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Abstract
Formation of the enteric nervous system (ENS) from migratory neural crest-derived cells that
colonize the primordial gut involves a complex interplay among different signaling molecules.
The bone morphogenetic proteins (BMPs), specifically BMP2 and BMP4, play a particularly
important role in virtually every stage of gut and ENS development. BMP signaling helps to
pattern both the anterior-posterior axis and the radial axis of the gut prior to colonization by
migratory crest progenitor cells. BMP signaling then helps regulate the migration of enteric neural
crest-derived precursors as they colonize the fetal gut and form ganglia. BMP2 and -4 promote
differentiation of enteric neurons in early fetal ENS development and glia at later stages. A major
role for BMP signaling in the ENS is regulation of responses to other growth factors. Thus BMP
signaling first regulates neurogenesis by modulating responses to GDNF and later gliogenesis
through its effects on GGF-2 responses. Furthermore, BMPs promote growth factor dependency
for survival of ENS neurons (on NT-3) and glia (on GGF-2) by inducing TrkC (neurons) and
ErbB3 (glia). BMP signaling limits total neuron numbers, favoring the differentiation of later born
neuronal phenotypes at the expense of earlier born ones thus influencing the neuronal composition
of the ENS and the glia/neuron ratio. BMP2 and -4 also promote gangliogenesis via modification
of neural cell adhesion molecules and promote differentiation of the circular and then longitudinal
smooth muscles. Disruption of BMP signaling leads to defects in the gut and in ENS function
commensurate with these complex developmental roles.
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FOREWORD
Dr. Ira Black was a major leader in the study of neural development. His early work focused
on development of neural crest derivatives with a particular emphasis on specification of
neurotransmitter phenotype (Black et al., 1971); (Cochard et al., 1978) and work in this area
continued throughout his career. We thus feel that the topic of this review is particularly
fitting to honor his fundamental contributions and his memory.
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INTRODUCTION
The enteric nervous system (ENS) is derived from migratory vagal and sacral neural crest
(Yntema, 1954); (Le Douarin and Teillet, 1973) and the spatiotemporal migratory routes
taken by the neural crest-derived precursors of the ENS within the primordial gut are now
well understood (Burns and Thapar, 2006); (Hao et al., 2009). Many of the signaling
molecules controlling the differentiation and diversity of enteric neuronal phenotypes and
enteric glia have now also been identified (Hao and Young, 2009); (Gershon, 2010). The
present review focuses on the roles of the Bone Morphogenetic Proteins (particularly BMP2
and BMP4) as dominant signaling molecules in shaping the fetal gut and in regulating its
subsequent intrinsic innervation by enteric neural crest-derived cells (ENCDC).

Why the BMPs?
The BMP subclass of the TGFβ superfamily of growth factors is highly conserved from
Drosophila to mammals and is involved in all stages of neural development from neurulation
through embryonic and post-natal development, and continuing in adulthood (Hogan, 1996).
BMPs act in dorso-ventral patterning of the neural tube, formation of the neural crest
(Selleck et al., 1998) and onset of neural crest migration (Sela-Donenfeld and Kalcheim,
1999). They influence the shaping of the neural crest-derived peripheral nervous system
(PNS) and act as gradient morphogens on subventricular zone (SVZ) progenitor cells in the
central nervous system (CNS). They promote neuronal lineage commitment during early
CNS development but later promote astroglial lineage at the expense of neuronal or
oligodendroglial fates (Mehler et al., 1997).

BMP2 and BMP4 bind to a type II receptor subunit (BMPRII) to form a heterotetrameric
complex with a type I subunit (BMPRIA or BMPRIB) (Yamashita et al., 1996). The type I
subunits are phosphorylated by BMPRII and in turn recruit and phosphorylate the
downstream signal transduction molecules, Smad 1, 5 or 8 (Attisano and Wrana, 2000).
BMP actions are regulated in vivo in a time and location-dependent manner by proteins such
as noggin, follistatin, gremlin and chordin that antagonize BMP signaling by directly
binding BMPs and blocking ligand activity (Cho and Blitz, 1998).

BMPs HELP TO SPECIFY GUT SUBDIVISIONS PRIOR TO COLONIZATION
BY ENCDC

Roberts, Tabin and collaborators in the late 1990s demonstrated the importance of BMP
signaling in formation of the chick gut (Roberts et al., 1995); (Roberts et al., 1998) (Roberts,
2000). Expression of BMP 2, -4 and -7 varies temporarily and spatially within the
primordial gut (Goldstein et al., 2005). BMP4 is expressed in the mesoderm of the entire gut
except in the gizzard/stomach and in conjunction with Bapx-1/Nkx3.2 regulates the
thickness of the smooth muscle layer in the stomach (Nielsen et al., 2001). Sonic hedgehog
(Shh) induces BMP4 in the splanchnic mesoderm through an endoderm-mesoderm
interaction. BMP4 in the stomach controls smooth muscle hypertrophy and promotes
differentiation. Subsequently BMP2 promotes glandular formation in the stomach
epithelium through a mesoderm-endoderm interaction. Thus BMP4 and-2 control regional
specification of the antero-posterior axis of the gut into foregut, midgut and hindgut (Smith
et al., 2000) ; (De Santa Barbara et al., 2005). Sonic hedgehog (Shh) in endodermal
epithelium is responsible for patterning of the radial axis of the gut. Shh activates its
receptor Patched as well as BMP4 in adjacent non-smooth muscle mesenchyme, where
differentiation of lamina propria and submucosa will occur. Shh and BMP4 act along a
decreasing concentration gradient from epithelium to the outer gut regions; as concentrations
of Shh decrease towards the outer regions, smooth muscle and enteric neuron differentiation
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occur, thus determining the outer location of the ENS intercalated with the circular and
longitudinal smooth muscle layers (Sukegawa et al., 2000).

