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ABSTRACT                  The enteric nervous system is large, complex and independent of the central
nervous system. Its neural-crest-derived precursors migrate along defined pathways to colonize
the bowel. It has been established that signalling molecules produced by the developing
neurons and the mesenchyma of the gut wall play a critical role in the development of the
mammalian enteric nervous system. Recent studies have further characterized the roles of the
different cellular and molecular elements that are critical for enteric ganglia formation. The
application of modern neuroanatomical techniques revealed that the enteric nervous system
contains a considerable number of neuronal subpopulations. Most of our knowledge concern-
ing the functional features of the enteric neurons, e.g. chemical coding, neuronal connectivity
and electrophysiological behaviour, was derived from studies of the guinea-pig small intestine.
In light of the interspecies differences, comparison of the findings on different species is man-
datory. Consequently, the investigation of human fetal material is necessary in order to estab-
lish the basic rules of the development of the human enteric nervous system and to find the
time relation between the morphological and functional maturation, thereby permitting an
understanding of the causes of congenital malformation leading to misfunction of the gas-
trointestinal system. Acta Biol Szeged 44(1-4):3-19 (2000)
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Since the first description of the myenteric plexus (Auerbach
1864) and Meissner’s plexus (Meissner 1857), many reports
have been published on the morphological and functional
organization of the enteric nervous system (ENS). The ENS
is composed of a collection of autonomic ganglia and
associated neural connectives in the wall of the intestines
(Taxi 1965; Furness and Costa 1987; Gershon et al. 1994).
Even though the ENS is a component of the peripheral
nervous system (PNS), it is unlike any other. In contrast with
extra-enteric peripheral ganglia, myenteric ganglia lack
collagen and receive their support not from Schwann cells,
but from astrocyte-like enteric glia. In fact, the ultrastructure
of the ENS resembles that of the central nervous system
(CNS) more than that of the rest of the PNS (Boros and
Fekete 1993; Fekete et al. 1996). The most striking pecu-
liarity of the ENS which distinguishes it from the other two
autonomic divisions (the sympathetic and the parasym-
pathetic) is that the majority of enteric neurons are not
directly innervated by the brain or spinal cord. This unique
independence of the ENS enables the intestine to manifest
reflex activity in the absence of CNS input (Costa and
Furness 1976; Furness et al. 1992). The ENS can also
influence other organs. Neurons within the gut project out of

the bowel to innervate pre-vertebral sympathetic ganglia, as
well as ganglia in the gall bladder and pancreas. The ENS is
thus an independent nervous system that structurally resem-
bles the brain. The phenotypic diversity of its components,
neurons and non-neuronal (NN) cells transcends that found
in other ganglia and includes every class of neurotransmitters
found in the CNS. A correlation between the structural and
functional features of the enteric neurons was first suggested
by Dogiel (Dogiel 1896). In the late 1970s, the development
of new techniques, and particularly immunohistochemistry,
led to a dramatic increase in our knowledge of the diversity
of the enteric neurons (Furness et al. 1991). The diversity of
chemically defined and functionally differing subtypes of
enteric neurons was established in the guinea-pig, rat and pig
(Furness and Costa 1987; Costa et al. 1991; Sundler et al.
1993; Timmermans et al. 1997). It is difficult to transfer
concepts from these species to the human gut. Recently,
human enteric neurons were morphologically described and
classified through the use of different methods (Timmermans
et al. 1994; Wattchow et al. 1995, 1997; Porter et al. 1996;
Fekete et al. 1997). These results reinforced the view that
results on small laboratory animals cannot simply be extrap-
olated to humans (Hoyle and Burnstock 1989; Scheuermann
et al. 1989). The same conclusions were drawn after develop-
mental studies (Gershon et al. 1981; Brookes et al. 1991). At
the same time, clinical studies revealed that congenital
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malformations of the ENS seriously affect the gut motility,
gastric acid secretion, and water and electrolyte transport
(Okamoto and Ueda 1967). Consequently, the clinical
aspects of studies that concentrate on the development of the
human ENS are evident.

This review will focus on the morphological and neuro-
chemical changes in the cellular elements of the myenteric
plexus (MP) and the muscle coat in the human fetal small
intestine from the 10th to the 26th week of gestation. Special
attention will be paid to the histochemical and ultrastructural
features of the developing human ENS, the ultrastructural
changes in the nerve-muscle contacts and also the interstitial
cells - neuronal contacts during this developmental period.
The review will also focus on the development of the nitr-
ergic neurons. These neurons are involved in inhibitory non-
adrenergic, non-cholinergic (NANC) neurotransmission in
the ENS of various mammalian species (Stark and Szuszew-
ski 1993).

Ultrastructural features of the myenteric plexus
of the human fetal small intestine

In the electron microscope the ganglia of the MP of the
human fetal small intestine appear as very compact struc-
tures, completely surrounded by a basal lamina and isolated
from the connective tissue and blood vessels (Fig. 1). All
spaces are occupied by nervous and glial elements, consti-
tuting a dense neuropil, with a gap of 20 nm between adjacent
membranes. The compactness of the structure, the isolation
from blood vessels and connective tissue, the virtual absence
of extracellular space, and the occurrence of a dense neuropil
are reminiscent of the CNS rather than of other autonomic
ganglia. The nerve cells display a high variability in shape,
structure and size, they have a large, round or oval nucleus.
The nucleoplasm is finely granular with a  few condensations
of chromatin attached to the nuclear envelope. The morpho-
logical characteristics of the nucleus afford a consistent
criterion whereby nerve cells can be distinguished from glial
cells. Glial cells are numerous in the ganglia and the connect-
ing strands of the MP (Gabella 1972; Cook et al. 1992).

Glial cells, ultrastructurally similar to central astrocytes
and called enteric glial cells, are found in the myenteric
ganglia (Gabella 1981). Throughout their course in the gut
wall, the nerve bundles are accompanied by Schwann cells,
which partially ensheathe single fibres or fibre bundles. In the
ganglia, the nuclei of the glial cells appear to outnumber the
nuclei of the neurons by 2 or 3 to 1. The cell bodies of the
glial cells are generally smaller than those of the neurons.
The nucleus is oval with large patches of dense material
attached to the nuclear envelope. The neurons, the glial cells
and their processes are closely packed together within the
ganglia. Outside the ganglia and the large interconnecting
strands lie interstitial cells which are flattened and have long
laminar processes.

Types of neurons in myenteric ganglia

In terms of size, the enteric neurons are distributed over an
extremely wide range (Gabella 1971). The histograms of
neuron sizes vary in the different parts of the alimentary tract.
Elaborate classifications of the enteric neurons have been
produced on the basis of silver impregnation and methylene
blue studies. The best-known of them is that of Dogiel
(1896), who described three types of methylene-blue-stained
neurons according to the number, extent and branching
characteristics of the neuronal processes. More recently,
tracers such as horseradish peroxidase, Procion Yellow and
Lucifer Yellow have been injected into the myenteric neu-
rons, and it has become possible to study the morphology of
enteric ganglion cells in a highly selective way (Hodgkiss and
Lees 1983). The development of immunohistochemistry led
to a substantial increase in our knowledge of the diversity of
enteric neurons (Furness et al. 1991). It was realized that the
ENS contains a considerable number of neuronal subpop-
ulations (Gershon and Erde 1981; Furness and Costa 1982).

Conventional ultrastructural studies revealed different
types of synaptic vesicles in the enteric neurons (Baumgart-
ner et al. 1970; Gabella 1972; Wilson et al. 1981; Fekete et
al. 1995). Several kinds of vesiculated nerve processes form
synapses with intramural neurons. In the MP of humans,
rhesus monkeys and guinea pigs, three types of nerve profiles
have been described (Baumgarten et al. 1970). One type is
characterized by numerous agranular vesicles. These vari-
cosities are interpreted as cholinergic. They form typical
synaptic junctions, the majority of which are on perikarya or
somatic spines. A second type of endings contains vesicles
50 to 90 nm in diameter, with an intensely osmiophilic
granule. These endings are never found to form synaptic
contacts and are interpreted as adrenergic. Endings of the
third and most common type contain, in addition to a few
agranular vesicles, vesicles 85 to 160 nm in diameter, with
a large granule of medium electron density. These nerve
profiles are labelled p-type or peptide-containing varicosities.

An extremely puzzling observation is the occurrence of
morphological specializations in axons contacting glial cells
(Murphy et al. 1995; Fekete et al. 1997). The number of
contacts is rather high and it is very probable that each glial
cell has one or more.

The MP is situated between the layers of the muscle coat.
The muscle cells lie approximately parallel to each other,
usually forming sheet-like layers or coats. The MP can be
visualized as mesh-like laminar structures, i.e. wide and thin
ganglia spread over a surface and joined to each other by
connecting strands (Figs. 2 and 3). The mesh formed by the
ganglia and the connecting strands has a regular pattern,
which is characteristic of each segment of the alimentary
tract and to some extent also of the animal species. Whether
these patterns have any significance and whether they bear
any relation to the functional properties of the organ is



5

Development of the myenteric plexus

unclear. As a manifestation of order, they pose a challenging
problem of morphogenesis and intercellular organization.

Prenatal development of the myenteric plexus
in the human fetal small intestine

Despite the high degree of complexity and its similarities to
the CNS, the ENS is derived from the neural crest (NC), the
source of all other branches of the PNS (Le Douarin 1982;
Gershon 1998). Prospective enteric NC cells emigrate from
two main regions of the neural tube: the vagal region, which
corresponds to somites 1-7, and the sacral region posterior
to somite 28. Vagal-derived ENS progenitors, which give rise
to the majority of neurons and glia of the enteric ganglia,
enter the foregut mesenchyma and migrate in an antero-
posterior direction, colonizing the entire length of the gut (Le
Douarin and Teilett 1971). Despite the detailed charac-
terization of the origin and the migratory pattern of the pre-
enteric NC (Pomeranz and Gershon 1990; Burns and Le
Douarin 1998), a number of critical question remain unan-

swered. One of the most interesting questions, concerning the
development of the human fetal ENS concerns the mecha-
nisms which control the formation of enteric ganglia in the
appropriate locations within the gut wall. Since the innerva-
tion of the mammalian gut is relatively mature at birth
(Gershon et al. 1981; Furness and Costa 1987), study of the
development of the ENS requires the use of fetal tissue. Be-
cause of the differences in the organization and function of
the enteric MP between large mammals, including man, and
small laboratory animals (Brookes et al. 1991), the rodent
cannot be used as a valid model for study of the development
of the human ENS. To establish the basic rules of the devel-
opment of the human ENS the investigation of human fetal
material is necessary. Peristalsis of the human fetal small in-
testine has been recorded from week 12 of gestation (Stach
1989), which means that intestinal transit takes place in the
fetus at this age. Migration of neuroblasts in the vagal trunk
begins in about week 5, and neuroblasts reach the rectum in
week 12 (Okomato and Ueda 1967). All these facts suggest

Figure 1. General view of the myenteric plexus in the small intestine of a 26-week-old human fetus. One nerve cell body (N) is partially
visible. A dense neuropil is apparent. dc: dense core vesicle, A: axon profile. Bar: 0.5 µm.
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that morphological and histochemical studies must be
performed as early as possible in order to gain information
on the structural organization of the human ENS. MP forma-
tion has been analyzed by means of electron microscopy and
on whole-mounts after NADH-diaphorase histochemistry
(Fekete et al. 1995). Satisfactory ultrastructural preservation
has been achieved in the 10-week-old fetal intestine. It has
been proved that most of the neuronal cells and the neuropil
are then far from mature. Most of the neural cells seem to be
neuroblasts, which form compact intramural ganglia (Fig. 4).
The nuclei are rich in both hetero- and euchromatin, and two
nuclei can often be found in one neural cell. Among the
neuronal cells, only primordial neuropil can be found at this
age (Fig. 5). Synaptic contacts between neuronal elements
are rare, although a few axosomatic synapses are observed
(Fig. 5, insert). Morphological specialization typical of a
neuromuscular junction is not distinguishable at this age (Fig.
6). Free axon terminals among intestinal smooth muscle cells
are rarely observed in the 10-week-old human fetus.

The histochemical investigations revealed neither amine-
specific fluorescence nor NADH activities at this stage of

gestation. These observations led to the conclusion that the
neuronal circuits required for integrated peristalsis were
lacking. This conclusion was in accordance with former
observations (Daikoku et al. 1975). It has been reported that
the longitudinal muscle (LM) layer develops only in weeks
10-12, and that the monodirectional (oroanal) peristalsis
begins only in weeks 27-30. At the same time, the close
proximity of the neuroblasts and myoblasts is common.
These contacts without any morphological differentiation
might be the sites of direct trophic effects between smooth
muscle cells and nerves. Reports suggesting a trophic
influence of sympathetic nerves on smooth muscle in vitro
(Chamley and Campbell 1975) allow the supposition of
similar links between the elements of the ENS and the
smooth muscle in the gut wall. The morphological changes
revealed by electron microscopy are prominent by week 18
of gestation (Fekete et al. 1995). Some neuroblasts and a
large number of mature ganglion cells can be seen in the MP
at this stage of the human fetus (Fig. 7). Neuropil occurs
among the ganglion cells and also in the internodal segments.
The axon profiles contain agranular small vesicles, and large

