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Abstract. The mechanisms of intercommunication be-
tween the immunce and nervous systems are not fully
understood. In the case of the intestine, the enleric ner-
vous system is involved in the regulation of immune
responses. 1t was therefore decided to employ immuno-
histochemical techniques to investigate the structural or-
ganization of the enteric nervous system in Peyer’s
patches of the porcine small intestine. Using antibodies
against various nervous systeme-specific markers (protein
gene product 9.3, neuron-specific enolase, neurofilament
200, 5-100 protein and the glial fibrillary acidic protein),
an intimate and specific structural association could be
demonstrated between enteric nerves and the compart-
ments ol Peyer’s palches: {ollicles, interlollicular regions
and domes. Peyer’s patches have a close topographical
relationship to the two submucosal plexuses. Enferic
nerves are located around the follicle in the interfoilicu-
lar atca — the so-called ““traffic arca™ — and in the dome
area, which plays an important role in the uptake and
presentation of antigens.
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Introduction

There is substantial evidence that the nervous system
and the immune system interact in a functionally mean-
ingful way (Dantzer and Kelley 1989; Dunn 1989; Jan-
kavic 1989 ; Trwin et al. 1990). The complex bidirectional
communication between the (wo systems is mediated by
hormonal and paracrine signals, and by direct contact
between nerve fibers and cells of the immune syslem
(Batemnan et al. 1989; Bellinger et al. 1990; Weigent et al.
1990).

The intestine contains one of the largest accumula-
ticns of lymphoid tissue in the form of aggregates in
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Peyer’s patches, solitary follicles, and lymphocyte popu-
lations scattered throughout the cpithclium and the la-
mina propria: the so-called gut-associated lymphoid tis-
sue (GALT) (Bienenstock and Befus 1985; Doe 1989).
Peyer’s patches are typically organized lymphoid struc-
tures of the gut. They are not only typical of the ileum,
but are also present in the ducdenum and jejunum in
some species. Peyer’s patches play a central role in the
uptake of antigens, the induction of an immune re-
sponse. the proliferation of B lymphocytes and the syn-
thes:s of immunoglobuling (Pabst 1987).

The innervation of the intestine clearly differs from
that of other peripheral organs. Intestinal function is
regulated by its own intramural nervous system — the
enteric nervous svstem — which has distinetive structural
and lunctional features. It is relatively independent of
the central nervous system. During the past few decades
the organisation of Lhis highly complex system has been
clucidated by use of a number of different techniques
(for a gcncral review, see Gabella 1987; Costa et al.
1987, Wood 1987; Furness et al. 1988; Stach 1989 Tim-
mermans et al. 1990; Krammer and Stach 1991;
Scheuermann et al. 1991). The involvement of the enteric
nervous system in intestinal immune phenomena. is only
partly recognized {Castro 1989). For this reason, know-
ledge of the microanatomical relationship of enteric
nerves Lo cells of the intestinal immune system is of basic
importance. It was thercfore the aim of this study to
provide a detailed description of the innervation of
Peyer’s patches in the porcine small intestine.

‘Vlaterials and mcthods

The small intestine of five-weck-0ld and adult domestic pigs was
perfused in the retrograde direction via the abdominal aorta with
oxygenated Krebs-Ringer solulion at 37° C for 3 min. Segments
of the terminal ileum and jejunum. fogether with their Peyer’s
patches, were dissceted out and immersed in a fixative containing
3% paraformaldehyde and 2% pieric acid in phosphate-buffered
salinc (PBS) at room temperature.

