8%; p < 0.001; Figure 3E). This
effect of ET-3 was abrogated by BQ788, a specific inhibi-
tor of EDNRB (Wu et al., 1999), indicating a requirement
for activation of this receptor (data not shown). In sum-
mary, our studies show that GDNF promotes the prolifer-
ation of undifferentiated ENCCs and enteric neuroblasts
and that ET-3 functions cooperatively with GDNF to spe-
cifically enhance its proliferative effect on undifferenti-
ated ENCCs.

Inhibition of PKA Activity Mimics the Effect

of ET-3 on Undifferentiated ENS Progenitors
Activation of EDNRA and EDNRB receptors can reduce
the activity of cAMP-dependent Protein Kinase A (PKA)
in certain cell types (James et al., 1994; Ono et al., 1994).
To explore the possibility that inhibition of PKA activity
mediates the effects of ET-3 on the proliferation of ENS
progenitors, we examined the combined effects of
GDNF and the PKA inhibitor 4-Cyano-3-methylisoquini-
line (designated hereafter PKAI) (Jiao et al., 2002) on
primary cultures of dissociated E11.0-E11.5 mouse em-
bryo ceca. Similar to the effect of ET-3, addition of PKAi
to GDNF-containing medium did not alter the prolifera-
tion of enteric neuroblasts (RET+/Tud1 +) but increased
the percentage of H3p+ undifferentiated ENS progeni-
tors (RET+/Tud1-) (Figures 3E and 3F). The effect of
PKAi was of similar magnitude to that of ET-3, while
combination of GDNF, ET-3, and PKAI did not result in
a further increase of cell proliferation in either of the two
cell populations (Figures 3E and 3F). We also examined
the effects of the PKA activators forskolin and db-cAMP
in combination with GDNF. In the presence of either
activator, the effect of GDNF on both undifferentiated
ENCCs and enteric neuroblasts was reduced (Figures
3E and 3F and data not shown). Interestingly, in the
presence of either compound, ET-3 failed to promote
cell proliferation, indicating that this effect required inhi-
bition of PKA activity. In a parallel series of experiments,
addition of the protein kinase C inhibitor, bisindolylma-
leimide (Tokuda et al., 2003), resulted in the opposite
effect to that of PKAI, indicating the specificity of the
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Figure 4. Reduced Proliferation of ENS Progenitors in the Gut of
Et-3*" Embryos

E11.5-E12.0 intestine from wild-type embryos was dissociated, cul-
tured for up to 2 hr, and immunostained for SOX10 and H3p. Typical
images of SOX10 and/or H3p expressing cells are shown in (A).
Open arrow shows a SOX10-+/H3p— cell, the closed arrow identifies
a SOX10+/H3p+ cell, and the arrowhead shows a SOX10-/
H3p+ cell.

The histogram in (B) shows the fraction of H3p+ cells within the
SOX10+ population present within the cultures of wild-type (Et-
3%/%) and Et-3*s mutants. In Et-3"* mutants a smaller fraction of
SOX10-expressing ENS progenitors is dividing.

PKAi compound (data not shown). Taken together, these
studies show that ET-3, in conjunction with GDNF, pro-
motes the proliferation of undifferentiated ENS progeni-
tors and suggest that this effect requires inhibition of
PKA activity.

Reduced Mitotic Activity of ENCCs

in Et-3*"* Embryos

The proliferation-promoting effect of ET-3 on undifferen-
tiated ENCCs in culture raises the possibility of a similar
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Figure 5. ET-3 Modulates the Migratory Response of ENCCs to GDNF

E10.5-E11.0 mouse embryonic gut (represented in panel A after in situ hybridization with a Ret-specific riboprobe to reveal ENCCs) was
placed in a three-dimensional collagen gel and cultured overnight (<16 hr) in control medium (B) or medium containing GDNF (C), GDNF+ET-3
(D), GDNF+ET-3+BQ788 (E), or GDNF+PKAi (F). At the end of the culture period, explants were immunostained for RET. ET-3 inhibits the
GDNF-induced migration of ENCCs (compare panels C and D). This effect is relieved by BQ788 (E) and mimicked by PKAi (F). The box in (A)
indicates the area of the gut detailed in (B)-(F). To quantify these effects, the number of RET+ cells present within the boxed area of the
collagen matrix was counted in explants (n = 12) maintained under various culture conditions, and the results are presented as a histogram (G).