Figure 2. Whole-mount preparation from the small intestine of a 12-week-old human fetus after NADPHd histochemical reaction. Arrows
point to neural cell bodies within the ganglia. Bar: 50 µm.
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semiopaque neuro-secretory and dense-core granules. Axo-
somatic synapses are often detected. MPs are frequently
found in the proximity of smooth muscle cells, forming
distant and close contacts with each other (Figs. 8 and 9). The
nerve terminals appearing among the muscle cells probable
modify the contraction of the muscle cells. The existence of
a large number of mature ganglia, revealed by electron
microscopy, has been confirmed with the NADPH-diaphora-
se method (Figs. 2 and 3). Histofluorescence observations
reveal a well-developed aminergic fibre system in the MP of
the 18-week-old fetal intestine. The lack of fluorescent cell
bodies at the same time suggests the extrinsic origin of the
fetal aminergic plexuses. Although more than 20 neurotrans-
mitters may occur in the adult human intestine (Schultzberg
et al. 1980), little is known about the appearance of the
different transmitters during human fetal development.
Recent ultrastructural and immunohistochemical studies
(Fekete et al. 1997) strongly suggest that, besides the amin-
ergic profiles, cholinergic and peptidergic fibres are also
present in the neuropil of the 18-week-old fetal gastro-
intestinal system, and these transmitters are effectively able

to modulate the motor activity of the fetal intestine. By means
of neuron-specific enolase (NSE) immunocytochemistry and
electron microscopy, a changing topographic relation be-
tween the elements of the MP and the muscle coat has been
revealed in the human fetal small intestine between weeks 10
and 26 of gestation (Fekete et al. 1996). In sections of the 10-
week-old human fetal small intestine, NSE-immunopositive
aggregates of enteric neurons can be distinguished on the
outer surface of the newly-formed circular muscle (CM)
layer (Fig. 10). Throughout week 18 of gestation, the CM
provides the mechanical surface for the developing MP,
which is attached firmly to this muscle layer. Around week
18 of gestation, the mechanical points of attachment shift
from the CM to the LM layer. Concomitantly, the MP adheres
to the LM layer, while strips of CM can be easily removed.
This relocation may be accompanied by the appearance of
specific surface molecules recognized by developing neu-
rons, as shown in in vitro systems (Domoto et al. 1990). The
changing pattern of nerve-muscle contact is also reflected at
the ultrastructural level. Although both the CM and the MP
appear by week 10 of gestation, they cannot be recognized

Figure 3. Whole-mount preparation from the small intestine of an 18-week-old human fetus after NADPHd histochemical reaction. Arrows
point to neural cell bodies within the ganglia. Bar: 50 µm.
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as clearly separated entities at this stage (Fig. 6). The
elements of the MP and CM are intermingled. Neurons,
muscle cells, nerve plexuses and nerve terminals are in close
contact with each other, without an intervening basal lamina.
A similar arrangement was described by Gershon (Gershon
et al. 1981) in the developing guinea-pig small intestine. In
the absence of basal lamina, the elements of the MP can
communicate with smooth muscle cells, providing an oppor-
tunity for nerve-muscle trophic interaction. To date, however,
there is no evidence that enteric neurons are dependent on
neurotrophic support for their survival during development
(Ward et al. 1994). Nevertheless, there is evidence that the
number of neurons, the density of the MP, and the average
neuronal size are greater in areas where the smooth muscle
layers are thicker (Gabella 1989). Intestinal smooth muscle
has also been found to promote directional outgrowth from
sympathetic ganglion explants in co-culture (Gintzler and
Hyde 1983). The specific nerve-muscle interaction is reflec-
ted morphologically in the interdigitation of cellular pro-

cesses which provide the cellular surface for the mutual
metabolic activities. Desmosome-like contacts at the same
time indicate the mechanical coupling between the devel-
oping CM layer and the MP. From week 18 of gestation
onwards, the developing MP becomes increasingly en-
sheathed by different kinds of non-neuronal cells, collagen-
filled spaces and basal lamina (Fekete et al. 1997). Mean-
while, new contacts are formed between the MP and the LM
layer. Although some of these contacts appear permanent or
at least long-lasting, intimate contacts between the MP and
any part of the muscularis externa have practically disap-
peared by week 26 of gestation. Evidence has been provided
that the microenvironment from which the neurons originate
is critical in determining the ultimate pathway of differ-
entiation (Le Douarin and Teilett 1971). The sequential
appearance of the various types of enteric neurons (Gintzler
and Hyde 1983) and the sequential changes in the nerve
muscle contacts may be essential for morphogenesis or, more
generally, for the functional maturation of the external

Figure 4. Neuroblasts (NB) and ganglion cells (G) compose a loose myenteric ganglion (g) in the gut wall of a 10-week-old human fetus. Bar:
1 µm.
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muscle coat and the interposed MP.
Recent electron microscopic and immunocytochemical

investigations (Fekete et al. 1997) revealed two distinct types
of NN cells in association with the developing MP. Although
they both appear together around week 10 of gestation, their
distributions already differ greatly by around week 14 of
gestation. Two classes of morphologically distinct NN cells
were found around the primordial ganglia in the 10-week-old
human fetal intestine, when neither the MP nor the LM layer
are well developed yet. There is a gradual change in the
distribution of the NN cells during the fetal period. In week
10 of gestation, the two distinct types of NN cells, one
spindle-shaped and the other with electron-dense cytoplasm
and branching processes, are intermingled with the neuro-
blasts in the outer compartment of the intestinal wall. In week
12 of gestation, the spindle-shaped cells are frequently
interposed between the MP and the LM layer, while in week
14, cells in this topographical position have long cytoplasmic
processes and large, ovoid nuclei, rich in heterochromatin.

NN cells with abundant surface caveolae and several short
processes at the same stage are inter-connected with each
other and with the ganglionic cells. Apart from these two
distinct cell types, no NN cells are seen around or within the
developing ganglia until week 17 of gestation. By this stage,
the cells originally interposed between the developing
ganglia and the muscle layer seem to change the topo-
graphical distribution and their slender processes penetrate
deeply into the ganglia (Fig. 11). At the same time, some
other NN cells appear in the extraganglionic space and their
long, intervening processes definitely encapsulate the ganglia
(Fig. 12). The presence of the highly ordered 10 nm thick
filaments in some of these processes resembles the situation
for the interstitial cells of Cajal (Thuneberg 1982). The other
well-pronounced morphological change noticed in the 17-
week-old fetuses is the appearance of the char-acteristic
cellular networks in the vicinity of the MP (Figs.13 and 14).
The ultrastructural features of the cells building these
networks resemble those of the cells surrounding the primor-

Figure 5. Simple neuropil (NP) exists among intestinal neurons in the 10-week-old fetus. Nc: nerve cell. Bar: 1 µm. Insert. S: axosomatic
synapse; dc: dense core vesicle in the soma; MT: microtubules. Bar: 0.5 µm.
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dial ganglion cells, although their different origin cannot be
excluded. The embryonic origin of these early-appearing
cells in the human fetal intestine must be further investigated.
It can be concluded, however, that the two populations of NN
cells that appear before week 10 of gestation are among the
first differentiated cells in the human fetal gut wall. They
appear together with the primordial ganglion cells, long
before the formation of the LM (Fekete et al. 1995). The
random distribution of the neuroblasts and the presumptive
NN cells at this early stage of development suggest that the
neurons and the NN cells appear and develop together during
the formation of the MP in the human fetal small intestine.
These cells provide the first morphological elements of the
ganglionic microenvironment and consequently play their
role in the mechanical support, isolation and nutrition for the
developing ganglia. In the subsequent development, when an
array of enteroglial cells and different classes of ICCs appear
around and within the MP, these early-appearing cells might
be replaced by cells differentiating later in the intestinal wall.

The appearance, distribution and some histochemical
features of NN cells have also been studied by means of S-
100 protein and GFAP-immunocytochemistry between

weeks 10 and 17 of gestation. In addition, double-labelling
immunocytochemistry using antibody raised against the
constitutive isoform of nitric oxide synthase (bNOS) in
combination with an S-100 protein antibody has been applied
to investigate the morphological relations between the NN
cells and the nitrergic neurons in the developing gut wall.
Light microscopic immunocytochemical techniques also
revealed the two distinct types of NN cells of a glial pheno-
type and/or glial origin association with the developing MP
(Fekete et al. 1997). They appear together around week 10
of gestation, but their distributions already differ consid-
erably by around week 14 of gestation. Single cells with
GFAP immunoreactivity are clustered to one side of the MP
in the vicinity of the LM layer (Figs. 15, 19 and 20), while
the cells with S-100 protein immunoreactivity are widely
distributed in the intestinal wall and frequently form mul-
tilayered cellular networks both in the MP and in the submu-
cous plexuses (Figs. 15, 17 and 18). On the basis of these
results and other data (Ferri et al. 1982; Jessen and Mirsky
1983; Kobayashi  et al. 1989), it  can  be concluded that two
main populations of glial cells, one expressing S-100 protein,

Figure 10. Cross-section of paraffin-embedded human embryonic small intestine at the week 10 of gestation, immunolabelled for neuron-
specific enolase. Aggregates of enteric neurons (arrows) are situated on the outer surface of the circular muscle layer (cm). Arrowheads
indicate the internodal segments. Bar: 50 µm.

Figure 6. Smooth muscle cells (Mc) are in close contact with nerve cell bodies (gc) in the gut wall of a 10-week-old human fetus. Bar: 1 µm.

Figure 7. Ganglion cells (gc) and axosomatic synapses (arrows) in the myenteric plexus of an 18-week-old human fetus. L: lysosome. Bar: 0.5
µm.

Figure 8. Close (arrow) and distant (arrowhead) neuromuscular contacts in the jejunum of an 18-week-old human fetus. m: muscle cell. Bar:
0.5 µm.

Figure 9. An electron micrograph showing extensive connections between the ganglion cell (gcp) and a muscle cell process (mp) from the
circular muscle layer in the small intestine of a 14-week-old human fetus. Bar: 0.5 µm. The inserts show gap junction (gj) and adherent
junction (d) between circular smooth muscle myoblast and nerve cell membranes (np). Bar: 0.2 µm.
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Figure 12. Overlapping processes of different NN cells between the
longitudinal smooth muscle layer (LM) and the myenteric ganglia
(ggl). Asterisks indicate the collagen-filled space between non-
neuronal and smooth muscle cells. Bar: 0.3 µm.

and the other GFAP immunopositivity, appear within and/or
around the MP at the very beginning of ganglionic
morphogenesis. Thus, these cells provide the first mor-
phological elements of the ganglionic microenvironment,
necessary for the ganglionic morphogenesis. As glial cells,
they might be involved in providing the mechanical support,
isolation and nutrition for the developing ganglia. In the
subsequent development or in the mature ganglia, enteroglial
cells are mostly found within the ganglia. In other locations,
they might be replaced by cells differentiating later in the
intestinal wall.

Nitrergic neurons in the developing human
small intestine

Nitric oxide (NO) research has expanded explosively in the
past 10 years. There is growing evidence indicating the
presence of abnormalities in the NO system in several
pathological conditions (Stark and Szurszewski 1993).
Changes in the density of NO-producing nerves, altered NO
production and changes in smooth muscle cell sensitivity to
endogenous NO could play  roles in the pathophysiology of
several neuromuscular disorders of the intestine. Alterations
in muscular and neuronal NO production in the intestine
result in sustained non-peristaltic contractions such as those

Figure 11. Extended thin processes (arrowheads) of non-neuronal
cells penetrating into the ganglia (ggl) in the small intestine of the
17-week-old human fetus. A spindle-shaped cell (asterix) outside the
capsule sends a process (arrows) to the longitudinal muscle layer
(LM). Both fibroblast-like and spindle-shaped cells in a collagen
setting (circles). CM: circular muscle layer. Bar: 1 µm.
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observed in patients with Hirschprung’s disease. Hyper-
trophic pyloric stenosis in infants has also been found to be
associated with a defect of NOS in the ENS (Vanderwinden
et al. 1996). Hirschprung’s disease and pyloric stenosis are
both regarded as developmental malformations of the ENS,
which has led to the implication that NO plays some role in
the normal development of the ENS. Although the nature of
this role is not clear, the trophic effect of NO has recently
been reported (Ogura et al. 1996). Pharmacological and
physiological studies have provided evidence that NO is
involved in NANC relaxation of the gastrointestinal tract
(Bult et al. 1990; Li and Rand 1990; Costa et al. 1991;
Moncada and Higgs 1993; Sanders and Ward 1992). Follow-
ing electrical field stimulation of NANC nerves, the inhi-
bition of relaxation by L-arginine analogues, which are

known to be inhibitors of NO synthesis, has led several
authors to conclude that NO is involved in inhibitory NANC
neurotransmission in the ENS of various mammalian species
(Stark and Szuszewski 1993). There is pharmacological and
physiological evidence that, in the normal human jejunum,
exogenous NO evokes membrane hyperpolarization and
inhibits mechanical activity in the CM (Stark et al. 1993).
The presence of constitutive NOS in peripheral gut neurons
was first identified through the use of immunohistochemical
techniques (Bredt et al. 1990). Substantial activity was
observed in the cell bodies and nerve fibres within the MP
of the rat duodenum. Others have also demonstrated nitrergic
nerves in different animal species (Costa et al. 1991; Llew-
ellyn-Smith et al. 1992; Schmidt et al. 1992; Timmermans et
al. 1993). The enzymic reduction of nitroblue tetrazolium to

Figure 14. Higher magnification of the cellular network formed
around the myenteric ganglia. Arrows point to adherent junctions
between non-neuronal cells; asterisks indicate caveolae. Bar: 0.5 µm.

Figure 13. Cellular network (asterisks) formed by NN cells around
the myenteric plexus (MP) at week 17 of gestation. Bar: 1 µm.
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Figure 15. Immunostaining for S-100 protein in cryostat sections of human fetal small intestine in week 17 of gestation. Cells with S-100
immunoreactivity are distributed along the myenteric plexus (large arrowheads), within the circular muscle layer (arrows) and in the inner
(asteriks) and outer (arrowheads) submucosal plexuses. Bar: 72 µm.

Figure 16. Immunostaining for GFAP in a cryostat section of the human fetal small intestine in week 17 of gestation. Immunoreactivity
(arrowheads) was restricted to the side of the myenteric ganglia adjacent to the longitudinal muscle layer (asterisks). Bar: 44 µm.

Figure 17. Immunostaining for S-100 protein of a whole-mount preparation of human fetal small intestine in week 17 of gestation. Cells
with S-100 protein immunoreactivity (arrowheads) interconnect and form a network in the plane of the myenteric ganglia (arrows). Bar: 35
µm.

Figure 18. Immunostaining for S-100 protein of whole-mount preparations of human fetal small intestine in week 17 of gestation. Cells on
the surface of the submucosal plexus interconnect (arrows) and form a network. Bar: 30 µm.

Figure 19. A higher magnification photograph of GFAP immunostaining in a cryostat section. CM: circular muscle layer; LM: longitudinal
muscle layer; arrows point to the myenteric ganglia, and arrowheads to the GFAP reaction. Bar: 45 µm.

