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Neural Precursor Death Is Central to the Pathogenesis
of Intestinal Aganglionosis in Ret Hypomorphic Mice
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The RET tyrosine kinase is required for the migration, proliferation, and survival of the enteric neural crest-derived cells (ENCCs) that
form the enteric nervous system (ENS). Hypomorphic RET alleles cause intestinal aganglionosis [Hirschsprung disease (HSCR)], in
which delayed migration and successive nonapoptotic ENCC death are considered to be major contributory factors. The significance of
ENCC death in intestinal aganglionosis, however, has remained unclear. We show that elevated expression of Bcl-xL inhibits ENCC death
in both Ret-null and hypomorphic states. However, the rescued Ret-null mice showed ENS malfunction with reduced nitric oxide synthase
expression in colonic neurons, revealing the requirement of RET for neuronal differentiation. In contrast, the inhibition of cell death
allows morphologically and functionally normal ENS formation in Ret hypomorphic mice. These results indicate that ENCC death is a
principal cause of intestinal aganglionosis in a Ret hypomorphic state, and suggest that the inhibition of cell death is a route to the
prevention of HSCR.

Introduction
Hirschsprung disease (HSCR), or congenital intestinal agangli-
onosis, is found in approximately 1 in every 5000 live births,
affecting more males than females (4:1 ratio). The most common
form of the disease is the short-segment type in which the enteric
ganglia are absent only in the distal colon. The aganglionic colon
is incapable of peristalsis, resulting in severe constipation or le-
thal intestinal obstruction (Badner et al., 1990; Skinner, 1996;
Parisi and Kapur, 2000; Amiel et al., 2008). RET is the major gene
involved in HSCR. Nearly all HSCR patients harbor either a het-
erozygous mutation of the coding region (Angrist et al., 1995;
Attie et al., 1995; Seri et al., 1997; Hofstra et al., 2000) or, more
often, a heterozygous or homozygous hypomorphic allele located
in a conserved enhancer sequence in intron 1 (Emison et al.,
2005; Grice et al., 2005). In particular, a hypomorphic allele of
RET accounts for the majority of isolated HSCR, constituting
70% of all HSCR cases.

Activation of the RET receptor occurs upon self-dimerization,
which is induced by binding of glial cell line-derived neuro-
trophic factor (GDNF) family ligand to its cognate receptor,
glycosylphosphatidylinositol-anchored coreceptor GDNF family
receptor � (GFR�) (Baloh et al., 2000; Airaksinen and Saarma,
2002; Burzynski et al., 2009). RET signaling regulates multiple
aspects of the development of the enteric nervous system (ENS),
including cell proliferation (Chalazonitis et al., 1998; Hearn et

al., 1998; Taraviras et al., 1999; Gianino et al., 2003), migration
(Young et al., 2001; Natarajan et al., 2002), differentiation
(Taraviras et al., 1999), and survival (Taraviras et al., 1999). Mice
homozygous for Ret deletion show total intestinal aganglionosis
(Schuchardt et al., 1994) caused by impaired migration and apo-
ptosis of immature enteric neural crest-derived cell (ENCCs). In
contrast, inactivation of Ret or Gfr�1 in later ENS development
causes nonapoptotic death of enteric neurons in the distal colon,
leading to colonic aganglionosis (Uesaka et al., 2007, 2008). Non-
apoptotic death of enteric neurons also occurs under primary
culture conditions. Enteric neurons isolated from embryonic
hindgut die after GDNF deprivation, which cannot be prevented
by either pan-caspase inhibitor or Bax deficiency (Uesaka et al.,
2007). The molecular mechanism underlying cell death remains
unclear. To date, only Bcl-xL overexpression has been shown to
be able to rescue enteric neuronal death induced by GDNF de-
privation (Uesaka et al., 2007).

A hypomorphic Ret mutation in mouse reproduces crucial
genetic and phenotypic features of isolated HSCR, including in-
complete penetrance, tendency toward male preponderance, and
colonic aganglionosis with no other developmental deficits (Uesaka
et al., 2008). Importantly, delayed migration and subsequent
nonapoptotic death of ENCCs are considered to be the major
causes of colonic aganglionosis in a Ret hypomorphic state. The
contributory levels of ENCC death in colonic aganglionosis,
however, remain unclear.

