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Abstract

Mucosa-associated lymphoid tissue (MALT) is the initial inductive site for mucosal immunity. It is present in the

different layers of the mucosal wall and consists of organized lymphoid tissue which may occur as isolated or

aggregated lymphoid follicles (LFs) and interfollicular areas. It is present in many organs, including the pig

stomach. Gastric MALT has been intensely studied in experimentally infected pigs but few data are available in

healthy, non-gnotobiotic or germ-free animals. In the present study we described the gastric MALT in conven-

tional piglets in the cardiac mucosa of the gastric diverticulum, in the pyloric mucosa, and in the sites of transi-

tion from cardiac to oxyntic and from cardiac to pyloric mucosa by means of histological and

immunohistochemical stains. The majority of LFs were located in the cardiac mucosa and in the transition from

the cardiac to the oxyntic mucosa. Here the LFs were mainly located in the submucosa and reached the mucosa;

we called these submucosal lymphoid follicles (SLFs). In the pyloric mucosa and in the transition sites from the

cardiac to the pyloric mucosa, LFs were located in the mucosa; we called these mucosal lymphoid follicles

(MLFs). In SLFs, a compartmental organization of T and B lymphocytes was present; by contrast, in the MLFs,

the T and B cells were intermingled, suggesting the possibility of different roles for the two types of follicles. In

the epithelium overlying the lymphoid tissue, numerous T lymphocytes and some cells immunoreactive to cyto-

keratin-18 were observed. Following the application of the fluorescent tracer DiI into the SLFs of the diverti-

culum, enteric neurones located in the submucosal plexus were labelled, confirming the interplay between the

immune and the enteric nervous system.

Key words: 1,1¢-didodecyl-3,3,3¢,3¢-tetramethylindocarbocyanine perchlorate; cytokeratin-18; gastric MALT;

piglet.

Introduction

Mucosa-associated lymphoid tissue (MALT) is the initial

inductive site for mucosal immunity and plays a major role

in the protection of the mucosal barrier and in allergic reac-

tions. It is an important entry site for antigen uptake and

the induction of immune responses. MALT is present in the

thickness of the mucosal wall in close contact with the

mucosal surface; it consists of organized lymphoid tissue

which may exist as isolated (ILFs) or aggregated lymphoid

follicles, and inter-follicular areas. About half of the

lymphocytes of the immune system are located in MALT

(Croitoru & Bienenstock, 1994). Such tissue is more precisely

classified in relation to the site in which it is found, e.g. gas-

tric MALT, gut-associated lymphoid tissue (GALT), nasophar-

ynx-associated lymphoid tissue (NALT), bronchus-associated

lymphoid tissue (BALT), conjunctiva-associated lymphoid tis-

sue (CALT), lacrimal drainage-associated lymphoid tissue

(LDALT), larynx-associated lymphoid tissue (LALT) and sali-

vary-gland or duct-associated lymphoid tissue (SALT ⁄ DALT)

(Brandtzaeg et al. 2008; Beyaz et al. 2010). The palatine

tonsils, adenoids, aggregated lymphoid nodules (Peyer’s

patches, PPs), appendix and colonic lymphoglandular com-

plexes are all part of this organized lymphoid tissue (Cesta,

2006; Liebler-Tenorio & Pabst, 2006). MALT has been exten-

sively investigated in small laboratory animals and the data

obtained extrapolated to humans. In recent years, however,

the importance of pigs as an alternative animal model has

been proposed in the study of the immune system, due to

the many morpho-functional similarities to humans (Butler

& Šinkora, 2007).

In many species, numerous studies have been conducted

on GALT. In the intestines, which are exposed to numerous

potential pathogens, food-borne antigens and commensal
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microorganisms throughout the life of an animal, the GALT

is well developed and is functionally divided into inductive

and effector sites. The inductive sites consist of PPs and ILFs

which ensure the secretion of IgA and the production of clo-

nal B cells, whereas the effector sites consist of the epithe-

lium and lamina propria containing numerous lymphocytes

(Mowat, 2003; Fagarasan & Honjo, 2004; Lorenz & Newberry,

2004; Newberry, 2008). PPs are easily observable macroscopi-

cally through the mucosal and serous surfaces on the anti-

mesenteric wall of the small intestine (Newberry, 2008) and

are covered with follicle-associated epithelium (FAE), which

contains morphologically distinct cells (microfold cells or M

cells) specialized in the uptake of antigens from the lumen

to the mucosal lymphoid tissue in which the processing and

initiation of immune responses occurs (Kyd & Cripps, 2008;

Rothkötter, 2009; Valpotić et al. 2010). Similar to PPs, ILFs

contain germinal centres with segregated B- and T-cell areas

and an overlying FAE complete with M cells (Hamada et al.