SHH AND BMPs ALSO INFLUENCE ENCDC PROLIFERATION AND
MIGRATION WITHIN THE FETAL GUT

Enteric murine neural crest-derived cells express the Shh receptor Patched and the
transcription factor Gli1. Shh promotes ENCDC proliferation in explants of murine gut but
suppresses both their migration and their differentiation and coalescence into ganglia
induced by glial cell-line derived neurotrophic factor, GDNF (Fu et al., 2004). In the chick
gut, inhibition of BMP signaling by over-expression of the antagonist noggin starting at E2
delayed the migration of ENCDC in vivo, and by E12 hypoganglionosis occurred in the
hindgut with reduction in ganglion size. However, the timing of neural differentiation was
unaffected and there was no change in the rate of cell death (Goldstein et al., 2005).

In contrast to the delayed migration of the crest-cells promoted by inhibition of BMP
signaling in the chick hindgut, enhancement of migration of the crest-cells was observed in
the mouse hindgut at comparable developmental stages, resulting in abnormal location of the
neural crest cells towards the epithelium rather than towards the bowel outer wall where the
myenteric plexus is normally located (Fu et al., 2006). The opposite effects on neural crest
cells migratory behavior in chick vs mouse, caused by inhibition of BMP signaling,
underscores the importance of the location and concentration of BMP ligands encountered
by the neural crest cells. It may also reflect the fact that the normal migratory behavior of
these cells differs between the two species.

ENCDC FROM RAT or MICE FETAL GUT CAN BE ISOLATED AND STUDIED
ENCDC express selectively the pan-neurotrophin binding receptor p75NTR, (Baetge et al.,
1990);(Chalazonitis et al., 1997);(Chalazonitis et al., 1998a);(Chalazonitis et al., 1998b) and
highly purified preparations of ENCDC can be prepared by immunoisolation based on
p75NTR expression. In rat fetal gut at E12 colonization is not completed in the hindgut,
whereas by E14 and E16 colonization is nearly completed throughout the gut and ENCDC
proliferation is declining while neuronal and glial differentiation is increasing. The
expression of BMP signaling molecules and the effects of BMP2 and -4 were examined
using cultures of ENCDC immunoisolated from three distinct stages of fetal rat gut
development, E12, E14 and E16 (equivalent to E11, E13 and E15 in mice).

BMP2 and -4, their transducing receptors subunits and inhibitors such as noggin, are
expressed both by ENCDC p75NTR+ and by non p75NTR− populations

In intact rat fetal gut, BMP2 and −4, but not BMP7, are expressed from E12 onwards and
expression declines in the adult. qPCR analysis shows that transcripts for BMP2 are more
abundant than for BMP4 at all stages with a peak at E12-E14. BMP4 expression surges at
E14 and again at E19-P2 (Chalazonitis et al., 2004). Similarly in avian gut BMP7 is not
expressed in the ENS and is restricted to the epithelial layer (Goldstein et al., 2005). BMP2
and -4 are each expressed both by isolated ENCDC (p75NTR+cells) and by the remaining
population of gut cells (p75NTR− depleted, Hand-1+ cells) which is comprised
predominantly of smooth muscle precursors of mesodermal origin (Chalazonitis et al.,
2004). Both populations also express BMPRII, BMPRIA and BMPRIB. By contrast in the
developing and adult human ENS, BMPRIA is expressed only by ganglion cells, and co-
localizes with the neural crest marker HNK-1 and the neuronal marker Hu. It is thus a
reliable marker of human colonic enteric ganglion cells at all stages of their development
(Brewer et al., 2005). ENCDC and non-ENCDC populations both translocate the
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phosphorylated form of Smad (pSmad1/5/8) to the nucleus in response to a 1 hr in vitro
exposure to BMP2 or -4 (Chalazonitis et al., 2004). The BMP inhibitors gremlin, noggin,
chordin and follistatin are all also expressed by fetal and mature rat gut. Noggin is expressed
by both ENCDC and the non-ENCDC populations at E14, suggesting that it modulates BMP
signaling in both populations. By contrast, in the avian hindgut noggin is strongly expressed
in the submucosal layer with only minimal expression in the ENS (Goldstein et al., 2005). In
toto these observations suggest that by the end of the migratory stage through the post-natal
period, BMP2 and -4 exert paracrine as well as autocrine influences on both ENCDC and
non-ENCDC populations.