Here, we report a successful genetic intervention against en-
teric neuron death in vivo. Mice engineered to express elevated
levels of Bcl-xL conferred resistance to cell death to ENCCs in
both Ret-null and hypomorphic states. However, Ret-deficient
ENCCs that had escaped from cell death did not undergo normal
differentiation and failed to constitute a functional ENS. In con-
trast, rescued ENCCs in Ret hypomorphic mice completed mi-
gration, albeit in a delayed manner, and formed a functional ENS.
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The results demonstrate the requirement of RET in neuronal
differentiation and ENS function and suggest that cell death, not
migratory delay, of ENCCs is the principal cause of isolated
HSCR. They also reveal a great deal of the plasticity of Ret hypo-
morphic ENCCs, which cells can form a functional ENS so long
as their survival is ensured, a crucial finding for developing novel
strategies toward the prevention of HSCR.

Materials and Methods
Mice. The Retflox and RetRet9/ � mice have been described previously (Uesaka
et al., 2008). In this study, Ret heterozygous mice (RetTLZ/�) (Gould et al.,
2008) are referred to as Ret�/ �. The CAGGCre-ER and Bax �/� mice
were obtained from The Jackson Laboratory. Ret-Bcl-xL allele was gen-
erated by knocking a gene cassette composed of human Bcl-xL cDNA
with SV40 intron poly(A) and floxed neomycin resistance marker (Neo)
into the first coding exon of the Ret gene in a manner that disrupts
expression of the endogenous mouse Ret. This strategy was identical to
that described previously (Enomoto et al., 2001). Primer sequences for
genotyping of RetBcl-xL mice were as follows: RetBcl-xL forward, 5�-
CGAGACCCGCCTGCTCCTCAACCGC-3�; wild type (WT) reverse, 5�-
AGCGCTAACTTCACCCCGGCCCCTACCGTC-3�; mutant reverse,
5�-CACTGGGGGTCTCCATCTCCGA-3�. Mice used for this study were
kept on a mixed 129/Sv � C57BL/6 background. All animal experiments
were approved by the Animal Research Committee of the RIKEN Center
for Developmental Biology and were performed in accordance with
RIKEN guidelines for animal and recombinant DNA experiments.

Histological analysis. Immunohistochemistry and acetylcholinesterase
(AChE) histochemistry were performed as described previously (Uesaka
et al., 2007). We used the following primary antibodies: rabbit antibody
to PGP9.5 (1:1000, Ultraclone), rabbit antibody to S100B (1:500, Lab
Vision), chicken antibody to GFP (1:1000, Aves Labs), rabbit antibody to
neuronal NO synthase (NOS) (1:500, Millipore), rabbit antibody to cal-
retinin (1:2000, Millipore), rabbit antibody to calbindin (1:1000, Milli-
pore), rabbit antibody to Bcl-xL (1:500, Cell Signaling Technology), and
goat antibody to Sox10 (1:500, Santa Cruz Biotechnology), respectively.
We used the appropriate secondary antibodies (1:500) conjugated to
Alexa 488, Alexa 594, Alexa 633, or Alexa 647 (Invitrogen).

We took photomicrographs with Zeiss LSM5 PASCAL confocal mi-
croscope, Zeiss Axioskop 2 FS plus with a digital camera AxioCam HRc
(Zeiss), or a Leica MZ FLIII with a digital camera AxioCam MRc5 (Zeiss).

Real-time quantitative RT-PCR analysis. Total RNA from myenteric
plexus muscle layers of intestine was reverse transcribed using Super-
Script III (Invitrogen), and Bcl-xL mRNA sequences were quantified by
real-time PCR in a 7500 real-time PCR system (Applied Biosystems) with
100 nM primers in Power SYBR Green PCR Master Mix (Applied Biosys-
tems). We used the quantity value of �-actin RNA levels in each sample as
a normalizing control. The primers used for human and mouse Bcl-
xL and human RET mRNA quantification were as follows: Bcl-xL
forward, 5�-GGCACTGTGCGTGGAAAGCGTA-3�; Bcl-xL reverse,
5�-CCGCCGTTCTCCTGGATCCA-3�; human RET forward, 5�-GT-
GTGAGTGGAGGCAAGGAG-3�; human RET reverse, 5�-GTCCTG-
AGGGCAAATGTTGA-3�. Melting curve analysis ensured exclusion
of primers from each analysis.

