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Pathogenesis of Hirschsprung’s Disease and its Variants:
Recent Progress

By Prem Puri and Toko Shinkai

Dublin, Ireland
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he enteric nervous system (ENS) is a complex network of

nterconnected neurons within the wall of the intestine that

ontrols intestinal motility, regulates mucosal secretion and

lood flow, and also modulates sensation from the gut. The

ells that form the ENS in mammals are derived primarily

rom vagal neural crest cells. During the past decade there

as been an explosion of information about genes that con-

rol the development of neural crest. Molecular-genetic anal-

sis has identified several genes that have a role in the

evelopment of Hirschsprung’s disease. The major suscep-

ibility gene is RET, which is also involved in multiple endo-

rine neoplasia type 2. Recently, genetic studies have pro-

ided strong evidence in animal models that intestinal

euronal dysplasia (IND) is a real entity. HOX11L1 knockout

ice and endothelin B receptor-deficient rats demonstrated

bnormalities of the ENS resembling IND type B in humans.

hese findings support the concept that IND may be linked

o a genetic defect.

2004 Elsevier Inc. All rights reserved.

IRSCHSPRUNG’S DISEASE (HSCR) IS a re
tively common cause of intestinal obstruction

he newborn. It is characterized by absence of gan
ells in the distal bowel and extending proximally
arying distances. The aganglionosis is confined
ectosigmoid in 75% of patients; the sigmoid, sple
exure, or transverse colon in 17%; and total colon a
ith a short segment of terminal ileum in 8% of p

ients.1,2 Total intestinal aganglionosis with absence
anglion cells from duodenum to the rectum is the m
are form of HSCR.3,4 The incidence of HSCR is es
ated to be 1 in 5000 live births.5,6 The disease is mo

ommon in boys, with a male to female ratio of 4:16,7

he male preponderance is less evident in long seg
SCR, where the male-to-female ratio is 1.5-2:1.6,8,9

HSCR occurs as an isolated trait in 70% of cases10 A
hromosomal abnormality is associated with HSCR
2% of cases, trisomy 21 being by far the most freq
�90%). Associated congenital anomalies are foun
8% of HSCR patients and include gastrointestinal m

ormations, cleft palate, cardiac malformations, cra
acial anomalies, and polydactyly.10 Other chromosoma
bnormalities that have been described in associ
ith HSCR include interstitial deletion of distal 13
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8 Se
t

artial deletion of 2p, reciprocal translation, and triso
8 mosaic.1 A number of unusual hereditary syndrom
ave been reported in patients with HSCR. These inc
hah-Waardenburg syndrome, multiple endocrine
lasia (MEN) type 2 syndromes, congenital central
oventilation syndrome (Ondine’s curse), Goldbe
hprintzen syndrome, Mukusick-Kauffman syndro
ardet-Biedl syndrome, Smith-Lemli-Opitz syndrom
artilage-hair hypoplasia syndrome, and syndromes
SCR and distal limbs anomalies.10

Intestinal neuronal dysplasia (IND) is the most co
only encountered variant of HSCR.11-14 It was first
escribed by Meier-Ruge15 in 1971 as a malformation

he enteric plexus. In 1983, Fadda et al16 subclassifie
ND into two clinically and histologically distinct sub
ypes. Type A occurs in less than 5% of cases, is c
cterized by congenital aplasia or hypoplasia of the s
athetic innervation, and presents acutely in the neo
eriod with episodes of intestinal obstruction, diarrh
nd bloody stools. The clinical picture of type B rese
les HSCR disease and is characterized by malform
f the parasympathetic submucous and myenteric
ses and accounts for over 95% of cases of isolated
hese children have intractable constipation and gro
lowed intestinal transit time. IND occurring in asso
ion with HSCR is of type B.17,18 The characteristi
istologic features of IND B include hypoganglionosis

he submucous and myenteric plexuses, giant gan
ctopic ganglion cells, and increased acetylcholine
se activity in the lamina propria and around submuc
lood vessels.19-21

The incidence of isolated IND has varied from 0.3%
0% of all rectal suction biopsies in different centers.22-25