BMP2 and -4 promote optimal neuronal differentiation of rat ENCDC precursors only at
specific concentrations and for a limited time of treatment. With prolonged exposure (e.g.6
days) of cultured p75NTR+ ENCDC to BMP2 or -4, the maximal degree of neuronal
differentiation occurs at relatively low concentrations (up to 1 ng/ml) and declines at higher
concentrations (up to 100 ng/ml) of ligand. Conversely, maximal neuronal differentiation in
response to high concentrations of BMPs occurs with a short exposure (2 days), suggesting
that longer treatments compromise neuronal survival. (Chalazonitis et al., 2004) (see
diagram Fig1). In fact the total number of cells is reduced in cultures of ENCDC treated
with high concentrations of BMP2 or -4 and the proportions of cells undergoing apoptosis is
significantly higher after prolonged (6 day) treatment. Thus the differentiating actions of
BMP2 or -4 are distinct from those on survival, and prolonged exposure to high
concentrations of BMPs compromises survival. This contrasts with other neurotrophic
factors, such as neurotrophin-3 (NT-3), whereby differentiation and survival effects are
linked. The data are consistent with previous findings that BMP2 promotes differentiation of
neural crest-derived sympathetic and enteric progenitors into sympathetic or enteric neurons
respectively and that it promotes the acquisition of dependence by these neurons on other
gut-derived trophic factors (Pisano et al., 2000). Similarly cultured CNS progenitor cells
exhibit strikingly different responses to BMP2 or -4 treatment depending on the embryonic
stage and concentration of ligands. At E13, high concentrations of BMP2 or-4 inhibit cell
proliferation and promote apoptosis that can be mitigated by FGF2 whereas at later stages
(E16 and thereafter) BMP2 or -4 promote neuronal and later astrocytic differentiation
(Mabie et al., 1999).

GDNF and BMP can cooperate to promote neurogenesis only if BMP signaling is limited
GDNF promotes proliferation of avian (Hearn et al., 1998), murine (Heuckeroth et al., 1998)
and rat (Chalazonitis et al., 1998b) ENCDC in vitro. This effect is strong at E12 but wanes
at later stages to be replaced with a differentiating/survival effect at E16 (Chalazonitis et al.,
1998b). BMPs and TGFβ are potent promoters of cell cycle exit and can induce apoptosis in
tumors via the Smad proteins (Ten Dijke et al., 2002). Further, as noted above, high
concentrations of BMP2 or -4, or prolonged exposure to the ligands, reduces ENCDC
survival. When ENCDC encounter both GDNF and BMP2 or -4, neurogenesis is enhanced
by the survival effects of GDNF only if the BMP2 or -4 concentration is kept low or time of
treatment is short. However if the BMP2 or -4 concentration is high or the treatment is
prolonged, then GDNF–induced proliferation is inhibited and the degree of neurogenesis is
diminished (Chalazonitis et al., 2004). A precise balance between the two factors is thus
necessary to maintain and enhance neurogenesis in the ENS (diagram in Fig 1).

BMP2 or -4 promote acquisition of dependence of newly differentiated neurons on NT-3 for
survival via up-regulation of TrkC

ENCDC immunoisolated at E14 but not at earlier stages (E12) respond to NT-3 by
differentiating into neurons that grow extensive neuritic arbors and that become dependent
on NT-3 for their survival (Chalazonitis et al., 1994); (Chalazonitis et al., 1998b)
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(Chalazonitis et al., 2001); (Chalazonitis, 2004). ENCDC immunoisolated from E12 gut
express only low levels of the neurotrophin receptor, TrkC, but treatment with BMP2 or -4
(for 4-5d) promotes a 10-fold increase in the proportion of TrkC expressing-neurons.
ENCDC isolated at E14 already express significant levels of TrkC, but BMP2 or -4
treatment increases levels of expression 5-6 fold. Concomitant with the induction of TrkC
expression, a subset of enteric neurons become dependent upon NT-3 for their continued
survival whereas they largely do not require NT-3 for survival if they have not encountered
BMP signaling (Chalazonitis et al., 2004). Similarly fetal and neonatal sympathetic neurons
isolated from the superior cervical ganglion express TrkC after treatment with BMP2 or -4,
and they then acquire responsiveness to NT-3 with survival and extension and fasciculation
of neuritic processes (Zhang et al., 1998) (diagram in Fig 1). BMP2 induced dependence for
survival on other neurotrophic factors has also been demonstrated in immortalized
sympatho-adrenal progenitor cells (MAH cells) which undergo apoptosis in a concentration-
dependent manner when treated with BMP2 or -4 but which survive when co-treated with
bFGF and NGF (Song et al., 1998). This type of complex interplay among different
signaling molecules is particularly important for the development of enteric neuronal
populations, which are much more diversified than PNS ganglia. For instance BMP2 and
NT-3 promote the development of TH-expressing (dopaminergic) enteric neurons in vitro
(Chalazonitis et al., 2008) and targeted deletion of NT-3 and TrkC promotes significant
reduction in the CGRP-expressing intrinsic primary afferent neurons (IPANs) of the
submucosal plexus (Chalazonitis et al., 2001). BMPs may also influence development of
glial cells (see below) by regulating expression of other neurotrophin receptors such as
TrkB, which is expressed by enteric glia (Levanti et al., 2009).

BMPs promote glial differentiation later in development than neuronal differentiation
ENCDC ultimately generate both neurons and glia. BMP2 or -4 induces neuronal but little
glial differentiation of cells immunoisolated at early (E12) fetal stages (Chalazonitis et al.,
2004); (Chalazonitis et al., 2011a). By E14 however, treatment with BMP4 significantly
increases glial differentiation of ENCDC 7-fold. The gliogenic effects of BMP2 or -4 persist
at E16 but at a lower efficacy than at E14. Differentiated glial cells respond in vitro directly
and specifically to BMP4 exposure by exhibiting nuclear translocation of pSmad1/5/8 which
can be inhibited upon co-exposure with noggin (Chalazonitis et al., 2011). The shift from
pro-neuronal to pro-glial effects of BMP signaling in the ENS during development parallels
what is observed in the CNS where a similar shift occurs (Mehler et al, 1997).