Cell culture. Primary culture of enteric neurons was prepared as de-
scribed previously (Uesaka et al., 2007). Briefly, hindgut dissected from
mouse embryos [embryonic day 15.5 (E15.5)] were treated with collage-
nase/dispase (1 mg/ml, Roche) for 15 min at 37°C. The cells were disso-
ciated by repeated pipetting and 1 � 10 4 cells were plated onto a single
well of an 8-well slide coated with poly-D-lysine (0.1 mg/ml) and laminin
(20 �g/ml). The culture medium contained DMEM low (Invitrogen)
with 1% N-2 supplement, 2% B-27 supplement (Invitrogen), and peni-
cillin/streptomycin (Meiji Seika). Cells were cultured for 2 d in the pres-
ence of GDNF (100 ng/ml) and then switched to medium containing
either GDNF-neutralizing antibodies (no further addition of GDNF;
GDNF deprivation) or GDNF (100 ng/ml; control).

Determination of the frequency, weight, and water content of stool. Each
animal was provided unlimited access to water and food. During the
course of a 1 h observation period, stools were collected immediately

upon defecation and sealed in preweighed tubes. The frequency of defe-
cation and the wet and dry weights of collected stool pellets were mea-
sured. The difference between wet and dry weights of stool was used to
compute the stool water content.

Statistical analyses. Data are means � SEM. For all experiments, we
calculated the difference between groups with the Mann–Whitney U test.
Survival data were plotted by the Kaplan–Meier method and analyzed by
the log-rank test using GraphPad Prism5 software. We considered all
p values �0.05 not significant.

Results
Enteric neuronal loss following Ret inactivation is prevented
by Bcl-xL expression but not by Bax deletion
Isolated HSCR is highly associated with hypomorphic mutations
in RET. In mouse, hypomorphic Ret alleles affect both migration
and survival of ENCCs and result in colonic aganglionosis. To
elucidate the degree of the contribution of ENCC death to the
HSCR-like phenotype, we developed a system by which ENCC
death can be prevented in mice. Based on in vitro findings that the
overexpression of Bcl-xL rescues the death of GDNF-deprived
enteric neurons (Uesaka et al., 2007), we attempted to elevate the
level of Bcl-xL expression in ENCCs by knocking Bcl-xL cDNA
into the Ret locus (Fig. 1A). This targeting strategy was used
previously to generate Ret-null mice (RetCFP/CFP) in which RET
expression was replaced by cyan fluorescent protein (CFP) (Uesaka
et al., 2008). The insertion of Bcl-xL disrupted the Ret locus as
seen in Figure 1B, top and bottom (showing Ret-null phenotype,
including the absence of enteric ganglia and agenesis of kidney,
respectively, in RetCFP/Bcl-xL mice) but allowed expression of
Bcl-xL under the Ret promoter (Fig. 1A). In the enteric plexus of
RetBcl-xL/� mice at postnatal day 60 (P60), there was no increase in
enteric neuron numbers (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material), but the level of Bcl-xL
gene expression at P0 was elevated approximately twofold (nor-
malized values of Bcl-xL mRNA in WT and RetBcl-xL/� mice were
2.26 and 1.27, n � 3). Furthermore, a marked increase in Bcl-xL
protein levels was observed in enteric neurons of RetBcl-xL/� fetuses
(supplemental Fig. 2, available at www.jneurosci.org as supple-
mental material). To assess whether this elevated level of Bcl-xL
expression can exert prosurvival actions, we used an in vitro par-
adigm in which enteric neuronal death can be induced by GDNF
deprivation. Enteric neurons were isolated from E15.5 hindgut,
cultured in the presence of GDNF for 2 d, and then subjected to
GDNF withdrawal. While �70% of enteric neurons from WT
hindgut died after GDNF deprivation, RetBcl-xL/� enteric neurons
were completely protected from cell death (Fig. 1C,D), indicating
that the elevation of Bcl-xL expression by the Ret-Bcl-xL allele is
protective against enteric neuronal death in vivo.

