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Diminished Ret expression compromises
neuronal survival in the colon and causes
intestinal aganglionosis in mice

Toshihiro Uesaka,' Mayumi Nagashimada,!' Shigenobu Yonemura,? and Hideki Enomoto!

Laboratory for Neuronal Differentiation and Regeneration and 2Laboratory for Gellular Morphogenesis, RIKEN Center for Developmental Biology, Kobe, Japan.

Mutations in the RET gene are the primary cause of Hirschsprung disease (HSCR), or congenital intestinal
aganglionosis. However, how RET malfunction leads to HSCR is not known. It has recently been shown that
glial cell line-derived neurotrophic factor (GDNF) family receptor a.1 (GFRa1), which binds to GDNF and acti-
vates RET, is essential for the survival of enteric neurons. In this study, we investigated Ret regulation of enteric
neuron survival and its potential involvement in HSCR. Conditional ablation of Ret in postmigratory enteric
neurons caused widespread neuronal death in the colon, which led to colonic aganglionosis. To further examine
this finding, we generated a mouse model for HSCR by reducing Ret expression levels. These mice recapitulated
the genetic and phenotypic features of HSCR and developed colonic aganglionosis due to impaired migration
and successive death of enteric neural crest-derived cells. Death of enteric neurons was also induced in the
colon, where reduction of Ret expression was induced after the period of enteric neural crest cell migration,
indicating that diminished Ret expression directly affected the survival of colonic neurons. Thus, enteric neuron

survival is sensitive to RET dosage, and cell death is potentially involved in the etiology of HSCR.

Introduction

Hirschsprung disease (HSCR), or intestinal aganglionosis, is one
of the most common congenital disorders affecting the gastroin-
testinal tract and is characterized by the absence of enteric ganglia
in the distal gut (1-5). Germline mutations in the Ret gene lead to
the development of HSCR (6, 7). The Ret gene encodes the RET
tyrosine kinase, which forms a receptor complex with GDNF fam-
ily receptor o. (GFRa) and mediates signaling of the glial cell line-
derived neurotrophic factor (GDNF) family of ligands (GFLs) (8, 9).
During enteric nervous system (ENS) development, RET and
GFRal are expressed in ENS cells and their precursors, whereas
GDNF is expressed in the gut mesenchyme (10). Consistent with
this expression pattern and the close linkage between Retr muta-
tions and HSCR, Ret-deficient mice fail to develop enteric ganglia
(11). Because GDNF is chemoattractive for cells expressing Ret and
Gfral (12) and because Ret-deficient ENS precursors fail to migrate
into the midgut, impaired migration of ENS precursors has been
considered as a primary cause of HSCR. However, GDNF signal-
ing also regulates the proliferation, differentiation, and survival
of cells in the developing ENS (13-15), and it remains unclear
whether impairment of any of these developmental processes by
Ret mutations plays a crucial role in the etiology of HSCR.

Recent genetic studies have shown that GFRal plays an essential
role in the survival of enteric neurons. Mice in which Gfral gene
function is conditionally disrupted during late gestation display
widespread neuronal death specifically in the colon, leading to
colon aganglionosis reminiscent of HSCR (16). In this study we
have addressed whether Ret dysfunction induces enteric neuronal
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death and causes an HSCR phenotype by using 3 different in vivo
strategies. First, by conditionally inactivating Ret gene function, we
show that RET is essential for the survival of enteric neurons in the
colon. Second, based on recent human genetic evidence suggesting
the importance of RET dosage in the development of HSCR (17),
we genetically engineered mice to express Ret at reduced levels.
This resulted in generation of a mouse strain that exhibits crucial
features of HSCR, including colon aganglionosis, incomplete pen-
etrance with a sex bias, and the absence of kidney deficits. Using
those mice as a HSCR model, we demonstrate that colon agan-
glionosis is established not only by impaired migration of ENS
precursors but also by a failure of enteric neurons to survive in the
colon. Third, by reducing the Ret expression levels in postmitotic
enteric neurons, we provide evidence that reduction in Ret dosage
directly affects the survival of colonic neurons in vivo. This study
reveals that enteric neurons in the colon are intrinsically vulner-
able to reduced RET dosage and implicates neuronal cell death in
the etiology of HSCR.