ND immediately proximal to a segment of aganglio
is is not uncommon and often presents as pers
bstructive symptoms after a pull-through operation
SCR.17 Some investigators have reported that 25%
5% of patients with HSCR have associated IND.16,17,26

owever, others have rarely encountered IND in ass
ted with HSCR.22 The uncertainty regarding the in
ence of IND has resulted from the considerable co
ion regarding the essential diagnostic criteria. M
nvestigators have raised doubts about the existen
ND as a distinct histopathologic entity.27-29 It has been
uggested that the pathologic changes seen in IND
e part of normal development or may be a secon
henomenon induced by congenital obstruction an

28,30
ammatory disease. One strong piece of evidence

minars in Pediatric Surgery, Vol 13, No 1 (February), 2004: pp 18-24
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19PATHOGENESIS OF HIRSCHSPRUNG’S DISEASE
hat IND is a real entity stems from animal models.
ecently, two different Hox11L1 knockout mouse mod-
ls have been generated.31,32 In both cases, homozygous
utant mice were viable, but megacolon developed at

he age of 3 to 5 weeks. Histological and immunohisto-
hemical analyses showed hyperplasia of myenteric gan-
lia, a phenotype similar to that observed in IND. More
ecently Von Boyen et al33 reported abnormalities of the
nteric nervous system in heterozygous endothelin B
eceptor (EDNRB)-deficient rats resembling IND in hu-
ans. They showed that a heterozygous 301 bp deletion

f the EDNRB gene led to abnormalities of the submu-
ous plexus, such as giant ganglia, hyperganglionosis,
nd hypertrophy of the nerve fiber strands. These find-
ngs support the concept that IND may be linked to a
enetic defect.

DEVELOPMENT OF THE ENTERIC
NERVOUS SYSTEM

The enteric nervous system (ENS) is the largest and
he most complex division of the peripheral nervous
ystem.34,35 The ENS contains more neurons than the
pinal cord and is responsible for the coordination of
ormal bowel motility and secretory activities.36 As our
nderstanding of the ENS improves, it becomes clear
hat it is no longer sufficient to simply determine whether
nteric ganglion cells are present. We are learning the
mportance of determining whether the correct number
nd types of ganglion cells are present. This is further
omplicated by the fact that the morphology of the
yenteric plexus varies with the age as well as location

f the gastrointestinal tract.37 For many years, the prob-
em of neural crest (NC) development was addressed
rimarily at the cellular level, using avian embryos as an
xperimental system. The past few years have seen an
xplosion of information about genes that control the
evelopment of NC cell.36

The embryonic NC arises in the neural tube, originat-
ng with the central nervous system, but NC cells detach
rom this tissue via reduction of cell-cell and cell-matrix
dhesion. The epithelio-mesenchymal transformation al-
ows NC cells to migrate along pathways of defined
outes to various tissues, where they stop moving and
ifferentiate into various cell types. Pathway selection is
ost likely achieved by balanced combinations of mol-

cules that promote and reduce adhesion.12,38 NC cells
ive rise to neuronal, endocrine and paraendocrine,
raniofacial, conotruncal heart, and pigmentary tissues.
eurocristopathies encompass tumors, malformations,

nd single or multiple abnormalities of tissues mentioned
bove in various combinations.10

In the human fetus, NC-derived cells first appear in the
eveloping esophagus at the 5th week of gestation, and

hen migrate down to the anal canal in a cranio-caudal h
irection during the 5th to 12th week of gestation. The
C cells first form the myenteric plexus just outside the

ircular muscle layer. The mesenchymally derived lon-
itudinal muscle layer then forms, sandwiching the my-
nteric plexus after it has been formed in the 12th week
f gestation. In addition, after the craniocaudal migration
as ended, the submucous plexus is formed by the neu-
oblasts, which migrate from the myenteric plexus across
he circular muscle layer and into the submucosa; this
rogresses in a cranio-caudal direction during the 12th to
6th week of gestation.12 The absence of ganglion cells
n HSCR has been attributed to a failure of migration of
C cells. The earlier the arrest of migration, the longer

he aganglionic segment is.
It is generally accepted that the enteric ganglion cells

re derived primarily from the vagal NC cells.39-42 Stud-
es in the avian system provide strong evidence for the
ontribution of the sacral NC to the hindgut ENS.43-45

hether the sacral NC contributes to the ENS in the
ammalian hindgut is less clear. Failure of the vagal-

erived NC cells to colonize the hindgut results in failure
f hindgut ENS development, suggesting that interaction
etween sacral and vagal enteric NC cells may be nec-
ssary for sacral NC cell contribution to the ENS.36