BMPs regulate expression of the GGF-2 receptor, ErbB3
Gliogenic factors such as GGF-2/NRG-1, type II (Marchionni et al., 1993) restrict
pluripotent neural crest cells towards a glial fate (Shah et al., 1994). GGF-2 is effective in
promoting glial differentiation of ENCDC immunoisolated at E16 but not at E12. Consistent
with this in vitro observation, the abundance of transcripts for GGF2 in fetal gut increases
by about 5-fold from E12 to E16 (Chalazonitis et al., 2011a) (diagram Fig1). Mice with loss
of function of the GGF-2 receptor, ErbB3, lack enteric glia (Riethmacher et al., 1997)
indicating that ErbB3 signaling is essential for enteric gliogenesis. ErbB3 is expressed by
GFAP-expressing glial cells in E17 fetal gut and persists in the adult gut. Further, ENCDC
immunoisolated at E15 express ErbB3 (Chalazonitis et al., 2011a). This suggested the
possibility that BMP could regulate gliogenesis via promoting ErbB3 expression in glial
precursors. In fact BMP4 treatment of ENCDC immunoisolated at E14 resulted in a 4-fold
increase in GFAP-expressing cells co-expressing ErbB3.
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BMP signaling attenuates GGF-2 proliferative effects but increases glial dependency on
GGF2 for survival

GGF-2 promotes enteric gliogenesis by promoting proliferation of ENCDC glial progenitors
(diagram Fig1). However BMP signaling interferes with the proliferative effects of GGF-2,
consistent with its known effect in promoting exit from cell cycle of proliferating glia
progenitor cells (Mabie et al., 1999); (Ten Dijke et al., 2002). Thus BMP signaling enhances
glial differentiation but limits the ultimate number of glia by inhibiting proliferation of glial
precursors. Cultured ENCDC exposed to GGF-2 begin to acquire a dependency for survival.
Co-treatment with BMP4 greatly increases the number of cells that acquire such dependence
on GGF-2 for survival (Chalazonitis et al., 2011a)

A major role for BMP signaling in the ENS is regulation of responses to other growth
factors

An emerging theme is that BMP signaling exerts many of its pleiotropic effects on the ENS
by regulating responses to other growth factors including GGF-2, GDNF, and NT-3. The
effects of BMP2 or -4 on GDNF-induced neurogenesis remarkably parallel the effects on
GGF-2-induced gliogenesis. In both cases BMP signaling enhances the effects of the factor
on differentiation but limits effects on proliferation. Thus BMP signaling first regulates
neurogenesis by modulating responses to GDNF and later regulates gliogenesis through its
effects on GGF-2 responses (Chalazonitis et al., 2011a). Furthermore, BMPs promote
growth factor dependency for survival of ENS neurons (on NT-3) and glia (on GGF-2) by
inducing TrkC (neurons) and ErbB3 (glia). Taken together these observations in vitro point
to the complicated effects of BMP signaling that are highly dependent upon the spatial and
temporal window in which cells are exposed to BMP2 or -4 and the concentration of the
factors that is encountered by the cells (see diagram in Fig1).

BMP4 REGULATES GANGLIOGENESIS AND NERVE PROCESSES
FASCICULATION VIA POLYSIALYLATION OF THE NEURAL CELL
ADHESION MOLECULE (N-CAM)

Once ENCDC have colonized the entire length of the gut and differentiated into neurons and
glia, the cells coalesce into discrete ganglia that interconnect forming the chains that
constitute the myenteric and submucosal plexuses (Epstein et al., 1991) (Newgreen and
Hartley, 1995). Aggregation of neurons is promoted in vitro by high concentrations of
BMP2 or -4, and the size of these clusters/ganglia is increased by co-treatment with GDNF
(Chalazonitis et al., 2004). Although the precise molecular mechanisms underlying ganglion
formation are unknown, several lines of evidence suggest that the neural cell adhesion
molecule N-CAM and/or its polysialylated form, PSA-NCAM are involved. N-CAM is
expressed in the developing ENS in chick, rat and human and PSA-NCAM plays a role in
cell migration, axonal outgrowth and synapse formation during CNS development (Eckhardt
et al., 2000), (Bruses, 2001). Expression of the sialyltransferases PST and STX is detected in
fetal rat gut at E12, increases sharply by E14–E18, decreases at birth and is down-regulated
in the adult (Faure et al., 2007). Neuronal clusters that form in vitro in response to BMP4 all
express N-CAM, and BMP signaling promotes expression of PSA-NCAM, whereas GDNF
signaling does not (Faure et al., 2007) (diagram in Fig1). Because polysialylation reduces
the adhesive properties of N-CAM (Crossin and Krushel, 2000) (Weinhold et al., 2005),
BMP signaling could alter the adhesion of neurons to one another or to the substrate via
regulation of the expression of PSA-NCAM. To address this possibility, the polysialylation
of N-CAM was inhibited by treating cultured ENCDC with two unnatural analogs of
polysialic acids, both of which can be recognized by the sialyltransferases: N-
butanoylmannosamine (ManBut) that blocks elongation of the sialic acid chain and N-
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propanoylmannosamine (ManProp) that does not (Mahal et al., 2001); (Charter et al., 2002).
Clustering induced by BMP4 was completely inhibited with exposure to ManBut (2-5 mM)
but not ManProp, indicating that PSA-NCAM is involved in the process. It is interesting to
note that the highest levels of expression of both BMP4 and the sialyltransferase PST and
STX, and the highest proportions of neurons expressing PSA-NCAM in both the myenteric
plexus and the submucosal plexus (Faure et al., 2007), coincide at late embryonic stages of
gut development. It is at these late fetal stages that reorganization of the chains of migrating
neural crest cells takes place (Young et al., 2004), that the neurons become post-mitotic
(Rothman et al., 1984) and that they cluster into ganglia (Epstein et al., 1991). Other studies
of non-immunoisolated dissociated cultures and of explant cultures of fetal mouse gut also
give evidence, in a more physiological, albeit less defined environment, of the importance of
BMP induced polysialylation of N-CAM (Fu et al., 2006). BMP4 treatment restricted
GDNF-induced migration of neural crest precursors in explants while noggin promoted it.
Further, BMP4 treatment increased PSA-immunoreactivity on neural crest–cells and their
neuritic processes and enhanced fasciculation of neuritic processes extending out of gut
explants. Finally BMP4-induced aggregation of ganglion cells in murine bowel explants was
confined to the outer wall of the bowel, while noggin treatment allowed the ganglion cells to
remain dispersed through several layers (Fu et al., 2006).

