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CHAPTER 1

CONGENITAL MALFORMATIONS AND NEURAL CREST SYNDROMES

"We ought not to set them aside with idle thoughts or idle words about
“curiosities” or "chances". Not one of them is without meaning; not one that
might not become the beginning of excellent knowledge, if only we could
answer the question--why is it rare or being rare, why did it in this instance
happen?”

(James Paget, Lancet ii:1017,1882).

1.1 INTRODUCTION

The interest in birth defects has a long tradition in art and literature but is relatively
new in science. From ancient times there has been continuous fascination with man’s
efforts to understand the form and meaning of abnormality. Primitive people had little
regard for the wonders of the precise and exquisite processes of embryogenesis that
result in the formation of a healthy child. But when prenatal development was disturbed
and a monstrosity was born, their emotions were aroused and they reacted to such
misfortune with admiration, awe or terror. These emotions often led to extreme
measures: they either exterminated or adored the deformed and sometimes they did
both. After killing a monster, they often made an image and set it up as an idol--god or
demigod. Sculptures, carvings and drawings of malformed individuals by ancient peoples
reflect early teratologic knowledge and interest in rare and unusual human beings.

Philosophy and religion were traditionally the sources for explanations, or rather
speculations, how organisms develop. Plato assumed that the essence of all matter lies
in the supernatural ideal forms and that living organisms are only pale shadows and
imperfect specimens of these ideal forms. Aristotle rejected the concept of ideal forms
but spoke of a final cause or a purpose for everything in nature: the living organism is
its own final cause, determining its generation and development. Indeed, in Aristotle’s
view organisms have souls to manage the developmental process. The idea of final cause
or purpose is reflected again and again in religion and myth.

The human need to understand origins and destinies, to see a purposeful design
in nature, and ultimately, to grasp the principles behind life itself, as well as the growth
and differentiation of individual organisms, has been a powerful force throughout
history. Not until the advent of modern science, however, has there been a reasoned
basis for speculation.
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1.2 NATURAL SELECTION AND CONGENITAL MALFORMATIONS

The genotypes of organisms are adapted to their environment by the process of natural
selection. This is illustrated by the fact that 50 percent of conceptuses contain abnormal
chromosomes and about 90 percent of these are aborted spontaneously before
pregnancy is diagnosed (Ohama, 1982). In general the process of natural selection
results in normal human phenotypes. In four to seven percent of live births the natural
selection process leads to the birth of a child with a genetic disorder. There are four
groups of genetic disorders. First, there are single gene defects, conditions which can be
traced through families and clearly defined as following dominant, recessive or sex-
linked pattern of inheritance. Second, there are chromosome abnormalities, some of
which can be related to specific clinical syndromes. The third group is comprised of
congenital malformations, at least some of which have a strong genetic component; it
is equally clear however, that environmental factors play a major role in the
pathogenesis of many disorders which come under this heading. Finally, there is a group
of common diseases in which genetic factors are thought to play a role, although for
which the relative contribution of genetic and environment factors is still not clear.

Congenital malformations are structural defects present at birth. Some of them,
such as cardiac defects and renal anomalies, may not become clinically apparent until
years later. To a certain extent, congenital malformations comprise the less serious
disorders of embryogenesis, those compatible with live birth. Holmes (1976) estimated
that about two percent of newborns have a major malformation, which he defined as a
malformation having either cosmetic or functional significance. A relatively
comprehensive catalogue of recognizable patterns of congenital malformations has been
presented by Jones (1988). The three types of genetic disorders, chromosomal, single
gene (Mendelian), and multifactorial, can all produce multiple congenital anomalies.
Chromosomal abnormalities commonly lead to multiple anomalies, single gene defects
may lead to either single or multiple anomalies, and multifactorial traits usually involve
only single anomalies but the ones they produce are frequent and important.

Congenital malformations have became more important in pediatric practice,
probably because better postnatal care allows for survival of many malformed infants
who would have died in years past. Congenital malformations constitute an extremely
important cause of perinatal mortality, and remain a significant cause of illness,
disability, and death throughout the early years of life (Hall et al., 1978). A compilation
of the approximate incidence of congenital disorders is presented in table 1.

The origin of congenital malformations is a subject of intense interest,
particularly for parents who have had a malformed child. They often want to know
whether the developmental disorder represents a hereditary trait likely to affect
subsequent offspring. It is frequently impossible to answer this question, but a few facts
are known. Congenital anomalies arise either from genetic defects or from
environmental factors in utero, such as maternal infections, drugs and ionizing radiation.
Childs (1978) estimated that about 25 percent of congenital anomalies have a genetic
basis, a few percent have an environmental cause, and the remaining from a
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combination of both.

INCIDENCE OF CONGENITAL DISORDERS IN MAN*

TYPE OF INHERITANCE

Single gene disorders

FREQUENCY/ 1000 POPULATION

- Autosomal dominant 0.6-7.5
- Autosomal recessive 0.9-2.5
- X-linked recessive 0.9-7.0
Chromosome anomalies 5.6-6.8
Congenital malformations 19-22
- Anencephaly + spina bifida 2-30
- Cardiac defects 6-8

- Cleft lip & palate 0.8

- Cleft palate 0.5

- Club foot 1-6

- Pyloric stenosis 2-14
- Hirschsprung’s disease 0.2

- Miscellaneous 6.3
Total:

* Data are compilated from several studies (see Galjaard, 1980; Holmes, 1976; Weatherall,
1985).

1.3 CONGENITAL MALFORMATIONS RELATED TO THE NEURAL CREST
Studying the development of chicken embryos, Wilhelm His (1831-1904) discovered a
group of cells between the neural tube and the epidermal ectoderm, which he called the
"Zwischenstrang" (1868). He presumed that at the end of neurulation these cells
abandon their surface location, extend into the body, and eventually localize to form the
sensory ganglia (see figure 1). These cells are now called neural crest cells because they
form a transient crest on the dorsal surface of the neural tube. Analogous cell
populations are present in all vertebrates, even when they do not form such a crest-like
structure. The final localizations of neural crest cells in the embryo have been mapped
(for review see Le Douarin, 1982; and see figure 2).

The neural crest is one of the most vulnerable structures during embryonic
development and disturbed neural crest development has been related to several
congenital malformations in man. Congenital malformations related to the neural crest,
or neurocristopathies, primarily involve skeletal and mesenchymal tissues in the head,
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the cardiac septum, the thymus, the enteric nervous system, the adrenal medulla, the
neurons or Schwann cells of the autonomic nervous system, and pigment cells. Table 2
presents a number of neural crest syndromes: malformations, tumors, and a
miscellaneous group. The neural crest syndromes are grouped according to the axial
level of the neural crest. For detailed studies on neurocristopathies see Bolande (1974;
1981, 1984), Kissel et al. (1982), and Couly (1981), the latter especially for craniofacial
neurocristopathies.

or

Figure 1: Illustrations from His (1868) depicting the formation and initial migration of
neural crest cells (Z, Dr.) in relation to the neural plate (A: Mp.), neural tube (D: Md.),
and epidermal ectoderm (C,D: Pft.) at four successive stages in the head of the 1 to 2-day
chicken embryo. His regarded the neural crest as an individual primordium rather than a
part of the neural plate or epidermal ectoderm. At early stages (A,B), however, His situated
the neural crest too far laterally. (Ax. = Notochord; Vd. = foregut; Hz. and v.A. = heart
and vascular elements; other abbreviations entail cranial endomesenchyme).
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Figure 2: Final localizations of neural crest cells after their migration through the embryo.
By exchanging the neural primordium of chicken embryos with that of quail embryos, Le
Douarin mapped the destinies of neural crest cells from different axial levels. The vagal
neural crest (opposite somites (S) 1 through 7) provides all the enteric ganglia. The
lumbosacral neural crest gives rise to the ganglion of Remak (R.G.) and to some cells in
enteric ganglia in the postumbilical bowel. The mesencephalic (Mes.) neural crest gives rise
to the ciliary ganglion (C.G.). The sympathetic chain and plexuses derive from the neural
crest caudal to S5, and the adrenomedullary cells (Ad. Gl.) originate from the level of S18-
8§24 (S.C.G. = superior cervical ganglion). (From Le Douarin, 1982).
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TABLE 2

NEURAL CREST SYNDROMES

A. Cranial neural crest

I First and second branchial arch syndromes
Waardenburg syndrome
Deafmutism

Cleft lip and cleft palate
Treacher-Collins syndrome
Pierre Robin sequence

U=

IT Third and Fourth arch syndromes
a. Cardiac defects:
- ventricular septal defect
- common out-flow tract

b. Thymic anomalies (DiGeorge syndrome):
c. Congenital ENS malformations
d. Goldenhar syndrome
e. Sphrintzen syndrome
f. CHARGE association
B. Truncal neural crest
a. Neuroblastoma
b. Pheochromocytoma
c. Limb anomalies?

1.4 CONGENITAL MALFORMATIONS OF THE ENTERIC NERVOUS SYSTEM
Congenital malformations of the enteric nervous system (ENS) constitute a subgroup of
congenital malformations of the neural crest. Bayliss and Starling (1899) recognized
that: "The peristaltic contractions are true coordinated reflexes, started by mechanical
stimulation of the intestine, and carried out by the local nervous mechanism (Auerbach’s
plexus). They are independent of the connection of the gut with the central nervous
system. They travel only in one direction, from above downward, and are abolished on
paralysing the local nervous apparatus...." Langley (1921) considered the "local nervous
apparatus” or the enteric nervous system (ENS) as the third division of the nervous
system. The ENS is thus a self-contained nervous system, the only system of that kind
in the periphery (see figure 3).

Apart from the control of intestinal motility, the ENS serves important roles in
gastrointestinal immunity, resorption and secretion (Gershon and Erde, 1981; Cooke,
1986; Felten et al., 1988; for a review of enteric neurophysiology see Wingate, 1986).

16



Disturbances in these functions are encountered in congenital malformations in which
the ENS is totally or partially absent. The absence of the ENS is most clearly shown by
disturbances in colonic motility that result in megacolon (Hirschsprung’s disease).

1.5 AIM OF THE THESIS
The subject of this thesis is one group of congenital malformations related to the vagal
neural crest: congenital ENS malformations. The aim of this thesis is to clarify
pathogenetic mechanisms of congenital ENS malformations. To this end, ENS formation
in chicken and murine embryos was studied experimentally, and the results were related
to the pathology of human ENS malformations and the associated malformations.
The experimental data enabled a comparison between formation and
malformation of the murine ENS. The combination of the experimental data and the
literature enabled a classification of ENS malformations and associated anomalies based
on developmental biological criteria.

Figure 3: Diagram of the arrangement of the enteric nervous system in a transverse section
of the bowel. Me. = mesentery; M.P. = mucosal plexus; My. P. = myenteric plexus; Pa. N.
= paravascular nerve; Pe.N. = perivascular nerve; S.N. subserous nerve; S.P. = submucous
Dlexus. (From Fumness and Costa, 1980).
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CHAPTER 2

CONGENITAL MALFORMATION OF THE ENTERIC NERVOUS SYSTEM

2.1 HISTORICAL SURVEY ‘

When diseases are first described they are usually defined by their clinical and
pathological manifestations. Occasionally, increased knowledge of a particular disease
reveals, however, that the original description did not refer to a disease, but to a
complex of symptoins resulting from several pathogenetic mechanisms. Congenital
megacolon (Hirschsprung’s disease) is a typical example of such a disease.

Harald Hirschsprung (1830-1916) was the senior physician at Denmark’s oldest
children’s hospital, Queen Louise Children’s Hospital, Copenhagen, from 1870 to 1904.
In a lecture to "der Geselschaft fiir Kinderheilkunde" in Berlin (1886), he described
two boys, who both presented with a characteristic clinical picture: severe defecation
difficulty from birth onwards, increasing abdominal distension, a gradually declining
general condition eventually leading to death at the age of 11 and 7 months respectively.
The-autopsies revealed pronounced dilatation and hypertrophy of the colon in both. The
lecture was published in the "Jahrbuch fiir Kinderheilkunde" under the title
"Stuhltrigheit Neugeborener in folge von Dilatation und Hypertrophie des Colons"
(Hirschsprung, 1887).

At the time of Hirschsprung’s publication, the clinical and pathological picture
of congenital megacolon appeared to be unknown to the medical world. Later it was
realized that there were earlier reports on similar cases. There is no doubt, however,
that Hirschsprung was the first to give an accurate description of both the clinical picture
and the pathology. Hirschsprung himself pointed out that is was remarkable that a
disease with such pronounced symptoms and such obvious pathological manifestations
had not been the object of discussion much earlier, "but", he wrote, "possibly it will be the
case here as often before that attention only needs to be drawn to this in order that cases
will be found with greater frequency" (Hirschsprung, 1890). Between 1886 and 1904
Hirschsprung reported ten other cases (Hirschsprung, 1904).

Jayle (1909) called attention to a description dating back to 1691. Frederik
Ruysch (1638-1731), a professor of anatomy, surgery and botany at Amsterdam, reported
a case with "Enormis Intestini Colo Dilatatio” in his book "Observationum Anatomico-
Chirurgicarum Centuria" (Observation XCII). He described the clinical history of a five-
year-old girl that showed an enormous dilatation of the colon at post mortem
examination.

The literature on Hirschsprung’s disease was dominated by case reports until the
late 1940s. The discussion focused on two main themes: pathogenesis and treatment.
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Several different pathogenetic mechanisms were suggested, but they all lacked systematic
pathological studies. Several methods of treatment were proposed as well, but they were
unsuccessful due to the same reason: fallacious pathological data. For a discussion of
pathogenetic mechanisms see Madsen (1964). It was Ehrenpreis (1947) who proved that
all existing pathogenetic theories were wrong, and who suggested that the inability of the
colon to empty itself was a primary factor in Hirschsprung’s disease.

A new era in the history of Hirschsprung’s disease started when Whitehouse and
Kernohan (1948) and Zuelzer and Wilson (1948) discovered that the wall of the distal
colon lacked ganglion cells. They also found hypertrophic nerve trunks in the same
bowel segment. Proximal to the aganglionic bowel segment, there was a transition zone
with variable length containing sporadic ganglion cells and fewer nerve trunks.

Swenson and Bill (1948) were the first to report appropriate surgical treatment
for Hirschsprung’s disease. Using radiographic and manometric methods, they reported
that the distal colon was continuously contracted and lacked normal peristalsis. They
logically deduced that the obstruction problem should be resolved when normal bowel
was brought as low in the rectum as possible, e.g. by resecting or bypassing the
contracted bowel. They developed a surgical procedure in dogs involving anastomosis
of normal bowel to the anus with subsequent retention of continence. The essential
features of the operation are eversion of the closed rectal stump through the anus, and
a precise anastomosis of the pulled-trough normal colon to the everted rectum,
performed perineally. At the conclusion of the procedure, the levators pull the
anastomosis up above the anus. This anal pull-through technique was then applied
successfully in a human patient. The therapeutical success obtained in this way indicated
that the underlying pathologic defect was indeed the cause of the dilated colon.

After the demonstration that the level of aganglionosis of the submucous plexus
corresponds to that of the myenteric plexus, the safer suction mucosal biopsies
supplanted full-thickness biopsies (Gherardi, 1960; Aldridge and Campbell, 1968). Rectal
suction biopsies can be performed at the bedside without anesthesia or sedation, even
in the neonatal patient (Dobbins and Bill, 1965). But the immature ganglion cells of the
submucous plexus in the infant are less distinctive than the ganglion cells in older
patients or those of the myenteric plexus, and can be mimicked by macrophages,
fibroblasts, smooth muscle cells, Schwann cells, and even lymphocytes (Ariel et al., 1983;
Campbell and Noblett, 1969; Yunis et al., 1976). Thus it was often necessary to examine
many sections before arriving at a conclusion.

Using the acetylcholinesterase (AChE) staining method of Karnovsky and Roots
(1964), Meier-Ruge and co-workers (1972) demonstrated that an increase in AChE
activity in the lamina propria and muscularis mucosae in suction biopsies of the rectal
mucosa is pathognomonic for Hirschsprung’s disease. However, the demonstration of
AChHE activity in cryostat sections may be difficult to interpret, for there may be
excessive mucosal hemorrhage with excessive red blood cell AChE activity (Lake et al.,
1978; Meier-Ruge, 1982). Thus, the identification of enteric neurons remains important
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in the diagnostic process.

The visualization of extrinsic nerve fibers and enteric neurons and glial cells was
facilitated by the advent of immunocytochemical techniques. Jessen and Mirsky (1980)
demonstrated that enteric glial cells in normal bowel could be visualized using antibodies
against glial fibrillar acidic protein (GFAP). Pobert and co-workers (1981) visualized
enteric neurons using monoclonal antibodies raised against the neurotransmitters,
substance-P and vasoactive intestinal polypeptide. Ferri and co-workers (1982) reported
the presence of S-100 protein in the glial component in the human enteric nervous
system.

Kliick and co-workers (1984) visualized the hypertrophic nerve fibers in
Hirschsprung’s disease using monocional antibodies directed against neurofilaments.
Subsequently, other workers used antibodies to visualize the cell bodies of enteric
neurons (neurofilaments, neuron-specific enolase) or enteric glial or Schwann cells
(GFAP and S100) (Bishop et al., 1985; Vinores and May, 1985; Hall et al., 1985). The
use of monoclonal antibodies in the diagnosis of congenital ENS malformations is
reviewed by Tibboel et al. (1987).

2.2 CLASSIFICATION OF CONGENITAL MALFORMATIONS OF THE ENTERIC
NERVOUS SYSTEM

Several classifications of congenital aganglionosis have been proposed in the past. From
clinical and pathological observations Ravitch (1958) perceived that Hirschsprung’s
disease was not the underlying pathological substrate in a number of patients with
congenital megacolon. He therefore proposed a division between Hirschsprung’s disease
and pseudo-Hirschsprung’s disease. Ehrenpreis (1966) preferred to speak about
"Hirschsprung’s disease and allied disorders".

Another classification of Hirschsprung’s disease is based on the distance from the
internal anal sphincter encompassed by the aganglionosis, and distinguishes four classes
(Boley, 1978; Kleinhaus, 1978). The first is an ultrashort segment, which involves only
the anus and the part of the rectum below the pelvic floor. The second is the short
segment or "classic” type, involving the anus, rectum, and a part of the sigmoid colon.
The third class, the long-segment aganglionosis, involves the colon proximal to the
sigmoid colon, whereas the fourth class involves the entire colon.

Howard and Garret (1984) considered Hirschsprung’s disease and allied disorders
as variations of neuronal dysplasia (which is abnormal tissue development). Neuronal
dysplasia refers to differentiation disturbances; a significant number of congenital ENS
malformations probably involves disturbances in the migration and homing of neural
crest cells, rather than disturbances in terminal neuronal differentiation. Furthermore,
it can be questioned whether aplasia (which is the absence of a tissue) of the enteric
nervous system (e.g. aganglionosis) is a subtype of dysplasia.

An attempt to classify congenital ENS malformations and the result is presented
in table 3. The classification is based on phases in the formation of the ENS, distinct
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morphologic features of the pathological specimens, the pattern of inheritance, and
partly on clinical presentations.

TABLE 3

CLASSIFICATION OF CONGENITAL MALFORMATIONS
OF THE ENTERIC NERVOUS SYSTEM

1. DEVELOPMENTAL DISTURBANCES

1.1. Migration disturbance of vagal neural crest cells
Total intestinal aganglionosis (single gene defect)
a. autosomal recessive
b. autosomal recessive with kidney abnormalities

1.2. Proliferation disturbance of neural crest cells
Neuronal intestinal dysplasia

a. with neurofibromatosis (single gene defect)
b. with MEA IIb (single gene defect)
c. intestinal hyperganglionosis

Type A: with hypoplasia of sympathetic innervation
Type B: with normal sympathetic innervation.

1.3. Disorders of the enteric mesenchyme
1.3.1. Total colonic aganglionosis (sometimes with small intestinal

aganglionosis)
a. Zuelzer-Wilson disease (multifactorial inheritance)
b. associated with neuroblastoma (chromosome abnormality)

1.3.2. Hirschsprung’s disease

a. with first and second branchial arch syndromes
b. with third and fourth branchial arch syndromes
c. with dysautonomia

d. with regional anomalies

e. without the above (multifactorial inheritance)

1.3.3. Zonal aganglionosis

1.4. Differentiation disturbance of enteric neurons
Intestinal pseudo-obstruction

a. with mental retardation
b. with other neurologic abnormalities
c. isolated to the myenteric plexus, without the above

2. DEGENERATIVE VISCERAL NEUROPATHIES

2.1  Recessive with intranuclear inclusions

2.2 Recessive, with mental retardation and calcification of the basal
ganglia

2.3 Dominant with neither of the above
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23 TOTAL INTESTINAL AGANGLIONOSIS

Total intestinal aganglionosis is a rare congenital malformation of the ENS,
characterized by the absence of enteric neurons from the entire intestinal tract. Detailed
histochemical studies are not available. With one exception, all the reported cases (see
table 4) share a fatal outcome; by performing myotomies, Ziegler and co-workers (1987)
accomplished survival for over 18 months. Histochemical studies show normal
acetylcholinesterase activity in small-intestinal and colonic lamina propria (Caniano et
al., 1985).

There is a high incidence of familial occurrence in the reported cases. Although
complete pedigrees are not available, it appears that approximately 50 percent of siblings
are affected, in whom the length of the aganglionic segment is the same. The available
evidence suggests that total intestinal aganglionosis is inherited as an autosomal recessive
trait (MacKinnon and Cohen, 1977).

There are no reports of anomalies associated with total intestinal aganglionosis,
apart from the report of Dilorenzo and co-workers (1985), describing the occurrence
of renal dysplasias.

‘ TABLE 4

CASES OF TOTAL INTESTINAL AGANGLIONOSIS

REPORT AGANGLIONIC SEGMENT
1 Bodian et al., 1951 jejunum-anus #
2 Lee, 1955 duodenum-anus
3 Boggs and Kidd, 1958 jejunum-anus ##
4 ibid. jejunum anus ##
5 Bodian and Carter, 1963 unknown #
6 Walker et al., 1966 lower duodenum-anus
7 Ahmed et al., 1971 duodenum-anus
8 Talwalker, 1976 jejunum-anus
9 ibid. jejunum-anus
10 ibid. jejunum-anus
11 MacKinnon and Cohen, 1977 pylorus-anus
12 Walther and Kootstra, 1981 pylorus-anus
13 DiLorenzo et al., 1985 lower duodenum-anus *
14 ibid. lower duodenum-anus **
15 ibid. duodenum-anus ***
16 Caniano et al., 1985 lower duodenum-anus
17 Rudin et al., 1986 duodenum-anus
18 ibid. lower duodenum-anus
19 ibid. duodenum-anus
20 Ziegler et al., 1987 jejunum-anus

# and ## siblings; * left renal agenesis; ** subcapsular microcysts in both kidneys; one of

a twin; *¥** dysplastic left kidney and right renal cysts.
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2.4 INTESTINAL HYPERGANGLIONOSIS

Intestinal hyperganglionosis, or "neuronal intestinal dysplasia”, is characterized by an
above-average number of neurons in the submucous and myenteric plexuses and the
presence of hyperplastic parasympathetic nerve trunks (Meier-Ruge, 1971; Howard and
Garret, 1984). Initially the abnormalities were thought to be confined to the colon, but
later it was found that they can occur in the entire bowel.

There are two types of neuronal intestinal dysplasia: type A, characterized by
hypoplasia or aplasia of the sympathetic innervation, accounts for 15 percent of the
cases. The early clinical presentation is characterized by acute onset of severe
constipation, diarrhea and ulcerative colitis. Type B, characterized by normal sympathetic
innervation, comprises 70 percent of the cases. Type B presents late and chronic. The
remaining 15 percent of the cases comprises a combination of both types. Neuronal
intestinal dysplasia has been recognized with increasing frequency in the last few years.
Fadda and co-workers (1983) claim that it may occur as frequently as Hirschsprung’s
disease, but there is no sufficient proof for this statement.

Neuronal intestinal dysplasia has been reported in concurrence with
Hirschsprung’s disease (Gullotta and Straaten, 1970; Lassmann and Wurnig, 1973; Puri
et al., 1977; Briner et al., 1986), and also with neurofibromatosis and multiple endocrine
neoplasia syndrome type IIB (Staple et al.,, 1964; Phat et al., 1980; Saul et al., 1982;
Demos et al., 1983; Feinstat et al., 1984).

2.5 ZUELZER-WILSON DISEASE

Zuelzer-Wilson disease or total colonic aganglionosis is characterized by the absence of
enteric neurons in the entire colon (Zuelzer and Wilson, 1948). Meier-Ruge and co-
workers (1972) reported that AChE-positive nerve fibers decreased exponentially toward
the oral side from the rectum to the splenic flexure.

Given the incidence of classical Hirschsprung’s disease (1:5,000), the incidence
of Zuelzer-Wilson disease can be extrapolated as 1 in 50,000 to 1 in 100,000. Noteworthy
examples of familial occurrence of Zuelzer-Wilson disease are those reported by Zuelzer
and Wilson, and the one described by Richardson and Brown (1962), in which six out
of seven brothers by three different fathers were affected by this disease. At present, no
definite conclusions concerning the mode of inheritance of Zuelzer-Wilson disease can
be drawn, except that, in contrast to classical Hirschsprung’s disease, the disorder occurs
as often in boys and in girls.

From isolated case reports it can be concluded that Zuelzer-Wilson disease may
concur with other malformations. Chatten and Voorhess (1967) described familial
neuroblastoma in which one sibling presented with total colonic aganglionosis. Michna
and co-workers (1988) reported multifocal neuroblastoma with total colonic
aganglionosis. ‘

In up to 31 percent of the cases, Zuelzer-Wilson disease is complicated by
enterocolitis (Kleinhaus et al.,, 1979; Careskey et al.,, 1982). It might well be that the
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enterocolitis is due to a lack of nervous regulation of intestinal immunity and secretion
(cf. Felten et al., 1988).

2.6 HIRSCHSPRUNG’S DISEASE

Hirschsprung’s disease is the best described of the congenital ENS malformations. The
disease is defined as the absence of enteric neurons and the presence of hypertrophic
nerve trunks in the distal bowel beginning with and including the internal anal sphincter.
The aganglionosis extends over varying distances proximally but always includes the anus
and at least part of the rectum.

At the ultrastructural level, neurites of intrinsic neurons are absent throughout
the aganglionic bowel segment; close to the transitional zone, however, abnormal nerve
fibers are present, surrounded by a hypertrophic perineurium that contains increased
amounts of collagen (Baumgarten et al., 1973). The ultramorphology of supporting glial
cells reveals features of immature, undifferentiated Schwann cells. Schwann-cell units
inside these bundles are mono- or oligoaxonal.

The monoclonal antineurofilament antibody 2F11 visualized all extrinsic nerve
fibers in Hirschsprung’s disease (Kliick et al.,, 1984). Kawana and co-workers (1988)
showed that the extrinsic, hypertrophic nerve fibers are associated with GFAP-positive
supportive cells. Intrinsic nerve trunks are positive for S100 but negative for GFAP.

2.6.1 INCIDENCE
The majority of early statements on the incidence of Hirschsprung’s disease only
mention that Hirschsprung’s disease is a rare disease. The incidence rates in these early
reports range from 1 in 2,000 to 1 in 12,000.

Detailed studies from Denmark, the British Isles, and British Columbia indicate
that the incidence of Hirschsprung’s disease approximates 1 in every 5,000 newborns
(table 5; Madsen, 1964; Passarge, 1967; Goldberg, 1984; Spouge and Baird, 1985).

TABLE 5

STUDIES OF THE INCIDENCE OF HIRSCHSPRUNG’S DISEASE

Report Incidence Area

Althoff, 1962 1 in 12,000 Bremen

Bodian and Carter, 1963 1 in 2,000-10,000  British Isles
Madsen, 1964 1 in 4,700 Denmark
Passarge, 1967 1 in 5,000 Cincinnatti

Orr and Scobie, 1983 1 in 4,500 Southeast Scotland
Ikeda and Goto, 1984 1 in 4,697 Japan

Goldberg, 1984 1 in 5,682 Baltimore

Spouge and Baird, 1985 1in 4,417 British Columbia
Global average: 1 in 5,000
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2.6.2 FAMILIAL OCCURRENCE OF HIRSCHSPRUNG’S DISEASE

A positive family history exists in 3.6 percent of all cases (females 7.2 percent; males 2.6
percent; see table 6). If Zuelzer-Wilson disease is included, the incidence of familial
occurrence rises to 21 percent (Swenson et al, 1973; Kleinhaus et al., 1979). Two-
generation transmission (from parent to child) is well recorded in the literature
(Madsen, 1964), and even three-generation transmission has been reported (Lipson and
Harvey, 1987). A nine-generation family with presumptive Hirschsprung’s disease had
associated Waardenburg syndrome, congenital deafness and Down’s syndrome (Cohen
and Gadd, 1982).

As a generation of treated and surviving patients grow to maturity and
reproductive age, genetic counselling is indicated, if only to provide early and prompt
surgical care and treatment of the disease (Carter et al., 1981). The actual mode of
inheritance will also become clearer. Genetic counselling should also take into account
the Mendelian inheritance of some syndromes associated with Hirschsprung’s disease
(discussed below). Non-syndromic cases of Hirschsprung’s disease are thought to inherit
in a sex-modified multifactorial mode (Passarge, 1983). This term implies that the
threshold of genes needed for expression of the trait in one sex is lower than in the
other.

2.6.3 CONGENITAL ANOMALIES ASSOCIATED WITH HIRSCHSPRUNG'S
DISEASE

The importance of anomalies associated with Hirschsprung’s disease is obvious to some
physicians, but this is not properly reflected in the literature. The combinations of
anomalies and malformations are virtually infinite and detailed knowledge of most of
these combinations is of limited use to the practising pediatrician or pediatric surgeon.
However, awareness of certain of these associations may alert the physician to look for
defects that are not immediately obvious at birth. Syndrome delineation enables
preliminary sorting of disorders for proper study of pathogenesis.

The incidence of anomalies associated with Hirschsprung’s disease varies from
2.5 to 35 percent (table 6). The wide range is due to the diligence with which they are
sought and the manner in which they are reported. Some reports show an increase in
additional malformations, while others show only an increase in Down’s syndrome and
anomalies of the genitourinary tract (Boley et al., 1978; Passarge, 1967; Warkany, 1971).
In recent years, the number of (case-) reports on anomalies associated with
Hirschsprung’s disease has grown considerably.

The anomalies associated with Hirschsprung’s disease were classified according
to developmental-biological criteria (table 7). Ome group includes neural crest
malformations occurring in other systems or malformations more distant in the
gastrointestinal tract [over one third of the conditions with megacolon have associated
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or identifiable neural crest components (Saul and Stevenson, 1988)]. Another group
includes regional anomalies that are thought to occur secondarily to either the
development of megacolon (e.g. megaloureter, hydronephrosis) or its perforation in
utero (e.g. colonic, anal and rectal stenosis, and atresia) or postoperatively for corrective
surgery (rectal and anal stenosis and atresia).

Association of Hirschsprung’s Disease with Down’s Syndrome

Down’s syndrome is the most common single syndrome in patients with Hirschsprung’s
disease. The prevalence of Down’s syndrome in studies of Hirschsprung’s disease varies
from 0.6 to 9.5 percent (Table 6), but an association between the two is consistent. In
the general population the incidence of Down’s syndrome is one in every 600 newborns.
Thus the incidence of Down’s syndrome in patients with Hirschsprung’s disease is about
3.5 to 59.4 times higher than in the general population.

