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Summary. The general morphological features of the in-
tramural enteric nervous system of a chelonian species,
i.e. the red-eared turtle, Pseudemys scripta elegans, has
been studied in whole-mounts and cryosections by
means of neuron-specific enolase immunohistochemis-
try. A clear visualization of both neuronal cell bodies
and nerve fibres allows the recognition of a myenteric
plexus as well as a submucous plexus in several gut re-
gions, namely the stomach, midgut and hindgut. The
highest innervation density was found in the midgut por-
tion. In contrast to other lower vertebrates, such as am-
phibians and other reptilian groups, the present study
clearly demonstrates the occurrence of neuronal cell
bodies in the submucous plexus of all regions investigat-
ed. The neurons stained for neuron-specific enolase har-
boured smooth-contoured perikarya from which one or
more processes emerge, as demonstrated for the mam-
malian enteric nervous system.

Introduction

Heretofore, the knowledge of the general morphology
of the enteric nervous system (ENS) is mainly deduced
from studies on mammals. These are small laboratory
animals (for review see Gabella 1979; Furness and Costa
1987), larger mammals (Gunn 1968; Stach 1977a, b,
1989; Mannl et al. 1986; Scheuermann et al. 1989a;
Timmermans et al. 1989, 1990), and man (Hoyle and
Burnstock 1989). In 1933 Kondratjew briefly com-
mented on the presence of a submucosal nerve network
in a turtle. Other, more recent, studies on the intramural
innervation of the reptilian gastrointestinal tract dealt
exclusively with such restricted topics as the demonstra-
tion of adrenergic nerve fibres in the large intestine of
a lizard (Read and Burnstock 1968), of bombesin immu-
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noreactivity in the gut of a caiman (Holmgren et al.
1989), of VIP-immunoreactivity in the small intestine
of a viper (Masini 1986) and of a number of regulatory
peptides in the gastrointestinal tract of an alligator (Bu-
chan et al. 1983). None of these investigations, however,
discuss the general morphological features of the differ-
ent enteric nerve networks in the reptiles studied.

In the last decade, the study of the architecture and
the structure of the ENS of lower vertebrates (for review
see Nilsson and Holmgren 1989) and of some inverte-
brates (Gabriel et al. 1988) has proved to be valid from
an evolutionary and functional point of view because
of the considerably lower number of intrinsic neurons
involved. From a comparative morphological viewpoint,
it is rather surprising that the reptiles, and in particular
the chelonians, have been ignored so far. The present
study offers the first extensive description of the archi-
tecture and the topographical organization of the ENS
of a chelonian species, i.e. the red-eared turtle, Pseu-
demys scripta elegans, by means of immunocytochem-
istry using an antiserum raised against neuron-specific
enolase (NSE).

Materials and methods

Specimens of both sexes of the red-eared turtle, Pseudemys scripta
elegans, weighing 10-400 g, were obtained from the Antwerp Zoo-
logical Garden and from commercial dealers. The animals were
fed ad libitum. Anesthesia was performed by an intraperitoneal
injection of Nembutal (30 mg/kg body weight).

Segments from several regions of the gastrointestinal tract,
i.e. the stomach, midgut and hindgut, were prelevated, ligated and
filled with phosphate buffered saline (PBS). The samples were then
immersed in 4% paraformaldehyde containing 0.2% picric acid
in phosphate buffer (pH=7.2; 0.01 M) for 2 h at room temperature
and subsequently processed as described earlier (Scheuermann
et al. 1987). Accordingly, the whole-mount preparations contained
either (1.) the tela submucosa or (2.) the tela submucosa with the
circular muscle layer and the adhering myenteric plexus or (3.)
the longitudinal muscle layer with the adhering myenteric plexus.
The tissues were preincubated in 10% normal donkey serum (017-
000-121, Jackson Immunoresearch Laboratories) for 30 min, fol-
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Fig. 1. Low power micrograph of the myenteric plexus in the pylor-
ic region of the stomach of the red-eared turtle after immunolabel-
ling for NSE. The ganglia (G) interconnected by relatively thick
nerve bundles (arrows) form a dense nerve network. Capillaries
(double arrows). x 85

lowed by incubation in a primary antiserum raised against NSE
(A589, Dakopatts, diluted 1:400) for 17-48 h. Donkey anti-rabbit
biotinylated IgG (RPN.1004, Amersham, diluted 1:100) was used
for 6 h at room temperature as the secondary antiserum, followed
by incubation in streptavidin-biotinylated peroxidase complex
(RPN.1051, Amersham, diluted 1:100) for another 17 h at room
temperature. The immunoreaction was visualized using 4-Cl-1-
naphtol.