The intestine was further processed to improve the conditions
for immunohistochemistry as described by Scheuermann et al.
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(1987). Whole-mount preparations (tissue-shecl preparations) of
the tunica mucosa and tela submucosa including the Pcycr's
patches were dissected out under stereomicroscopic control and
further treated with 10% normal goat serum (Dakopatts; X 907)
for 30 min. They were incubated twice in a primary antiserum
raised against the following different markers: protein gene prod-
uct 9.5 (Ultraclone RA 95101, diluted 1:400), neuron-specific eno-
lase (Dakopatis A 589, diluted 1:400), neurofilament 200 (Sigma
N 4142, diluted 1:100), S-160 protein (Dakopatts Z 311, diluted
1:400) or glial fibrillary acidic protein (Dakopatis Z 334, diluted
1:400) for 17 h. Goat anti-rabbit IgG (Dakopalls 7 421, diluted
1:100) was used as the secondary antiserum. The specimens were
then incubated in a solution containing a peroxidase-anti-peroxi-
dasc complex (Dakopatts Z 113, diluted 1:100) for 12 h. 4-Cl-i-
naphtol was uscd as the chromogen for the peroxidase reaction.

For sectioning, the tissues were fixed and processed in a similar
fashion to the whole-mounts. Scetions (15 um thick) were collected
on chromalum-gelatine-coated slides. Incubation took place in a
humid chamber at concentrations and for times similar to those
for immunohistochemistry of the whole-mounts. For control of
specificity, the reaction was tested by omission of the primary anti-
serum.

Results

Peyer’s patches are found in two distinct segments of
the small intestine of the pig: a long continuous aggre-
pate in the terminal ileum, and several discrete patches
in the jejunum and upper ileum. Peyer’s patches are or-
ganized into follicles and interfollicular regions, each fol-
licle being covered by a follicle-associated epithelium
and its underlving dome. The location and topography
of the enleric nervous system in Peyer’s patches can
clearly be demonstrated by immunostaining for neuro-
nal and glial markers, both in whole-mount preparations
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Fig. 1. Schematic representation of the topogra-
phy of the enteric nervous system in a Peyer’s
patch. Note plexus myentericus (PM) in the
tunica muscularis. The plexus submucosus ex-
lernus (PSE) Is situated close to the base of
the follicle (F); nerve fibers {arrows) extend
from ils ganglia to the plexus submucosus in-
ternus (PS]) in the interfollicular area (IF).
Nerve fibers (arrowheads) arising from these
ganglia contact the dome (D)

and in sections. Among the various markers used to
identify cnteric nerves in Peyer’s patches, protein gene
product 9.5 and glial fibrillary acidic protein provided
the best results.

The following description is a composite picture
gained by observation of the localization of these
markers for demonstration of the enteric nervous sys-
tem. The enteric nervous system in the region of Peyer’s
patches consists of three ganglionated plexuses: the plex-
us myentericus, plexus submucosus externus, and plexus
submucosus internus. In the other layers of the inteslinal
wall, the tunica muscularis, the lamina muscularis muco-
sae and the tunica mucosa, nerve fibers form aganglion-
ated plexuses (Fig. 1). Duc to the location of lymphoid
follicles in the tela submucosa and tunica mucosa Peyer’s
palches arc in close topographical relationship with the
two submucosal plexuses. The plexus submucosus exter-
nus is situated close to the base of the follicles (Fig. 2).
Nerve fibers run from its ganglia to the plexus submuco-
sus internus between the [ollicles, in the interfollicular
area (Fig. 3). The internal submucosal plexus is located
within the innermost part of the tela submucosa. Gan-
glia of this plexus lie in the interfollicular region and
the emerging ncrves surround the lymphoid follicles
(Fig. 3). Nerve fibers run from these ganglia to the tunica
mucosa. An aganglionic plexus, which also surrounds
the follicle, is [ormed in the lamina muscularis mucosae
(Fig. 4a). Although we were unable to find nerve fibers
in the follicle proper, many nerve fibers run together
in the dome area of the tunica mucosa and form a dense
network under the follicle-associated epithelium
(Fig. 4b).



Discussion

The most convincing evidence for the immuno-modula-
tory effects of the nervous system comes from studies
on the cholinergic and postganglionic sympalthetic inner-
vation of the primary and secondary lymphoid organs
(Felten et al. 1985; Kendall et al. 1988 ; Ackerman et al.
1986; Madden et al. 1989; Vun Tits et al. 1990).
Evidence for the peptidergic innervation of lymphoid
tissue has not been so thoroughly established as [or clas-
sical transmitters (Fink and Weihe 1988; Lundberg et al.