GENES INVOLVED IN ENS DEVELOPMENT
AND HSCR

Genetic factors have been implicated in the aetiology
f HSCR. HSCR is known to occur in families. The
eported incidence of familial cases in rectosigmoid
SCR varied from 3.6% to 7.8% in different series.1 A

amilial incidence of 15% to 21% has been reported in
otal colonic aganglionosis and 50% in the rare total
ntestinal aganglionosis.4,46 Schiller et al47 reported 22
nfants belonging to four families from Gaza, who had
ither documented or clinically suspected HSCR. Of
hese infants, 13 underwent laparotomy and multiple
ntestinal biopsies, 10 had total intestinal aganglionosis,
had total colonic aganglionosis, I had near total colonic
ganglionosis, and only 1 had rectosigmoid HSCR. En-
um et al48 reported 20 cases of HSCR in 12 kindreds.
he level of aganglionosis was rectal or rectosigmoid in
ight cases, left colon in two, transverse or right colon in
wo and total colonic ganglionosis with variable small
owel involvement in eight.
Recurrence risk to siblings is dependant upon the sex

f the person affected and the extent of aganglionosis.
adner et al9 calculated the risk of HSCR transmission to

elatives and found that the recurrence risk to siblings
ncrease as the aganglionosis becomes more extensive
Table 1). The brothers of patients with rectosigmoid
SCR have a higher risk (4%) than sisters (1%). Much

igher risks are observed in cases of long segment



H
2

t
g
d
i

l
b
s
d
T
c
f
p
p
g
n
T
G
G
v
l
s
s

h
k

a
g
H
i
M
H
t
t
t
m
H
f
o
k
b
h
r
s
c
u
M
s
w
p
a
f
1

a
s
g
R
h
l
G
c
H
i

20 PURI AND SHINKAI
SCR. The brothers and sons of affected females have a
4% and 29% risk of being affected, respectively.
Recently, several genes have been identified that con-

rol morphogenesis and differentiation of the ENS. These
enes, when mutated or deleted, interfere with ENS
evelopment.10,36,49,50 So far, nine genes are known to be
nvolved in HSCR in humans (Table 2).

RET/GDNF/GFR�1 SIGNALING SYSTEM

This signaling pathway is of importance for subpopu-
ations of both peripheral and central neurons, having
een shown by in vitro and in vivo assays to promote
urvival of neurons, mitosis of neuronal progenitor cells,
ifferentiation of neurons and neurite extension.34,51,52

he RET receptor is the signaling component of receptor
omplexes with four ligands, glial-derived neurotropic
actor (GDNF), neurturin (NTN), artemin (ATM), and
ersephin (PSP)34,36 (Fig 1). The complete receptor com-
lex includes the RET receptor tyrosine kinase and a
lycosylphosphatidylinositol-anchored binding compo-
ent (GFR�1, GFR�2, GFR�3, and GFR�4).36,53,54

hese act as specific binding components such that RET/
FR�1 binds GDNF, RET/GFR�2 binds NTN, RET/
FR�3 binds ATM, and RET/GFR�4 binds PSP. In
ivo the absence of GDNF/GFR�1-mediated signaling
eads to the failure of ENS development, whereas ab-
ence of NTN/GFR�2 mediated signaling leads to more
ubtle abnormalities in ENS development.36

The importance of RET in mammalian organogenesis
as been further illustrated by the generation of RET
nockout mice.55 These mice exhibit total intestinal

Table 1. Recurrence Risk to Siblings

Relative Recurrence Risk (%)

Brothers of patients with rectosigmoid HSCR 4
Sisters of patients with rectosigmoid HSCR 1
Brothers of female with long segment HSCR 24
Sons of females with long segment HSCR 29