2002; Newberry, 2008).

Furthermore, in the small intestines of rats (Mayrhofer &

Brooks, 1995; Mayrhofer et al. 1999; Hitotsumatsu et al.

2005) and human (Moghaddami et al. 1998), a novel orga-

nized lymphoid entity, lymphocyte-filled villi (LFV), has

been described; this structure consists of packed lympho-

cytes located in the lamina propria of the villi. Moreover,

lymphoid structures called cryptopatches (CPs) have been

described only in the intestine of mice (Ishikawa et al. 1999;

Hamada et al. 2002; Lügering & Kucharzik, 2006; Burkey

et al. 2009). It has been hypothesized that CPs have a pri-

mary generative function, in which the extrathymic genera-

tion of intraepithelial lymphocytes occurs (Saito et al. 1998;

Eberl & Littman, 2004). CPs are absent in the mouse stom-

ach (Newberry & Lorenz, 2005), and in human, rat and por-

cine small intestines (Pabst et al. 2005; Burkey et al. 2009).

Few studies regarding mucosal immunity have been car-

ried out on gastric MALT, probably because mucosal

immune responses in the stomach have been considered of

little importance to gut host diseases or because of the

inhospitable microbial environment. Moreover, it is

believed that the normal stomach of many mammals,

including humans, is devoid of lymphoid tissue, which only

develops after a bacterial infection or other types of gastri-

tis. Gastric MALT has been described in pigs; it appears in

foetal life and its evolution varies according to gestational

age; in gnotobiotic animals, lymphoid follicles (LFs) and dif-

fuse infiltrate are present in the diverticulum and in the

corpus at birth (Driessen et al. 2002). Moreover, studies on

gastric MALT in pigs have especially focused on the histo-

pathological features caused by Helicobacter pylori (Green

et al. 1997; Cantet et al. 1999; Poutahidis et al. 2001; Koga

et al. 2002; Krakowka & Eaton, 2002; Park et al. 2004;

Hellemans et al. 2007; Haesebrouck et al. 2009) and, in

some cases, on other infectious agents such as Campylobac-

ter pylori (Krakowka et al. 1987) and Gastrospirillum suis

(Mendes et al. 1991). Furthermore, the majority of authors

used gnotobiotic (Krakowka et al. 1987; Green et al. 1997)

or germ-free pigs (Koga et al. 2002; Krakowka & Eaton,

2002) for their studies, apart from Poutahidis et al. (2001)

who used conventional pigs purchased from a commercial

farm.

To our knowledge, one aspect of gastric MALT which has

received little attention is its possible innervation, although,

in recent decades, many studies in neuroscience and immu-

nology have established the anatomical and cellular basis

for a dynamic interplay between the immune and the ner-

vous systems (Tracey, 2009). The gastrointestinal system is

used as a model to study the interactions between the ner-

vous and the immune systems in both healthy and infected

animals; however, studies focused on the gut rather than

the stomach. Moreover, although the role of the enteric

nervous system (ENS) in controlling secretion, blood flow

regulation and motility for propulsive and mixing move-

ments is supported by morphological, physiological and

pharmacological studies carried out in the small and large

intestines of many mammals, few studies have focused on

the role of the ENS in immune responses. Changes in the

ENS neurones can occur transiently, in response to an acute

stimulus, or permanently, following chronic pathological

damage (Ekblad & Bauer, 2004). Consistent changes in the

number of enteric cholinergic and galanin-expressing

neurones were observed in stomachs of pigs affected by

swine dysentery (Pidsudko et al. 2008; Kaleczyc et al. 2010),

suggesting that these neurones have a specific role in local

neural circuits in infected swine.