To assess whether Bcl-xL can inhibit enteric neuronal death in
vivo, we determined the effect of Bcl-xL on enteric neuronal loss
resulting from the conditional ablation of Ret. Mice carrying a
conditional allele of Ret (Retflox) (Uesaka et al., 2008) were mated
to Ret�/ � (Gould et al., 2008) or RetBcl-xL/� mice harboring the
CAGGCre-ER transgene. Treatment of pregnant mothers with
4-hydoxytamoxifen (4-OHT; 0.5 mg per mouse) at E15.5 in-
duced Cre activity to delete the floxed Ret, which was monitored,
as described previously (Uesaka et al., 2008), by induction of CFP
expression in the fetuses, and the fetal gut was examined at E18.5.
Numerous CFP � enteric neurons were found in RetCFP/�:
CAGGCre-ER (control) colon (Fig. 2A, left), while very few en-
teric neurons were detected by CFP or PGP9.5 staining in
RetCFP/-:CAGGCre-ER (cKO) colon (Fig. 2A, right). In contrast,
in RetCFP/Bcl-xL:CAGGCre-ER (cKO/Bcl-xL) fetuses, Ret-deficient
enteric neurons survived in the colon (Fig. 2B), and �60% of
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cKO/Bcl-xL mice displayed apparently normal ENS formation
(Fig. 2C). Thus, elevated expression of Bcl-xL allows Ret-
deficient colonic neurons to survive in vivo.

In most parts of the nervous system, programmed cell death
depends on the presence of Bax (Deckwerth et al., 1996; Miller et
al., 1997; White et al., 1998). The deletion of Bax has been shown
to significantly reduce neuronal death in several apoptosis para-
digms, including neurotrophic factor deprivation (Deckwerth et
al., 1996) and Bcl-xL deficiency (Shindler et al., 1997). However,
Bax deficiency failed to affect the survival of enteric neurons in
the developing ENS (Gianino et al., 2003), and GDNF-deprived
enteric neurons died by a Bax-independent mechanism in vitro
(Uesaka et al., 2007). We therefore investigated the potential in-
volvement of Bax in enteric neuronal loss following conditional
inactivation of Ret in mice. Massive enteric neuronal loss was
observed even under the Bax-deficient condition (Fig. 2D). Thus,
Bax deletion does not effectively attenuate enteric neuronal loss
following Ret inactivation, indicating that enteric neurons die in
a Bax-independent mechanism in vivo.

Rescued Ret-deficient neurons fail to constitute a
functional ENS
While nearly all enteric neurons died in the distal colon of Ret
cKO mice, enteric neurons in cKO/Bcl-xL mice survived in the
absence of Ret. Although the degree of the rescue varied among
animals, apparently normal ENS formation was observed in

�60% of Ret cKO/Bcl-xL mice (Fig. 2C).
However, almost all cKO/Bcl-xL mice
tended to be smaller than their control lit-
termates (average body weight at 1
month: 14.3 � 0.3 vs 11.0 � 1.5 g in con-
trol vs cKO/Bcl-xL mice), suggesting
functional deficits in the rescued ENS in
cKO/Bcl-xL mice. To explore this possi-
bility, we performed a functional assay
combined with more detailed immuno-
histochemical examination of the ENS,
and the results were evaluated using only
cKO/Bcl-xL mice, which display normal
numbers of enteric neurons (control and
cKO/Bcl-xL were 847 � 24 and 896 � 40
cells per mm 2, respectively, n � 5) and
glial cells (control and cKO/Bcl-xL were
1195 � 60 and 1192 � 43 cells per mm 2,
respectively, n � 3). Stool frequency, wet
stool weight, and water content of stools
were all significantly lower in cKO/Bcl-xL
than in control mice [2.3 � 0.4 versus
4.0 � 0.4 pellets/h ( p 	 0.05]), 25.2 � 2.9
versus 49.6 � 3.1 mg ( p 	 0.05), and
8.3 � 0.7 versus 13.8 � 0.9 mg ( p 	 0.05),
respectively, n � 4). In two of five cKO/
Bcl-xL mice, we observed hard feces accu-
mulated in the distal colon (Fig. 3A). Fiber
density revealed by AChE staining was
comparable in cKO/Bcl-xL and control
colon (Fig. 3B,C). Neuronal subtypes
were examined by immunohistochemis-
try (Fig. 3D,E) against calretinin (excita-
tory motor and a part of intrinsic primary
afferent neurons) (Sang and Young, 1998;
Qu et al., 2008), NOS (inhibitory motor
neurons) (Lyster et al., 1995; Sang et al.,

1997), and calbindin (intrinsic primary afferent neurons) (Qu et
al., 2008). The proportion of calretinin- or calbindin-positive
neurons to CFP-positive (rescued Ret-null) neurons remained
unchanged in cKO/Bcl-xL colon as compared with control. How-
ever, a striking decrease was observed in the proportion of NOS-
expressing neurons to the rescued Ret-null neurons in cKO/
Bcl-xL colon. The proportion of NOS/CFP neurons remained
unaltered in the small intestine (Fig. 3E). These results indicate
that RET provides crucial support for NOS� colonic neurons
and suggest that the decreased NOS neuron density in the colon
leads to intestinal dysfunction. Together, these results indicate
that, although elevated Bcl-xL expression protects Ret-deficient
enteric neurons against cell death, it is insufficient for the ENS to
fully mature and function in a Ret-null state.

