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Development/Plasticity/Repair

Bone Morphogenetic Protein-2 and -4 Limit the Number of
Enteric Neurons But Promote Development of a TrkC-
Expressing Neurotrophin-3-Dependent Subset
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The hypothesis that BMPs (bone morphogenetic proteins), which act early in gut morphogenesis, also regulate specification and differ-
entiation in the developing enteric nervous system (ENS) was tested. Expression of BMP-2 and BMP-4, BMPR-IA (BMP receptor subunit),
BMPR-IB, and BMPR-II, and the BMP antagonists, noggin, gremlin, chordin, and follistatin was found when neurons first appear in the
primordial bowel at embryonic day 12 (E12). Agonists, receptors, and antagonists were detected in separated populations of neural crest-
and noncrest-derived cells. When applied to immunopurified E12 ENS precursors, BMP-2 and BMP-4 induced nuclear translocation of
phosphorylated Smad-1 (Sma and Mad-related protein). The number of neurons developing from these cells was increased by low
concentrations and decreased by high concentrations of BMP-2 or BMP-4. BMPs induced the precocious appearance of TrkC-expressing
neurons and their dependence on neurotrophin-3 for survival. BMP-4 interacted with glial cell line-derived neurotrophic factor (GDNF)
to enhance neuronal development but limited GDNF-driven expansion of the precursor pool. BMPs also promoted development of
smooth muscle from mesenchymal cells immunopurified at E12. To determine the physiological significance of these observations, the
BMP antagonist noggin was overexpressed in the developing ENS of transgenic mice under the control of the neuron-specific enolase
promoter. Neuronal numbers in both enteric plexuses and smooth muscle were increased throughout the postnatal small intestine. These
increases were already apparent by E18. In contrast, TrkC-expressing neurons decreased in both plexuses of postnatal noggin-
overexpressing animals, again an effect detectable at E18. BMP-2 and/or BMP-4 thus limit the size of the ENS but promote the develop-

ment of specific subsets of enteric neurons, including those that express TrkC.
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Introduction

The enteric nervous system (ENS) is derived from precursors that
emigrate to the bowel from the neural crest (Yntema and Ham-
mond, 1954, 1955; Le Douarin and Teillet, 1973, 1974; Pomeranz
et al,, 1991, 1993; Serbedzija et al., 1991; Burns and Le Douarin,
1998, 2001; Hearn and Newgreen, 2000). The crest-derived cells
that colonize the gut are multipotent (Rothman et al., 1990, 1993;
Sextier-Sainte-Claire Deville et al., 1994; Lo and Anderson,
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1995); thus, the molecules they encounter within the gut, as well
as precursor lineages, determine the unique properties of the ENS
(Blaugrund et al., 1996). For example, ENS development distal to
the esophagus (Schuchardt et al., 1994; Moore et al., 1996; Pichel
et al., 1996; Sénchez et al., 1996; Enomoto et al., 1998) requires
that glial cell line-derived neurotrophic factor (GDNF) (Suvanto
et al., 1996; Taraviras and Pachnis, 1999) bind to its coreceptor
GFRal (GDNF family receptor al) to activate Ret on crest-
derived cells (Jing et al., 1996; Treanor et al., 1996; Trupp et al.,
1996; Pachnis et al., 1998; Taraviras et al., 1999). GDNF stimu-
lates the proliferation of crest-derived cells immunoselected from
the rat gut at embryonic day 12 (E12) but not at E14, although it
continues to promote neuronal differentiation (Chalazonitis et
al., 1998b). Neurotrophin-3 (NT-3) also enhances the develop-
ment of enteric neurons in vitro (Chalazonitis et al., 1994) and is
required in vivo for the survival of the subset of enteric neurons
that expresses TrkC (Chalazonitis et al., 2001); however, NT-3
responsiveness does not begin until E14 (Chalazonitis et al.,
1998b). NT-3-dependent enteric neurons are important because
they include the submucosal intrinsic primary afferent neurons
(Chalazonitis et al., 2001) that enable the ENS to mediate peri-
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staltic and secretory reflexes (Cooke, 2000; Pan and Gershon,
2000). Both the requirements of enteric crest-derived cells for
growth factors and their responsiveness to such factors are thus
developmentally regulated.

BMPs (bone morphogenetic proteins) influence many devel-
opmental processes, including cell proliferation, apoptosis, and
the determination of the fates of non-neuronal cells (Hogan,
1996; von Bubnoff and Cho, 2001; ten Dijke et al., 2002), crest
cells (Liem et al., 1995; Shah et al., 1996; Varley and Maxwell,
1996; LaBonne and Bronner-Fraser, 1998; Marchant et al., 1998;
Sela-Donenfeld and Kalcheim, 1999), and neurons (Mehler et al.,
1997). BMP-4 is expressed in the mesenchyme of the primordial
gut in response to Shh (sonic hedgehog) secreted by the
endoderm (Roberts et al., 1995, 1998). Shh/BMP-4 signaling af-
fects the acquisition of both anteroposterior (Roberts, 2000) and
radial (Sukegawa et al., 2000) axes of the bowel and the develop-
ment of enteric mesenchyme (Roberts, 2000; Sukegawa et al.,
2000). BMP-2 and BMP-4 also affect the development of enteric
neurons in vitro (Pisano et al., 2000; Sukegawa et al., 2000).

The current study was performed to test the hypothesis that
BMP signaling plays a role in cell fate specification and differen-
tiation in the developing ENS. BMP signaling promoted differ-
entiation of neurons and the specification of the subset that ex-
presses TrkC. Paradoxically, by promoting differentiation of
postmitotic neurons from proliferating progenitor cells, BMP
signaling reduced the total number of neurons. Effects of BMP
signaling, therefore, are to limit the ultimate size of the ENS while
simultaneously promoting the development of specific subsets of
enteric neurons, such as that which is characterized by expression
of TrkC.

Parts of this work have been published previously in abstract
form (Chalazonitis et al., 1999, 2003a,b).

Materials and Methods

Animals. Pregnant female rats (Sprague Dawley; Charles River Labora-
tories, Waltham MA) were killed by CO, narcosis, followed by thoracot-
omy. Mice (CD-1; Charles River Laboratories) were killed by CO, inha-
lation. The Animal Care and Use Committee of Columbia University
approved these procedures. The day at which a vaginal plug was found
was designated as day 0 of gestation. The fetal rat bowel was dissected
aseptically at E12 from 30-32 fetuses per experiment and at E14 from
20-25 fetuses per experiment. Brain and gut were removed from mature
rats and mice.

Transgenic mice. The promoter for neuron-specific enolase (NSE) was
used to direct noggin overexpression in the NSE-noggin mice to neurons
(Forss-Petter et al., 1990) and enteroendocrine cells, both of which nor-
mally express NSE in the bowel (Schmechel et al., 1980; Bishop et al.,
1985; Tam and Lister, 1986; Scheuermann et al., 1989; Hearn et al., 1999).
The coding sequence of noggin was followed by those encoding an inter-
nal ribosome entry site (IRES) and enhanced green fluorescent protein
(EGFP) as part of a bicistronic transcript, so that the single NSE promoter
would direct expression of the EGFP reporter as well as noggin to facili-
tate detection of transgene expression (Chalazonitis et al., 2003a,b; Guha,
2003; Guhaetal., 2004). The postnatal small intestine was examined in 11
heterozygous and four homozygous NSE-noggin mice, as well as in seven
of their wild-type littermates [ages postnatal day 26 (P26) to P34]. The
fetal small intestine was examined in four heterozygous and four wild-
type littermates at E18.

Immunoselection. Crest-derived cells were immunoselected from the
fetal rat gut with antibodies to the common neurotrophin receptor,
p75NTR at E12 and E14 as described previously (Chalazonitis et al., 1994,
1998a,b, 2001). Briefly, the bowel was dissociated with collagenase to
yield a single-cell suspension, and the suspended cells were exposed,
sequentially, to antibodies to p75™"® and then to secondary antibodies
coupled to magnetic beads; the antibody-decorated crest-derived cells
were finally selected with a magnetic field. This procedure separates en-

J. Neurosci., April 28, 2004 - 24(17):4266 — 4282 « 4267

teric crest-derived cells, which are retained on a column by the magnetic
field, from the noncrest-derived cells, which pass through. Polyclonal anti-
bodies to p75 NTR (donated by Dr. Moses Chao, Skirball Institute, New York
University, New York, NY) or monoclonal antibodies (donated by Dr. Rob-
ert Rush, Flinders University, Adelaide, Australia) were used for immuno-
selection. Both antibodies react with rat p75™~"® (Chandler et al., 1984; Hu-
ber and Chao, 1995). The goat anti-rabbit and anti-mouse secondary
antibodies coupled to magnetic beads, and the columns used for immunos-
election were purchased from Miltenyi Biotec (Auburn, CA).

Tissue culture. Both crest- and noncrest-derived cells were studied. The
cells of each type were plated at a density of 1.2 X 10° cells/ml onto
12-mm-diameter glass coverslips (number 1001; RESY, Darmstadt, Ger-
many) or 400 mm? Nunc (Roskilde, Denmark) chambers that were
coated with poly-p-lysine, rat tail collagen, and laminin, as described
previously (Chalazonitis et al., 1998b). All cultures were maintained in a
defined medium [basic Brazeau medium (BBM)] (Ziller et al., 1983). At
the time of plating, the medium was supplemented with 20% horse se-
rum (JRH Biosciences, Lenexa, KS) to promote adherence of cells to the
substrate. After 18 hr, this medium was changed to serum-free BBM.
When cultures were maintained for longer than 4 d, they were fed with
fresh medium on the fourth day. In all experiments, the factors to be
studied, which included BMP-2 and BMP-4 (Genetics Institute, Cam-
bridge, MA; and Wyeth, Cambridge, MA), GDNF (rat recombinant; R &
D Systems, Minneapolis, MN), and NT-3 (human recombinant; Regen-
eron Pharmaceuticals, Tarrytown, NY), were added to the medium at the
time of plating and were present throughout the subsequent culture
period. Control cultures were supplemented with the vehicle in which
the growth factors were suspended (0.5% bovine serum albumin in
BBM).