The aim of the present study was to describe gastric

MALT in conventional piglets by means of histological

staining, paying particular attention to the distribution and

histological aspect of the lymphoid tissue. To distinguish

between T and B lymphocytes, immunohistochemical meth-

ods were used, using polyclonal anti-human CD3 antibody,

which is considered to be an excellent marker of swine T

lymphocytes when used on paraffin sections (Mason et al.

1989; Chianini et al. 2001; Pérez et al. 2002), and monoclo-

nal antibody anti-CD79a, which has been described as a

useful pan-B marker in paraffin-embedded tissue (Tanimot-

o & Ohtsuki, 1996; Faldyna et al. 2007). The anti-cytokera-

tin-18 antibody, which several studies in pigs indicate as

the optimal marker of M cells in the FAE (Gebert et al.

1994; Rothkötter, 2009), has also been tested. In addition,

in fixed tissue, crystals of 1,1¢-didodecyl-3,3,3¢,3¢-tetrameth-

ylindocarbocyanine perchlorate (DiI) were inserted into the

follicles and into the lamina propria to determine whether

ENS neurones are involved in the innervation of gastric

MALT. This anterograde ⁄ retrograde fluorescent tracer

applied onto nerve endings is transported along the nerve

fibres by means of passive diffusion, movement of approxi-

mately 1 cm during 6 months of incubation in fixed tissue

(Baker & Reese, 1993), and has been successfully used to

study neuronal projections, including ileal PPs (Chiocchetti

et al. 2008).
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Materials and methods

Tissue preparation

Large White pigs (n = 7), purchased from Suidea (Reggio Emilia,

Italy) and weaned at 45 days were used. For the entire period

of the experiment the animals were fed a standard balanced

diet for weaning pigs. The pigs were housed individually in pens

with a mesh floor in a temperature-controlled room; tap water

was freely available. The procedure was conducted according to

Italian law pertaining to experimental animals and was

approved by the Ethic Scientific Committee for Experiments on

Animals of the University of Bologna. All efforts were made to

minimize the number of animals used and their suffering. The

piglets were deeply anaesthetized with sodium thiopental

(10 mg kg body weight, Zoletil 100; Vibrac) and slaughtered

by an intracardiac injection of Tanax� (0.5 mL kg BW; Intervet

Italia). The stomach was gently removed from each piglet,

opened along the great curvature from the diverticulum to the

pyloric sphincter and, after a brief washing with 0.01 M phos-

phate buffer saline (PBS), eight samples were collected in the

sites 1–8 as shown in Fig. 1. The tissue samples were pinned

tightly to balsa wood and fixed in 10% buffered formalin for

24 h at room temperature (RT). The specimens were then dehy-

drated in a graded series of ethanol and embedded in paraffin.

From each sample, 40 serial transverse (5 lm thick) and 40 serial

tangential sections (7 lm thick) were obtained and mounted on

poly-L-lysine coated slides and then processed for histology and

immunohistochemistry.

Histology and immunohistochemistry

Masson’s trichrome stain was used for histological observation

(McManus & Mowry, 1960). For immunohistochemistry, the

avidin-biotin-peroxidase complex (ABC) method was used, as

described elsewhere (Bosi et al. 2006). Briefly, paraffin sections

were deparaffinized and rehydrated; to unmask the antigenic

sites, the slides were heated in sodium citrate buffer (pH 6.0) in

a microwave.

Endogenous peroxidase was blocked with 1% aqueous hydro-

gen peroxide solution for 30 min at RT, and subsequently incu-

bated for 30 min in PBS containing 10% normal goat serum, 1%

normal swine serum and 10% bovine serum albumin to prevent

nonspecific binding of the antibodies. The sections were then

incubated overnight at 4 �C with the following antibodies:

mouse anti-cytokeratin-18 1 : 15 000 (Sigma-Aldrich, CY90),

mouse anti-a subunit of H+ ⁄ K+-ATPase 1 : 4000 (Chemicon, MAB

3188), mouse anti-CD79a 1 : 2000 (clone HM47 ⁄ A9) and poly-

clonal rabbit antiserum anti-CD3 1 : 2000 (Sigma-Aldrich,

C7930). After washing, the sections were incubated at RT for

1 h with the appropriate biotin-conjugated secondary antibody

[goat anti-mouse IgG and goat anti-rabbit IgG, both diluted

1 : 500 (Vector)] and then treated with ABC complex (Vector

elite kit, Vector Laboratories). The immune reactions were visu-

alized applying a 3,3¢-diaminobenzidine chromogen solution

(Vector DAB kit, Vector Laboratories).