Fig. 2a, b. Immunchistochemistry
for GFAP in a whole-mount
preparation of the tela submuco-
sa in Peyer’s patches. (a) The
plexus submucosus externus (as-
terisic) and the plexus submucosus
internus (arrowhead) have a close
topographical relationship with
the Peyer’s patches. (b) A gangh-
on of the plexus submucosus ex-
ternus (asterisk) is situated adja-
cent to the base of the follicle
(1. ax 25, bar: 400 pm; b= 100,
bar: 100 pm

19835; Bellinger et al. 1990). In particular, the origin, dis-
tributional pattern and target relations of the nerves in
lymphoid tissue are still incompletely elucidated (Kur-
kowski et al. 1990; Weihe et al. 1991).

Strong support for the influence of neuropeptides on
the intestinal immune system comes {rom the investiga-
tions of neuropeptide receptors on cells of the immune
system, e.g., receplors for substance P, somatostatin and
vasoactive intestinal polypeptide. Furthermore, these
substances have been shown to modulate processes in
the intestinal immune system such as proliferation and



migration of lymphocytes, and synthesis of immuno-
globulins (for review, see Stanisz et al. 1986; Stead et al.
19%87; Bellinger et al. 1990). To exert an effect on cells
of the intestinal Immune syslem in vivo, neuropcptides
must be locally present in concentrations high enough
to stimulate a response in the different compartments
of Peyer’s patches. The four compartments (follicle, co-
rona, interfollicular region, dome) are delined by the
typical localization of the lymphocyte subsets and their
functions (Spencer et al. 1986; Pabst 1987). It therefore

Fig. 3. Immunaohistochemistry for
GTAP in a whole-mount prepa-
ration (a) and in a section (h) of
Peyer’s patches. The ganglia of
the plexus submucosus internus
{arrowhead) are located in the in-
terfollicular region (IF). Nerve
fibers surround the follicle (F).
ax100; bx 250

appears crucial to investigate which compartment of the
Peyer’s patch receives a neural input.

The present study has revealed that many nerve cells
and varicose and nonvaricose axons are localized in the
interfollicular region. This area i1s characterized by the
presence of specific postcapillary venules, which are
lined with high endothelial cells (Yamaguchi and Schoell
1983). Via these venules lymphocytes migrate from the
blood throughout the entire [ollicle (Bjerknes et al.
1986). The anatomical relationship between these blood



vessels and the enteric nerves in the interfollicular region
provides the basis for a neuronal influence on the im-
mune function of these lymphoid aggregations. One of
the most important propertics of Peyer’s patches con-
cerns the overlying follicle-associated epithelium. Ant-
gens reach Peyer’s patches for processing by traversing
through this epithelium (Bockman and Cooper 1973).
The follicle-associated epithelium differs in two charac-
teristics from the adjacent villus epithelium: (1) it con-
tains fewer goblet cells (Bockman and Cooper 1973),
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Fig. 4, Immunohistochemistry for
GFAP (a) and PGP 9.5 (b) in the
tunica mucosa. a In the lamina
muscularis mucosae nerve fibers
form an aganglionic plexus,
which surrounds the follicle (F). b
In the dome area (D) nerve fibers
run together and form a dense
plexus directly beneath the folli-
cle-associated epithelium. ax 100;
b 160

and (2) specialized anligen-lransport cells are inter-
spersed among its columnar epithelial cells - the so
called M-cells (Owen and Jones 1974; Woll and Bye
1984). The presence of numerous nerves in close associa-
tion with the follicle-associated epithelium at least cir-
cumstantially suggests a functional interrelationship.
The present study provides information on the struc-
(ural organization of the enteric nervous system in
Peyer’s patches of the porcine small intestine, and pro-
vides a basis for further studies concerning the neu-
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rotransmitters (e.g., galanin, vasoactive intestinal poly-
peptide, calcitonin gene- related peptide, substance P,
neuromedin U, enkephalin, somatostatin and neuropep-
tide Y; see Timmermans et al. 1990} involved in the in-
nervalion of the different structural and functional com-
partments of Peyer’s patches. Furthermore, description
of this innervation pattern in healthy intestinal lymphoid
tissue provides a basis for the investigation and compari-
son of alterations under experimental conditions and in
disease.