TABLE 6

FAMILIAL OCCURRENCE AND INCIDENCE OF ANOMALIES ASSOCIATED WITH
HIRSCHSPRUNG’S DISEASE

Familial Associated Down’s
Occurrence Amnomalies Syndrome
(%) (%) (%)

Althoff, 1962 1.5
Bodian and Carter, 1963 1.5
Madsen, 1964 0.6
Gordon et al. 1966 1.8
Emanuel et al., 1965 1.0
Hoffmann and Rehbein, 1966 : 2.3
Graivier and Sieber, 1966 3.6

Passarge, 1967 3.6 21 95
Aubresby, 1970 6

Ehrenpreis, 1970 24 <5

Bethenod, 1973 9

Swenson, 1973 7.8 11

Rickham, 1978 6.0 21

Angerpointner, 1981 9.3

Kaiser and Bettex, 1982 5.0
Goldberg, 1984 9.0
Klein, 1984 35

Ikeda and Goto, 1984 11.1

Spouge and Baird, 1985 30 ‘ 32
Ikeda and Goto, 1986 2.9
Polley and Coran, 1986 26
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Association of Hirschsprung’s Disease with First and Second Arch Syndromes

The first and second arch syndromes comprise a group of disorders in which anatomical
abnormalities are found in the tissues that derive from the first and second branchial
arches. The first and second arch syndromes include: 1) Waardenburg syndrome
(deafness, heterochromia, a white forelock and various other anatomical changes); 2)
congenital deafmutism (middle ear malformations, absent organ of Corti); 3) cleft lip
and cleft palate; 4) the Treacher-Collins syndrome or mandibulofacial dysostosis
(notching of the lower eyelid, poorly developed eyelashes, deafness, mandibular agenesis,
and abnormalities of the malar bones); 5) the Pierre Robin sequence ¢hypoplasia of the
mandible with glossoptosis).

TABLE 7

ADDITIONAL ANOMALIES IN HIRSCHSPRUNG’S DISEASE

Spouge & Baird, 1985 Ikeda & Goto, 1986

Neural Crest related anomalies

Sensorineural 6.7

Deafness 2.2

Cardiovascular 5.6 2.1
Skeletal and limb anomalies 34 .

Cleft palate 1.1 ' 0.6
Other anomalies

Down’s syndrome 2.8 29
Microcephaly 1.1

Mental Retardation 0.5

Inguinal hernia 2.8 0.7
Small bowel atresia 1.1 0.2
Duodenal atresia 0.1
Genital reproductive tract 2.8

Undescended testes 1.7

Regional anomalies

Urinary tract 22 0.2
Rectal stenosis 1.7

Anal stenosis 1.1

Imperforate anus 1.1 0.2
Colonic atresia 0.6

Waardenburg syndrome with deafness occurs with a frequency of 2 cases per
100,000 and represents 2 to 5% of cases of profound childhood deafness (Fraser, 1976;
Brown and Chung, 1967). Waardenburg syndrome is inherited in an autosomal dominant
mode with a varying penetrance and expression. Waardenburg syndrome has such
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variable manifestations that diagnosis is often difficult. Even in cases of profound
childhood deafness with pigment anomalies, heterogeneity of the Waardenburg syndrome
may be indicated by individual patients of families without the characteristic
displacement of the inner canthi (Arias, 1971). It is not clear whether this variability
reflects multiple alleles or different major genes for the Waardenburg phenotype or
factors in the genetic and environmental background.

There are several reports of an association of Hirschsprung’s disease with
congenital deafness (McKusick, 1973; Lowry, 1975; Skinner and Irvine, 1973; Weinberg
et al,, 1977; Branski et al., 1979; Shah et al., 1981; Currie et al., 1986). McKusick was
the first to report the association between Waardenburg syndrome and Hirschsprung’s
disease.

Cleft palate also occurs more frequently in patients with Hirschsprung’s disease
in the normal liveborn population (Spouge and Baird, 1985; Goldberg and Sphrintzen,
1981; Brunoni et al,, 1983). There are no case reports on an association of Treacher-
Collins syndrome or Pierre Robin sequence with Hirschsprung’s disease.

Association of Hirschsprung’ disease with Third and Fourth Branchial Arch Syndromes
The incidence of cardiac anomalies varies from 2.1 to 5.6 percent of patients with
Hirschsprung’s disease (Spouge and Baird, 1985; Ikeda and Goto, 1986). Spouge and
Baird (1985) reported that particular atrioseptal defect occurs frequently (2.2 percent
of Hirschsprung cases), which is 18 times the frequency in the liveborn population in
British Columbia. The difference is statistically significant. They also reported that
ventricular septal defect occurs in 1.7 percent of Hirschsprung cases, several times the
rate in the British Columbia liveborn population, consequently a non-random
association. Because of the known relationship between these cardiac anomalies and
Down’s syndrome, the Down cases were removed from the study group and the rates
recalculated. Both atrioseptal defect and ventricular septal defect still occurred
significantly more frequently in Hirschsprung’s disease cases.

Association of Hirschsprung’s Disease with Trunk Neural Crest Syndromes

Skeletal and limb anomalies occur in 3.4 percent of Hirschsprung cases (Laurence, 1975;
Reynolds et al, 1983; Santos et al., 1988; Toriello et al., 1988; Ikeda and Goto, 1986).
Polydactyly occurs more often than expected and is a non-random association (Spouge
and Baird, 1985).

Some patients with Hirschsprung’s disease suffer from a failure of the autonomic
control of ventilation during sleep - this is called Ondine’s curse. There is a decrease
in ventilation during sleep and this does not correspond to the decrease in metabolic
activity. This decrease occurs predominantly during non-rapid eye movement or quiet
sleep. The neurophysiologic mechanisms responsible for this change in ventilation are
poorly defined. In a number of case reports congenital failure of autonomic ventilation
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is associated with Hirschsprung’s disease (Haddad et al., 1978; Bower and Adkins, 1980;
Stern et al., 1981; Hamilton and Bodurtha, 1989). Recently a patient was admitted in the
Sophia Children’s Hospital, Rotterdam, who suffered from Hirschsprung’s disease,
congenital central hypoventilation and neuroblastoma (unpublished observation).

The association of Hirschsprung’s disease and neuroblastoma is rare; it might
occur by chance, but there might be a causal relation between the two diseases. Hope
and co-workers (1965) first reported the concurrence: a two-month-old girl who had
aganglionosis of the distal colon and a thoracic neuroblastoma. Two other cases have
been reported in the literature (Chatten and Voorhess, 1967; Gaisie et al., 1979). It is
of interest that the interstitial deletion of chromosome 13q, which is frequently
associated with neuroblastoma, was also found in a patient with both disorders (Lamont
et al., 1989).

Another truncal neurocristopathy, pheochromocytoma, has also been reported in
conjunction with Hirschsprung’s disease (Shocket and Pelok, 1957; Duffly et al., 1962).

Association of Hirschsprung’s Disease with Regional Anomalies

Megaloureter, hydronephrosis, and megalocystis are included in the group of associated
regional malformations. It might well be that these anomalies result from local bowel
dilatation, since these urinary tract anomalies routinely disappear after corrective bowel
surgery (Boley et al,, 1978). Colonic, rectal, and anal atresia (and stenosis) possibly
result from the secondary dilatation of the bowel, producing local perforation and
scarring while in utero (Bughaighis and Emery, 1971). Moreover, postpartum corrective
surgery for Hirschsprung’s disease can lead to complications of rectal or anal stenosis.
Both anal and rectal lesions may then be coded under the diagnosis of imperforate anus.

2.7 COLONIC HYPOGANGLIONOSIS

Hypoganglionosis of the colon is characterized by a below-average number of enteric
peurons and nerve fibers in the myenteric plexus (Meier-Ruge, 1971). Hypoganglionosis
is well described in the transition zone between normal and aganglionic bowel of
patients with Hirschsprung’s disease (Gherardi, 1960; Walker et al., 1966; Garret et al.,
1969; Meier-Ruge, 1969). The occurrence of hypoganglionosis without Hirschsprung’s
disease is questioned by several authors; the hypoganglionosis could be secondary to
megacolon. A few case reports have been published (Bentley, 1964; Ehrenpreis, 1966).
A conclusive diagnosis can only be made on morphometrical criteria.

2.8 ZONAL AGANGLIONOSIS
The existence of ganglionic bowel segments in aganglionic bowels, which is called zonal
aganglionosis, is often questioned (Swenson, 1959; for review see Yunis, 1983). In the
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few reports available, zonal aganglionosis is found to affect various segments, single or
double, of the colon and rectum (Tiffin et al., 1940; Haney et al., 1982; Tagushi et al.,
1983). There are nine case reports of single zonal aganglionosis in the literature and
four of double zonal aganglionosis.

2.9 INTESTINAL PSEUDO-OBSTRUCTION

Intestinal pseudo-obstruction is characterized by functional obstruction of the ganglionic
bowel. Intestinal pseudo-obstruction has been associated with "immaturity" of enteric
neurons (Bughaighis and Emery, 1971; Tanner et al., 1976; Erdohazi, 1974). Normally,
enteric ganglia contain both mature and immature neurons at birth (Smith, 1968). In
cases of intestinal pseudo-obstruction, there are only few mature neurons or none at all.
Immunocytochemical studies using anti-neurofilament antibodies showed a lack of
immunoreactive nerve fibers in the bowel (Kliick et al., 1986).

2.10 DEGENERATIVE ENTERIC NEUROPATHIES

Three different degenerative enteric neuropathies have been described to date. Neuronal
intranuclear inclusion disease was first described in 1978 in two siblings who presented
with symptoms of intestinal pseudo-obstruction and who were also found to have diffuse
neurologic abnormalities, evidence of mild autonomic insufficiency, and denervation
hypersensitivity of the pupillary and esophageal smooth muscles (Schuffler et al., 1978).
Schuffler suggested that the disease is familial with an autosomal mode of inheritance.

A second type of degenerative enteric neuropathy was reported in 4 siblings of
a sibship of 16 (Cockel et al., 1973). The children bad episodes of pseudo-obstruction
and malabsorption, mental retardation, and calcification of the basal ganglia. This
disorder is thought to inherit in a autosomal recessive mode.

A third type of degenerative enteric neuropathy, with a dominant mode of
inheritance, has been reported in two families (Roy et al., 1980; Mayer et al., 1988).
Patients in both reports had intestinal pseudo-obstruction affecting predominantly the
small intestine, without evidence of central, autonomic, or peripheral nervous system
involvement.

211 SPONTANEOUS ANIMALL. MODELS FOR CONGENITAL ENS
MALFORMATIONS

Studies directed toward improvement of understanding of the pathophysiology of
Hirschsprung’s disease have been performed on animal models in which aganglionosis
is congenital. Spontaneous occurrence of aganglionosis has been reported in mice, rats,
and horses. Absence of enteric neurons in the colon and ileum has been reported in
white foals of overo spotted horses. The foals are generally normal at birth, but they do
not defecate. Signs of colic occur between 5 and 124 hours after birth, leading to death
at 23 to 132 hours (Hultgren, 1982). The characteristics of the murine models, and the
similarities and differences with the human disease are the subject of this section.
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Congenital megacolon in mice was first reported by a group in Australia and later
in America. Derrick and St. George-Grambauer (1957) reported megacolon in mice with
characteristics similar to Hirschsprung’s disease. Bielschowski and Schofield (1960)
described megacolon related to genetic factors and associated with deficiency of bair
pigmentation characteristic of the piebald (S/S) NYZ strain. Lane (1966) reported two
mutant mouse strains in which autosomal recessive genes resulted in spots of reduced
pigmentation in the fur and reduction of the number of enteric neurons in the distal
bowel. She called one strain ’piebald lethal’ and the other ’lethal spotting’. Recently, a
new dominant spotting mutation that produces megacolon and was called dominant
megacolon (Dom) arose in the Mouse Mutant Stock Center of the Jackson laboratory
(Lane and Liu, 1984). In heterozygotes the Dom gene produces white spotting and a
deficiency of enteric neurons in the colon; in homozygotes, the Dom gene is lethal prior
to 13 days of gestation.

In the piebald-lethal (Sl) strain, the homozygotes (S1/Sl) are white-coated except
for patches of black pigment; they invariably develop megacolon. These homozygotes
tend to develop megacolon early in life, and often die from diarrhea and enterocolitis
before breeding age is attained. The establishment of colonies of this stock for study is
therefore difficult.

The lethal spotting strain (Is) physically resembles the piebald lethal strain except
that the ears and tail are less pigmented. These homozygotes tend to survive longer than
the sl/sl strain and are usually better to breed for several months before dying of the
effects of megacolon. Cross-breeding of homozygotes produces litters in which all
members develop aganglionosis in the hindgut. Abdominal distension and gross
megacolon become obvious in most animals by 2 to 3 weeks of age.

The aganglionic zone in 1s/Is mice is not denervated (Bolande, 1975; Rothman
and Gershon, 1984; Meijers et al., unpublished observations) as it does receive many
nerve fibers. The aganglionic zone is innervated by noradrenergic nerve fibers, which are
exclusively derived from neurons whose cell bodies lie outside the bowel (Payette et al.,
1987). The distal bowel thus receives an extrinsic innervation. It is therefore possible
that the distal bowel excludes both neural crest cells and processes of intrinsic enteric
neurons.

The Is/Is mouse has been used in developmental and physiological studies (for
review see Gershon and Rothman, 1984; Wood, 1979).

2.12 CONCLUSION
Congenital ENS malformations were classified according to phases in ENS formation,
and pathological and genetic data were updated and summarized. The anomalies
associated with Hirschsprung’s disease were rubricated according to developmental
biological criteria.

The malformations associated with Hirschsprung’s disease indicate that
Hirschsprung’s disease results from a number of different pathogenetic mechanisms. A
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notable number of the associated malformations is related to other neural crest
syndromes. The occurrence of particular neural crest lesions in association with
Hirschsprung’s disease provides information about the timing of the developmental
failure. Different pathogenetic mechanisms for congenital aganglionosis in the distal
colon are also encountered in mammals.

It is proposed that congenital ENS malformations result from disturbances in the
migration, proliferation, homing and differentiation of enteric neural crest cells. Chapter
3 deals with morphoregulatory molecules which are involved in these processes, while
chapter 4 describes these molecules in relation to the development of the ENS.
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CHAPTER 3

THE HNK-1 FAMILY OF MORPHOREGULATORY MOLECULES

3.1 INTRODUCTION

Knowledge of embryology facilitates the understanding of the pathogenesis of congenital
malformations. Ever since the early studies by Holtfreter (1944), Moscona (1952), and
others, demonstrating tissue- and species-specific sorting out of embryonic cells, it has
been assumed that specialized adhesive properties of cells play a key role in
morphogenesis. Recent progress in defining the molecules that mediate these adhesion
properties, so called morphoregulatory molecules, provides the opportunity to analyze
morphogenetic processes in molecular and causal terms.

Morphoregulatory molecules are molecules whose gene expression affects cell
patterning and tissue signalling through mechanochemical effects on cell linkage, shape
and movement. At present several classes of morphoregulatory molecules have been
identified: a) cell adhesion molecules (CAMs), which are involved in the adhesion of
cells to one another (see table 8); b) extracellular matrix (ECM) molecules, which are
involved in the three-dimensional positioning of cells; and ¢) substrate adhesion
molecules (SAMs), which are involved in the attachment of cells to ECM molecules.

3.2 HNK-1 AND OTHER CARBOHYDRATE MOIETIES DEFINE FAMILIES OF
MORPHOREGULATORY MOLECULES
A carbohydrate moiety that is recognized by monoclonal antibody HNK-1 defines a
family of morphoregulatory molecules and a family of CAMs (see table 9; Kruse et al.,
1984). The HNK-1 epitope is also present on uncommon glycolipids from human
peripheral nerves and embryonic fetal brain (Ilyas et al., 1984; Chou et al., 1985, 1986;
Noronha et al., 1986; Schwarting et al., 1987). The glycolipids were characterized as
sulfate-3-glucuronyl paraglobosides and sulfate-3-glucuronyl neolactohexasosyl ceramides
(Ariga et al., 1987; Chou et al., 1986). In this thesis the HNK-1 bearing glycolipids are
not discussed since there is little knowledge concerning their role in development.
The HNK-1 antibody was originally raised against the human T cell lymphoma
cell line (HSB2) (Abo and Balch, 1981), and found to cross-react with nervous tissue
(Schiiller-Petrovic et al., 1983). The epitope has been characterized as a sulfated
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glucuronic acid (Chou et al., 1986). The same epitope is recognized by other monoclonal
antibodies (see table 10).

Keilhauer and co-workers (1985) postulated that the HNK-1 epitope was involved
in cell-cell interactions. Their postulate was based on observations that Fab fragments
of L2 antibodies (similar to the HNK-1 antibody) interfere with neuron-astrocyte and
astrocyte-astrocyte adhesion. Riopelle and co-workers (1986) reported that HNK-1
antibodies inhibit neurite outgrowth in vitro. Since antibodies do not only cover the
epitope they are directed against, but can also sterically hamper the function of the
adhesive domains, direct demonstration of the HNK-1 moiety for cell-cell interactions
was necessary.

TABLE 8

MAJOR CELL ADHESION MOLECULES
ON VERTEBRATE NEURAL AND NONNEURAL CELLS

Molecule Species =~ MW Distribution

CALCIUM DEPENDENT ADHESION

E-Cadherin Mouse 124 Preimplantation embryos

Uvomorulin Mouse 120 Epithelia

L-CAM Chick 124 Adherens junctions

Cell CAM120/80 Human 120

Arc-1 Canine 130
P-Cadherin Chick 118 Trophoblast, lung, heart, intestine
N-Cadherin Mouse 127 Embryonic mesoderm

N-cal CAM  Chick 125 Neural ectoderm

A-CAM Chick 135 Nervous system, muscle, heart, lens,

adherens junctions

CALCIUM INDEPENDENT ADHESION

Cell CAM Rat 105,110 Liver and other epithelia
N-CAM Various
Neural N-CAM-H 180-220 Embryonic mesoderm,ectoderm
Neural N-CAM-L 180 Nervous system, glia
140
120
Muscle N-CAM 155 Embryonic and adult muscle
140
125
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Kiinemund and co-workers (1988) demonstrated the role of the HNK-1
carbohydrate moiety, without the attached protein backbone, in cell-cell and cell-
substrate interaction. They tested several carbohydrates to gain information about the
requirements underlying the HNK-1-dependent adhesion. Of all compounds tested, only
sulfatide and heparin interfered with cell interactions in a similar manner as the HNK-
1 carbohydrate-containing compounds. Both compounds are structurally related to the
HNK-1 epitope in that they contain sulfate groups at the 2’ or 3’ hydroxyl groups of
hexose sugars. The sulfate group appeared to be the decisive factor in ligand activity.
Removal of the sulfate group from the HNK-1 glycolipid or sulfatide led to complete
disappearance of the inhibitions of cell adhesion. It is possible that the HNK-1
carbohydrate is responsible for binding of morphoregulatory molecules to laminin
(personal communication Dr V. Kiinemund).

Canning and Stern (1988) showed that the HNK-1 antibody identifies tissues
involved in the process of mesodermic induction. Before induction, HNK-1 recognizes
the inducing’ tissue (the hypoblast) and reveals a mosaic pattern in the responding tissue
(the epiblast); after primitive streak formation, the epiblast displays an anteroposterior
gradient of HNK-1 expression. At the end of gastrulation, the primitive streak region
loses its HNK-1 immunoreactivity. HNK-1 expression is next seen in the cells of the
forming notochord and in cranial neural crest cells.

In view of the existence of the multiple HNK-1 antigens during embryogenesis
and adult life, the possibility to visualize specifically migrating neural crest cells in avian
embryos with the use of HNK-1 or related antibodies (Tucker et al., 1984; Vincent et
al., 1983; Vincent and Thiery, 1984) might seem surprising. Although HNK-1 reactivity
is not restricted to neural crest cells in avian embryos, the staining of other antigenic cell
lineages does not overlap topographically or temporally with the distribution of the crest
cells. Tucker and co-workers (1988a) described the expression of the HNK-1 epitope in
early vertebrate neurogenesis. Neural crest cells do not become HNK-1 positive until
they leave the neuroepithelium and start to migrate. Injection of HNK-1 antibodies
lateral to the mesencephalic neural tube perturbs cranial neural crest cell migration
(Bronner-Fraser, 1987).

Evidence is accumulating that the HNK-1 family of morphoregulatory molecules
is not unique and that a system of carbohydrate epitopes affecting the function of
adhesion molecules may be widespread. Another family of neural cell adhesion
molecules described recently is characterized by the L3 carbohydrate epitope (Kurcherer
et al., 1987). The L3 family includes some members of the HNK-1 family. The L3
epitope resembles the HNK-1 epitope in that the carbohydrate-carrying moieties are N-
glycosidically linked and regulated independently of the protein backbone core. There
appears to be a partial overlap between the HNK-1 and 1.3 families, L.3 being expressed
by the adhesion molecule on glia (AMOG), L1 and MAG, and by other as yet
unidentified molecules of the nervous system, but not by N-CAM or J1.

There is increasing evidence that cell adhesion and recognition in vertebrate
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TABLE 9

HNK-1 FAMILY OF MORPHOREGULATORY MOLECULKES

CELL ADHESION MOLECULES
Neural N-CAM Chick Kruse et al., 1984
Ng-CAM Chick
L1 Mouse Kruse et al., 1984
F11 Chick Rahtjen et al.,, 1987
G4 Chick Rahtjen et al.,, 1984
F3 Mouse Gennari et al., 1989
PO Mouse
MAG Mouse Quarles et al., 1985

EXTRACELLULARMATRIX MOLECULES

Cytotactin Chick Grumet et al., 1985
J1 Mouse Kruse et al., 1985
CBP Chick Hoffman and Edelman,1987

CELL SURFACE RECEPTORS FOR EXTRACELLULAR MATRIX MOLECULES

Integrin Pesheva et al,, 1987
« subunit Chick
B subunit Chick
TABLE 10

MONOCLONAL ANTIBODIES WITH HNK-1 SPECIFICITY

ANTIBODY AUTHOR IMMUNOGEN
HNK-1 Abo & Balch, 1981 HSB-2 cells
NC1 Vincent & Thiery, 1983 Quail retina cells (E7)
L2 Rathjen & Schachner, 1984 Forebrain of adult mice
Kruse et al. 1984 Enriched membrane fractions of adult

mouse brain
4F4 Schwarting et al. 1987 Rat forebrain E15-E17
clone 105 Edelman et al., 1984

IgM Patients with plasmacell dyscrasias and polyneuropathy
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development is mediated in part by cell surface oligosaccharides. Early proposals for an
involvement of oligosaccharides in neural adhesion and recognition derived from the
detection of a high degree of heterogeneity in cell surface oligosaccharides of neural
cells and from the discovery of cell surface glycosyl transferases capable to interact with
cell surface oligosaccharides (Roth et al. 1971). In addition to the 68-kD laminin
receptor and integrin, cell-surface galactosyltransferases have been identified as a
laminin receptor (Runyan et al., 1986; 1988). This finding points at a role for cell-surface
oligosaccharides in cell adhesion and recognition. The cell-surface galactosyl transferases
act as receptors for extracellular lactosaminoglycan-type oligosaccharides, which
presumably terminate in N-acetylglucosamine (GlcNAc) residues (Shur and Hall, 1982;
Shur, 1982). Similar lactosaminoglycan oligosaccharide chains have been found on
laminin (Arumugham et al., 1986).

3.3 A CELL ADHESION MOLECULE OF THE HNK-1 FAMILY: N-CAM

The HNK-1 carbohydrate moiety is present on subsets of CAMs, such as the Neural Cell
Adhesion Molecule (N-CAM), the Myelin Associated Glycoprotein (MAG) and L1 (see
table 9). N-CAM is the major calcium-independent CAM in vertebrate tissues and
promotes cell-cell adhesion via homophilic interactions. Modifications in the structure
of N-CAM contribute to multiple developmental functions. The diversity in N-CAM
structure is achieved in at least three ways.

First, N-CAM exists in several polypeptide forms that are generated by tissue-
specific splicing of RNA molecules derived from a single gene (Barthels et al., 1987;
Cunningham et al,, 1987). Alternative splicing generates a muscle-specific form of N-
CAM that exhibits a variant extracellular polypeptide sequence (Dickson et al., 1987).
The three neural N-CAM polypeptides, N-CAM-180, N-CAM-140, and N-CAM-120,
have identical amino-terminal domains (Cunningham et al., 1987). N-CAM-180 and N-
CAM-140 are integral membrane proteins, whereas N-CAM-120 is attached to
membranes by a phospholipase C-sensitive phospholipid anchorage (He et al., 1986) and
can be released spontaneously. Functional differences in the two integral membrane
polypeptide forms derive from variations in their cytoplasmic domains (Pollerberg et al.,
1987). The extracellular domain of N-CAM contains repeated segments that resemble
immunoglobulin variable regions (Cunningham et al.,1987). N-CAM, Thy-1, and several
other potential neural CAMs have therefore been incorporated into the immunoglobulin
gene superfamily (Williams, 1987).

Secondly, N-CAM polypeptides can be further diversified by posttranslational
modifications. The most striking of these is an alteration in the length of alpha-2,8
linked sialic acid homopolymer chains (Finne et al., 1983). The highly sialylated (H)
form of N-CAM contains about 30 percent sialic acid, and the low (L) form about 10
percent. The degree of sialylation appears to modify the binding properties of N-CAM
since vesicles containing N-CAM-H aggregate more slowly than those containing N-
CAM-L (Hoffman and Edelman, 1983; Sadoul et al., 1983). N-CAM molecules are also
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heterogeneous with respect to the expression of the HNK-1 epitope. The location of the
HNK-1 epitope on N-CAM has been mapped to the third loop on the N-CAM (Cole
and Schachner, 1987).

Thirdly, N-CAM binding is modified by association with proteoglycans. The
amino-terminal 65 kDa fragment of N-CAM contains a binding site for heparan sulfate
that is near to, but distinct from the homophilic binding domain (Cole et al., 1986). N-
CAM-mediated cell-cell adhesion appears to be stabilized by the interaction of heparan
sulfate with this binding site. In contrast, the binding of heparin inhibits N-CAM-
mediated cell adhesion. These findings raise the possibility that other general CAMs
have multiple binding sites.

The diversity in N-CAM polypeptide structure correlates with distinct stages of
neuronal differentiation. N-CAM-140 and N-CAM-120 are expressed from the time of
neural tube formation, whereas N-CAM-180 first appears on postmitotic and
postmigratory cells (Pollerberg et al., 1986). Moreover, N-CAM-L predominates at early
stages of neural tube formation (Sunshine et al., 1987), and the expression of N-CAM-
H is first detected during neuronal differentiation. Thus the enhanced migration of
neuroblasts and the extension of axons may result, in part, from changes in the adhesive
properties of neuronal surfaces associated with a transition in the state of N-CAM
sialylation. Neuronal cells gradually reexpress N-CAM-L during late development and
postnatal development after the establishment of final synaptic connectivity (Rutishauser,
1986).

3.4 TISSUE-SPECIFIC CELL ADHESION MOLECULES OF THE HNK-1 FAMILY
The increasing number of distinct axon-associated glycoproteins implicated in fiber-fiber
interaction suggests that this group of molecules constitutes a sizeable class of tissue-
specific CAMs; they are therefore collectively called Axon-associated CAMs (AxCAM:s)
(Rutishauser and Jessel, 1988). Many of the individual members of this group have been
named according to the monoclonal antibodies originally used to detect them. The
populations of tissue-specific CAMs are also heterogeneous with respect to the
expression of the HNK-1 epitope (Kruse et al., 1984; Poltorak et al., 1987).

Several distinct AXCAMs have been described: L1 in rat and mouse, and G4, F11
and neurofascin in chicken, and several other molecules that are restricted to axonal
subsets and most likely play roles in axon-axon interactions (Rathjen and Schachner,
1984; Rathjen et al., 1987). L1 expression can be induced by nerve growth factor (NGF)
in cultured pheochromocytoma PC12 cells. It has been characterized independently and
termed NILE (NGF-inducible large external) glycoprotein on this basis (Salton et al.,
1983, Stallcup and Beasly, 1985). The L1-like molecule in chicken has been termed Ng-
CAM on the original assumption that its primary function was to mediate the adhesion
of neurons to glial cells (Grumet and Edelman, 1984). Both Ng-CAM and G4 appear
to be similar or identical to the 8D9 antigen (Langenauer and Lemmon, 1987).

The best structurally characterized AxCAMs are chicken G4, F11 and neurofascin

38



proteins. Tryptic mapping and limited sequence analysis of proteolytic fragments of these
transmembrane glycoproteins indicate that they are structurally distinct, although there
appear to be similarities in molecular structure and in their orientation in membranes
(Wolff et al. 1987). Each of these molecules can be detected as several distinct
glycoprotein sequences with molecular masses in the range of 130-190 kDa, together
with minor components in the range of 60-80 kDa.

Another set of tissue-specific CAMs function primarily in the adhesive
interactions of glial cells. The best characterized of these is MAG, which is also a
member of the HNK-1 family (Poltorak et al., 1987).

3.5 EXTRACELLULAR MATRIX MOLECULES OF THE HNK-1 FAMILY
Extracellular matrices are made up of an insoluble meshwork of proteins and
carbohydrates that is produced by cells and that fills most of the intercellular spaces.
The ECM in different locations in the body consists of different combinations of
collagens, proteoglycans, elastin, hyaluronic acid, and various glycoproteins such as
fibronectin and laminin. Cell-substratum adhesion is mediated by complexes of ECM
molecules, associated with specific receptors at the cell surface. Elucidation of the amino
acid sequence of the cell-attachment domain in the ECM molecule fibronectin, and its
duplication with synthetic peptides, established the sequence Arg-Gly-Asp (RGD) as the
essential structure recognized by cells in fibronectin (Pierschbacher et al., 1982). This
RGD sequence is the cell recognition site of a surprising number of ECM and platelet
adhesion molecules. Vitronectin, type I collagen, fibrinogen, von Willebrand factor,
cytotactin, osteopontin, and cytotactin each contain one or more RGD sequences, and
their interactions with cells can be inhibited with RGD-containing peptides (for review
see Buck and Horwitz, 1987)

ECM molecules containing the HNK-1 epitope have also been described, e.g.
cytotactin and cytotactin bmdmg proteoglycan (CBP) (Grumet et al., 1985; Hoffman and
Edelman, 1987).

Cytotactin was formerly called myotendinous antigen (Chiquet and Fambrough,
1984), and is probably similar or identical to tenmascin (Grumet et al., 1985),
hexabrachion (Vaughan et al., 1987), and J1 (Kruse et al., 1985). Electron-microscopical
analyses of cytotactin revealed a six-armed structure with a central core (Erickson and
Inglesias, 1984; Hoffman et al., 1988). Biochemical analyses suggest that cytotactin is a
disulfide-linked oligomer (Grumet et al., 1985). Although the polypeptide subunits of
cytotactin that are expressed during development in different organs vary in molecular
mass, all of these polypeptides are derived from one single gene (Jones et al., 1988). The
functional domains of cytotactin were mapped by Friedlander and co-workers (1988).
Hoffman and co-workers (1988) reported the location of the HNK-1 epitope on
cytotactin molecules.

Three recent reports indicate that tenascin and cytotactin have distribution
patterns that are closely related to the areas where neural crest cells migrate (Mackie
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et al., 1988; Tan et al., 1987; Bronner-Fraser, 1988). Cytotactin is localized in the rostral
half of sclerotomes at about the time of neural crest invasion. Cytotactin binding
proteoglycan is initially diffusely distributed throughout the sclerotome but becomes
restricted to the caudal half after the appearance of cytotactin and invasion of neural
crest cells in the rostral half. These distributions are crest cell independent. Aufderheide
and co-workers (1988) reported the distribution of tenascin during bowel development.

3.6 HNK-1 BEARING CELL SURFACE RECEPTORS FOR EXTRACELLULAR
MATRIX MOLECULES

Despite the similar cell attachment sequences in the various ECM molecules, cells can
recognize them individually. This specificity is provided by a number of cell-surface
receptors, each of which is capable of recognizing only a single RGD-containing protein
ligand, or in some cases only a few ligands. On the basis of structural and functional
similarities, numerous investigators have suggested that the cell surface receptors for
ECM molecules belong to one supergene family of cell surface receptors: integrins
(Hynes, 1987).