role for this signaling molecule in vivo. Previous studies
have shown that Sox70, a member of the high-mobility
group (HMG) gene family, is specifically expressed by
neural crest stem cells (NCSCs) and undifferentiated
ENS progenitors in vivo and is downregulated upon neu-
ronal differentiation (Kim et al., 2003; Paratore et al.,
2001, 2002; Young et al., 2003; and our unpublished
observations). Thus, comparative analysis of Ret and
Sox10 expression in the gut of mouse embryos has
shown that the populations of undifferentiated RET-
expressing cells (RET+/TuJ1- or RET+/PGP9.5—) and
SOX10+ cells are equivalent (Young et al., 2003). Fur-
thermore, Sox10 contributes to the maintenance of the
multipotential state of NCSCs in culture (Kim et al., 2003).
Therefore, using SOX10 as a marker of undifferentiated
ENS progenitors, we compared the fraction of proliferat-
ing SOX10+ cells between wild-type and Et-3** mu-
tants. For this, dissociated Sl from wild-type or ET-3-
deficient mouse embryos (E11.5-E12.0) were plated and
analyzed for expression of H3p and SOX10 as soon as
cells attached to the culture substrate (=2 hr). The short
culture period was likely to reflect the mitotic activity of
gut cells in vivo. We found that 30% = 3% of SOX10-
expressing cells in wild-type cultures were dividing.
However, in parallel cultures from ET-3-deficient em-
bryos, the corresponding fraction of H3p+ cells was
reduced to 20% =+ 1% (p = 0.00138, Figure 4B). Analysis
of the total cell population showed no difference in the
percentage of dividing cells between wild-type and mu-
tant cultures (not shown). These data are consistent with
our previous findings and suggest that ET-3 is required
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in vivo to maintain normal levels of mitotic activity of
undifferentiated ENS progenitors.

ET-3 Inhibits the Chemoattractive Effect

of GDNF on ENCCs

Our studies thus far indicate that the severe intestinal
aganglionosis of double mutant embryos (Ret®”’; Et-3*/
and Ret°"%"; Et-3"/) results from reduced ENCC prolifera-
tion. However, an additional explanation could be the
requirement of a functional RET/EDNRB interaction to
control the migration of ENCCs. Previous studies have
shown that RET mediates the chemoattractive and mi-
gratory effect of GDNF on ENS progenitors (Natarajan
et al., 2002; Young et al., 2001) and that ENCCs from
Ret’” mutants show a diminished response to GDNF
(Natarajan et al., 2002). However, the role of EDNRB
activation on ENCC migration is presently unknown. To
examine this, we analyzed the effect of ET-3 on RET-
mediated ENCC chemoattraction on fetal gut explants
maintained in collagen gel matrices for 16 hr, as de-
scribed previously (Natarajan et al., 2002). As expected,
addition of GDNF to the culture medium resulted in sig-
nificant emigration of ENCCs away from the explant and
into the collagen matrix (Figure 5; compare panels B
and C). However, addition of ET-3 (100 nM) led to a
dramatic reduction in the number of ENCCs emigrating
from the explants in response to GDNF (Figure 5D). In
the absence of GDNF, ET-3 had no discernible effect
on ENCC emigration from the explant (not shown).
BQ788 had no effect on GDNF-induced ENCC migration
(not shown) but abrogated the inhibitory effect of ET-3
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in this assay (Figure 5E). These findings indicate that
ET-3 inhibits the GDNF-induced migratory response of
ENCCs in vitro.

To examine whether the effect of ET-3 on cell migra-
tion is mediated via its ability to modulate the activity
of PKA, similar explant culture assays were performed
in the presence of PKAi or dbcAMP. We found that PKAi
abrogates the chemoattractive effect of GDNF on Si
explants in a similar manner to ET-3 (Figure 5F). In con-
trast, db-cAMP appeared to enhance the effect of GDNF
(data not shown). These data suggest that, as is the case
for cell proliferation, the effect of ET-3 on cell migrationis
likely to be mediated by changes in PKA activity.