Acknowledgement. The authors thank Mrs. W, Mual for her care-
full technical assistance.

References

Ackerman KD, Felten SY, Bellinger DL, Livnat 8, Fclien DL
{1986) Noradrencrgic sympathctic innervalion of spleen and
lymph nodes in relation Lo specific cellular compartments. In:
Cinader B, Miller RG (eds) Progress in immunology VI. Aca-
demic Press, Orlando, pp 588-600

Bateman A, Singh A, Kral T, Solomon S (1989) The immunohy-
pothalamic-pituitary-adrenal axis. Endocr Rev 10:92-112

Bellinger DL, Lorton D, Romano TD, Olschowka JA, Felten SY,
Felten DL (1990) Neuwropeptide innervation of lymphoid or-
gans. In: (O’Dorisio MS, Pancrai A (eds) Neuwropeptides and
immunopeptides: messengers In 4 neuroimmune axis. Ann
Acad Sci 5394:17-33

Bienenstock J, Befus AD (1985} The gastrointestinal tract as an
immune organ. In: Shorter RG, Kirsner JB (eds) Gastrointesti-
nal immunology for the clinician. Grune and Stratton, Orlando,
pp 1-22

Bjerknes M, Cheng H, Ottaway CA (1986} Dynamics of lympho-
cyte-endothelial interactions in vivo. Science 231:402-405

Bockman DE, Cooper MD (1973) Pinocytosis by epithelium asso-
ciated with lymphoid follicles in the bursa of Fabricius, appen-
dix and Pecyer’s patches. An clectron microscopic study. Am
J Anat 136:455-478

Castro GA (1989) Intestinal neuroimmune interactions. In: Singer
MV, Goebell IT (eds) Nerves and the gastrointestinal tract.
Kluwer, Lancaster, pp 287-297

Costa M, Furness JB, Llewellyn-Smith 1) (1987) Histochemistry
of the enteric nervous system. In: Johnson LR (ed) Physiology
of the gastrointestinal tract. Raven Press, New York, pp 1 40

Dantzer R, Kelley KW (1989) Stress and immunity: an integrated
view of relationships between the brain and the immune system.
Life Sci 44:1995-2008

Doe WE (1989) The intestinal immune system. Gut 30:1679-1685

Dunn AJ (1989} Psychoneuroimmunology for the psychoneuroen-
docrinologist: a review of animal studies of nervous system-
immune system  interactions. Psychoneurcendocrinology
94:761-763

Felten DL, Felten SY, Carlson SL, Olschowka JA, Livnat S (1985)
Noradrenergic and peptidergic innervation of lymphoid tissue.
I Immunol 135:755-765

Fink T, Weihe E (1988) Muliiple ncuropeptides in nerves supplyving
mammalian lymph nodes: messenger candidates for semsory
and autonomic neuroimmuno-modulation? Neurosci Lett
90:39-44

Furness JB, Llewellyn-Smith IJ, Bornstein JC, Costa M (1988)
Neuronal circuitry in the enteric nervous system. In: Bjdérklund
A, Hékfelt T, Owman C (eds) Handbook of chemical neuroana-
tomy, vol 6. Elsevier, Amsterdam New York Oxford, pp 161-
218

Gabella G (1987) Structure of muscles and nerves of the gastroin-
testinal tract. In: Johnson LR (ed) Physiology of the gastroin-
testinal tract. Raven Press, New York, pp 335-352

Irwin M, Patterson T, Smith TT, Caldwell C, Brown SA, Giliin
JC, Grant T (1990) Reduction of immune function in life siress
and depression. Biol Psychiatry 27:22-30

Jankovic BD (1989} Neuroimmunomodulation: facts and dilem-
mas. Immunol Lett 21:101-118