Results
Physiological requirement of RET for the survival of enteric neurons in the
colon. Enteric neurons in the colon fail to survive late gestation in
the absence of GFRa1 (16). To examine whether RET is required
for the survival of colonic neurons, we conditionally inactivated
the function of the Ret gene. The Ret conditional allele was gener-
ated by inserting a gene cassette composed of floxed Ret9 cDNA
with intron polyA and followed by cyan fluorescent protein (CFP)
cDNA (Figure 1A, referred to as floxed allele). The floxed allele
was functional, as, unlike Ret-deficient mice, which die due to the
absence of kidneys and enteric ganglia (11), Ret” mice were viable
and grew to adulthood. On Cre treatment, the floxed allele was
converted to a CFP-knockin allele that expressed CFP under the
Ret promoter (Figure 1A). Crossing of Re#”* mice to B-actin Cre
mice, in which Cre is deleted globally, resulted in the generation
of Ret“?/* mice, in which all Ret-expressing cells were labeled by
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Figure 1

Inactivation of Ret depletes enteric neurons in the colon. (A) A gene cassette comprising floxed (black triangles, loxP sites) human Ret9 cDNA
(red box) with intron polyA (IpA, black ovals), CFP reporter (blue boxes), and neomycin resistance (Neo) expression cassette (orange box)
flanked by FRT sites (open triangles) was introduced into exon 1 (gray boxes) of the mouse Ret locus (black lines) to generate a floxed Ret allele.
Activation of Cre recombinase resulted in the removal of floxed Ret9, simultaneously generating CFP-knockin (Ret-null) allele. (B) RET antibody
staining of cKO enteric plexus showing no RET immunoreactivity (red) in CFP+ cells (green). Note the expression of RET (red) in neighboring
unrecombined (CFP-) cells. (C) PGP9.5 immunostaining of the distal colon in E15.5 control and cKO mouse fetuses before injection of 4-OHT.
(D) 4-OHT—induced Cre recombination in enteric neurons. Administration of 4-OHT (0.5 mg per mouse) at E15.5 induced CFP expression in
a large number of neurons in the colon. (E) Whole-mount CFP (upper panels) and PGP9.5 (lower panels) staining of the small intestine and
colon from E18.5 control and cKO fetuses subjected to 4-OHT treatment at E15.5. Insets show ENS morphology in the small intestine (Sl). (F)
Whole-mount acetylcholinesterase (AChE) histochemical analysis of E18.5 colon 3 days after inactivation of Ret. Scale bars: 10 um in B; 100
umin C; 20 um in D; 200 um in E and F.

CFP (Supplemental Figure 1; supplemental material available = shown as an example), validating the successful induction of Ret-
online with this article; doi:10.1172/JCI34425DS1). The Ret-CFP  deficient cells and their labeling by CFP in vivo. Development
knockin allele is null, as Ret“™”/¢f? mice displayed a phenotype of the ENS proceeded normally in both cKO and control (Ret”*
identical to that of Ret-deficient mice (Supplemental Figure 2) CAGGCre-ER™) fetuses (Figure 1C). We treated cKO and control
(11). To remove the floxed Ret9 cassette at desired time points, we  fetuses with a higher dose of 4-OHT (0.5 mg per mouse) at E15.5,
used mice ubiquitously expressing Cre-ER™, the activity of which  after the entire gut is furnished with nascent enteric ganglia, and
can be induced by 4-hydroxytamoxifen (4-OHT). Induction of Cre  the gut was examined at E18.5. In control colon, numerous CFP*
activity by a low dose of 4-OHT treatment (0.2 mg per mouse) in ~ ENS cells (Figure 1E, left) were found, and the recombination
conditional KO (cKO: Ret-CAGGCre-ER™) mice resulted in the efficiency, which we estimated by dividing the number of CFP*
emergence CFP* cells, all of which lacked RET immunoreactivity ~ cells by that of PGP9.5" cells, was more than 80% (Figure 1D). In
(Figure 1B; gut from an E15.5 fetus treated with 4-OHT at E13.5  cKO colon, very few enteric ganglion cells were detected by GFP
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or PGP9.5 staining (Figure 1E, right). Acetylcholinesterase and
PGP9.5 staining of the gut revealed nearly complete elimination
of the enteric ganglia in the colon (Figure 1, E and F, right panels).
No evident ENS cell loss was detected in the small intestine (Fig-
ure 1E, insets), revealing the specific dependence of colonic neu-
rons on RET for their survival. This phenotype in cKO was almost
identical to that observed in conditional GFRa.1-knockout fetuses
(16). These data indicate that RET is essential for the survival of
colonic neurons specifically.

Generation of a mouse model of HSCR. Revealing that RET is physi-
ologically required for the survival of colonic neurons, we set out to
examine the potential involvement of Ret-dependent cell survival in
ENS pathology, HSCR in particular. Although several Ret mutants
have previously been reported to display aganglionosis (11, 18-23)
and so resemble HSCR to some extent, several significant differ-
ences do exist in the phenotype of those animals and that of HSCR
patients. For instance, in those Ret mutant mice, the aganglionic
phenotype exhibits full penetrance and is associated with kidney
deficits. In contrast, Ret mutation-associated HSCR is usually char-
acterized by incomplete penetrance (1), and association of kidney
malformation is extremely rare in HSCR (24). Understanding the
physiology of RET in HSCR requires animal models that are more
representative of genetic and clinical features of HSCR.