Elevated expression of Bcl-xL in ENCCs suppresses the
HSCR-like phenotype in Ret hypomorphic mice
We finally moved on to assess the impact of prosurvival actions of
Bcl-xL in a HSCR state. To this end, we crossed RetBcl-xL/� mice to
Ret9/� mice. Ret9 /� mice carry a hypomorphic allele of Ret and
display distal colonic aganglionosis with incomplete penetrance
and overall incidence of 38% (8 of 21). The other Ret-dependent
forms of organogenesis, including kidney development and mo-
tor innervation, proceed normally in these mice. These genotypic
and phenotypic features closely resemble those of isolated HSCR,
indicating that Ret9/ � mice serve as one of the best models of HSCR

Figure 1. Generation of mice expressing Bcl-xL under the Ret promoter. A, The targeting approach to generate Ret-Bcl-xL allele.
Exon 1 is shown as gray box. The homologously recombined construct contains the wild-type human Bcl-xL cDNA (green box) and
floxed Neomycin resistance expression cassette (Neo, red box; loxP, black triangle). Activation of Cre recombinase resulted in
removal of the floxed Neo. B, Phenotype of RetBcl-xL/CFP fetuses was identical to that of Ret-deficient fetuses. CFP fluorescence
readily revealed the presence of ENS precursors and branching ureteric buds (arrowheads) in RetCFP/� fetuses (left), whereas no
functional kidneys and ENS were observed in RetBcl-xL/CFP fetuses (right) at E12.5. C, Elevated expression of Bcl-xL prevents death of
GDNF-deprived enteric neurons. Enteric neurons isolated from E15.5 WT and RetBcl-xL/� hindgut were cultured for 2 d and
then switched to GDNF-deprived conditions. Surviving neurons (PGP9.5 �) were counted 48 h after GDNF deprivation.
D, Quantification of surviving enteric neurons. PGP9.5-positive neurons were counted. Error bar indicates SEM (n � 3).
Scale bars; B, 200 �m; C, 100 �m.
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(Uesaka et al., 2008). To our surprise, the
Ret-Bcl-xL allele almost completely sup-
pressed intestinal aganglionosis pheno-
type (Fig. 4). Among 51 Ret9/Bcl-xL mice
examined, 50 had normal ENS, and intes-
tinal aganglionosis (short segment) was
detected in only one mouse (the incidence
in Ret9/ � versus Ret9/Bcl-xL mice, 38% ver-
sus 2%, respectively, p 	 0.0001).

In Ret9/ � fetuses, a delay in hindgut
colonization by ENCCs is first discernible
(most prominent after E12.5; compare
WT and Ret9/ �) (Fig. 5A), and ENCCs
subsequently undergo cell death (Uesaka
et al., 2008). To understand how elevated
Bcl-xL expression influences this patho-
logical process, we examined the develop-
mental sequences of gut colonization by
ENCCs in Ret9/Bcl-xL fetuses. No obvious
differences were observed between Ret9/Bcl-xL

and Ret9/ � fetal gut (Fig. 5A), indicating
that Ret-Bcl-xL allele had little ameliorat-
ing effect on delayed hindgut colonization
by ENCCs. ENCC progression along the gut
was comparable in RetBcl-xL/� and WT fe-
tuses, demonstrating that elevated expres-
sion of Bcl-xL has no impact on ENCC
migration in a nonpathological context
either. The result also suggests that the
Ret-Bcl-xL allele has no dramatic effect on
ENCC proliferation, which is one of the
major driving forces in ENCC progres-
sion (Flynn et al., 2007; Landman et al.,
2007). We also examined whether ele-
vated expression of Bcl-xL influences Ret
gene expression. No significant difference
was detected in Ret mRNA levels between
Ret9/� and Ret9/Bcl-xL enteric plexus (nor-
malized values of Ret mRNA in Ret9/ � and
Ret9/Bcl-xL were 1.07 and 1.03, n � 3). Taken collectively, Ret-
Bcl-xL allele did not exert any significant effects on migration,
proliferation, and Ret expression in ENCCs, strongly suggesting
that the biological function of Bcl-xL is confined to its prosurvival
action in ENS development.