One of the first molecules to be identified and characterized extensively as the
cellular receptor for ECM molecules (fibronectin) was the CSAT antigen or integrin
(Neff et al., 1982; Greve and Gottlieb, 1982). The HNK-1 epitope is also present on
both the a and B subunit of avian integrin (Pesheva et al., 1987). Among the members
of the integrin family, avian integrin is somewhat anomalous in that it consists of at least
three subunits. Avian integrin may be a promiscuous heterotrimer or -dimer capable of
binding several ligands, or it may be a mixture of heterodimers each with a common
beta-subunit with which the CSAT and JG22 monoclonal antibodies react. Injection of
CSAT or JG22 perturbs cranial neural crest cell migration in vivo (Bronner-Fraser, 1985;
1986D).

3.7 OTHER FAMILIES OF MORPHOREGULATORY MOLECULES

3.7.1 CALCIUM-DEPENDENT CELL ADHESION: CADHERINS

Three members of the cadherin gene family have been characterized to date: E-
cadherin, N-cadherin, and P-cadherin, named after the tissues from which they were first
isolated: epithelial (E), neural (N), and placental (P) tissues (Table 8; Nagafuchi et al.,
1987; Nose et al., 1987; Takeichi et al., 1987; for review see Takeichi, 1988).

Three lines of evidence indicate that cadherins actually participate in cell-cell
binding. 1) Transfection of fibroblasts with cDNA clones encoding E-cadherin or its
chicken homolog, L-CAM, produces calcium-dependent adhesive properties that can be
inhibited by anti-E-cadherin or anti L-CAM antibodies (Edelman et al., 1987). 2)
Soluble E-cadherin fragments inhibit the adhesion of epithelial cells (Wheelock et al.,
1987). 3) Anti-cadherin antibodies disrupt epithelial and other early embryonic tissues
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(Hyafil et al, 1983; Duband et al, 1987). These findings are consistent with a
homophilic mechanism of cadherin binding.

Analysis of the primary sequence of the cadherins provides a possible basis for
the calcium-dependency of cadherin-mediated cell adhesion. The extracellular domain
of E-cadherin contains conserved sequences that resemble the presumptive calcium-
binding domains of other proteins (Ringwald et al., 1987). In the absence of calcium
there appears to be a conformational change in the structure of the cadherins that
renders them susceptible to proteolytic degradation (Hyafil et al., 1983; Yoshida-Noro
et al.,, 1984).

The occurrence of calcium-dependent aggregation of some cells and tissues that
do not express any of the three identified cadherins, points at other, not yet identified
members of the vertebrate cadherin gene family. Moreover, cadherins may be expressed
by embryomnic cells in invertebrates. The Drosophila lethal (2) giant larvae gene encodes
a 127-130 kDa protein (Jacob et al., 1987; Lutzelschwab et al., 1987) that is homologous
to E-cadherin and many adhesive proteins. Deletions of this gene result in malignant
transformation of neuroblasts, raising the possibility that cadherins are involved in the
regulation of cell proliferation and differentiation as well as cell adhesion.

3.7.2 FIBRONECTINS

Two major forms of fibronectin have been distinguished: a soluble dimeric form that is
synthesized by hepatocytes and then secreted into the bloodstream (plasma fibronectin),
and a dimeric or cross-linked multimeric form, made by many cell types including
fibroblasts and epithelial cells, which after secretion can be deposited as long insoluble
fibrils in the ECM (cellular fibronectin).

Despite their heterogeneity, all fibronectin subunits show a common modular
organization in their primary sequence, which contains a series of homologous repeating
units, the so-called homology types I, Il and III (about 40, 60 and 90 amino acids in
length, respectively (Petersen et al., 1983). In addition to these structural similarities, the
various forms of fibronmectin subunits share common functional properties that
correspond to domains for binding other ECM macromolecules and the cell surface.
Each subunit bears two binding sites for heparin, two for fibrin, one for collagen, and
at least one site for binding to the cell surface (reviewed by Ruoslahti, 1988; Dufour et
al., 1988b).

Several additional cell-adhesion sites have been mapped along fibronectin
molecules. First, a binding site located upstream of the RGD binding site has been
identified by deletion and site-directed mutagenesis (Obara et al.,, 1988). Secondly, two
other binding sites have been mapped in a distant region of the fibronectin molecule.
A tetrapeptide Arg-Glu-Asp-Val (REDV) maps to the C-terminal portion of the type
IIT connecting sequence (IIICS). The other site is located in the N terminal portion of
the ITICS region and may function in an additive manner with the REDV binding site
(Humphries et al., 1988).
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In vivo, the migration of neural crest cells is correlated with the presence of
fibronectin (Thiery and Duband, 1986; Brauer and Markwald, 1988). In vitro,
fibronectins constitute the most suitable substrate for displacement of neural crest cells
(Newgreen et al., 1982; Rovasio et al., 1983; Tucker and Erickson, 1984; for review see
Dufour et al., 1988). Direct interaction between fibronectin and its 140 kDa receptor,
integrin, is required for neural crest cell migration both in vitro and in vivo (Rovasio et
al.,, 1983; Boucaut et al., 1984; Bronner-Fraser, 1986b; Duband et al., 1986). In addition,
RGD-containing decapeptides used as competitors, can perturb neural crest cell
migration both in vivo and in vitro, indicating that, besides its role in cell attachment
and spreading, this sequence is also involved in cell motility (Boucaut et al., 1984).

3.8 CONCLUSION

In this chapter the literature concerning some morphoregulatory molecules of the HNK-
1 family was reviewed. Most known molecules of the HNK-1 family are related to neural
crest cell determination, individualization, migration, and homing. In chapter 4, the
expression of these morphoregulatory molecules will be related to morphogenetic events
that are involved in the formation of the ENS.
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CHAPTER 4: THE FORMATION OF THE ENTERIC NERVOUS SYSTEM

4.1 INTRODUCTION

The nonneural tissues of the avian bowel (i.e. endoderm lining, muscle, loose connective
tissue) derivé from endoderm and mesodermic cells. The tubular bowel is formed by
lateral infolding of the endoderm and the splanchnic mesodermal epithelium at both
ends (for figure see under 4.5). The resulting bowel tube, therefore consists of a lumen
surrounded by concentric endoderm and splanchnic epithelia. The mesenchymal cells of
the bowel arise by a process called de-epithelialization, during which some of the cells
migrate out of the outer epithelium, and form a loose mesenchyme between the outer
and the endoderm epithelium. These mesodermically-derived splanchnic mesenchymal
cells later give rise to the muscle and other connective tissue elements of the bowel.

4.2 ORIGIN OF ENTERIC NEURONS

The origin of enteric neurons has long been a vexed question. The older literature
encompassing the derivation of enteric neurons has been reviewed by Abel (1912) and
VanCampenhout (1930). Over the years, several sources have been suggested for enteric
neurons: for instance, endoderm (Masson and Berger, 1923) and the local mesoderm
(Camus, 1921; Tello, 1924, 1925; Keuning, 1944; 1948). This work has been reviewed by
Andrew (1971).

It is now well established that enteric neurons derive from the neural crest, but
there is no consensus of opinion about the level of the neural axis from which they
derive. Neural crest ablation studies indicate that enteric neurons derive from the vagal
neural crest (Yntema and Hammond, 1954). A vagal neural crest source for enteric
neurons is also supported by experiments in which the vagal neural primordium of
chicken embryos was exchanged with the quail neural primordium (Le Douarin and
Teillet, 1973). In these experiments, quail enteric neurons were found along the entire
bowel.

In an analogous experiment, Le Douarin and Teillet (1973) transplanted the quail
neural primordium to the lumbosacral neural primordium of chicken embryos. After the
incubation period, they observed some quail enteric neurons up till the umbilicus. They
concluded that the sacral neural crest was the source of enteric neurons in the hindgut.
The sacral neural crest cells, originating from behind the 28th somite level give also rise
to Remak’s ganglion but they are not found in the hindgut before the seventh day of
incubation (E7).

To determine the role of the sacral neural crest cells more precisely, Allan and
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Newgreen (1980) explanted bowel segments at various developmental stages and
cultured these on the chorioallantoic membrane. They were not able to visualize neural
crest cells at the time of explantation and argued that the neurons observed after one
week culture would have been derived from neural crest cells that were present in the
explant. They observed that neural crest cells colonize the bowel in a craniocaudal
direction. Their experiments could not exclude that sacral neural crest cells colonize the
hindgut in vivo, since they removed the bowel explants relatively early, thus preventing
the colonization of sacral neural crest cells by E7.

Appendix paper 5 reports experiments that allowed for the colonization by sacral
neural crest cells, but prevented the craniocandal migration of vagal neural crest cells.
We transected the embryonic bowel in front of the vanguard of migrating neural crest
cells at early stages of development. The bowel was left in situ and the eggs were
incubated until E12. We did not find enteric neurons in the hindgut. In conclusion:
experimental data indicate that in avian embryos the sacral neural crest on its own is not
able to give rise to a normal ENS.

4.3 INDIVIDUALIZATION OF NEURAL CREST CELLS

Figure 4 shows the map of a primitive three layered chicken embryo. The region of
ectoderm that gives rise to the neural crest is characterized by the expression of the
following cell adhesion molecules: E-cadherin (L-CAM), N-CAM and N-cadherin
(Thiery et al., 1984). E-cadherin is lost permanently from neural crest cell ancestors
during early neurogenesis (Thiery et al., 1985). The neural crest cells that begin their
migration do not express N-cadherin or N-CAM. They are thus demarcated from the
overlying ectoderm (which expresses E-cadherin) and from the neural tube (which
expresses N-cadherin). Neural crest cells maintain this situation during migration. The
reduction in the expression of CAMs coincides with a reduction of intercellular
junctions, such as gap and tight junctions, in premigratory neural crest cells (Revel and
Brown, 1975). The neural crest cells acquire a mesenchymal form with numerous
probing filopodia (Newgreen and Gibbins, 1982; Tosney, 1982) that are able to interact
with the ECM components besides those of the basal lamina. During the migratory
phase, N-CAM is reduced at the surface of neural crest cells (Thiery et al., 1982) while
N-cadherin expression is undetectable during neural crest cell migration, but both CAMs
are reexpressed in most sites of neural crest cell aggregation (Hatta and Takeichi, 1986;
Hatta et al., 1987; and see figure 5).

4.4 CHARACTERISTICS OF VAGAL NEURAL CREST CELLS

The vagal neural crest contains other cell populations than caudal levels of the neural
crest. For instance, when truncal neural crest from a quail embryo is grafted to the vagal
region of a chicken embryo, quail enteric neurons are found in ganglia in the
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Figure 4: (I) Key morphogenetic events in the early development of the chicken embryo are
gastrulation (A) and neurulation (B). In late gastrulation cells from the top layer of the
blastoderm converge toward the central groove (solid arrows) called the primitive streak;
movements of the mesoblast (middle layer) cells are shown by broken arrows (A). In
primary (neural) induction, a key event, interactions between mesoderm and endoderm
result in the formation of the neural plate. The plate folds to form the neural tube; soon
afterward mesodermal cells segregate to form the segmented precursors called somites (B).

Fate map based of the blastodisc (Vakaet, 1984) showing areas of cells that will give rise
to different tissues (indicated by letters; see below for designations). (B) Map of cells that
will express CAMs. The distribution of N-CAM (dotted area) or L-CAM (slashed area) in
tissues at 5-14 days as determined by immunofluorescence staining is mapped back onto
the blastodisc fate map. Cells that will give rise to the urinary tract (U) express both L-
CAM and N-CAM. Smooth muscle (Sm) and hemangioblastic (Ha) tissues express neither
N-CAM nor L-CAM; areas giving rise to these tissues are blank on this map. Ng-CAM is
represented on neuroectoderm by (+) symbols; it is seen only after three days. The vertical
bar represent the primitive streak (PS). Other abbreviations: Ec = intraembryonic and
extraembryonic ectoderm; En = endoderm; H = heart; LP = lateral plate (splanchno-
somatopleural mesoderm); N = nervous system; No = precordal and chordamesoderm; S
= somite.
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Figure 5: Diagram summarizing neural crest cell appearance, migration and differentiation
as related to the expression of morphoregulatory molecules. Prior to neural induction,
presumptive neural crest cells express both L-CAM (E-cadherin), N-cadherin and N-CAM.
At the time of their separation from the neural tube, neural crest cells first lose the adhesion
mediated by L-CAM and then progressively that mediated by N-CAM and N-cadherin to
acquire much greater adhesivity to fibronectin during their migration. When neural crest cells
aggregate into ganglion primordia, the ratio of adhesion to fibronectin versus N-CAM and
N-cadherin is inverted. The aggregation phase is soon followed by differentiation into
neurons by the appearance of Ng-CAM and neurofilaments.

preumbilical bowel. Some quail cells are found in the postumbilical bowel, but they are
exclusively melanocytes and never participate in ganglion formation (Le Douarin and
Teillet, 1974). Such melanocytes do not appear in the bowel following isotopic and
isochronic transplantation of quail vagal neural crest into the chicken embryo, nor in the
bowel of normal quail embryos. These melanocytes are always found in two regions: the
one lining the inner surface of the circular smooth muscle layer, the other in contact
with the outer surface of the circular smooth muscle layer. While presumptive neural
tissue needs precise conditions for differentiation, melanocytes do not appear to have
such requirements.

On the other hand, when vagal neural crest cells from quail embryos are
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transplanted to the region of somites 18-24, they migrate massively to the adrenal gland,
but some colonize the bowel (Le Douarin and Teillet, 1974). Quail cells are never found
in the bowel after orthotopic transplantation of truncal neural primordium. Therefore,
chemical attractions must play a role in the final localization of neural crest cells.

Vagal neural crest cells colonize the ventrolateral region of the pharynx and have
a wide range of developmental capabilities: some of them give rise to mesenchymal
derivatives, others differentiate into Schwann cells, carotid body cells, calcitonin-
producing cells and (enteric) neurons (Hammond and Yntema, 1964; Johnston, 1966; Le
Douarin and Le Lievre, 1971; Le Douarin et al., 1972; Pearse et al., 1973; Le Douarin
et al., 1974; Le Lievre and Le Douarin, 1973, 1974; Le Lievre, 1974; Le Douarin and
Teillet, 1973; Ciment and Weston, 1983; Kirby, 1983; Bockman and Kirby, 1985).

Although the migration and fates of neural crest cells have been mapped with
great precision, little is known about the potentials of individual cells or the processes
involved in their diversification. At the time they begin migration, all neural crest cells
look alike and there are few markers that distinguish any characterized subsets. A clonal
analysis of neural crest cells is necessary to determine whether neural crest cells are
multipotential or restricted in their differentiation. Two approaches are interesting in
this respect: in vitro culture of neural crest cells on 3T3 feeder cells (Baroffio et al,
1988) and the injection of vital fluorescent dyes into single dorsal cells in the neural tube
(Bronner-Fraser and Fraser, 1988).

4.5 MIGRATION OF VAGAL NEURAL CREST CELLS

Chicken neural crest cells begin their migration first at the level of the mesencephalon
(Holmdahl, 1928; DiVirgilio et al., 1967; Noden, 1975, 1978; Newgreen and Thiery, 1980;
Duband and Thiery, 1982; Tosney, 1982). The first neural crest cells leave the
mesencephalon as the folds touch, whereas in other cranial regions, the neural crest is
still continuous with the epidermis neural fold, when apposition is nearly complete
(Tosney, 1982). This process extends more rostrally, and more caudally from the rostral
rhombencephalon through the trunk region (Holmdahl, 1928; Bancroft and Bellairs,
1976; Tosney, 1978; Chevallier, 1972; Thiery et al., 1982).

The first postotic cranial and trunk level neural crest cells migrate not until the
neural folds have fused completely and the epidermal ectoderm has separated from the
neural anlage (Bancroft and Bellairs, 1976; Thiery et al., 1982; Tosney, 1978). The wave
of onset of neural crest dispersion at somitic levels does not exactly parallel the wave
of segmentation of the somites, but is more closely related to the epithelio-mesenchymal
transformation of the sclerotome. The time span between the first and the last cells to
emigrate from the same axial level varies from about 4-6 hours in cranial levels to over
24 hours at trunk levels.

Neural crest cells from the level of somites 1 to 5 give rise to enteric neurons,
whereas those neural crest cells originating at the level of somites 6 and 7 also
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differentiate into sensory and sympathetic neurons. Figure 6 shows the migration
pathways in the vagal region of the chicken embryo (Thiery et al. 1982).

HNK-1 positive vagal neural crest cells that give rise to the cephalic and
branchial skeleton, the dermis and other connective tissues, loose the HNK-1 epitope,
whereas HNK-1 positive vagal neural crest cells that colonize the developing bowel
retain their reactivity as they become organized in the enteric ganglia. Most HNK-1
positive neural crest cells migrate in a transient space between the ectoderm and the
somites. Others can also be found along the ventral aspect of the myotome. These two
streams lead neural crest cells to the vicinity of the splanchnopleure, near the visceral
arches. While most neural crest cells accumulate in the visceral arches and contribute
to the mesectodermal derivatives of the neck and to cranial sensory ganglia, a few neural
crest cells are seen between the endoderm and the splanchnopleural mesoderm at the
time of the formation of the foregut. Noden (1983) found that the primordium of the
entire length of the esophagus and crop is localized beneath the cranial occipital somites
at the neurula stage.

Figure 6: Vagal neural crest cell migration pathways. (a) 11-somite stage: neural crest cells
initiate their migration under the ectoderm. (b) 14-somite stage: Within 3hr, neural crest
cells occupy a narrow space between the dissociated somite and ectoderm. The apparent
rate of migration is close to 100 um/hr. (c) 18-somite stage: Neural crest cells have reached
the apex of the gut and become subdivided into two streams. (d) 28-somite stage: The last
neural crest cells are separated from the neural tube by the expanding sclerotome. The
number of crest cells increases rapidly, while they penetrate between the splanchnopleural
mesoderm and the endoderm (the two components of the gut) and between the
somatopleural mesoderm and ectoderm. From Thiery et al., 1982.

48



4.6 ENTERIC NEURAL CREST CELL MIGRATION
The progression of neural crest cells within the bowel follows the wave of de-
epithelialization of the splanchnopleural mesoderm. At least in the foregut, neural crest
cells remain close to the serosa. Caudal to the yolk stalk neural crest cells encounter the
differentiating smooth muscle layer and become distributed on both sides (see figure 7).
It is important to note that the bowel is elongating rapidly when neural crest cells
progress more caudally. Neural crest cell colonization of the bowel may result both from
an active migration and passive displacement. We observed that enteric neural crest
cells proliferate during migration, and continue to do so after aggregation (Appendix
paper 9). It seems that the vanguard of migrating neural crest cells proliferates intensely
and is mainly responsible for the progression of crest cells (Duband et al., 1985).

4.7 HOMING OF ENTERIC NEURAL CREST CELLS

There is no obvious reason for the arrest of neural crest cell migration, since the ECM
does not disappear and no morphological barriers are interposed ahead of them. As
assessed by the presence of N-CAM on their surface, neural crest cells aggregate
immediately behind the leading edge of migration and they even start growing neurites
(Crossin et al., 1985; Duband et al., 1985; Aoyama et al., 1985).

We studied the homing of neural crest cells in the hindgut. Aneuronal bowel was
isolated and cultured on the chorioallantoic membrane, either on its own, or in
combination with the neural primordium. When aneuronal bowel was cultured on its
own, HNK-1 immunocytochemistry revealed a layer of HNK-1 immunoreactive
mesenchymal cells at the site where the submucous plexus would have been. Neural
crest cell colonization changed the pattern of HNK-1 immunoreactivity completely;
HNK-1 immunoreactive neural crest cells and enteric neurons were observed, whereas
the mesenchymal cells had lost the HNK-1 epitope. We surmise that HNK-1
immunoreactive mesenchymal cells constitute the target for migrating neural crest cells,
and that HNK-1 antigen(s) present on the neural crest cells interact with the HNK-1
antigen(s) of the subpopulation of mesenchymal cells. Preliminary findings indicate that
the mesenchymal cells express one 42 kDa and one 44 kDa glycoprotein. The HNK-1
immunoreactive mesenchymal cells probably derive from the splanchnopleural ectoderm.

4.8 EFFECT OF THE ENTERIC MICROENVIRONMENT ON NEURAL CREST
CELL PHENOTYPES

There is a sequential development of different neuronal phenotypes. Enteric neural crest
cells are able to express transiently a catecholaminergic phenotype, although they do not
do so in vivo. This ability can be revealed by dissociating embryonic bowel and culturing
the enteric neural crest cells in vitro, outside the enteric microenvironment. Both in
birds and mammals, the expression of the catecholaminergic phenotype is lost upon the
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arrival of sympathetic nerves in the bowel (Rothman et al. 1987).

Cochard and Le Douarin (1984) and Gershon and co-workers (1984) reviewed
the development of diverse differentiated enteric neuronal phenotypes. Enteric neurons
with cholinergic properties appear first (Cantino, 1970; Keller, 1976; Smith et al., 1977)
followed by presumed precursor neurons which take up serotonin (Epstein et al., 1980;
Gershon et al., 1980) and then by peptide-immunoreactive neurons (Sundler et al,, 1979;
Fontaine-Perus et al., 1981; Saffrey et al., 1982) and adrenergic nerves (Bennet and
Cobb, 1969; Enemar et al, 1965). It might well be that the enteric mesenchyme
determines the region-specific phenotypes of neural crest cells. Perris and co-workers
(1988) reported that at the axial level local embryonic matrices also determine region-
specific phenotypes in neural crest cells.

Figure 7: Colonization of the bowel by vagal neural crest cells. Black areas correspond to
the levels reached by migrating neural crest cells. (a) Stage 16 (E3): neural crest cells are
distributed mainly in the dorsal part of the gut at the level of the developing visceral arches.
(b) Stage 26 (E5): neural crest cells reach the umbilicus. (c) Stage 28 (E6): vagal neural
crest cells colonize the cecal appendages. u = umbilicus.

Both caudocranial and craniocaudal expression sequences have been reported for
acetylcholinesterase activity (Keller, 1976), uptake of radioactively labelled serotonin

(Gershon et al, 1980), and for vasoactive intestinal peptide- (Saffrey, 1982), and
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neurofilament immunoreactivity (Payette et al., 1984). In contrast, single craniocaudal
expression sequences have been reported for vasoactive intestinal peptide, substance P,
Met-enkephalin, choline acetyl transferase (Fontaine-Perus et al., 1981; Saffrey et al.,
1982; Smith et al., 1977). ‘

4.9 ORIGIN AND DIFFERENTIATION OF THE GANGLIONATED NERVE OF
REMAK ‘

The ganglionated nerve of Remak, a structure peculiar to birds, is a nerve trunk
belonging to the autonomic nervous system, running parallel to the bowel, within the
mesentery and the mesorectum. First described by Remak in 1847 as the "mervus
intestinalis", it extends from the duodenal-jejunal junction, where it is connected with the
coeliac plexus, to the cloaca, where it joins with the pelvic plexus (Nolf, 1934). In
addition, the posterior region connects with the aortic plexus and the paravertebral
sympathetic trunks (Van Campenhout, 1931; Jones, 1942; Hammond and Yntema, 1947;
Browne, 1953). It appears at E4 in the chick in the mesorectum (His, 1897; Kuntz, 1910)
when no ganglion cells are yet present in the mid- and hindgut (Abel, 1912; Van
Campenhout, 1931).

From studies in quail-chick chimeras it was concluded that the neurons of
Remak’s ganglion derive from the lumbosacral neural crest located behind the level of
the 28th somite (Teillet, 1978). These data are in agreement with the findings of Yntema
and Hammond (1953 and 1955), who showed that extirpation of the lumbosacral neural
crest resulted in deficient formation of the ganglion of Remak and the pelvic plexus.

In quail-chicken chimeras, the early primordium of the ganglion of Remak
contains some cells which have migratory capabilities and invade the hindgut wall where
they participate in formation of enteric ganglia. However, the contribution of the
lumbosacral neural crest to the enteric ganglia, via the ganglion of Remak, is not
significant.

4.10 COMPARISON OF ENS FORMATION IN VARIOUS SPECIES

Recently Copenhaver and Taghert (1989) described the development of the ENS in
Manduca Sexta (the moth). In the moth the ENS supplies the innervation to the visceral
musculature and includes two small ganglia and more distributed groups of neurons that
are positioned along the surface of the intestinal tract. Previous studies have shown that
most enteric neurons in insects are derived from specific zones within the foregut
epithelium (Schoeller, 1964; Campos-Ortega and Hartenstein, 1985; Penzlin, 1985).
Between 40 and 65 per cent of embryogenesis the cells of this packet of foregut
epithelium become progressively dispersed by a sequence of migratory events: an initial,
slow phase of migration that is circumferentially directed around the foregut, and a
rapid, dispersing phase by which the enteric plexus cells achieve their mature
distributions across the foregut and midgut surface (Copenhaver and Taghert, 1989).
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Experimental data indicate that in avian species, too, there are different phases
in neural crest cell colonization of the bowel. Vagal neural crest cells reach the region
of the branchial arches via migratory pathways that are rich in fibronectin (Thiery and
Duband, 1986). Enteric neural crest cells are able to express transiently a
catecholaminergic phenotype, although they do not do so in vivo. This ability can be
revealed by dissociating the bowel and growing the enteric neural crest cells in vitro,
outside the enteric microenvironment. Both in avians and mammals, the expression of
the catecholaminergic phenotype is lost upon the arrival of sympathetic nerves in the
bowel (Rothman et al., 1987). Neural crest cell migration through the bowel seems not
to depend on fibronectin (Tucker et al.,, 1986). This suggests that different mechanisms
control neural crest cell migration at the axial level and through the bowel. We observed
that enteric neural crest cells proliferate during migration, and continue to do so after
aggregation (Appendix paper 8). Aggregated neural crest cells express NF triplet proteins
and neuron-specific enzymes (neuron specific enolase, AChE, choline acetyltransferase)
and various neurotransmitters (serotonin, Vasoactive Intestinal Peptide (VIP),
acetylcholine). Moreover, neural crest cells differentiate into enteric glial cells as is
shown by GFAP immunoreactivity.

It has been suggested that ENS formation in birds differs from that in mammals.
In chickens, the foregut is colonized long before the hindgut, but Rothman and Gershon
(1982) suggested that in mice foregut and hindgut are colonized simultaneously at E9.
Our findings (described in appendix paper 3) argue against this supposed difference in
ENS formation, and consequently also against the supposition that it takes longer for
murine neural crest cells to acquire the differentiated neuronal phenotype.

Several multigene families seem to regulate vertebrate development (for review
see Dressler and Gruss, 1988; Duboule et al., 1989). One of these multigene families
comprises the homeobox-containing genes (for review see Gehring, 1987). The
expression of several of these homeo-box containing genes has been detected in neural
crest cells (for review see Holland and Hogan, 1988a). Recently, Holland and Hogan
(1988b) reported Hox-2.1 homeo-gene transcripts in autonomic ganglia derived from the
neural crest. Gaunt et al (1989) suggested that homeo-gene transcripts may provide
positional cues in neural crest cells. In support of this notion is the report of Robert and
co-workers (1989) and Hill and co-workers (1989) who cloned the Hox-7 gene and found
that this gene is expressed in the neural crest, developing limb bud, and visceral arches
of E9.5 embryos. In older embryos, the gene is expressed in regions of the face that are
derived from the neural crest and in the interdigital mesenchymal tissues in both the
fore- and hind limbs. In addition, another homeobox-containing gene Hox-1.4 is
expressed in enteric mesenchyme. Wolgemuth and co-workers (1989) reported that
overexpression of the Hox-14 gene in transgenic mice is correlated with the
development of megacolon.

The development of the ENS in other vertebrate species has barely been
characterized. With regard to rats, the lack of markers for migrating neural crest cells
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necessitated the use of organotypic tissue culture for growing embryonic bowel (Ito et
al., 1977). AChE-positive enteric neurons were detected after 5 days organotypic tissue
culture of dissociated distal E12 rat colon. Kamagata and Donahoe (1985) found AChE-
positive enteric neurons in situ in the small bowel of E13.5 embryos, but they did not
observe AChE positive neurons in the colon until E15.5. Enteric neural crest cells also
transiently express the enzyme TH (from E11.5 to E13.5) (Teitelman et al., 1979). These
TH-positive cells are predominantly located in the distal esophagus, the stomach, and
the proximal small bowel (Cochard et al., 1978). The TH expression coincides with a CA
phenotype.

In guinea pigs, neuritic islands were first recognized in the outer gut mesenchyme
of the small bowel at E25 (Gershon et al, 1981a). Before the neuritic islands could be
recognized, there were already. (neural crest?) cells that specifically take up "H-SHT at
E20. Neuronal cells that synthesized *H-acetylcholine from °H-choline, or specifically
bound opiates were detected at E25 (Gintzler et al., 1980).

The characterization of the development of the human ENS is still incomplete
due to the scarcity of fetal material. Using Bodian’s technique of silver impregnation,
Hiither (1954) observed both a craniocaudal and a caudocranial sequence of the staining
of enteric neurons; he observed neuroblasts in the rectosigmoid from the 7th week of
gestation. In contrast, Okamoto and Ueda (1967) only observed a craniocaudal sequence
of neuroblasts, using a similar technique. The acquisition of a mature neuronal
phenotype occurred in a similar way as in mice (Bryant et al, 1982; Griffith and
Burnstock, 1983; Tam and Lister, 1986).

4.11 CONCLUSION

In this chapter the literature concerning ENS formation was reviewed. The experimental
evidence indicates that enteric neurons derive from the vagal neural crest. The migration
process of vagal neural crest cell to and through the developing bowel is mediated by
morphoregulatory molecules, such as N-CAM, E-cadherin, N-cadherin, fibronectin.
Within the bowel, migrating neural crest cells recognize and adhere to some specialized
mesenchymal cells, hereby initiating aggregation. The morphoregulatory molecules of
the HNK-1 family that are present on migrating neural crest cells have to be defined.
Neural crest cell colonization occurs in distinct phases, and this colonization pattern is
encountered in diverse vertebrate species (chick, mouse, rat and man); likewise, neural
crest cell differentiation in diverse species follows one general pattern to acquire a
mature neuronal phenotype.
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CHAPTER 5: INTRODUCTION TO THE EXPERIMENTAL WORK

5.1 INTRODUCTION TO APPENDIX PAPERS

To clarify pathogenetic mechanisms of congenital malformations of the ENS, the
formation of the ENS was investigated in chicken and murine embryos. The
experimental work was concentrated on several aspects of the interaction between neural
crest cells and the enteric microenvironment. We investigated (a) whether enteric neural
crest cells are sensitive to ischemia; (b) whether the migration substrates in aneuronal
bowel persist when neural crest cell colonization is postponed; (¢) when neural crest
cells colonize various parts of murine bowel; (d) when and where the Is/Is gene affects
neural crest cell colonization; (e) which axial level of the neuraxis provides precursor
cells for enteric neurons; (f) how neural crest cells are directed to the future sites of the
enteric ganglia; (g) whether neural crest cells proliferate during, migration and homing
in the bowel. :

Hirschsprung’s disease has a heterogeneous etiology that has been related to
genetic, chromosomal, and other yet unknown factors. Family studies suggest genetic
factors in the etiology of Hirschsprung’s disease but there is little evidence of simple
Mendelian inheritance. It seems that Hirschsprung’s disease is an example of sex-
modified multifactorial inheritance.

The importance of environmental factors in the etiology of intestinal atresia and
stenosis has been extensively studied (Louw, 1952, 1964; Nixon, 1955). Experimental and
clinicopathologic observations support the view that atresia and stenosis may result
from intestinal ischemia due to a uterine vascular accident (e.g. volvulus or
intussusception). ‘

An ischemic cause was also sought for Hirschsprung’s disease in the early 1960s.
Pathologic evidence of vascular involvement was provided by Lister (1966). He described
changes in the blood vessels to the transitional zone in Hirschsprung’s disease,
resembling those found in periarteritis. Microscopy revealed hamartomatous changes in
the wall of the vessels, sometimes with an obliterative endarteritis, which possibly might
have caused impairment of the vascular supply to the afflicted bowel segment.

Earlier experimental work of Cannon and Burket (1913) indicated that the ENS
is more sensitive to ischemia than the other tissues of the bowel wall. This supposition
was tested experimentally by a number of other investigators (Hukuhara et al., 1961;
DeVilliers, 1966; Okamoto et al., 1967; Pompino, 1969). Their studies did not result in
a consensus of opinion concerning the sensitivity of enteric neurons to intestinal
ischemia. Earlam (1972, 1985) proposed a theory that explained that the development
of aganglionosis, stenosis, and atresia depended on the degree of ischemia. This theory
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rests on the assumption that fetal enteric neurons or their precursor neural crest cells
are as sensitive to ischemia as their adult analogues.