BMP2 OR -4 LIMIT THE NUMBER OF ENTERIC NEURONS DEVELOPING IN
VIVO

The studies using immunoisolated ENCDC provided quantitative analyses of the direct
effects of BMP signaling on these cells and their progeny. To validate these culture findings
in vivo where ENCDC interact with other cell layers and with multiple signaling molecules
within an intact gut microenvironment, ENS development was examined in transgenic mice
which overexpress either BMP4 (Gomes et al., 2003) or the BMP inhibitor noggin (Guha et
al., 2004) under control of the neuron specific enolase (NSE) promoter. NSE expression
becomes significant in mouse gut at E15-16 (Chalazonitis et al., 2008), so that transgenic
changes in BMP signaling start at a time when colonization of the GI tract by the ENCDC is
completed, neuronal progenitors are starting to differentiate, and glial progenitors are in a
proliferative phase. The transgene continues to be expressed through the postnatal period;
thus alterations in BMP signaling continue as subsets of neuronal precursors exit the cell
cycle at distinct stages of late fetal and post-natal development and glia become
differentiated. Quantitative analysis of the neuronal packing density was assessed using
cuprolinic blue, a universal marker for enteric neurons (Karaosmanoglu et al., 1996) in
transgenic mice aged P26-P34 (NSE-Nog) and P24-P25 (NSE-BMP4).

In the NSE-noggin mice there was a significant excess of neurons in both myenteric and
submucosal plexuses in all regions of the GI tract (Chalazonitis et al., 2004) (see diagram
Fig 2). In the myenteric plexus (MyP) the increase in homozygote transgenic mice ranged
from 148% (ileum) to 168% (duodenum) of wild type (WT). There was a gene dosage
effect, and the increase in density in heterozygote mice was significantly less in all regions
of the gut ranging between 116% and 138% of WT. In contrast in the submucosal plexus
(SmP) neurons numbers increased to similar degrees in heterozygotes and homozygotes
mice from 123% (jejunum) to 156% (in duodenum) of WT. By contrast, in heterozygote
mice over-expressing BMP4 there were no significant changes in neuronal density in either
the myenteric or submucosal plexus (Chalazonitis et al., 2008). This suggests that the levels
of BMP2 or -4 present in WT mice are already large relative to levels in the NSE-BMP4
transgenic mice. However in a different context where BMP signaling is constitutively
active, the overall number of enteric neurons is significantly decreased from duodenum to
colon in both plexuses (Chalazonitis et al., 2011b). This increased BMP signaling occurs in
mice lacking the gene encoding the homeodomain interacting protein kinase-2 (HIPK-2)
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which is a transcriptional co-repressor that directly interacts with Smad1 and suppresses
BMP-dependent reporter gene expression (Harada et al., 2003). The findings with these
mice are consistent both with the observations in the noggin transgenic mice and with the
inhibitory effects of BMP signaling observed in vitro (Chalazonitis et al., 2004) or in vivo
(Sukegawa et al., 2000).

BMP2 OR -4 PROMOTES GLIA DEVELOPMENT IN VIVO AND REGULATE
THE GLIA/NEURON RATIO

In contrast to the effects on neuronal density, the glial packing density in NSE-noggin mice
was significantly decreased (to 80% of WT) in both the MyP and SmP (Chalazonitis et al.,
2011a). Conversely in heterozygote mice over–expressing BMP4 there was a significant
increase (125% of WT) in the myenteric plexus of the duodenum. The size of the pool of
ENCDC is finite; BMPs biological actions include promotion of cell cycle exit as well as
differentiation on early and late developing populations of enteric precursors thus,
depending on their concentration, the BMPs adjust the size of the pool destined for each
neuronal and glial phenotypes. Thus increased BMP signaling enhances glial development at
the expense of the number of neurons, and limiting BMP signaling conversely enhances
neurogenesis at the expense of gliogenesis. The profound effects of BMP signaling in
regulating the balance between neurogenesis and gliogenesis can be appreciated by
comparing changes in the ratios of glia to neurons when BMP signaling is altered. For
example, in NSE-noggin mice there was an extraordinary 2.5 fold decrease in the glia to
neuron ratio in the myenteric plexus of the duodenum whereas there was a 50% to 75%
increase in the ratio in NSE-BMP4 mice (Chalazonitis et al., 2011a). Taken together these
data point out the critical role of BMP signaling in achieving a normal balance between
neurogenesis and gliogenesis, thereby ensuring the integrity of ENS functions (see diagram
in Fig. 2).