For cryosectioning, the tissues were similarly fixed as for the
whole-mounts. Excessive fixative was removed by three short rinses
in dimethylsulphoxide, followed by immersion in 10%, 20% and
30% glycerol for 30 min each. Segments of the stomach, midgut

Fig. 2a—c. Immunoreactivity for NSE in the pyloric region. a Cryo-
stat section revealing the ganglia of the submucosal nerve network
(arrowheads) and the myenteric plexus located between the oblique-
ly running muscle bundles (arrows). (M) mucosal epithelium. b,
¢ Whole-mounts containing the submucous plexus. Note the pres-
ence of immunoreactive neuronal perikarya (arrowheads). a x70;
b (Nomarski optics) x 185; ¢ x 225

and hindgut were then cut into small pieces, embedded in Tissue
TEK II and frozen with CO,. 15-25-um-thick sections were made
on an SLEE-cryostat at —20° C and collected on chrome-alum
gelatin-coated slides. After pretreatment in normal serum for
30 min at room temperature, the sections were incubated in the
primary antiserum overnight in a humid chamber at room tempera-
ture. FITC-conjugated goat anti-rabbit IgG (GAR/FITC, Nordic
Immunological Laboratories, diluted 1:20) was used as the second-
ary antiserum for 2 h at room temperature. The sections were stud-
ied with a Leitz Orthoplan microscope equipped with a Leitz 12/3-
filter combination (excitation filter BP 450-490; dichroic mirror
TK 510; barrier filter K515).



Fig. 3. Nerve bundles (arrowheads) of extrinsic origin run along
the larger blood vessels (bv) and give off branches (arrows) to the
intrinsic nerve meshwork formed by the myenteric plexus. x 65

Results
Stomach

At the macroscopic level the wall of the pyloric part
is much thicker than that of the cardiac region. However,
the density and topographical pattern of the intramural
innervation (Fig. 1) do not differ conspicuously. The ex-
trinsic nerves, with branches that run along the larger
blood vessels, connect with the intrinsic meshwork of
the myenteric plexus (Fig. 3). In the stomach of the red-
eared turtle the myenteric plexus is composed of ganglia,
built up of neurons that range in number from a few
to several dozens (Fig. 1). The ganglia are intercon-
nected through relatively thick nerve bundles. Thinner
nerve strands can be found to run in the direction of
the circular smooth muscle layer. Only few fibres are
found to innervate the longitudinal smooth muscle layer.
The latter is poorly developed in all gut regions of the
species investigated. Some of the nerve bundles directed
toward the submucous layer proceed in a submucous
ganglionic nerve network which also contains a consid-
erable number of neuronal cell bodies (Fig. 2a—). The
lamina muscularis mucosae seems scarcely innervated
and only few fibres were found to run into the mucosal
layer.

Midgut

From the nerves, running along the mesenteric border,
smaller bundles branch off into the myenteric plexus
(Fig. 4a). The ganglia are smaller and less elongated
than those of the stomach. There is a number of NSE-
immunoreactive perikarya and pericellular baskets, the
latter indicating the occurrence of non-stained nerve
cells. The number of neurons per ganglion does not ex-
ceed 15 (Fig. 4b, ¢). Most of the ganglionic cells stained
for NSE have smooth contours, from which one or more
nerve processes emerge (Fig. 4c). A dense aganglionic
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nerve network was observed in the circular smooth mus-
cle layer (Fig. 4d), whereas only a few fibres could be
demonstrated in the longitudinal muscle layer. In the
midgut portion the submucous plexus is located at dif-
ferent levels and consists of a very dense network of
both neuronal somata and intermingling nerve fibres
(Fig. 4e).

Hindgut

Compared to the midgut and, to a lesser extent, to the
stomach, the intrinsic innervation pattern of the hindgut
consists of a less dense nerve fibre network, both with
respect to the myenteric and the submucous plexus
(Fig. 5a—c). It also differs from the above-mentioned re-
gions in that both ganglionic plexuses have less neuronal
cell bodies (Fig. 5a, b). It seems that there are no ana-
tomical arguments to propose the presence of a real mus-
cular sphincter at the border between the midgut and
hindgut portion. The innervation of the external circular
muscle layer is, however, very pronounced.