Recent genetic studies identified a common variant in a poten-
tial enhancer region of the Ret gene that is highly associated with
1892
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Figure 2

Quantitative analysis of Ret expression in enteric neurons. (A) Expres-
sion of Ret MRNA in the enteric plexus of small intestine at PO was
determined by real-time RT-PCR using human or mouse Ret primers.
To estimate the total number of neurons in individual tissue samples,
expression levels of Blll-tubulin mMRNA were also determined. Results
for each group was normalized to B-actin values. Error bars indicate
SEM (n = 3). (B) Expression of RET protein in the enteric plexus of PO
Ret+*, Ret, Ret9®, Ret*-, Retf’-, and Ret°- mice. Protein extracts
were immunoprecipitated with anti-RET antibody (C-19; Santa Cruz
Biotechnology Inc.). Detection of mouse or human RET was done
using antibody against the extracellular domain of RET (R&D Systems;
or 12EXY, Santa Cruz Biotechnology Inc.). Results are shown sepa-
rately for mouse RET (+/+ and +/—: left) and for human Ret9 (flox/flox,
Ret9/Ret9, flox/—, and Ret9/—; right). Values for quantitated band inten-
sities (sum of RET 170- and 150-kDA bands) are indicated below each
lane (expression levels of RET in +/+ and flox/flox lanes were assigned
as 100 for mouse and human RET, respectively). (C) The ratio of the
glycosylated (170-kDA band) to the immature (150-kDa band) form is
shown as mean + SEM. *P < 0.05, statistically significant difference
compared with Ret?-.

HSCR (17). The enhancer activity is decreased by this variation in
vitro. Based on the assumption that a reduction of Ret gene expres-
sion forms a critical basis for the development of HSCR, we gen-
erated a knockin allele that expresses Ret9 cDNA under the Ret
promoter (25). Because this knockin construct utilizes intron-less
polyA, the levels of expression by Ret9 allele (Ret””?) were reduced to
approximately 60% of those of wild-type Ret or floxed Ret9 (Ret/f)
allele (Figure 2A). Wild-type, floxed Ret, Ret9, and the Ret-null
allele were used to generate an allelic series of Ret mutant mice in
which Ret expression levels were reduced to various extents (rang-
ing from approximately one-third to normal levels in both mRNA
and protein levels: Figure 2, A and B, respectively). Interestingly, the
decrease in RET expression was accompanied by a dramatic reduc-
tion in the glycosylated mature form of RET (Figure 2C), suggest-
ing that the activity of RET deteriorated to a greater extent than
had been assumed from total RET expression levels. We found that
the aganglionosis phenotype began to emerge when Ret expression
was reduced to approximately one-third of its normal levels (Figure
3A; representative images taken from newborn mouse tissues, Ret”~
panels). Unlike Ret-deficient mice, which displayed nearly complete
absence of the enteric ganglia throughout the entire gastrointesti-
nal tract (Figure 3A, Ret”~), Ret”~ mice exhibited aganglionosis only
in the colon, and the morphology of the enteric neuronal plexus in
the small intestine of Ret”~ mice was indistinguishable from that
of wild-type mice (Figure 3A, Ret”~ inset). Interestingly, other devel-
opmental processes that are critically dependent on Ret function
(11, 26), including kidney formation (Supplemental Figure 2) and
motor innervation to the latissimus dorsi muscle, remained intact
in Ret”~ mice. Moreover, in Ret”~ mice, the aganglionosis pheno-
type occurred with incomplete penetrance (45.9%), and, in mod-
erate cases where the length of the aganglionic segment did not
exceed 3 mm, there was a tendency for males to be affected more
frequently than females (58.6% versus 34.4%, respectively; n = 61)
(Figure 3B and Table 1). Taken collectively, these data show that
Ret”~ mice represent crucial features of HSCR and for that reason
may serve as a valuable model system for understanding how the
reduction of Ret expression causes aganglionosis in vivo.