Detailed morphological examination of the adult ENS (P60)
of Ret9/Bcl-xL mice uncovered no significance differences in the
total number of enteric neurons (WT and Ret9/Bcl-xL mice were
833 � 26 and 801 � 19 cells per mm 2, respectively, n � 6) or in
the proportion of major neuronal subtypes in the colon when
compared with WT (Fig. 6A). Almost all of the Ret9/Bcl-xL mice
developed normally and survived beyond 84 weeks, a sharp con-
trast to Ret9/ � mice, which showed growth retardation (average
body weight at 1 month: WT, 17.4 � 0.2 g; Ret9/ �, 13.5 � 0.9 g;
Ret9/Bcl-xL, 16.4 � 0.7 g) and early postnatal death (mortality rate
23% between P5 and P31) (Fig. 6B). Thus, Ret-Bcl-xL allele sig-
nificantly prevented lethality in Ret hypomorphic mice (log-rank
test; p � 0.024). Although the surviving Ret9/CFP mice tended to
have lower stool frequency, wet stool weight, and stool water
content than WT, Ret9/Bcl-xL mice did not show similar tendencies
toward impairment of gut motility (Fig. 6C). Together, these
findings reveal that Ret-Bcl-xL allele allows morphologically and
functionally normal ENS formation, demonstrating a striking

preventive effect of prosurvival gene expression in a HSCR-
causing condition.

Discussion
HSCR is a complex congenital disorder with a multifactorial eti-
ology, but mutations in the RET gene appears to be the major
cause for HSCR. Especially, a hypomorphic RET allele is highly
associated with the vast majority of isolated HSCR, which com-
prises two-thirds of all HSCR. Mice carrying a hypomorphic Ret
allele reproduce the genetic and phenotypic characteristics of iso-
lated HSCR (Uesaka et al., 2008), and developmental analysis
shows that hypomorphic Ret alleles impair the migration and
survival of ENCCs, leading to intestinal aganglionosis in the distal
colon. In this study, we addressed the significance of cell death in
HSCR pathogenesis by inhibiting ENCC death in a Ret hypomor-
phic state in vivo by genetically elevating Bcl-xL expression in
ENCCs. Surprisingly, this genetic manipulation allowed not only
the survival of enteric neurons but also the formation of morpho-
logically and functionally normal ENS despite the fact that the
effect of Bcl-xL was restricted to the prevention of cell death and
did not exert any effects on cell migration or proliferation. These
results indicate that, even though ENCC migration is delayed
during embryogenesis, there is a certain developmental time win-
dow that allows Ret hypomorphic ENCCs to compensate for the

Figure 2. Elevated levels of Bcl-xL expression in ENCCs suppresses enteric neuronal death induced by conditional Ret inactiva-
tion. A, Whole-mount CFP and PGP9.5 staining of the distal colon from E18.5 RetCFP/�;CAGGCreER (Control) and RetCFP/ �;CAG-
GCreER (cKO) fetuses 3 d after injection of 4-OHT. The control displayed a highly organized reticular pattern of the enteric plexus
(left). The ganglion structure was completely disrupted, and abnormally thick extrinsic nerve bundles were observed in the cKO
colon (right). B, ENS phenotypes of RetCFP/Bcl-xL;CAGGCreER (cKO/Bcl-xL) mice, ranging from apparently normal ENS formation (left)
to colonic hypoganglionosis (right). C, ENS phenotype distribution in cKO (n � 15) and cKO/Bcl-xL (n � 19). All cKO fetuses
exhibited colonic aganglionosis. In contrast, the incidence of aganglionosis in cKO/Bcl-xL fetuses was apparently reduced to 10%
(2 of 19). D, Whole-mount CFP and PGP9.5 staining of the colon from E18.5 control (leftl), cKO (middle), and cKO fetuses on a
Bax-deficient background (right). These fetuses were subjected to 4-OHT treatment at E15.5 to inactivate Ret. Scale bars, B (for A,
B), D, 100 �m.