Discussion

The primary antisera used in this study were raised
against mammalian antigens. Obviously, they were most
suited to recognize the characteristic morphology of the
ENS of lower vertebrates. As in the mammalian ENS
(Scheuermann et al. 1989b), immunostaining for NSE
does not visualize all the neuronal cell bodies that occur
in the intrinsic plexuses. Hence, this method is less suit-
able than e.g. the histochemical NADH-dependent dehy-
drogenase method, performed by Gabella (1969), to
evaluate the number of neurons and to compare them
between the different regions of the gastrointestinal tract
(Gabella 1971, 1987). The applied immunocytochemical
method may, however, be considered an excellent alter-
native to the methylene blue staining and the silver im-
pregnation technique to investigate the general innerva-
tion pattern and the course of the nerve fibres because
the method can easily be carried out and reproduced.

Similar to the amphibian ENS (Gunn 1951; Nilsson
1983), both a submucosal and myenteric plexus can be
distinguished in the gut of the red-eared turtle. But in
contrast to the amphibian ENS (Gunn 1951; Nilsson
1983; Junquera et al. 1986) and to some reptilian fami-
lies, such as the Lacertidia (Read and Burnstock 1968),
the red-eared turtle harbours a considerable, in some
regions even high number of submucous neuronal cell
bodies. In this respect, the submucosal plexus of the
turtle gut resembles more closely that of the caiman,
which, unlike other lower vertebrates, can be considered
as a well-developed ganglionated nerve network (Holm-
gren et al. 1989).

In conclusion, immunohistochemistry of the ENS of
the red-eared turtle at the light-microscopic level by
means of antibodies against NSE on whole-mounts dem-
onstrates greater similarities with the morphological fea-
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Fig. 5a—c. Enteric nerve networks in the hindgut immunolabelled
for NSE. a, b Different planes of focus of the same site. In a
the focal plane is at the level of the myenteric plexus (M P), while
in b the focal plane is at the level of the submucous plexus (SP).
¢ Cryostat section. (Arrows) submucous plexus; (arrowheads)
myenteric plexus; (CM) circular muscle layer; (double arrow) longi-
tudinal muscle layer; (£) epithelium. a, b x 160; ¢ x 70
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tures of the different ENS parts of small mammals than
of amphibians or other reptilian groups as e.g. lizards.
Moreover, this study provides a basis for an immunohis-
tochemical investigation of the peptidergic component
of the ENS in the red-eared turtle.

Acknowledgements. We would like to thank M. De Smet, A. Her-
tog, D. De Rijck, F. Terloo and H. De Pauw for their skilful
technical assistance. Dr. R. Gabriel was in receipt of an ETP Short-
Term Fellowship from the European Science Foundation.

References

Buchan AMJ, Lance V, Polak JM (1983) Regulatory peptides in
the gastrointestinal tract of Alligator mississipiensis. An immun-
ocytochemical study. Cell Tissue Res 231:439-449

Furness JB, Costa M (1987) The enteric nervous system. Churchill
Livingstone, Edinburgh

Gabella G (1969) Detection of nerve cells by a histochemical tech-
nique. Experientia 25:218-219

Gabella G (1971) Neuron size and number in the myenteric plexus
of the newborn and adult rat. J Anat 109:81-95

Gabella G (1979) Innervation of the gastrointestinal tract. Int Rev
Cytol 59:129-193

Gabella G (1987) The number of neurons in the small intestine
of mice, guinea-pigs and sheep. Neuroscience 22:737-752

Gabriel R, Halasy K, Csoknya M (1988) Visualization of neurons
by NADH-diaphorase staining in the myenteric plexus of some
invertebrate and vertebrate species. Z Mikrosk Anat Forsch
102:769-784

Gunn M (1951) A study of the enteric plexuses in some amphibians.
Q J Microsc Sci 92:55-77

Gunn M (1968) Histological and histochemical observations on
the myenteric and submucous plexuses of mammals. J Anat
102:223-239

Holmgren S, Axelsson M, Jensen J, Aldman G, Sundell K, Jénsson
A-C (1989) Bombesin-like immunoreactivity and the effect of
bombesin in the gut, circulatory system and lung of the caiman,
Caiman crocodylus crocodylus, and the crocodile, Crocodylus
porosus. Exp Biol 48:261-271

Hoyle CHV, Burnstock G (1989) Neuronal populations in the sub-
mucous plexus of the human colon. J Anat 166:7-22

Junquera C, Azanza MJ, Parra P, Peg MT, Garin P (1986) The
enteric nervous system of Rana ridibunda stomach. Gen Phar-
macol 17:597-605