Kendall MD, Al Shawaf A, Zaidi SA (1988) The cholinergic and
adrenergic innervation of the rat thymus. Adv Exp Med Biol
237:255-261

Krammer HJ, Stach W (1991) Das enterische Nervensystem — Cere-
brum abdominale. Focus MUL 2:118-122

Kurkowski R, Kummer W, Heym C {1990} Substance P-immunore-
active nerve fibers in trachcobronchial lymph nodes of the guin-
ea pig: origin, ultrastruclure and coexistence with other pep-
tides. Peptides 11:13-20

Lundberg IM, Anggard A, Pernow J, Hokfelt T (1985) Neuropep-
tide Y-, substance P- and VIP-immunoreactive nerves in cat
spleen in relation. to autonomic vascular and volume control.
Cell Tissue Res 239:9-18

Madden KS, Ackermann KD, Livnat S, Felten SY, Felten DL
(1989) Patterns of noradrenergic innervation of lymphoid or-
gans and immunological consequences of denervation. In:
Goetzl EJ, Spector NH (eds) Neuroimmune networks: physiol-
ogy and diseases. Liss, New York, pp 1-8

Owen RL. Jones AL (1974) Epithelial cell specialization within
human Peyer's paiches: an ultrastructural study of intestinal
lymphoid follicles. Gastroenterology 66: 189-203

Pabst R (1987) The anatomical basis for the immune function of
the gut. Anat Dmbryol 176:135-144

Scheuermann DW, Stach W, De Groodt-Lasseel MHA, Timmer-
mans JP (1987) Calcitonin gene-related peptide in morphologi-
cally well-defined type Il neurcns of the enteric nervous system
i the poreine small intestine. Acta Anal 129:325-328

Scheuermann DW, Stach W, Timmermans J-P (1991} Functional
marphology of the enteric nervous system. Verh Anat Ges 85
[Anal Anz Suppl 170]:75-85

Spencer J, Finn T, Isaacson PG (1986) Human Peyer's patches:
an immunchistochemical study. Gut 27:405-410

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. Kluwer, Lancaster, pp 29
45

Stanisz AM, Befus 1, Bienenstock J (1986) Differential effects
of vasoactive intestinal peptide, substance P, and somatostatin
on immunoglobulin synthesis and proliferations by lympho-
eytes from Peyer’s patches, mesenteric lymph nodes, and spleen.
J Immunol 136:152-156

Stead RH, Bienenstock J, Stanisz AM (1987) Neuropeptide regula-
tion of muecosal immunity. Immunol Rev 100:333-359

Timmermans IP, Scheuermann DW, Stach W, Adriaensen D, De
Groodt-Lasseel MAII (1990) Distinct distribution of CGREP-,
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 260:367-37%

Van Tits IJH, Michel MC, Grosse-Wilde H, Happel M, Eigler
FW, Soliman A, Brodde OE (1990) Catecholamines increase
Iymphocyte f2-adrenergic, spleen dependent process. Am T
Physiol 238: E191-F 202

Weigent DA, Carr DJJ, Blalock JE (1990) Bidirectional communi-
cations between the neuroendocrine and immune systems: com-
mon hormones and hormone receptors. In: Koob GF, Sand-
mann CA, Strand FL (eds) A decade of neuropeptides: past,
present and future. Ann Acad Sci 579:17-27

Weihe E, Nobr D, Michel S, Miiller S, Zentel I1J, T'ink T, Krekel
J (1991) Molecular anatomy of the neuro-immune connecticn.
Int J Neurosci 59:1-23

Wolf JL, Bye WA (1984) The membrancous (M) cell and the muco-
sal immune system. Ann Rev Med 35:95-112

Wood JD (1987) Physiology of the enteric nervous system. In:
Johnson LR (ed) Physiology of the gastrointestinal tract. Raven
Press, New York, pp 67-109

Yamaguchi K, Schoell GI (1983) Blood vessels of the Peyer’s patch
in the mause: T High cndothelial venules. Anai Ree 206:419—
438