Figure 20. Immunostaining for GFAP in whole-mount preparations of human fetal small intestine in week 17 of gestation. Immunopositive
cells (arrowheads) appear to be separated from each other and from the immunopositive plexuses (arrows). Bar: 40 µm.
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a water-insoluble dye in an NADPH-dependent manner has
long been the basis of a specific neuronal tissue histochem-
ical marker. This NADPH-diaphorase activity has been
demonstrated to colocalize with NOS in the brain and
peripheral neuronal tissue (Dawson et al. 1991; Hope et al.
1991; Timmermans et al. 1993). Sequential application of
NOS immunocytochemistry and NADPHd histochemistry in
the human fetal small intestine revealed that the distributions
of neuronal NOS and NADPHd are identical (Figs. 21 and
22). NADPH-diaphorase staining has therefore provided a
useful tool with which to investigate the distribution of the
nitrergic neurons during prenatal morphogenesis (Timmer-
mans et al. 1993). In all gut regions investigated, i.e. the
stomach and the small and large intestines, most of the NOS-
immunoreactive (NOS-IR) or NADPHd-positive neurons are
located in the MP. In the small intestine and colon, the outer
submucous plexus accounts for only about 2% of the NOS-
containing neurons, whereas the remaining intrinsic enteric
neurons capable of synthetizing NO are located in the MP.
Comparable to the situation in the guinea-pig intestine
(Young et al. 1992), significant regional differences in the
density of NOS-containing neurons can be observed between
the small intestine and the colon. The latter contains about
2.0 to 2.5-fold more in both the outer submucous plexus and
the MP. The near-absence of nitrergic neurons from the inner
submucous plexus indicates that, in larger mammals, includ-
ing humans, the two submucous plexuses have distinct
functions (Timmermans et al. 1990; Crowe et al. 1992).
NOS-IR varicose and non-varicose fibres are found within
the three ganglionic nerve networks of the small intestine. As
in the guinea-pig small intestine (Costa et al. 1991), a

considerable number may be derived from submucous or
myenteric interneurons. The dense NOS-IR fibre pattern in
the outer muscle layer of the fundic and antral parts, in the
pyloric sphincter and in the intestinal CM layer provides
strong morphological support for a mediator role of NO in
NANC inhibition of the gastrointestinal smooth muscle. The
majority of these nerve fibres are presumably processes of
motor neuronal cell bodies located in the MP. In the small
intestine of the 2-month-old female, it has been established
that NOS-IR nerve fibres progress from the outer submucous
plexus into the most luminal part of the CM layer. Therefore,
it seems likely that, in man as in the pig (Timmermans et al.
1993), this plexus is involved in NANC-mediated relaxation
of gastrointestinal smooth muscle. The hypothesis that the
outer submucous plexus is involved in the inhibitory inner-
vation of the circular smooth muscle layer in the human gut
can be correlated with an earlier report concerning the adult
human colon, where VIP-ergic projections were described as
running from the outer submucous plexus to the CM (Do-
moto et al. 1990), and with a study of the canine colon which
provided electrophysiological data on submucous motor
neurons innervating the CM (Sanders and Smith 1986).
Detailed analysis of the inhibitory junctional potentials in the
human jejunum seems to indicate that NO is not involved in
the initial rapid hyperpolarization, but rather mediates the
second part of the electrical response (Stark et al. 1993).
Therefore, it is unlikely that NO is the only substance
involved in nerve-mediated inhibition in the human ENS.

Other putative NANC neurotransmitters in the gut are
ATP (Burnstock et al. 1970; Burnstock 1982) and VIP (Goyal
et al. 1980; Furness and Costa 1982; Makhlouf 1982).

Figure 21 and 22. Paired micrographs of the myenteric plexus of the developing human small intestine (2 months postnatally) after sequential
application of NOS immunocytochemistry (Fig. 21) and NADPHd histochemistry (Fig. 22). The distributions of neuronal NOS and NADPHd
are identical. Bar: 40 µm.



17

Development of the myenteric plexus

Colocalization of VIP and NOS has been detected in nerve
fibers of the taenia in the guinea-pig caecum (Furness et al.
1992). In man, in situ hybridization has demonstrated VIP-
mRNA in the ganglion cells of the upper gut at 9 weeks of
gestation, and VIP-IR enteric neurons have been observed
from 15 to 18 weeks of gestation (Li and Rand 1990; Facer
et al. 1992). Although immunocytochemistry in this study has
revealed an extensive VIP-ergic fibre pattern in the gangli-
onic nerve networks and muscle layers, immuno-reactive
nerve cell bodies have been seen only infrequently, which
might result in part result from the lack of colchicine pre-
treatment or from a too low endogenous level. These neurons
are distinct from NOS-IR neurons. On the other hand, the
presence of VIP-ergic baskets around the myenteric NOS-IR
neuronal aggregates in the small and large intestines of 21 to
26-week-old fetuses may argue in favour of the presynaptic
action of VIP (Huizinga et al. 1992). The absence of NOS
immunoreactivity and NADPHd activity from the smooth
muscle fibres of the examined regions of the human gut does
not lend support to the view (Grider et al. 1992) that NOS is
produced in the gastrointestinal smooth muscle cells in
response to putative inhibitory neurotransmitter VIP.

In the canine colon (Ward et al. 1994) and guinea-pig
small and large intestines (Costa et al. 1991; Furness et al.
1992; Young et al. 1992), the great majority of NOS-IR
neurons have been morphologically classified as Dogiel type-
I neurons. Eighteen to 26 weeks after conception, NOS-IR
or NADPHd-positive nerve cell bodies in whole-mounts of
the developing human small intestine all have a round to oval
appearance. The processes issuing from these cell bodies
have only been traced over short distances, not allowing an
unambiguous morphological identification. At a later stage
of development, NOS-IR neurons with short processes
display the Dogiel type-I morphology (Stach 1980), whereas
others have both short and long processes. The particular
distribution of NOS-IR fibres within the ganglionic plexuses
and the muscle layers, together with the variety of cell sizes
and shapes of the NOS-IR perikarya, are indicative of the
existence of distinct NOS-containing neuron populations
within the developing human ENS. As in the guinea-pig ENS
(Costa et al. 1991), these neurons may act either as inter-
neurons or as motorneurons.

NN cells such as the interstitial cells of Cajal (ICCs) have
recently been postulated as another source of NO in relation
to NANC-mediated relaxation (Daniel and Berezin 1992).
VIP-ergic fibers have been found to innervate the ICCs
(Berezin et al. 1990). The prospect of these fibres being
capable of stimulating NO production in these or other NN
cells, thereby indirectly exerting a relaxing effect on the
smooth musculature, is an intriguing one, since it would
mean that alternative mechanisms for inhibitory transmission
exist in the ENS. The small NOS-IR and NADPHd-positive
cells within the ganglia and nerve strands of the MP and in

the CM layer are difficult to classify as enteric neurons. The
overall morphological appearance, their extremely small size,
and the fact that they do not stain for general neuronal
markers such as PGP 9.5 and NSE favour an NN origin. They
may be distinct types of ICCs (Thuneberg 1989) or mac-
rophage-like cells (Mikkelsen et al. 1985, 1988) or glial cells
(Aoki et al. 1991; Simmons and Murphy 1992).

Recent publications indicate the importance of the inter-
relationship between nitrergic neurons and astrocytes (Agullo
et al. 1995; Murphy et al. 1995). There is evidence suggesting
that glial cells serve as a potential reservoir of L-arginine
(Kerwin and Heller 1994) and also as a main target of NO
(Murphy et al. 1995). A double-labelling immunocyto-
chemical method revealed a close morphological relation
between NOS-IR fibres and S-100 protein-IR cells in the
developing human fetal small intestine (Fekete et al. 1997).
NOS-IR varicosities on the glial cell surfaces might function
as communication sites between glial cells and nitrergic
neurons. Although the nature of this communication is not
clear, the glial cells closely related to nitrergic nerves might
directly benefit from the trophic effect of NO, which has
recently been reported (Ogura et al. 1996).

General conclusions from developmental
studies and directions for further research

Evidence has been provided that the microenvironment from
which neurons originate is critical in determining the ultimate
pathway of differentiation. The sequential appearance of the
various types of enteric neurons and NN cells suggests a
changing microenvironment within the intestinal wall at the
different stages of embryonic development. On the basis of
ultrastructural and immunocytochemical studies, it was
concluded that the period between week 10 and 18 of
gestation is of paramount importance for both the morpho-
logical and functional maturation of the ENS. Several
important questions regarding the nature of the signals that
control the morphogenesis of the ENS remain unanswered.
The development of methods to isolate relatively pure
populations of ENS progenitors from the mammalian and
avian fetal gut has already resulted several groups studing the
mechanism of action of purified neurotrophic factors. Such
studies will answer important questions regarding the normal
and pathologic development of the ENS, and hence may
promote the link between theory and clinical practice.
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Summary

NADPH-diaphorase (NADPH-d) was used as a marker for neuronal nitric oxide synthase in order to investigate the nitrergic 
neurons of the developing myenteric ganglia on whole-mount preparations in the proximal and distal segments of the small 
intestine and in the colon of the chicken embryo, between incubation days 12 and 19. Neurons that were positive for NADPH-d 
were counted in randomly selected myenteric ganglia. The data obtained from each area and each age group were subjected 
to two-way analysis of variance (ANOVA) and the Student-Newman-Keuls test. Between incubation days 12 and 19, the 
originally narrow-meshed myenteric plexus with its high ganglionic density progressively became wide-meshed and the 
ganglionic density decreased significantly. Quantitative analysis further revealed a significant decrease in the NADPH-d- 
positive nerve cell density with age. At the same time, the constant or even increasing number of nitrergic cells per ganglion 
may indicate that the decreasing cell density may be a result of the growth of the bowel with decreasing ganglion density 
rather than a decrease in the total number of myenteric nitrergic cells. Regional differences in the dynamics of the quantitative 
changes were revealed. A significant decrease in the nitrergic cell number appeared earlier in the proximal than in the distal 
segments of the small intestine or in the colon. In contrast, the significant decline of the ganglionic density was first noticed in 
the colon at the same time.

Introduction

There is increasing evidence that nitric oxide (NO) plays 
a major role in the nonadrenergic-noncholinergic (NANC) 
inhibition of the smooth muscles along the alimentary 
tract (Bredt & Snyder 1994, Balaskas et al. 1995). The 
enzymes involved in the neuronal generation of NO are 
the constitutive neuronal isoform of nitric oxide synthase 
(bNOS) (Bredt 1995) and NADPH-diaphorase (NADPH-d) 
(Vincent & Kimura 1992). A one-to-one correlation between 
the two enzymes responsible for NO synthesis has been found 
in the myenteric neurons and plexuses of the intestinal tract 
(Dawson et al. 1991, Young et al. 1993, Timmermans et al. 
1994, Balaskas et al. 1995). Consequently, the neurons and 
fibres which express NOS can be detected by using bNOS 
immunohistochemistry or NADPH-d histochemistry.

Recent studies on NO have focused on its plasticity during 
Prenatal and postnatal development (Tomic et al. 1994, Ward 
et al. 1994, Belai et al. 1995, Van Ginneken et al. 1998). 
The dynamic changes in the number of neurons that express 
bNOS under different conditions make the bNOS expression 
a parameter that may be applied to follow developmental 
changes.

A number of longitudinal gradients of neuroactive sub
stances have been demonstrated in the small intestine of 

different species (Ferri et al. 1982, Sundler era/. 1993, Walsh 
1994). These gradients reflect functional differences between 
the intestinal segments, each devoted to different absorptive, 
secretory and motor functions (Matini et al. 1997). At the 
same time the longitudinal neurochemical gradients might 
reflect the different neuraxial origins of the neural crest pre
cursor cells (NCCs). Sacral NCCs in chicken were found 
to migrate in a distal to proximal direction in the hindgut, 
while the vagal NCCs migrate in a proximal to distal direc
tion in the foregut (Le Douarin & Teillet 1973, Burns & Le 
Douarin 1998, Burns et al. 2000, Erickson & Goins 2000). 
The phenotypic expression of a given population of NCCs 
after the migration depends on the local microenvironment of 
their targets (Le Douarin & Teillet 1974). Few data are avail
able on the region-specific distribution of nitrergic myenteric 
neurons in various species. One recent publication reports on 
the distribution of bNOS-expressing neurons in the oral and 
aboral duodenum of fetal and newborn pig (Van Ginneken 
et al. 1998). Differences were found, depending on the 
time and the intestinal region investigated. In a recent study 
(Timmermans et al. 1999), the effects of age and location on 
the proportion of NADPH-d-positive neurons were investi
gated in the gastric myenteric plexus of developing rats. A 
higher percentage of NADPH-d-positive neurons was found 
in the proximal than in the antral part of the rat stomach, this 
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difference persisting in all the age groups investigated. The 
question of the extent to which the region-specific distribution 
of nitrergic myenteric neurons can be generalized in different 
species cannot yet be answered.

The aim of the present study, therefore, was to com
pare the qualitative and quantitative distributions of nitrergic 
neurons in the different segments of the small intestine 
and the colon of the developing chicken alimentary tract. 
Although the distribution of NADPH-d activity in the embry
onic chicken gut has already been examined (Balaskas et al. 
1995), the present study is the first to report on detailed 
quantitative changes in different segments of the embryonic 
chicken small intestine and colon in relation to developmen
tal stages and location. For counting of the nitrergic neurons, 
NADPH-d histochemistry was used on whole-mount prepa
rations of the myenteric plexus. The neurons that stained 
for NADPH-d were counted in randomly selected myenteric 
ganglia, and the data were subjected to two-way ANOVA and 
the Student-Newman-Keuls (SNK) test (Zar 1984). 

age group. Preparations were mounted in 3: 1 v/v glycer- 
ine/PBS, then viewed, counted and photographed with a Zeiss 
Axioskop light microscope. Ganglia and NADPH-d-stained 
neurons were counted in randomly selected measured areas 
(1 microscopic field was 1.1475 mm2) at 100-fold magnifi
cation. Nitrergic cells were counted in the full depth of the 
ganglia. Data from 10 measured areas per intestinal segment 
per age group, per animal (5 embryos of each age group), 
were included in this study. After square root transformation 
of the data, statistical analysis was performed by using two- 
way ANOVA on SPSS software and the SNK test in order 
to evaluate the effect of age on the quantitative distribution 
of nitrergic neurons. A probability of p < 0.05 was set as 
the level of significance in all analyses. The ganglionic and 
neuronal densities were calculated as the numbers of ganglia 
or stained cells per mm2 of whole-mount area. Data were 
expressed as means ± SD. The cells/ganglia ratio was also 
calculated in relation to the developmental stage and loca
tion. Diagrams and tables were prepared with a Microsoft 
Excel 7.0 computer program.