Kondratjew N (1933) Zur Frage nach der Typengruppierung der
Nervengeflechte in der Bauchhdhle der Wirbeltiere. Z Anat Ent-
wicklungsgesch 101:90-120

Mannl A, Pospischil A, Dahme E (1986) Der Plexus submucosus
(Meissner und Schabadasch) im Darm des Schweines. I. Licht-
und elektronenmikroskopische Untersuchung der Normal-
struktur. J Vet Med [A] 33:647-659

Masini MA (1986) Immunohistochemical localization of gut pep-
tides in the small intestine of snakes. Basic Appl Histochem
30:317-324

Nilsson S (1983) Autonomic nerve function in the vertebrates.
Springer, Berlin Heidelberg New York

Fig. 4a—e. Micrographs illustrating the immunoreactivity for NSE
in the midgut of the red-eared turtle. a Low magnification of part
of the mesenteric nerve (asterisk) and underlying myenteric plexus.
Note the presence of nerve strands branching off from the mesen-
teric nerves to the myenteric plexus (arrows). b Detail of the dense
meshwork of the myenteric plexus. ¢ Most of the neurons (arrow-
heads) stained for NSE are characterized by a smooth contour
from which one or more processes emerge (arrows). d Aganglionic
innervation of the circular muscle layer. Nerve fibres run parallel

to the length axis of the smooth muscle fibres. Note the faint con-
tours of the underlying myenteric plexus. e Cryostat section show-
ing both the myenteric (arrows) and submucous plexuses (double
arrows). Note the high density of the submucosal ganglionic net-
work which seems to be organized at different levels within the
submucosal region. (E) Epithelium; (CM) circular muscle layer;
(LM) longitudinal muscle layer. a x165; b x160; ¢ x410; d
x 160; e x 150



402

Nilsson S, Holmgren S (1989) Novel neurotransmitters in the auto-
nomic nervous systems of nonmammalian vertebrates. Pharma-
col Ther 41:257-287

Read JB, Burnstock G (1968) Comparative histochemical studies
of adrenergic nerves in the enteric plexuses of vertebrate large
intestine. Comp Biochem Physiol 27:505-517

Scheuermann DW, Stach W, De Groodt-Lasseel MHA, Timmer-
mans J-P (1987) Calcitonin gene-related peptide in morphologi-
cally well-defined type II neurons of the enteric nervous system
in the porcine small intestine. Acta Anat 129:325-328

Scheuermann DW, Stach W, Timmermans J-P (1989a) Three-
dimensional visualization of the ganglionated enteric nerve
plexuses in the small intestine of the pig. In: Motta PM (ed)
Cells and tissues: a three-dimensional approach by modern
techniques in microscopy. Alan R Liss, New York, pp 343-
347

Scheuermann DW, Stach W, Timmermans J-P, Adriaensen D, De
Groodt-Lasseel MHA (1989b) Neuron-specific enolase and S-
100 protein immunohistochemistry for defining the structure
and topographical relationship of the different enteric nerve
plexuses in the small intestine of the pig. Cell Tissue Res
256:65-75

Stach W (1977a) Neuronenstruktur und -architektur im Plexus
submucosus externus (Schabadasch) des Duodenums. Verh
Anat Ges 71:867-871

Stach W (1977b) Der Plexus submucosus externus (Schabadasch)
im Diinndarm des Schweins. I. Form, Struktur und Verbindun-
gen der Ganglien und Nervenzellen. Z Mikrosk Anat Forsch
91:737-755

Stach W (1989) A revised morphological classification of neurons
in the enteric nervous system. In: Singer MV, Goebell H (eds)
Nerves and the gastrointestinal tract. MTP Press, Dordrecht,
pp 25-45

Timmermans J-P, Scheuermann DW, Stach W, Adriaensen D, De
Groodt-Lasseel MHA, Polak JM (1989) Neuromedin U-immu-
noreactivity in the nervous system of the small intestine of the
pig and its coexistence with substance P and CGRP. Cell Tissue
Res 258:331-337

Timmermans J-P, Schevermann DW, Stach W, Adriaensen D, De
Groodt-Lasseel MHA (1990) Distinct distribution of CGRP-,
enkephalin-, galanin-, neuromedin U-, neuropeptide Y-, soma-
tostatin-, substance P-, VIP- and serotonin-containing neurons
in the two submucosal ganglionic neural networks of the por-
cine small intestine. Cell Tissue Res 260:367-379