Reverse transcription and the PCR. Total RNA was extracted from cells
or tissues by homogenization with Trizol (1 ml/100 mg of tissue; Invitro-
gen, Gaithersburg, MD). Chloroform (10% of the total volume) was
added, and the sample was covered and shaken vigorously, placed on ice
for 10 min, and then centrifuged for 15 min (13,000 X g). The aqueous
phase was removed, and RNA was precipitated with isopropanol (60% of
the Trizol volume). The RNA pellet was washed by resuspension in 70%
ethanol. The suspension was centrifuged for 5 min (10,000 X g), dried
briefly, and dissolved in diethylpyrocarbonate-treated water. The ex-
tracted RNA (2.0 ug) was then used as a template for random hexamer-
primed first-strand cDNA synthesis catalyzed by Moloney murine leu-
kemia virus reverse transcriptase (Invitrogen, Gaithersburg, MD). The
resulting cDNA was used for PCR amplification. Reverse transcription
(RT)-PCR analyses were performed to detect transcripts encoding
B-actin, p75NTR, smooth muscle actin (SMA), heart- and neural crest
derivatives-expressed protein 1 (Hand-1), BMP-2, BMP-4, BMP-7,
BMPR-IA (BMP receptor subunit), BMPR-IB, BMPR-II, and the BMP
antagonists follistatin, chordin, noggin, and gremlin. The GenBank ac-
cession numbers, the sequences of the primers used for PCR, the condi-
tions of amplification, and the expected sizes of the products are shown
in supplemental Tables 1 and 2 (available at www.jneurosci.org). For
semiquantitative RT-PCR, B-actin was used as a control.

Competitive PCR was used to quantify transcripts encoding BMP-2
and BMP-4 in the gut of fetal rats as a function of age. Competitive PCR
was used to circumvent the problems associated with the exponential
nature of PCR amplification (Siebert and Larrick, 1992). The competi-
tors (internal standards) used for the reaction were deletion constructs
that could be amplified with the same primer pairs as the targets. The
technique is based on the construction of mutant deleted DNA fragments
by amplification with the original 3 primer in combination with a re-
combinant 5" primer to produce the shortened template. The sequence
of the 5’ primer used to obtain the competitive internal standard for
competitive PCR analysis of cDNA encoding BMP-2 was 5'-AGAA-
GCCATCGAGGAACTTTAAATAGTAGTTTCCAGCA-3', and that for
BMP-4 was 5'-TAGCAAGAGCGCCGTCATTCCTTCGTTTCTTCTTT
AACC-3'. These produced the deletion mutant templates, 293 bp for BMP-2
and 221 bp for BMP-4, that could be amplified with the sense and antisense
primers corresponding to BMP-2 and BMP-4 shown in supplemental Tables
1 and 2 (available at www.jneurosci.org). The smaller competitors were
readily distinguishable from the natural PCR products (414 and 397 bp,
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respectively) by electrophoresis through a 1.5% agarose gel. The standards
were gel purified, cloned in a pGEM vector (Promega, Madison, WI), and
sequenced. The plasmids were then linearized and transcribed (Roche Diag-
nostics, Indianapolis, IN). Transcripts were extracted two times with phe-
nol-chloroform and precipitated with 3 mm sodium acetate, pH 5.2, and
ethanol at —80°C. At each developmental age, 3 ug of total RNA were reverse
transcribed with increasing amounts of the BMP-2 or BMP-4 competitive
internal standard RNA. PCR products were resolved by agarose gel electro-
phoresis with ethidium bromide, and fluorescence intensities were quanti-
fied by using the Kodak Digital Science program 1D (Eastman Kodak, Roch-
ester, NY). The ratio of the intensity of the fluorescence of the target cDNA to
that of the competitor was determined (n = 6 at each fetal age examined).
These ratios were plotted as a semilogarithmic function of the amount of
added internal standard. The resulting linear plot intersected the x-axis when
the amount of target mRNA was equal to that of the internal standard. Four
series of experiments were performed for the quantification of BMP-4 as a
function of age and three series for that of BMP-2.

Western analysis. The small intestine was removed from NSE-noggin
transgenic mice and their wild-type mice littermates at P11. The gut and
samples of adult mouse brain (positive control) were sonicated at 4°C in
alysis buffer (10 mm Tris, pH 7.4, 1% Triton X-100, 0.5% Nonidet P-40,
150 mm NaCl, 20 mm NaF, 0.2 mM sodium orthovanadate, 1 mm EDTA,
1 mMm EGTA, 0.2 mm phenylmethylsulfonyl fluoride, and an additional
mixture of phosphatase and protease inhibitors) (Xu et al., 2001). The
resulting lysate was cleared by centrifugation, and proteins (30 ug)
present in the supernatant were denatured with SDS (2% in Laemmli
sample buffer) (Laemmli, 1970) and separated by 12% PAGE (Nu-PAGE
gel; Invitrogen, Carlsbad, CA) in the presence of SDS. Separated proteins
were electrophoretically transferred from the gel to a 0.2 wm nitrocellu-
lose membrane and blocked using 5% nonfat dry milk for 1 hr. To detect
noggin immunoreactivity, blots were exposed overnight at 4°C to a mix-
ture of two batches of rat monoclonal antibodies to human noggin (0.5
pg/ml RP57-16 and 0.3 pg/ml RP57-21; Regeneron Pharmaceuticals).
Bound antibodies were located by exposure to sheep antibodies to rat IgG
coupled to horseradish peroxidase (HRP) diluted 1:2000 (Amersham
Biosciences, Arlington Heights, IL). Blots were then stripped of immune
complexes and reprobed overnight at 4°C with rabbit antibodies to rat
ERKI1 (extracellular signal-regulated kinase) (1:8000; Santa Cruz Bio-
technology, Santa Cruz, CA), and bound antibodies were located with
goat antibodies to rabbit IgG (1:5000; Pierce, Rockford, IL). Blots were
finally visualized by using chemiluminescence (Super ECL; Pierce).

Immunocytochemistry in culture. Immunoreactivity was used to detect
markers that enabled cultured cells to be identified. Procedures used for
the immunocytochemical detection of antigens in cultured cells were
similar to those described in detail previously (Chalazonitis et al., 1994,
1997, 1998a, 2001). Briefly, cultures were fixed for 1 hr with 4% formal-
dehyde (freshly prepared from paraformaldehyde) in 0.1 mm PBS. Fixed
cultures were permeabilized by incubation with 0.1 mm PBS containing
0.1% Triton X-100 (Sigma, St. Louis, MO). The primary antibodies,
listed in supplemental Tables 1 and 2 (available at www.jneurosci.org),
were applied overnight at room temperature as described previously.
Sites of binding of polyclonal primary antibodies were located with
affinity-purified goat anti-rabbit secondary antibodies that were coupled
to Alexa 488, Alexa 594 (Molecular Probes, Eugene, OR), or biotin
(Kirkegaard and Perry, Gaithersburg, MD). Sites of binding of monoclo-
nal primary antibodies were located with affinity-purified goat anti-
mouse secondary antibodies that were coupled to Alexa 488 (Molecular
Probes). Biotinylated secondary antibodies were visualized with either
streptavidin coupled to Alexa 594 (Molecular Probes) or a preformed
avidin and biotinylated horseradish peroxidase macromolecular com-
plex (ABC Elite kit; Vector Laboratories, Burlingame, CA). Peroxidase
activity was visualized with H,0, and 3,3’-diaminobenzidine (DAB)
(Vectastain 4100; Vector Laboratories) with nickel intensification. Un-
less otherwise stated (supplemental Tables 1, 2, available at www.jneuro-
sci.org), the primary antibodies were omitted for control sections, which
were thus exposed only to secondary antibodies before visualization of
immunoreactivity.

Apoptotic TrkC-immunoreactive cells were identified by using the
terminal deoxynucleotidyl transferase (TdT)-mediated biotinylated
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UTP nick end labeling (TUNEL) method, which was applied after the
immunocytochemical demonstration of TrkC (Chalazonitis et al., 2001).
A commercial kit (TACS; TdT in situ apoptosis detection kit; R & D
Systems) was used for TUNEL staining according to the directions of the
manufacturer.

Cuprolinic blue staining and immunocytochemistry in tissues. Methods
are similar to those described previously (Chalazonitis et al., 2001).
Briefly, fetal mouse gut (E18) and bowel from 4-week-old mice were
fixed with 4% formaldehyde (from paraformaldehyde), pH 7.4, and dis-
sected to obtain laminar preparations of the gut wall. In the mature mice,
the submucosa, containing the submucosal plexus, and the muscularis
externa with adherent myenteric plexus were examined individually in
separated layers, whereas in the fetal animals, in which the submucosal
plexus was just beginning to form, the submucosa was left attached to the
muscularis externa. Both fetal and adult preparations were analyzed in
whole mounts. Neurons were counted in fetal gut that was immuno-
stained with the neuronal marker PGP9.5 (protein gene product; a neu-
ronal form of ubiquitin hydrolase) (supplemental Tables 1, 2, available at
www.jneurosci.org). To count the total number of neurons in postnatal
bowel, the laminar preparations were stained for 1 hr at 37°C with cu-
prolinic blue, which is neuron selective and reveals the entire neuronal
population (0.5% in 0.05 mm sodium acetate buffer, pH 5.6, containing
1.0 M MgCl,) (Heinicke et al., 1987; Holst and Powley, 1995; Karaos-
manoglu et al., 1996). Nerve cell bodies were counted in 10 contiguous
nonoverlapping rectangular fields covering 1.254 mm?. The mean den-
sity of neurons per square millimeter of tissue was then calculated from
10-62 such measurements (100—620 rectangular fields) in each layer of
tissue. To count the total number of smooth muscle cells in each layer of
fetal gut, individual cells were outlined by immunostaining their basal
laminas in sections of bowel (cut with a cryostat microtome) with anti-
bodies to laminin (supplemental Tables 1, 2, available at www.jneuro-
sci.org). The total area of the muscularis externa was measured by
computer-assisted morphometry (NIH ImageJ public domain software).
For immunocytochemistry, endogenous peroxidase activity was sup-
pressed with H,O, (0.3%; 10 min) in PBS, washed, and blocked for 30
min with 4% goat serum in PBS containing 0.3% Triton X-100. Primary
antibodies to TrkC (supplemental Tables 1, 2, available at www.jneuro-
sci.org) were then applied overnight at room temperature. Sites of anti-
body binding were detected with biotinylated goat anti-rabbit antibodies
(1:1000 for 2 hr) and streptavidin conjugated to HRP (1:500 for 2 hr;
Kirkegaard and Perry). Peroxidase activity was visualized with H,0, and
DAB with or without nickel intensification. The mean density of TrkC-
expressing neurons per square millimeter of tissue was calculated from
12-51 measurements (120-510 rectangular fields) in each layer of post-
natal bowel. The density of TrkC-expressing neurons in the whole wall of
the fetal gut (E18) was calculated from 1418 measurements (140—180
rectangular fields).