We investigated experimentally the effect of ischemia on enteric neurons or their
precursor neural crest cells by ligating mesenteric vessels in chicken embryos. The
experiments are described in appendix paper 1. We found that ischemia of the small
bowel resulted in stenosis or atresia, but not in a selective disappearance of enteric
neurons. To extrapolate these findings to the effect of ischemia on neurons in the
hindgut, we compared tissue sections of patients with small-bowel atresia and colonic
atresia. Extensive ischemic changes were found in the bowel wall in both types of
atresia, but no selective disappearance of enteric neurons was found. We concluded that
ischemia does not result in a selective disappearance of enteric neurons.

Webster (1973) compared ENS development in the mutant piebald lethal mouse
strain and control mice. He concluded that in piebald lethal mice neural crest cells
migrate slower than the bowel elongates. This implies that when neural crest cells reach
the hindgut, they encounter bowel wall in advanced stages of differentiation. The
differentiated target organ would impede neural crest cell colonization, leaving the distal
hindgut aganglionic.

We tested this premise experimentally in chicken embryos, by coculturing the
neural primordium of E2 chicken embryos with aneuronal bowel of different stages of
development. The various aneuronal bowel segments were obtained by growing explants
of aneuronal E4 bowel for different periods. These experiments are described in
appendix paper 2. We found that neural crest cells colonized aneuronal bowel, even if
the aneuronal bowel segment was well differentiated. This implies that the migration
substrates in the bowel persist when neural crest cell colonization is delayed.

The formation of enteric ganglia has been most extensively studied in avian
embryos (chapter 4). There are few reports on ENS development in higher vertebrates.
Some authors suggest important differences in ENS development in avian and
mammalian embryos. Therefore, we investigated neural crest cell colonization of murine
bowel. These experiments are described in appendix paper 3. We found that there are
three distinct phases in neural crest colonization of murine bowel. At an early embryonic
stage (E9) a major part of bowel is colonized (phase I). During E10 to E13 the
innervated bowel segment elongates. This elongation is not due to craniocaudal
migration of neural crest cells, but to a combination of neural crest cell proliferation and
longitudinal growth of the bowel (phase II). During E13 and E14, neural crest cells
colonize the remaining distal 2 mm of the colon (phase III).

We studied the development of aganglionosis in mice by comparing neural crest
cell colonization of the bowel in mutant 1s/Is and control mice. These experiments are
described in appendix paper 4. We found that in Is/ls mice neural crest cell colonization
of the bowel proceeds as in control mice until E13. We did not obtain data that show
that neural crest cells of Is/Is mice migrate at a lower speed. Only colonization phase
IIT was defective, however. It might well be that neural crest cell migration through the
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bowel requires different subsets of morphoregulatory molecules in the various bowel
segments and that in 1s/ls mice the subset for the colonization of the distal colon is
defective.

In our experiments described in appendix paper 3 we were not able to show
whether sacral neural crest cells colonize the hindgut during phase III. The contribution
of the sacral neural crest to enteric neurons in the hindgut is also controversial in avian
embryos. To determine whether the sacral neural crest is involved in avian ENS
development, we prevented craniocaudal migration of vagal neural crest cells by
transecting postumbilical bowel in ovo at early stages of development, thus allowing for
colonization by sacral neural crest cells until E12. These experiments are described in
appendix paper 5. Immunohistological and ultrastructural investigations did not reveal
enteric neurons in the postumbilical bowel and therefore we concluded that enteric
neurons only derive from the vagal neural crest. Immunohistological investigation using
HNK-1 antibodies of bowel specimen that had been transected at E4, did not reveal
enteric neurons, but a layer of HNK-1 positive cells at the site where the submucous
plexus was to develop, and HNK-1 positive neuron-free, myenteric plexuses.

In view of the adhesive properties of the HNK-1 epitope (chapter 2) we
investigated the role of the layer of HNK-1 immunoreactive cells. We grafted
postumbilical bowel segments of E4 embryos to the chorioallantoic membrane. After one
week culture the layer of HNK-1 immunoreactive cells was present at the same site as
after bowel transection. The HNK-1 positive neuron-free, myenteric plexuses were not
present. The role of the HNK-1 immunoreactive enteric mesenchyme was investigated
in cocultures of aneuronal embryonic bowel and the vagal neural primordium. These
experiments are described in appendix paper 6. We found that the HNK-1
immunoreactive enteric mesenchymal cells had disappeared after coculture with the
vagal neural primordium, and that submucous enteric ganglia had formed. We surmise
that these cells constitute the target for migrating enteric neural crest cells.

We wondered whether the HNK-1 positive neuron-free, myenteric plexuses also
could be populated by neural crest cells. Again we used the chorioallantoic membrane
as the culture environment to coculture neural primordium from the vagal region and
aneuronal bowel from an embryo of 12 days of development that had undergone bowel
transection at day 4. These experiments are described in appendix paper 7. We found
that quail neural crest cells were more invasive compared to the chicken counterparts.
Quail neural crest cells were found at the site of the myenteric plexus in 50 percent of
the cocultures whereas chicken neural crest cells did not colonize this region at all.

Since the number of neural crest cells that enter the bowel is relatively small
(1000 to 10,000), a great deal of proliferation must occur during the formation of the
enteric ganglia to expand the population of colonizing neural crest cells. This premise
was substantiated by pulse labelling E4 to E8 chicken embryos with radioactive
thymidine. These experiments are described in appendix paper 8. By combining the
immunocytochemical detection of neural crest cells with the visualization of tritiated
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thymidine by radioautography, we demonstrated that neural crest cells proliferate during
their migration through the bowel and even for a certain period after plexus formation.

52 CULTURE OF EMBRYONIC BOWEL ON THE CHORIOCALLANTOIC
MEMBRANE

The use of the chorioallantoic membrane of the developing chick as a substratum for
grafts originated with Murphy and Rous (1912). The chorioallantoic membrane is formed
at E4-E5 by fusion of the somatic mesoderm of the chorion with the vascularized
splanchnic mesoderm of the allantois. The chorioallantoic membrane and its vessels in
the intact egg spread over the surface of the yolk sac and on E6 or E7 cover it
completely. In our experiments with chicken embryos we frequently used the
chorioallantoic membrane as the environment to culture rudiments of embryonic bowel.
Since the chorioallantoic membrane does not contain putative sources for enteric
neurons, it is a suitable environment to culture aneuronal bowel.

5.3 CULTURE OF EMBRYONIC BOWEL IN THE RENAL SUBCAPSULAR SPACE
We found that the chorioallantoic membrane of chicken embryos does not provide the
optimal environment for the culture of embryonic murine bowel. Therefore, we used the
renal subcapsular space as culture environment. The renal subcapsular space is a
suitable environment for the growth and differentiation of organ rudiments of murine
embryos (Svajger et al., 1986). The renal capsule consists of an outer layer of fibrous
connective tissue covering loose connective tissue adjacent to the renal parenchyma. The
renal capsule contains small acetylcholinesterase positive nerve fibers, but there are no
putative sources of enteric neurons in this structure. Therefore the renal subcapsular
space is suited to culture aneuronal bowel of murine embryos.

5.4 CONCLUSION

The experiments described in appendix papers 1 and 2 provided data that refute two
current pathogenetic theories of Hirschsprung’s disease, the ischemic and the slow-
migration theory. Appendix papers 3 and 4 described ENS formation in normal mice in
relation to ENS malformation in a mutant mouse strain. Appendix papers 5 through 9
provided insights in ENS formation in chicken embryos; we proved that enteric neurons
derive from the vagal neural crest only, and we identified that the enteric mesenchyme
in aneuronal bowel is involved in the homing of neural crest cells, a process mediated
by morphoregulatory molecules of the HNK-1 family. The data concerning ENS
formation in chicken and murine embryos provided the developmental biological basis
for the classification of ENS malformations in man (see chapter 2).
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CHAPTER 6

GENERAL DISCUSSION, CONCLUSIONS AND FUTURE PERSPECTIVES

6.1 FORMATION OF THE ENTERIC NERVOUS SYSTEM

Our experimental data combined with the literature data indicate that enteric neurons
derive from the vagal neural crest. The vagal neural crest consists of a heterogeneous
group of cells; only a minority of these cells give rise to enteric neurons, while the other
vagal neural crest cells participate in the formation of heart and thymus. These
embryological data provide insights in pathogenetic mechanisms of syndromic cases of
Hirschsprung’s disease.

The molecular nature of the mechanism that mediates enteric neural crest cell
migration is unknown. Using anti-fibronectin antibodies, Tucker and co-workers (1986)
were not able to show defined migration pathways in the bowel. The presence of areas
in the bowel that are rich in fibronectins containing the CS1 binding sequence might be
correlated with more motile and invasive properties of enteric neural crest cells (Dufour
et al., 1988). One could speculate that enteric neural crest cells respond to fibronectins
in the bowel because they have specific receptors for the CS1 binding site. Programmed
fluctuations in the splicing of the IIICS region of fibronectin may therefore play a crucial
role in path-finding mechanisms in the bowel.

There are no data about the molecular nature of the homing of cranial neural
crest cells and the vagal neural crest cells in the thymic region, heart, carotid body and
the bowel. There are few data about the homing of trunk neural crest cells (Aoyama et
al., 1985; Lallier and Bronner-Fraser, 1988). We obtained evidence that the local enteric
mesenchyme plays a role in the homing of neural crest cells at the future sites of enteric
ganglia (appendix paper 6). This specialized mesenchyme expresses morphoregulatory
molecules of the HNK-1 family; our provisional results suggest that at least two of such
polypeptides, with apparent molecular weights of 42 and 44 kD respectively, are involved
(Personal communication Th.M. Luider).

Kruse and co-workers (1984) proposed that neural CAMs are "presenters” of
functionally important carbohydrate structures, such as HNK-1/12, L3 and L4. The
existence of a carbohydrate-based system that regulates protein function may help to
explain why previous attempts to find regional protein differences in the early chicken
embryo have largely proved fruitless. On the basis of this concept, Slack (1980) proposed
that the structure of glycoconjugates at cell surfaces could form an "epigenetic coding"
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system to specify positional information. In support of this hypothesis, Thorpe and co-
workers (1988) have shown that antibodies directed against specific sugar moieties reveal
tissue-specific patterns during development. Moreover, Canning and Stern (1989)
suggested that the carbohydrate moiety that is recognized by the HNK-1 antibody plays
a role in gastrulation.

It is tempting to speculate that the HNK-1 epitope has a specialized function in
conjunction with carbohydrates on multifunctional glycoproteins, as has been suggested
for the hormone chorionic gonadotropin (Calvo and Ryan, 1985). This hormone binds
with its protein backbone to a receptor different from the receptor for the hormone’s
carbohydrate moiety that is necessary for activation of adenyl cyclase. Enzyme activation,
however, occurs only when protein backbone and carbohydrate are simultaneously bound
to the cell surface, possibly inducing a crosslinking of the two receptors.

Cell recognition mediated by cell surface oligosaccharides is likely to involve
complementary receptors that function as carbohydrate-binding proteins. A variety of
membrane-bound and soluble carbohydrate-binding proteins (lectins) has been isolated
from vertebrate tissues (Drickamer, 1987; Barondes, 1984). The most prevalent class of
lectins exhibit specificity for terminal B-galactoside linkages on cell surface
carbohydrates.

Two carbohydrate-binding proteins on developing neural cells have been
characterized, that are likely candidate molecules for the interaction with lactosyl
oligosaccharides: soluble B-galactoside-binding lectins with molecular masses of 14.5 and
29 kDa, termed RL-14.5 and RL-29 (Dodd and Jessel, 1986). In sensory neurons, RL-
14.5 and RL-29 are expressed selectively in the cell bodies and terminals of the subset
of sensory neurons that express lactosyl oligosaccharides (Regan et al,, 1986). The
developmental coincidence in lectin and oligosaccharide expression together with their
characterized ligand function therefore provides a possible mechanisms for initiating or
enhancing adhesive interactions between developing neuronal cells.

6.2 MALFORMATION OF THE ENTERIC NERVOUS SYSTEM

The data concerning ENS formation provided the basis for the classification of ENS
malformations as described in chapter 2. Putative pathogenetic mechanisms that can lead
to congenital ENS malformations are described below.

a) Failure of vagal neural crest cells to colonize the pharyngeal region of the
bowel results in total intestinal aganglionosis. This extremely rare ENS malformation is
thought to inherit in an autosomal recessive mode. This particular gene is probably
essential for enteric neural crest cell migration, since there is only one report of
associated malformations (Dilorenzo et al., 1985). The gene could code for a receptor
for ECM molecules, or could regulate the tissue specific modification of ECM
molecules.

b) There is a distinct phase during which enteric neural crest cells proliferate
considerably. A defect in the down- regulation of the proliferation of enteric neural crest
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cells could lead to increased numbers of enteric neurons and glial cells, a phenomenon
seen in neuronal intestinal dysplasia and intestinal neurofibromatosis. As the enteric
mesenchyme can stimulate the proliferation of subsets of neuroepithelial cells (Rothman
et al, 1987), it might well be that both diseases result from a defective enteric
microenvironment.

c) Neural crest cell colonization of the distal ileum and the colon is disturbed in
Zuelzer-Wilson disease. The absence of hypertrophic nerve fibers in the aganglionic
bowel segments indicates that Zuelzer-Wilson disease is not a variation of Hirschsprung’s
disease, but a separate entity.

d) It might well be that the homing of neural crest cells in the distal colon is
disturbed in Hirschsprung’s disease. The fact that extrinsic nerve fibers innervate the
aganglionic bowel segment indicates that the enteric microenvironment is suited for
axonal sprouting. This also indicates that enteric neural crest cell migration differs from
enteric axonal sprouting, although similarities between the two processes have been
reported (Bronner-Fraser and Lallier, 1988).

The developmental studies with the mouse models for aganglionosis point at
interesting phenomenon with respect to the role of the enteric microenvironment in
neural crest cell migration. Jacobs-Cohen and co-workers (1987) reported that in
organotypic tissue culture neural crest cells could not colonize the distal colon of Is/lIs
mice. Their conclusions are undermined, however, by a lack of appropriate controls. The
failure of neural crest cells to colonize the distal hindgut seemed to be associated with
an accumulation of ECM molecules in the distal bowel (Payette et al., 1988).
Abnormalities have also been found in the hindgut of adult Is/Is mice (Tennyson et al.,
1986). It is of interest that Vaos and Lister (1987) reported an excessive amount of
elastin and collagen fibers in the aganglionic segment of the bowel of patients with
Hirschsprung’s disease.

The coincidence of Hirschsprung’s disease with other neural crest malformations,
such as first and second arch syndromes, third and fourth branchial arch syndromes, and
limb anomalies, points at which moment the developmental failure occurs. A homing
disturbance is also possible in cases of zonal aganglionosis.

The association of Hirschsprung’s disease and Down’s syndrome (trisomy 21) is
difficult to explain. Which mechanism can explain how an increase in dosage of a set of
mostly normal genes can cause such profound abnormalities? Cell-cell recognition might
well be such a dosage-dependent event in morphogenesis. In support of this concept is
the finding of an enhanced adhesiveness of cultured fetal cardiac and lung fibroblasts
in patients with trisomy 21 (Wright et al., 1984). It might well be that Hirschsprung’s
disease in patients with trisomy 21 is the result of an increased adhesiveness of neural
crest cells in proximal bowel segments.

Other genetic data show that several gene defects are related to Hirschsprung’s
discase. One or more genes on chromosome 21; one gene on chromosome 9
(Waardenburg syndrome; Westerveld et al. 1976), one on chromosome 13 (L.amont et
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al., 1989). It will be interesting to investigate how the different genes at different loci can
lead to a similar malformation.

e) There is a sequential development of different neuronal phenotypes in neural
crest cells after homing and aggregation in the enteric microenvironment. Disturbance
in the acquisition of the mature enteric phenotype could lead to an abnormally
functioning ENS in the presence of ganglionic bowel; this might be the case in intestinal
pseudo-obstruction. In support of this presumption is the report of the absence of VIP-
positive enteric neurons (Koch et al., 1988).

6.3 FUTURE PERSPECTIVES

Neuropathological studies are required to describe congenital ENS malformations in
more detail, particularly intestinal pseudo-obstruction and chronic constipation.
Developmental studies on ENS formation in humans are required as well. The use of
monoclonal antibodies or DNA probes as markers for neural crest cells will facilitate
these studies.

Future clinical-genetical studies are required to determine the incidence of neural
crest syndromes or other malformations that are associated with Hirschsprung’s disease.
It is essential to collect fibroblasts and DNA from families in which ENS malformations
occur frequently. The analysis of restriction-fragment-length polymorphisms (RFLPs) in
these families might shed a light on the genes that are involved in ENS formation.

It is likely that genes will be identified that regulate the expression of
morphoregulatory molecules and determine the position of neural crest cells in the
developing bowel. Candidates are the homeo-box containing genes, several genes that
code for zinc-finger proteins such as Krox-20 (Wilkinson et al., 1989), and several proto-
oncogenes (e.g. inf-1 and int-2; Nusse, 1988). Injection of synthetic mRNA or antibodies
corresponding to two different frog homeobox genes can disrupt the morphogenesis of
embryonic somites or derivatives of the neural crest respectively (Harvey and melton,
1988; Cho et al., 1988). It might well be that homeo-gene transcripts provide positional
cues in neural crest cells since the course of differentiation in these cells seems to be
specified not simply by their site of origin in the central nervous system, but instead by
environmental cues encountered after migration (Le Douarin, 1982). A promising
experimental approach to study the function of such genes is provided by the quail-chick
chimera model. Quail neural crest cells infected with the candidate genmes and
subsequently injected into the chicken host will behave as chicken neural crest cells. An
heat-inducible promoter region flanking the gene will enable to switch on the genes at
any moment during development.

The identification of developmental genes in animals, combined with the progress
made in defining morphoregulatory molecules, will provide the framework for further
studies into the pathogenetic mechanisms of congenital malformations.
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CHAPTER 7.1

THE EFFECT OF ISCHEMIA ON THE DEVELOPING ENTERIC NERVOUS
SYSTEM: AN EXPERIMENTAL STUDY IN THE CHICKEN EMBRYO AND A
CLINICAL STUDY IN HUMANS

JH. Carel Meijers', Dick Tibboel', Arthur W.M. van der Kamp®, Johan L.J. Gaillard’,
Nigel Heaton®, Jan C. Molenaar'.
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SUMMARY. Local intestinal ischemia has been proposed as a cause of Hirschsprung’s
disease. To test this hypothesis we induced permanent and temporary local intestinal
ischemia in chicken embryos. One of the main branches of the omphalomesenteric
artery was either ligated or crushed. Other embryos were subjected to periods of general
hypoxia. The effect of the interventions was studied at diverse stages of development.
Enteric neurons or neural crest cells were visualized using monoclonal antibody HNK-
1. Enteric neurons were absent or pyknotic if severe ischemic changes had also occurred
in other parts of the bowel wall, irrespective of the type of ischemia induced. Permanent
or temporary local intestinal ischemia at E16 led to intestinal atresia or stenosis. We
also studied the enteric nervous system in resected bowel specimens of 24 neonates that
underwent surgery for intestinal atresia (small bowel and colonic atresia) or meconium
peritonitis. Enteric neurons were absent or pyknotic if severe ischemic changes had also
occurred in other parts of the bowel wall. No differences were found between small
bowel and colonic atresia. We conclude that local intestinal ischemia occurring at an
early stage of development does not lead to selective disappearance of enteric neurons.

Abbreviations: E.. = day of embryonic development; HNK-1 = Human Natural Killer
cell.

INTRODUCTION

Hirschsprung’s disease (congenital aganglionosis) is characterized by the absence of
enteric neurons in the hindgut and hypertrophic nerve trunks in the lamina propria,
submucosa, and smooth muscle layers (1). The exact cause of aganglionosis is not known
although several pathogenetic mechanisms have been proposed (2-4). Recently, attention
has refocused on ischemia as the causative factor in aganglionosis when abnormal
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intramural blood vessels were rediscovered in the transitional zone in patients with
Hirschsprung’s disease (5). The association of abnormal arteries with Hirschsprung’s
disease was first reported in the 1960s (6). At the time, the effect of ischemia on the
enteric nervous system was studied experimentally by several investigators (7-12), based
on the early studies of Cannon and Burket (13). All these studies were carried out in
adult animals. Consequently, any conclusions about the pathogenesis of aganglionosis
concerned acquired aganglionosis only. If ischemia plays a part in the pathogenesis of
congenital aganglionosis, then the ischemic insult must occur before birth. It might well
be that the response of fetal enteric neurons to ischemia differs from that of adult
enteric neurons. ‘

Previous experiments have demonstrated the merits of the chicken embryo as a
laboratory animal for studying congenital anomalies of the digestive tract (14,15). It
provides a suitable model for studying the effect of ischemia on the developing enteric
nervous system in view of the detailed knowledge concerning its normal development
in chickens (16). Both enteric neurons and enteric glial cells derive from the neural
crest opposite somite 1-7, while there is controversy about a slight contribution by the
sacral neural crest (16-19). The moment that neural crest cells reach the various
segments of the gut has well been documented (17-19). Neural crest cell colonization
of the gut is completed by the eighth day (E8) of development (16-20).

We studied the effect of either permanent or temporary local ischemia on the
ENS in the postumbilical bowel by manipulating branches of the omphalomesenteric
artery in the embryo. We chose E9 and E16 as the stages to induce intestinal ischemia,
examples of newly formed and well established enteric ganglia respectively. We also
investigated the effect of general hypoxia of the fetus on the developing enteric nervous
system.

In order to extrapolate our experimental findings to human diseases, we
investigated surgical specimen from patients with diseases with proven ischemic
etiologies. Antenatal intestinal ischemia can lead to intestinal atresia (14,21). It is likely
that the bowel segments adjacent to the obstruction also experience a period of
moderate ischemia; they are thus most suited to investigate whether enteric neurons
are selectively killed by moderate ischemia. To exclude regional differences in the
susceptibility of enteric neurons for moderate ischemia, we investigated material from
both small-bowel and colonic atresia. Ischemic changes of the bowel wall have also
been reported for patients with meconium peritonitis (22) and premature infants with
necrotizing enterocolitis (23) frequently leading to intestinal stenosis (24). Consequently,
we also looked for anomalies of the enteric nervous system in surgical specimens of
patients with meconium peritonitis, and necrotizing enterocolitis.

MATERIALS AND METHODS

EXPERIMENTAL STUDY
Fertilized eggs of white leghorn chickens (Gallus Domesticus) were incubated in a forced
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dranght incubator at a relative humidity of 70% at 38°C. The embryos were staged
according the number of incubation days (E..). To study the normal enteric plexus at
varjous stages of development, we removed the bowel of control embryos at E9, E16
and E21 and performed immunoperoxidase staining for neural crest cells or enteric
neurons, using the HNK-1 antibody.

Induction of permanent local ischemia. Permanent local ischemia was induced by crushing
a branch of the omphalomesenteric artery at E9 in 100 embryos and at E16 in 315
embryos. After opening the egg shell and shell membranes, the physiologic hernia was
located following the umbilical artery over the yolk sac. The physiologic umbilical hernia
was opened and a number of bowel loops, including the mesentery, were luxated and a
branch of the omphalomesenteric artery supplying the postumbilical bowel was crushed.
After the intervention, the bowel loops were put back into the physiologic hernia and
the opening in the eggshell was sealed off with sellotape. The effect of this induced
permanent ischemia was studied between 4 and 8, as well as 24 hours after the
intervention and again at hatching. Two groups of, respectively, 100 and 169 embryos
served as controls. These embryos underwent a sham operation at either E9 or E16,
whereby the bowel loops were only lifted out of the umbilical hernia without crushing
any blood vessels.

Induction of temporary local ischemia. To determine whether temporary local ischemia
followed by reperfusion would cause a selective disappearance of enteric neurons, we
ligated a main branch of the pedicle of the omphalomesenteric artery with monofilament
ethilon 9/0 which was left in situ for a variable length of time. The ischemic period
lasted 5 minutes in 25 embryos (group A); 25 minutes in 26 embryos (group B), and 60
minutes in 31 embryos (group C). A fourth group (D) of 23 embryos underwent a sham
operation. The effect of reperfusion of the pertinent bowel segment was studied both
macroscopically and microscopically. Eggs were re-incubated and at E21 (normal day of
hatching) the surviving embryos sacrificed for investigation. Special attention was paid
to signs of obstruction and secondary changes in the bowel proximal and distal to the
site of induced ischemia.

Induction of general hypoxia. We also determined whether selective disappearance of
enteric neurons might be caused by the diving reflex, which is a reduction in mesenteric
blood flow caused by general hypoxia of the embryo (25,26). To this effect, E16 eggs
were transferred to a glass pot within the incubator and the oxygen content of this pot
lowered to variable degrees. One group of 20 embryos was exposed to an oxygen
concentration of 12 vol% for 180 minutes and another group of 20 embryos to 4 vol%
for 45 minutes. The technique has been described in detail (14). Twenty embryos with
undisturbed incubation served as controls.

CLINICAL STUDY

Resected bowel of 24 neonates that underwent surgery for intestinal atresia, meconium
peritonitis or necrotizing enterocolitis was investigated. There were 20 patients with
intestinal atresia, in 6 of them located in the jejunum, in 7 in the ileum, and in 5 in the
colon, while the other 2 patients had multiple atresias. In four cases the intestinal atresia
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was associated with meconium peritonitis. Two other patients had meconium peritonitis
only. The remaining two patients, premature born after 34 and 35 weeks gestation
respectively, had necrotizing enterocolitis and they developed intestinal atresia 7 and 8§
weeks postnatally. Cystic fibrosis was excluded in all cases by negative sweat tests, using
pilocarpine iontophoresis.

Histology. Tissue specimen were fixed in 4% formaldehyde and embedded in paraffin.
Sections were made at 7 um. Routine staining methods were used (hematoxylin/eosin;
von Gieson’s elastica), as well as special staining methods to identify bile pigments
(Fouchet), hemosiderin pigment or iron. The specimen used for transmission EM studies
was fixed in glutaraldehyde and embedded in Araldite®.

Immunocytochemistry. Endogenous peroxidase activity was blocked by incubating the
tissue sections in methanol with 1% hydrogen-peroxide for 20 minutes. The HNK-1
antibody, directed against both migrating and nonmigratory neural crest cells, was
applied for one hour in a humidified incubator at room temperature (27,28). The HNK-
1 hybridoma cell line was purchased from the American Type Culture Collection (ATCC
TIB 200). After rinsing, peroxidase-conjugated rabbit anti-mouse immunoglobulins
(Dako, Denmark) were applied for one hour under the same conditions. Subsequently,
peroxidase was visualized with 3,3’ diaminobenzidine 4HCl with 0.01% hydrogen
peroxide. Sections were counterstained with hematoxylin for one minute. Phosphate-
buffered saline with 1% Tween 20 was used for rinsing and diluting.

RESULTS

Aggregates of neural crest cells were visualized using HNK-1 immunoperoxidase
staining. Neural crest cells had reached the cloacal end of the bowel by ES8.
Permanent ischemia of the bowel at E9 and EI6. Crushing of a branch of the
omphalomesenteric artery at E9 immediately resulted in pallor in the distribution area
of the branch. Twenty-four hours after the intervention the bowel had returned to
normal. At hatching (E21), 82 out of 100 embryos so treated were alive, versus 92 out
of 100 sham-operated embryos. Deaths were mainly due to severe blood losses. No gross
anomalies were found in either group. Light microscopy showed the normal structure of
the layers of the bowel wall and HNK-1 positive enteric neurons or neural crest cells in
the myenteric and submucous plexuses throughout the bowel (Fig la). The size of
enteric ganglia in the experimental group matched that found in the sham-operated
group. Apparently the ischemic insult had not disturbed the formation of the ENS in the
ischemic bowel segment. The results are summarized in table 1.

The intervention at E16 resulted in higher mortality compared to the intervention
at E9; 100 out of 315 embryos survived in the experimental group, versus 100 out of 169
sham-operated embryos. This time we did find anomalies in the chickens that were alive
at hatching: 49 of them presented with intestinal atresia, and 25 with stenosis. The
remaining 26 did not show gross anomalies. Light microscopy in the latter revealed
HNK-1 immunoreactive neurons throughout the entire bowel, normally arranged in

85



concentric plexuses. Light microscopy of the obstruction area in the 49 embryos with
intestinal atresia revealed that the normal structure of the bowel wall had been replaced
by connective tissue. HNK-1 immunoperoxidase staining did not reveal enteric neurons
or neural crest cells. We did find HNK-1 positive enteric neurons in the myenteric and
submucous plexuses in the bowel segments adjacent to the obstruction (Fig 1b). Light
microscopy of the 25 cases with intestinal stenosis did not reveal HNK-1 positive
neurons at the site of obstruction; however, they were found as soon as the normal
structure of the layers of the bowel wall was present. The results are summarized in
table 1. ‘

Temporary local ischemia of the bowel at E16. As permanent intestinal ischemia resulted
in major anomalies of the bowel (e.g. atresia and stenosis), we argued that selective
disappearance of enteric neurons might be caused by a milder ischemic insult. Therefore,
we induced temporary local ischemia to determine whether ischemia followed by
reperfusion would cause a selective disappearance of enteric neurons. The gross
abnormalities found at E21 are summarized in table 1.

Group A seemed the most suitable for testing the selective disappearance of

enteric neurons, since gross anomalies were absent in this group. In group A embryos,
HNK-1 antibody staining revealed a normal enteric nervous system throughout the
bowel. Light microscopy of embryos from groups B and C that showed gross anomalies
revealed that the normal bowel had been replaced by connective tissue. Proximal to the
obstruction, the bowel wall was stretched and the mucosa showed an undulating single-
layered epithelium. HNK-1 positive enteric neurons were observed both proximal and
distal to the obstruction, organized in concentric enteric ganglia. At the site of the
obstruction, the bowel had changed into a necrotic remnant, consisting of connective
tissue and pyknotic cells. Using the HNK-1 antibody, enteric neurons could not be
identified in the amorphous structure (Figure 1b).
General hypoxia at E16. Mortality amounted to 50% for each group of embryos exposed
to general hypoxia. At E21, the edematous bowel was pale at gross examination.
Intestinal atresia was never observed. HNK-1 antibody staining revealed normal enteric
neurons (see table 1).

CLINICAL STUDY

Ischemic changes were observed in the bowel wall of all 24 patients under investigation.
These changes were restricted to the mucosa in a minority of cases (n=5), leaving the
other layers of the bowel wall intact. The intestinal lumen was replaced by connective
tissue and histiocytic giant cells, loaded with bile and iron pigment. Enteric ganglia,
containing neurons, were present at the level of the obstruction.

In the majority of the patients with small-bowel atresia, ischemic changes were
also found in the smooth muscle layers and consisted of nuclear pyknosis and
accumulations of iron pigment. Ischemic changes of enteric neurons, such as pyknotic
nuclei, were only observed together with ischemic changes of the circular smooth
muscular layer and the mucosa (Figure 2a and 2b). Aganglionosis was never observed
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in the ischemic segments adjacent to the atresia. Electron microscopy revealed normal
nerve trunks and enteric neurons in the ischemically damaged bowel (Figure 3 and 4).
In some cases, hyperplastic nervous tissue was observed in segments adjacent to the
stenosis. There was an increase in nerve fibers and enteric neurons.

TABLE 1

THE EFFECT OF LOCAL INTESTINAL ISCHEMIA OR GENERAL HYPOXIA
ON THE DEVELOPING BOWEL

No of embryos enteric Abnormalities

E9 E1le6 E21 neurons A S D

PL. 100 82 + 0 0 0
SHAM 100 92 + 0 0 0
P.L. 315 100 + 49 25 0
SHAM 100 92 + 0 0 0
TL. 5 25 20 + 2 0 0
25 26 20 + 11 2 1
60 31 20 + 13 2 3
GH 1 20 10 + 0 0 0
2 20 10 + 0 0 0

PL = Permanent Local ischemia; TL = Temporary Local ischemia; GH = General
Hypoxia; A = Atresia; S = Stenosis; D = Dilatation

In the patients with meconium peritonitis, we found arterial thrombosis in the
mesentery with extensive calcification or recanalization of the thrombosed vessels.
Enteric neurons were present in the severe ischemic segments of the bowel close to the
site of the perforation.