Discussion

Genetic Interaction between c-Ret and Et-3

The independent roles of the RET and EDNRB signaling
pathways in the development of the mammalian ENS
and their link to HSCR are well established (Chakravarti,
2001). Over the last several years, a series of murine
c-Ret alleles have been generated that result in a spec-
trum of ENS phenotypes, ranging from a small transient
reduction in the rate of migration of ENCCs (Ret’ de
Graaff et al., 2001, and our unpublished observations)
to total intestinal aganglionosis (Ret* and Ret™-¢"; Eno-
moto et al.,, 2001; Schuchardt et al., 1994). Between
these extremes is the phenotype of Ret’” homozygous
mice, which are characterized by aganglionosis of the
colon and constitute a model for HSCR (de Graaff et al.,
2001). This phenotype is also observed in mutations of
Ednrb or Et-3, analysis of which has suggested that
EDNRB function in ENCCs is required between E11.5
and E12.5 as they cross the cecum and enter the LI
(Baynash et al., 1994; Coventry et al., 1994; Hosoda et
al., 1994; Kapur et al., 1992; Shin et al., 1999; Sidebotham
et al.,, 2002; Woodward et al., 2000). Together, these
studies have suggested a specific requirement of
EDNRB activity for enteric ganglia formation in the distal
colon (Leibl et al., 1999; Sidebotham et al., 2002; Wood-
ward et al., 2000). Recently, Chakravarti and colleagues
have demonstrated cotransmission of RET and EDNRB
alleles in HSCR patients and that a genetic interaction
between a null Ret and an Ednrb loss-of-function allele
determines the extent of aganglionosis in the mouse
colon (Carrasquillo et al., 2002; McCallion et al., 2003).
Here, we have re-examined the expression of Et-3 and
Ednrb in mouse embryonic gut during ENCC coloniza-
tion and analyzed the development of ENS in embryos
expressing combinations of Et-3" and Ret’’ alleles. Our
results extend previous studies by demonstrating a ge-
netic interaction between Ret and Et-3, the locus encod-
ing the functional ligand of EDNRB in the gut, and pro-
vide evidence that the requirement for ET-3 activity
within the fetal gut is not restricted to the colon but
extends into prececal gut segments. We suggest that
the coordinate activity of RET and EDNRB signaling
pathways controls neurogenesis throughout the mu-
rine intestine.

The present studies highlight the unique advantages
of Ret’’ relative to other c-Ret alleles (such as the null
Ret*) in testing specific interactions with genes encod-
ing components of the ET-3/EDNRB signaling pathway.

We reason that the complete absence of ENCCs in Ret*
homozygous mice precludes the analysis of the effects
on ENS development of this genotype when combined
with other unlinked mutations. On the other hand, the
lack of a detectable ENS phenotype in Ret* heterozy-
gotes (Durbec et al., 1996; Schuchardt et al., 1994; and
our unpublished observations) is consistent with the
relatively small effect of a single copy of Ret on the
phenotype of Ednrbs or Ednrbs' mutations (Carrasquillo
et al., 2002; McCallion et al., 2003). We suggest that the
activity of the hypomorphic Ret®" allele is sufficiently
high to allow formation of enteric ganglia in most of the
Gl tract of Ret®"" animals (de Graaff et al., 2001; and this
study) but low enough to provide a sensitive measure of
the extent of interaction between Ret and Et-3. In that
respect, it would be interesting to examine the potential
interaction of Ret®’ with mutant alleles encoding compo-
nents of additional independent signaling pathways.