Materials and methods

All animal experiments were carried out in strict compli
ance with the European Communities Council Directive 
(86/609/EEC) regarding the care and use of laboratory ani
mals for experimental procedures. Fertilized Leghorn chicken 
(Gallus gallus L) eggs were incubated at 38 °C. The gas
trointestinal tract was removed from decapitated embryos 
on day 12, 13, 14 or 19 of incubation. The entire length 
of the embryonic small intestines were 9.5, 13.2, 16.2 and 
22.4cm, while the colons were 1.8, 2.1, 2.3, 2.7cm long 
respectively. The intestine was flushed with 0.1M phosphate 
buffer, ligated and distended by filling with 4% paraformalde
hyde buffered with 0.1 M phosphate-buffered saline (PBS) 
and immersed in the same fixative for 1 h at room temper
ature. After fixation, the samples were rinsed, refilled with 
PBS and processed for NADPH-d histochemistry following 
the protocol of Scherer-Singler et al. (1983). The PBS-filled 
guts were incubated in tote in a solution containing nitroblue 
tetrazolium (0.25mg/ml), NADPH (1 mg/ml) and Triton-X 
100 (0.5%) in TRIS-HC1 buffer (0.1 M, pH 7.6) for 45 min 
at 37 °C. Following NADPH-d staining, measured segments 
of the small intestine and colon were selected. The proximal 
samples of the small intestine were located 2-3 cm distal to 
the pyloric sphincter, the distal samples 2-3 cm oral to the 
cecal junction. The colon samples included the entire 1.8- 
2.7 cm long intestinal segments distal to the cecal junction. 
The segments were cut open along the mesenteric attachment. 
Since a former study (Karaosmanoglu et al. 1996) revealed 
that the ganglionic area was stretch independent, the whole
mounts were stretched to form 2.5 x 0.7 and 3.5 x 1 cm 
rectangles so that the neurons formed almost a cellular 
monolayer within the ganglia. Whole-mounts containing the 
longitudinal muscle layer with the attached myenteric plexus 
were prepared from the stretched intestinal segments of each

Results

Qualitative observations revealed that on incubation day 12 
the myenteric plexus already possessed its typical arrange
ment of ganglia and nerve strands in all the intestinal segments 
investigated (Figures 1 and 2). The cell body of the NADPH- 
d-positive neurons displayed a dark-blue perikaryon and a 
non-reacting nucleus (Figure 2). However, the NADPH-d- 
positive neurons and the plexus itself were far from mature 
at that time and underwent a considerable change during the 
embryonic period investigated. Between incubation days 12 
and 19, the appearance of the nitrergic neurons shifted from 
rather uniformly shaped (Figure 2) to heterogenously shaped 
and sized (Figure 4). The originally narrow-meshed myen
teric plexus (Figure 1) progressively became wide-meshed 
(Figure 3). In the proximal segments of the small intestine 
and also in the colon, these qualitative changes were already 
well pronounced on day 13 of incubation, and the myen
teric plexus was already mature-looking by day 14 (Figures 
3 and 4). In contrast, in the distal segments of the small 
intestine, a 1-day delay of the morphological changes was 
noted.

ANOVA revealed a significant (p < 0.001) decrease in 
the NADPH-d-positive nerve cell density with age, though 
the dynamics of the decrease was different in the different 
intestinal segments (Figure 5A; Table 1). In the proximal seg
ment of the small intestine, the number of NADPH-d-positive 
cells decreased significantly (SNK test p < 0.01) for each of 
the incubation days investigated, while in the distal segment 
of the small intestine and in the colon a significant decrease 
(SNK test/? < 0.01) in the number of NADPH-d-positive cell 
bodies was first noted between incubation days 13 and 14. 
On comparison of the NADPH-d-positive cell densities in 
the different segments of a single intestine, no significant dif
ference was detected until day 14 of incubation, when the
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Figures 1-4. 1. Whole-mount preparation of the myenteric plexus in the proximal segment of the small intestine after NADPH-d staining on day 12 
of incubation. Differently sized myenteric ganglia (arrows) are interconnected by short nerve strands (arrowheads). x240. 2. Higher magnification 
Picture of the preparation shown in Figure 1. Most of the stained cells are uniformly shaped, and display a dark-blue perikaryon and a non-reacting 
nucleus (arrows). x670. 3. Whole-mount preparation of the myenteric plexus in the proximal segment of the small intestine after NADPH-d staining 
On day 19 of incubation. At this stage, the myenteric ganglia are delineated (arrows) and the interconnecting nerve strands are long (arrowheads). 
*240. 4. Higher magnification picture of the preparation shown in Figure 3. The NADPH-d-positive cells are heterogenous in shape, in size and also 
in staining intensity. Large cells with a dark-blue perikaryon (arrows) and smaller cells with a light-blue perikaryon (double arrowheads) are seen 
"'ithin the ganglia. x670.
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A

B

□ Proximal segment

■ Distal segment

□ Colon

embryonic days

C

Figure 5. Histograms illustrating the differences in the number of NADPH-d-positive neuronal cells (A), and the number of myenteric ganglia (B) 
in the proximal and distal segments of the small intestine and in the colon on embryonic days 12, 13, 14 and 19. Data are expressed as means ± SD. 
Significant differences (SNK test p < 0.01) in the cell numbers between the intestinal segments were seen from day 14 of incubation, while the 
differences in the numbers of ganglia were already significant (SNK test p < 0.01) from embryonic day 12. The number of NADPH-d positive 
cells/ganglia (C) did not change until day 19 of incubation, when it was almost doubled in all the regions investigated. The values for the histograms 
were taken from Table 1.
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Table 1. Numbers of NADPH-d-positive cells and myenteric ganglia and 
the ratios NADPH-d-positive cells/myenteric ganglia on embryonic days 
12-14 and 19 in the proximal and distal segments of the small intestine 
and in the colon. Data are expressed as means ± SD.

hays of 
incubation

Ganglia/mm2 ± SD Cells/mrrf ± SD Cells/ 
ganglion

Proximal segment of small intestine
12 77.56 ±20.5 1168.45 ± 159.12 15.065
13 64.84 ± 12.99 912.07 ±217.04 14.067
14 33.64 ±0.99 467.28 ±70.87 13.898
19 13.07 ±3.08 257.6 ±38.22 19.707
bistal segment of small intestine
12 105.27 ± 8.87 1170.2 ± 199.57 6.667
13 99.35 ± 17.46 1078.69 ±53.11 6.198
14 72.51 ±9.73 463.62 ±40.77 6.48
19 20.02 ± 7.48 432.24 ± 80.85 15.067
Polon
12 98.47 ±9.18 1006.19 ±82.42 10.218
13 72.33 ±3.7 998.34 ± 62.79 13.869
14 71.1 ±5.93 750.3 ±68.77 10.55
19 10.8 ±1.58 I5I.29±57.83 14.008

^ADPH-d-positive cell density was significantly higher in 
'•he colon (SNK test p < 0.01), than in the proximal and 
distal segments of the small intestine (Figure 5A; Table 1). 
liy day 19 of incubation, the NADPH-d-positive cell densi
ties differed markedly in each segment under investigation 
(figure 5A; Table 1). The ganglionic density (Figure 5B and 
fable 1) decreased with different dynamics in the different 
Segments of the intestine. A significant decrease (SNK test 
P < 0.01) was noticed in the proximal and distal segments of 
tile small intestine between incubation days 13 and 14, while 
til the colon the ganglionic density was already significantly 
decreased (SNK test p < 0.01) between incubation days 12 
and 13. The ganglionic densities also differed within the dif
ferent parts of a given intestine (Figure 5B; Table 1). The 
ganglionic density in the proximal segment of the small intes
tine was significantly lower (SNK test p < 0.01) than that in 
tile distal segment or in the colon on day 12 of incubation. On 
day 13, both the proximal segment and the colon displayed 
a density lower than that of the distal segment. On day 14 of 
tilcubation, there was no significant difference between the 

i distal segment and the colon. By day 19 of incubation, the
®anglionic density was one-fifth of that on day 12 and it dif
fered significantly (SNK test p < 0.01) in all the investigated 

, ^gments (Figure 5C; Table 1). Between incubation days 12
riid 14, there was a wave-like pattern in the cells/ganglion 
fetio along the longitudinal axis of the intestine (Figure 5C; 
fable 1). The mean NADPH-d-positive cell number per gan
glion was between 12 and 14 in the proximal segment of the 
shiall intestine and in the colon, while it was only 6-7 in the 
distal part of the small intestine. By day 19 of incubation, 
tiiere was an average of 20 cells/ganglion in the proximal 
Segment of the small intestine, while it was an average of 
14-15 in the distal segments and in the colon (Figure 5C and 
fable 1).

Discussion

The embryonic expression of the constitutive neuronal iso
form of nitric oxide synthase is highly dynamic and thus 
forms an ideal parameter with which to evaluate whether 
development and region affect the enteric nervous system 
(Belai et al. 1995, Van Ginneken et al. 1998, Timmermans 
et al. 1999). Previous studies have shown that NADPH-d 
histochemistry can be used as a marker for NOS-containing 
neurons in the mammalian (Young et al. 1993, Timmermans 
et al. 1994) and also the chicken gut (Balaskas et al. 1995). 
The particular aim of the present study was to determine 
whether there is any spatial or temporal difference in the dis
tribution of the nitrergic neurons during development. The 
study was focused on different segments of the alimentary 
tract, but only the myenteric plexus. Since there were no 
definitive landmarks separating the segments within the small 
intestine in the young embryos, we used the pyloric sphinc
ter and the ceca as landmarks at all the ages investigated. 
In the course of development, the originally narrow-meshed 
myenteric plexus with its high ganglionic density progres
sively became wide-meshed and the density of innervation 
declined. The estimates of the number of NADPH-d-positive 
neurons per unit area also revealed a significant decrease in 
the nitrergic cell number. The estimates of the number of cells 
per ganglion at the same time revealed practically no change 
in this parameter until day 14 of incubation, while it was 
doubled by the end of the incubation period. These results 
indicate that the decrease in the density of the innervation 
may be due to the marked increase in the musculature, which 
causes the originally densely packed network to expand and 
leads to a lower ganglionic density with increasing age. The 
qualitative and quantitative parameters demonstrated oppo
site changes along the longitudinal axis of the alimentary 
tract between incubation days 12-19. Mature-looking gan
glia first appeared in the colon and in the proximal part of 
the small intestine on day 14 of incubation, while the dis
tal segment of the small intestine revealed a 1-day delay in 
the morphological maturation. At the same time, both the 
number of NADPH-d-positive cells and the number of myen
teric ganglia per unit area displayed a bidirectional decrease 
with increasing age. The opposite directions of the decreas
ing densities were most pronounced on day 13 of incubation. 
Significant decreases were observed both in the proximal part 
of the small intestine and in the colon, while the distal part of 
the small intestine exhibited neither qualitative nor quantita
tive changes. By day 19 of incubation, when the innervation 
density had declined to around one-fifth in the intestinal seg
ments investigated and the myenteric plexus appeared mature 
throughout the whole length of the intestine, the number of 
nitrergic cells within the ganglia was doubled. The elevated 
level of NO produced by the growing number of nitrergic 
cells might play a role in mediating the signals needed for 
the final maturation of the ganglia (Ogura et al. 1996, Virgili 
et al. 1999). The present qualitative and quantitative results, 
with the limitation of our counting technics, suggest that 
the nitrergic population of nerve cells and the ganglionic 
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network itself develop in opposite directions, starting at the 
proximal and the distal ends of the intestine and progress
ing in tire direction of the middle part. This suggests that not 
only the colonization (Le Douarin 1982, Gershon et al. 1994, 
Gershon 1998, Taraviras & Pachnis 1999), but also the matu
ration of the myenteric plexus and the morphogenesis of the 
intestinal wall are controlled by different developmental rules 
along the longitudinal axis of the alimentary canal. Further 
investigations are in progress to confirm these suggestions.
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Abstract The aim of this study was to find an improved 
method with which to stain the entire population of my
enteric neurons in the different segments of the develop
ing chicken intestine. Histochemical staining with cup
rolinic blue (quinolinic phthalocyanine) and immuno
staining against neurofilament (NF) were performed on 
whole mounts prepared from intestinal segments of em
bryonic (day 19 of incubation) and hatched (1, 2, 4 and 
7 days after hatching) chickens. Double labelling was 
performed to evaluate to what extent the two markers vi
sualise the same nerve cell population. Cuprolinic blue 
stained neuronal somata highly selectively, whereas pro
cesses and glia cells were poorly labelled. The cuprolinic 
blue-positive neurons were uniform in shape. NF immu
nostaining revealed a morphologically highly variable 
neuron population. Double labelling with cuprolinic blue 
and NF resulted in an intensification of both stainings, 
allowing an accurate morphological classification of 
NF-stained myenteric neurons. Data obtained from the 
counting of cuprolinic blue-positive neurons were sub
jected to two-way ANOVA and the Tukey probe. The 
densities of ganglia and neurons were found to decrease, 
and the mean number of neurons per myenteric ganglion 
to increase, with different dynamics along the longitudi
nal axis of the gut during the examined time span. The 
variances in the number of NF-positive neurons were not 
homogeneous, and the data were therefore not suitable 
for ANOVA. Accordingly, only semiquantitative conclu
sions could be drawn.
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Neurofilament ■ Quantitative study
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Introduction