Tissue preparation and DiI tracing in fixed tissue

Small crystals of DiI (Molecular Probes, Eugene, OR, USA) were

diluted at 3% in 100% ethanol and evaporated onto small glass

beads (about 200 lm; Sigma). The glass beads were placed in

the middle of the gastric follicles to detect if neurones project-

ing to the follicles were present. In other samples, after gently

removing the overlying epithelium by the use of entomological

forceps, glass beads were inserted into the lamina propria to

identify whether neurones projecting to the mucosal layers

were present.

Adult (3 months) domestic pigs were used. Adult material was

obtained from the slaughterhouse of the Faculty of Veterinary

Medicine of Bologna. Segments of the stomach diverticulum

were pinned out with the mucosa facing upwards in a Sylgard-

lined Petri dish and fixed in 4% phosphate-buffered paraformal-

dehyde for at least 2 h at RT. Subsequently, pieces of the gastric

wall were cut and, using a stereomicroscopy and ophthalmology

tweezers, fluorescent tracer DiI was applied to the follicles to

identify neurones projecting into them. In other samples, after

gently removing the overlying epithelium with entomological

forceps, glass beads were inserted into the lamina propria to

identify neurones projecting into the mucosal layer. The speci-

mens were then re-incubated in the fixative for 6–8 months at

37 �C. After incubation, the specimens were rinsed in PBS and

the tissues were subsequently transferred to a mixture of PBS-

sucrose-azide and OCT compound (Tissue Tek, Sakura Finetek

Europe, the Netherlands) at a ratio of 1 : 1 for an additional

24 h before being embedded in 100% OCT and fixed in liquid

nitrogen. For evaluation of the specimens, transverse and tan-

gential cryosections (20 lm thick) were obtained.

Results

Histological and immunohistochemical description

No histological gastric inflammatory lesions consisting of

submucosal oedema and neutrophilic infiltration were

observed. Gastric MALT was identified in all the examined

sites (1–8) shown in Fig. 1, although with different aspects

Fig. 1 The stomach of a piglet opened along the greater curvature,

from the diverticulum to the pyloric sphincter to show the sites of

sampling (1–8).
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and distributions. In sites 1 and 7, the gastric mucosa had a

transitional aspect (the transition from cardiac to oxyntic

mucosa takes place gradually), the tunica mucosa was

thicker and an increasing number of parietal cells were

present. In sites 2 and 3, the mucosa had a transitional

aspect between the cardiac and the pyloric mucosa and no

parietal cells were seen. In sites 4, 5 and 6, the mucosa had

a typical pyloric aspect with an increase in the depth of the

gastric pits. Site 8 showed typical cardiac mucosa with short

glands, coiled at their bases.

Gastric MALT was populated by small- to medium-sized

lymphocytes arranged in the LFs and diffuse lymphoid tis-

sue infiltrating the lamina propria between the glands;

numerous intra-epithelial lymphocytes (IELs), dispersed at

the base of the overlying epithelium, were also seen. Encap-

sulated lymphoid follicles were located within the submu-

cosa; they crossed the muscularis mucosae extending into

the lamina propria to reach the overlying epithelium; we

called these submucosal lymphoid follicles (SLFs) (Figs 2A

and 3A). The lymphocytes were sometimes densely packed

in the lamina propria and the structures formed were con-

fined to the mucosa without crossing the muscularis muco-

sae in any of the 40 sections examined; these we termed

mucosal lymphoid follicles (MLFs) (Figs 2B and 3D). A sub-

epithelial dome region was not always evident because of

the infiltration of the lymphocytes up to the basal lamina

of the epithelium (Fig. 3D).

In sites 1, 7 and 8, the majority of LFs were of the SLF type.