5214 • J. Neurosci., April 14, 2010 • 30(15):5211–5218 Uesaka and Enomoto • Genetic Intervention in Mouse Hirschsprung Disease



migratory delay and complete their task of constituting the func-
tional ENS so long as their survival is guaranteed. This is partic-
ularly striking considering that ENCC migration deficits have
long been considered as crucial pathogenetic events in HSCR. We
propose that ENCC death is central to the pathogenesis of short-
segment HSCR occurring as an isolated trait. It should also be
noted, however, that some types of HSCR, especially a long-
segment type, can arise as a result of more complex deficits in-
volving delayed migration, reduced proliferation, and impaired
survival and differentiation of ENCCs. Further analyses are

therefore necessary to determine the principal cause for intestinal
aganglionosis for those cases.

The survival of enteric neurons in the colon is critically depen-
dent on Ret and Gfr�1, presumably through their actions in the
mediation of GDNF signaling (Uesaka et al., 2007, 2008). The
survival of colonic neurons is also Ret dosage dependent, as many
ENCCs die in the colon in Ret hypomorphic mice. Those patho-
logical enteric neuronal deaths occur in a nonapoptotic manner.
Although the mechanisms underlying the ENCC death are not
fully defined, several crucial features have been revealed by in
vitro studies. GDNF deprivation induces death of colonic neu-
rons in culture, and this cell death is not blocked by either
pan-caspase inhibitor or Bax deficiency. Interestingly, how-
ever, Bcl-xL overexpression can inhibit ENCC death (Uesaka et
al., 2007). In this study, we showed that effects of Bax and Bcl-xL
on enteric neuronal death in vitro are conserved in vivo. While
Bax deletion had negligible effects on the death of Ret-deficient
ENCCs, Bcl-xL exerted a strong prosurvival effect on those cells.
Overexpression of Bcl-xL or its closest homolog, Bcl-2, promotes
not only neuronal survival (Garcia et al., 1992; Allsopp et al.,
1993; Martinou et al., 1994; Farlie et al., 1995; Gonzalez-Garcia et
al., 1995; Parsadanian et al., 1998) but also proliferation and mi-
gration of myocytes (Limana et al., 2002) ansd tumor cells (Du et

Figure 3. RET signaling is required for the expression of NOS in enteric ganglia of the colon. A, Whole-mount preparations of the colon from control and cKO/Bcl-xL. The arrowheads indicate the
gut regions with packed accumulation of feces. B, AChE staining of P60 colon from control and cKO/Bcl-xL mice. 4-OHT was injected at E15.5 into pregnant mothers. C, Quantitative analysis of fiber
density in the ENS revealed no differences between the control and cKO/Bcl-xL mice. Error bars indicate SEM (n � 3). D, Immunohistochemistry for calretinin, NOS, and calbindin on P60 myenteric
plexus of the colon. E, Quantification of the percentage of calretinin-, NOS-, and calbindin-positive neurons coexpressing CFP of the control (white bars) or cKO/Bcl-xL mice (gray bars) in the myenteric
plexus of the small intestine (SI) and colon. In the colon, cKO/Bcl-xL mice show significantly fewer NOS-positive neurons than control mice. Error bars indicate SEM (n � 3). *p 	 0.05. Scale bars,
A, 5 mm; B, 200 �m; D, 20 �m.

Figure 4. Elevated expression of Bcl-xL prevents the emergence of aganglionosis in Ret9/ �

mice. A, B, Whole-mount AChE histochemical analysis of the colon from WT (A) and Ret9/Bcl-xL

(B) mice (P0). Elevated expression of Bcl-xL rescued ENS formation in the distal colon of the
HSCR mouse model. Scale bar: (in B), A, B, 200 �m.
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al., 2007), respectively. In the case of
ENCCs, however, elevated expression of
Bcl-xL had no overt effects on the migra-
tion or proliferation of those cells and
functioned specifically to promote their
survival in vivo. The effect of Bcl-xL,
therefore, appears to be distinct and de-
pendent on expression levels and cell
types.