BMP SIGNALING REGULATES THE PHENOTYPIC DIVERSITY OF ENTERIC
NEURONS

The diversity of neuronal phenotypes in the ENS is comparable to that of the CNS (Gershon,
2005; Furness, 2006). Defined enteric neuronal subsets are born at specific developmental
times in the ENS i.e. serotonergic neurons are born first (from E10-E14) while those
expressing the marker CGRP are among the last born neurons (from E17-late postnatal
stages) (Pham et al., 1991). In general the subsets of neurons classified as being born early
in the myenteric plexus (up to E14.5) are serotonergic, then calretinin- and calbindin- and
then NOS-expressing-neurons. Because NOS neurons start to be born at E12.5 (Myp) and
continue to be born beyond E17.5 (Myp) and P1 (SmP), this subset encompasses both early
and late-born neurons. Subsets of neurons considered to be later born (from E14.5 until
postnatal ages) include gabaergic, TrkC-CGRP- and dopaminergic/TH-expressing neurons.
In the submucosal plexus cell cycle exit occurs for all phenotypes later than their myenteric
plexus counterparts. Since BMP signaling regulates neuronal and glial differentiation in a
time-dependent manner, the composition of neurons was examined in NSE-noggin and
NSE-BMP4 mice to define a potential role for BMP signaling in regulating the composition
of phenotypes (see diagram in Fig 2).

Decreased BMP signaling enhances early-born neuronal phenotypes and decreases later
born ones

In the myenteric plexus of NSE-noggin mice, the density and proportions of serotonergic
neurons (the earliest born population) increased 3-fold. The densities of calretinin- and
calbindin-neurons also increased significantly but to a lesser extent than the serotonergic
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neurons. Similarly the density of NOS-expressing neurons increased slightly, although their
proportion decreased (Chalazonitis et al., 2008) since the overall increase in neuron numbers
was relatively larger. By contrast the densities and proportions of TrkC-neurons decreased
significantly (2-3 fold compared to WT) in all gut regions (Chalazonitis et al., 2004).
Similarly the densities and proportions of GABA- and CGRP-expressing neurons decreased
significantly both in heterozygote and homozygote mice. In the submucosal plexus
serotonergic neurons were not analyzed since they are expressed in the myenteric plexus
only. However calretinin and calbindin neuronal densities both increased, particularly the
calbindin-expressing neuronal population. By contrast the densities and proportions of
TrkC-expressing neurons decreased greatly in all gut regions and by almost 4-fold in the
ileum (Chalazonitis et al., 2004). In addition GABA-, CGRP-, TH- and DAT-expressing
neurons all decreased significantly both in densities and proportions (Chalazonitis et al.,
2008). Thus decreased BMP signaling enhanced early-born neuronal phenotypes and
decreased later born ones whereas increased BMP signaling did the converse (see diagram in
Fig 2).

Because most enteric neurons are cholinergic and co-express other neuropeptides (Rothman
et al., 1984); (Sang and Young, 1998) it is likely that additional subsets of enteric neurons
were altered that have not yet been analyzed. In fact the degree of overall neuronal
hyperplasia that occurs in the NSE-noggin mice exceeds the added increases in proportions
of serotonergic, calretinin, calbindin, and NOS neurons. However the data from both
transgenic lines clearly indicate that BMP signaling acts to limit the size of the early born
populations of neurons allowing the later born populations to increase in size, thus assuring
the appropriate composition of the ENS. Since BMP signaling tends to promote exit from
cell cycle, a change in the number of cell cycles that progenitors of each neuronal subset
normally undergo prior to being born, may be the reason why 1) decreased BMP signaling
exerts opposing effects on development of neurons that are born early (increase) from those
that are born late (decrease) and why 2) increased BMP-signaling promotes the reverse. For
example, in Drosophila early born neurons respond to a timer which depends on the number
of cell cycles prior to differentiation while late-born neurons respond to a timer which is
independent of cytokinesis (Harris, 2003; Pearson and Doe, 2003); (Grosskortenhaus et al.,
2005). Thus it is plausible that decreased BMP signaling in the mouse gut may allow
precursors of early-born neurons to prolong their cycling period thus generating more
neurons, whereas increased BMP signaling may shorten their cycling period and reduce the
number of progeny. As noted above, BMP signaling plays a critical role in the
differentiation of later born populations (TrkC-TH-CGRP-expressing, etc) which helps to
explain how it expands the pool of these cells and why loss of BMP signaling reduces the
size of the later born populations.