Intestinal aganglionosis is established as the combinatorial result of defi-
cits in cell migration and survival. To understand how ENS forma-
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tion is influenced by the reduction in RET dosage, we examined
the developmental sequence of gut colonization by enteric neural
crest-derived cells (ENCDCs) in Ret” P and Ret//°FP fetuses, which
expressed Ret at one-third and half of its normal levels, respectively
(normalized values of Ret mRNA in Ret” P, Ret’/ P and wild-type
were 0.009 [30.1%],0.015 [51.7%], and 0.029 [100%]; percent values
relative to wild-type expression levels shown in parentheses; n = 3;
see Methods). During E9-E14, the vagal neural crest cells migrate
down the gut mesenchyme in a craniocaudal direction. We first
examined whether reduction of Ret expression influences the early
phase of gut colonization by ENCDCs. In contrast to Ret-deficient
mice, in which a delay in ENCDC migration is readily discernible
at E9.5 (10), colonization of the gut by ENCDCs in Ret”f? or
Ret/V/CIP fetuses was indistinguishable from that in wild-type fetuses
until E10.5 (Supplemental Figure 4). We also examined whether
Ret reduction affects the survival of ENCDCs (for analyzed region
of embryo, see Figure 4A). As reported previously (15), many apop-
totic figures were observed in the foregut of E10.5 Ret“F?/CIF fetuses
(Figure 4D). However, no such abnormal death was detected in
either Ret” P or Retf/C? fetuses (Figure 4, B and C). These data
demonstrate that early ENS development is minimally affected
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Reduced expression of Ret causes agan-
glionosis in the distal colon in vivo. (A)
Dosage-dependent effects of Ret on the
incidence and severity of aganglionosis
in the gut. AChE staining of the colon (left
panels), images of kidneys (middle pan-
els), and neurofilament (NF) labeling of
latissimus dorsi (LD) muscles (right pan-
els) from Ret**, Ret9®, Ret-, Ret%-, and
Ret-- newborn (P0) mice are shown. Ret
expression levels (Ret exp.) were deter-
mined by real-time RT-PCR (see Figure 2).
(B) Representative pictures of the gastro-
intestinal tracts of Ret?- mice revealed by
AChE histochemistry are shown. We refer
to the reticulate pattern of enteric inner-
vation with no aganglionic segment as
normal. Cases were classified as severe
when the length of the aganglionic seg-
ments in the entire colon exceeded 3 mm.
Cases intermediate between normal and
severe were classified as moderate. Scale
bar: 200 umin A; 100 um in B.
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even when Ret expression levels are reduced to one-third of its nor-
mal levels. The data also suggest that mechanisms underlying the
development of intestinal aganglionosis are distinct between Ret-
deficient and Ret” “FP mice.

In Ret/CFP fetuses, the ENCDCs reached the cecum at E11.5,
advanced into the middle portion of the hindgutat E12.5, and fur-
nished the entire hindgut except the region close to the anal end
at E13.5 (Figure 5, A-C). Migration of ENCDCs was completed by

Table 1
Incidence of aganglionosis in Ret~-and Ret?- mice

Phenotype Ret"- Ret9-

Males Females
Normal (n) 19 12 21
Moderate (1) 0 11 3
Severe (n) 0 6 8
Incidence (%) 0 58.6 34.4

Total numbers of mice: Ret’-, n = 19; Ret%-, n = 61 (male, 29; female, 32).
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around E14(27). Thus, the migratory behavior of ENCDCs in Ret/¢FP
fetuses was indistinguishable from that in wild-type fetuses,
indicating that expression of Ret9 at levels equivalent to 50% of
those in wild-type RET is sufficient for normal ENCDC migration
(Supplemental Figure 5). By contrast, Ret”’ " ENCDCs displayed
aslight delay at E11.5, especially at the levels where the migrating
wave front advances into the hindgut (Figure 5A, arrowhead). Dur-
ing E12.5-E13.5, the delay in hindgut colonization by ENCDCs
was greatly enhanced in all Ret” ™" fetuses (Figure 5, B and C).
Despite these changes, however, the ENCDCs colonized the entire
small intestine, and the ENS of the midgut in those fetuses became
indistinguishable from that in wild-type fetuses after E12.5.

In approximately half of Ret”’!? fetuses, ENCDC colonization
was not observed in the distal colon even at E15.5 (Supplemental
Table 1), which stood in sharp contrast to the small intestine, where
ENCDC colonization was always completed in all of those fetuses.
Because RET-deficient enteric neurons in the colon fail to survive
late gestation, we investigated whether abnormal neuronal cell
death takes place in Ret”*? fetuses. We performed organ culture
of the gut from E15.5 Ret” P fetuses and examined CFP* ENCDCs
by time-lapse fluorescence microscopy. In E15.5 Ret” " fetal colon,
which displayed a moderate delay in ENCDC colonization, many
CFP* cells were readily identified, although the numbers of CFP*
cells were noticeably fewer than those in control colon (Figure 6A,
lower left). Surprisingly, during 6 hours of time-lapse observation,
the majority of the CFP* cells in Ret”“fP fetal colon disappeared
in a progressive manner (Figure 6A, lower right, and Supplemen-
tal Movies 1 and 2). This disappearance of cells was detected in
neither the small intestine of Ret”“*? fetuses nor in the small or
large intestine of control fetuses (Figure 6A, upper panels and
data not shown). The gut regions displaying a progressive disap-
pearance of CFP* cells were later examined by TuJ1 and Phox2b
immunohistochemistry, which detects enteric neurons and their
precursors, respectively. No cells were found remaining in those
areas (Supplemental Figure 6), suggesting that the disappearance
of CFP* cells reflects actual cell loss rather than loss of CFP expres-
sion. To further confirm this observation, we examined the mot-
phology of ENCDCs by electron microscopy (Ret’ %, n = S; Ret®CF,
1894
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Figure 4