Table 2. Gene Mutations Asso

Gene Locus Function

RET 10q11.2 Tyrosin kinase receptor

GDNF 5p12-13.1 Glial cell derived neurotropic
NTN 19q13.3 Neurturin, RET ligand
GFR�1 10q26 GDNF family receptor alpha 1
EDN3 20q13 Endothelin-B
EDNRB 13q22 Endothelin-B-receptor
ECE-1 1p36.1 Endothelin converting enzyme
SOX10 22q13.1 Sry/HMG box transcription fa
Phox2b 4p12 Paired-like homeobox 2b
Pax3 2q35 Paired box gene 3
SIP1 2q22 Siah-interacting protein
ganglionosis and renal agenesis. The RET proto-onco-
ene has been demonstrated to be a major gene causing
SCR.56-60 Mutations of RET account for 50% of famil-

al and 15% to 20% of sporadic cases of HSCR.60,61

utation screening of this gene in familial and sporadic
SCR patients resulted in the detection of over 90 mu-

ations, including missense, nonsense, and deletion/inser-
ion mutations. These mutations are scattered throughout
he gene, and have no particular hot spots. In addition,
utations occur at higher incidence in long segment
SCR, compared with short segment HSCR in both

amilial and sporadic patients.10,62 Total aganglionosis
ccurring throughout the digestive tract observed in RET
nockout mice appears to reflect a close association
etween RET mutations and long segment HSCR in
umans.56,63 Germline point mutations of RET are also
esponsible for the inheritance of MEN type 2 cancer
yndromes, which are usually divided into three different
linical subtypes: MEN2A, MEN2B, and familial med-
llary thyroid carcinoma (FMTC).10,61,64 MEN2A,
EN2B, and FMTC are autosomal dominant cancer

yndromes. Both MEN2A and FMTC can be associated
ith HSCR in some families. Because up to 5% of
atients with HSCR also have MEN2A or FMTC, it is
rgued whether all patients with HSCR regardless of a
amily history, should be screened for RET exon 10 and
1 mutations to rule out cancer predisposition.10

The development of the ENS is dependent upon the
ctions of GDNF, which stimulates the proliferation and
urvival of NC-derived precursor cells in the embryonic
ut.65-68 It has been reported that GDNF is the ligand of
ET. Mice carrying homozygous null mutation in GDNF
ave been generated, and these mice demonstrate the
ack of kidneys and ENS, confirming the crucial role of
DNF in the development of the ENS.70,71 Although a

ausative role for GDNF mutations in some patients with
SCR has been suggested, the occurrence of such cases

s uncommon, and it is more likely that the GDNF

with Hirschsprung’s Disease

Frequency in Humans Animal Homologues

70-80% long segment ret �/�
50% familial
15-20% sporadic

�10% gdnf �/�
�1% ntn �/�
– gfr� �/�
�10% etr3 �/�, lethal spotted
�10% ednrB �/� Piebal lethal
�1% ece 1 �/�
�1% Sox 10DOM, Dom
�1% –
– Pax3 �/�
6 cases –
ciated

factor

ctor
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21PATHOGENESIS OF HIRSCHSPRUNG’S DISEASE
utations are involved in modulation of the HSCR phe-
otype via its interaction with other susceptibility loci
uch as RET.10,72 Shen and coworkers described hy-
oganglionosis in gdnf�/� mice.73

ENDOTHELIN SIGNALING PATHWAY

The endothelins (EDN1, EDN2, and EDN3) are inter-
ellular local messengers that act via cell surface recep-
ors, EDNRA and EDNRB.34 EDNRA shows high affin-
ty binding for EDN1 and does not bind EDN3 at
hysiologic concentrations, whereas EDNRB accepts all
hese ligands with high affinity.36 EDN is initially pro-
uced as an inactive preproendothelin that undergoes
wo proteolytic steps to produce an active peptide. The
rst cleavage produces inactive big endothelins, and

hese are finally cleaved by a specific protease, endothe-
in-converting enzyme (ECE) to produce biologically
ctive EDN.10,34,36 Two ECE genes have been described,
CE1 and ECE2.10

