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Abstract The MAS-related gene (Mrg) receptor MrgE
has been suggested to be expressed at all tissue levels
involved in pain sensation and to inXuence the expression
of another Mrg receptor, MrgF. Given the knowledge on
the role of the enteric nervous system (ENS) in sensation,
and the plasticity of enteric neurons during intestinal
inXammation, it can be hypothesized that MrgE is
expressed in enteric neurons, and that MrgE and MrgF
change expression in intestinal inXammatory conditions.
Therefore, we aimed to reveal the expression details of
MrgE and MrgF in the murine ileum in normal and inX-
amed conditions. Using reverse transcriptase-PCR, quanti-
tative-PCR and immunohistochemistry, we compared the
ileum of non-inXamed control mice with that of two models
of intestinal inXammation, i.e. intestinal schistosomiasis
and chemically induced ileitis. MrgE and MrgF mRNAs
were detected in control and inXamed conditions. MrgE and
MrgF mRNAs showed a trend towards downregulation dur-
ing intestinal schistosomiasis and a signiWcant reduction
during ileitis. MrgE and MrgF receptors were expressed in

distinct enteric neuronal subpopulations, such as the sen-
sory, secretomotor and vasodilator neurons, and in nerve
Wbres in the tunica muscularis and lamina propria of control
and inXamed ileum. Only a minor proportion of enteric
neurons co-expressed MrgE and MrgF. The number of
enteric neurons expressing MrgE and MrgF receptors was
signiWcantly reduced during intestinal schistosomiasis and
ileitis. This is the Wrst report on the expression of MrgE and
MrgF in the ENS in (patho)physiological conditions. The
expression of MrgE and MrgF in enteric neurons was nega-
tively aVected by inXammation.

Keywords MAS-related gene · Enteric neurons · 
Intestinal inXammation · MrgE · MrgF · Ileum

Introduction

A family of orphan G protein-coupled receptors (GPCRs),
also designated as MAS-related gene (Mrg) receptors or
sensory neuron-speciWc GPCRs, has been identiWed in
rodents and humans (Dong et al. 2001; Lembo et al. 2002;
Young et al. 1986) consisting of members that are predomi-
nantly expressed in sensory neurons of dorsal root ganglia
(DRG) and trigeminal ganglia (TG) (Breit et al. 2006;
Burstein et al. 2006; Dong et al. 2001; Gustafson et al. 2005;
Hager et al. 2008; Lembo et al. 2002; Liu et al. 2008; Rau
et al. 2009; Wang and Zylka 2009; Zhang et al. 2005; Zylka
et al. 2003), and implicated in nociception (Chang et al.
2009; Chen and Ikeda 2004; Cox et al. 2008; Crozier et al.
2007; Grazzini et al. 2004; Rau et al. 2009). Mrg receptors
originate mainly from four diVerent MAS-related G pro-
tein-coupled receptor member genes, i.e. MrgX in humans
and rhesus monkeys, and MrgA, MrgB and MrgC in
rodents. The MrgX genes have no direct orthologues in
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rodents, but appear to be closely related to the MrgA recep-
tors. In rodents, the Mrg family also contains six single-
copy genes, known as MrgD, MrgE, MrgF, MrgG, MrgH
(GPR90) and MAS1, which have clear human orthologues
(Burstein et al. 2006; Dong et al. 2001; Lembo et al. 2002;
Zhang et al. 2005; Zylka et al. 2003). In mice due to the
species-speciWc atypical expansion, the Mrg family consists
mainly of three large MrgA, MrgB and MrgC subfamilies,
which together with the products of the single-copy genes
comprise »50 distinct members (Zylka et al. 2003).