Histological evaluation of our five patients with colonic atresia revealed the same
abnormalities as seen in small-bowel atresia, consisting of acute and chronic ischemic
changes of the bowel wall. In bowel segments that had undergone extensive transmural
ischemic changes enteric neurons had pyknotic nuclei if they were present at all.

Extensive permanent ischemic changes were observed in the bowel wall of the
two patients with stenosis or atresia secondary to necrotizing enterocolitis. These
ischemic changes consisted of ulcerative lesions in the mucosa, absence of villi, collagen
deposits in the submucosa, numerous macrophages containing iron and bile pigment, and
necrosis of the smooth muscle layers. A small number of enteric neurons was observed.
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Figure 1 (A): HNK-1 immunoperoxidase staining of paraffin section of E21 bowel subjected
to local ischemia at E16. Note extensive ischemic damage in the mucosa and the presence
of enteric neurons. Magnification 25x. (B) HNK-1 immunoperoxidase staining of paraffin
section of normal E21 bowel. Magnification 25x. Figure 2 (A) H/E stained paraffin section
of bowel of a patient with intestinal atresia. Chronic ischemia has replaced the mucosa
partly transforming muscle layers into connective tissue. Magnification 25x. (B) Detail of
(4), showing ischemic destruction of the enteric nervous system and other layers of the bowel
wall.
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Figure 3: Electronmicrograph of the myenteric plexus immediately adjacent to an atretic
bowel segment showing ganglion cells (GC) and unmyelinated axons in direct proximity to
circular smooth muscle layer (CM). Magnification 4.800x.

Figure 4: Electronmicrograph of atretic bowel segment showing normal axon bundles
enveloped by Schwann cell cytoplasm (SC). Note single axon containing large dense core
vesicles (arrow). Magnification 23,500x.
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DISCUSSION

Local intestinal ischemia has been proposed as the causative factor for a selective
disappearance of enteric neurons, resulting in aganglionosis. A number of investigators
have tried to substantiate this premise experimentally by inducing ischemia of the enteric
nervous system in adult animals (7-12). We investigated the effect of three different
types of ischemic insults to the developing enteric nervous system in chicken embryos.

Permanent local ischemia, induced by damaging a branch of the
omphalomesenteric artery at E9, did not result in permanent abnormalities of either
bowel or enteric nervous system. The development of vascular anastomoses between
segmental vessels or the regeneration of enteric ganglia due to neural crest cell
proliferation (29) might account for this. In contrast, both permanent and temporary
local ischemia of the bowel at E16, resulted in atresia or stenosis of the small bowel. No
selective disappearance of enteric neurons was observed in normal bowel adjacent to the
atretic segments. Temporary ischemia followed by reperfusion also resulted in atresia
or stenosis of the bowel, but aganglionosis was never found. The induction of general
hypoxia did not result in atresia, stenosis or aganglionosis. We conclude that neither
permanent nor temporary local ischemia of the bowel nor general hypoxia of the fetus
leads to the selective disappearance of enteric neurons in the developing bowel.

These results contradict Earlam’s premise that the enteric nervous system is
more sensitive to anoxia than other tissues (30). Our results do substantiate Earlam’s
finding that intestinal ischemia led to midgut atresia and stenosis in chicken embryos
(31), as demonstrated by us in previous experiments (14). Analogous results were
obtained in other animal models of intestinal atresia, such as lambs and dogs. No
selective disappearance of enteric neurons was reported in any of these studies (32-34).
Likewise, an animal model of necrotizing enterocolitis produced by inducing ischemia
in neonatal rabbits and dogs, did not result in a selective disappearance of enteric
neurons (35-37).

Based on the original work of Cannon and Burket (13), several methods have
been employed to induce ischemia experimentally and thereby promote the
disappearance of enteric neurons in the hindgut of adult animals. There is, however, no
consensus about the effect of ischemia on enteric neurons in adult animals (7,8,10,11).
Segmental differences in susceptibility to ischemia might account for the divergent
findings. It has been reported that in mice the hindgut enteric nervous system is less
sensitive to ischemia than proximal segments (38), supporting this hypothesis.

Our evaluation of patients with intestinal atresia revealed that there is no
selective destruction of enteric neurons in bowel segments with proven antenatal or
postnatal ischemia (intestinal atresia, meconium peritonitis and necrotizing enterocolitis
with secondary stenosis). These results are in agreement with other pathological studies
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of patients with atresia (32). It is important to note that enteric neurons were only
absent in conjunction with extensive transmural ischemic changes of the bowel wall,
regardless of the location of atresia (small bowel or colon). These observations allow for
extrapolation of our experimental findings. If ischemia of the postumbilical bowel does
not lead to aganglionosis, then ischemia of the hindgut will have the same effect.

Selective disappearance of enteric neurons due to ischemia of the gut has been
proposed as the causative factor in Hirschsprung’s disease (4). The observation of
fibromuscular dysplasia of arteries in the transitional zone supports this theory (5,6).
Tagushi speculated that bowel ischemia affects enteric neurons (neural crest cells) or the
migratory pathways (5). Our experiments revealed that none of three different types of
ischemic insult affected the enteric neurons selectively. A deleterious effect of ischemia
on the migratory pathways also seems unlikely. Bowel segments grafted onto the
chorioallantoic membrane éxperience an ischemic episode lasting one hour, before they
are fixed in position. Furthermore, it requires at least 6 hours to establish vascular
connections between the graft and the vessels in the chorioallantoic membrane. This
ischemic period does not affect neural crest cell colonization (18).

Two other pathogenetic mechanisms have been proposed as cause of
Hirschsprung’s disease, viz. a) a temporal disparity between on the one hand neural crest
cell migration on the other hand the longitudinal growth and differentiation of the
bowel, and b) a defective microenvironment in the hindgut which would prevent neural
crest cell colonization. ‘

‘Webster proposed that in piebald lethal mice the hindgut was not colonized by
neural crest cells because these had arrived late (39). However, we have recently
demonstrated that an advanced stage of differentiation of the hindgut does not hamper
the colonization of neural crest cells in chicken embryos (40). Therefore, aganglionosis
cannot be caused by a purely temporal difference between neural crest cell migration
and the differentiation of the distal gut.

Rothman and Gershon proposed that in the lethal spotted mouse model for
Hirschsprung’s disease the microenvironment of the hindgut was defective (41). The
abnormal microenvironment would prevent either the colonization as such, or the
survival of neural crest cells after colonization of the distal segment. There is
experimental evidence for the former possibility (42). The developing bowel of this
mutant mouse strain shows ultrastructural differences compared to control embryos.
These consist of a thickening of mucosal basal laminae and exceptionally wide
intercellular spaces, containing irregular fibrillar material, between smooth muscle
myoblasts (42-44). The physiological role of the microenvironment in the homing of
neural crest cells during normal development deserves further investigation.

This study was supported by grant 85-52 from the Sophia Foundation for Medical
Research, Rotterdam, The Netherlands. The authors thank Alice Ribbink-Goslinga for
editorial assistance and Joop Fengler for the microphotographs.
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CHAPTER 7.2

THE INFLUENCE OF THE STAGE OF DIFFERENTIATION OF THE GUT ON THE
MIGRATION OF NEURAL CELLS: AN EXPERIMENTAL STUDY OF
HIRSCHSPRUNG’S DISEASE.

J.H. Carel Meijers', Dick Tibboel, Arthur W.M. van der Kamp?, Ilse C.C.M. van
Haperen-Heuts', Paul Kliick!, and Jan C. Molenaar'.

‘Department of Pediatric Surgery and *Department of Cell Biology and Genetics;
Erasmus University School of Medicine; Rotterdam, The Netherlands.
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ABSTRACT. Based on experimental studies in mutant mouse strains, an imbalance
between the rate of migration of neural crest cells and the rate of differentiation of the
mesenchyme of the distal gut has beem proposed as an etiological factor in
Hirschsprung’s disease. We studied the influence of the stage of differentiation of
embryonal chick gut on the migration of neural crest cells in an in vive culture system:
the chorioallantoic membrane (CAM). Neural crest cells in cultured gut, were
demonstrated with antibodies directed against the HNK-1 epitope. Enteric neurons were
demonstrated with neurofilament immunoreactivity. By culturing isolated gut segments
of E4 embryos, we obtained aneuronal (neurofilament-negative) embryonal chick gut up
to 25 days of development. In co-cultures of aneuronal gut and the neural anlage (NA
= neural tube and neural crest) neural crest cell colonization was observed, even in
advanced stages of differentiation. The significance of the results is discussed in terms
of the etiology of Hirschsprung’s disease.

ABBREVIATIONS: E = embryonal day; Ex + y = embryonal day x + y days culture;
CAM = chorioallantoic membrane; HNK-1 = human natural killer cell; NA = neural
anlage; NF = neurofilament; NC = neural crest.

INTRODUCTION

ETIOLOGY OF HIRSCHSPRUNG’S DISEASE

Nearly one hundred years after the first clinical description of Hirschsprung’s disease (1)
there is still little understanding concerning the etiology and pathogenesis. The basic
defect is variously attributed to (a) intrinsic abnormalities of migrating neural crest (NC)
cells (2), (b) muscular dysplasia of mesenteric vessels (3,4); or (c) antenatal viral
destruction of enteric neurons (5). In an embryologic study of the piebald lethal mouse
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strain with aganglionosis of the distal colon, resembling Hirschsprung’s disease, an
apparent slowing of the proximo-distal sequence of the non-specific esterase staining of
NC cells was noted (6). It was surmised that aganglionosis had been caused by NC cell
migration being out of phase with the longitudinal growth and differentiation of the
developing gut. Studies with the lethal spotted mouse strain provided experimental
evidence for the localization of the effect of the Is gene in the distal gut (7). We
investigated whether mere temporal factors in the distal gut, hamper the NC cell
colonization of the gut. An advanced stage of differentiation of the gut mesenchyme
might inhibit the normal invasion of NC cells.

NEURAL CREST CELL MIGRATION TO THE DEVELOPING GUT
Little is known about NC cell migration in mammalian embryos, but it has been studied
extensively in the chicken embryo (8, 9, 10). When the vagal NC is deleted, the distal
gut becomes aganglionic (11). Studies with chick-quail chimeras demonstrated that most
enteric neurons derive from the NC opposite somite 1-7 (8). These NC cells use a
pathway between the ectoderm and the somite to reach the region of the third branchial
arch. They enter the developing gut at the level of the pharynx (12).

At the axial level of early embryos, the normal process of NC cell migration can
be affected by temporal factors (13, 14).We studied the influence of temporal factors on
the migration of NC cells at the peripheral level, in the embryonal postumbilical gut.

IN VIVO CULTURES OF EMBRYONAL GUT

We used the nutritive properties of the chorioallantoic membrane (CAM) of the chicken
embryo to culture segments of embryonal gut. In comparison with in vitro culture
systems, CAM-cultures have the advantage, that grafted embryonal tissues follow an
almost normal course of differentiation (15). CAM vessels anastomose with the
developing vessels in the graft, resulting in normal vascularisation. The grafting
technique is reviewed in detail by Coulombre (16).

The postumbilical gut of E4 embryos contains no NC cells (17). We obtained
aneuronal gut of different stages of development by culturing postumbilical gut of E4
embryos for different periods of time. When an isolated segment of embryonal gut is
cultured on the CAM in combination with the neural anlage (NA = neural tube + NC)
of an E2 embryo, the segment is colonized and innervated in a physiological fashion
(18).

Monoclonal antibodies have recently been introduced that stain (migrating) NC
cells or enteric neurons selectively. Most NC cells express an epitope, which is
recognized by antibodies produced by the HNK-1 hybridoma cell line (19). At the vagal
level of the NC, a subpopulation of premigratory NC cells can be stained selectively with
antibodies directed against neurofilament (NF) epitopes (20, 21). We used HNK-1
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epitopes for the identification of NC cells, while NF epitopes served as a marker for the
neuronal subpopulation of NC cells in sections of cultured segments of embryonal gut.

MATERIALS AND METHODS

Animals and stages of development. Eggs of white leghorn chickens (Gallus Domesticus)
were incubated at 38°C in a forced draft incubator at a relative humidity of 80%. For
young embryos, the stage of development was determined by the number of paired
somites, while for older embryos we used the table of Hamburger and Hamilton (22)
or the number of days of incubation.
Removal of organs and tissues for transplantation. The hindgut (the region between the
cecal primordia and the cloaca) was dissected from embryos before its colonization by
NC cells, i.e. at day 4 and 5 of incubation. The ganglion of Remak, wich is formed at
stage 24-25 (23) and is located in the dorsal mesentery, was removed from the explants
(ES embryos) by dissection using tungsten needles.
Segments of the vagal neural tube (somite 1-7) together with the NC, were isolated
from 12-21 somite embryos (E2) by using microdissection with tungsten needles after 10
minutes of trypsinization (porcine trypsin 0.25% diluted in phosphate buffered saline
(PBS) at room temperature.
Transplantation techniques. Segments of aneuronal gut were grafted alone or in
combination with vagal NA onto the CAM of 7 day old chick embryos after abrasion of
the superficial CAM layer, at the bifurcation of two great vessels. The grafts were fixed
in position with a piece of cellophane (Clingo wrap sterilized in 70% ethanol and dried
in air). The egg was sealed with scotch tape and incubated for one week.
Immunocytochemical technigues. Grafts were embedded in Tissue Tek II O.C.T.
Compound (Miles) and snap-frozen in liquid nitrogen cooled isopentane. Frozen sections
(10 pm) were mounted on slides coated with chrome alum, fixated in acetone for 5
minutes, and then dried in air. Other grafts were fixated in 4% formaldehyde in PBS,
dehydrated and embedded in paraffin. Sections (7 um) were deparaffinized, hydrated
and used for immunocytochemical investigation or stained with hematoxylin-eosin (HE).
Frozen sections were stained with three monoclonal antibodies raised against
NF-triplet proteins. The 3G6 Ig-M antibody is specific for the 160kD and 200kD
NF-protein (24), the 2F11 antibody (Sanbio, Holland) for the 70kD (24) and C90 for the
200kD. The antibody raised against the HNK-1 (Becton & Dickinson) antigen was used
on both paraffin and frozen sections. Rabbit-antimouse peroxidase conjugated
immunoglobulins (Dako, Denmark) were used in a dilution of 1:100. In order to reduce
background staining, we added 2% chick serum to the conjugate. Peroxidase was
visualized by 0.1% 3,3’ diamino benzidine.4HCI (Serva) and 0.02% hydrogen peroxide.
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All rinsing and diluting was done in PBS (pH 7.4) with 0.1% Tween 20.

RESULTS

Localization of HNK-1 and NF epitopes in embryonal gut. Post-umbilical gut of E4
embryos does not show HNK-1 or NF immunoreactivity. The expression of the HNK-1
antigen was first detected in the post-umbilical gut of E6 embryos. No differentiated cell
types were recognized at this stage in the mesenchyme of the gut. The stratified mucosal
epithelium is surrounded by a mesenchyme that shows no regional specializations. The
mesenchyme itself is enclosed within a simple cuboidal serosal epithelium. No nervous
tissue was recognized histologically with HE staining.

3G6 immunorectivity was first detected in postumbilical gut of E6 embryos. In the
postumbilical segment of the gut of E7 embryos, the neurons of the myenteric and
submucous plexus were identified with 3G6 anti-NF antibodies. Thus both the HNK-1
and the 3G6 anti-NF antibodies enabled detection of neuronal (precursor) cells at very
early stages of development. Staining of the C90 anti-NF antibody first appeared in
postumbilical gut of E8 embryos, while the 2F11 anti-NF antibody only revealed nervous
tissue in embryonal gut of advanced stages of differentiation, i.e. in E18 embryos.
Culture of differentiated embryonal aneuronal gut. We grafted postumbilical segments of
embryonal gut of E4 embryos onto the CAM of E7 embryos. After one week CAM
culture, the segment showed a stratified epithelium. The mesenchyme had differentiated
into a circular, smooth muscle layer. The lumen of the gut was circular. No NF or
HNK-1 immunoreactivity was revealed, demonstrating the absence of enteric neurons
and NC cells. Likewise, the post-cecal part of E5 embryos did not show
immunoreactivity with HNK-1 or anti-NF antibodies after 7 days culture (Fig. 1). In the
gut segment between the umbilicus and the ceca of ES embryos, however, NC cells were
visualized with HNK-1 immunoreactivity, while enteric neurons stained with the 3G6
NF-antibody (Figs. 2, 3 and 5). In a series of experiments in which subsequent levels of
the postumbilical gut were cultured on the CAM, we did not observe any staining in the
distal parts of the gut prior to staining in the proximal parts.

In order to obtain aneuronal gut of advanced stages of development, the
CAM-cultured aneuronal gut was freed from the surrounding membranes and grafted
anew to the CAM of an E7 embryo. By subsequent subculturing, we obtained aneuronal
gut of 11 and 18 and 25 days of development (Fig. 6). In comparison with normal in situ
development, the histological picture of these cultured gut segments corresponded to
age. In cultured segments of E4+14, the lumen had lost its circular appearance. The
stratification of the epithelium had changed into a single layered cuboidal epithelium.
The mesenchyme had differentiated into longitudinal and smooth muscle layers.
Apparently, the grafting procedure had only minor effects on the normal course of
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Fig. 1: Paraffin section of CAM-cultured postcecal gut of an E5 embryo. The circular
smooth muscle layer and the epithelium have differentiated. There is no HNK-1
immunoreactivity, indicating the absence of NC cells. Magnification: 25x. Comparable age:
E12. Fig. 2: Paraffin section of CAM-cultured prececal gut of an E5 embryo. Note the
presence of HNK-1 immunoreactivity at the sites of the myenteric and submucous plexus.
Magnification: 25x. Comparable age E12. Fig. 3. Detail of the myenteric and submucous

plexus of Fig. 2, showing HNK-1 positive ganglioncells. Magnification 100x.

Fig. 4. Frozen section of post-umbilical gut of an E4 embryo, stained with C90 anti-NF
antibody. No NF immunoreactivity is observed. The mesenchyme has no regional
specializations. Arrow indicates the lumen. The double arrow indicates the serosal side.
Magnification: 40x. Fig. 5. Frozen section of postumbilical gut of an E4 embryo (cultured
for 7 days on CAM) stained with anti-NF antibody C90. There is no NF-immunoreactivity,
indicating the absence of enteric neurons. Magnification 40x. Comparable age Ell.
(Compare with the paraffin section of the same segment of the gut, figure 1).
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differentiation (Fig. 6).

The longitudinal growth of the graft decreased with the repetition of grafting. At

removal at E4, the postumbilical segment of gut measured 1 mm in length. After 7 days
CAM-culture, the 1 mm aneuronal gut had elongated to 3-4 mm. For the second
transplantation, this segment was divided into parts of 1 mm each, which were
subsequently grafted and cultured. After 7 days culture, these segments had elongated
to 2-3 mm. These grafts were isolated and again divided into 1 mm segments and grafted
to the CAM. At the time of removal, after 21 days of culturing, these grafts measured
approximately 1.5 mm.
Coculture of vagal neural anlage and "old" aneuronal gut. To determine whether cultured
aneuronal gut of advanced stages of differentiation would still accept NC cells, we
cocultured the aneuronal gut with the vagal NA. Sections of the CAM of E7 and E16
did not stain with anti-NF antibodies. NF-immunoreactivity did not appear in sections
of postumbilical gut of E4 (see Fig. 4) and the cultures of E4 gut. NF immunoreactivity
only appeared in cocultures of aneuronal gut.of E4 with NA (Fig. 7, 8 and 9). Aneuronal
gut of E4+7, B5+7, E4+ 14, and E5+ 14 was also invaded by NC cells (table 1 and Fig.
7, 8 and 9). The observed NF-immunoreactivity was localized at the sites of the
myenteric and submucous plexus. With relevance to the size of the ganglia, no major
divergence was observed comparing cocultures of NA with aneuronal gut of E4 and
E4+7. Cocultures of NA with aneuronal gut of E4+14 showed less NF immuno-
reactivity. Compared to sections of explanted gut of corresponding developmental stages
the ganglia appeared to be smaller in all the cocultures.

Fig. 6. Frozen section of aneuronal postumbilical gut of an E4 embryo, cultured for 21 days
on CAM, stained with C90 anti-NF antibody. There is no NF immunoreactivity. Note the
single layered cuboidal epithelium and the differentiated smooth muscle layer. Magnification:
16x. Comparable age: 3 days after hatching. Fig. 7. Frozen section of a coculture (7 days)
of postumbilical gut (E4 embryo) and NA (E2 embryo) stained with C90 anti-NF antibody.
Note the NF immunoreactivity at the sites of the myenteric and submucous plexus.
Magnification 40x. Compare with figure 5. Fig. 8. Detail of Fig. 7 showing NF
immunoreactivity in cells and neurites in the submucous plexus. Magnification: 100x. Fig.
9. Frozen section of a coculture (7 days) of aneuronal gut of 18 developmental days (E4
+ 14) and the NA (E2 embryo). Note C90 NF immunoreactivity at the sites of the
myenteric and submucous ganglia. Magnification 16x. Comparable age: 3 days after
hatching. Compare with Fig. 6.
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TABLE 1

NUMBER OF ANEURONAL BOWEL EXPLANTS SHOWING NEUROFILAMENT
POSITIVE NERVOUS TISSUE AFTER A 7 DAYS COCULTURE WITH NEURAL
ANLAGE E2 ON CAM

Neurofilament staining Day of development (aneuronal gut)

4 5 11° 187
(n=8) (n=8) (n=12)  (n=10)
3G6 7 7 10 8
C90 7 7 9 8

Controls (cultures without neural anlage)

(n=13) (n=4) (n=3) (n=26)
3G6 1 0 0 3
C90 1 0 0 3

"11 = 4 days in situ + 7 days CAM culture; § 18 = 4 days in situ + 14 days CAM culture

DISCUSSION

Neural crest cell invasion of "old" target organ. In the present study, we cultured aneuronal
gut up to the age of E4+21 days. We observed NC cell invasion in both aneuronal gut
of E4 and E4+ 14 in cocultures with NA. In other words, NC invasion occurred despite
a developmental difference of 14 days at the peripheral target organ. It is interesting to
note that temporal factors do not hamper NC migration in a peripheral organ while they
do at the axial level. Weston and Butler transplanted radioactively labelled, neural tubes
into progressively older recipients at the axial level (13). They found that migration of
the implanted, labelled cells was restricted when the recipients were 9-12 hours older
with the NC cell migration already in progress. However, their conclusion was
undermined by the damage inflicted during grafting, particularly in the case of older
embryos. Bronner-Fraser & Cohen circumvented this problem by injecting cultured NC
cells directly into somites. They, likewise, observed that the migration was limited
depending on the developmental age (14). The difference between the axial and
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peripheral levels can be explained by the assumption that at the axial levels the

fibronectin and laminin rich migratory pathways are destroyed in a period of 9-12 hours
and that the migratory pathways are preserved in the postumbilical segment of the gut.
It might also well be that in the distal gut, NC cells use other glycoproteins as substrates
for migration than at the axial levels (12).

In cocultures of NA and aneuronal gut at different stages of development, the

myenteric and submucous ganglia are of a comparable size. The ganglia in the
cocultures, however, are smaller than those in the gut of corresponding ages. We
presume that this is due a loss of NC cells on theCAM, or to the absence of factors
stimulating NC cell proliferation in the CAM-cultured isolated segments of embryonal
gut. In our the coculture experiments, we combined aneuronal gut and NA, two tissues
that normally do not confront one another. It remains to be studied whether NC cells
from the region of the third branchial arch and innervated gut, will also colonize "old"
aneuronal gut in CAM- cultures. The NA of E2 embryos might contain a subpopulation
of NC cells capable of migration on diverse migratory substrates. NC cells from older
NC cell suppliers might be more selective as to the migratory substrate.
Etiological factors in Hirschsprung’s disease. It has been demonstrated that, at least at the
axial level, there are no major differences between the migratory pathways in chicken
or mouse embryos, related to either the fibronectin or laminin lining (25). Furthermore,
it is propable that NC cell migration in chicken embryos occurs in the same fashion as
in mouse embryos, despite the fact that they use slighly different cell-adhesion
molecules. For example, the HNK-1 epitope is not found on NC cells in mice (19).
Therefore, we feel the results of our experiments with chicken embryos apply to the
hypothesis of the development of aganglionosis in mice (6). As comparative research of
the migratory pathways in man has not been reported to date, the relevance of our
results to NC cell migration and the etiology of Hirschsprung’s disease in man is entirely
hypothetical.

The inaccessibility of differentiated distal parts of the gut for slowly migrating NC
cells, has been proposed as a causative factor of aganglionosis in the piebald lethal
mouse (6) and for the aganglionosis in Hirschsprung’s disease and (26). The results of
our experiments, indicate that the gut, at advanced stages of development, can still be
colonized by NC cells. Consequently, it is not feasible that the migration of NC cells
being out of phase with the longitudinal growth and differentiation of the gut is an
etiological factor in Hirschsprung’s disease in mice or in man.

Other factors, like intrinsic abnormalities of NC cells, and structural defects
within the embryonal gut remain possible. Further research in those directions, has to
elucidate which of these etiologies has validity for Hirschsprung’s disease.
Acknowledgments: The authors thank Alice Goslinga Ribbink, translator/stylistic editor,
for her assistance in preparing the manuscript, Tar van Os for the microphotographs and
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CHAPTER 7.3

NEURAL CREST CELL COLONIZATION OF EMBRYONIC MURINE BOWEL
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Submitted

Summary. The development of the enteric nervous system in mice was studied to
determine when neural crest cell colonization of distal bowel segments occurs. Explants
of murine embryonic bowel were grown for ten days in the renal subcapsular space of
adult mice, after which visualization of enteric neurons by means of acetylcholinesterase
histochemistry and neurofilament immunocytochemistry served to determine the
presence of neural crest cells in the explants. The success rate for bowel segments
explanted at E11 to E15 and grown for tem days in the renal subcapsular space
amounted to over 82 per cent, whereas the succes rate of explants from E9 and E10
embryos amounted to 44 per cent. Cultured whole bowel explanted at embryonic day 9
(E9) contained enteric neurons, indicating that neural crest cells colonization of the
bowel begins on or before E9. Acetylcholinesterase and neurofilament positive enteric
neurons were consistently absent in the cultures of distal 1-2 mm of hindgut explanted
at E10-E12, indicating that neural crest cells do not colonize the entire bowel at E9. It
appeared that between E10 and E12, the aneuronal of the distal bowel had a constant
length of 1 to 2 mm. Cultures of the distal 2 mm segments explanted at E13 did contain
AChE and NF positive enteric neurons. We surmise that neural crest cell colonization
of embryonic murine bowel occurs in distinctive phases. Phase I: migrating neural crest
cells colonize the embryonic foregut and a major part of the midgut (E7.5-E9). Phase
II: longitudinal growth of the bowel and neural crest cell proliferation increase the
Iength of the innervated bowel segments (E10-E12). Phase III: neural crest cells colonize
the distal 1-2 mm of hindgut by active migration (E13-E14).

List of abbreviations: AChE = AcetylCholineEsterase; CA = catecholaminergic; CNS
= central nervous system; E..= Embryonic day ..; ENS = enteric nervous system; GFAP
= Glial Fibrillary Acidic Protein; NF = neurofilament; H..= Hindgut segment ..; TH
= Tyrosine Hydroxylase.

106



INTRODUCTION

The enteric nervous system (ENS) is a division of the autonomic nervous system, but
resembles the central nervous system (CNS) in ultrastructure and in the content of
putative and established neurotransmitters (Furness and Costa, ’80). Like the CNS, the
ENS contains glial cells but no internal collagen (Gabella, *71, *72; Cook and Burnstock,
”76; Jessen et al., ’84). A distinct basal lamina surrounds the ganglia and separates them
from collagenous connective tissue and blood vessels (Gabella, 79, ’81). Specialized
blood vessels just outside the myenteric plexus give rise to a blood-plexus barrier
analogous to the blood-thymic and blood-brain barriers (Gershon and Bursztajn, 1978).
Enteric ganglia are connected to the CNS by extrinsic nerve fibers, but they are capable
of functioning autonomously. Despite the resemblance to the CNS, the cells of the ENS,
such as enteric glial cells and enteric neurons, derive from the same neural crest source
as the neurons and supportive cells of the peripheral nervous system.

The neural crest is a transient ridge on the dorsal surface of the neural tube.
Vagal neural crest cell migrate along defined migration pathways to the developing
bowel (Le Douarin, ’82; Tucker et al., ’86). After their arrival in embryonic murine
bowel, neural crest cells express a sequence of differentiation antigens and acquire the
mature phenotype of enteric neurons. Nonspecific esterase activity is one of the earliest
differentiation antigens expressed by neural crest cells after arrival in the bowel. This
enzyme activity was first observed in the foregut at E9.5 and in the distal colon at E14.5
(Webster, "73 - embryonic staging adjusted). The expression of cytoskeleton proteins,
such as neurofilaments (NF), was first noticed in the foregut at E12 and in the hindgut
at E14 (Cochard and Paulin, *84). The expression of NF coincides with the expression
of acetylcholinesterase (AChE) and the uptake of ’H 5-HT (Rothman and Gershon, ’82).
Neuroblasts were first observed at E12 in the foregut and at E14 in the distal colon, by
means of electron microscopy (Rothman and Gershon, ’82).

Various techniques, such as toluidine-blue staining, enzyme-histochemistry, or the
demonstration of the uptake of radioactive precursors for neurotransmitters, have been
employed to visualize enteric neurons in murine embryos. These techniques reveal
relatively late differentiation antigens of enteric neurons only. More sensitive
immunofluorescence staining techniques have become available, which require
monoclonal or polyclonal antibodies that recognize migrating neural crest cells. Such
monoclonal antibodies are available for avian but not for mammalian neural crest cells
(Tucker et al., ’84). Consequently, no staining method will serve to visualize migrating
neural crest cells in mice. The difficulty of visualizing migrating neural crest cells in
murine embryonic bowel may be circumvented by cultivating bowel explants in vivo or
in vitro. During cultivation, the neural crest cells acquire mature neuronal phenotypes
that can be visualized with staining techniques for late phenotypic neuronal markers.
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However, organotypic tissue culture does not provide an optimal environment for the
differentiation of all layers of the bowel wall. The renal subcapsular space is a suitable
environment for the growth and differentiation of organ rudiments from murine embryos
(Svajger et al., ’86). The kidney capsule consists of an outer layer of fibrous connective
tissue covering vascularized loose connective tissue adjacent to the renal parenchyma.
There are no presumptive sources of AChE positive cells close to the subcapsular space.
We wondered whether the renal subcapsular space would provide a suitable environment
for the development of embryonic murine bowel and the determination of the presence
of neural crest cells in bowel explants. Our objective was to determine the
developmental stages at which bowel segments are colonized by neural crest cells. To
this effect, we cultivated successive bowel segments, explanted at different developmental
stages, in the renal subcapsular space of synergic adult mice.

MATERIALS AND METHODS

Animals. Embryos of C57BL/BL1 mice, which were bred in the Laboratory Animal
Center at Erasmmus University Medical school, were obtained by overnight controlled
mating. The morning on which a vaginal plug was observed marked the start of day EO.
Pregnant mice were killed by cervical dislocation and the embryos, enveloped by the
uterine horns, were removed and placed in tissue culture medium F10+ (Flow Labs).
Uterus and extraembryonic membranes were then removed. Embryos were staged
according to the table of Theiler (*72) and to number of the gestational days.