The strong prosurvival effect of Ret-
Bcl-xL allele in ENCCs has also provided
vital information toward a deeper under-
standing of ENS development. First, al-
though colonic neuronal death occurs
following the inactivation of Ret or Gfr�1,
little is known about whether neuronal
death also occurs physiologically during
ENS development. In most parts of the ner-
vous system, neuronal apoptosis is abun-
dant during development (Oppenheim,
1991), which is a crucial step in determining
the final neuronal numbers. In developing
ENS, neuronal apoptosis is undetectable
(Gianino et al., 2003; Kruger et al., 2003),
but the possibility remains that enteric
neurons may die in a nonapoptotic manner.
This possibility, however, was strongly con-
tradicted by the observation that there was
no increase in the numbers of enteric neu-
rons in RetBcl-xL/� mice. Neuronal death
in the ENS may therefore occur only in

Figure 6. The immunohistochemical and functional properties of rescued enteric neurons are normal in the colon of Ret9/Bcl-xL

mice. A, Densities of enteric neurons identified by the immunoreactivities of NOS, calretinin, and calbindin did not change signif-
icantly between WT and Ret9/Bcl-xL mice. The data are presented as a percentage of WT neurons expressing each marker. Error bar
indicates SEM (n � 3). B, Survival rate of Ret9/ � (n � 48) and Ret9/Bcl-xL (n � 30) mice after birth. Ret-Bcl-xL allele significantly
prevented lethality in Ret hypomorphic mice (log-rank test; p � 0.024). C, Surviving Ret9/CFP mice tended to have lower stool
frequency, wet stool weight, and stool water content than WT, but Ret9/Bcl-xL mice did not show such a tendency toward impair-
ment of gut motility. Error bars indicate SEM (n � 5).

Figure 5. Elevated expression of Bcl-xL has little effect on the delay in hindgut colonization in HSCR model mice. A, Sox10-labeled ENCCs (green) in the developing gut in WT, RetBcl-xL/�, Ret9/ �,
and Ret9/Bcl-xL fetuses at E12.5 (top) and E13.5 (bottom). The migratory behavior of ENCCs in Ret9/Bcl-xL fetuses was indistinguishable from that seen in Ret9/ � fetuses, indicating that elevated
expression of Bcl-xL does not affect hindgut colonization by ENCCs. Arrowheads depict the front of the migrating ENCCs. B, Schematic drawing showing ENCCs (green) migration in the gut of WT,
RetBcl-xL/�, Ret9/ �, and Ret9/Bcl-xL fetuses. Scale bar, 200 �m.

5216 • J. Neurosci., April 14, 2010 • 30(15):5211–5218 Uesaka and Enomoto • Genetic Intervention in Mouse Hirschsprung Disease



pathological conditions during development. Although it is still
possible that the levels of Bcl-xL elevation in our study were not
high enough to inhibit nonapoptotic cell death in the ENS, we
favor the view that naturally occurring neuronal death is absent
in the ENS and that the ENS employs other developmental pro-
cesses, such as precursor proliferation, to generate appropriate
numbers of neurons (Gianino et al., 2003). Second, the protec-
tion of Ret-deficient cells against cell death by the Ret-Bcl-xL
allele, for the first time, afforded us an opportunity to examine
the significance of the RET tyrosine kinase beyond its role in
neuronal survival. A striking reduction in the NOS-expressing
population and gut malfunction observed in the rescued Ret-
deficient mice demonstrates that RET is required for the func-
tional maturation of the ENS, including subtype specification
and perhaps neural circuit formation as well. It is currently un-
known why NOS-expressing neurons are specifically affected by
RET deletion at E15.5. As distinct enteric neuronal populations
are born at given time windows during development (Pham et al.,
1991; Chalazonitis et al., 2008), the influence of RET on neuronal
subtype differentiation may be dependent on the timing of inac-
tivation and be observed in most neuronal subtypes. Studies us-
ing Ret-inactivation at various developmental time points in a
Ret-Bcl-xL background will be needed to resolve this issue.

The current major treatment for HSCR is surgical resection of
the aganglionic segment of the gut. After surgery for HSCR, some
patients continue to suffer from fecal incontinence (Menezes and
Puri, 2006). It is unclear whether postoperative morbidity is re-
lated to the surgery or to potentially abnormal function of the
residual ENS. In Ret hypomorphic mice, mere blockage of ENCC
death led to formation of the functional ENS, and no obvious
fecal incontinence was detected in the rescued animals. This ob-
servation sheds a light on new approaches to block ENCC death
as an approach to the prevention of HSCR. Pharmacological en-
hancement of ENCC survival may one day be used as prophylaxis
against HSCR.
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