RET and EDNRB Cooperatively Control

the Proliferation of ENS Progenitors

Based on the ability of ET-3 to inhibit neuronal differenti-
ation in vitro, it has been suggested that the agangli-
onosis in Et-3** mutants is due to premature exit from
the cell cycle and enhanced differentiation of ENCCs
which, in the absence of ET-3, fail to generate enough
progenitors to colonize the entire colon (Hearn et al.,
1998; Wu et al., 1999). Our studies suggest that, in addi-
tion to its antagonistic effect on differentiation, ET-3
cooperates with GDNF to promote the proliferation of
undifferentiated ENS progenitors. This early response
of ENCCs (observed within 16 hr of culture) does not
appear to be the consequence of inhibition of cell differ-
entiation (which reaches maximum effect over a period
of 2-7 days) (Hearn et al., 1998; Wu et al., 1999; our unpub-
lished data). Also, the enhancing effect of ET-3 on cell
proliferation is unlikely to reflect an increase in cell sur-
vival, as deletion of the EDNRB signaling pathway in
vivo does not alter apoptotic cell death of neural crest
derivatives (Lee et al., 2003). Therefore, the early coloni-
zation defect of the gut in Et-3*"* embryos (Figures 2G,
2H1, and 2H2) and the absence of enteric ganglia in
mature animals are likely to result from the combined
effects of reduced proliferation and increased differenti-
ation of ENCCs. Our findings differ from previous re-
ports, which showed no clear effect of ET-3 on the prolif-
eration of cultured ENS precursor cells (Hearn et al.,
1998; Wu et al., 1999). However, as these studies did
not distinguish between uncommitted ENS progenitors
and enteric neuroblasts/neurons, itis likely that the pres-
ence of the latter cell population (which appear to be
refractory to ET-3) obscured the effect of this molecule
on the relatively small subpopulation of uncommitted
progenitors.

The enhancing effect of ET-3 on the mitotic activity
of ENS progenitors is conditional upon activation of RET,
highlighting the essential function of this receptor in
the proliferation of ENCCs. Consistent with our data, a
recent report has demonstrated that GDNF determines
the number of enteric neurons in the mouse gut by con-
trolling the proliferation of their progenitors (Gianino et
al., 2003). This, together with our studies using wild-
type and mutant embryos, suggest strongly that during
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enteric neurogenesis, the RET- and EDNRB-mediated
signaling pathways have partially overlapping functions
and control cooperatively the proliferation of ENS pro-
genitors in vivo.

The critical role of RET on the proliferation of ENS
progenitors provides a potential explanation for the tran-
sient nature of the colonization defect observed in the
Sl of E10.5-E12.5 Et-3*"s mutants. We suggest that in
the absence of ET-3, normal RET activation is sufficient
to compensate for the lack of EDNRB signaling in the
Sl. However, removal of ET-3 activity in Ret®"*” embryos,
the cells of which show reduced response to GDNF
(Natarajan et al., 2002), is likely to be associated with
further critical reduction of early proliferative signals,
leading to total intestinal aganglionosis. But why does
normal RET signaling fail to rescue the aganglionosis in
the colon of ET-3-deficient embryos? It is possible that
the relatively high level of GDNF at the cecum and proxi-
mal colon during embryogenesis (Leibl et al., 1999; Na-
tarajan et al., 2002; Young et al., 2001) promotes further
differentiation of the migrating ENCCs, thus removing
an even larger number of ENS progenitors from the cell
cycle. Further support for this hypothesis is provided by
the analysis of Ret*”'; Et-3""* embryos, which generally
show reduced aganglionosis relative to Et-3*"s mutants.
We propose that the partial reduction in RET activity in
these embryos compromises the differentiation-pro-
moting effect of RET in ENCCs as they cross the cecum
and proximal colon. Although in an otherwise normal
genetic background (Ret*’%'; Et-3*/*) this would have no
obvious effect, it is likely that in ET-3-deficient embryos
(Ret*’®"; Et-3/%) it allows a larger fraction of ENS progeni-
tors to remain undifferentiated and retain their migratory
capacity. Taken together, our analysis of double mutant
embryos indicates that normal colonization of the mam-
malian intestine by ENCCs and enteric neurogenesis
requires the coordinate and balanced interaction be-
tween RET and EDNRB signaling pathways. Further-
more, these studies reveal previously unrecognized
complexities in the regulation and integration of cellular
processes underlying the colonization of the gut by
ENCCs and mammalian ENS development.