Dissection of embryonic bowel. The bowel was dissected under sterile conditions using
fine tungsten needles and a dissecting microscope. At E9, stage 14-15, the entire bowel
measured 1.5 mm. We grafted distal bowel segments of 1 mm or less from eleven
embryos, and the entire bowel from seven embryos. Bowel explanted at later stages was
divided into successive segments (Fig. 1). At E10, stage 16-17, the bowel, measuring 2.5
mm, was divided into three separate segments, consisting of foregut (0.7 mm), midgut
(0.8 mm), and hindgut (1 mm). At E11, stage 18-19, the explanted bowel was divided
into four separate segments. Proximal to the cecal bulge the bowel, consisting of 1 mm
foregut and 1.5 mm midgut, was divided in two segments, and distally the bowel was
divided in two 1 mm segments of hindgut. The bowel explanted at subsequent stages
(E12-E15) was likewise divided into segments of 1 mm, which were numbered in a
caudocranial sequence with H1 referring to the most distal segment. At E12, stage 20,
the hindgut was divided into three 1 mm segments (H1-H3). From E13 to E15 we only
used segments H1-H3 for grafting. Remaining hindgut was processed for enzyme-
histochemistry. Distal colon explanted at E17-E20, stage 25-27, was divided into five
successive 1 mm segments, which were not used for grafting, but studied histologically.
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Fig. 1. Embryonic bowel at various L H3
developmental stages. The bowel was H2 T m

divided into successive segments as H1 H1
indicated. F = Foregut; M = Midgut; H =
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Renal subcapsular grafting. Adult male mice were anesthetized by intraperitoneal
injection of 0.3 ml of 2.5% avertine (tribromoethyl alcohol diluted in tertiary amyl
alcohol) per 20 g body weight. A 1 cm longitudinal paravertebral incision was made after
disinfection with 70% ethanol. The left kidney was pulled out by its fat pad and a small
cut was made in the renal capsule. The renal capsule was picked up and bowel explants
were inserted in the subcapsular space using a 20 gange mandrin needle. After closing
of the skin, recipient mice were placed in a heated box for recovery from anesthesia.
After ten days the recipients were sacrificed, and the kidneys, containing the graft, were
immediately removed and put in phosphate buffered saline (PBS) (4°C).
Histology. The grafts were embedded in O.C.T. Compound (Tissue Tek 2, Miles) and
frozen in liquid nitrogen cooled isopentane. Cryosections (10 um) were mounted on
slides coated with chrome alum and gelatin and stored at -20°C. To determine the
degree of differentiation, the grafted bowel sections were routinely stained using
hematoxylin and eosin. Sections were examined using a Zeiss microscope.

The presence of neural crest cells in explants was determined using AChE and
NF staining in perikarya located on the serosal side of the circular muscle layer.
Acetylcholinesterase activity served to visualize enteric neurons. The staining technique
was used according to a modification of the method of Karnovski and Roots (Karnovski
& Roots, ’64; Hedreen et al, ’85). The cryosections were fixed for 5 min in buffered 4%
formalin, and then rinsed with 0.1M sodium acetate (pH=6.0). Nonspecific-esterase
activity was inhibited by tetra-isopropyl-pyrophosphoramide (iso-OMPA) for 20 min.
Subsequently, sections were incubated in a medium containing acetylthiocholine iodide
for 45 min at room temperature, treated with 1% ammonium sulfide solution for 1 min
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and exposed to 0.1% silver nitrate for 1 min. After counterstaining with hematoxylin,
sections were dehydrated and coverslipped.

Neurofilament immunoperoxidase staining was also used to visualize enteric
neurons. Rabbit polyclonal antibodies raised against 68, 160 and 200 kDa purified
neurofilament (NF) triplet proteins (Nakazato, ’84) were kindly provided by Dr. Y.
Nakazato (Gunma University, Gunma, Japan). Cryosections were fixed in acetone for
5 min, and then dried in air. Peroxidase-conjugated swine anti-rabbit immunoglobulins
{Dako, Denmark) were used as second step antibodies in a dilution of 1:80. Peroxidase
was visualized by 0.1% 3,3’diaminobenzidine 4HCI (Serva) and 0.02% hydrogen peroxide.
All rinsing and diluting was done in PBS (pH 7.4) with 0.1% Tween-20. A graft was
considered to contain neural crest cells when positive staining was observed in at least
two serial sections. If no AChE activity or NF immunoperoxidase staining was observed
in at least 6 serial sections it was concluded that the bowel segment did not contain
neural crest cells at the time of explantation.

Statistical analysis. Statistical analysis was performed according to the X test.

RESULTS

Development of embryonic bowel in the renal subcapsular space. Table 1 gives the number
of bowel segments grafted for each embryonic stage and the fate of these grafts.
Altogether 148 bowel explants were grafted in the same number of recipient mice.
Fifteen mice died during the culture period. From the 133 surviving recipient mice 110
kidneys were retrieved that contained the grafted bowel segments. Of these, 95 grafts
showed normal differentiation, whereas 15 grafts did not. The latter were not included
in the assessment of enteric neurons or their precursor cells. Cystic dilatation of the graft
occurred in 25 cases. In 11 out of 25 cases with cystic dilatation, the mucosa had not
differentiated into villi or crypts, and the circular muscle layer was underdeveloped. In
addition to the enteric cysts, four grafts showed poor development of the epithelium and
the circular muscle layer. The success rate of the grafting procedure amounted to 71%
(histological investigation/ surviving recipients, 95/133).

The first stage at which embryonic bowel could be explanted was ES. Hema-
toxylin eosin staining of E9 bowel revealed a tube of mesenchymal cells lined with
stratified endodermal cells. Only 2 bowel segments out of a series of 6 showed growth
and differentiation after the culture period. Bowel explants smaller than 1 mm did not
grow in the subcapsular space (n=10; data not shown). Hematoxylin eosin staining of
the cultured bowel explants (E10) revealed a single layered cuboidal epithelium with villi
or crypt formation, the muscularis mucosa, the submucosal layer, and differentiated
smooth muscle cells in the circular muscle layer. The bowel graft was covered by a
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fibrous serosal layer which was continuous to the renal capsule. Compared with the
bowel of E20 embryos (thus the same developmental age) the cultured bowel explants
showed differentiation according to the developmental stage (Fig. 2). This pattern of
differentiation of the bowel explant was observed in the majority of cases.

The success rate of the growth and differentiation of bowel segments explanted at E10
was 44%. The use of larger bowel explants (>1.5mm) slightly increased the success rate
(data not shown). Table 1 shows that growth and differentiation of bowel explants of
older embryos (E11-E15) was much better than that of younger embryos (over 82% for
the older explants versus 33 and 44 percent for explants from E9 and E11 embryos). The
differences in growth and differentiation of grafts explanted before or after E11 are
statistically significant (p<0.01 X> test).

Distribution of AChE activity in adult kidney. AChE histochemistry of kidneys of adult
mice showed that the enzyme was only present in nerve fibers accompanying arteries in
the renal hilus. The renal parenchyma, the subcapsular space and the fibrous renal
capsule were devoid of AChE activity (Fig. 3).

Presence of neural crest cells in embryonic bowel explants. The AChE and NF staining
techniques matched each other, except for three cases in which NF positive enteric
neurons did not show AChE activity. At E12 to E15, neurofilament immunoperoxidase
staining is more apparent than AChE activity.

At E9, no AChE activity was found in the bowel in situ. Both successful grafts of
bowel segments explanted at this stage showed AChE activity in neuronal cells (7 bowel
explants were grafted). Table 2 summarizes the AChE and NF staining results of
cultured bowel segments, explanted at various developmental stages. Regarding E10
bowel explants, all 4 foregut grafts showed AChE activity and NF staining (Figs. 4 and
5). Only 1 out of 6 explanted segments of midgut showed AChE activity and NF staining.
None of 5 explanted segments of hindgut contained AChE and NF positive enteric
neurons.

At E12, AChE activity was noticed in the foregut in situ, but not in the hindgut.
Cultures of the H3 segment of E12 embryos showed AChE and NF positive enteric
neurons. Cultures of the H2 segment of E12 embryos contained AChE and NF positive
enteric neurons in 2 out of 5 cases, whereas cultures of H1 segments did not contain
enteric neurons at all. We conclude that the H1 segment remains consistently aneuronal
until E13 (stage 21). Cultured H1 segments of E13 embryos contained AChE and NF
positive enteric neurons in 2 out of 4 cases, while the adjacent H2 segment contained
enteric neurons in 4 out of 5 cases. At E14, AChE activity was demonstrated in the
hindgut in situ. All segments explanted at E14 and E15 and grown in the subcapsular
space contained AChE and NF positive enteric neurons. All bowel segments that were
explanted and processed for histology at E17 and E20 contained AChE and NF positive
neurons.
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TABLE 1.

SURVIVAL, GROWTH AND DIFFERENTIATION OF EXPLANTS OF EMBRYONIC
BOWEL CULTURED IN THE RENAL SUBCAPSULAR SPACE.

EMBRYONIC STAGE AT EXPLANTATION

E9 E10 E11 EI12 F13 El4 E15 TOTAL

Number of grafts 7 36 39 15 16 15 20 148
Surviving recipients 6 34 39 15 13 12 14 133
Growth failure 4 17 2 0 0 0 0 23
Growth 2 17 37 15 13 12 14 110
Normal development 2 15 32 14 11 11 10 95
Success rate (%) 33 44 82 93 85 92 71 71

TABLE 2.

NUMBER OF CULTURED BOWEL SEGMENTS CONTAINING AChE AND NF
POSITIVE NEURONS AFTER 10 DAYS’ CULTURE IN THE RENAL SUBCAPSULAR
SPACE

E9 E10 El11 E12 E13 E14 EI15

Whole gut 2/2 nd nd nd nd nd nd
Foregut * 4/4 5/5 nd 1nd =nd nd
Midgut * 1/6 8/9 nd nd =nd nd
H(indgut)-3 =k = 4/4 22 4/4 22
H(indgut)-2 * * 3/10 2/S 4/5 4/4 4/4
H(indgut)-1 * 0/s 0/8 0/5 2/4 3/3 4/4

nd = not done; * not possible to dissect at these stages.
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Fig. 2. Comparison of cultured bowel explants and embryonic bowel of corresponding age.
A = H/E stained cryosection of E20 ileum; B = H/E stained cryosection of E20 colon; C
= H/E stained cryosection of explant of E10 midgut grown for 10 days in the renal
subcapsular space; D = H/E stained cryosection of E10 hindgut explant grown for 10 days
in the renal subcapsular space; E = detail of B; F = detail of D. Ep = epithelium; CM =
circular smooth muscle layer. A, B, C, D magnification 16x; E + F magnification 40x.
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Fig. 3. AChE staining of adult murine kidney. A = renal cortex with renal capsule (arrow)
Magnification 25x. B- = renal hilus with AChE-positive nerve fibers (arrow) alongside the
renal artery (RA). Magnification 25x.

Fig. 4. A = AChE staining of E10 bowel explant grown for 10 days in the renal subcapsular
space. Note groups of AChE positive enteric neurons (arrows). K = kidney parenchyma.
Magnification 25x. B = detail of A showing AChE positive neurons grouped into a
myenteric plexus. Note the differentiated circular smooth muscle layer (CM). Magnification
63x.
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Fig. 5. A = NF immunostaining of enteric neurons (arrows) in same explant as in Fig. 4.
Magnification 25x. B = detail of A. Magnification 63x.

DISCUSSION

CULTURE OF EMBRYONIC BOWEL

Our present study has shown that segments of embryonic murine bowel (explanted at
E11 to E15) develop optimally in the renal subcapsular space. The differentiation of the
layers of the bowel wall in the grafts matches the differentiation of the bowel segments
which develop in situ. The lower succes rate for the development for the bowel explants
from younger embryos (E9 and E10) possibly reflects a critical period in the
development of the bowel. An influence of the environment in the renal subcapsular
space, which is not embryonic, cannot be excluded entirely. On the other hand,
nonspecific constituents of the substratum and the culture medium may elicit the
expression of unnatural phenotypes in organotypic tissue culture. The striking difference
in succes rate between bowel explants of E9-10 embryos and explants of older embryos
has also been observed in organotypic tissue culture (Rothman and Gershon, ’82;
Rothman and Gershon, ’84). Since explants from the distal bowel of clder embryos
(E11-E15) develop normally in the renal subcapsular space and consistently lack enteric
neurons, and, that explants from the proximal bowel contain enteric neurons, we deduce
that the environment in the renmal subcapsular space does allow for normal
differentiation of neural crest cells.
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Neural crest cell derivatives that are located close to the kidney (e.g. adrenal
medulla) do not colonize aneuronal bowel explants that are inserted into the subcapsular
space. Therefore, the renal subcapsular space provides a suitable environment for a)
growth and differentiation of embryonic bowel, b) the differentiation of enteric neural
crest cells, and c) determination of the presence of neural crest cells in embryonic bowel
explants.

NEURAL CREST CELL COLONIZATION OF MURINE EMBRYONIC BOWEL

The cultures of bowel segments explanted at E9 contained enteric neurons, indicating
that neural crest cell colonization of the bowel begins at or before E9. The consistent
absence of AChE and NF staining in the distal hindgut segment explanted at E10 to E12
indicates that the distal hindgut is devoid of neural crest cells up till E13. This implies
that neural crest cells do not colonize the entire bowel at E9. The presence of AChE
and NF positive enteric neurons in cultivated bowel segments explanted at E9 must be
due to the presence of neural crest cells in the distal foregut at the time of explantation.
These findings are in agreement with the observations of Rothman and Gershon (’82),
who detected "neuronal” elements in bowel explants (E9 and E10) that were grown in
organotypic tissue culture for two weeks. They concluded that the entire bowel was
colonized as early as E9. Our findings do not support this conclusion, as segments of
distal hindgut explanted at more advanced stages (stages 16 to 20 = E10 to E12)
remained aneuronal. The supposition that the entire bowel is colonized at E9 is also
contradicted by experiments carried out by the group of Jacobs-Cohen and co-workers
( 87) who reported that cultivated explants of embryonic bowel will remain aneuronal
if explantation occurs prior to stage 16 (E10). The fact that we obtained aneuronal
bowel from segments explanted at later stages might be related to the size of the
explants or to the type of the culture system.

From E10-E12, tyrosine hydroxylase (TH) is expressed transiently by a small
number of (neural crest) cells in the bowel. These cells are predominantly localized in
the distal esophagus, the stomach, and the proximal small bowel. By E13.5 most of the
TH-positive cells have disappeared. Tyrosine hydroxylase expression coincides with the
appearance of catecholamine (CA) positive cells in the bowel (Gershon et al., *79;
Gershon et al., ’81b). After a pulse label of *H thymidine at E10-E12, some of the CA-
positive cells are radioactively labeled, which is an indication that they proliferate
(Teitelman et al., ’81). A subpopulation of enteric neural crest cells differentiates into
the glial phenotype. Immunoreactivity of the marker for enteric glial cells, glial fibrillary
acidic protein (GFAP), was first observed at E16 (Rothman et al., ’86). Consequently,
GFAP immunoreactivity is a relatively late marker for enteric glia and lags behind the
development of morphologically recognizable neurons.

Neural crest cell colonization of murine bowel has been summarized in figure 6.
‘We conjecture that, in mice, neural crest cells colonize the foregut and at least part of
the midgut at an early stage (E9) (phase I). The elongation of the innervated segment
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is due to a combination of longitudinal bowel growth and neural crest cell proliferation
(phase II). There is no active craniocaudal migration of neural crest cells through the
bowel at these stages. At E13, however, the distal 1-2 mm of hindgut is colonized by
actively migrating neural crest cells (phase IIT). Whether these neural crest cells derive
from the proximal innervated segments of the bowel or from the sacral neural crest
remains to be investigated.

Fig. 6. Graph illustrating neural crest cell  Neural crest cell colonization
colonization of murine embryonic bowel. of murine bowel

The bars are divided in accordance with
the division of the bowel into segments for
grafting. The figures represent the number
of grafts that contained AChE and NF
positive enteric neurons, indicating the
presence of neural crest cells in the
explants. Bowel segments containing enteric
neurons are shaded. The transition of
innervated bowel to aneuronal bowel is
located in segment H2 (EI10-E12). To
locate the presumptive front of migrating
neural crest cells we chose the anal end of
the bowel as the fixed point of reference. In
only a few cases, neural crest cells have
passed line A at EI10. This indicates that
the putative front of migrating neural crest 1
cells is located just proximal to line A.
Analogously, the putative front of migrating Anus
neural crest cells is located close to line A E9 EI0 Ell E12 E13 El4 EIS
at E11 and EI2.  Neural crest cell

colonization of this aneuronal segment

starts at E13. The putative front of neural crest cells appears as a straight line. In
conclusion: neural crest cells did not advance to the anal end of the bowel during EI10 to
E12, and there is a distal aneuronal bowel segment with a constant length (between 1.5 and
2 mm). The bottom line represents the anal end of she bowel. Ileocecal junction is depicted
as a bold line.

(mm)

8

In conclusion: a) the renal subcapsular space provides a suitable
microenvironment for the grow and development of bowel explants of murine embryos.
b) neural crest cells that are present in bowel segments at the time of explantation will
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differentiate into enteric neurons; ¢) neural crest cell colonization of the distal 1-2 mm
of the bowel does not occur before E13; d) there is no active neural crest cell migration
through the bowel from E10 to E12; e) neural crest cell colonization of the bowel occurs
in at least three, distinct phases.

This study was supported by grants 85-52 and 88-84 from the Sophia Foundation
for Medical Research, Rotterdam, The Netherlands.
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Submitted

ABSTRACT. To gain more insight in the pathogenesis of congenital malformations of
the enteric nervous system, we compared the development of the enteric nervous system
in lethal spotted and control mice. To this end, we grew dissected bowel segments of
lethal spotted embryos in the renal subcapsular space of adult recipients and visualized
neurons using acetylcholinesterase and neurofilament staining. We found that both in
lethal spotted and control mice neural crest cells are present in explants of foregut at
E10 and that the vanguard of migrating neural crest cells does not advance until E13.
Neural crest cell colonization of the distal hindgut started at E13. In lethal spotted mice
the vanguard of migrating neural crest cells was located in the corresponding bowel
segment until E13 but the neural crest cell colonization of the 1-1.5 mm hindgut
segment did not occur. We conclude that Is/ls gene only affects meural crest cell
colonization in the distal 2 mm of the bowel and this effect is first noticed at E13.

Abbreviations used: 1s/Is = lethal spotted; NF = Neurofilament; AChE = Acetyl-
cholinesterase; ENS = Enteric Nervous System; E .. = Embryonic day of development;
H.. = Hindgut segment.

INTRODUCTION

The enteric nervous system (ENS) plays an important role in intestinal motility,
absorption, and immunity (1-3). Congenital ENS malformations result in disturbances
in intestinal motility leading to life-threatening situations in newborns and infants. The
pathology underlying these disorders varies from aganglionosis to hyperganglionosis (4,5).
Hirschsprung’s disease (or congenital aganglionosis) is the most frequent ENS anomaly
with an incidence of one in 5,000 newborns. The occurrence of intestinal aganglionosis
in such diverse disorders as trisomy 21, Waardenburg syndrome and other forms of
deafness, in addition to classical Hirschsprung’s disease supports the contention that the
development of aganglionosis is etiologically heterogeneous. Familial occurrence in 3 to
12 percent of non-syndromic cases is thought to be due to sex-modified multifactorial
inheritance (6,7).
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The formation of the ENS has been extensively studied in avian embryos. There
is general agreement that enteric neurons derive from the neural crest (8-12). Vagal
neural crest cells migrate to and through the developing bowel along defined migration
pathways, lined with extracellular matrix molecules (13,14). Neural crest cells interact
with these extracellular matrix molecules using integral membrane glycoproteins
(substrate adhesion molecules), such as integrin (15,16). After homing in the target
organ, neural crest cells form clusters and adhere to each other. These processes are
mediated by cell adhesion molecules, such as the neural cell adhesion molecule (N-
CAM) and the neuron-glia cell adhesion molecule (Ng-CAM) (17,18).

Intestinal aganglionosis also occurs in mammals, e.g. in mice and rats, frequently
on a genetic basis (19,20). At least three different genes cause aganglionosis in mice, viz.
the lethal spotted (Is), piebald lethal, and the dominant spotting gene (DOM) (21,22).
The 1s/Is mouse is most suited for embryologic studies because homozygous litters are
easy to obtain.

The renal subcapsunlar space is an established environemnt to culture rudiments
of embryonic organs (23). Previously we demonstrated that segments of embryonic bowel
will grow and differentiate in the renal subcapsular space of adult mice (submitted for
publication). Furthermore, neural crest cells, if present in the bowel segments at the
time of explantation, could be visualized after neuronal differentiatiorn. In that study, we
found that the vanguard of migrating neural crest cells is located 1.5 mm cranial to the
anus but does not advance to the anal end of the bowel until E12. Neural crest cells
start to colonize the distal 1 to 1.5 mm of hindgut at E13.

The present study was undertaken to compare neural crest cell colonization of
the embryonic bowel of Is/Is and control mice. To this end, we grew dissected bowel
segments of Is/ls mouse embryos in the renal subcapsular space of adult recipient mice
and visualized neurons using AChE and NF staining.

MATERIALS AND METHODS

Animals. Experiments were carried out according to the Dutch law on the use of
laboratory animals. CS7BL/BL1 and Is/ls mice were bred in the Laboratory Animal
Center at Erasmus University Medical School. To obtain exclusively homozygous 1Is/ls
embryos for the embryological experiments, homozygous 1s/ls mice were mated. Mouse
embryos of gestational ages E10 to E15 were obtained after overnight matings. The
morning on which a vaginal plug was observed was called day EQ. Mice were killed by
cervical dislocation and the uterine horns or the bowel were removed. Embryos were
removed from the uterus and extraembryonic membranes in tissue culture medium
F10+ (Flow Labs). Embryos were staged according to the table of Theiler (24) and the
number of gestational days.

Dissection of embryonic bowel. The bowel was dissected under sterile conditions using
fine tungsten needles and a dissection microscope (Nikon). The levels at which the
bowel was divided after explantation are shown in Fig. 1. At E10, stage 16-17, the bowel
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was divided into three successive segments, representing 0.7 mm of foregut, 0.8 mm of
midgut, and 1 mm of hindgut. At E11, stage 18-19, the explanted bowel was divided into
four successive segments. Proximal to the cecal bulging the bowel was divided in two
segments, representing 1 mm foregut and 1.5 mm midgut; distal to the cecal bulging the
bowel was divided in two 1 mm segments. H1 refers to the distal 1 mm of the hindgut
and successive segments are numbered in a caudocranial sequence.

F ~ M
H3
M H2
F H2
H H1 H1

Fig. 1. Embryonic bowel at various developmental stages. The bowel was divided into
successive segments as indicated. F = foregut; M = midgut; H = hindgut.

Renal subcapsular grafting. Dissected bowel segments were transplanted to heterozygous
(Is/+) adult male mice which were anesthetized by intraperitoneal injection of O.3 ml
of 2.5% avertine (tri-bromo-ethyl alcohol diluted in tertiary amyl alcohol) per 20g body
weight. A 1 cm longitudinal paravertebral skin incision was made and the left kidney was
exposed. Bowel explants were inserted in the subcapsular space using a 20G mandrin
needle. After closing of the skin, recipients recovered from anesthesia in a heated box,
and they were sacrificed after ten days.
Histology. The kidneys containing the graft were embedded in O.C.T. Compound (Tissue
Tek 2, Miles) and frozen in liquid nitrogen cooled isopentane. Cryostat sections (10 pm)
were mounted on slides coated with chrome alum and stored at -20°C. To determine
the degree of differentiation of the grafted bowel, sections were routinely stained using
hematoxylin and eosin, and observed with bright field optics (Zeiss).

Acetylcholinesterase activity was used to visualize enteric neurons, and was
demonstrated according to a modification of the method of Karnovsky and Roots
(25,26). The cryostat sections were fixed for 5 min in buffered 4% formalin, and then
rinsed with 0.1M sodium acetate (pH=6.0). Nonspecific-esterase activity was inhibited
by tetra-isopropyl-pyrophosphoramide (iso-OMPA) for 20 min. Then the sections were
incubated for 45 min at room temperature using acetylthiocholine iodide as substrate,
treated with 1% ammonium sulfide solution for 1 min and exposed to 0.1% silver nitrate
for 1 min. Sections were counterstained with hematoxylin.

Neurofilament immunoperoxidase staining was also used to visualize enteric
neurons. Polyclonal rabbit antibodies raised against 70, 160 and 200 kDa purified
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neurofilament (NF) proteins were kindly provided by Dr. Y. Nakazato (Gunma
University, Gunma, Japan) (27). The immunostaining procedure is described elsewhere
(28). The presence of neural crest cells in explants was determined by demonstrating
AChE activity and NF immunoperoxidase staining in perikarya located on the serosal
side of the circular muscle layer. Both AChE and NF staining had to be present in at
least two serial sections. If AChE activity or NF immunoperoxidase staining was absent
in at least 6 serial sections it was concluded that the bowel segment did not contain
neural crest cells at the time of explantation.

RESULTS

Adult bowel. The colon of adult Is/Is and control mice was investigated macroscopically
and microscopically. In control mice the distal 5 mm of hindgut contained AChE and
NF positive enteric neurons in the myenteric plexus. By contrast, the distal 2-3 mm
hindgut of Is/Is mice did not contain AChE and NF positive neurons. We found nerve
fibers at the site of the myenteric and submucous plexus in the aganglionic segment of
Is/1s mice. We did not find ectopic neurons at the serosal surface of the bowel. The
differentiation of mucosa and smooth muscle layers was equivalent in both strains.

Presence of neural crest cells in the bowel of control and lethal spotted embryos. Table 1
summarizes the AChE and NF staining results of bowel segments removed from E10-
E15 embryos and grown for 10 days in the renal subcapsular space. We never observed
clusters of AChE and NF positive neurons at ectopic sites. In control E10 embryos,
AChE and NF positive enteric neurons were found in all cultures of explanted foregut,
whereas only one of the midgut cultures, and none of the hindgut cultures contained
enteric neurons. Almost identical results were found in 1s/Is embryos (Figure 2). In
control E11 embryos, all cultured bowel explants, except for those of the distal 1-2 mm
contained enteric neurons. Cultures of bowel segments of E11 Is/ls embryos all
contained enteric neurons except for those of the H1 segment. In control E12 embryos,
AChE activity and NF immunoperoxidase staining was found in all bowel segments
cranial to the H2 segment. In ls/ls E12 embryos, AChE activity and NF
immunoperoxidase staining was found in all cultures cranial to the H2 segment.

The H1 and H2 segments of control embryos contained enteric neurons when
explanted at E13. At E14, all cultures of the distal hindgut segments contained enteric
neurons. By contrast, cultures of H1 and H2 segments of Is/ls embryos never contained
enteric neurons when explanted at E13-E15 (figure 3). The bowel segments proximal to
the H2 segment usually contained enteric neurons.
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TABLE 1.

RATIO OF CULTURED BOWEL SEGMENTS CONTAINING AChE AND NF
POSITIVE NEURONS AFTER 10 DAYS’ CULTURE IN THE RENAL SUBCAPSULAR
SPACE

CSTBL/BL-1 (Control mice)

E10 E11 Ei2 E13 E14 E15
Foregut 4/4 5/5 nd nd nd nd
Midgut 1/6 8/9 nd nd nd nd
H-3 * * 4/4 2/2 4/4 2/2
H2 * 3/10 2/5 4/5 4/4 4/4
H-1 0/5 0/8 0/5 2/4 3/3 4/4

Is/1s mice

E10 Ell E12 E13 El4 E15
Foregut 3/3 6/6 2/2 nd nd nd
Midgut 0/5 6/6 7/7 nd nd nd
H-3 * * * 5/5 4/5 2/3
H-2 * * 0/6 0/4 0/4 0/4
H-1 0/2 0/5 0/5 0/3 0/2 0/4

* not present
nd not determined

DISCUSSION

The present study was undertaken to compare the developmental biology of the ENS
in 1s/Is and control mice. We demonstrated that both in Is/Is and control mice neural
crest cells are present in explants of foregut at E10. The distal 1-2 mm does not contain
neural crest cells at this stage, both in Is/Is and control mice. These hindgut segments
(H1 and H2) remain devoid of neural crest cells until E13. In control mice, neural crest
cells start to colonize the distal 1-2 mm bowel segment at E13. By contrast, there is no
neural crest cell colonization of the distal 2 mm hindgut in 1s/Is mice. During subsequent
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development, this aneuronal hindgut segment shows little longitudinal growth, measuring
2-3 mm at E20 and 4-5mm in adult mice.

Fig. 2. A = NF immunostaining of E13 bowel explant from control mice cultured for 10
days in the renal subcapsular space. Note groups of NF positive enteric neurons (arrows).
K = kidney parenchyma. Magnification 25x. B = detail of A showing NF positive neurons
grouped into a myenteric plexus. Note the differentiated circular smooth muscle layer (CM).
Magnification 63x.

Fig. 3. NF immunostaining of E13 bowel explant from Is/Is mice grown for 10 days in the
renal subcapsular space. Enteric neurons are abent. Magnification 25x.
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Neural crest cell colonization Neural crest cell colonization
of murine bowel of 1s/ls bowel

(mm) (mm)
o ;

2 A 2
1 -‘ 1 T
Anus Anus
E10 E11 EI2 E13 El4 EIS E10 E11 El12 E13 El4 EI15

Fig. 4. Neural crest cell colonization of the bowel of control and Is/ls mice. The bars are
divided in accordance with the division of the bowel into segments for grafting. The figures
represent the number of grafts that contained AChE and NF positive enteric neurons,
corresponding with the presence of neural crest cells in the explants. Bowel segments
containing enteric neurons are shaded. The vanguard of neural crest cells appears as a
straight line in both mouse strains. The difference between control mice and Is/Is mice is
evident at E13: the third phase of colonization of the bowel does not occur. The bottom line
represents the anal end of the bowel. lleocecal junction is depicted as a bold line.

To prevent the error that elongation of the innervated bowel is misunderstood.
as neural crest cell migration, which occurs when the umbilicus is used as reference
point, we took the anal end of the bowel as reference point to determine the position
of the vanguard of migrating enteric neural crest cells. The vanguard of migrating neural
crest cells does not advance until E13, leaving a distal aneuronal segment with a
constant length (approximately 1.5-2 mm). Neural crest cell colonization of the distal
hindgut starts at E13. In Is/1s mice the vanguard of migrating neural crest cells is located
at the same site as in control mice until E13. The difference in colonization pattern
between Is/Is and control mice is evident: the final phase of colonization of the 1-1.5
mm hindgut segment, which starts at E13 in control mice, does not occur in 1s/ls mice.

It has been suggested that a slowing of the craniocaudal migration of enteric
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neural crest cells results in aganglionosis in mice and men (29,30). The present results
show that neural crest cell colonization of the bowel proceeds similarly in Is/ls mice and
control mice until E13; thus there is no slowing down of the migration speed of enteric
neural crest cells in 1s/1s mice.

The receptivity of presumptive aganglionic Is/ls bowel to colonization by neural
crest cells has been analyzed using in vitro culture systems in which aneuronal hindgut
was combined with a variety of sources of migrating neural crest cells (31). The
presumptive aganglionic Is/1s hindgut (E11) was not colonized by neural crest cells from
various sources, whereas neural crest cells colonized recipient bowel of chicken and quail
embryos. Rothman and Gershon surmised that the presumptive aganglionic segment was
intrinsically abnormal at an very early embryonic stage and does not elongate during
development (32). Compared to normal mice, several differences in constituents of
extracellular matrices (laminin and collagen type IV) of the basal lamina of the mucosa,
and an accumulation of proteoglycans in the enteric mesenchyme have been reported
in embryonic (starting at E11) Is/ls bowel (33). These differences were observed,
however in other caudal mesenchymes of the embryos as well. Therefore, these
observations do not explain why neural crest cell colonization of the distal bowel
segment fails to occur, since other neural crest derivatives in the caudal part of the
embryo presented no abnormalities and since enteric neural crest cells do not migrate
along the basal lamina of the mucosa.