Conversely, in sites 2, 3, 4, 5 and 6, the majority of LFs were of

the MLF type (Table 1). LFs had various shapes (round, oval,

ellipsoidal) and a columnar feature was occasionally observed

inthe laminapropria forboththeSLFsandtheMLFs.Theover-

lying epithelium was sometimes invaginated in the gastric

MALT and formed diverticula which entered into the lym-

phoid tissue (Figs 2A and 4). They were of the SLF type and

were the easiest to identify macroscopically. TheLFs appeared

as a single lymphoid structure or, at least as observed in the

tangential sections, aggregated to form PP-like structures

(Fig. 4E,F). InthemajorityofSLFs,aclearcompartmentalorga-

nization of the lymphocytes was observed. The T lymphocytes

were confined to the mantle zone and the B lymphocytes to

thegerminalcentre (Fig. 3B,C); insomefollicles, theT lympho-

cytesweredenselypackedat thebaseof the lymphoidfollicles

(Fig. 5A). In contrast, in MLFs, the T and B lymphocytes were

intermingled without any clearly defined compartmental

organization(Fig. 3E,F).NumerousTlymphocyteswerefound

intheoverlyingepitheliumforbothSLFs (Fig. 5B)andMLFs.

Some tall columnar cytokeratin-18 immunoreactive (IR)

cells were observed interspersed between the mucosal cells;

they were isolated (Fig. 5C) or grouped into small clusters

of two or three cells (Fig. 5D) and were found throughout

the epithelium from the basal lamina to the luminal surface

(Fig. 5C,D). The cells were not necessarily confined to the

epithelium overlying the LFs; in fact, some lymphocytes

were observed in the underlying lamina propria. A network

of fibrils filled the cytoplasm and surrounded an unlabelled

nucleus (Fig. 5D).

DiI crystals inserted into the follicles

DiI-coated beads were inserted into the follicles of the gastric

diverticulum in which the epithelium formed diverticula

extending into the lymphoid tissue which were best identifi-

able at stereomicroscopy; therefore, the data only refer to

these SLFs. The DiI-coated beads generally remained in place

for the entire period of incubation (up to 8 months) (Fig. 6A);

if not, the pieces of tissue were not considered for micro-

scopic observation. DiI tracer was observed throughout the

entirety of the follicles to which it was applied, sometimes

more concentrated at the level of the connective tissue cap-

sule (Fig. 6B,C,E). Some DiI-labelled neurones were seen in

the submucosal plexus (SMP) close to the labelled follicles,

sometimes more than 400 lm away (Fig. 6C,E). The neurones

varied in shape and generally showed an eccentrically located

nucleus (Fig. 6D,G,H). The neuronal process was sometimes

seen to be directed to the labelled follicles (Fig. 6B). Round,

ovoid, elongated or, occasionally, polyhedral-shaped cells

were found, labelled neurones generally exhibited a

smoothly contoured soma (Fig. 6D,G,H) and rarely an irregu-

lar outline. DiI-labelled nerve fibres, isolated or grouped into

small bundles, were seen close to the labelled follicles.

DiI crystals inserted into the lamina propria

In the samples in which DiI crystals were inserted into the

lamina propria, the muscularis mucosae was also infiltrated.

BA

Fig. 2 Transverse section of piglet gastric

mucosa stained by Masson’s trichrome. (A) A

single ovoid submucosal lymphoid follicle

(arrowhead) crossing the muscularis mucosae.

(B) A single mucosal lymphoid follicle

confined to the lamina propria without

crossing the muscularis mucosae

(arrowheads). Bars: (A) 800 lm; (B) 200 lm.
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Labelled fibres were seen to form a thin plexus intermin-

gled with adenomers (Fig. 7A); some neurones were seen in

the lamina propria with processes in close apposition to the

epithelium (Fig. 7B). Labelled fibres were sometimes seen

entering into both DiI-labelled and unlabelled follicles

(Fig. 7C–E) or resting in the connective capsule (Fig. 7F).

Labelled neurones, varying in shape with generally

smoothly contoured soma were seen in the SMP near the

muscularis mucosae (Fig. 7G). No neurones were found in

the myenteric plexus (MP).