Statistical analyses. The total number of cells in each culture and cells
specifically identified with reagents (supplemental Tables 1, 2, available
at www.jneurosci.org) were counted as described previously (Chalazoni-
tis etal., 1994, 1997, 1998a,b, 2001). Counts of the total number of cells in
cultures treated with experimental reagents were normalized as a per-
centage of cells found in replicate cultures that had only been treated with
vehicle. The number and proportion of identified cells in each culture
were also determined and normalized to the number and proportion of
the same type of cell developing in replicate cultures that had only been
treated with vehicle. The total number of cuprolinic blue-stained neu-
rons and neurons immunostained with antibodies to PGP9.5 or TrkC
were counted in both enteric plexuses in the duodenum, jejunum, and
ileum of wild-type and transgenic mice that overexpress noggin under
the control of the NSE promoter. The proportion of total neurons that
express TrkC was expressed by dividing the number of TrkC-
immunoreactive neurons per square millimeter by the mean number of
cuprolinic blue-stained neurons per square millimeter. To estimate
numbers of smooth muscle cells, formaldehyde-fixed bowel was embed-
ded in Epoxy resin (Epon 812), cross-sectioned at 1 wm, and stained with
toluidine blue. The number of longitudinal muscle cells in a 45 um arc
was counted in each section. The number of cells comprising the thick-
ness of the circular muscle layer was also determined. Means * SE were
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RT ¥+ = + - + - + -

C

Figure 1. RNA transcripts encoding BMP-2 and BMP-4 but not BMP-7 can be detected in
both crest-derived (CD) and noncrest-derived (non-CD) cells of the fetal rat gut by RT-PCR. 4,
BMP expression in the whole bowel and brain (examined as a positive control) at E12 and E14.
PCR products were not detected when incubation of extracted RNA with reverse transcriptase
(RT) was omitted (—). Note that RNA transcripts encoding BMP-7 were not observed in the
bowel at either E12 or E14, although these transcripts were readily detected in the brain. It is
thus likely that there is significant expression of BMP-2 and BMP-4in the E12 and E14 bowel but
not BMP-7. B, , Crest- and noncrest-derived cells in the E14 bowel were separated by positive
and negative immunoselection with antibodies to p75"™. The neural crest marker p75 "™ was
expressed only in the positively selected crest-derived population, and the mesenchymal
marker Hand-1 was expressed only by the negatively selected noncrest-derived population.
Immunoselection thus effectively separates crest- and noncrest-derived cells. ¢, BMP-2 and
BMP-4 are expressed hoth by crest- and noncrest-derived populations of cells.

calculated and analyzed by ANOVA (Tukey or Bonferroni-Dunn post
hoc comparisons were made when appropriate).

Results

Transcripts encoding BMP-2 and BMP-4 but not BMP-7 were

detected in the E12 and E14 rat gut

RT-PCR was used to investigate expression of BMP-2, BMP-4,
and BMP-7 in the rat bowel at E12 and E14. BMP-4 was investi-
gated because its expression has been reported in the developing
enteric mesoderm (in response to endodermal secretion of sonic
hedgehog) (Roberts et al., 1995, 1998; Sukegawa et al., 2000).
BMP-2 and BMP-7 were examined because they affect neural
crest development (Liem et al., 1995; Pisano et al., 2000) and
interact with the same BMP receptors as BMP-4 (ten Dijke et al.,
1994; Rosenzweig et al., 1995; Yamashita et al., 1996). E12 and
E14 were selected for study because the gut contains an abun-
dance of uncommitted crest-derived precursors at E12 (Baetge et
al., 1990a; Chalazonitis et al., 1998b), and substantial numbers of
cells committed to the neuronal lineage at E14 (Chalazonitis et
al., 1998b, 2001). Transcripts encoding BMP-2 and BMP-4 were
found in the fetal gutat E12 and E14, as well as in the brain at E12,
which was examined as a positive control (Fig. 1 A). In contrast,
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transcripts encoding BMP-7 were not found in the fetal bowel at
either E12 or E14 (Fig. 1A); nevertheless, transcripts encoding
BMP-7 were readily detected in the E12 brain (Fig. 1A). Both
BMP-2 and BMP-4 are thus present in the bowel during the
critical period between E12 and E14.

Competitive RT-PCR was used to quantify enteric transcripts
encoding BMP-2 and BMP-4 as a function of developmental age
(data not illustrated). mRNAs encoding the BMPs were mea-
sured in the fetal (E12—E19), perinatal (PO and P2), and adult gut.
Values were normalized to micrograms of total RNA at each age.
mRNA encoding BMP-2 exceeded that encoding BMP-4
throughout development by 7- to 42-fold. The expression of
transcripts encoding BMP-2 was highest at E12-E14 and then
declined to birth and was low in the adult bowel. In contrast, the
amount of mRNA encoding BMP-4 was low at E12-E14 and
increased approximately twofold between E14 and E19-P2. The
amount of mRNA encoding BMP-4 detected in the adult bowel
was comparable with that at E12 and E14. These observations
indicate that, although BMP-2 and BMP-4 activate the same sub-
types of BMP receptor, their developmental regulation is
different.

Both crest-derived and noncrest-derived cells express mRNA
encoding BMP-2 and BMP-4 in the fetal gut

Crest- and noncrest-derived cells were isolated from the fetal
bowel and analyzed separately to determine which of these pop-
ulations account for BMP-2 and BMP-4 expression in the whole
fetal gut. Antibodies to p75™"®, which is selectively expressed in
the developing bowel by the crest-derived ENS precursors
(Baetge et al., 1990a), were used for immunoselection (Chalazo-
nitis et al., 1998a,b). Crest-derived cells are positively selected,
whereas the noncrest-derived cells, which do not react with the
antibodies, are negatively selected. The effectiveness of the im-
munoselection was assessed by analyzing the expression of
p75™™ in the positively and negatively selected populations iso-
lated at E14. The expression of Hand-1, a basic helix-loop-helix
protein that in the gut is expressed only by cells in the smooth
muscle lineage (Hollenberg et al., 1995) (P. Cserjesi, personal
communication) was evaluated as a mesodermal marker. Enteric
smooth cells are all of mesodermal origin. Transcripts encoding
p75™"® were detected in the positively selected crest-derived but
not in the negatively selected noncrest-derived cells (Fig. 1 B). In
contrast, mRNA encoding Hand-1 was found only in the nega-
tively selected noncrest-derived cells and not in the positively
selected population (Fig. 1B). Positive and negative immunos-
election thus separate crest- from noncrest-derived cells of the
bowel wall without significant cross-contamination. Transcripts
encoding BMP-2 and BMP-4 were each detected in both popu-
lations of cells (Fig. 1C). These data suggest that BMP-2 and
BMP-4 are secreted by both cells of crest and noncrest origin. The
BMPs thus are potentially paracrine or autocrine regulators of
ENS development.

Crest- and noncrest-derived cells in the fetal gut express

transcripts encoding BMPR-IA, BMPR-IB, and BMPR-II

RT-PCR was used to determine whether the subtypes of BMPR-
IA, BMPR-IB, and BMPR-II that respond to BMP-2 and BMP-4
(Mehler et al., 1997; Cho and Blitz, 1998) are expressed in fetal rat
gut at E12 and E14. Transcripts encoding BMPR-IA, BMPR-IB,
and BMPR-II were found in the whole bowel at both ages (Fig.
2A), as well as in brain, which was investigated as a positive
control. Crest- and noncrest-derived cells were separated from
the E14 fetal bowel and analyzed individually to determine which
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population accounts for the expression of
BMPRs found in the whole fetal gut. The
presence or absence of transcripts encod-
ing p75™"® and SMA were studied to eval-
uate cross-contamination in the separated
populations of cells. The positively se-
lected cells expressed p75™™® but not
SMA, whereas the negatively selected cells
expressed SMA but not p75~"™® (Fig. 2 B).
Thus, significant cross-contamination did
not occur. Transcripts encoding BMPR-
IA, BMPR-IB, and BMPR-II were each
found to be expressed in both the crest-
derived and noncrest-derived populations
of enteric cells (Fig. 2C). These transcripts
were also expressed in the brains of E19
and P3 rats (Fig. 2C). These observations
suggest that BMPR complexes, which are
activated by those BMPs that are expressed
in the developing bowel, are likely to be
present in both crest- and noncrest-
derived cells. Both populations may there-
fore contain cells that are BMP-2 and
BMP-4 responsive.

BMP antagonists are expressed in fetal
and adult gut

Antagonists such as follistatin, chordin,
noggin, and gremlin, which sequester
BMPs extracellularly, are potential regula-
tors of signaling by the enteric BMPs (Sasai
and De Robertis, 1997; Cho and Blitz,
1998; Merino et al., 1999). RT-PCR was
therefore used to investigate the expres-
sion of BMP antagonists in the developing
and mature gut. The brain was similarly
investigated as a positive control. Tran-
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Figure2. Transcripts encoding BMPRs are present in crest- and noncrest-derived cells of the fetal bowel. RT-PCR was used to
detect transcripts encoding BMPR-1A, BMPR-IB, and BMPR-II in RNA extracted from the whole gut and in immunoselected
populations of crest-derived (CD) and noncrest-derived (non-(D) cells. A, Whole gut. Transcripts encoding BMPR-IA, BMPR-IB, and
BMPR-ll were detected at E12 and E14. Immunoselection was performed at E14 with antibodies to p75 "™. 8, Transcripts encoding
p75 ™ were detected in the positively selected crest-derived but not in the negatively selected noncrest-derived cell population.
In contrast, transcripts encoding the mesodermal marker SMA were detected in the negatively selected noncrest-derived but not
in the positively selected crest-derived cell population. Analyses were performed with (+) or without (—) RT to assess potential
DNA contamination of samples. No PCR products were found in the absence of RT (—). C, Transcripts encoding BMPR-II, BMPR-IA,
and BMPR-IB were detected in both crest-derived and noncrest-derived cells. BMPR-Il and BMPR-IB were also demonstrated in
the developing rat brain. No PCR products were found in the absence of RT (—). Expression of transcripts encoding 3-actin was
examined in the crest-derived and noncrest-derived cells illustrated in B and ( to semiquantitatively normalize RNA from the two

scripts encoding gremlin and noggin were populations.

each found in the whole fetal bowel at E12

and both persisted to adult life, although the expression of noggin
appeared to be downregulated in the adult (Fig. 3A). Expression
of noggin was investigated in positively and negatively immuno-
selected populations of crest- and noncrest-derived cells. Tran-
scripts encoding noggin were found to be present in both (Fig.
3B). Transcripts encoding chordin and follistatin were also de-
tected in the E12 and E14 gut (Fig. 3C). A variety of BMP antag-
onists thus are likely to coexist in the gut with BMP-2 and BMP-4
during ENS development.

BMP-4 induces the phosphorylation and nuclear
translocation of Smad-1 in both crest- and

noncrest-derived cells

Signal transduction after the activation of BMP receptors is asso-
ciated with the phosphorylation and nuclear translocation of
receptor-activated Smad proteins (Cho and Blitz, 1998; ten Dijke
et al., 2002). The ability of BMP-2 or BMP-4 to induce the phos-
phorylation and nuclear translocation of Smad-1, which is phos-
phorylated by activated type | BMPRs, was therefore investigated
immunocytochemically to determine whether the BMP receptors
expressed in the bowel are functional and to identify BMP-
responsive cells in the fetal gut. Experiments were performed
with crest-derived and noncrest-derived cells from the E12 bowel
isolated, respectively, by positive and negative immunoselection.