Apoptotic cell death of enteric neural crest in the foregut of
fetuses in various Ret mutant fetuses. (A) A schematic depict-
ing the position of the sectioning plane of E10.5 fetuses.
(B-D) Detection of cell death by TUNEL combined with GFP
and caspase-3 immunohistochemistry. Enteric neural crest
cells were examined in transverse sections through the post-
otic region. TUNEL- (red, arrowheads) and cleaved caspase-
3—positive cells (blue, arrows) were observed in RetCFP/CFP
fetuses (D, n = 3) but not in Ret/°FP (B, n = 3) or RetYCF (C,
n = 6) fetuses. e, endoderm of the foregut. Scale bars: 50 um.

n=10). In Ret/“'" colon, most myenteric ganglion cells displayed
round or ovoid nuclei with finely dispersed chromatin (Figure 6,
B and C, left). ENCDCs in the colon of E15.5 Ret”/CIF fetuses were
smaller and more sparsely distributed than those of control fetuses
and displayed a number of degenerative changes (Figure 6B). Even
in Ret”“'f ganglia, whose structural integrity was relatively well pre-
served, a morphological alteration was already discernible in the
nucleus: the nuclei were found to be abnormally indented, result-
ing in multilobular nuclei (Figure 6C, right). The results suggest
that nuclear alterations occur initially. In Ret”/'” enteric ganglia
where cell loss or reduced ganglion size was recognized, cells were
shrunken, while marginal heterochromatin became highly con-
densed at the periphery of the nuclear membrane (Figure 6D). Cells
with heterophagosome-like vacuoles containing remnants of dead
cells were often observed (Figure 6E). Despite these changes, the
morphologies of mitochondria remained relatively intact in these
cells,and no apoptotic figures were found (data not shown). Finally,
the ultrastructure of ENCDCs appeared normal in the small
intestine of Ret?“? fetuses (data not shown). The morphological
attributes in the ENCDCs of Ret” “FF fetuses were closely similar to
those observed in degenerating ENCDCs of conditional mutants,
in which the Ret or Gfral gene function is disrupted during late
gestation (16). These data demonstrate that significant numbers of
ENCDCs undergo nonapoptotic cell death in Ret”/“F? colon.
Reduction in RET dosage directly affects enteric neuron survival in the
colon. Because migration defects preceded enteric neuron death
in Ret CFP fetuses, it was not clear whether enteric neuron death
was caused directly by diminished Ret expression or indirectly as
a secondary effect of delayed migration. To address this issue, we
generated Ret”f*x mice carrying the CAGGCre-ER™ transgene. In
these animals, the Ret alleles (Rer”f¥) allowed expression of Ret at
approximately 80% of its normal levels (see Figure 2A). As expected,
all of the Ret”f** fetuses examined (n = 8) displayed normal ENS
development; completion of enteric neural crest cell migration
occurred at an expected developmental time period (E14.5; Figure
7A, middle), and successive formation of a dense reticular ENS
network was observed throughout the entire gut (E15.5; Figure 7A,
right). After the colonization of the entire gut by ENCDCs (E14.5
Volume 118

NumberS  May 2008



>

E11.5 E12.5 E13.5

flox/CFP

Ret9/CFP

research article

Figure 5

Delay in migration of enteric neural crest cells in
Ret%CFP mice. (A—C) CFP-positive neural crest cells
(green) in the developing gut in Retf’CFP (top row) and
Ret%CFP mice (bottom row) at E11.5 (A), E12.5 (B),
and E13.5 (C). At E12.5, the ENCDCs did not migrate
beyond the cecum in any of the Ret%CFP fetuses
(n = 7). (D-F) Schematic drawing showing ENCDC
migration (A—C). Arrowheads indicate the front of the
migrating ENCDCs. Mg, midgut; Ce, cecum; Hg, hind-
gut. Scale bar: 100 um.

enteric neurons in the colon. Importantly, enteric
neuron death is induced not only by loss of RET
function but also by diminished RET expression.

Mg
Ce

Since decreased RET expression is strongly impli-
cated in HSCR, this study underscores the signifi-
cance of cell death as one of developmental events
linked to HSCR etiology.