EDN3 and EDNRB have a role in the migration and
evelopment of the ENS.74-76 In mice in which the EDN3
r EDNRB gene was disrupted, intestinal aganglionosis
as demonstrated experimentally. Furthermore, in natu-

al mutants exhibiting aganglionic colon (piebald lethal
nd lethal spotted mice), a deletion of the entire EDNRB
ene and a point mutation of the EDN3 gene have been
onfirmed respectively.76,77 Although EDNRB binds all
hese endothelins, the similarity of phenotype of the
DNRB knockout mice suggests that EDNRB’s major

igand is EDN3 in NC-derived cells.
EDNRB and EDN3 mutations have been described in

solated HSCR and Waardenburg-Shah syndrome.78-84

DNRB or EDN3 mutations have been demonstrated in
ess than 10% of cases of HSCR.10,61,79 However, a 50%
eduction in the EDN3 expression in the ganglionic and

Fig 1. Genes involved in the pathogensis of Hirsch-

prung disease.
ganglionic segment of sporadic HSCR patients in the a
bsence of mutations in the EDN3 gene has been report-
d.85,86 This suggests that the downregulation of EDN3
xpression may play a role in the pathogenesis of HSCR
n the sporadic cases.

ECE1 knockout mice show craniofacial and cardiac
bnormalities in addition to colonic aganglionosis.87 A
eterozygous ECE1 mutation has been identified in a
atient with HSCR who also had craniofacial and cardiac
efects.88

SOX10

A comparative study of human/mouse sequences led
o the identification of a new member of the SRY/Sry-
ike, high mobility group box gene family, SOX10. It is
xpressed by ENS precursors before and throughout col-
nization of the gut mesenchyme.36 The involvement of
OX10 in the development of enteric neurons was dem-
nstrated in the Dom (Dominant megacolon) mouse
odel of HSCR.89,90 SOX10, Dom/� mice exhibit distal

ntestinal aganglionosis, they die shortly after birth and
hey are a naturally occurring model of HSCR. Mutations
n SOX10 have been identified as a cause of the domi-
ant megacolon mouse and Waardenberg-Shah syn-
rome in humans, both of which include defects in the
NS (distal intestinal aganglionosis) and pigmentation
bnormalities.91

PHOX2B

Phox2B gene is a homeodomain-containing transcrip-
ion factor that is involved in neurogenesis and regulates
ET expression in mice,92 in which disruption of the
hox2B gene results in a HSCR-like phenotype.93 En-

eric Phox 2B expression begins in vagal and truncal
C-derived cells as they invade the foregut mesenchyme
nd is contained in the adult submucosal and myenteric



p
P
H

p
n
M
t
h
I
s
t
d
t

n
r
l
h
m
a
i
p
H

p
e
t
i
m
g
d

E
l
c
d
B
e
m
o
M
h
n
h
fi
g
e
I
d

L

d
1

o
8

p
w

J

T

s

I

22 PURI AND SHINKAI
lexus.36,93 Recently, Garcia-Bercelo et al reported that
hox2B A-G1364 polymorphism may predispose to
SCR.94

GENES ASSOCIATED WITH INTESTINAL
NEURONAL DYSPLASIA

IND type B (INDB) is often encountered in children
resenting with intractable constipation and grossly ab-
ormal intestinal transit time and ENS abnormalities.11-15

any investigators have raised doubts about the exis-
ence of IND as a distinct histopathologic entity.27-29 It
as been suggested that the pathologic changes seen in
ND may be part of normal development or may be
econdary phenomenon induced by congenital obstruc-
ion and inflammatory disease.28,30 Recently, strong evi-
ence has emerged from animal models that suggests
hat INDB is a real entity (Table 3).

HOX11L1

Hox11L1 is a homebox gene involved in peripheral
ervous system development and is reported to play a
ole in the proliferation or differentiation of NC cell
ines. Two different Hox11L1 knockout mouse models
ave been generated.31,32 In both cases, homozygous
utant mice were viable but developed megacolon at the

ge of 3 to 5 weeks. Histological and immunohistochem-
cal analysis showed hyperplasia of myenteric ganglia, a
henotype similar to that observed in human INDB.

Table 3. Gene Mutations Associa

Gene Locus Function

EDNRB 13q22 Endothelin-B-receptor
HOX11L1 2p12-p13 T-cell leukemia, homeobox
owever, the mutation screening of this gene in 48 s
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