The isolated populations were maintained in culture for 6 d in the
presence of GDNF (10 ng/ml) to prevent the potential loss of
Ret-dependent crest-derived cells. The maintenance medium
(BBM) was then replaced for 6 hr with a similar medium that
lacked GDNF, insulin, basic fibroblast growth factor, and epider-
mal growth factor to minimize possible interference with Smad
translocation evoked by ongoing activity in the ERK pathway
(Kretzschmar et al., 1997). The cultured cells were then exposed
for 1 hr to vehicle, BMP-2, or BMP-4 (10 ng/ml) or BMP-4 in the
presence of noggin (100 ng/ml). After fixation, activated Smad-1
was located in the isolated cells by using antibodies specific for
phosphorylated Smad-1 (Smad-1P).

In cultures of crest-derived cells exposed to BMP-4, Smad-1P
immunoreactivity was found to be concentrated in the nuclei of
process-bearing cells (Fig. 4A,L). No nuclear Smad-1 immuno-
reactivity was seen in the flat, non-neuronal cells of the cultures
(Fig. 4A). In contrast, very little Smad-1P immunoreactivity
could be seen in cultures of crest-derived cells exposed only to
vehicle, and the little that was observed was diffusely cytoplasmic
(Fig. 4B,L). The intense concentration of Smad-1P immunore-
activity in the nuclei of process-bearing cells induced by BMP-4
was antagonized by adding noggin to the cultures of crest-derived
cells simultaneously with BMP-4 (Fig. 4C,L). Isolated noncrest-
derived cells were also BMP responsive in vitro. In cultures of
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Figure 3.  Transcripts encoding molecules that can antagonize the effects of BMP-2 and
BMP-4 are present in the fetal bowel. RT-PCR was used to detect transcripts encoding gremlin,
noggin, chordin, and follistatin in RNA extracted from the whole gut (Gut) and from separated
populations of crest-derived (CD) and noncrest-derived (non-(D) cells. A, Transcripts encoding
gremlin and noggin were observed to be present in the whole fetal bowel as early as E12. They
were also detected in the brain (Br), which was investigated as a positive control. No PCR products
were obtained when reverse transcriptase was omitted (No RT). B, Transcripts encoding noggin were
detected in both the crest-derived and noncrest-derived populations of cells. C, Transcripts encoding
chordin and follistatin were detected in the whole fetal bowel as early as E12. Expression of 3-actin (4,
() was investigated to semiquantitatively normalize RNA. ad, Adult.

these cells, exposed to BMP-2 or BMP-4, Smad-1P immunoreactiv-
ity was concentrated in the nuclei of large cells identified as belong-
ing to the smooth muscle lineage by their coexpression of SMA im-
munoreactivity (Fig. 4D-G,M). In contrast, little Smad-1P
immunoreactivity was observed in cultures of noncrest-derived cells
exposed only to vehicle, although some Smad-1P immunoreactivity
was found in small cytoplasmic vesicles of SMA-immunoreactive
cells (Fig. 4 H-K, M ). These data support the idea that precursor cells
of both crest and non-neural crest origin respond to BMP-2 and
BMP-4. The BMP-2 and BMP-4-responsive noncrest-derived cells
are developing as smooth muscle.

BMP-2 and BMP-4 promote in vitro development of neurons
from crest-derived precursors isolated at E12

To determine whether BMP-2 and BMP-4 affect the in vitro de-
velopment of neurons, crest-derived cells were immunoselected
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from the E12 fetal rat gut. This age was selected because enteric
crest-derived cells proliferate at this time in response to GDNF
and the cells are not yet responsive to late-acting growth factors
such as NT-3 (Chalazonitis et al., 1998b); moreover, crest-
derived cells isolated from the fetal bowel at E12 were found to
respond to BMP-2 and BMP-4. Precursors were initially exposed
to a BMP for 6 d, after which the immunocytochemical demon-
stration of PGP9.5 (Wilkinson et al., 1989) was used to mark cells
committed to a neuronal lineage.

Neuronal development

At low concentrations, both BMP-2 and BMP-4 (0.1-1.0 ng/ml)
increased the number of neurons per culture (Fig. 5A). In this
concentration range, the effect of BMP-2 was significantly greater
than that of BMP-4, and the effects of both were significantly
greater than that of their vehicle (control). At high concentra-
tions (50-100 ng/ml), however, neither BMP increased the num-
ber of neurons (Fig. 5A). Whereas the number developing in the
presence of the high concentrations of BMP-2 did not differ sig-
nificantly from that found in cultures exposed only to vehicle,
significantly fewer neurons were found in cultures exposed to
high concentrations of BMP-4.

Total cells

Both BMPs reduced the total number of cells in cultures of crest-
derived cells. BMP-4 was more potent than BMP-2 (Fig. 5B). A
significant reduction in total cell numbers occurred even in cul-
tures exposed to low concentrations of BMP-4, and no additional
reduction was achieved by exposing cells to high concentrations
of this BMP. In contrast, a reduction in cell numbers was only
seen when cultures were exposed to high concentrations of
BMP-2.

Neurons as a proportion of total cells

Because BMPs affected both the number of neurons (Fig. 5A) and
the total number of cells per culture (Fig. 5B), neuronal numbers
were normalized as a proportion of the total cells in each culture
(Fig. 5C). This normalization revealed that the ability of BMP-2
to promote the development—survival of neurons was greater at
higher than at lower concentrations, whereas the opposite was
true of BMP-4. In fact, the proportion of surviving cells that were
neurons was not significantly different in cultures exposed to
high concentrations of BMP-4 than in cultures exposed only to
vehicle. These data suggest that E12 enteric crest-derived precur-
sors respond to BMP-2 and BMP-4 in both their development as
neurons and their proliferation or survival. The two factors differ
in the concentrations at which they exert their maximal effects.

BMP-4 effects on neuronal numbers is time dependent

The in vitro effects of BMPs are often transient (Pisano et al.,
2000; Gomes and Kessler, 2001); therefore, because of the appar-
ent failure of high concentrations of BMP-4 to promote neuronal
development (after 6 d), the time-action relationship of the
BMP-4 response was examined. The proportion of neurons de-
veloping in vitro was determined after 2, 4, and 6 d of exposure in
vitro to low or high concentrations of BMP-4 (Fig. 5D). Both
concentrations of BMP-4 increased the number of neurons after
2 d of exposure; however, this increase disappeared after 4 d, and
high concentrations of BMP-4 caused a loss of neurons after 6 d.
It is likely that the decline in neurons after a prolonged exposure
to a high concentration of a BMP is attributable to the induction
of apoptosis. The proportion of E12 crest-derived cells that were
apoptotic (assessed by DNA fragmentation after bisbenzamide
staining) in cultures exposed for 6 d to high concentrations of
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BMP-2 (9.3 = 1.0%) was significantly
higher ( p < 0.01) than in cultures of cells
exposed for the same time to vehicle (5.5
0.7%). Crest-derived cells isolated at E14
continue to be susceptible to the pro-
apoptotic effects of BMPs. The proportion
of apoptotic cells (assessed by the TUNEL
method) in cultures of E14 crest-derived
cells, similarly exposed to high concentra-
tions of BMP-2 (32.0 * 2.8%) or BMP-4
(345 = 7%), were each significantly
higher (p < 0.001) than in cultures ex-
posed to vehicle (14.7 = 1.6%). These data
suggest that both low and high concentra-
tions of BMP-4 promote the develop-
ment-survival of neurons; however, be-
cause the increase in neuronal numbers is
only evident for a relatively short period of
time, promotion of neuronal development
can escape observation if cultures are ex-
amined too long after the initial exposure
of precursors to a BMP.

Because the effects of the BMPs on neu-
ronal development are exquisitely concen-
tration dependent, local BMP concentra-
tions in the gut wall must be tightly
regulated. The necessity of maintaining a
physiologically correct BMP concentra-
tion in the microenvironment of primor-
dial enteric ganglia could explain the ex-
pression in the fetal bowel of the BMP
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Figure4. Phosphorylation and nuclear translocation of Smad-1 occurs when either isolated crest- or noncrest-derived cells are
exposed to BMP-2 or BMP-4. Crest- and noncrest-derived cells were isolated from the fetal bowel at E12 by positive and negative
immunoselection with antibodies to p75"™. 4, Isolated crest-derived cells exposed to BMP-4. Smad-1P immunoreactivity is
strikingly evident in the nuclei of subsets of process-bearing cells (arrows). B, Isolated crest-derived cells exposed to vehicle. No
Smad-1P immunoreactivity is discernible in the nuclei of process-bearing cells (arrows). C, Isolated crest-derived cells exposed to
BMP-4 and noggin. The addition of noggin has inhibited the effect of BMP-4 (compare with 4; see also L). D—G, Isolated noncrest-
derived cells exposed to BMP-2. Cells developing in a smooth muscle lineage are marked by the immunocytochemical demon-
stration of SMA. D, Smad-1P immunoreactivity. £, SMA immunoreactivity. £, Merged image (Smad-1P/SMA immunoreactivities).
G, Bisbenzamide (DNA). Smad-1P immunoreactivity is strikingly evident in the nuclei of subsets of SMA-immunoreactive cells
(arrows). H—K; Isolated noncrest-derived cells exposed to vehicle. H, Smad-1P immunoreactivity. /, SMA immunoreactivity. J,
Merged image (Smad-1P/SMA immunoreactivities). K, Bisbenzamide (DNA). No immunoreactivity is discernible in the nuclei of

antagonists, which sequester and thus re-
strict the diffusion of extracellular BMPs.