BMP2 or -4 ALSO PROMOTE ENTERIC SMOOTH MUSCLE
DIFFERENTIATION FROM NON-ENCDC DURING A LIMITED
DEVELOPMENTAL WINDOW

Non-ENCDC (p75NTR−) cells include smooth muscle actin (SMA+)-expressing cells of
mesodermal origin. Non-ENCDC isolated from E12 and E14 rat gut express BMPRII, -IA
and –IB and respond to BMP in vitro with nuclear translocation of pSmad-1/5/8
(Chalazonitis et al., 2004). Treatment of SMA+-cells isolated from E12 with BMP2 or -4
increases the size of the population by more than 50%. By E14, however, SMA+-cells
become less abundant, and neither BMP2 nor -4 treatment increases population size
(Chalazonitis et al., 2004). These data are consistent with findings in early avian fetal gut
that BMP4 enhances smooth muscle development (Roberts et al., 1995); (Roberts et al.,
1998); (Roberts, 2000; Sukegawa et al., 2000). BMP2, BMPRII and –IA are expressed in the
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smooth muscle layer of E12-E13 mouse fetal gut. Moreover BMP2 treatment of gut-like
structures that develop from mouse ES cells increased contractions and expression of SMA
mRNA, and these effects were blocked by noggin (Torihashi et al., 2009).

To help define the role of BMP signaling on development of the smooth muscle layers in
vivo, the thickness of the circular and longitudinal muscle layers was measured in E18 and 1
month post-natal NSE-noggin mice. In E18 fetal gut in NSE-noggin mice, development of
the circular layer but not the longitudinal layer was enhanced. However, in 1 month-old
NSE-noggin mice there was a significant increase in the number of layers in both the
circular and longitudinal muscles (Chalazonitis et al., 2004). BMP2 or -4 treatment of
immunoisolated non-ENCDCs promoted muscle cell differentiation at early embryonic
stages and became ineffective at post-natal stages. Since noggin is not over expressed in the
NSE-noggin mice until about E15, the predominant effect was blockade of the later
inhibitory effects of BMP signaling thus leading to thicker smooth muscle layers. In toto
these observations are consistent with a stimulatory effect of BMP signaling on
differentiation of smooth muscle precursors during early fetal development (Roberts et al.,
1995; Roberts D.J., 1998; Roberts, 2000) but an inhibitory effect later in development
(Sukegawa et al., 2000).

GUT MOTILITY AND GI TRANSIT TIME ARE ABNORMAL IN NSE-NOGGIN
MICE

Since the ENS of the NSE-noggin mice displayed significant neuronal hyperplasia,
decreases in the glia/neuron ratios in both plexuses, changes in the relative proportions of
many neuronal phenotypes, and increased thickness of the smooth muscle layers, anomalies
in GI tract function might be expected. Stool frequency, wet weight and water content were
all higher in the NSE-noggin compared to WT littermates, although body weights did not
differ significantly. The gastrointestinal transit time (GTT) was determined through gavage
of P-35-38 NSE-noggin and WT animals with spores of the heat resistant Bacillus
stearothermophilus. Interestingly whereas the mean GTT was not significantly different
between NSE-noggin (9.9 hr) and WT (10.2 hr) mice, the coefficient of variation of transit
values was the double in NSE-noggin (24.2%) compared to WT (10.3%). Transit of spores
in the GI tract of NSE-noggin mice was highly irregular; for example the percentage of
spores recovered by 3 hr was more than 10% compared to less than 1% in WT, while the
remaining 90% of the spores was retained for an abnormally long time compared to WT
(Chalazonitis et al., 2008). While animals in protected environments may sustain such
fluctuations in transit time, it is likely that in the wild (i.e. under stress) they would not adapt
so well. The irregular periods of blockage of GTT in the NSE-noggin mice is reminiscent of
the bowel obstruction that occurs in infants diagnosed with intestinal ganglioneuromatosis
associated with the MEN2B mutations of the RET gene (Smith et al., 1999).

DEFECT IN THE GENE ENCODING SMAD-INTERACTING PROTEIN-1
(SIP-1/ZEB-2) CAUSES HIRSCHPRUNG’S DISEASE (HSCR) AS WELL AS OTHER NEURAL
CREST DEFECTS

Identification of SIP-1 as a cause of HSCR provides additional genetic evidence of the
essential and pleiotropic roles played by the BMPs in development of the ENS. SIP-1 is a
family member of two-handed zinc finger/homeodomain proteins (Zinc finger-E box
binding homeobox 2/ Zeb-2); it contains a homeodomain like sequence and 2 clusters of
zinc fingers at the amino and carboxy terminals in addition to a Smad binding domain. SIP-1
can thus interfere with BMP signaling by interacting with receptors activated full length
Smads (Wakamatsu et al., 2001). Human patients with de novo mutations identified in a
deleted segment of chromosome 2q22, have HSCR associated with microcephaly, mental
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retardation, epilepsy and facial anomalies. SIP1/ZFHX1B/ZEB2 maps to this region, and its
over-expression in Xenopus causes abnormal head phenotypes (Eisaki et al., 2000). There
are 97% similarities in amino acids between mouse and human homologs of SIP1. Mice
lacking the ZFHX1B gene, similarly exhibit neural crest-cells defects leading to HSCR
because of suboptimal development of the vagal neural crest (Van de Putte et al., 2003).
This phenotype demonstrates directly the essential role of SIP-1 in the migration and
colonization of the distal gut by ENCDC, implicating suboptimal BMP signaling in this
process.

CONCLUDING REMARKS AND OUTLOOK
The relative simplicity of peripheral nervous system ganglia is a major reason why Ira Black
focused much of his attention on development of sympathetic and sensory ganglia (Black et
al., 1971; Cochard et al., 1978). As knowledge of developmental neurobiology became more
sophisticated, it also became necessary to understand how developing neural elements
interact with other organ cells and structures. The gut is particularly suited for such analyses
since it includes not only an extensive intrinsic nervous system, comprised of neuronal
phenotypes as diverse as those in the CNS, but also a mucosal epithelium of variable
morphology and secretory cells, an immune system, a lamina propria, a submucosa and
layers of smooth muscle.