In certain in vitro paradigms, RET has been
known to function as a dependence receptor and

Hg Mg
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H
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induces apoptosis by activating caspases (31). In
accordance with these findings, loss of Ret func-
tion results in somatotroph hyperplasia, which is
interpreted to be caused by the absence of RET-

4 derived pro-death signals (32). Since death of

Hg

or E15.5), Ret?/fox fetuses were administered 4-OHT in utero, which
converted Ret?/fe* to Ret?/ P alleles, thereby reducing the Ret expres-
sion to one-third of wild-type levels in those fetuses. This condi-
tional Ret reduction resulted in generation of fetuses with a severe
depletion of ENCDCs (oligoganglionosis) at E18.5 (3 days after
Cre activation) (Figure 7B). In the oligoganglionic gut, puncta of
nerve fiber and cell body staining were frequently observed in the
interganglionic spaces (Figure 7C, middle), suggesting an ongoing
neurodegenerative process. As in Ret”/ ' fetuses, oligogangliono-
sis was only observed in the colon and exhibited incomplete pen-
etrance with overall incidence of 17% (6 of 42) in 4-OHT-treated
Ret?flox fetuses (Figure 7D). The incidence of aganglionosis was
lower in 4-OHT-treated Ret”flox fetuses than in Ret?CFP fetuses.
Multiple factors could account for these differences, including
Cre recombination efficiency and compensatory mechanisms to
protect against cell death by neuronal differentiation (note that
incidence of oligoganglionosis was slightly lower at E15.5 than at
E14.5). Because of the relatively low incidence, we did not observe
a statistically significant bias toward males, although there was
such a tendency (male versus female incidence, 18.8% versus 6.7%,
respectively). Nonetheless, this genetic manipulation provides
compelling evidence that a reduction in RET dosage directly
affects the survival of ENCDCs in the colon.

Discussion

Recent advances in mouse genetic engineering have allowed inves-
tigation of GDNF receptor function at specific developmental time
periods (28-30), and we have recently shown that GFRa1, the high-
affinity GDNF receptor, is crucial for enteric neuron survival dur-
ing late gestation (16). This study provides, for the first time to our
knowledge, genetic evidence that RET is essential for the survival of
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enteric neurons is induced by GFRo1 deficiency,
it is important to assess whether enteric neuron
death has any relevance to function of RET as a
dependence receptor. In our observations, enteric neuron death
was triggered in Ret-deficient enteric neurons nearly as efficiently
as in GFRo1-deficient neurons that retain RET. This indicates that
the pro-death action of RET suggested by the dependence receptor
hypothesis is dispensable for triggering cell death in enteric neu-
rons deprived of GDNF signaling. In addition, despite widespread
death of enteric neurons induced by Ret or Gfral inactivation, the
death did not involve caspase activation and failed to display hall-
marks of apoptosis morphologically. We therefore conclude that
function of RET as a dependence receptor plays only a minor role,
if any, in enteric neuron death.

In familial HSCR cases, the transmission of the disease shows a
complex pattern of inheritance, and HSCR is thought to be multi-
factorial or oligogenic. Coding mutations in the Ret gene account
for at least a fraction of patients (35% and 50% of sporadic and
familial cases, respectively) (33). However, recent analysis of non-
coding mutations in the Ret gene suggests that Ret mutations are in
fact more frequent than has previously been thought and may even
be considered necessary for all HSCR cases (17, 34). Of particular
importance is the identification of such noncoding mutations in
the enhancer region of the Ret gene, implying the significance of
RET dosage in normal ENS development. Our study has shown
for the first time to our knowledge that in mice, intestinal agan-
glionosis can develop simply by reduction of Ret gene expression
to approximately one-third of its normal levels. Interestingly, these
mice (Ret”~ mice) displayed incomplete penetrance of intestinal
aganglionosis phenotype, with higher incidence in males than
females. It should also be noted that this male preponderance was
observed only in milder cases (shorter aganglionic segment). More-
over, kidney agenesis, which is consistently found in Ret-null mice
but extremely rare in HSCR, was not observed in Ret””~ mice. Thus,
Volume 118~ Number 5
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Figure 6

Progressive loss of enteric ganglion
cells in Ret9CFP fetal colon. (A) Loss of
enteric ganglion cells in organ culture
of E15.5 Ret%CFP colon. (B) Electron
microscopy of the myenteric ganglia
in the colon from E15.5 Retf/CFP and
Ret9/CFP fetuses. Many nuclei in Ret9/CFP
fetal colon displayed abnormally
constricted and irregularly shaped

morphology (top right). Schematic
drawings depict the location of the
myenteric ganglia (yellow) and the
positions of the nuclei in myenteric
ganglion cells (indicated by N). Mul-
tiple nuclear profiles observed in a sin-
gle cell plane are marked by pink and
green. (C) Comparison of morphologi-