A concentration-dependent interaction of BMPs with GDNF
regulates enteric neuronal development

GDNF is expressed in the developing bowel even before it is
colonized by cells from the neural crest (Suvanto et al., 1996) and
is essential for the development of enteric neurons below the level
of the esophagus (Schuchardt et al., 1994; Moore et al., 1996;
Pichel et al., 1996; Sanchez et al., 1996; Taraviras and Pachnis,
1999). All crest-derived neuronal precursors in the murine bowel
express Ret at E12-E14 (Young et al., 1999, 2003). At E12, more-
over, GDNF stimulates proliferation of enteric crest-derived cells
(Chalazonitis et al., 1998b; Heuckeroth et al., 1998). All of the
crest-derived cells that are immunoselected from the E12 bowel
have been exposed previously to GDNF; however, because GDNF
is produced by the enteric mesenchyme, the isolation of crest-
derived cells would withdraw them from GDNF, unless GDNF
were to be added to the culture medium. To obtain a more phys-
iological in vitro approximation of the conditions under which
BMP-2 or BMP-4 act in situ, therefore, the effects of the BMPs on
the development of enteric neurons were reinvestigated in the
presence of GDNF (10 ng/ml). Like Ret, BMPRs are expressed by
immunoselected crest-derived cells (Fig. 2C), and BMPs activate
Smad-1P in most isolated crest-derived cells (Fig. 4A,L); there-
fore, the effects of BMPs and GDNF on these cells would be
expected to be interactive. The immunocytochemical demon-
stration of PGP9.5 was again used as a marker of cells committed
to a neuronal lineage. DNA fragmentation and pyknosis were
also examined in bisbenzamide-stained preparations to evaluate
dead or dying cells. The effects of GDNF were examined after 2—6
d in vitro, in preparations exposed only to GDNF (control) and in

SMA-immunoreactive cells (arrows).

those exposed to GDNF in combination with BMP-2 or BMP-4.
Low (0.1-1.0 ng/ml) and high (50—100 ng/ml) concentrations of
the BMPs were investigated separately.

As expected (Chalazonitis et al., 1998b; Hearn et al., 1998),
exposure of E12 enteric crest-derived cells to GDNF for 6 d in-
creased the development—survival of neurons (Fig. 6A). The
combination of GDNF with low concentrations of BMP-4 for 6 d
further enhanced neuronal development—survival (Fig. 6A). The
effects of combining GDNF with low or high concentrations of
BMP-2 or a high concentration of BMP-4, however, were not
significantly different from those exerted by GDNF alone (Fig.
6A). In the absence of GDNF, the ability of BMP-2 and particu-
larly BMP-4 to promote the development—survival of neurons
decreases at high concentrations (Fig. 5A). This loss of efficacy is
time dependent and is not seen after short exposures (Fig. 5D).
GDNF partially protected against the decrease in neuronal devel-
opment-survival associated with exposure for 6 d to high con-
centrations of the BMPs (Fig. 6A) (compare also Figs. 5D, 6 B);
moreover, when GDNF was combined with high concentrations
of BMP-4, significantly more neurons developed after 2 d than
after 6 d of exposure (Fig. 6 B).

Atlow concentrations, BMP-2 was more effective than BMP-4
in promoting neuronal development—survival (Figs. 5A, 6A);
nevertheless, when combined with GDNF, only BMP-4 pro-
moted development—survival more than GDNF alone (Fig. 6A).
Cell death was thus investigated to determine whether it could
account for the differing effects of the two BMPs. The combina-
tion of GDNF with a low concentration of BMP-2 induced a great
deal of cell death [to 13.7 = 2.8%; p < 0.01 vs vehicle (6.4 *
0.8%); p < 0.02 vs a low concentration of BMP-2 alone (5.3 *
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Figure 5.  BMP-2 and BMP-4 promote neuronal development—survival in a concentration-dependent manner. Crest-derived
cells were isolated from the E12 gut with antibodies to p75"™ and cultured for 6 d in the presence of vehicle (control), low
(0.1-1.0 ng/ml), or high (50 —100 ng/ml) concentrations of BMP-2 or BMP-4. A, Number of neurons per culture expressed as a
percentage of vehicle (5.4 = 0.6 X 10%; 13 cultures). At low concentrations, both BMP-2 and BMP-4 enhance the development
of neurons. The effect of BMP-2 is significantly greater than that of BMP-4. At high concentrations, BMP-2 no longer promotes
neuronal development and BMP-4 significantly inhibits the development of neurons. B, Total numbers of cells per culture ex-
pressed as a percentage of vehicle (103.5 = 5.4 X 10%; 13 cultures); this measure includes non-neuronal cells. At low concen-
trations, the number of cells per culture is reduced by BMP-4 but not by BMP-2. At high concentrations, both BMP-2 and BMP-4
significantly decrease the total number of cells per culture; however, neither reduces cell numbers more than low concentrations
of BMP-4. C, Neurons as a proportion of total cells per culture. The proportion of cells developing—surviving as neuronsis increased
by high and low concentrations of BMP-2 and low concentrations of BMP-4. D, Time dependence. The increase in the number of
neurons per culture in response to BMP-4, expressed as a percentage of the number after 2 d of incubation in the presence of
vehicle (1.0 + 0.2 X 10%; 5 cultures). Note that, although BMP-4 promotes the development—survival of neurons at 2 d, the
number of neurons in cultures exposed to high concentrations of BMP-4 declines significantly by 4 d in vitro ( p << 0.01) and is, by
6d, less than that seen in cultures exposed only to vehicle. The response to low concentrations of BMP-4 also declines significantly
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munoselected precursors to aggregate into
clusters that mimicked the appearance of
small ganglia (Fig. 7). This aggregation did
not occur in the absence of BMPs (Fig.
7A), was evident in their presence after as
short a time as 2 d (Fig. 7B), and was max-
imal after 4 d of incubation (Fig. 7C). Neu-
ronal aggregates persisted after 6 d (Fig.
7D); however, at this time, in the presence
of BMP-4, few surviving neurons re-
mained (see above). The small ganglion-
like clusters of neurons were more abun-
dant when GDNF was combined with
BMP-2 or BMP-4 and persisted through
6 d of growth in vitro (Fig. 7E, F). It is pos-
sible that the BMP-2- and BMP-4-induced
and the GDNF-induced aggregation (Cha-
lazonitis et al., 1998b) of developing neu-
rons is concomitant with the expression of
polysialylated neural cell adhesion mole-
cules by enteric neurons (Faure et al.,
2003).

BMP-2 and BMP-4 promote the
expression of TrkC and acquisition of
dependence on NT-3

Because of the observations described
above, experiments were performed to de-
termine whether BMP-2 and BMP-4 pro-
mote the specification of particular sublin-
eages of enteric neurons. The issue is
particularly important in the development
of the ENS in which the phenotypic diver-
sity of component neurons exceeds that
seen anywhere else in the PNS (Gershon,
1998; Newgreen and Young, 2002a,b).
One sublineage of enteric neurons is de-
fined by its expression of TrkC and depen-
dence on NT-3 (Chalazonitis et al., 1994,
1998b, 2001). Crest-derived cells isolated
from the fetal rat bowel at E12 do not re-
spond to NT-3; however, they do so at E14

by 4 d in vitro ( p << 0.05). ns, Not significant.

0.6%) or GDNF alone (5.2 = 0.9%)]. No such increase in the
proportion of dead or dying cells was seen when GDNF was com-
bined with BMP-4. In fact, the proportion of dead—dying cells in
cultures exposed to the combination of GDNF with a low con-
centration of BMP-4 (3.4 = 0.6%) was less than that found in
cultures exposed only to low concentrations of BMP-4 (9.2 *
0.7%; p < 0.001) or to vehicle (6.4 * 0.8%; p < 0.02). It is thus
possible that the combination of GDNF and BMP-2 does not
increase the development and/or survival of neurons beyond the
level attained by exposure to GDNF alone because the combina-
tion of factors provides excessive stimulation that activates trans-
duction pathways leading, in many cells, to death rather than
differentiation (Liu and Greene, 2001).

BMP-2 and BMP-4 induce enteric neurons to aggregate

in vitro

High concentrations (20—50 ng/ml) of both BMP-2 and BMP-4
were found to induce neurons developing in vitro from E12 im-

when transcripts encoding TrkC can also
be demonstrated (Chalazonitis et al., 1994,
1998b, 2001). Studies were thus per-
formed to determine whether in vitro exposure to BMP-2 or
BMP-4 accelerates the timing of TrkC expression and the acqui-
sition of responsiveness to NT-3. Crest-derived precursors were
isolated with antibodies to p75™"® from the fetal rat bowel at E12
and E14 and cultured for 4-5 d in the presence of vehicle (con-
trol), BMP-2 (20 ng/ml), or BMP-4 (20 ng/ml). Cultures were
also maintained with or without NT-3 (40 ng/ml) because of the
known dependence of TrkC-expressing neurons on NT-3 for
survival (Chalazonitis et al., 2001). Expression of MAPI1b
(microtubule-associated protein 1b; also called MAP5) was used
as a marker for maturing neurons (Tucker and Matus, 1988).

E12

In cultures exposed only to vehicle, the proportion of TrkC-
expressing neurons developing from precursors immunoselected
from the bowel at E12 was quite low and was not significantly
changed by exposure to NT-3 (Figs. 8 A, 9A—C). In contrast, both
BMP-2 and BMP-4 significantly increased the proportion of
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Figure 6.  BMP-4 and GDNF interact. A, Number of neurons per culture at 6 d expressed as a

percentage of vehicle (9.9 = 1.9 X 10, 12 cultures). Exposure to GDNF (10 ng/ml) promotes
neuronal development in vitro. This effect is enhanced when GDNF is combined with low con-
centrations of BMP-4 but not by either low or high concentrations of BMP-2 or a high concen-
tration of BMP-4. When combined with high concentrations of BMP-2 or BMP-4, GDNF partially
protects against the high BMP-associated decrease in neuronal development. B, Time—action
relationship of the effects of low and high concentrations of BMP-4 in the presence of GDNF.
Data from five cultures at each condition are normalized to the number of neurons per culture
exposed only to GDNF for 2 d (4.6 = 0.8 X 10°). Note that, at 2 d, the response to the
combination of GDNF with high concentration of BMP-4 s greater than that to GDNF alone. The
enhanced response to the combination of factors diminishes as a function of time in culture.

TrkC-expressing neurons in these cultures (Figs. 8 A, 9D-F).
When NT-3 was combined with BMP-2 or BMP-4, the propor-
tion of TrkC-expressing neurons in cultures did not differ signif-
icantly from that seen in the presence only of the respective BMP
(Fig. 8A).