BMP signaling first regulates regionalization of the primordial gut with differentiation in the
anterior to posterior direction into foregut, midgut and hindgut. The BMPs next establish the
map of regionalization of the layers of tissues along the radial axis, from epithelium, lamina
propria, to circular and longitudinal smooth muscle layers. When vagal ENCDC cells begin
to enter the gut, BMP signaling regulates their migration to and colonization of their
properly regionalized targets. These processes require BMP signaling to be exquisitely
controlled for the right period of time, at the right concentration and at the right location so
that: 1) adequate numbers of ENCDC migrate; 2) balanced numbers of neuronal and then
glial precursors proliferate, exit the cell cycle and then differentiate; 3) diverse neuronal
populations are established in the right proportions; 4) receptors for neurotrophic factors are
up-regulated enabling neurons, or committed glia, to respond to specific survival factors; 5)
neurons express polysialylated adhesion molecules to allow aggregation of neurons into
ganglia. In contrast to ganglia of the PNS, it is remarkable that the nascent myenteric and
submucosal ganglia are embedded within their target of innervation, the longitudinal and
circular smooth muscle layers respectively. Since BMP signaling regulates smooth muscle
layer differentiation as well as the proper axonal elongation and fasciculation of the neurons,
it can help coordinate the establishment of the proper functional interactions between the
pre-synaptic neurons and the smooth muscles. BMP signaling could also regulate
interganglionic synaptic interactions within the plexuses of the ENS. In this regard, it is of
interest to note that in mice deficient with the gene encoding the transcriptional co-repressor
HIPK-2, an imbalance between TGFβ and BMP signaling occurs with excessive BMP
signaling resulting in arrest of synaptic development and synaptic loss in the post-natal ENS
(Chalazonitis et al., 2011b). There are many remaining challenges to understanding how
BMP signaling regulates development of the ENS. However it is remarkable how the field
of developmental neurobiology has expanded since Ira Black began his pioneering work just
a few decades ago.
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Figure 1. BMP2 and -4 promote enteric neuronal differentiation in early fetal development and
glia at later stages and then dependence on other factors for their survival
When ENCDC (in gray) are immunoselected at early fetal stages (E12, left) and grown for
several days in vitro (DIV), BMP signaling promotes cell cycle exit and rapid neuronal
differentiation, neuritic extension and clustering via PSA-NCAM of Ret and pgp9.5-
expressing neurons (in green). In a subset of neurons (in red), BMP 2 or -4 promote
precocious expression of TrkC, the specific transducing receptor for NT-3 (bottom left).
However prolonged treatment with high BMP (20-100 ng/ml) does not sustain neuronal
survival, and by E14 differentiated neurons become dependent on other neurotrophic factors
(i.e. NT-3) for survival and undergo apoptosis in the absence of those factors (bottom
center). High BMP concentrations interfere with the proliferative effects (green circular
arrows) of GDNF. However with lower concentrations (0.1-1 ng/ml) and prolonged
treatment, BMP2 or -4 increase neuronal differentiation, and this effect is enhanced by
GDNF (center left). When ENCDC are immunoselected at later stages (E14 and thereafter)
BMP 2 or -4 up-regulate expression of ErbB3, the specific binding receptor for GGF-2 in
glial precursors that express BMP receptors, p75 NTR and Sox10 (gray cells, bottom right).
As GGF-2 expression becomes maximal (by E15), ErbB3-expressing glial precursors
proliferate with GGF-2 (brown circular arrows) and differentiate into mature glia (BFABP-
S100β-GFAP-expressing) (right). The differentiated ErbB3-expressing glial cells (in brown)
become dependent upon GGF-2 for their survival and undergo apoptosis in the absence of
GGF-2 (bottom far right). High concentrations of BMP2 or -4 dampen the proliferative
effects of GGF-2.

Chalazonitis and Kessler Page 17

Dev Neurobiol. Author manuscript; available in PMC 2013 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Altered BMP signaling in transgenic mice over-expressing noggin or BMP-4, changes
the glia/neuron ratio and the proportions of neurons with defined phenotypes in relation to when
they exit the cell cycle
In mice over-expressing noggin under the control of the NSE promoter, BMP signaling is
antagonized leading to an increased density of neurons (in mauve) in both plexuses, while
glia density (in brown) is decreased (upper right). Conversely in mice over-expressing
BMP-4 the density of neurons decreases while glial density increases (upper left). In the
NSE-Nog mice the density and proportion of neurons exiting the cell cycle early, serotonin
(in yellow), calbindin, calretinin (in orange) are increased (top of right column) whereas the
proportions of those exiting the cell cycle late: GABA (in pink) , TrkC (in red) , TH/DAT
(in green) , CGRP (in blue) are reduced (bottom of right column) in both plexuses. The
proportion of the NOS-expressing neurons (light green) is not significantly altered since
they exit the cell cycle neither too early nor too late compared to the other subtypes. In the
NSE-BMP4 mice, the proportion of the earliest born serotonergic neurons is reduced (top
left column) while the proportions of neurons that exit the cell cycle late (TrkC, TH/DAT,
CGRP) are increased (bottom left column). nd: not determined.
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