A variety of methods have been used to determine the to
tal number of neurons in the enteric nervous system 
(ENS). NADH-diaphorase histochemical staining was 
earlier believed to stain all neurons in the ENS (Gabella 
1987), but it was recently demonstrated that the tech
niques applied are not sufficiently accurate, and 20% of 
enteric neurons lack NADH-diaphorase (Young et al. 
1993). PGP 9.5, a neuronal form of ubiquitin, has been 
utilised as a general neuronal marker (Timmermans et al. 
1999), although PGP 9.5 immunoreactivity is present in 
only about 80% of all the myenteric neurons in the rat 
ENS (Eaker and Sallustio 1994). Neurofilament (NF) 
immunocytochemistry has been used to evaluate the en
tire enteric neuron population (Bjorklund et al. 1984) 
and NF proteins such as NF 200 kDa or NF triplet pro
tein were recently applied as general neuronal markers 
(Brehmer et al. 1999a). The usefulness of constitutive 
nuclear oncoproteins to allow a count of the whole popu
lation of enteric neurons has not been confirmed. Immu
nocytochemistry for c-Fos (Fos-related antigen; FRA) 
and c-Myc have been used to demonstrate nerve cells in 
the guinea pig ENS (Parr and Sharkey 1994). Double la
belling with FRA immunocytochemistry and cuprolinic 
blue histochemical staining revealed that the number of 
neurons demonstrated by FRA was only about 65% of 
that detected with cuprolinic blue (Karaosmanoglu et al. 
1996). Cuprolinic blue has been proved to stain enteric 
neurons selectively (Heinicke et al. 1987). In the pres
ence of a high concentration of Mg2+, it binds selectively 
to single-stranded RNA (Tas et al. 1983). Since the non
neuronal cells in the gut wall contain relatively few ribo
somes, cuprolinic blue provides a highly specific demon
stration of neurons. Cuprolinic blue stains nerve cell 
bodies well and processes poorly, and the outline of the 
individual neurons is therefore not obscured by the neu
ropil. Thus, cuprolinic blue staining is an accurate meth
od with which to estimate the total number of enteric 
neurons in order to follow the numerical changes in the 
density of neurons during development. The absence of
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cuprolinic blue staining from interconnective strands in
dicates that it does not stain glia (Karaosmanoglu et al. 
1996). Investigations with cuprolinic blue as concerns 
postnatal alterations have been carried out in humans 
(Wester et al. 1999) and in rat (Schäfer et al. 1999; 
Timmermans et al. 1999). However, no information has 
vet been published as regards the qualitative changes 
during the 1st week after hatching in chicken, even 
though this period is of basic importance for functional 
maturation. At around hatching, the ENS must adapt 
itself to the increase in length of the alimentary tract, 
the increase in thickness of the musculature and the 
changing dietary habits. Despite the usefulness of the 
chicken intestine in developmental studies (Epstein et al. 
1991; Balaskas and Gabella 1995; Fairman et al. 1995; 
Bagyänszki et al. 2000), no appropriate method has so 
far been published with which to count the total number 
of neurons in the chicken intestine. The aim of the pres
ent study, therefore, was to find an accurate counting 
method suitable for determination of the age and intesti
nal segment-related differences in the total number of 
myenteric neurons and at the same time to gain a tool for 
the morphological classification of the myenteric neu
rons in the developing chicken intestine. Using these 
methods may promote an understanding of the formation 
of the functional differences between the intestinal seg
ments or the development of the pattern of nerve-muscle 
interactions.

Materials and methods

Animals and tissue handling

All animal experiments were carried out in strict compliance with 
the European Communities Council Directive (86/609/EEC) re
garding the care and use of laboratory animals for experimental 
procedures. Fertilised Leghorn chicken (Gallus gallus L.) eggs 
were incubated at 38°C Hatched chickens were maintained on 
solid feed and tap water. The gastrointestinal tract was dissected 
from decapitated embryos on day 19 of incubation and from 
chickens on day 1, 2, 4 or 7 after hatching. Five animals were 
killed at each developmental stage. The mean length of the gut 
was 25.18±3.64, 32.54±2.89, 40.96+3.93, 63.6±10.22 and 76.88± 
6.25 cm, respectively. The intestine was flushed with phosphate 
buffer (PB; 0.1 M, pH 7.4), ligated and distended by filling with 
4% paraformaldehyde buffered with phosphate-buffered saline 
(PBS; 0.1 M) and immersed in the same fixative for 4 h at room 
temperature. After fixation, samples were rinsed, and measured 
segments of the small intestine and colon were selected. The prox
imal samples of the small intestine were located 2-3 cm aboral to 
the pyloric sphincter, and the distal samples 2-3 cm oral to the 
ileocaecal junction. The middle segment of the small intestine in
cluded a 2- to 3-cm-long part dissected at the bisecting line of the 
small intestine, while the colon samples included 2- to 3-cm-long 
parts of the gut distal to the ileocaecal junction. The segments 
were opened along the mesenteric attachment, and whole mounts 
containing the longitudinal muscle layer with the attached myen
teric plexus were prepared from the intestinal segments in each 
age group.

Cuprolinic blue histochemical staining

Whole mounts were stained with cuprolinic blue according to 
Holst and Powley (1995), with some modifications. After a 

90-min preincubation in Triton X-100 (0.1%), whole mounts were 
rinsed in PB and in distilled water. Cuprolinic blue (0.5% w/v) 
was dissolved in 0.05 M sodium acetate buffer (pH 5.6) to which 
1.0 M magnesium chloride was added. Small amounts of cup
rolinic blue solution were filtered through a 0.22-pm Millipore fil
ter mounted on a syringe onto a glass slide. Rinsed whole mounts 
were placed in the drops of cuprolinic blue solution. Whole 
mounts were incubated for 2 h at 37°C in a humid chamber. Fol
lowing incubation, samples were rinsed in distilled water and dif
ferentiated in 0.05 M sodium acetate buffer (pH 5.6) for 20 min.

Neurofilament immunocytochemistry

After preincubation for 1 h in normal goat serum (Sigma), whole 
mounts were incubated overnight in the primary antiserum (NF; 
200 kDa, mouse; Sigma, clone N52). Subsequently, the specimens 
were incubated for 6 h in biotinylated anti-mouse IgG (Amers- 
ham). The whole mounts were next incubated overnight in strepta- 
vidin-biotinylated horseradish peroxidase (Amersham). Incuba
tions were carried out at room temperature, and antisera were di
luted to 1:100. The chromogen diaminobenzidine was used to vi
sualise NF immunopositivity.

Double labelling with cuprolinic blue and NF

Double labelling was carried out according to Holst and Powley 
(1995), with some modifications. Whole mounts were first stained 
with cuprolinic blue, and samples were then immunostained with 
NF according to the methods mentioned above.

Microscopic technique and statistics

Preparations were mounted in glycerine/PBS 3:1, then viewed, 
counted and photographed with a Zeiss Axioscope light micro
scope. Ganglia and stained cells were counted in randomly select
ed measured areas (a microscopic field was 0.44 mm2) at 160-fold 
magnification. Care was taken to ensure that the neurons in the 
full depth of the ganglia were counted. Data from ten measured ar
eas per intestinal segment per animal per age group were included 
in the present study. After square root transformation of the data, 
statistical analysis was performed by using two-way ANOVA and 
the Tukey probe with SPSS software in order to evaluate the effect 
of age on the regional changes in the total number of neurons A 
probability of P<0.05 was set as the level of significance in all 
analyses. The ganglionic and neuronal densities were calculated 
as the numbers of ganglia or cuprolinic blue-positive cells per 
square millimetre of whole mount area. Data were expressed as 
means ± SE. The mean number of neurons per myenteric ganglion 
was also calculated. Diagrams and tables were made with (he 
Microsoft Excel 7.0 computer program.

Results

Both cuprolinic blue histochemistry and NF immunocy
tochemistry resulted in a highly selective staining of my
enteric neurons in the alimentary tract of the developing 
chicken (Figs. 1, 2, 3). Cuprolinic blue stained the nerve 
cell bodies prominently, whereas the nerve processes and 
other tissue components of the gut wall were not stained; 
thus, the myenteric neurons were seen as a morphologi
cally uniform nerve cell population (Fig. 1). The mor
phology of the NF-positive cells was highly variable, al
though the outline of the neurons was difficult to discern 
because of the dense immunoreactivity of the nerve pro
cesses (Fig. 2). NF-labelled large neurons with an aver-
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Fig. 1 Cuprolinic blue-stained 
whole mount preparation of the 
myenteric plexus in the aboral 
segment of the chicken small 
intestine on posthatching day 4. 
The cell bodies are stained and 
outlined well (arrows); the neu
ropil is unstained (asterisk). 
x670

Fig. 2 Neurofilament-immuno
stained whole mount prepara
tion of the myenteric plexus 
in the middle segment of the 
chicken small intestine on pos
thatching day 7. Small (arrow
heads) and large (arrows) neu
rons are stained. x670. Inset 
Densely immunostained large 
neuron with smooth surface 
and several long processes (A), 
xl 150

Fig. 3 Cuprolinic blue and 
neurofilament-immunostained 
whole mount preparation of the 
myenteric plexus in the aboral 
segment of the chicken small 
intestine on posthatching day 7. 
Large neurofilament-positive 
neurons (double arrowheads) 
are intensely labelled. Most of 
the neurons exhibit overlapping 
labelling by cuprolinic blue and 
neurofilament (arrowheads). 
Some neurons are stained only 
by cuprolinic blue (arrows). 
X670. Inset Immunostained 
large neuron with a single long 
process (A) and several short 
processes (o). X1150
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Fig. 4 Histograms illustrating the differences in ganglionic densi
ty (A), neuronal density (B) and the mean number of neurons per 
myenteric ganglion (C) in the proximal, middle and distal seg
ments of the small intestine and in the colon on embryonic day 19 
and on days 1, 2, 4 and 7 after hatching. Data are expressed as 
means ± SE. The values for the histograms were taken from 
Table 1

age area of 350 pm2 were mainly uniaxonal multiden- 
dritic or multipolar neurons (Figs. 2, 3), while some of 
them appeared as multiaxonal neurons, with relatively 
smooth surfaces and several long processes (Fig. 2 in
set'). Besides the large NF-positive neurons, there were 
many smaller neurons with an average area of 170 pm2 
that were stained by NF in the myenteric ganglia 
(Figs. 2, 3). Double labelling with the two markers 
always revealed a non-overlapping cell population with
in the ganglia stained only by cuprolinic blue (Fig. 3). 
The ganglionic density, the nerve cell density and the 
number of neurons per myenteric ganglion were ob
tained from whole mounts stained with cuprolinic blue 
(Fig. 4; Table 1). The quantitative analysis revealed a 
significantly higher (P<0.001) ganglionic density in the 
middle and distal parts of the small intestine than in the 
colon and in the proximal part of the small intestine on E 1
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day 19 of incubation. The ganglionic density decreased 
significantly (PcO.OOl) in each segment investigated 
during the 1st week after hatching, except between 
days 2 and 4 (P=0.975). By day 7, there were no signifi
cant differences in ganglionic density between the intes
tinal segments investigated (F=0.603). Significant de
creases (P<0.001) in neuronal density were detected be
tween day 19 of incubation and day 1 after hatching, and 
between days 4 and 7. The numerical changes in neuro
nal density were not significant between days 1 and 2 
(P=0.797), or between days 2 and 4 (P=0.933) of pos
thatching development. The mean number of neurons per 
myenteric ganglion increased significantly (P=0.04) in 
each segment investigated between day 19 of incubation 
and day 2 of posthatching life. After the 1st posthatching 
day, a significantly higher (P<0.001) number of neurons 
per ganglion was found in the proximal part of the small 
intestine than in the distal and middle segments of the 
small intestine and in the colon. Although the data ob
tained by means of NF staining were not suitable for 
ANOVA, double labelling with the two markers revealed 
that the overlapping cell population comprised roughly 
30-35% of the entire population of myenteric neurons.

Discussion

In the present investigation, cuprolinic blue histochemis
try and NF immunocytochemistry were used to estimate 
the change in the total number of myenteric neurons in 
the chicken intestine between embryonic day 19 and pos
thatching day 7. Both markers resulted in a highly selec
tive staining of myenteric neurons in the intestinal seg
ments examined. The absence of background labelling in 
the musculature, the glia cells and the neuropil allowed 
easy and accurate counting. On the other hand, NF im
munostaining yielded dense immunoreactivity in the pro
cesses and in the ganglionic neuropil; the neuronal out
lines were therefore not clear and counting was more dif
ficult. Double labelling with the two markers (Holst and 
Powley 1995; Van Ginneken et al. 1999) made the local
isation of NF positivity more accurate and allowed a 
morphological classification of the NF-stained neurons. 
Those shapes with an average area of 350 pm2 corre
sponded most closely to the type I and III neurons, but 
rarely to the type II neurons originally described by 
Dogiel (1899). Most of them were multidendritic uniax- 
onal (type I) and multipolar neurons (type III), while a 
few were dendritic or adendritic multiaxonal neurons 
(type II) (Brehmer et al. 1999b). Although NF is a good 
marker with which to visualise the neuronal morphology 
and the pattern of neuronal fibres, it has not proved suit
able for quantitative studies. The variances in the num
ber of NF-positive neurons were not homogeneous, 
ANOVA could therefore not be used, and correct statisti
cal conclusions could not be drawn as concerns the num
ber of NF-positive neurons. However, double labelling 
With NF and cuprolinic blue did allow some quantitative 
findings. Double labelling with the two markers always 

revealed that most of the neurons formed a non-overlap- 
ping, barely cuprolinic blue-stained neuron population, 
which comprised roughly 65-70% of the entire myenter
ic neurons. This means that the number of cuprolinic 
blue-positive neurons was always unambiguously higher 
than that observed following NF immunostaining.

Quantitative studies involving the use of cuprolinic 
blue-stained whole mounts revealed that the densities 
of ganglia and neurons were significantly higher in the 
middle and distal parts of the gut than in the proximal 
part and in the colon on day 19 of incubation. During 
the development between day 19 of incubation and day 1 
after hatching, significant decreases in density were de
tected only in the middle and distal parts of the small in
testine. In the subsequent development, between days 2 
and 7, the densities changed in accordance with the in
creasing musculature of the gut (Fekete et al. 1996; 
Blennerhassett and Louressen 2000). The lower densities 
of neurons and ganglia in the proximal part and the colon 
are due to the advanced embryonic growth of these seg
ments. The number of neurons per ganglion increased in 
each segment, with different dynamics along the longitu
dinal axis of the gut. On day 19, the mean number of 
neurons per ganglion was similar in each intestinal seg
ment investigated. Between embryonic day 19 and pos
thatching day 2, a significant increase in the number of 
neurons per ganglion was detected only in the proximal 
part of the small intestine. A threefold increase in the 
number of neurons per myenteric ganglion was found in 
the proximal part on day 7 as compared to day 19 of em
bryonic development. The number of neurons almost 
doubled in the other intestinal segments. The increasing 
number of neurons per ganglion suggests an adaptation 
of the myenteric plexus to the greater demand for inner
vation caused by the increase in the musculature during 
the 1st week of posthatching life (Blennerhassett and 
Louressen 2000). The differences found in the number of 
neurons per ganglion in the proximal part of the small 
intestine relative to other intestinal segments might be 
due to the innervation pattern serving local physiological 
demands (Van Ginneken et al. 1998; Jarvinen et al. 
1999). Thus quantitative measurements concerning age 
and segment-related changes during development may 
provide a better understanding of the morphogenesis and 
progress in nerve-muscle interactions.
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Summary. The Image-Pro Plus 3.0 morphometric
program was used to study the region-specific
organization of the human fetal intestine across the
radial axis of the gut at weeks 12 and 18 of gestation.
The thicknesses of the epithelium, the submucosa, the
muscular layers and the myenteric ganglia were
measured in resin-embedded semithin sections.
Statistical analysis of the collected data was performed
by using the two-way ANOVA, the SNK test and the
Pearson correlation. The structural changes relating to
the gut morphogenesis within this developmental period
were followed both light and electron microscopically.
The various tissues forming the radial axis of the
intestinal tube exhibited different trends concerning their
individual development. The thickness of the epithelium
did not change in the fetal period investigated, although
the epithelial surface displayed characteristic
ultrastructural changes. The thickness of the submucosal
layer increased significantly, but with different dynamics
along the longitudinal axis, whereas the increases in size
of the muscular layers and the myenteric ganglia did not
differ significantly along the longitudinal axis of the
embryonic intestine. The Pearson correlation revealed a
significant correlation between the development of the
circular muscle layer and that of the myenteric plexus
along the whole length of the intestinal tube. The
epithelium, the submucosa and the longitudinal muscle
layers developed independently between weeks 12 and
18 of gestation.