E14

When crest-derived cells were immunoselected from the gut at
E14 instead of E12, exposure to NT-3 now led to a significant
increase in the proportion of TrkC-expressing neurons (Fig. 8 B,
9G-I). Exposure of E14 crest-derived cells to BMP-4 increased
the proportion of TrkC-expressing neurons (Fig. 8 B); however,
the BMP-2-induced increase in TrkC-expressing neurons failed
to reach statistical significance. When NT-3 was combined with
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BMP-2 and BMP-4 promote the aggregation of enteric neurons that develop in

Figure 7.
vitro. Crest-derived cells immunoselected from the E12 bowel with antibodies to p75™"" were
cultured in serum-free media supplemented with vehicle, BMP-4 (50 ng/ml), BMP-2 (50 ng/
ml), or these BMPs in combination with GDNF (10 ng/ml). Neurons were demonstrated immu-
nocytochemically with antibodies to PGP9.5. A, Vehicle (6 d in vitro). B, BMP-4 (2 d in vitro). C,
BMP-4 (4 dinvitro). D, BMP-4 (6 d in vitro). £, BMP-4 plus GDNF (6 d in vitro). F, BMP-2 plus GDNF
(6 d in vitro). Scale bar: A~£, 50 um; £, 50 wm.
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BMP-2 or BMP-4, the proportion of TrkC-expressing neurons
was significantly increased over that developing in the presence of
NT-3 alone; moreover, the response of the crest-derived cells to
the combination of NT-3 with BMP-2 was also greater than that
to BMP-2 alone (Figs. 8 B, 9J-L). In general, the capacity of crest-
derived cells to give rise to TrkC-expressing neurons in response
to exposure to BMP-2 or BMP-4 was lower at E14 (Fig. 8 B) than
at E12 (Fig. 8A) (p < 0.001). The precocious appearance of
TrkC-expressing neurons evoked by BMP-2 or BMP-4 is consis-
tent with the hypothesis that BMP-2 and BMP-4 shift the devel-
opment of enteric crest-derived cells toward a TrkC-expressing
sublineage. The observations that TrkC and MAP1b expression
are only partially coincident in cultures exposed to BMPs at E12
butalmost complete at E14 suggest that, in the presence of BMPs,
cells in the lineage that ultimately is recognized by MAP1b ex-
press TrkC when they are still immature and not yet MAP1b
immunoreactive.

NT-3 dependence

The idea that BMP-2 and BMP-4 shift the development of enteric
crest-derived cells toward a TrkC-expressing sublineage predicts
that BMP-2 and BMP-4 would, in the absence of NT-3, promote
apoptosis in TrkC-expressing neurons. The TUNEL method was
used to quantify apoptosis to test this hypothesis (in the NT-3-
responsive crest-derived cells immunoselected at E14). Cells were
cultured for 4 d with or without BMP-2 or BMP-4, in the pres-
ence or absence of NT-3, and the effects of subsequent NT-3
withdrawal (for 18 hr) were analyzed (Fig. 8C). The ability of
NT-3 to rescue TrkC-expressing neurons from apoptosis was also
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Figure 8.  BMP-2 and BMP-4 promote the expression of TrkC and the acquisition of dependence on NT-3 for survival. 4,
TrkC-immunoreactive neurons expressed as a percentage of total cells per culture exposed only to vehicle (121.9 = 34.7 X 10%
3 cultures). Crest-derived cells wereimmunoselected from the bowel at E12 and maintained in vitro for 4 =5 d. TrkC expression was
determined immunocytochemically. BMP-2 and BMP-4 (20 ng/ml) increase the proportion of TrkC-expressing neurons in the
cultures, but NT-3 (40 ng/ml) does not. B, Crest-derived cells were immunoselected from the bowel as in A, but at E14, and
maintained similarly. Data were normalized to the total number of cells per culture exposed only to vehicle (287.9 + 32.5 X 103;
13 cultures). NT-3 increases the proportion of TrkC-expressing neurons; this increase is significantly greater when NT-3 is com-
bined with BMP-2 or BMP-4. Note that the BMP-2- or BMP-4-associated increases in TrkC expression are greater at E12 (4) than
atE14. ¢, Withdrawal of NT-3. Crest-derived cells were obtained at E14 (as in B) and cultured for an initial period of 4 d. They were
then maintained for an additional 18 hr with or without NT-3. Data were normalized to the total number of TrkC-immunoreactive
neurons in the cultures in each of the indicated conditions. (The total of TrkC-immunoreactive neurons per culture in these
experiments ranged from 5.9 X 103 to 28.0 X 103.) When NT-3, rather than vehicle, was present throughout incubation,
TrkC-expressing neurons were significantly protected from apoptosis (f); moreover, the proportion of TrkC-expressing neurons
exhibiting apoptosis was significantly greater when NT-3 was withdrawn (—) during the follow-up period (*). The inclusion of
NT-3 with BMP-2 or BMP-4 decreased the proportion of TrkC-expressing neurons exhibiting apoptosis but enhanced the magni-
tude of apoptosis that accompanied the 18 hr withdrawal of NT-3 (*). D, Rescue from apoptosis by NT-3. Crest-derived cells were
obtained at E14 (as in () and cultured for an initial period of 2 d. They were then maintained for an additional 2 d with or without
NT-3. Data were normalized to the total number of TrkC-immunoreactive neurons in the cultures in each of the indicated condi-
tions. The total of TrkC-immunoreactive neurons per culture ranged from 2.9 X 103 to 14.5 + 1.2 X 103, The presence of BMP-2
or BMP-4 during the initial period of incubation increased the proportion of TrkC-expressing neurons undergoing apoptosis during
a subsequent period of incubation in the absence of NT-3. This increase was prevented when NT-3 was present during the
follow-up period of incubation (*). ns, Not significant.
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NT-3 was withdrawn from cultures ini-
tially maintained with BMP-2 or BMP-4
plus NT-3, apoptosis increased dramati-
cally ( p < 0.001). The increase in apopto-
sis was much more severe when NT-3 was
withdrawn from cells maintained in the
presence of BMP-2 or BMP-4 plus NT-3
(an increase of 277 and 285%, respec-
tively) than from cells maintained only in
the presence of NT-3 (an increase of 85%).
This observation suggests that provision of
NT-3 should rescue neurons that have
been cultured with BMP-2 or BMP-4 from
the apoptosis induced by NT-3 with-
drawal. That suggestion was confirmed
(Fig. 8 D). When crest-derived cells, which
were cultured for 2 d with BMP-2 or
BMP-4 or with BMP-2 plus NT-3, were
subsequently cultured for 2 d with or with-
out NT-3, apoptosis was greater in the cul-
tures that lacked NT-3 during the
follow-up period ( p < 0.001). These data
support the conclusion that, by promoting
the development of TrkC-expressing neu-
rons, BMP-2 and BMP-4 also make their
survival NT-3 dependent.

BMP-2 and BMP-4 time dependently
promote development of smooth muscle
from noncrest-derived cells

Because BMPRs were found in noncrest-
derived as well as in crest-derived cells and
BMP-2- and BMP-4-induced nuclear trans-
location of phosphorylated Smad-1 in both,
we tested the ability of BMP-2 and BMP-4 to
influence the development of smooth mus-
cle, which in the gut is entirely of mesoder-
mal origin. BMP-4 has also been reported to
enhance smooth muscle development in the
gut of early avian embryos (Roberts et al.,
1995, 1998, 2000; Sukegawa et al., 2000).
Noncrest-derived cells were isolated from
E12 and E14 bowel by negative immunos-
election with antibodies to p75™"™, The cells
were then cultured as above for 6 d in the
presence of vehicle, BMP-2, or BMP-4 (20
ng/ml). SMA immunoreactivity was used as
asmooth muscle marker, and the total num-
ber of cells in each culture was determined by
counting nuclei stained with bisbenzamide.

examined (Fig. 8 D). Cells were cultured for 2 d with or without
BMP-2 or -4 and with or without NT-3 and then maintained
without BMPs, but with or without NT-3, for an additional 2 d.

The occurrence of apoptosis in TrkC-expressing neurons cul-
tured in the presence of NT-3 was significantly less than that
found in vehicle-treated cultures ( p < 0.02) (Fig. 8C); however,
the withdrawal of NT-3 from the cells that had been exposed
previously to it substantially increased apoptosis in TrkC-
expressing neurons (p < 0.001). The proportion of TrkC-
expressing neurons undergoing apoptosis was lower in cells
maintained in the presence of BMP-2 or BMP-4 in combination
with NT-3 than in cultures of cells exposed singly to vehicle,
NT-3, or BMP-2 or BMP-4 ( p < 0.001) (Fig. 8C). Again, when

In cultures of cells isolated at E12, BMP-2 increased the proportion
of SMA-immunoreactive cells to 86.5 * 3.7 (n = 7) from 59.5 *+
3.8% in cultures exposed to vehicle ( p < 0.001). Similar results were
obtained in two experiments with BMP-4 in which the proportion of
SMA-immunore-

active cells was increased to 64 and 94%. The proportion of SMA-
immunoreactive cells in vehicle-exposed cultures of cells isolated at
El14, 37.7 = 7.5%, was significantly lower than at E12 ( p < 0.03);
moreover, the BMP-4-induced increase (to 54.9 * 6.4%; three cul-
tures) in the proportion of SMA-immunoreactive cells in cultures of
the E14 noncrest-derived cells did not achieve statistical significance.
These data suggest that BMP-2 and BMP-4 promote the develop-
ment of smooth muscle from noncrest-derived cells. This effect is
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age dependent. It is possible that precursor
cells that are not induced to develop as
smooth muscle between E12 and E14 de-
velop along another lineage, conceivably by
default, and lose their ability to develop as
smooth muscle and/or they may respond
differently to BMP-2 or BMP-4.

TrkC

Enteric neuronal hyperplasia occurs in
mice that overexpress noggin

Invitro data described above are consistent
with the ideas that BMP-2 and/or BMP-4
affect the development of enteric neurons
at E12-E14 and that they specifically en-
hance development of enteric neurons that
express TrkC. To determine whether BMP-2
and BMP-4 physiologically regulate devel-
opment of enteric neurons and their expres-
sion of TrkC, we quantified the total number
of neurons and that of the TrkC-expressing
subset in the intestines of transgenic mice
that overexpress the BMP antagonist noggin
(Guha et al., 2004). Noggin overexpression
was directed to neurons by using the NSE
promoter to drive expression of a bicistronic
noggin—IRES-EGFP transgene. NSE is ex-
pressed by mature neurons but not by their
uncommitted crest-derived  precursors
(Schmechel et al., 1980; Baetge et al., 1990b).
The overexpression of noggin in the bowel of
NSE—noggin mice would thus not be ex-
pected to occur until neurons begin to ap-
pear in the gut. Because new neurons con-
tinue to be added to the ENS from E12
through the first month of postnatal life
(Pham et al., 1991), the overexpression of

noggin by early-developing neurons would ~ Figure 9.
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MAP1b Merge

BMP-2 and BMP-4 promote the in vitro development of TrkC-immunoreactive neurons. Crest-derived cells were

be expected to interfere with BMP-mediated
effects on the development of the large num-
ber of enteric neurons that are generated af-
ter the start of neurogenesis.