phenotypic and genetic features of HSCR are more faithfully repre-
sented in Ret”~ mice than Ret-null mice. Our findings demonstrate
that a failure in maintaining RET expression levels is central to the
development of the disease and imply that, in multifactorial or oli-
gogenic HSCR cases, mutations in genes other than Ret may con-
verge to decrease Ret expression levels below the critical threshold.
In HSCR patients, coding mutations in the Ret gene are almost
exclusively heterozygous, which led to the assumption that the
reduction of Ret expression to 50% of its normal level is sufficient
to cause HSCR in human. Because heterozygous Ret-deficient mice
display normal ENS development, it has been speculated that the
RET dosage required for normal ENS development is different
in humans and mice. However, with recent evidence showing the
presence of more than one mutation in the Ret gene in some HSCR
patients (17), it seems reasonable to speculate that RET may be
reduced to less than half of its normal level in at least a fraction of
HSCR cases. Furthermore, not only the total RET expression but
the levels of glycosylated RET (170-kDa RET: mature form) must
also be taken into account, as we observed that decreased levels of
total RET expression were associated with a dramatic reduction
of 170-kDa RET expression (Figure 2C). It is therefore necessary
to deduce whether the threshold levels of RET activity needed to
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cal characteristics of enteric ganglion
cells between Retf/CFP and Ret9/CFP
fetuses (E15.5). Cells with abnormally
constricted nuclei were observed in
Ret9/CFP fetuses (right). Arrows indicate
mitochondria; arrowheads indicate
nucleus. (D) A typical degenerating cell
with enhanced heterochromatin con-
densation in Ret%CFP distal colon. (E)
Large vacuoles containing remnants
of dying cells in Ret9CFP distal colon
(arrowheads). Lm, longitudinal mus-
cle; Cm, circular muscle; N, nucleus.
Scale bars: 20 um in A; 5 um in B;
2 umin C-E.

maintain normal ENCDC migration and survival are conserved
between mouse and human. Future quantitative analysis of RET in
human subjects is required to address this issue. Mice with dimin-
ished Ret expression serve as a representative model for HSCR that
occurs as an isolated trait, the most common form of HSCR.
Using Ret”~ mice as an HSCR model, we investigated how intesti-
nal aganglionosis develops in these fetuses. In contrast to Ret-null
fetuses in which enteric neuron precursors fail to colonize prop-
erly in the foregut and undergo apoptotic cell death at E9.5-E10.5
(15), ENS development proceeded normally in Ret” fetuses during
the corresponding developmental time periods. This excluded the
possibility that death of ENS precursors during early ENS devel-
opment contributes to intestinal aganglionosis in Ret”~ fetuses. In
later development, however, a delay in migration became discern-
ible. Importantly, cell survival of ENCDCs was also impaired dur-
ing late gestation (around E14.5), revealing a significant contribu-
tion of cell death to the development and progression of intestinal
aganglionosis in Ret”~ fetuses. To examine whether enteric neuron
death is a secondary effect of delayed migration, we reduced Ret
expression after the completion of vagal neural crest migration.
Widespread cell death could still be induced in this condition,
indicating that diminished Ret expression directly affects the sur-
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Figure 7

Conditional reduction of Ret depletes enteric neurons in the
colon. (A) E14.5 and E15.5 Ret¥#oxCAGGCre-ER™ distal
colon before injection of 4-OHT. At E14.5, the entire colon was
furnished with Phox2b+ cells (red), indicating that the entire
gut is completely colonized by ENCDCs by this time period.
The ENS formation in Ret9flex was indistinguishable from that
in wild-type. (B) Whole-mount preparation of the colon from
E18.5 Ret¥1oxCAGGCre-ER™ fetuses 3 days after administra-
tion of 4-OHT. Conditional reduction of Ret resulted in varying
ENS phenotype ranging from apparently normal ENS forma-
tion (left) to colonic aganglionosis (right). (C) Neurons (blue
arrowheads) and their neurites with signs of neurite degen-
eration (white arrowheads) in the aganglionic colon of Ret9/flox
CAGGCre-ER™ mice. (D) Schematic showing the extent of
aganglionosis observed in E18.5 Ret?/fox fetuses. The begin-
ning of the aganglionic segment (indicated by blue and red
pentagons) was determined as the point where disruption of
PGP9.5 staining was observed. Each blue and red pentagon
represents 1 Ret%flox mouse after injection of 4-OHT at E15.5
and E14.5, respectively. The numbers above the schematic
indicate the percentage of gut colonization by neurons, where
fully colonized hindgut was assigned as 100. Scale bar: 100
um in A and B; 20 um in C.

D Percent
colonized 0 50 00 O Feiktisnce
: e E145 19.0% (4/21)
we @ ®ee ' @ E155  13.3% (2/15)
Cecum Large intestine

vival of enteric neurons. Based on these fi ndings, we propose that
HSCR is caused not only by impaired migration of neural crest
cells but by combined deficits in cell migration and survival. It will
thus be important to assess the degree of contribution of cell death
to the overall intestinal aganglionosis phenotype in both mice and
humans in future studies in order to understand more fully the
etiology of the disease and develop new therapeutic strategies.