Key words: Region-specific organization, Statistical
analysis, Light microscopy, Electron microscopy

Introduction

There are two major steps in the development of the
gastrointestinal tract: organ formation, which in the
human fetus is complete by week 12 of gestation (Grand
et al., 1976; Montgomery et al., 1999), and functional
maturation, which starts with swallowing, first
detectable at around week 17 of gestation (Pritchard,
1966; Abramovich, 1973). During gut organogenesis,
the mesenchyme differentiates into distinct concentric
layers around the endodermal epithelium, forming the
thin layer of the lamina propria, the muscularis mucosae,
the submucosa and the muscle layers. How this
topographical organization of the gut mesenchyme is
established is largely unknown, though a small number
of studies have recently been made about the regulatory
mechanism underlying this topographically organized
differentiation of the gut (Fukada et al., 1998; Sukegawa
et al., 2000). It has been established that the patterning
across the radial axis in mice is basically organized by
the epithelium (Sukegawa et al., 2000). Only sporadic
data exist concerning the morphogenetic events relating
to the functional maturation of the human fetal intestine.
A changing pattern of myenteric plexus (MP) muscle
contact has been revealed (Fekete et al., 1996). Up to
week 18 of gestation, the circular muscle layer (CM)
offers the mechanical surface for the developing MP,
while after this time the longitudinal muscle (LM) is
formed and the mechanical points of attachment have
shifted from the CM to the LM. Evidence that the
number of neurons, the density of the MP and the
average neuronal size are greater in areas where the
smooth muscle layers are thicker (Gabella, 1994)
suggests a close neuron-target cell relationship for
mutual survival and function. More recent evidence
indicates that neurons are effective regulators of
intestinal smooth muscle growth and for the
maintenance of their differentiated state (Blennerhassett
and Louressen, 2000).
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There are as yet no data on the age- and region-
specific differences in the final patterning across the
radial axis in the developing human gastrointestinal
tract. Accordingly, to elucidate the mechanism involved
in the morphogenesis of the concentric structure of the
human gut, we have investigated the changes in
thickness of the tissue layers forming the final structure
around the intestinal lumen in the different segments of
the human fetal intestine at weeks 12 and 18 of
gestation. Quantitative observations of the developing
intestine may provide data of value to assess the
individual tissue components, the modification of their
relationships and the developmental correlations
between tissue layers of different segments of the
embryonic intestine. A knowledge of the exact timing
and the quantitative features of the morphogenetic
events might promote an understanding of the
mechanisms underlying functional maturation. In the
present work we have considered weeks 12 and 18 of
fetal development because particularly striking
morphogenetic events occur in this period (Grand et al.,
1976; Moxey and Trier, 1979; Montgomery et al., 1999).

Materials and methods

Tissue preparation 

Human fetuses at weeks 12 and 18 of gestation were
obtained immediately after legally approved or
spontaneous abortions. The crown-heel length was used
to determine the gestation age (England, 1983; Moore,
1989). Three fetuses of each age were used for each
examination. All the experiments were performed in
accordance with the declaration of the Medical World
Federation proclaimed in Helsinki in 1964. The whole
intestine was flushed with phosphate buffer (0.1 M, pH
7.4) and distended by filling with the fixative (2%
paraformaldehyde, 2% glutaraldehyde in 0.1 M
phosphate buffer). The distended intestine was immersed
in the same fixative overnight at 4 °C. After fixation,
two measured segments of the small intestine and one
measured segment of the colon were selected and
processed for electron microscopy (Fekete et al., 1996).
The proximal and distal samples of the small intestine
were located at 1 cm distal to the pylorus and at 7 cm
oral to the ileo-cecal junction, respectively. The colon
samples were located at 0.5 cm distal to the ileo-cecal
junction. 

Measurements 

Toluidine blue-stained semithin cross-sections
prepared from the selected intestinal segments were
subjected to morphometric analysis, and ultrathin cross-
sections from the same sectional level were examined
with a Philips CM 10 conventional electron microscope
equipped with a MEGAVIEW II camera. Semithin cross-
sections were examined with a Zeiss Axioskope light
microscope equipped with a Hitachi (HV-C20 3-CCD)

color camera. The Image-Pro Plus 3.0 morphometric
program was used for measurements. The thicknesses of
the epithelium, the submucosa, the circular and the
longitudinal muscle layer and the diameter of the
myentric ganglia were measured. 50 measurements per
intestinal segment per age group were made at 50- or
100-fold magnification, depending on the age.

Data analysis

After logarithmic transformation of the collected
data, statistical analysis was performed by using the two-
way ANOVA and the SNK test on SPSS 9.0 software. A
probability of P<0.05 was set as the level of significance
in all analyses. Diagrams and tables were made with the
Microsoft Excel 7.0 program. Data were expressed as
means ± SE. In order to evaluate the interaction between
the tissue layers around the radial axis of the developing
intestine, the Pearson correlation was used with SPSS
9.0 software. The correlation coefficient (r) and the level
of significance (P) were evaluated.

Results

Morphological observations

A gradual increase in the thickness of the intestinal
wall, with a clear proximo-distal gradient, was observed
between weeks 12 and 18 of gestation. Age-related
changes were noted light microscopically in the
submucosa, the muscle layers and also the MP. The
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Fig. 1. Toluidine blue-stained semithin cross-section of resin-embedded
human fetal small intestine at week 12 of gestation. The mesenchymal
cells in the submucosal layer (SU) are loosely packed. The myenteric
ganglia (arrowheads) appear as compact cell masses with no internodal
segments. The longitudinal muscle layer (arrow) is identifiable only with
difficulty. EP: epithelium. Bar:  35 µm.



mesenchymal cells in the submucosal layer became
more closely packed during the developmental period
examined and dense arrays of large blood vessels
appeared (Figs. 1, 2). Whereas the LM layer was very
difficult to identify at week 12 (Fig. 1), by week 18 it
had formed a continuous layer with closely-packed
smooth muscle cells (Fig. 2). The myenteric ganglia
appeared as compact cell masses with no internodal
segments at week 12 (Fig. 1) while the characteristic
picture of ganglionated plexus was revealed at week 18
(Fig. 2), when the ganglia were separated by long
internodal segments. At the same time, age-related
morphological changes in the epithelium were observed
only ultrastructurally. Zones of bilayered epithelium
were frequently seen in the intervillar epithelium at week
12 of gestation (Fig. 3). Coherent cells in these areas
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Fig. 2. Toluidine blue-stained semithin cross-section of resin-embedded
human fetal small intestine at week 18 of gestation. The mesenchymal
cells in the submucosal layer (SU) are more closely packed and dense
arrays of large blood vessels have appeared (BV). The myenteric
ganglia (arrowheads) are separated by long internodal segments
(asterisk). The longitudinal muscle layer (LM) forms a continuous layer
with closely packed smooth muscle cells. EP: epithelium.  Bar: 35 µm.

Fig. 3.
Bilayered zone
of the
epithelium (EP)
in the intervillar
region of the
human fetal
small intestine
at week 12 of
gestation.
Coherent cells
are coupled
with regularly-
ordered
desmosomes
(arrowheads).
Matured
junctional
complexes with
zonula
occludens
(arrows) have
also appeared.
Bar : 1 µm.

Table 1. Thickness of the tissue layers of the human fetal intesinal tube in micrometer at weeks 12 and 18 of gestation. Data are expressed as means ±
SE. In case of the older animals, when in a given tissue layer of an intestinal segment significant differences were measured, the value of significance
(p<0.05) was indicated with an asterisk.

PROXIMAL PART OF THE DISTAL PART OF THE COLON (µm)
SMALL INTESTINE (µm) SMALL INTESTINE(µm)

12 weeks 18 weeks 12 weeks 18 weeks 12 weeks 18 weeks

Epithelium 28.590±10.54 29.396±2.48 28.851±5.76 31.456±4.61 35.265±5.91 35.427±5.61
Submucosa 238.357±30.81 291.270±88.02* 156.827±13.33 163.912±13.97* 118.130±18.9 160.85±33.81*
Circular muscle layer 15.470±4.26 30.890±6.88* 15.258±0.58 27.104±8.04* 14.610±1.82 36.753±10.07*
Myenteric ganglia 19.470±2.1 22.994±5.00* 15.425±2.45 19.849±2.48* 15.339±1.17 21.806±3.92*
Longitudinal muscle layer unmeasurable 16.734±1.56 unmeasurable 20.505±1.46 unmeasurable 22.427±2.58



were coupled with regularly-ordered desmosomes (Fig.
3). Absorptive cells on the luminal surface already
displayed an array of microvilli, although they were

short, sparse and irregularly oriented (Fig. 4). By week
18, the luminal intestinal surfaces were covered by a
simple columnar epithelium, and the apical brush
borders were composed of regular microvilli similar to
those found in the adult intestine (Fig. 5). 

Statistical analysis

The different tissue layers forming the radial axis of
the intestinal tube exhibited different quantitative trends
in their individual development. The thickness of the
epithelium did not change significantly (P>0.05)
between weeks 12 and 18 of gestation and no significant
difference in epithelial thickness was noted in the
different intestinal segments (Figs. 6, 7 and Table 1).
The thickness of the submucosal layer increased
significantly (P<0.05) within this developmental period
and the thicknesses of this tissue layer were significantly
different in the proximal and distal parts of the small
intestine and in the colon (P<0.001) (Figs. 6, 7 and Table
1). A significant thickening of the CM was noticed
(P<0.001) within this period, though this thickening was
uniform along the proximo-distal axis of the intestine
(Figs 6, 7 and Table 1). At week 12, the LM layer was
too thin to measure, whereas at week 18 it had formed a
continuous thick tissue layer, with uniform thickness
throughout the whole length of the intestine (Figs. 6, 7
and Table 1). A significant increase in the diameter
(P<0.05) of the myenteric ganglia was found between
weeks 12 and 18 in each segment investigated. At week
12, the diameter of the myenteric ganglia differed
significantly (P<0.001) in each of the intestinal segments
investigated (Figs. 6, 7 and Table 1), but at week 18 the
regional differences in the diameter of the ganglia were
no longer observed (P>0.05). The Pearson correlation
parameters were r=0.511 and p=0.01 for the CM and the
myenteric ganglia, and r<0.5 and p>0.05 for the
remainder of the tissue layers.
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Fig. 4. Luminal surface of the epithelium of the human fetal
small intestine at week 12 of gestation. The absorptive cells
display an array of short, sparse and irregularly oriented
microvilli (arrows). Immature junctional complexes are
characteristic with an array of desmosomes (arrowheads).
Bar: 1 µm.

Fig. 5. Absorptive cells of the human fetal small intestine at week 18 of
gestation. Simple columnar epithelium (EP) with the apical brush border
is composed of regular microvilli (arrow). Matured junctional complexes
with zonula adherens (double arrows) and zonula occludens
(arrowhead) are present. Bar: 1 µm. 



Discussion

In the present work, the qualitative and quantitative
changes in the tissue layers around the intestinal lumen
were investigated in the different segments of the
developing human fetal gut at weeks 12 and 18 of

gestation. Although the basic organization of the
concentric tissue layers was similar in the different
regions of the fetal intestine, characteristic age- and
region-specific differences were revealed. Due to the
stabilization of the epithelial cell proliferation rate
(Arsenault and Menard, 1987, 1989), after week 12, the
epithelial thickness remained almost constant throughout
the whole length of the intestine. On the other hand,
some well-defined ultrastructural changes could be
demonstrated in the intestinal epithelium. Although the
polarization of the single-layered epithelium was already
established by week 12, by week 18 the short, sparse and
unevenly oriented microvillar surface had changed into a
highly organized brush border complex. The bilayered
appearance of the intervillar epithelium at week 12 and
the changing pattern of desmosomes between weeks 12
and 18 might be related to the expansion of the villi and
crypts, when the epithelial cells migrate in discrete
cohorts (Yasugi, 1993). Cytoskeletal structures coupled
by desmosomes, or uncoupled when the desmosomes
disintegrate during maturation, might play an important
role in the regulation of cell migration leading to the
formation of matured villi. The significant region-
specific thickening of the submucosal layer between
weeks 12 and 18 was accompanied by an intensive
vascularization, suggesting an enhanced oxidative
metabolism in this fetal period. The present data
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Fig. 6. Histograms illustrating the differences in thickness of the tissue
layers of the intestinal wall in the proximal (A) and distal (B) parts of the
human fetal small intestine and in the colon (C) at weeks 12 and 18 of
gestation. Data are expressed as means ± SE.

a b

c



revealed significant increases in thickness of the smooth
muscle layers, with no clear regional differences.
Although the LM was not evident at week 12, by week
18 it appeared as a thick tissue layer with closely-packed
smooth muscle cells. A significant increase in the
diameter of the myenteric ganglia was also revealed,
though the morphogenetic changes in the plexus were
even more impressive. The compact cell masses on the
outer side of the CM at week 12 had changed into the
regular pattern of the ganglionated plexus by week 18.
Long internodal segments were formed and the regional
differences observed in the thickness of the plexus at
week 12 had disappeared by week 18. The Pearson
correlation data demonstrated a correlative development
between the CM and MP, but not between the other
tissue layers within this period. The interaction between
nerve and muscle is directed partly through physical
contacts (Fekete et al., 1996) and partly through trophic
factors (Gittes et al., 1996; Blennerhassett and
Louressen, 2000). Neurally-mediated inhibition or
stimulation of smooth muscle growth might help to
maintain the target organ growth within narrow
parameters, such that the proper size is reached, but not
exceeded. The tissue-specific variety of regional
differences suggests that the regional identity is
imprinted in the cells forming the concentric tissue
layers around the intestinal lumen, although the
imprinting rules differ in tissues with different
embryonic origins. In the gut mesenchyme, the region-
specific expression of regulatory genes such as Hox