Initial experiments were performed to
verify that noggin was indeed overex-
pressed in the ENS of the transgenic mice.
Expression of EGFP was detectable by RT-
PCR in the bowel of the NSE-noggin but

immunoselected from the gut at E12 or E14 and cultured as described in Figure 8, A and B. TrkC immunoreactivity (Alexa 594
fluorescence) is illustrated in A, D, G, and J. The immunoreactivity of the neuronal marker MAP1b (Alexa 488 fluorescence) is
illustratedin B, £, H, and K. The merged images are shown in (, F, /, and L. A-(, Crest-derived cells were immunoselected at E12 and
cultured in the presence of NT-3. There s little TrkC immunoreactivity. D—F, Cells were immunoselected at E12, but they were
culturedin the presence of BMP-2 plus NT-3. TrkC-immunoreactive aggregates of cells are now abundant. Partial colocalization of
TrkCimmunoreactivity and MAP1b occurs. G-/, Crest-derived cells were immunoselected at E14 and cultured in the presence of
NT-3. TrkC immunoreactivity is now abundant (compare with A). J-L, Crest-derived cells were immunoselected at E14 and
cultured in the presence of BMP-4 plus NT-3. TrkC immunoreactivity is still more abundant than in cultures supplemented only
with NT-3, and the aggregates of TrkC-immunoreactive cells are more tightly clustered into miniganglia. Colocalization of TrkC
immunoreactivity with that of MAP1b is nearly complete. Scale bars, 50 wm.

not wild-type mice (Fig. 10A). Expression
of mRNA encoding noggin, analyzed semiquantitatively, also ap-
peared to be greater in transgenic than in wild-type animals (Fig.
10A). Enhanced noggin expression in the transgenic mice was
confirmed by Western analyses (Fig. 10B). EGFP fluorescence
was observed in subsets of neurons in both the submucosal and
myenteric plexuses of NSE-noggin mice (Fig. 10C), confirming
that the transgene was expressed in enteric neurons. EGFP was
also found in enteroendocrine cells at the bases of intestinal
crypts (data not illustrated). In contrast, only autofluorescence
was observed in neurons or epithelial cells in wild-type mice.
The total number of neurons in the myenteric and submuco-
sal plexuses was estimated in the mature bowel by counting neu-
rons stained selectively with cuprolinic blue (Heinicke et al.,
1987; Karaosmanoglu et al., 1996) in flat laminar preparations of
submucosa and longitudinal muscle with attached myenteric
plexus. The neuronal density was quantified separately for duo-

denum, jejunum, and ileum in seven wild-type and 15 NSE—
noggin mice (11 heterozygotes and four homozygotes). The
number of neurons was significantly greater in NSE—noggin than
in wild-type animals in both plexuses and in all three regions of
the small intestine (Fig. 11) ( p < 0.001). In the myenteric plexus,
this increase was significantly greater in the homozygous than in
the heterozygous NSE-noggin mice ( p < 0.001). The increase in
the number of neurons in the submucosal plexus, however, ap-
peared to saturate with respect to gene dose in the duodenum and
the ileum. Only in the jejunum was the number of submucosal
neurons in the homozygous greater than in the heterozygous
NSE-noggin animals (Fig. 11) ( p < 0.05).

The observation that the in situ antagonism of BMP-2 and
BMP-4 by noggin overexpression in the gut of transgenic mice
increases the ultimate number of neurons developing in both
enteric plexuses supports the idea that BMP-2 and BMP-4 phys-
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wild-type littermates. Enteric neurons thus express the NSE-noggin transgene. Scale bar, 50 pum.
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Figure 11.  The overexpression of noggin under the control of the NSE promoter in trans-
genicmice s associated with significantincreases (atp << 0.001in both plexuses) in the number
of neurons per square millimeter in the duodenum, jejunum, and ileum. Neuronal perikarya
were stained with cuprolinic blue and counted. The quantitative data for the myenteric and
submucosal plexuses for wild-type (WT), heterozygous (het), and homozygous (hom) NSE—
noggin mice are shown in the graphs at the top of the figure, and representative fields from the
proximal ileum of wild-type and homozygous NSE—noggin mice (NSE-Nog) are illustrated in
the corresponding panels below the graphs. In myenteric plexus, the increase compared with
WT is significantly greater hom > het (at p << 0.001). In submucosal plexus, the increase
compared with WT saturates hom = het. Scale bars, 100 wm. ns, Not significant.

iologically regulate the development of enteric neurons. BMPs,
however, act during both fetal development and postnatal life.
The numbers of enteric neurons were therefore quantified at E18
in wild-type and NSE—noggin mice to determine whether the

C. GFP fluorescence

Noggin is overexpressed in the ENS of transgenic NSE-noggin mice. A, RT-PCR. Transcripts encoding noggin and
IRES-GFP were analyzed at P11 in the intestines of three transgenic mice (Tg) and three of their wild-type (Wt) littermates. More mRNA
encoding noggin is detected in the bowel of the transgenic mice than in the wild-type animals. Expression of IRES—GFP is detectable in the
qut of the transgenic animals but not in the bowel of their wild-type littermates. B, Western analysis. Noggin immunoreactivity was
demonstrated in the brain (Br) of a wild-type mouse (examined as a positive control) and in the intestines of transgenic and wild-type
animals. More noggin immunoreactivity is present in the gut (Gut) of transgenic than wild-type mice. ¢, GFP fluorescence in myenteric
neurons of a homozygous transgenic mouse at P29. No fluorescence can be seen in enteric neurons in similar preparations of the bowel of
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effect of the expression of the transgene is
apparent close to the time when noggin
overexpression begins or whether it is a
time-linked cumulative phenomenon. Be-
cause of the small size of the gut at E18, the
small intestine was not divided into re-
gions but examined as a unit. The submu-
cosal plexus is still forming at E18; there-
fore, the total number of neurons in the
bowel wall (encompassing both plexuses)
was determined. Neurons were identified
by using the immunoreactivity of PGP9.5
as a marker (Wilkinson et al., 1989), be-
cause cuprolinic blue is not reliable as a
neuronal marker in fetal tissue. Neuronal
density was compared in three heterozy-
gous NSE-noggin and three wild-type
control mice. The number of neurons per
square millimeter in the wild-type mice
(1162 = 49) was significantly less than that
of the NSE—-noggin animals (1389 = 37)
(p < 0.002). The ability of the transgenic
expression of noggin, therefore, to increase the numbers of en-
teric neurons is already apparent before birth and is maintained
into maturity.

Mpyenteric Neurons

The proportion of enteric neurons that express TrkC
decreases in mice that overexpress noggin

The effect of noggin overexpression on the development of en-
teric neurons that express TrkC was investigated to determine
whether the outcome of BMP-2 and BMP-4 regulation of the
development of a particular subset of enteric neurons can be
different from that of the set as a whole. Because BMP-2 and
BMP-4 were found to promote development of TrkC-expressing
neurons in vitro, their in situ antagonism might be expected to
decrease the number and especially the proportion of TrkC-
expressing neurons in the ENS of transgenic NSE-noggin mice,
despite the increase in the total number of enteric neurons.

TrkC was demonstrated immunocytochemically in whole
mounts of postnatal gut containing the submucosal and myen-
teric plexuses, and the numbers of TrkC-expressing neurons were
quantified as described above. The density of TrkC-expressing
neurons was quantified separately for duodenum, jejunum, and
ileum in six wild-type and 11 NSE-noggin mice (seven heterozy-
gotes and four homozygotes). Both the absolute density of TrkC-
expressing neurons (data not shown) and the proportion of total
neurons that express TrkC were found to be significantly lower in
NSE-noggin than in wild-type mice (Fig. 12). The NSE-noggin-
associated reduction in number and proportion of TrkC-
expressing neurons was observed in both the submucosal and
myenteric plexuses in all three regions of the small intestine ( p <
0.001). The effect of noggin overexpression on the proportion of
TrkC-expressing neurons was maximal in heterozygous NSE—
noggin mice, and no additional reduction was detected in the
homozygous animals.

Although the numbers and proportion of TrkC-expressing
neurons were affected by noggin overexpression in all three re-
gions of the postnatal small intestine, these neurons were not
uniformly distributed in the gut of wild-type mice. More TrkC-
expressing neurons were found in the ileum in both the submu-
cosal and myenteric plexuses of wild-type mice than in the duo-
denum and jejunum (Fig. 12) ( p < 0.001), and the proportion of
submucosal neurons that express TrkC was observed to be ap-
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proximately twofold to threefold that of the myenteric plexus in
each region of the small intestine (p < 0.001). The effects of
noggin overexpression obscured the regional difference in the
proportion of TrkC-expressing neurons in each plexus; however,
the pattern, in which the proportion of TrkC-expressing neurons
was greater in the submucosal than in the myenteric plexus, per-
sisted in the transgenic animals ( p < 0.001).

The number of TrkC-expressing neurons was quantified in
the small intestines of E18 wild-type and NSE—noggin (heterozy-
gous) mice to determine whether the effects of the expression of
the transgene on TrkC expression are apparent during fetal life as
they are on the density of enteric neurons. TrkC immunoreactiv-
ity was compared in three heterozygous NSE—noggin and three
wild-type control mice. The number of TrkC-expressing neurons
per square millimeter in the wild-type mice (283 = 14) was sig-
nificantly greater than that of the NSE-noggin animals (164 =
12) (p < 0.0001). The ability of the transgenic expression of
noggin, therefore, to decrease the numbers of TrkC-expressing
enteric neurons is already apparent before birth and, like that of
the increase in the density of total neurons, is maintained into
maturity. Whereas the size of the total population of ENS neu-
rons thus rises as a result of BMP-2 and BMP-4 antagonism in the
developing bowel, that of the subset defined by TrkC expression
decreases. These data are compatible with the ideas that a physi-
ological role of BMP-2 and BMP-4 is to promote the terminal
differentiation of specific subsets of enteric neurons, such as
those that express TrkC, at the expense of still-proliferating neu-
ronal progenitors.