While Mrg receptors are still classiWed as orphan
receptors, some have recently been de-orphaned by the
identiWcation of ligands activating their cognate receptors.
RF-amide neuropeptides distinctively activate the mouse
MrgA1, MrgA4, MrgC11 and MAS1 receptors (Dong et al.
2001; Han et al. 2002) and rat MrgC (Grazzini et al. 2004).
Adenine is an endogenous ligand for MrgA (Bender et al.
2002) and !-alanine a ligand for MrgD (Shinohara et al.
2004), while MrgD is also able to respond to ATP (Dussor
et al. 2008). Angiotensin metabolites are capable of stimu-
lating MrgD and MrgG (Gembardt et al. 2008), while salu-
sin ! is a surrogate ligand for MrgA1 (Wang et al. 2006).
Human and rhesus monkey MrgX2 is activated by proad-
renomedullin N-terminal peptides and cortistatin (Burstein
et al. 2006; Kamohara et al. 2005; Robas et al. 2003). Basic
secretagogues have been suggested to activate G proteins
through MrgX2 on human mast cells, indicating a role in
inXammatory responses (Tatemoto et al. 2006). Another
study revealed that mast cells can secrete an RF-amide neu-
ropeptide that stimulates Mrg receptors present on primary
aVerent nerves (Lee et al. 2008). Bovine adrenal medulla
peptide 22 activates human MrgX1 and rat MrgC (Breit
et al. 2006; Grazzini et al. 2004; Lembo et al. 2002). Pyrid-
azinones are small-molecule agonists for human MrgX1
(Wroblowski et al. 2009). At present, only putative antago-
nists, i.e. 2,3-disubstituted azabicyclo-octanes, have been
described for the human MrgX1 receptor (Kunapuli et al.
2006).

Apart from the selective expression of some Mrg recep-
tors in nociceptive neurons of DRG and TG, only scarce
information is available on the expression and distribution
patterns of the Mrg members in other tissues and organs.
Human MrgX2 mRNA has also been detected in the brain,
pituitary gland, thyroid gland, gastrointestinal (GI) tract,
lungs and gonads, while immunolocalization was found to
be limited to the neurohypophysis, testis, vascular endothe-
lial cells, scattered lymphocytes and enteric ganglia (Allia
et al. 2005; Robas et al. 2003). It has been demonstrated
that mouse MrgC11 is also expressed in nodose ganglia
(Lee et al. 2008), and mRNAs for MrgA and MrgC have
also been observed in rat brain and several non-neuronal
tissues, including the GI tract (Gustafson et al. 2005). Apart
from being present in DRG in rat, MrgD mRNA has also

been detected in the testis, whereas MrgE mRNA has been
detected in brain, spinal cord and sciatic nerve (Milasta
et al. 2006). mRNA of rat MrgF has been detected in gut,
uterus, vas deferens, brain and aorta (Ross et al. 1990). In
mouse, macaque and human, MrgE has been found to be
expressed in brain and spinal cord (Cox et al. 2008; Zhang
et al. 2005), as also observed for mouse MrgF and MrgH
(Cox et al. 2008).

It has been suggested that MrgE is expressed at all tissue
levels involved in pain sensation (Cox et al. 2008). More-
over, MrgE has been suggested to modulate the function of
other Mrg receptors due to heteromerization (Milasta et al.
2006), or to inXuence their expression levels, as seen for
MrgF (Cox et al. 2008). These data led us to speculate that
MrgE and MrgF are expressed in the enteric nervous
system (ENS), since enteric neurons are known to be a
source of sensory innervation in the GI tract enabling the
decentralized gut to perform complex reXex functions
(Blackshaw et al. 2007). Further, changes in MrgE and
MrgF expression can be expected in intestinal inXamma-
tory conditions as a consequence of the plasticity of the
ENS and the sensitization of sensory pathways during
intestinal inXammation (Bielefeldt et al. 2009; Giaroni
et al. 1999; Lomax et al. 2005; Mawe et al. 2009; Vasina
et al. 2006), and such changes may vary depending on the
nature of the inXammatory stimulus. However, to date, no
detailed expression data on MrgE and MrgF are available in
the gut in normal or inXamed circumstances. All the above
reasons initiated us to compare the ileum of healthy non-
inXamed control mice with that of two murine models of
intestinal inXammation, i.e. (1) Schistosoma mansoni-
induced intestinal schistosomiasis and (2) trinitrobenzene
sulphonic acid (TNBS)-induced ileitis. Intestinal schistoso-
miasis is a parasitic helminth disease, which at the acute
stage involves a granulomatous immunopathology with a
Th2-type inXammatory response directed against parasite
eggs that lodge in the liver and intestine (Vella and Pearce
1992; Yolles et al. 1949). TNBS-induced ileitis at the acute
stage is characterized by acute mucosal damage and a local-
ized Th1/Th17-type inXammatory reaction in response to
the haptenating agent (Elson et al. 1996; Pontell et al. 2009;
Ruyssers et al. 2009). Our study, using PCR and immuno-
histochemistry techniques, enabled us to disclose the eVect
of inXammation on the expression and distribution of MrgE
and MrgF in the murine ileum.