‘We propose that neural crest cell colonization of the bowel proceeds in distinct
phases. This proposition is supported by our observations that the vanguard of migrating
neural crest cells does not advance to the anus from E10 to E12, and that the hindgut
is colonized at E13. It may well be that the colonization of distal 1-2 mm of hindgut at
E13 requires a particular subset of cell-substratum adhesion molecules. Recently
Wolgemuth and coworkers described megacolon in transgenic mice carrying the
homeobox gene Hox-1.4 (34). Using in situ hybridization, they found that the Hox-1.4
gene was overexpressed in the bowel of E12.5 embryo. It might well be that during
normal development the Hox-1.4 gene product activates the expression of substrate
adhesion molecules that are required for the migration in various bowel segments.
Overexpression of the Hox-1.4 gene product could result in accumulation of substrate
adhesion molecules, that result in the cessation of enteric migration. The Is/ls gene
however is located on chromosome 2, wheras the Hox-14 gene is located om
chromosome 5. There are no Hox-containing genes known, that are close to the Is/ls
locus on chromosome 2.

This study was supported by grants 85-52 and 88-84 from the Sophia Foundation
for Medical Research, Rotterdam, The Netherlands.
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CHAPTER 7.5
THE ORIGIN OF ENTERIC NEURONS IN CHICKEN HINDGUT
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Submitted

Summary. For a better understanding of the etiology and pathogenesis of congenital
anomalies of the enteric nervous system, we studied the origin of emteric neurons in
chicken hindgut. It is generally agreed that enteric neurons derive from the vagal meural
crest, i.e. the neural crest opposite somite pairs 1 to 7. There is still controversy about
the involvement of the sacral neural crest, opposite somite pairs 28 and subsequent
somites. To determine the contribution of the sacral neural crest to the development of
hindgut ganglia, we prevented craniocaudal migration of vagal meural crest cells by
transecting the postumbilical bowel in front of migrating neural crest cells. The
transected bowel was left in sifu till embryonic day 12 (E12) and was then examined for
enteric neurons. We found that the hindgut was left aganglionic when the bowel was
transected at E4, and observed an unexpected, consistent pattern of HNK-1
immunoreactivity in the hindgut: a neuron-free myenteric plexus and a diffuse layer of
HNK-1 immunoreactive cells at the site of the submucous plexus. Electronmicroscopy
revealed that the myenetric plexus was filled with unmyelinated axons. Occasionally
some supportive cells were observed at the periphery of the plexus, engolfing axons. The
pattern of HNK-1 immunoreactivity was present from the site of transection down to
the colorectum, and was also found in 67% of cases in which the bowel was transected
at ES. A normal pattern of HNK-1 immunoreactivity was found in the remaining 33%.
Transection of embryonic bowel at E6 and E7 had no effect on the innervation of the
hindgut either distal or proximal to the site of transection. In view of the absence of
enteric neurons in the hindgut after transection at E4 and ES we conclude that the
sacral neural crest does not provide precursor cells for enteric neurons in the hindgut.

Abbreviations: ENS = Enteric Nervous System; E..= Embryonic day
INTRODUCTION
Congenital anomalies of the enteric nervous system (ENS), give rise to considerable

morbidity and mortality in the neonatal period (Nixon, 1982). Despite detailed
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knowledge of the underlying pathological defects and the availability of some animal
models, the etiology and pathogenesis of these anomalies remain unclear. Investigation
of normal ENS development, involving the intrinsic and extrinsic innervation of the
bowel, might clarify pathogenetic mechanisms of these anomalies.

In chickens, enteric neurons and enteric glial cells derive from the neural crest,
a transient ridge on the dorsal surface of the neural tube. The vagal neural crest,
opposite somite pairs 1 to 7, provides precursor cells for enteric neurons in the entire
bowel, as was shown by ablation studies (Yntema & Hammond, 1954) and in quail-
chick chimeras (Le Douarin & Teillet, 1973). The vagal neural crest cells migrate from
their site of origin to the region of the third and fourth branchial arches (Duband &
Thiery, 1982), where they enter the developing foregut (Ciment & Weston, 1983; Tucker
et al, 1986) and migrate in a craniocaudal direction to the colorectum (Allan &
Newgreen, 1980). There is controversy concerning the extent to which the sacral neural
crest, opposite somite pair 28 and subsequent somite pairs, provides precursor cells for
enteric neurons in the postumbilical bowel. In quail-chick chimeras, sacral neural crest
cells migrate to Remak’s ganglia and a small number of quail neural crest cells colonize
postumbilical bowel up to the umbilicus (Le Douarin & Teillet, 1973). Reports of dual
gradients in neurofilament-, (Payette et al, 1984), vaso intestinal peptide- and substance
P-immunoreactivity (Saffrey et al, 1982) also suggest that the sacral neural crest
contributes to enteric neurons in the hindgut.

On the other hand, when successive segments of embryonic bowel, isolated at
different stages of development, were grown on the chorioallantoic membrane, only a
craniocaudal direction of enteric neurons was observed (Allan & Newgreen, 1980). In
these experiments, hindgut explants taken at an early developmental stage had been cut
off from any source of neural crest cells, either vagal or sacral.

To determine whether the sacral neural crest contributed to the hindgut ganglia,
we prevented craniocaudal migration of vagal neural crest cells by transecting the
postumbilical bowel in ovo in front of migrating neural crest cells. This would prohibit
colonization of the hindgut by vagal neural crest cells, but would not impede
colonization by sacral neural crest cells. The transected bowel was left in situ for a week
and was then examined for enteric neurons. If enteric neurons were present these must
have derived from the sacral neural crest. We also investigated whether the extrinsic
innervation had developed normally in the absence of vagal neural crest cells. The
proximal midgut was studied to establish whether an excess of vagal neural crest cells
had resulted in an increase in the mumber of enteric neurons.

MATERIALS AND METHODS

Animals. Fertilized eggs from the white leghorn (Gallus Domesticus) were incubated in
a forced draught incubator at 37°C, at a relative humidity of 75-80%. Embryos were
staged according to the number of developmental days or according to the table of
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Hamburger & Hamilton (1951).

Normal ENS development in the hindgut. Bowel segments were isolated from E4-E15
embryos and processed for HNK-1 immunoperoxidase staining.

Transection of embryonic bowel. We transected postumbilical bowel at various stages of
development. This involved 130 embryos, 15 at E4, 88 at ES, 19 at E6 and 8 at E7. We
removed approximately 1.5 cm’ of both shell and shell membrane and repositioned the
embryo using watchmaker’s forceps to enable the introduction of microscissors into the
umbilical stalk. The bowel was then transected just distal to the omphalomesenteric duct
(ES-E7) or just distal to the cecal bulges (E4)(Fig. 1). After transection, the eggs were
sealed with Scotch tape and put back in the incubator. To investigate the effect of
manipulation of the umbilical stalk on ENS formation, a sham operation was performed
in 26 control embryos.

Immunohistology. The embryos that underwent bowel transection were sacrificed at E12,
whereupon the bowel was dissected, fixed in 4% formaldehyde in phosphate-buffered
saline, dehydrated and subsequently embedded in paraffin. Alternatively, bowel segments
were embedded in Tissue Tek Il embedding compound (Miles) and snap-frozen in liquid
nitrogen cooled isopentane. Sections were made at 10 pm. For immunohistology,
sections were incubated with the primary antibody in a moist incubation chamber at
room temperature for one hour. The HNK-1 hybridoma cell line was purchased from
the American Type Culture Collection TIB 200 (Abo & Balch, 1981; Tucker et al,,
1984). Two monoclonal antibodies, raised against purified human neurofilament triplet
proteins but cross reacting to chicken neurofilaments, were used to identify enteric
neurons or extrinsic nerve fibers. Monoclonal antibody 3Gé6 is specific for the 160kD and
200kD neurofilament protein (Kliick et al, 1984) and C90 for the 200kD. Hybridoma
E/C8 is directed against NAPA-73, a neurofilament associated glycoprotein; the
supernatant of the culture was used undiluted (Ciment & Weston, 1982; Ciment et al,
1986). Peroxidase-conjugated, rabbit-anti-mouse immunoglobulins (Dako, Denmark)
were used as second step antibodies (dilution 1:100). Peroxidase was visualized with
0.1% 3,3’diaminobenzidine.HCl (Serva) with 0,01% hydrogen peroxide. Sections were
counterstained with hematoxylin for one minute. Phosphate-buffered saline with 0.1 %
Tween 20 was used for all rinsing,

Fig. 1: Diagram of embryonic chicken
bowel at stage 26 showing the anlage for
ceca. The dotted area represents bowel that
is colonized by neural crest cells. The arrow
indicates the usual level of transection.
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Electronmicroscopy. Dissected bowel was fixed in a mixture of 1% glutaraldehyde and
4% paraformaldehyde in 0.1M phosphate buffer (pH 7.3) for 24 hrs. After rinsing in
0.1M cacodylate buffer (pH 7.3) postfixation was performed, overnight, in 1% OsO, in
the cacodylate buffer. After rinsing with the cacodylate buffer the specimens were
incubated with tannic acid (Simionescu & Simionescu, 1976), dehydrated, and embedded
in epon. Ultrathin sections were prepared with a Reichert OMU2-microtome and stained
with a saturated solution of uranyl-acetate in water and leadcitrate (Reynolds, 1963).

RESULTS

Gross examination of the sham-operated embryos at E12 revealed no abnormalities of
the bowel. Of 130 embryos that underwent bowel transection, 111 survived this
procedure. All deaths were perioperative and due to excessive bleeding. We never
observed adherence of bowel segments at the time of fixation (E12). HNK-1
immunocytochemistry revealed a normal ENS in the sham-operated embryos and in the
segment proximal to the transection irrespective of the day of intervention (Figs. 2-5)
(we will refer to the normal HNK-1 staining pattern as pattern B). There were no signs
of an increase in the number of enteric neurons in the proximal bowel segments.

Table 1 summarizes the results of the transection experiments at the various
stages of development. Gross examination of the 13 embryos which survived bowel
transection at E4 showed complete separation of the bowel immediately distal to the
ceca at E12. Histological investigation of both proximal and distal segments revealed a
normal differentiation of the layers of the bowel wall. HNK-1 staining consistently
revealed what we will call pattern A in the distal segment: an HNK-1 positive neuron-
free, myenteric plexus and a diffuse layer of HNK-1 positive cells at the site of the
submucous plexus (Figs. 6). The antibodies E/C8, 3G6 and C90 visualized nerve fibers
but no enteric neurons or neural crest cells in cryosections.In ultrathin sections, we
observed the presence of a large number of axons in the myenteric plexus and confirmed
that enteric neurons were absent (Fig. 7). Occasionally supportive cells were observed
both at the periphery of the plexus and in the centre (Figs 8-10). The number of neuron-
free, myenteric plexuses was smaller than that of myenteric ganglia in control bowel at
E12. The diffuse layer of HNK-1 positive cells in the submucosa was not present in
control bowel. HNK-1 staining pattern A was present from the site of transection down
to the colorectum, except for the most distal 2 mm. There were two two exceptions: a
small number of enteric neurons was found in the distal hindgut of one and
unidentifiable HNK-1 positive cells in another one.

Gross examination of the 80 surviving embryos that were operated at E5 showed
complete separation of the bowel. HNK-1 staining of the distal segment revealed three
patterns of innervation. In 31 embryos we found HNK-1 immunoreactivity pattern A, the
same picture observed after transection at E4. In 26 embryos HNK-1 revealed normal
innervation with enteric neurons and extrinsic nerve fibers (pattern B). In the remaining
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23 embryos, the HNK-1 antibody revealed a combination of patterns A and B. Pattern
A was found in the distal hindgut. Pattern B was found adjacent to the site of
transection.

Two separate segments were consistently found in the surviving embryos operated
at E6 and E7. HNK-1 immunoperoxidase staining revealed the normal pattern B of
innervation in all the embryos. The antibodies E/C8, 3G6, and C90 confirmed that
neural crest cells or enteric neurons were present at the normal sites both proximal and
distal to the transection.

TABLE 1

HNK-1 IMMUNOREACTIVITY IN HINDGUT AT Ei12 AFTER BOWEL
TRANSECTION AT DIFFERENT DAYS OF EMBRYONIC DEVELOPMENT

DAY OF TRANSECTION

CONTROLS

E4 ES E6 E7 E4A-E7
Pattern A 11 31 0 0 0
Pattern B 1 26 11 7 26
Pattern A + B 1 23 0 0 0
Total number
of embryos 13 80 11 7 26

Fig. 2. Paraffin section of hindgut of E12 embryo stained with HNK-1. Note the presence
of the myenteric and submucous ganglia containing HNK-1 enteric neurons (Pattern B).
Magnification 25x. Fig. 3. Semithin section showing enteric neurons in the myenteric plexus.
Magnification 63x.
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Fig. 4. Electronmicrograph of a normal myenteric plexus in proximal bowel showing several
axons and an enteric neuron (EN).

Fig. 5. Electronmicrograph showing the cytoplasm of an enteric neuron (EN) in a normal
myenteric plexus.
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Fig. 6. Paraffin section of hindgut isolated at E12 from an embryo operated upon at E4.
Note the small HNK-1 positive neuron-free, myenteric plexuses. Note also the diffuse layer
of HNK-1 positive cells where the submucous plexus would have been (pattern A).

Fig. 7. Semithin section showing neuron-free myenteric plexus. Magnification 63x.

Fig. 8. Electronmicrograph of central of a neuron-free, myenteric plexus, showing processes
of a supportive cell around axons (arrows). Magnification 37,800x.
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Fig. 9. Electronmicrograph of a neuron-free, myenteric plexus in the distal bowel showing
a supportive cell (SC) at the periphery of the plexus and mulptiple axons. Magnification
16,800x. Fig. 10. Detail of Fig. Q showing that the cytoplasm of the supportive cell surrounds
several axons (arrow). Magnification 28,000x.
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Figure 11. Distribution of HNK-1 immunoreactivity in hindgut of normal embryos (left)
and in hindgut of embryos that underwent bowel transection at E4. HNK-1 immunoreactivity
is located in the enteric ganglia in normal bowel (pattern B), but in a layer of cells in the
submucosa and in neuron-free, myenteric plexus after bowel transection at E4 (pattern A).

DISCUSSION

To study the contribution of the sacral neural crest to enteric ganglia in the distal bowel,
we prevented the craniocaudal migration of vagal neural crest cells trough the
developing bowel. Embryonic bowel was transected distal to the omphalomesenteric duct
at different stages of development. When transection took place in an aneuronal
segment of the bowel (E4 and ES), HNK-1 positive neuron-free, myenteric plexuses
developed in the hindgut (pattern A). The three HNK-1 staining patterns (A, B, A+B)
found at E12 in different embryos operated upon at E5, might be due to a) variation in
the site of transection or b) variation in the location of the vanguard of migrating neural
crest cells. Normal ganglionic hindgut (pattern B) was observed when transection had
taken place in already colonized bowel. Transection through the vanguard of migrating
neural crest cells resulted in a mixed pattern, consisting of pattern B close to the
transection and a much longer pattern A in the remaining part of the hindgut.
Apparently, the number of neural crest cells present in the distal segment was not
sufficient for complete ENS development in the hindgut. In view of the absence of
enteric neurons in the hindgut after transection at E4 and E5 (pattern A), we conclude
that sacral neural crest cells on their own, are not able to form enteric ganglia in the
distal bowel.

A single, vagal origin of enteric neurons is in agreement with the results of
Yntema and Hammond (1954), who ablated the vagal neural crest and subsequently
obtained aganglionosis in the hindgut. The length of the aganglionic segment was
determined by the extent of the neural crest ablation. A single vagal origin for enteric
neurons was, likewise, demonstrated by Allan and Newgreen (1980). They reported that
enteric neurons appeared in a craniocaudal direction in cultured explants of successive
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segments of embryonic bowel, explanted at different stages of development. Using the
same culture method and the more sensitive HNK-1 immunoperoxidase staining for the
visualization of neural crest cells we have confirmed the craniocaudal direction of
migrating neural crest cells.

Contradictory findings, suggestive for a dual vagal/sacral neural crest origin of
enteric neurons in the hindgut have been reported by other investigators. In quail-chick
chimeras, a small number of sacral quail neural crest cells was observed in the chick
hindgut (Le Douarin & Teillet, 1973). We suggest the following explanations for the
contradictory conclusions:

1) it may well be that the neuron-free, myenteric plexuses and the diffuse layer of HNK-
1 immunoreactive cells in the submucosa (pattern A) resulted from colonization by
sacral neural crest cells that did not acquire a neuronal phenotype.

2) it may well be that the presence of vagal neural crest cells in the hindgut is a
prerequisite for its colonization by sacral neural crest cells.

3) the small number of quail neural crest cells observed in the hindgut of quail-chick
chimeras might be inherent to the chimera technique. Quail neural crest cells are more
invasive than chick neural crest cells, as is indicated by our finding that quail neural
crest cells are present in chicken bowel after insertion of the quail neural primordium
into the chick coelomic cavity (data not shown).

4) it may well be that in quail-chick chimeras whereby vagal quail neural primordium
was grafted to the vagal segment of the neural tube in the chicken host, the chicken
neural crest cells found in de hindgut derived from the sacral neural crest, but a vagal
origin resulting from incomplete extirpation of the vagal neural primordium cannot be
excluded.

Some (immuno)cytochemical and autoradiographical studies also suggest a dual
vagal/sacral neural crest source for enteric neurons. Both caudocranial and craniocaudal
expression sequences have been reported for acetylcholinesterase activty (Keller, 1976),
uptake of radioactively labelled serotonin (Gershon et al, 1980), and for vasoactive
intestinal peptide- (Saffrey, 1982), and neurofilament immunoreactivity (Payette et al,
1984). In contrast, single craniocaudal expression sequences have been reported for vaso
intestinal peptide, substance P, Met-enkephalin, choline acetyl transferase (Fontaine-
Perus et al, 1981; Saffrey et al, 1982; Smith et al, 1977). The expresion sequences of
neurofilaments, neurotransmitter substances, and neuron specific enzymes reflect the
differentiation of enteric neurons rather than the migration of neural crest cells. These
sequences do not reveal the origin of the cells that express these differentiation
characteristics.

Enteric ganglia developed normally in the hindgut (HNK-1 stainining pattern B)
when innervated bowel was transected (E6 and E7). A normal ENS was also found in
all sham-operated animals and in all bowel segments proximal to the site of transection.
Despite the fact that neural crest cells continue to proliferate during migration (E4-E8)
(Meijers et al, 1987), we observed no increase in the number of neural crest cells in the
ganglia proximal to the site of transection.

There are few data about the development of the extrinsic component of the
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ENS. The extrinsic adrenergic innervation of the bowel is characterized either chemically
(Enemar et al, 1965) or through the transmitter uptake mechanism specific for
adrenergic neurons from E12 (Gershon et al., 1980). Our results show that the absence
of enteric neurons does not prevent the development of extrinsic nerve fibers in the
bowel.

The immunohistological picture of the hindgut, obtained after the transection of
embryonic bowel, resembles the one found in patients with aganglionosis. Therefore
transection of the postumbilical bowel at E4 and E5 might provide a chicken model for
aganglionosis.

The authors thank Ko Hagoort for editorial assistence, Joop Fengler for the
microphotographs and Pim Visser for the drawings. This study was supported by grant
#85-52 from the Sophia Foundation for Medical Research, Rotterdam, The Netherlands.
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CHAPTER 7.6

HNK-1 IMMUNOREACTIVE MESENCHYMAL CELLS ARE INVOLVED IN NEURAL
CREST CELL HOMING IN THE BOWEL

J.H.Carel Meijers', Dick Tibboel', Arthur W.M. van der Kamp ? Iise C.CM. van
Haperen-Heuts', and Jan C. Molenaar',

'Department of Pediatric Surgery, ‘Department of Cell Biology and Genetics, Erasmus
University Medical School and Sophia Children’s Hospital, Rotterdam, The Netherlands.
Submitted

Summary. During embryonic development, cells of the neural crest migrate throughout
the embryo. After migration, these cells differentiate into a variety of phenotypes,
depending on the microenvironment of their target orgams. In the present study we
provide evidence that the local embryonic microenvironment also determines the
position of the neural crest cells in the target organs. The integration (or homing’) of
neural crest cells in a target organ was studied in the bowel of chicken embryos.
Aneuronal bowel was isolated and cultured on the chorioallantoic membrane, either on
its own, or in combination with the neural primordium. When aneurcnal bowel was
cultured on its own, HNK-1 immunocytochemistry revealed a layer of HNK-1
immunoreactive mesenchymal cells at the site where the submucous plexus would have
been. Neural crest cell colonization, which was induced by coculturing with the neural
primordium, changed the pattern of HNK-1 immunoreactivity completely; HNK-1
immunoreactive meural crest cells and enteric neurons were observed, whereas the
mesenchymal cells had lost the HNK-1 epitope. We surmise that HNK-1 immunoreactive
mesenchymal cells constitute the target for migrating neural crest cells, and that HNK-
1 antigen(s) present on the neural crest cells interact with the HNK-1 antigen(s) of the
subpopulation of mesenchymal cells.

INTRODUCTION

The neural crest is a transient embryonic structure in vertebrate embryos that arises
from the dorsal ridges of the neural epithelium. The cells of the neural crest migrate to
diverse sites in the embryo and give rise to the neurons and supportive cells of the
peripheral and enteric nervous systems (Le Douarin, 1982; Le Douarin, 1986), to
melanocytes, and to different tissues in the craniofacial and the cardiac region (Noden,
1984; Kirby, 1987). The initiation of neural crest cell migration coincides with a
reduction of the expression of cell adhesion molecules, such as N-CAM and N-Cadherin
(Thiery et al, 1982; Duband et al, 1987). Neural crest cells migrate along defined
pathways lined with specific substrate adhesion molecules (Duband and Thiery, 1982).
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The cessation of neural crest cell migration is also thought to be mediated by
modulation of the expression of cell adhesion molecules, but the data in support of this
hypothesis only concern the aggregation of neural crest cells into sympathetic ganglia
(Duband et al, 1985). The mechanisms of the homing of neural crest cells in other
regions of the embryo are largely unknown.

In the chicken embryo, precursor cells of the enteric nervous system originate at
the neural crest opposite somites 1 to 7, the so-called vagal neural crest (Yntema and
Hammond, 1954; Le Douarin and Teillet, 1973; Allan and Newgreen, 1980). There is
no consensus about the contribution of sacral neural crest cells to enteric plexus
formation. We found earlier that hindgut did not contain enteric neurons after bowel
transection at embryonic day 4 (E4) (manuscript submitted). To determine whether
neural crest cells were present in this hindgut we used monoclonal antibody HNK-1,
which recognizes a carbohydrate moiety present on migrating neural crest cells (Vincent
et al, 1983; Vincent and Thiery, 1984; Tucker et al, 1984; Abo and Balch, 1981). Instead
of neural crest cells, HNK-1 immunoperoxidase staining of the distal hindgut at E12
revealed cell-free, ganglionic structures at the site of the myenteric plexus, and a layer
of cells in the submucosa. Neither the layer of HNK-1 immunoreactive cells, nor the
cell-free, ganglionic structures were found in normally innervated bowel. In the present
study we investigated the role of the layer of HNK-1 immunoreactive cells.

MATERIJIALS AND METHODS

White leghorn chicken (Gallus Domesticus) embryos were staged following the table of
Hamburger and Hamilton (1951) or according to the number of paired somites or the
number of incubational days (E4-E21). Aneuronal E4 bowel was grafted alone, or in
combination with neural primordium, onto E7 chorioallantoic membrane and cultured
for one week. Neural primordium opposite somite 1-7 was dissected from 12 somite
embryos. Grafts were fixed in 4% formaldehyde in phosphate buffered saline,
dehydrated, embedded in paraffin and sectioned at 5-7 pm. Cryostatsections (10 wm)
were fixated in acetone and immunostained by an indirect immunoperoxidase method.
HNK-1 immunoperoxidase staining was performed using undiluted supernatant
(American Type Culture Collection No TIB 200). Two monoclonal antibodies raised
against purified human neurofilament proteins, but cross reacting to chicken
neurofilaments, were used to identify enteric neurons (Kliick et al, 1984). The
supernatant containing monoclonal antibody E/C8 was not diluted (Ciment and Weston,
1982). Monoclonal antibody 15GS8, directed against chicken N-CAM was used in a
dilution of 1:20. A polyclonal rabbit antiserum raised against chicken N-CAM was used
in a dilution of 1:80. Rabbit-anti-mouse peroxidase conjugated immunoglobulins (Dako,
Denmark) and swine-anti-rabbit peroxidase conjugated immunoglobulins (Dako,
Denmark) were used as second step antibodies (diluted 1:100 and 1:80 respectively).
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RESULTS AND DISCUSSION

Successive segments of distal, postcecal bowel were dissected from E4, ES and E6
embryos and grafted onto the chorioallantoic membrane of E7 embryos. After seven
days’ culture, HNK-1 visualized the layer of mesenchymal cells in the submucosa inside
the circular smooth muscle layer, but did not visualize any structure at the site of the
myenteric plexus (Fig. 1). This pattern of immunoreactivity will be referred to as HNK-
1 mode I, in contrast to another pattern, to be referred to as HNK-1 mode II, found in
grafts of prececal bowel dissected at ES or E6, and in whole bowel dissected at later
stages. Rather than a layer of mesenchymal cells, HNK-1 mode II visualized neurons
and glial cells in the myenteric and submucous plexus (Figs. 2 and 3). The cells
visualized in HNK-1 mode I did not express neurofilaments, or the neurofilament-
associated glycoprotein NAPA-73, which is recognized by the monoclonal antibody E/C8
(Fig. 4a). The HNK-1 immunoreactive cells are present in the bowel before neural crest
cell colonization. Therefore, these HNK-1 immunoreactive cells are probably
mesenchymal cells and not neural crest cells or enteric neurons presenting at an unusual
location. In contrast, the cells visualized in HNK-1 mode II did show neurofilament and
E/C8 immunoreactivity (Fig. 4b) indicating that these HNK-1 immunoreactive cells are
neural crest cells or enteric neurons.

To determine whether neural crest cells trigger the shift in pattern of HNK-1
immunoreactivity, we induced neural crest cell colonization of aneuronal E4 bowel by
means of coculture with vagal neural primordium of E2 embryos. HNK-1
immunoperoxidase staining revealed HNK-1 mode II in these cocultures (Fig. 5).
Immunostaining of cryosections of these cocultures showed neurofilament and NAPA-
73 immunoreactivity in enteric ganglia. These findings indicate that neural crest cell
colonization of aneuronal bowel mediates the shift in pattern of HNK-1
immunoreactivity. The results of immunoperoxidase staining of cultivated embryonic
hindgut dissected at E4 and ES are summarized in Table 1.

HNK-1 immunoperoxidase staining of cryosections of normal bowel revealed a
combination of mode I and mode II in post-umbilical bowel from E6 to E15. After E15,
HNK-1 mode I disappeared. We conclude that, during normal development,
mesenchymal cells in the hindgut transiently express an HNK-1 antigen. The duration
of expression of this HNK-1 antigen is extended when neural crest cell colonization is
prevented. In this case, the initial diffuse distribution of the HNK-1 antigen within the
mesenchyme is concentrated in a layer of HNK-1 immunoreactive mesenchymal cells.

We studied the tissue distribution of N-CAM in relation to the two modes of
HNK-1 immunoreactivity. Table 1 shows that HNK-1 immunoreactive cells in cultured
aneuronal bowel do not express N-CAM. In cultured aneuronal bowel, N-CAM
immunoreactivity was only found in the lamina propria, but not in the submucosa
adjacent to the smooth muscle layer (Fig. 6a). In cocultures of aneuronal E4 bowel and
the neural primordium, or single cultures of neuronal bowel we found N-CAM
immunoreactivity at the site of the enteric ganglia and on the HNK-1 immunoreactive
cells in the submucosa (Fig. 6b).
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Fig. 1 (a) A layer of HNK-1 immunoreactive mesenchymal cells inside circular smooth
muscle layer (HNK-1 mode 1) in a paraffin section of cultured postcecal E5 bowel. x25.
(b) Detail of (a) showing HNK-1 immunoreactivity both at cell membrane and in
extracellular matrix. x63.

Fig. 2 (a) HNK-1 immunoreactive neural crest cells or enteric neurons in enteric ganglia
(HNK-1 mode II) in paraffin section of cultured prececal E5 bowel (proximal to bowel
segment of Fig. 1). Note the absence of the layer of HNK-1 immunoreactive mesenchymal
cells. x25. (b) Detail of (a) showing HNK-1 immunoreactivity at the cell membranes of
enteric neurons. x63.
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TABLE 1

IMMUNOPEROXIDASE STAINING OF EMBRYONIC HINDGUT CULTURED
ALONE OR IN COMBINATION WITH NEURAL PRIMORDIUM ON THE
CHORIOALLANTOIC MEMBRANE

HNK-1 NF E/C8 N-CAM

mode
E4 1 - - 2
E4+NA I + + +
ES )1 + + +

I = ANK-1 mode I: a diffuse band of HNK-1 immunoperoxidase staining of mesenchymal
cells in the submucosa inside the circular smooth muscle layer. II = HNK-1 mode II: HNK-
1 immunoperoxidase staining of neural crest cells in enteric ganglia. ° N-CAM

immunoreactivity was only found in the lamina propria but not at the site of HNK-1 mode
L

MODE OF HNK-1 IMMUNOREACTIVITY FOUND IN EMBRYONIC BOWEL
AFTER 7 DAYS CAM-CULTURE

Day of Succesive bowel segments
dissection B
-
E4 HNK-T MODE T
1Y N
E5 [ ANK=T MODE IT | HNK-1 MODE T
7/
1Y N
) [ PNK—1 MODE I1 | HNK—1 MODE 11 | HNK-4 MODE T
/
U \C
E/ [ AL MODE T | FNK—1 MODE II | ANK-1 MODE TI | FNK-1 MODE il
R = Rectum
C = Cecum
U = Urbilicus

Fig. 3 Schematic presentation of two patterns of HNK-1 immunoreactivity in bowel segments
isolated at diverse stages and grown on E7 CAM. The entire postumbilical E4 bowel was
grafted, whereas E5, E6 and E7 bowel was divided into 2, 3 and 4 successive segments,
respectively. R = rectum; C = cecum; U = umbilicus.
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Fig. 4 (a) E/C8 immunoreactive enteric neurons in a cryosection of cocultured aneuronal
E4 bowel and vagal neural primordium. x25. (b) E/C8 immunoreactive cells are notably
absent in a cryosection of cultured aneuronal E4 bowel. x25.

Fig. 5 HNK-1 mode II immunoreactivity in paraffin section of cocultured aneuronal E4
bowel and E2 NA. x25.

Fig. 6 (a) N-CAM immunoperoxidase staining of cultured aneuronal E4 bowel. Compare
with Fig. 1a and 4b. (b) N-CAM immunoperoxidase staining of cocultured E4 bowel and
vagal neural primordium. x25.

Substrate adhesion molecules (e.g. fibronectin, tenascin) are present in the bowel

at the stage of neural crest cell migration, but their distribution does not coincide with
the areas where neural crest cell migration is supposed to occur (Tucker et al, 1986;
Duband and Thiery, 1987; Mackie et al, 1988). The widespread distribution of these
substrate adhesion molecules in the embryonic mesenchyme cannot account for the
guided migration of neural crest cells to the sites of the myenteric and submucous plexus
in the bowel. We suppose that the layer of HNK-1 immunoreactive mesenchymal cells
in the submucosa does provide the directional cues for migrating neural crest cells. This
premise is substantiated by the following findings:
1) HNK-1 immunoreactive mesenchymal cells are transiently present in the submucosa
during normal ontogeny; 2) HNK-1 immunoreactive mesenchymal cells are present in
the hindgut before the arrival of neural crest cells; 3) The arrival of neural crest celis
generates the disappearance of HNK-1 immunoreactive mesenchymal cells; 4) HNK-1
immunoreactive mesenchymal cells persist when neural crest cell colonization is
prevented.