Methods

Generation of conditional and Ret-knockin alleles. The conditional Ret allele (floxed
Ret9) was generated by knocking a gene cassette composed of floxed human
Ret9 cDNA with SV40 intron polyA followed by a CFP reporter and a FRT-
flanked neomycin resistance marker (Neo) into the first coding exon of the
Ret gene. This strategy was identical to that described previously (25), except
that instead of GFP, CFP was used as a reporter for the Ret-null allele con-
version. Ret9 allele was generated as described previously (35). For time-spe-
cific inactivation of Ret, floxed Ret9 mice were crossed to mice ubiquitously
expressing inducible Cre recombinase (CAGGCre-ER; The Jackson Laboratory)
(36). Cre activity was induced by single intraperitoneal injection of 4-OHT (0.5
mg/100 ul; Sigma-Aldrich) into a pregnant mother carrying E14.5 or E15.5
fetuses. Mice used for this study were kept on a mixed 129/Sv x C57BL/6
background (>5 generations) and were cared for according to RIKEN Center
for Developmental Biology institutional guidelines. All animal experiments
were approved by the Animal Research Committee of the RIKEN Center
for Developmental Biology and were carried out in accordance with RIKEN
guidelines for animal and recombinant DNA experiments.

Genotyping. Primer sequences for genotyping of Gfral"-, Ret/*~, Ret® and
Ret mice were: Gfral”~, forward, S'-CTTCCAGGTTGGGTCGGAACT-
GAACCC-3"; WT reverse, 5'-AGAGAGCTCAGCGTGCAGAGATC-3';
mutant reverse, 5'-CCAGGCAAAGCGCCATTCGCCATTCAGGCT-
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GCG-3'; Retfs, forward, 5'-CGAGACCCGCCTGCTCCTCAACCGC-3';
reverse, 5'-CCTGCGGCGCCGGACGTCGCTTTCGCC-3'; Ret?, forward,
5'-CGAGACCCGCCTGCTCCTCAACCGC-3'; WT reverse, 5'-AGCGCTA-
ACTTCACCCCGGCCCCTACC-3'; mutant reverse, 5'-CAGCAGCAGCAG-
CAACAGCAGACGC-3'; Ret®, forward, 5'-CGAGACCCGCCTGCTCCT-
CAACCGC-3'; WT reverse, S'-CGAGACCCGCCTGCTCCTCAACCGC-3;
mutant reverse, 5'"TCGCCGGACACGCTGAACTTG-3'. The sex of the fetuses
was determined by PCR (forward primer, 5'-CCTATTGCATGGACAGCAGCT-
TATG-3';and reverse primer, 5'-GCATAGACATGTCTTAACATCTGTCC-3'),
amplifying a 183-bp fragment of Zfy1 located on the Y chromosome (37).

Real-time quantitative RT-PCR and Western blot analysis. Total RNA from
myenteric plexus muscle layers of intestine was reverse-transcribed using
Superscript IT (Invitrogen), and Ret mRNA sequences were quantified by
real-time PCR with 100 nM primers in Power SYBR Green PCR Master Mix
(Applied Biosystems). Relative quantity values were calculated by the stan-
dard curve method. We used the quantity value of -actin in each sample
as a normalizing control. The primers used for Ret mRNA quantification
were mouse Ret, forward: S"-TTCCAGCATCAACTGCACTG-3'; reverse:
5'-GTCAGTGGCTACCACCGTGT-3'; human RET, forward: 5'-GTGTGAGT-
GGAGGCAAGGAG-3'; reverse: 5'-GTCCTGAGGGCAAATGTTGA-3'.

Melting curve analysis ensured exclusion of primer dimers from each
analysis.

For Western blot analysis, protein extracts from the enteric plexus of
small intestine were quantified by BCA assay (Pierce), and 150 ug of total
proteins was subjected to immunoprecipitation with anti-RET antibody
(C-19; Santa Cruz Biotechnology Inc.). Detection was done by antibody
against the extracellular domain of RET (R&D Systems; or 12EXY, Santa
Cruz Biotechnology Inc.). For quantification, Western blot films were
scanned and subjected to densitometric analysis using Image] software
(http://rsb.info.nih.gov/ij/).
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Histological analysis and transmission electron microscopy. Immunohisto-
chemistry, acetylcholinesterase histochemistry, and electron microscopy
were performed as described previously (16, 38).

Time-lapse microscopy of gut organ culture. The gastrointestinal tract was dis-
sected from each fetus and placed in tissue culture medium (DMEM con-
taining 10% FBS, 2 mM glutamine and penicillin/streptomycin). The gut
segments were placed across a V cut in a piece of Millipore filter paper (39).
Time-lapse imaging was performed using an Olympus ZDC-IMAGE system.

Statistics. Statistical analysis was performed using the Mann-Whitney
U test. Results are expressed as mean + SEM.
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