A large number of in vitro and in vivo studies have
identified growth factor requirements for the differentia-
tion of neural crest cells to specific cell lineages (Mor-
rison et al., 2000, and references therein). However, the
signals that control proliferation and self-renewal of un-
differentiated neural crest cells are less well defined.
Such signals are likely to play a critical role in vertebrate
development by controlling the number of progenitor
cells available for differentiation into the various neural
crest derivatives, such as cranial bone and cartilage,
melanocytes, and neurons and glia of the peripheral
nervous system (Le Douarin and Kalcheim, 1999). Our
present data showing that ET-3, in conjunction with
GDNF, specifically promotes the proliferation of uncom-
mitted ENS progenitors, together with previous studies
demonstrating an inhibitory effect on neuronal differenti-
ation, suggest that endothelins represent a class of ex-
tracellular signals that regulate the number of undiffer-
entiated neuroectodermal progenitors. In support of this
hypothesis, cell culture studies have previously shown
that ET-3 promotes the proliferation of avian primary
neural crest cells and melanoblasts (Dupin et al., 2001;

Hou et al., 2000; Lahav et al., 1996, 1998; Reid et al.,
1996). Furthermore, analysis of mandibular bone pheno-
types of zebrafish embryos lacking endothelin-1 sug-
gests that this cytokine regulates the number of embry-
onic cells recruited as osteoblasts for the formation of
specific cranial bones (Kimmel et al., 2003). Therefore, it
is likely that endothelins function throughout vertebrate
evolution to control the number of progenitors and thus
the ultimate size of specific neuroectodermal deriva-
tives, including the ENS. Interestingly, Reid et al. have
shown that ET-3, in controlling the proliferation of mela-
nocyte progenitors, acts synergistically with steel factor,
the ligand of the RTK KIT (Reid et al., 1996). This, to-
gether with our present data, argues that different neural
crest lineages have adopted similar molecular strategies
for the regulation of progenitor cell numbers.

Activation of EDNRB Inhibits the Chemoattractive
Effect of GDNF on ENS Progenitors

Our experiments reveal a previously unrecognized func-
tion of ET-3, namely inhibition of GDNF-induced cell
migration. The antagonistic effect of ET-3 on the migra-
tory response of ENCCs to RET activation appears to
be paradoxical in that Et-3 is expressed at highest levels
near and ahead of the front of migration of ENCCs.
However, it is possible that expression of Et-3 by the
gut mesenchyme is critical for setting up the pace and
boundaries of ENCC migration. Such restrictions might
be important for the orderly colonization of the gut by
neural crest cells, and their absence could lead to aber-
rant migration and abnormal location of ENCCs and their
derivatives. In that respect, it is interesting that in ET-
3-deficient mice, ectopic ganglia have been identified
in the pelvic region located outside the enteric muscula-
ture in the adventitia of the colon (Payette et al., 1987;
Rothman and Gershon, 1984). Such ganglia could be
derived from ENS progenitors that fail to follow the cor-
rect migratory pathways established by GDNF.

PKA Is Likely to Mediate Some of the Effects

of ET-3 on RET Signaling

Our experiments suggest that PKA is likely to be an
important component of the regulatory link between the
signaling pathways activated by RET and EDNRB. Spe-
cific inhibition of PKA activity mimics the effect of ET-3
on GDNF-induced cell proliferation and migration, while
activation of PKA by pharmacological agents that in-
crease intracellular levels of cAMP is sufficient to block
these effects. Moreover, increased intracellular levels
of cAMP prevent the proliferative effect of ET-3, sug-
gesting that ET-3 normally functions by reducing the
activity of PKA in EDNRB-expressing cells. Further sup-
port for such a role comes from the identification of
HSCR patients with a mutant form of EDNRB that is
unable to reduce intracellular cAMP but retains other
signaling properties (Fuchs et al., 2001). Recent findings
by Takahashi and colleagues suggest a potential mech-
anism by which modulation of PKA activity could influ-
ence aspects of RET function (Fukuda et al., 2002).
These workers identified serine 696 (S696) in the juxta-
membrane domain of RET as a target of PKA and
showed that its phosphorylation promotes lamellipodia
formation in neuroectodermal cells by enhancing the
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activity of effector signaling pathways downstream of
RET (Fukuda et al., 2002). One such signaling pathway
is that of PI3K, activation of which is critical for ENCC
migration (Natarajan et al., 2002). We therefore suggest
that the inhibitory effect of ET-3 on GDNF-induced
chemoattraction results from inhibition of PKA and thus
the suboptimal activation of effectors of PI3K and possi-
bly other signaling pathways. However, it is currently
unclear whether the effects of PKA as a modulator of
GDNF-induced ENCC proliferation are mediated by
S696 or other potential PKA target sites on RET or other
components of its signaling pathway.