(Parr and McMahon, 1995; Wolpert, 1998) can organize
the regional identity. In the nerve cells, on the other
hand, region-specific expression of regulatory signal
molecules responsible for the development of the enteric
nervous system has been identified (Roberts et al., 1995;
Montgomery, 1999; Kapur, 2000; Roberts, 2000). The
locally-determined neuronal identity might well be
influenced by the mesenchymal cells through which they
migrate during colonization. This could create the final
region-specific pattern of the concentric structures
around the intestinal lumen which best suits the
functional demands of the particular intestinal segment.
The Pearson correlation data provided in present
investigation suggest that the nerve-muscle interaction
might have a crucial role in the final refinement of this
patterning. 
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ABSTRACT                        The appearance, the individual distribution and the pattern of colocalization
of nitric oxide synthase (NOS-immunoreactivity, NOSi), vasoactive intestinal peptide (VIP-
immunoreactivity, VIPi) and neuropeptide Y (NPY-immunoreactivity, NPYi) immunoreactivity
were examined in the developing human fetal small intestine at weeks 12 and 18 of gestation.
Neurons expressing VIPi, NPYi and NOSi were observed in the small intestine of the 12-week-
old human fetuses and from this age on a gradual increase in the immunoreactivities appeared
until week 18 of gestation when a dense network of immunopositive fibres and cell bodies
were observed both in the submucous (SmP) and in the myenteric plexuses (MP). The double-
labelling immunocytochemistry showed different pattern of the overlapping immunoreactive
structures within the myenteric and submucous plexuses. The cellular colocalization of VIPi and
NOSi in submucous ganglia were revealed around week 12 of gestation while in the myenteric
ganglia cells with overlapping immunoreactivity appeared around week 18. A limited cellular
colocalization of NPYi and NOSi were noticed before week 18, and NOSi neurons in the MP
of the 12-week-old fetuses were preferentially innervated by NPYi varicosities. These results
suggest that VIP, NPY and NO may exert a cooperative action in human fetal gastrointestinal
motility. Acta Biol Szeged 46(1-2):17-23 (2002)

KEY WORDS

human intestine
immunocytochemistry
NOS
VIP
NPY

Accepted March 27, 2002
*Corresponding author. E-mail: efekete@bio.u-szeged.hu

17

Detailed studies about the ontogeny of peptide-containing
neurons in the human enteric nervous system (ENS) were
performed (Bryant et al. 1982; Larsson et al. 1987) and it is
known that neuronal elements expressing VIP or NPY appear
during early fetal development. Many studies have suggested
that VIP containing neurons are important mediators of the
descending inhibitory phase of peristalsis (Larsson et al.
1976; Hata et al.1990; Furness et al. 1992; Grider and Jin
1993; Allesher and Daniel 1994). Other evidence indicates
that the mediation of descending inhibition is not limited to
VIP and suggests that nitric oxide (NO) may also serve as an
inhibitory neurotransmitter (Giorgio et al. 1994; Yuan et al.
1995; Young et al. 1995). Recent evidence indicates that NPY
is present in inhibitory motor neurons of guinea pig mye/
nteric ganglia (Uemura et al. 1995). The wide distribution of
neurons with NPYi suggests that just like VIP, NPY is also
involved as an inhibitory neurotransmitter in all regions of
the fetal gut. There are two populations of NPY immu-
noreactive nerve fibres in the gut. One major population of
fibres is of intrinsic origin, distributed in all layers of the gut

(Sundler et al. 1993). A minor population of NPY fibres, with
extrinsic origin, is identical with the adrenergic NPY fibres
distributed mainly around blood vessels and in the myenteric
ganglia (Lundberg et al. 1982; Browning et al. 1999).
Colocalization studies showing that NO is produced in
enteric neurons that express neuropeptides including VIP
(Costa et al. 1992) and  NPY (Kirchgessner et al. 1994) make
VIP, NPY and NO viable candidates as parallel neurotrans-
mitters.

The early appearance of neuronal elements with VIP,
NPY and NOS immunoreactivity is well documented in
human fetal intestine (Bryant et al. 1982; Chayvialle et al.
1983; Larsson et al. 1987; Timmermans et al. 1994). Since
most of these investigations were performed on sections, they
do not give informations about the distribution of nerve fibres
and cell bodies within the different compartments of the
human fetal ENS. Studies as concerns the possible co-
localization of VIPi with NOSi or NPYi with NOSi during
the development of the human ENS do not exist. The first aim
of these investigations was therefore to determine the indi-
vidual distribution of VIPi, NPYi and NOSi within the human
fetal ENS using wholemount preparations of the intestinal
wall. The second aim was to investigate in what extent these

http://www.sci.u-szeged.hu/ABS
mailto:efekete@bio.u-szeged.hu
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substances are colocalized in the developing human fetal
small intestine. The third aim was to examine changes in the
distribution of the overlapping immunoreactive neuronal
elements between weeks 12 and 18 of gestation.

The present study provides the first evidence on the
simultaneous appearance of NOSi with VIPi and NOSi with
NPYi in different neuronal populations in the developing
human fetal small intestine.

Materials and Methods

Tissues

Intestinal segments of human fetuses (weeks 12 and 18 of
gestation) were obtained immediately after legally approved
or spontaneous abortions. The crown-heel length was used
to assign gestation age. Three fetuses of all ages were used
for each examination. The experiments were performed in
accordance with the declaration of the Medical World
Federation proclaimed in Helsinki in 1964.

Immunocytochemistry

Segments of small intestine were ligated and distended using
a modified Zamboni fixative (Scheuermann et al. 1987) and
fixed overnight at 4oC. After washing with phosphate buff-
ered saline (PBS) at pH 7.4, tissue pieces were used for
wholemount preparations and cryosections. Double-labelling
immunofluorescence histochemistry was performed applying
simultaneous incubation using a monoclonal mouse anti-
NOS antiserum (Affinity, Menasha, USA; final dilution
1:200) in combination with either a rabbit anti-VIP (Affinity;
final dilution 1:200) or a rabbit anti-NPY antiserum (Amer-
sham; final dilution 1:500) overnight at room temperature.
After incubation with primary antisera wholemounts were
washed with PBS and exposed for 6 h to a mixture of species-
specific secondary antibodies conjugated to FITC (Jackson,
Baltimore, USA; final dilution 1:100), Cy3 (Sigma, Buda-
pest, Hungary; final dilution 1:200) or biotin (Amersham,
Backinghamshire, England; final dilution 1:100). After
incubation in secondary antiserum, tissues were washed and
incubated for overnight with streptavidin-Texas Red (Amer-
sham; final dilution 1:100) or streptavidin-biotinylated
horseradish peroxidase (Amersham; final dilution 1:100).
Specimens were mounted in PBS-buffered glycerol. Prepara-
tions were viewed and photographed with a Zeiss Axioscope
2 MOT fluorescent microscope equipped with a Zeiss Axio-
Cam digital camera.

Results

The individual distribution and the pattern of coexistence of
NOSi, VIPi and NPYi were examined in cryosections and in
wholemount preparations of human fetal small intestine
between weeks 12 and 18 of gestation. NOS, VIP and NPY
immunoreactive structures were observed in each part of the

small intestine at week 12 of gestation (Figs. 1 and 2). From
this age on there was a gradual increase in the intensity of
immunofluorescence, and also in the number and the diversi-
ty of the immunopositive nerve structures until week 18 of
gestation, when dense networks of immunopositive fibres
and large number of immunopositive cell bodies were seen
(Fig. 3). Most of the peptide-containing intraganglionic fibres
expressing either VIP or NPY were distributed within the
myenteric plexus (MP) as varicose fibres and freqently
formed baskets around non-immunopositive cell bodies
(Figs. 1D, F and 2D, 2F). NOSi fibres within the MP showed
a dense, less structured pattern of fibres with rare varicosities
which never formed baskets around non-immunopositive cell
bodies (Fig. 2A). Both peptidergic and nitrergic neuronal
structures were less densely distributed in the submucosus
plexus (SmP), although varicose fibres and cell bodies with
VIPi are frequently seen at 12 week of gestation (Figs. 1C
and E). NOS was also expressed in the submucous fibres
from week 12 on (Fig. 1B). Double-labelling experiments
revealed a limited coexistence of VIPi with NOSi and NPYi
with NOSi depending on the embryonic age examined. NOSi
with VIPi or NOSi with NPYi were never expressed together
in the varicosities of the embryonic ENS. The dense varicos-
ities of peptidergic fibres expressed only VIP or NPY,
whereas the scarce varicosities containing NOS never ex-
pressed peptides. Three populations of immunoreactive cell
bodies were revealed after double-labelling with VIP and
NOS: a population of myenteric neurons co-expressing VIP
with NOS (Figs. 2C and D) and another two populations
containing VIP or NOS alone (Figs. 2C, D and Figs. 3E, F).
A population of nerve cell bodies in submucous ganglia were
observed that express VIPi and NOSi together from week 12
of gestation. Nerve cells after double-labelling with NPY and
NOS also fall into three classes: a population containing NPY
with NOS (Figs. 2A and B) and another two populations
expressing NPY or NOS alone (Figs. 2E and F). The number
of cell bodies expressing NPY alone or NPY and NOS
together were limited to one or two cells per ganglia.

Discussion

Our present investigations covered the localization of three
substances: NO, VIP and NPY, known to occur in neuronal
elements of human adult intestine. VIP-containing nerve
fibres occur abundantly in all layers of the human gut and
VIP nerve cell bodies are regularly observed in intramural
ganglia (Bishop et al. 1982). The presence of the regulatory
peptides and NO has been proved in the early human fetal
intestine (Bryant et al. 1982; Timmermans et al. 1994). Most
of the peptides studied throughout the fetal development had
an adult-like distribution pattern by weeks 20 and 24 of
gestation (Bloom et al. 1983). As well as having a regulatory
role in intestinal motility, relaxing smooth muscle and
mediating inhibitory non-adrenergic non-cholinergic
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Figure 1. Light photomicrographs of cross-sections of the human fetal gut wall after NOS (A, B), VIP (C, D, E) and NPY (F) immunocytochemistry
on week 12 of gestation.
A. NOS-immunopositive neuronal elements (arrowheads) are abundant both in the longitudinal (LM) and circular muscle (CM) layers. x200
B. NOS-immunopositive neuronal elements are present in myenteric ganglia (arrowheads). Smooth individual fibres in the submucous layer
(SM) with NOS-immunopositivity appear (arrows). x400
C. VIP-immunoreactive varicose fibres (arrowheads) and cell bodies (arrows) around glandular epithelia in the submucosal layer on week 12
of gestation. x650
D. VIP-immunoreactive varicose fibres form baskets around non-immunoreactive cell bodies (arrows) within a myenteric ganglion. Dense
array of VIP-immunoreactive fibres (arroheads) was also revealed in the circular muscle layer (CM). LM: longitudinal muscle layer, MG:
myenteric ganglion. x400
E. VIP-immunoreactive cell bodies (arrowheads) in the submucous plexus. CM: circular muscle layer, LM: longitudinal muscle layer, Ca: capillary,
x200
F. NPY-immunopositive neuronal elements in a myenteric ganglion (MG). x400
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Figure 2. Fluorescent micrographs of cross-sections (A-D) and wholemounts of the human fetal gut wall after double-labelling
immunocytochemistry for NOS, NPY (A, B, E, F) and NOS, VIP (C, D) on week 12 of gestation.
A. NOS-immunopositive neurons (arrow) in a myenteric ganglion (MG) and dense arrays of fluorescent fibres (arrowheads) in the musculature.
CM: circular muscle layer, LM: longitudinal muscle layer, x400
B. NPY-immunoreactive varicose fibres (arrows) in the circular muscle layer (CM) and in a myenteric ganglion. Some of the ganglion cells
coexpress NOS and NPY (arrowhead). The NPY-positive fibres form baskets around non-immunreactive myenteric neurons. x400
C. NOS-immunopositive neuronal elements in a myenteric ganglion. Most of the cells express NOS and VIP together (arrows), while others
express only NOS. x650
D. VIP-immunopositive neuronal elements in a myenteric ganglion. Most of the ganglion cells co-express NOS and VIP (arrows). x650
E. NOS-positive neurons in the myenteric plexus (arrows). x200
F. NPY-positive varicose fibres in the myenteric plexus. A nitrergic neuron (asterisk) is surrounded by NPY immunopositive fibres (arrows).
200x
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Figure 3. Fluorescent micrographs of wholemount preparations of the human fetal small intestine after single labelling immunocytochemistry
for NOS (A, C), VIP (B, D), and double labelling immunocytochemistry for NOS, VIP (E, F) on week 18 of gestation.
A. NOS-immunopositive neurons (arrowheads) in a myenteric ganglion. x400
B. Dense array of VIP-immunopositive varicose fibres (arrows) and cell bodies (arrowheads). x400
C. NOS-immunopositive neuronal cell bodies (arrowheads) in a myenteric ganglion. x1000
D. VIP-immunopositive neuronal cell body (arrowhead) in a myenteric ganglion. The immunoreactivity is unevenly distributed within the
perikaryon. x1000
E. NOS-immunopositive neuronal cell bodies (arrowheads) in a myenteric ganglion. x400
F. Dense array of the VIP-immunopositive varicose fibres (arrow) in the myenteric plexus. Varicose fibres frequently form baskets (asterisks)
around non-immunoreactive cell bodies. x400



22

Bagyánszki et al.