The HNXK-1 epitope itself is involved as a ligand in cell-cell and cell-substrate
interactions (Keilhauer et al, 1985; Riopelle et al, 1986; Kiinemund et al, 1988). The
HNK-1 carbohydrate moiety is present on several cell adhesion molecules such as N-
CAM, Ng-CAM, and MAG (Kruse et al, 1984; Schachner et al, 1985; Edelman, 1985;
Kruse et al, 1985; Poltorak et al, 1987), substrate adhesion molecules such as integrin
(Pesheva et al, 1987) and extracellular matrix molecules such as cytotactin and cytotactin
binding proteoglycan (Hoffman and Edelman, 1987; Tan et al, 1987). Furthermore,
soluble diffusible HNK-1 bearing glycoproteins play a part in the cessation of neuronal
migration, and in the promotion of neurite outgrowth (McGarry et al, 1985). Injection
of HNK-1 into the migratory pathways disrupts cranial neural crest cell migration
(Bronner-Fraser, 1987). Interaction between two different HNK-1 bearing glycoproteins,
e.g. cytotactin and cytotactin binding proteoglycan (CBP), has been reported (Hoffman
and Edelman, 1987; Tan et al, 1987). We suppose that HNK-1 immunoreactive migrating
neural crest cells adhere to the HNK-1 immunoreactive mesenchymal cells, initiating
neural crest cell aggregation at the site of the submucous plexus. The HNK-1 antigen(s)
present on migrating neural crest cells remain to be identified, although the cell surface
receptor for fibronectin and laminin, integrin, is a likely candidate (Bronner-Fraser,
1986; Pesheva et al, 1987). The HNK-1 antigen that is transiently expressed by the
mesenchymal target cells is subject of present investigations.
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CHAPER 7.7

A CHICKEN MODEL FOR INTESTINAL AGANGLIONOSIS
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ABSTRACT. We investigated the ability of neural crest cells to colonize hindgut that
had remained aneuronal due to bowel transection in ovo at an early stage. The fact that
the bowel remained aneuronal proved that sacral neural crest cells do not give rise to
enteric neurons in the hindgut. In the hindgut we did find cell-free ganglionic structures
at the site of the myenteric plexus and mesenchyme in the submucosa. We cocultured
this particular type of aneuronal bowel together with the vagal neural primordium of
either quail or chicken embryos on the chorioallantoic membrane. After one week
coculture, we found that neural crest cell colonization of the hindgut had taken place.
Quail neural crest cells had given rise to submucous plexuses and a limited number of
small myenteric plexuses. Chicken neural crest cells had only colonized the submucous
region. These findings indicate that the cell-free, ganglionic structures hamper neural
crest cell colonization in the myenteric region. Our findings also point at differences
between quail and chicken neural crest cells with regard to their colonizing properties.

INTRODUCTION

In Hirschsprung’s disease, or intestinal aganglionosis, there are no enteric neurons in the
hindgut. This knowledge was the basis for the development of animal models to study
the etiology, pathogenesis, and pathophysiology of this congenital anomaly of the enteric
nervous system (ENS). Spontaneous aganglionosis was observed in mice (1,2), rats (3)
and several methods were developed to induce aganglionosis in various animals (4,5).

Previous reports emphasized the suitability of the chicken embryo as a laboratory
animal for the study of congenital anomalies of the digestive tract (6-8). Chicken
embryos are easily accessible, while ENS development in the chicken is well documented
(9). Unfortunately, there are no chicken strains with spontaneous aganglionosis.
Investigating the origin of enteric ganglia, Yntema and Hammond induced aganglionosis
in chicken hindgut by ablating the vagal neural crest. They found that the length of the
aganglionic bowel segment was related to the size of the lesion to the neural crest (10).
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The origin of enteric neurons has also been investigated in quail-chick chimera
experiments. When quail neural primordium was grafted to either the vagal or the sacral
region of the chicken embryo, quail enteric neurons were found in the bowel, although
the number of enteric neurons deriving from the sacral neural crest was considerably
smaller than that of neurons deriving from the vagal neural crest. These results indicated
that enteric neurons might derive from both vagal and sacral neural crest (11). A dual
origin of enteric neurons was negated by the findings of Allan and Newgreen (12). They
isolated bowel segments from embryos at various stages of development and cultured
these segments on the chorioallantoic membrane. Enteric neurons appeared in a
craniocaudal sequence indicating a vagal source. In a previous experiment, we transected
the bowel in ovo at an early stage of development, before the passage of neural crest
cells had occurred, thus preventing craniocaudal migration of vagal neural crest cells.
The fact that the hindgut remained aganglionic showed that sacral neural crest cells did
not give rise to enteric neurons (submitted for publication). Immunocytochemical
investigation of the aganglionic hindgut, using the monoclonal antibody HNK-1, which
recognizes a sulphated carbohydrate moiety that is present on several cell adhesion
molecules (13), revealed cell-free, ganglionic structures at the site of the myenteric
plexus and a band of HNK-1 positive mesenchymal cells immediately inside the circular
smooth muscle layer.

The present study was undertaken to determine whether neural crest cells would
colonize aneuronal bowel that contained the HNK-1 positive cell-free, ganglionic
structures and the submucous layer of HNK-1 positive mesenchymal cells. We therefore
cocultured the neural primordium and aneuronal bowel segments that were obtained
after bowel transection and checked for neural crest cell colonization.

MATERIALS AND METHODS

Embryos from the white leghorn (Gallus Domesticus) and the Japanese quail (Coturnix
coturnix Japonica) were used as laboratory animals. Embryonic development was staged
according to the number of paired somites in young embryos, or the number of
incubational days (E..) for older embryos. The eggs were incubated at 38°C in a forced
draft incubator at a relative humidity of 80%.

The postumbilical bowel was transected at E4, involving 15 embryos (Fig. 1).
Approximately four square cm of both shell and shell membrane was removed and the
embryo repositioned using Watchmaker’s forceps to enable the introduction of
microscissors into the umbilical stalk. The bowel was then transected close to the
omphalomesenteric duct. After transection, the eggs were sealed with Scotch tape and
put back in the incubator. To investigate the effect of manipulation of the umbilical
stalk on ENS formation, a sham operation was performed in 26 control embryos. The
embryos were sacrificed at E12 and the hindguts were removed. Postcecal segments
were grafted onto the chorioallantoic membrane of other chick embryos (E7) together
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with the neural anlage of either quail or chicken E2 embryos as described previously
(14). The remainder of the dissected hindgut was investigated using the HNK-1 antibody
to ascertain the presence of cell-free, ganglionic structures at the myenteric site and
mesenchymal cells in the submucosa.

To prepare paraffin sections, grafts were fixed in 4% formaldehyde in phosphate-
buffered saline, dehydrated, embedded in paraffin and cut at 5-7 pm. Quail neural crest
cells in chick host gut were identified using Feulgen’s DNA staining technique (15).

We used HNK-1 immunocytochemistry to visualize avian neural crest cells (16).
The HNK-1 hybridoma cell line was purchased from the American Tissue Culture
Collection (17). HNK-1 immunoperoxidase staining was performed using undiluted
supernatant. Rabbit-antimouse peroxidase-conjugated immunoglobulins (Dako,
Denmark) were used in a dilution of 1:100. In order to reduce background staining, 2%
chick serum was added to the conjugate. Peroxidase was visualized by 0.1%
3,3’diaminobenzidine.4HCI (Serva) and 0.02% hydrogenperoxide. All rinsing and diluting
was done in phosphate-buffered saline (pH 7.4) with 0.1% Tween 20.

@
E2
— |
7 days
Transection Isolation CAM co-~culture

Fig. 1. Diagram showing the transection and coculture procedures.
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RESULTS

Gross examination of the sham-operated embryos at E12 revealed no abnormalities of
the bowel. HNK-1 immunocytochemistry revealed a normal ENS. In embryos that
underwent bowel transection at E4, gross examination at E11 showed complete
separation of the bowel immediately distal to the ceca. Histological investigation of both
proximal and distal segments revealed a normal differentiation of the layers of the
bowel wall. HNK-1 staining consistently revealed the cell-free, ganglionic structures at
the site where the myenteric plexus would normally be and the layer of HNK-1
immunoreactive cells at the site of the submucous plexus (Fig. 2). The segment proximal
to the transection showed normal innervation. There were no signs of an increase in the
number of enteric neurons.

To determine whether aneuronal bowel that was obtained after bowel transection
could be colonized by neural crest cells, the distal bowel was removed from the embryos
at E11 and cocultured with the neural primordium on the chorioallantoic membrane.
Table 1 summarizes the results of the coculture experiments. During the coculture of
chicken neural primordium and chicken hindgut, three out of seven bowels were
colonized by neural crest cells. Of these three two contained a normal submucous plexus
and a rudimentary myenteric plexus. In one, also cell-free, ganglionic structures were
observed. The remaining four did not contain neural crest cells at the site of the
myenteric and submucous plexuses, nor cell-free, ganglionic structures and the layer of
HNK-1 immunoreactive cells. In two of the cocultures the neural primordium was not
present in the sections, which could explain the absence of neural crest cells in the
enteric ganglia.

TABLE 1

NEURAL CREST CELL COLONIZATION OF EMBRYONIC BOWEL OF 11
DEVELOPMENTAL DAYS

NEURAL TYPE OF (ANEURONAL) BOWEL COLONIZATION
PRIMORDIUM

M S
Quail Transection at E4 4/8 8/8
Quail Explantation at E4 + CAM 7/8 7/8
Quail Explantation at E11 0/5 0/5
Chick Transection at E4 0/7 3/7
Chick Explantation at E4 + CAM 10/10 10/10

" Few quail neural crest cells in myenteric plexus; CAM = Cultured on the chorioallantoic
membrane for 7 days. M = Myenteric plexus; S = Submucous plexus.
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Fig. 2. HNK-1 immunostained paraffin section of the bowel of an E11 embryo operated
in ovo at E4. Note the HNK-1 positive cell-free, ganglionic structures at the site of the
myenteric plexus.

Fig. 3. HNK-1 immunoreactivity in a section of cocultured chicken bowel and quail neural
primordium. 25x.

Fig. 4. Paraffin section stained according to Feulgen’s technique visualizing DNA. Note the
presence of quail cells (arrow) at the site of the submucous plexus. 25x.

Fig. 5. Detail of figure 4, showing quail cells (arrow) in a submucous plexus.
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To facilitate the visualization of enteric neurons in the myenteric plexus, which
is difficult in chicken-chicken cocultures, we cocultured aneuronal chicken bowel with
the neural primordium of quail embryos. After one week coculture, quail neural crest
cells were always present in submucous ganglia (6/6) and in only half of the cases in the
myenteric ganglia (3/6) (Figs 3-5). The submucous ganglia were considerably larger than
the rudimentary myenteric ganglia. We did not observe quail neural crest cells in enteric
ganglia after coculture of quail neural primordium and neuronal bowel of E11 control
embryos (6/6). We never found the layer of HNK-1 positive cells or cell-free ganglionic
structures in such sections.

DISCUSSION

Transection of embryonic bowel at an early developmental stage resulted in aganglionic
segments in the distal bowel. Thus embryonic bowel transection provides an
experimental model for aganglionosis in the chicken embryo. In this experimental model
the operated embryos survive longer (at least until E17) than in the other experimental
model for intestinal aganglionosis, vagal neural crest ablation, which causes additional
anomalies that lead to early death of the embryo. These experimental models for
aganglionosis enable detailed investigations of ENS development that are relevant to
pathogenesis and etiology of congenital ENS anomalies. This knowledge is essential for
the prevention and the improvement of the diagnosis and treatments of such anomalies.

In the present coculture experiments neural crest cell colonization was hampered
in the myenteric region of the bowel, but did occur in the region of the submucous
plexus. One could argue that the impediment of neural crest cell colonization in the
myenteric region is due to the stage of differentiation of the smooth muscle layers. We
reported earlier, however, that chicken neural crest cells colonize aneuronal bowel at
advanced stages of differentiation (14). In that study we cocultured the neural
primordijum of chicken embryos with aneuronal bowel of 11 developmental days, which
was obtained by subculturing aneuronal E4 bowel. In the present study we cocultured
the neural primordium with another type of aneuronal bowel of 11 developmental days,
viz. that obtained from an E11 embryo that had undergone bowel transection at E4. This
type of aneuronal bowel contains cell-free, ganglionic structures at the site of the
myenteric plexus. Such structures develop between the smooth muscle layers after bowel
transection at an early developmental stage, and we conclude that they inhibit the
colonization by chicken neural crest cells, whereas they hamper the colonization by quail
neural crest cells. Preliminary data in our laboratory indicate that the cell-free,
ganglionic structures consist of hypertrophic axon bundles. If these findings are
substantiated, the bowel transection experiment might serve as a model for classical
Hirschsprung’s disease. Presently, we are characterizing the celi-free, ganglionic
structures and investigating their significance to neural crest cell colonization. With
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regard to the pathogenesis of Hirschsprung’s disease, it is important to determine when
hypertrophic axon bundles appear in the aganglionic bowel segment.

The observed difference in colonizing properties of chicken and quail neural crest
cells complicates the extrapolation of quail-chick chimera experiments to normal "in
vivo" development. The difference between migration properties of quail neural crest
cells and their chicken counterparts is taken into account in "in vitro” culture systems,
in which quail neural crest are exclusively used. The differences between chicken and
quail neural crest cells might also explain the presence of sacral neural crest cells in
postumbilical bowel in quail-chicken chimeras (11). These chimeras provide the most
important experimental data in support of a dual vagal/sacral neural crest origin of
enteric neurons in the postumbilical bowel. By contrast, our transection experiments, the
neural crest ablation experiments of Yntema and Hammond (10), and the chorio-
allantoic membrane cultures of Allan and Newgreen (12), prove that enteric neurons in
the postumbilacl bowel derive from a single vagal neural crest source.

This study was supported by grant 85-52 from the Sophia Foundation for Medical
Research.
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CHAPTER 7.8

CELL DIVISION IN MIGRATORY AND AGGREGATED NEURAL CREST CELLS IN
THE DEVELOPING GUT: AN EXPERIMENTAL APPROACH TO
INNERVATION-RELATED MOTILITY DISORDERS OF THE GUT

JH.C. Meijers', D.Tibboel', AW.M. van der Kamp?, C.C.M. Van Haperen-Heuts’, and
J.C. Molenaar'.

'Department of Pediatric Surgery and ‘Department of Cell Biology and Genetics,
Erasmus University Medical School, Rotterdam, The Netherlands.
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Summary. Extensive studies in the chicken embryo have recently supplied more insights
into the development of the enteric nervous system, which mainly derives from the vagal
neural crest (e.g. the neural crest opposite somite 1-7). Crest cells migrate from this
region to and via the developing gut. By means of a double labelling technique of both
neural crest cells and cells in the S-phase of the cell cycle, we found that these
migrating crest cells still proliferate in the gut. Some cells even go through cell division
after the formation of a merve plexus. Some implications for the pathogenesis of
congenital innervation abnormalities such as hyperganglionosis and aganglionosis in
Hirschsprung’s disease are discussed.

abbreviations: E = Embryonal day; HNK-1 = Human Natural Killer cells; ENS =
enteric nervous system.

INTRODUCTION

Knowledge about the normal development of the enteric nervous system might supply
some clues to the etiology of neuronal abnormalities of the bowel wall, such as
Hirschsprung’s disease. The absence of ganglion cells in the distal part of the gut in
Hirschsprung’s disease has been attributed to a disturbance in neural crest cell division'
or in neural crest cell migration’, and to local factors in the distal part of the gut
inhibiting the normal aggregation of crest cells or killing aggregated cells®. The fact that
chicken embryos are easily obtained while extensive knowledge is available aboutthe
neurogenesis, renders this the most suitable animal model for experimental studies of
the development of the enteric nervous system®.

In birds, enteric neurons derive from the vagal neural crest*, although a minor
contribution to the enteric nervous system by the sacral neural crest cannot be excluded
using current experimental methods®. The existence of migratory pathways at the axial
level was emphasized in earlier studies ". Neural crest cells can be stained selectively
by a set of antibodies directed against epitopes of cytoskeleton or cell membrane
proteins (e.g. neurofilament and HNK-1 epitopes)™. It is known that neural crest cells
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divide at the level of the crest and express differentiation characteristics at the same
time (e.g. acetylcholinesterase activity and neurofilament proteins)*". It is not known
whether the dividing capacity of neural crest cells is restricted to the neural crest area.
The results of one study showed proliferative activity in peripheral ganglia (e.g.dorsal
root ganglia) at 4.5 days of incubation®” There are some speculations about a dividing
front of migratory crest cells in the gut® but no valid data support this theory. Therefore
we studied the dividing properties of neural crest cells at the level of the developing gut.

From earlier studies we have learned that the formation of the enteric nervous
system takes place from the fourth to eighth day of development™?”. We applied *H
thymidine onto the chorio-allantoic membrane of the chicken embryo. *H thymidine is
a nucleotide that is incorporated in cellular DNA during DNA replication which takes
place in the S-phase of the cell cycle. By this method all cells passing through S-phase
will incorporate the isotope and can be visualized by radioautography. We used HNK-1
antibodies as marker for neural crest cells during migration and at their final location.

MATERIJALS AND METHODS

All eggs (fertilized White Leghorn - Gallus Domesticus) were incubated at 38°C in a
forced draught incubator with a relative humidity of 75%. The experiments were carried
out in two embryos per developmental stage from four to eight days of incubation. We
applied 100 gL saline containing 100 xCi *H thymidine (specific activity 52 Ci/mmol)
(Amersham) to the chorio-allantoic membrane. After one hour of incubation, the
embryos were isolated and fixed for 24 hours in 4% formaldehyde in phosphate-buffered
saline (pH 7.4). Subsequently, the specimens were dehydrated and embedded in paraffin.
We used 5 um sections for both immunohistology and radioautography. Sections were
dewaxed, hydrated and incubated for one hour with the HNK-1 antibody (Becton &
Dickinson). After rinsing in PBS, the second step antibody, peroxidase-conjugated rabbit
anti-mouse immunoglobulins (Dako, Denmark), was applied in a dilution of 1:100, while
2% chick serum was added to the conjugate to reduce background staining. Peroxidase
was visualized by 0.1% 3,3’diamino benzidine and 0.02 % hydrogen peroxide. Sections
were counterstained with hematoxylin for one minute. After drying in air, the sections
were dipped in Ilford K2 dipping fluid and exposed for one week. The sections were
developed in KODAK D 19. We analyzed the neural crest cell marker and the silver
grains appearing in one single section.

RESULTS
Histologic investigation of paraffin sections from E4-E8 embryos, stained with HNK-1

antibodies, revealed the epitope in the central nervous system, dorsal root ganglia, spinal
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nerves, sympathetic chain as well as the enteric nervous system. Table 1 summarizes the
staining results. The *H thymidine label was found over many cells of the developing
embryo. Some HNK-1 positive cells also showed the *H thymidine label. This was
confined to the early stages of the central nervous system, dorsal root ganglia and the
sympathetic chain . The uptake of H thymidine diminished in a central-peripheral
direction.

TABLE 1

HNK-1 STAINING OF NEURAL TISSUES AT VARIOUS DEVELOPMENTAL STAGES
(+) AND °H THYMIDINE UPTAKE ()

Central nervous system +! +! +! + +
Dorsal root ganglia +! +! +! + +
Spinal nerves +! +! +! + +
Sympathetic chain +! +! +! + +
Enteric nervous system
Proximal gut - +! +! + +
Esophagus +! +! + + +
Stomach - +! +! +! +
Tleum - - - +! +!
Colon - - - +! +!
Remak ganglion - - +! +! +!

The HNK-1 staining of the enteric nervous system progressed in a proximo-distal
manner. Starting diffusely in aneuronal areas, the HNK-1 epitope visualized migrating
neural crest cells and eventually concentrated in the myenteric and submucous plexus.
We observed the uptake of *H thymidine in both the migrating neural crest cells and
the aggregated crest cells in the enteric ganglia (see fig. 1) . Frequently more than one
single cell per ganglion had taken up the radioactive label. The uptake of °H thymidine
within the ganglia ceased in a proximo-distal manner. The sympathetic ganglion of
Remak showed the same proximo-distal wave of DNA-replication.

Some expression of the HNK-1 epitope was also found in the liver, the wing bud,
mesonephros and the heart.
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Fig. 1. Detail of myenteric plexus showing cells with HNK-1 antibody stain and *H thymidine
label.

DISCUSSION

The dividing capacity of migrating neural crest cells was investigated in paraffin sections
of whole embryos. Most of the neural crest derivatives (dorsal root ganglia, autonomic
ganglia, enteric ganglia and melanocytes) stained with the HNK-1 antibody. The epitope
appeared earlier in sites close to the neural tube (dorsal root ganglia) than at the more
distal locations (enteric ganglia). This supports the theory of neural crest cell migration.
The neural crest derivatives close to the central nervous system were the first cells to
cease division. Some HNK-1 expression was also noted in the developing heart and liver.
This can be explained by the fact that the neural crest plays a part in the septation of
the heart®.

Miki and associates™ observed that neural crest cells, stained histochemically for
the presence of acetylcholinesterase, could also be labeled with *H thymidine, indicating
that at the neural crest level a certain proportion of crest cells is capable of
proliferation. The same was observed by Payette and associates, by means of double
staining of neurofilament proteins and metaphases". These experiments indicate cell
division at the axial level. We also observed the uptake of radioactive thymidine in
migrating and aggregated crest cells, indicating that the proliferative capacity is not
restricted to the axial levels only.

We surmise that the formation of enteric ganglia proceeds in the following way.
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At the neural crest level opposite somite 1-7 some crest cells differentiate towards a
neuronal precursor population. This population is still capable of division. In the course
of development, the crest cells move in a lateral direction towards the developing gut,
between the ectoderm and the somite. From there they move in a distal direction to
reach the cloacal end of the gut. Some of the cells aggregate and divide to form the
myenteric and submucous plexus. Others merely divide and continue migration until they
have arrived at the distal end of the digestive tract.

Our observation of proliferating crest cells in the enteric ganglia as well as in the
migratory crest cell population, provides new insights in the congenital,
innervation-related motility disorders of the gut. We surmise that in hyperganglionosis
the target organ does not provide the appropriate signals for the arrest of neural crest
cell division. In case of Hirschsprung’s disease and hypoganglionosis, factors may be
present that hamper cell division in the distal part of the bowel. It still needs to be
excluded that an insufficient number of cells leave the neural crest, which results in very
few migratory cells reaching the distal locations.

We thank Alice Ribbink-Goslinga, translating editor, for her assistance in
preparing the manuscript and Tar van Os for the photography. Supported by a grant of
the Sophia Foundation for Medical Research, No. 85-52.
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SUMMARY

Chapter 1 A significant number of newborns suffer from congenital malformations
related to the neural crest. The neural crest is a transient structure in vertebrate
embryogenesis, that develops from the fusing ridges of the neural folds. Neural crest
cells migrate throughout the entire embryo and give rise to craniofacial structures, the
aorticopulmonary septum, the thymus, the enteric nervous system, the neurons and
supportive cells of the peripheral nervous system, and melanocytes. Neural crest cells are
particularly vulnerable during development and lesions to the neural crest have been
related to a considerable number of congenital malformations, the neurocristopathies.
The aim of this thesis is to clarify the pathogenetic mechanisms of one subgroup of
neurocristopathies: congenital malformations of the enteric nervous system. To this end,
the formation of the enteric nervous system was studied experimentally in chicken and
murine embryos, and the literature concerning the pathology of congenital malformations
was reviewed.

Chapter 2 Following an historical survey, the congenital malformations of the human
enteric nervous system are classified according to developmental biological and genetic
criteria. Two general types of congenital disorders are distinguished: developmental and
degenerative disorders. The developmental disorders are subdivided into: 1) migration
disturbances of neural crest cells; 2) proliferation disturbances of neural crest cells; 3)
disorders of the enteric mesenchyme; and 4) differentiation disturbances of enteric
neurons. The neuropathology of various congenital malformations and the occurrence
of associated anomalies is described and related to developmental biological phenomena.
Finally, the occurrence of congenital malformations of the enteric nervous system in
other species is reviewed briefly.

Chapter 3 Knowledge of embryology facilitates the understanding of the pathogenesis
of congenital malformations. During embryonic development cell-cell and cell-substrate
interactions play an important part in organ development and pattern formation. These
processes are mediated by morphoregulatory molecules. A particular carbohydrate
moiety, a sulphated glucuronic acid, is recognized by monoclonal antibody HNK-1. The
HNK-1 carbohydrate moiety is present on several morphoregulatory molecules and the
epitope itself is involved in cell-cell and cell-substrate interactions. Three types of
morphoregulatory molecules of the HNK-1 family involved in neural crest development
are reviewed: a) cell adhesion molecules, which are involved in the adhesion of one cell
to one another; b) extracellular matrix molecules, which are required for the migration
of neural crest cells; c¢) substrate adhesion molecules, which are involved in the
attachment of cells to extracellular matrix molecules.

Chapter 4 contains a review of the literature concerning the origin of enteric neurons,
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the role of morphoregulatory molecules during neural crest development, the
characteristics of vagal neural crest cells, their migration through the embryonic bowel
and the homing at the site of the enteric ganglia. The vagal neural crest provides the
precursor cells for the neurons in the entire bowel; there is no consensus of opinion
about the contribution of the sacral neural crest. The vagal neural crest also contributes
to craniofacial structures, the aorticopulmonary septum, the parathyroids, the thymus,
and possibly the forelimb. The formation of the avian and murine enteric nervous system
is compared with that of other species. Special attention is given to the development of
the enteric nervous system in insects, viz. the moth, since there are no neural crest cells
in invertebrates.

Chapter 5 contains a description of the experiments performed to unravel the formation
of the enteric nervous system in chicken and murine embryos. For a summary of the
experimental work the reader is referred to the abstracts of the appendix papers. In the
experiments, embryonic bowel was cultured on the chorioallantoic membrane or in the
renal subcapsular space. The characteristics of the two culture systems are described
briefly.

Chapter 6 relates the experimental findings to clinicopathological data from patients.
With regard to enteric neural crest cell migration it is speculated that these cells have
specific receptors for the cell motility site of fibronectin. A possible role for the HNK-
1 carbohydrate moiety in cell recognition is proposed. The knowledge about the
formation of the enteric nervous system provided a framework for hypotheses about the
pathogenesis of congenital malformations. Pathogenetic mechanisms are suggested for
some congenital malformations of the enteric nervous system. In a final remark two
fields of interest are indicated that require further research: on the one hand detailed
neuropathological and clinical genetical studies, on the other hand developmental
genetics studies concerning genes that are involved in segmental migration of neural
crest cells.
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SAMENVATTING

Hoofdstuk 1 Een aanzienlijk aantal pasgeborenen vertoont aangeboren afwijkingen, die
in verband staan met de neurale lijst. De neurale lijst is een struktuur die tijdelijk
aanwezig is tijdens de embryogenese van gewervelden, en ontstaat uit de fuserende
neurale plooien. Neurale lijst cellen migreren door het gehele embryo en dragen bij aan
de vorming van craniofaciale strukturen, het aorticopulmonale septum, de thymus, de
darminnervatie, de neuronen en steuncellen van het perifere zenuwstelsel, en
melanocyten. Neurale lijst cellen zijn bijzonder kwetsbaar gedurende de embryonale
ontwikkeling; stoornissen in de neurale lijst ontwikkeling zijn in verband gebracht met
aangeboren afwijkingen: de neurocristopathieén. Het doel van dit proefschrift is het
verhelderen van pathogenetische mechanismen van een bepaalde groep
neurocristopathieén: aangeboren misvormingen van de darminnervatie. Hiertoe werd de
vorming van de darminnervatie experimenteel onderzocht bij kippe- en muize-embryo’s;
tevens werd een literatuurstudie verricht naar de pathologie van aangeboren
misvormingen in de darminnervatie.

Hoofdstuk 2 Na een historisch overzicht worden de aangeboren misvormingen van de
darminnervatie geclassificeerd op grond van ontwikkelingsbiologische en genetische
criteria. Twee algemene typen van aangeboren stoornissen worden onderscheiden:
ontwikkelingsstoornissen en degeneratieve stoornissen. De ontwikkelingsstoornissen
worden onderverdeeld in: 1) migratiestoornissen van mneurale lijst cellen; 2)
proliferatiestoornissen van neurale lijst cellen; 3) afwijkingen in het mesenchym van de
darm; 4) differentiatiestoornissen van ganglioncellen. De neuropathologie van de
verschillende innervatiestoornissen wordt beschreven, alsmede het voorkomen van
geassocieerde aangeboren afwijkingen. Deze laatste worden gerelateerd aan
ontwikkelingsbiologische fenomenen. Tenslotte wordt het spontaan voorkomen van
aangeboren afwijkingen in de darminnervatie bij andere soorten beschreven.

Hoofdstuk 3 Kennis van de embryologie is noodzakelijk voor een beter begrip van de
pathogenese van aangeboren afwijkingen. Tijdens de embryonale ontwikkeling spelen
cel-cel en cel-substraat interacties een belangrijke 1ol bij de organogenese en
patroonvorming in die organen. Op moleculair niveau spelen vormregulerende
moleculen (morphoregulatory molecules’) een sleutelrol bij deze processen. Een
bijzondere koolhydraatgroep, een gesulfateerd glucuronzuur, wordt herkend door het
monoclonale antilichaam HNK-1. Het HNK-1 koolhydraat is aanwezig op verscheidene
vormregulerende moleculen en speelt zelf een rol in cel-cel en cel-substraat interacties.
Drie typen vormregulerende moleculen van de HNK-1 familie, die betrokken zijn bij de
ontwikkeling van de neurale lijst, worden besproken: a) cel-adhesic moleculen, die
betrokken zijn bij de adhesie van de ene cel aan de andere; b) extracellulaire-matrix
moleculen, die noodzakelijk zijn voor de migratie van neurale lijst cellen; c) substraat-
adhesie moleculen, die betrokken zijn bij de hechting van cellen aan extracellulaire-
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matrix moleculen.

Hoofdstuk 4 bevat een literatuuroverzicht over de oorsprong van darmwandneuronen,
de 1ol van vormregulerende moleculen bij de neurale lijst ontwikkeling, de
eigenschappen van vagale neurale lijst cellen, hun migratie door de embryonale darm,
en de nesteling op de plaats van de intramurale ganglia. De vagale neurale lijst levert
de precursor cellen voor neuronen in de gehele darm; er is verschil van mening over de
bijdrage van de sacrale neurale lijst aan de ganglia in de einddarm. De vagale neurale
lijst draagt eveneens bij tot de vorming van craniofaciale strukturen, het
aorticopulmonale septum, de bijschildklieren, de thymus, en mogelijk tot de vorming van -
de voorste ledemaat. De ontwikkeling van de darminnervatie bij kippen en muizen wordt
vergeleken met die bij andere soorten. Speciale aandacht wordt besteed aan de vorming
van de darminnervatie bij insecten, met name de mot, daar neurale lijst cellen niet
voorkomen bij ongewervelden.

Hoofdstuk 5 bevat een beschrijving van het experimentele werk dat werd verricht om de
vorming van de darminnervatie te bestuderen bij kippen en muizen. Tijdens de
experimenten werden embryonale darmen gekweekt op het chorioallantois membraan
van kippe-embryos of in de ruimte onder het nierkapsel van muizen. De eigenschappen
van beide kweekomstandigheden worden kort besproken.

Hoofdstuk 6 brengt de gegevens verkregen uit de experimenten in verband met
clinicopathologische gegevens van patienten. Met betrekking tot de migratie van neurale
lijst cellen door de darm wordt gespeculeerd dat enterale neurale lijst cellen over
specifieke receptoren beschikken voor het cel motiliteits domein van fibronectine. Een
mechanisme aangaande de rol van het HNK-1 koolhydraat bij cel-cel herkenning tijdens
de embryonale ontwikkeling wordt besproken. De kennis van de vorming van de
datminnervatie bood het raamwerk voor het opstellen van hypothesen omtrent de
pathogenese van aangeboren misvormingen van de darminnervatie. Verschillende
pathogenetische mechanismen die kunnen leiden tot aangeboren afwijkingen in de
darminnervatie worden aangegeven. In een laatste opmerking worden aandachtsvelden
aangegeven die nader onderzoek vereisen: enerzijds neuropathologische en klinische
studies van aangeboren afwijkingen in de darminnervatie, en anderzijds ontwikkelings
genetische studies met betrekking tot de segmentale migratie van neurale lijst cellen.
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