Concluding Remarks

Neurogenesis along the gutis an asynchronous process.
Due to the single entry point of vagal neural crest cells
(anterior foregut) and the extensive length of the gut,
the rostrocaudal colonization of the organ by neural
crest cells is gradual and completed over several days.
During this period, extensive neurogenesis and ganglio-
genesis is taking place in proximal gut segments while
more distal regions are being invaded by the first
ENCCs. This mode of development requires that the
various cellular processes underlying enteric neurogen-
esis are coordinated along the gut and integrated with
the growth of the organ itself. As RET signaling controls
the survival, proliferation, differentiation, and migration
of mammalian ENS progenitors, regulation of the out-
come of RET activation within the Gl tract is likely to be
critical for normal ENS development. Such regulation
could be achieved by the spatial and temporal control
of the expression and activity of other signaling factors
along the length of the gut, which could influence the
outcome of RET signaling. The dynamic distribution of
ET-3 along the gut and its differential effects on cellular
processes controlled by RET suggest that this signaling
molecule fulfils the criteria as a regulator of RET signal-
ing. Understanding the molecular mechanisms that me-
diate such control will provide new insights into the
process of vertebrate neurogenesis and contribute to
the understanding of the pathogenesis of congenital
neuronal deficiencies.

Experimental Procedures

Animals

The generation and genotyping of Ret®’ and Ret" mice has been
described previously (de Graaff et al., 2001; Schuchardt et al., 1994).
Mice carrying the Et-3° allele were obtained from the Medical Re-
search Council Mammalian Genetics Unit, Harwell (UK) and back-
crossed to C57BI/6 mice for at least four generations. Heterozygous
and homozygous Et-3* animals were identified by PCR (Rice et al.,
2000). Tissues from wild-type animals were obtained either from
littermates of mutants (Figure 2) or from Parkes (outbred) mice. The
day of vaginal plug was considered to be E0.5.

Explant Cultures

Embryonic gut explant cultures have been described previously
(Natarajan et al., 2002). Briefly, gut was dissected from E10.5 mouse
embryos, placed in a three-dimensional collagen gel matrix, and
cultured overnight in a defined medium (optiMEM: Life Technolo-
gies, UK) supplemented with L-glutamine (1 mM; Life Technologies)
and penicillin/streptomycin antibiotic mixture (Life Technologies)
in an atmosphere of 5% CO,. Combinations of GDNF (10 ng/ml;
Peprotech), ET-3 (100 nM; Calbiochem), PKA inhibitor (4-Cyano-
3-methylisoquinoline 100 nM; Calbiochem), forskolin (20 .M; ICN),

and db-cAMP (1 mM; Calbiochem) were added to this medium as de-
scribed.

Cultures of Dissociated Cecum and Small Intestine

The cecal region was dissected from E11.0-E11.5 mouse embryos
(Parkes) and incubated with Dispase/Collagenase (0.5 mg/ml in
Phosphate Buffered Saline-1x PBS; Roche) for 5 min at room tem-
perature. The tissue was washed three times with 1x PBS, dis-
sociated into single cells by repeated pipetting, and plated onto
fibronectin-coated (20 pg/ml) SONIC-SEAL SLIDE wells (VWR)
(equivalent of one quarter of a cecum/well) in optiMEM supple-
mented with combinations of GDNF (10 ng/ml), ET-3 (100 nM), PKAi
(100 nM), forskolin (20 .M; ICN), or the PKC inhibitor (bisindolylma-
leimide 20 wM; Calbiochem). Cultures were incubated for up to 36
hr in an atmosphere of 5% CO,.