Discussion

This article describes pig gastric MALT, with particular atten-

tion given to the distribution of lymphoid structures in the

cardiac mucosa of the diverticulum, the pyloric mucosa and

A D

B E

C F

Fig. 3 Serial transverse section of a

submucosal (A–C) and a mucosal (D–F)

lymphoid follicle stained with Masson’s

trichrome (A,D), CD3 (B,E) and CD79a (C,F).

Note the compartmental organization of the

lymphocytes in submucosal follicles; the T

lymphocytes were confined to the mantle

zone (B) and the B lymphocytes to the

germinal centre (C). In the mucosal follicles,

the T and B lymphocytes were intermingled

(E,F) and a sub-epithelial dome region was

evident (D, arrowhead). Bars: (A–C) 400 lm;

(D–F) 200 lm.

Table 1 Distribution of submucosal lymphoid follicles (SLFs) and mucosal lymphoid follicles (MLFs) in the piglet gastric mucosa in the eight

selected sites.

Selected sites 1 2 3 4 5 6 7 8

Pig No. SLF MLF SLF MLF SLF MLF SLF MLF SLF MLF SLF MLF SLF MLF SLF MLF

1 1 – 1 – – 1 1 1 1 1 – 1 2 – 4 2

2 4 2 3 2 – 3 – 2 1 2 – 1 2 1 7 6

3 – 2 – 1 – – – 2 – 2 – 1 4 3 3 3

4 2 – – 2 – – – – – 1 – 1 1 – 4 1

5 – – – – – – – 1 – – – – 1 – 2 2

6 3 – – 1 – 1 – 1 – 1 1 – 3 2 6 4

7 – 1 1 – – 1 – 2 – – – 2 2 1 2 3

Total no. 10 5 5 6 0 6 1 9 2 7 1 6 15 7 28 21
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the transitional sites from the cardiac to the oxyntic mucosa

and from the cardiac to the pyloric mucosa. We did not con-

sider the oxyntic mucosa of the corpus because we very

rarely observed LFs in our previous studies designed to test

the effects of different diets on weaned piglet gastric

mucosa (Bosi et al. 2006; Mazzoni et al. 2008). Similarly to

A B

C D

E F

Fig. 4 Tangential serial sections of piglet

gastric mucosa showing the epithelium

forming a diverticulum which enters the

lymphoid tissue. (E,F) Lymphoid follicles were

aggregated to form PP-like structures. Bars:

(A–F) 800 lm.

A B

C D

Fig. 5 Transverse section of piglet gastric

mucosa stained with anti-CD3 (A,B) and anti-

cytokeratin 18 antibody (C–D). T lymphocytes

were densely packed at the base of a

submucosal lymphoid follicle (A) and

infiltrated the epithelium overlying a

submucosal lymphoid follicle (B). Columnar

cytokeratin 18-IR cells either single (C) or

grouped (D) were intermingled with epithelial

cells. A network of fibrils filled the cytoplasm

and surrounded the unlabelled nucleus (D,

arrowed). Bars: (A,B) 200 lm; (C) 50 lm;

(D) 30 lm.
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Driessen et al. (2002), we found many LFs in the cardiac

mucosa of the gastric diverticulum (site 8) and in the corpus

(sites 1 and 7), i.e. in the sites in which the transition from

cardiac to oxyntic mucosa occurred. In these sites, LFs were

mainly situated in the submucosa and reached the mucosa.

In the lesser curvature (sites 2 and 3) and in the pyloric

antrum (sites 4–6), we found a smaller number of LFs that

were mainly situated in the lamina propria without crossing

the muscularis mucosae in any of 40 sections examined. The

different extension of the LFs therefore appears to be

strictly related to the site of sampling, which could explain

the differences in observations compared with those Green

et al. (1997), who found lymphoid nodules mainly located

in the lamina propria of the lesser curvature rather than in

the diverticulum.

In SLFs, a compartmental organization of the T and B lym-

phocytes was present, resembling the PPs extensively

described by many authors (Newberry, 2008; Burkey et al.

2009) and analogously to what had been observed in the

gastric MALT of humans, (Carney, 2010), and normal (Dries-

sen et al. 2002) and infected pigs (Mendes et al. 1991;

Green et al. 1997; Hellemans et al. 2007).