(NANC) neurotransmission (Larsson et al.1976; Furness et
al. 1992; Grider and Jin 1993; Allesher and Daniel 1994), the
ability to act as growth factors has also been demonstrated
both for NO (Ogura et al. 1996) and VIP (Gressens et al.
1993). In order to evaluate the potential interactions of NO,
VIP and NPY in the developing human fetal small intestine
double-labelling immunocytochemistry was used and simul-
taneous appearance of NOSi with VIPi and NPYi with NOSi
in the different neuronal structures was followed from week
12 of gestation, when immunoreactive neuronal elements
were widely distributed in the fetal ENS. While both VIP and
NPY were localized mainly to varicose fibres and they
frequently formed baskets around cell bodies, the majority
of fibres with NOSi were smooth and never formed baskets
around cell bodies. The number of cells expressing NOS was
higher in the MP than those expressing VIP, while in sub-
mucous ganglia the number of VIPi neuronal cell bodies
overwhelmed the one or two NOSi cells per ganglia. Due to
the high number of cells expressing VIP it can be assumed
that most of the fibres displaying VIPi are intrinsic of the fetal
gut. Both the peptidergic and the nitrergic neuronal structures
were less densely distributed in the SmP. However, varicos-
ities within the SmP with VIPi were not seen before week 18
of gestation, cells expressing VIP and NOS alone or together
appeared already at week 12. On the contrary, cellular
colocalization of NOSi and NPYi was not revealed within the
SmP; however, the scarce NOS immunreactive  neurons
frequently received NPY immunreactive fiber terminations
suggesting a modulatory role for NPY (Cox et al. 1998;
Feletou et al. 1998).

The coexistence of both VIPi with NOSi and NPY with
NOSi was most pronounced in the 18-week-old fetus, when
the pattern of colocalization is similar using either VIP or
NPY antibody in combination with NOS antibody. The
neurons which simultaneously expressed either VIP and NOS
or NPY and NOS fall into five groups, two populations
contained NOS and VIP or NOS and NPY together, another
populations contained NOS, VIP or NPY alone. The NOS
immunreactive neurons which have a dominant NPY inner-
vation might represent a subgroup of NOS neurons. The
physiological significance of this pattern of coexistence is
still a subject of debates. Due to the early expression of these
substances (Bryant et al. 1982; Chayvialle et al. 1983;
Larsson et al. 1987; Timmermans et al. 1994), they might
have their individual action during the early development,
relaxing smooth muscle (Costa et al. 1992; Grider and Jin
1993; Kirchgessner et al. 1994) and acting in NANC neuro-
transmission. Later in development, when oro-anal peristalsis
starts (Grand et al. 1976) and the motility of the gut needs a
more sophisticated regulation, a complementary role might
be presumed to these substances. NO may mediate the same
type of response as VIP or NPY but with a different time
course. The different classes of neurons suggest that in some

cases NO is the final transmitter but most of the cases it
probably serves as a modulator to another NANC neurotrans-
mitter or it has an effect on the regulation of development.
The lack of varicosities in submucous fibres expressing VIP
or NOS suggests that NANC inhibition is not an important
part of the submucous function in the early development of
human ENS. The early appearance of cellular colocalization
at the same time suggests a regulatory effect of these sub-
stances either in neurotransmission or in neuronal differenti-
ation.

In conclusion, the distribution and the pattern of coexist-
ence revealed in our present investigation using double-
labelling experiments with NOS and VIP or NOS and NPY
antibodies, strongly support the concept that VIP with NOS
and NPY with NOS are parallel neurotransmitters in the
human fetal small intestine, although the neurotrophic effect
of NO and VIP should be a subject of further investigation.
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Objectives To study whether or not the enteric nervous system was involved in the 

delayed development of the gastrointestinal tract of a 22-week-old male fetus with 

trisomy 21.

Methods Short- and long-term cultures of amniotic fluid samples were set up and 

karyotype was determined with a chromosome banding technique. After termination of 

the pregnancy, paraffin sections and whole-mounts were prepared from segments of the 

small intestine, which were processed for general histology and immunohistochemistry. 

Primary antibodies against the 200 kDA neurofilament subunit and the glial marker 

S100 protein were used.

Results The histology revealed only a few, short villi and a pseudostratified epithelium. 

SI00 protein-immunoreactive structures were evenly distributed throughout the whole 

length of the small intestine, whereas a dense array of neurofilament-immunopositive 

neural structures were characteristic in the most proximal and most distal segments of 

the small intestine, the ganglion cells in the middle segments undergoing no staining.

Conclusion The present case provides histological and neurochemical data which 

indicate an overall delay in the development of the gastrointestinal tract of this 22-week- 

old male fetus. This delayed development, which also involves the enteric nervous 

system, might be a risk factor in the pathogenesis of intestinal disorders characteristic in 

newborns with trisomy 21.

key words fetal intestine, trisomy 21, neurofilament, SI00 protein



Introduction

Trisomy 21 is the most common autosomal aneuploidy compatible with postnatal
♦

survival. It occurs in an average of 1 of 700 live births (Hassold et al. 1995). The 

presence of trisomy 21 is regarded as a significant risk factor for Hirschprung disease 

(FISCR) and for a spectrum of defects in gastrointestinal motility (Cohen, 1999, Epstein 

et al. 1991, Holschneider et al. 1994). In consecquence of the wide and variable set of 

clinical features in a given individual, trisomy 21 is viewed as a predisposing factor, 

rather than as a causative factor for these diseases (Quinn et al. 1994). The gene catalog 

of chromosome 21 contains at least 10 kinases, 5 cell adhesion molecules and a number 

of transcription factors (Hattori et al. 2000). It is possible that an extra copy of these 

genes results in a global delay in intestinal development as a primary disorder, and the 

delayed maturation of the gastrointestinal tract may then predispose or contribute to the 

development of disorders such as like HSCR, intestinal obstruction or enterocolitis in 

infants with trisomy 21. Murine trisomy 16 is accompanied by a complex genetic insult 

similar to that in human beings with segmental trisomy 21 (Pletcher et al. 2001). 

Investigations of mice with trisomy 16 have demonstarted a delayed development in the 

enteric nervous system (ENS) of the stomach and in the intestine (Li et al. 2000). Here, 

we report on a 22-week-old male fetus with prenatally diagnosed trisomy 21. 

Observation of the small intestine revealed histological features typical of a younger 

fetal age, suggesting an overall delay in the development of the ENS. To know whether 

or not the ENS was involved in the delayed development, we applied 

immunohistochemistry, using primary antibodies against a neurofilament subunit 

protein (NF) and against S-100 protein. Both antigens have been widely used to study 

the architecture of the ENS both in normal (Eaker, 1997, Fekete et al. 1999) and in 
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pathological (Deguchi et al. 1993) cases. The uneven distribution of NF along the 

longitudinal axis of the intestine indicated a segment-dependent impairment in the 

development of the ENS. To the best of our knowledge, this is the first reported case on 

a fetus with a trisomy 21 with developmental disorder of the ENS.

Case report with cytogenetic and immunohistochemical findings

The proband was the offspring of a 39-year-old woman, gravida: 5, para: 3, with 

irregular periods. The fetal nuchal translucency (NT) thickness and the crown-rump 

length were 2.5 mm and 62.5 mm, respectively, at menstrual week 14, corresponding to 

gestational week 12±4 ages by ultrasonography. The trisomy 21 risk was calculated 

from the maternal and gestational ages and NT thickness to be 1:65. Despite the 

increased aneuploidy risk, the parents hesitated about fetal karyotyping; they 

subsequently chose fetal karyotype analysis on the amniotic fluid, which revealed 

karyotype 47,XY+21 (Fig. 1). After nondirective genetic counseling, the couple opted 

for therapeutic abortion, which was performed by the laminaria plus Nalador technique 

in gestational week 22. The subsequent fetopathological examination did not reveal any 

gross structural abnormality. The dissected small intestine, from the pylorus to the 

ileocecal valve, was 81 cm long. Histologically, a few, short villi and a pseudostratified 

villar and intervillar epithelium were observed (Fig. 2). SI 00 protein staining revealed 

densely stained structures closely related to the enteric plexuses in both the myenteric 

and the submucous layers (Figs 3A-4B) throughout the whole length of the intestine. 

However, SI00 protein staining was always restricted to the outer (Meissner) 

submucous layer in the submucosa of the proband (Fig. 3B). In specimens from normal 

fetuses there is a dense distribution of NF in both the myenteric and the submucous 
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plexuses throughout the whole length of the small intestine (Fig. 5A), whereas in those 

from the fetus with trisomy 21 immuno staining was missing or hardly seen in the 

submucous plexus (Fig.SB). The myenteric plexus was characterized by an intense NF 

immunostaining of ganglion cells and fibers in the most proximal part of the intestine 

(Fig. 6A); in contrast, only a few immunoreactive perikarya and dense fibers were seen 

in the most distal segments (Fig. 6C), while there was a complete lack of perikarya 

staining in the middle segment of the small intestine (Fig. 6B). Whole-mounts of the 

submucous layer exhibited a faintly stained fibers system, but not ceil bodies, after NF 

immunostaining (Fig. 7). In the unstained ganglia, however, nonimmunoreactive cell 

bodies were clearly seen in both the myenteric and the submucous ganglia (Figs 6B-7).

Methods

This human study was approved in advance by the University Medical Committee for 

Ethical Affairs and was therefore performed in accordance with the ethical standards 

laid down in an appropriate version of the 1964 Declaration of Helsinki. Fetal 

karyotyping on amniotic cell cultures by means of GTG banding revealed karyotype 

47,XY+21 in all analyzed metaphases. For tissue preparation, the small intestines of the 

22-week-old fetus with trisomy 21 were obtained immediately after the termination of 

the pregnancy. Unfixed small intestine was measured along the unstretched 

antimesenteric border from the pylorus to the ileocecal valve. Selected segments of 

small intestine were ligated and distended, using a modified Zamboni fixative 

(Scheuermann et al. 1987), and fixed overnight at 4 °C. The proximal, middle and distal 

segments were selected at 1 and 40 cm distal to the pylorus and 3 cm oral to the ileo

cecal junction, respectively. Small pieces were processed for paraffin or cryosectioning, 
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while larger pieces were used for whole-mount preparations. Sections were used for 

general histology or incubated together with whole-mounts for immunostaining, using 

the avidin-biotin technique (Fekete et al. 1999). Anti-S-100 protein (Dakopatts Z 311, 

final dilution 1:400) and anti-NF200 subunit (SIGMA clone 52 mo, final dilution 1:200) 

were used as primary antibodies. Specimens were then mounted in PBS-buffered 

glycerol and viewed in a LEICA DMLB light microscope, equipped with a POLAROID 

digital camera.

Discussion

The present report describes gastrointestinal disorders in a 22-week-old male human 

fetus with trisomy 21. The length of the small intestine was 81 cm, which correlates 

with an 18-week-old rather than a 22-week-old fetal intestine (Weaver et al. 1991), 

therefore indicating a severe growth impairment and an overall delay in the development 

of the gastrointestinal system. The developmental delay was reinforced by histological 

observations, though the frequent appearance of stratified epithelium does not 

necessarily indicate a younger developmental stage, but can be a consequence of 

accelerated mucosal proliferation, which may compensate for the shorter gut (Klein 

1989). The SI00 protein and the NF subunit immunostaining gave some idea of the 

extent to which the nervous system was involved in the delayed development. The 

distribution of the SI00 protein-stained structures in the intestine of the fetus with 

trisomy 21 did not differ substantially from that in the normal intestine, though the 

staining was always restricted to the outer submucosal plexus, indicating a neurogenic 

based disturbance in the mucosal function (Scheuermann et al. 1987). The lack of NF 

subunit staining in the submucous ganglia can again correlate to a younger 
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developmental stage (Burns and Le Douarin 1998). At the same time, it also indicates an 

impairment in the nervous control of the intestinal mucosa. The segment-specific 

differences of NF subunit staining can be a consequence of the close temporal and 

spatial interrelationship between the gut growth and neural maturation. It is well 

established (Bagyánszki et al. 2002) that the histodifferentiation of the human gut 

proceeds in an oro-anal wave that is met by an anal-oro wave, which results in a 

developmentally advanced environment in the foregut and in the hindgut over that 

encountered in the midgut. In the present case when the presence of trisomy 21 led to an 

overall growth impairment, the middle segment was much behind that of the normal 

intestine, which is why the ganglion cells in this part of the intestine failed to express 

neuronal markers such as NF. The presence of nonimmunoreactive ganglion cells at the 

same time suggested that hypogenesis rather than hypogangliosis was responsible for the 

phenotype observed in this case. When the immaturity noticed in the 22-week-old fetus 

with trisomy 21 is extended, the lack of the neuronal phenotypes necessary for the 

motility and epithelial function of the matured intestine might lead to symptoms such as 

HSCR, intestinal obstructions or enterocolitis in an infant with trisomy 21.
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Legends to figures
Fig. 1. Karyotype of the 22-week-old fetus investigated in the present case. Trisomy 21 

is indicated by the asterisk.

Fig. 2. Mucicarmine-stained paraffin section of the small intestine of the 22-week-old 

fetus with trisomy 21. The arrows indicate stratified epithelium. All the epithelial cells 

on the villar surface are stained pink with mucicarmine (asterisks). x350

Fig. 3. Densely stained structures (arrows) closely related to enteric plexuses in both the 

myenteric (MP) and the submucous (Su) layers in the small intestine of a 22-week-old 

normal (A) human fetus, and in the fetus with trisomy 21 (B), after immunostaining 

with anti-SlOO protein. x350

Fig. 4. Whole-mount preparation of the myenteric (A) and submucous (B) plexus of a 

22-week-old human fetus with trisomy 21 after SI00 protein immunostaining. The 

arrows indicate densely stained cells. x620

Fig. 5. Distribution of the 200 kDA neurofilament subunit in the small intestine of a 22- 

week-old normal (A) human fetus, and in the fetus with trisomy 21 (B). Ganglia are 

indicated by the arrows, and interganglionic fibers by the arrowheads. LM-longituinal, 

CM-circular-muscle layer, Sm-submucosal layer. x620

Fig. 6. Whole-mount preparation of the myenteric plexus of the 22-week-old human 

fetus with trisomy 21 after immunostaining with the 200 kDA neuro filament subunit. 

Densely stained cells (arrows) and fibers (arrowheads) in the most proximal segments of 

the small intestine (A). Several fibers (arrows), and unstained ganglion cells (asterisks) 

in the middle segment (B) and fibers (arrows) and several stained cells (asterisks) in the 

most distal segment (C). x620

Fig. 7. Whole-mount preparation of the submucous plexus of the 22-week-old human 

fetus with trisomy 21 after immunostaining with the 200 kDA neuro filament subunit. 

The arrows point to faintly stained ganglia and fibers, while the asterisks indicate 

unstained ganglion cells. x620
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