Acute cultures of dissociated Sl were prepared from E11.5-E12.0
wild-type and Et-3*" mutants as described above. These cultures
were maintained in optiMEM for up to 2 hr in an atmosphere of
5% CO,.

Immunostaining

For immunostaining, explants were fixed for 2 hr in 4% paraformal-
dehyde (in 1x PBS) at 4°C. After washing twice in PBT (1X
PBS+0.1% Triton X-100), they were incubated for 5 hr with a poly-
clonal anti-RET antibody (goat; R&D Systems, 1:50) and TuJ1
(mouse; BABCO, 1:1000), diluted in PBT containing 1% BSA and
0.15% Glycine (PBG). The explants were then washed three times
with PBG and incubated for 2 hr at room temperature with anti-goat
FITC-conjugated antiserum (1:500; Jackson Labs) and anti-mouse
Alexa Fluor (1:500; Molecular Probes). After washing three times in
PBG, explants were mounted in VECTASHIELD (Vector Labora-
tories) and analyzed with a Zeiss Axiophot compound microscope.

Dissociated cecum cultures were fixed with 3% paraformalde-
hyde for 15 minutes at 4°C. The cells were subsequently washed
three times in PBT and then immunostained with Tud1 (mouse;
BABCO, 1:1000), RET (rabbit; IBL, 1:50), and anti-phospho-His-
tone-3 (rabbit; Upstate, 1:500) for 5 hr at room temperature in PBT
containing 10% heat-inactivated sheep serum (HISS). After washing
three times in PBT, the cells were incubated with secondary antibod-
ies (anti-mouse FITC-conjugated; Jackson Labs, 1:500, and anti-
rabbit Alexa Fluor; Molecular Probes, 1:500) in 10% HISS/PBT for
2 hr at room temperature. The cells were washed three times in PBT,
counterstained with TO-PRO-3-iodide (Molecular Probes, 1:3000 in
PBS), and mounted using VECTASHIELD. The cells were analyzed
with a BIO-RAD confocal microscope, and images were compiled
using Adobe Photoshop software.

Acute cultures of dissociated small intestine were fixed for 10 min
in 4% paraformaldehyde at 4°C. After washing three times with PBT,
the cells were immunostained with a monoclonal antibody for SOX10
(Kim et al., 2003; mouse; 1:10 kind gift from Dr. D. Anderson) and
anti-phospho-Histone-3 (rabbit; Upstate, 1:500) overnight at 4°C.
Secondary antibodies (anti-rabbit FITC-conjugated; Jackson Labs,
1:500, and anti-mouse Alexa Fluor; Molecular Probes, 1:500) were
applied for 2 hr at room temperature.

In Situ Hybridization

Whole-mount in situ hybridization histochemistry was performed as
previously described (Durbec et al., 1996; Natarajan et al., 2002). The
riboprobes for detecting c-Ret mRNA was generated from pmcRet7
(Durbec et al., 1996; Pachnis et al., 1993). Phox2b cRNA was gener-
ated from a 1.6 kb cDNA clone (kindly provided by C. Goridis) con-
taining the entire open reading frame and the 3’ untranslated region
(Pattyn et al., 1997). Riboprobes for detecting Et-3 and EdnrB were
transcribed from cDNA clones containing PCR amplified fragments
(kind gifts from M. Gershon). The Et-3-specific riboprobe is tran-
scribed from the PCR fragment encompassing nucleotides 372-989
of the full-length cDNA. A PCR fragment containing nucleotides
340-923 was used to prepare the EdnrB-specific riboprobe. For
sectioning, whole-mount preparations were postfixed in 4% para-
formaldehyde for 1 hr, cryoprotected with 30% sucrose in 1X PBS,
embedded in OCT, and sectioned at 12 .
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