In contrast, in MLFs, the T and B lymphocytes packed in

the lamina propria were intermingled, resembling the LFV

described by Moghaddami et al. (1998) in the human small

intestine. In fact, as the LFV as well as pig MLFs were

A B

C D

E F

G H

Fig. 6 Tangential sections of pig gastric

mucosa at the level of the diverticulum. (A)

Stereomicroscopy showing DiI-coated beads

(arrow) applied to a follicle in fixed tissue

after 8 months of incubation. (B,C,E) DiI

crystals applied to the follicles; note that the

tracer was homogeneously distributed inside

the follicles. (B) Labelled neurones

(arrowhead) and processes entering the

labelled follicle. (C) Polyhedral-labelled

neurone (arrowhead) more than 400 lm from

a labelled follicle. (D) Higher magnification of

the neurone shown in (C). (E) Elongated

neurone (about 400 lm from the labelled

follicle) along a thin nervous fascicle

(arrowhead). (F) Higher magnification of the

neurone shown in (E). (G,H) Two labelled

neurones with an ovoid shape. Note that the

neurones showed smoothly contoured soma

and an eccentrically located nucleus (D,G,H,).

Bars: (B,F) 100 lm; (C,E) 200 lm;

(D,G,H) 30 lm.
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confined to the mucosal layer and did not contain orga-

nized follicles with a germinal centre, similarly to human

LFV, the overlying IELs were infiltrated by T cells. However,

we did not observe the lymphocytes to be more densely

packed at the base of the pig MLFs; this could reflect an

interspecific difference. The lack of a germinal centre could

suggest that MLFs are relatively inactive under normal con-

ditions and may be activated under conditions of an

increased mucosal antigenic stimulus. Another possible sug-

gestion is that, similar to the murine CPs, and the rat LFV, in

which clusters of undifferentiated cells expressing c-Kit

were present (Hitotsumatsu et al. 2005), pig MLFs represent

extrathymic progenitors of intraepithelial lymphocytes.

The epithelium overlying the gastric lymphoid tissue

showed similarities to FAE; in fact, it contained large num-

bers of IELs, and cells of cytokeratin-18-IR were found inter-

spersed between the epithelial cells. This marker has been

tested in pigs to demonstrate M cells (Gebert et al. 1994;

Rothkötter, 2009); however, the specificity of this antibody

as a marker of M cells may be in doubt because porcine

epithelial cell lines (Schierack et al. 2006) and goblet

cells [unpublished communications of Post & Rothkötter

(Rothkötter, 2009)] may also express cytokeratin-18. M cells

have generally been described in the FAE overlying PPs or

ILFs intermingled with enterocytes (Hamada et al. 2002;

Lorenz et al. 2003; Newberry & Lorenz, 2005; Pabst et al.

2005; Burkey et al. 2009; Hondo et al. 2011). Relatively little

is known about M cells outside the gut, although they have

been found in the upper and lower airways and in the con-

junctiva of the eye (Gebert & Pabst, 1999). Although M cells

have a typical ultrastructural appearance with an invagi-

nated basal membrane and apical disorganized microvilli

under light microscopy, it is difficult to distinguish them

from other epithelial cells. However, on the basis of the sim-

ilarity between gastric MALT and PPs, it is plausible to think

that stomach cells, like M cells, which are specialized in the

uptake and transport of antigens, are present and that

immunoreactivity to cytokeratin-18 also functions as an

M-cell marker in the pig stomach.

DiI

Nerve fibres innervating the lymphoid tissue, besides consti-

tuting the root for infections of the central nervous system

by ingested neurotropic viruses or prion proteins (van Keu-

len et al. 2002), can modulate immune responses. Interplay

between the immune and the nervous systems has been

extensively studied. Catecholamine and peptide neuronal

A B

F G

C D E

Fig. 7 Transverse sections of pig gastric

mucosa at the level of the diverticulum after

the insertion of DiI crystals in the lamina

propria. (A) Note a thin plexus of labelled

fibres between the adenomers. (B) A neurone

(arrowhead) in the lamina propria projecting

to the epithelium. (C) Labelled neurones

(arrowhead) projecting into a labelled follicle.