The size of the muscularis externa increases in mice that
overexpress noggin

Because BMP-2 and BMP-4 affected the development of smooth
muscle in vitro, the numbers of smooth muscle cells were quan-
tified in both layers of the muscularis externa in the ileum of
postnatal (1 month) and fetal (E18) NSE-noggin (homozygous
and heterozygous) and wild-type mice. Both the circular and
longitudinal muscle layers in postnatal mice were found to con-
tain significantly more smooth muscle cells in postnatal homozy-
gous and heterozygous NSE—-noggin mice than in wild-type ani-
mals (Table 1). The effect of the expression of the transgene was
maximal in heterozygous mice, and no difference was detected
between homozygous and heterozygous mice in numbers of
smooth muscle cells in either the circular or longitudinal muscle
layers. The increased cellularity of the circular, but not the longi-
tudinal muscle, was apparent as early as E18 (Table 1). The lon-
gitudinal muscle is just beginning to form at this age; therefore,
the change in its cellularity has not yet become evident. The total
area of the muscularis externa at E18 in heterozygous NSE-nog-
gin mice (1.08 X 10° * 0.02 wm? # = 10), however, is already

<«

Figure 12.  The overexpression of noggin under the control of the NSE promoter in trans-
genic mice is associated with significant decreases in the density and proportion of total neu-
rons in the duodenum, jejunum, and ileum that express TrkC. Neuronal perikarya were immu-
nostained with antibodies to TrkC and counted. The proportions of myenteric and submucosal
neurons that express TrkCin wild-type (WT), heterozygous (het), and homozygous (hom) NSE-
noggin mice (NSE-nog) are shown in the graphs at the top of the figure, and representative
fields from the submucosal plexus in the proximal ileum of wild-type and homozygous NSE—
noggin mice are illustrated in the corresponding panels below the graphs. Significance of de-
crease in TrkC neurons density and proportion of het and hom compared with WT occurs atp <
0.001in both plexusesin all three regions of the intestine. The decrease is similar in het = hom
except in the myenteric plexus of ileum in which hom > het. Arrows indicate the locations of
TrkC-immunoreactive neurons. Scale bar, 50 m.
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Table 1. Effects of transgenic noggin overexpression on the numbers of smooth muscle cells of the muscularis externa postnatal mice (1 month)

Circular muscle layer®

Longitudinal muscle layer®

Mean n pversus WT Mean n pversus WT

Mouse

Wild type 49 *0.2 36 16.2 £ 0.5 36

Heterozygous NSE-noggin 6.0 = 0.1 25 <<0.0001 202 *0.8 25 <<0.0001

Homozygous NSE-noggin 5802 25 <€0.0001 221*07 25 <0.0001
Fetal mice (E18)

Wild type 4101 50 3201 50

Heterozygous NSE—noggin 46 £0.1 50 <<0.0001 31x0.1 507 NS

WT, Wild type; NS, not significant.

“Number of cells comprising the thickness of the layer. Counted along a line perpendicular to the long axis of the muscle cells.

©Number of cross-sectioned profiles of cells found within a circumferential arc of 45 m.
“Number of pooled measurements from three wild-type, two heterozygous, and two homozygous mice.
“Quantified as done for circular muscle.

significantly greater than that of wild-type animals (0.95 X 10° +
0.02 um?% 1 = 10) (p < 0.0001).

Discussion

The hypothesis was tested that BMP signaling is not limited to
mediating early events in gut organogenesis but also regulates the
development of the ENS from crest-derived émigrés (Roberts et
al., 1995, 1998; Roberts, 2000; Sukegawa et al., 2000). The colo-
nization of the fetal murine bowel by cells from the vagal neural
crest begins at E9—E9.5, although differentiated neurons cannot
be detected until E12, when they appear in the foregut and then
spread distally, reaching the terminal colon by E14-E15 (Roth-
man and Gershon, 1982; Rothman et al., 1984; Young et al., 1998,
1999, 2003). The rat gut is colonized similarly, but events tran-
spire ~1 d later (Baetge et al.,, 1990a). Transcripts encoding
BMP-2 and BMP-4 but not BMP-7 were detected in the bowel at
E12-FE14, coinciding with the appearance of neurons. Both
BMP-2 and BMP-4 (BMP-2 > BMP-4) continued to be ex-
pressed throughout development, and both were far more highly
expressed in the fetal than the adult gut. The effects of BMP-4 on
enteric neural crest-derived stem cells have also been reported to
decrease as a function of age (Kruger et al., 2002). The enteric
expression of the BMPs was accompanied by the simultaneous
expression of their cognate receptors, BMPR-IA, BMPR-IB, and
BMPR-II, and their antagonists, noggin, gremlin, chordin, and
follistatin. Agonists, receptors, and antagonists all appeared to be
expressed by both crest- and noncrest-derived cells. BMPs and
their antagonists may thus be autocrine or paracrine signaling
molecules in the gut. Because BMP signaling depends on precise
regulation of local concentrations of ligands and antagonists
(Cho and Blitz, 1998; Gurdon and Bourillot, 2001; von Bubnoff
and Cho, 2001; Sela-Donenfeld and Kalcheim, 2002), the identi-
fication in the gut of all of the elements of the signaling pathway
during neuron formation, suggests, but does not prove, that
BMPs play roles in ENS development.

To define the effects of BMP-2 and BMP-4 on ENS precursors,
these cells were immunoselected from the rat gut with antibodies
to p75™ ™R at E12 and E14. BMP-2 or BMP-4 induced the nuclear
translocation of phosphorylated Smad-1, indicating that ENS
precursors are BMP responsive. Treatment of immunoselected
E12 cells with low concentrations of BMP-2 or BMP-4 increased
the numbers and proportions of neurons, suggesting that BMPs
at low concentrations enhance the differentiation of neurons
from enteric crest-derived cells. This observation is consistent
with previous studies that have demonstrated neurogenic effects
of BMPs on neural crest and CNS precursor cells (Mabie et al.,
1999; Bixby et al., 2002; Mizuseki et al., 2003). At high concen-

trations, the abilities of both BMP-2 and BMP-4 to increase the
generation of neurons was lost, although in the case of BMP-2,
the proportion of neurons still increased because the total num-
ber of cells was reduced more than the number of neurons.
BMP-4 was even more effective than BMP-2 in reducing the total
numbers of crest-derived cells because of the induction of apo-
ptosis. The concentration-related abilities of BMP-2 and BMP-4
to promote neuronal differentiation and reduce the size of the
total population of crest-derived cells are consistent with the idea
that, by inducing neuronal precursors to differentiate into post-
mitotic neurons, BMPs limit precursor proliferation in the gut
and thus regulate the ultimate size of the ENS. These conclusions
are consistent with previous observations that BMP signaling
promotes exit from cell cycle and apoptosis of enteric precursors
and other neural crest derivatives (Song et al., 1998; Pisano et al.,
2000; Gomes and Kessler, 2001), as well as CNS progenitor cells
(Furuta et al., 1997; Mabie et al., 1999).

The interaction of BMP-4 with GDNF supports the idea that
BMPs limit the ultimate size of the ENS. When combined, as they
probably are in vivo, a low concentration of BMP-4 and GDNF en-
hanced the development of neurons; however, when GDNF was
combined with a high concentration of BMP-4, this effect was lost.
GDNF stimulates the proliferation of neuronal precursors between
E12 and E14 (Chalazonitis et al., 1998b). By inhibiting this prolifer-
ative effect, a high concentration of BMP-4 may thus restrict or
regulate the extent of the GDNF-driven increase in neurons.

To determine the physiological significance of the in vitro ob-
servations, the effects of inhibiting BMP function in the gut were
examined in animals that overexpress the BMP antagonist noggin
under the control of the NSE promoter (Guha et al., 2004). The
NSE promoter was selected to direct noggin overexpression in the
gut to the developing ENS and to delay its occurrence until neu-
rons begin to differentiate. This delay was intended to prevent
transgenic noggin from interfering with early effects of the BMPs
on the development of the radial axis, regionalization, or mesen-
chyme of the primordial bowel (Roberts et al., 1995, 1998; Rob-
erts, 2000; Sukegawa et al., 2000). Because NSE is not expressed
until after neurons have been specified (Schmechel et al., 1980),
the transgenic overexpression of noggin under NSE control does
not affect the colonization of the gut by crest-derived cells, their
migration, or their initial differentiation into neurons.

The NSE promoter was effective in directing the overexpres-
sion of noggin to the developing bowel. Increased expression of
transcripts encoding noggin, enhanced expression of noggin pro-
tein, and expression of the transgene in enteric neurons were all
demonstrated in the gut of transgenic animals. The total number
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of neurons was increased in these animals by >50% in the my-
enteric plexus in all regions of the bowel and by 30-50% in the
submucosal plexus. The increase in the size of the ENS was ap-
parent by E18. The hyperplasia of the enteric nervous system in
the NSE—noggin transgenic animals supports the conclusion that
BMP signaling limits the size of the ENS.

BMP-2 and BMP-4 each increased the numbers of neurons
that expressed TrkC and were NT-3 dependent. BMP signaling
induced the precocious appearance of the TrkC-expressing lin-
eage in cultures of immunoselected E12 precursors and increased
the numbers of TrkC-expressing cells in both E12 and E14 cul-
tures. BMP signaling also increased the dependence of this pop-
ulation of cells on NT-3 for survival. These observations correlate
well with the decrease in the number and proportion of TrkC-
expressing neurons observed in both plexuses of the noggin-
overexpressing animals. These decreases were already apparent in
the E18 fetal bowel. The decrease in this specific subpopulation in
the ENS of transgenic mice is particularly striking because the
total number of enteric neurons increased in the same animals.
These observations are consistent with previous observations
that BMP signaling promotes TrkC expression in dorsal root and
sympathetic ganglia (Zhang et al., 1998) and that it induces de-
pendence of these cells on NT-3 for survival (Song et al., 1998;
Gomes and Kessler, 2001). BMP signaling thus not only regulates
neuron numbers in the developing ENS but also contributes to
the specification of neuronal sublineages, such as that which ex-
presses TrkC, and is NT-3 dependent.

Additional effects of BMPs included inducing developing en-
teric neurons to aggregate in vitro into ganglion-like clusters.
Early crest-derived cells enter the bowel in diffuse cords that
gradually assemble into ganglia (Epstein et al., 1991). Conceiv-
ably, BMP-2 and BMP-4 facilitate this aggregation in situ. Con-
sistent with this suggestion, BMP-2 and BMP-4 increase the ex-
pression of polysialylated neural cell adhesion molecules by
enteric crest-derived cells (Faure et al., 2003). The effects of
BMPs, moreover, were not limited to crest-derived cells.
Noncrest-derived mesenchymal cells also expressed BMP recep-
tors and exhibited BMP-induced nuclear translocation of
Smad-1. At E12 but not E14, BMPs promoted smooth muscle
differentiation. When BMP signaling was inhibited in vivo by the
transgenic overexpression of noggin, however, smooth muscle
cell numbers were increased in both layers of the muscularis ex-
terna. These observations are consistent with previous data that
suggest that BMP-4 promotes smooth muscle differentiation
early in enteric development (Roberts et al., 1995, 1998) but later
inhibits it (Sukegawa et al., 2000). The early effect of BMP-4 fits
well with the current in vitro observations and the later effect with
the observations in NSE—-noggin transgenic mice in which BMP
antagonism is delayed until neurons start to differentiate. The
increase in smooth muscle cell numbers, evident in NSE—-noggin
mice by E18, is likely to be attributable to antagonism of the late
action of BMPs to restrict smooth muscle generation (Sukegawa
etal,, 2000). Both the developing ENS and the enteric mesenchyme,
therefore, continue to be potential targets of the BMPs beyond the
early period of organogenesis. The persistence of the BMP effect
could account for the association of mutations in SIP1, a gene that
encodes Smad interacting protein-1, with the development of con-
genital aganglionosis (Hirschsprung’s disease) in human subjects
(Wakamatsu et al., 2001). These mutations may interfere with BMP
signaling in developing enteric nerve and muscle.
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