(D,E) Labelled fibres in unlabelled follicles. (F)

Labelled fibres resting on the connective

follicular capsule. (G) Labelled, ovoid neurone

(arrowhead) near the labelled muscularis

mucosae. (E,F) Merging with the green filtre

cube to best show the lymphoid follicle

structure. Bars: (A,E,F) 200 lm;

(B,C,G) 100 lm; (D) 50 lm.
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and non-neuronal transmitters, such as neuropeptide Y,

substance P, vasoactive intestinal peptide, galanin and calci-

tonin gene-related peptide, represent the peptides most

involved in neuroimmune modulation (Mignini et al. 2003);

both T and B lymphocytes, as well as other cells of the

immune system (such as macrophages, dendritic cells, mast

cells), express receptors for these transmitters. Besides neu-

roimmune modulation, neuropeptides are involved in lym-

phocyte maturation. Galanin, for example, probably acting

through R1 and R2 receptors, is involved in the control of

thymus growth and exerts anti-proliferative and pre-apop-

totic effects on immature rat thymocytes (Trejter et al.

2002).

Extensive studies regarding GALT innervation have been

carried out but, to our knowledge, no studies have focused

on the innervation of gastric lymphoid follicles. There are

conflicting data available on PPs. Studies on pigs (Krammer

& Kühnel, 1993; Vulchanova et al. 2007; Kaleczyc et al.

2010) and cattle (Balemba et al. 1999) have failed to reveal

any nerve fibres within the PPs; by contrast, nerve fibres

have been found inside PP follicles in cattle (Defaweux

et al. 2007), pigs (Kulkarni-Narla et al. 1999), mice (Ottaway

et al. 1987; Defaweux et al. 2005; Ma et al. 2007) and sheep

(Heggebø et al. 2003; Lalatta-Costerbosa et al. 2007; Chio-

cchetti et al. 2008). In the present study, we observed intrin-

sic innervations of the gastric follicles coming from

neurones located in the SMP. The majority of labelled neu-

rones showed ovoid or elongated shapes and generally

smoothly contoured soma resembling type II primary sen-

sory neurones; only a few neurones showed an irregular

outline. It is generally assumed that, in the stomach, con-

trary to what has been observed in the gut, few neurones

are present in both the SMP and the MP, and that primary

sensory neurones throughout the enteric reflexes are very

rare. The intrinsic reflexes are therefore poorly developed

(Furness, 2008; Schemann et al. 2008) and stomach activity

is most influenced by extrinsic innervation coming from the

brain stem rather than the intrinsic reflex. However, studies

of the gastric ENS have mainly been conducted on small

laboratory animals. Recent studies of Kaleczyc et al. (2010)

have revealed that, in the pig stomach, a well-developed

ganglionated SMP is present and it can be subdivided into

inner (near the muscularis mucosae) and outer SMP (near

the circular muscle layer), as observed in other areas of the

intestines of large mammals. In the present study, DiI-

labelled neurones were found in the SMP, generally located

in the outer portion of the SMP; however, labelled fibres

were found in the lamina propria after DiI application.

Therefore, we cannot exclude that the neurones located in

the lamina propria or in the inner SMP may also innervate

the gastric follicles. Although it was not possible to define

immunohistochemically the neurochemical code of the

labelled neurones, they resembled type II sensory neurones

with a smoothly contoured soma and could constitute the

afferent sensory arc which detects the molecular products

resulting from injury. In fact, the inflammatory neural

reflex, which has recently been described by Tracey (2009),

consists of a sensory afferent arc and an efferent arc, which

transmit signals modulating the immune responses.

In conclusion, in pig gastric MALT, two morphologically,

and probably functionally, different types of LFs were pres-

ent: SLFs and MLFs. Both types were present in all the sites

examined, although the number varied. The ENS neurones

located in the SMP were involved in the innervation of lym-

phoid follicles; however, we cannot exclude that neurones

in the lamina propria or in the inner SMP could also contrib-

ute to this innervation. The labelled neurones resembled

type II sensory neurones; however, additional studies using

DiI tracer in organotypic cultures are necessary to best

define the neurochemical code of these follicle-innervating

neurones and phenotype them.
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