Materials and methods

Animals

Studies were performed on adult male C57BL/6J mice
(Janvier, Le Genest St Isle, France) provided with standard
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pellet diet and water ad libitum, and housed in a 12-/12-h
light/dark cycle at constant temperature (22°C). Animals
were divided into three experimental groups: healthy con-
trol animals, mice infected with S. mansoni and mice in
which ileitis had been induced with TNBS (n = 6 in each
group). All experimental procedures were approved by the
ethical committee of the University of Antwerp. The ani-
mals in the three experimental groups were age matched at
the time of tissue retrieval.

To prepare the S. mansoni-infected group, mice were
infected with S. mansoni according to the method of
Yolles et al. (1949). BrieXy, the mice were anesthetized
with an intraperitoneal injection of sodium pentobarbital
(60 mg kg¡1; Nembutal; SanoW, Brussels, Belgium), and
1 ml of sterile water containing 130 freshly shed cercariae
of a Puerto Rico strain of S. mansoni was intraperitoneally
injected. The mice were then killed 8 weeks post-infection
at the acute stage of intestinal schistosomiasis. The cycle of
S. mansoni was maintained by passage through Biomphala-
ria glabrata snails.

In the TNBS-induced ileitis group, ileitis was induced by
laparotomy according to a modiWed procedure of Pontell
et al. (2009). BrieXy, after fasting for 24 h, mice were
anesthetized using a mix of medetomidine (0.5 mg kg¡1;
Domitor; PWzer, New York, NY, USA) and ketamine
(50 mg kg¡1; Anesketin; Eurovet, Bladel, The Netherlands)
dissolved in a physiological solution and administered
intraperitoneally (Yolles et al. 1949). After having been
shaved and disinfected, the lower abdomen was incised and
the ileum was exteriorized. A volume of 0.1 ml TNBS
(25 mg ml¡1 in 25% ethanol; Sigma-Aldrich, St. Louis,
MO, USA) was injected into the lumen of the ileum 2 cm
proximal to the ileo-caecal junction. Before closing the
midline incision, a solution containing marboXoxacin
(2 mg kg¡1; Marbocyl; Vetoquino S.A., Lure Cedex,
France) was injected into the peritoneal cavity. Following
surgery, the animals were maintained in a controlled envi-
ronment for 24 h and subsequently killed.

Tissues

All animals were killed by cervical dislocation followed by
exsanguination. The ileum of each animal was removed and
washed in Krebs solution (117 mM NaCl, 5 mM KCl,
2.5 mM CaCl2·2H2O, 1.2 mM MgSO4·7H2O, 25 mM
NaHCO3, 1.2 mM NaH2PO4·2H2O and 10 mM glucose; pH
7.4). Three 5 mm parts were removed at the distal end of
each ileum. One of these parts was Wxed for 2 h at room
temperature in 4% paraformaldehyde in 0.1 M phosphate
buVer (PF; pH 7.0), processed for paraYn embedding and
5 !m-thick sections were stained with haematoxylin and
eosin (HE). Another part was snap-frozen in liquid nitrogen
and stored at ¡80°C for RNA isolation. The third part was

Wxed for 2 h at room temperature in Zamboni’s Wxative (PF
containing 10% picric acid), washed in 0.01 M phosphate-
buVered saline (PBS; pH 7.4) and rinsed according to the
procedure of Llewellyn-Smith et al. (1985). Subsequently,
they were incubated overnight in PBS containing 20%
sucrose at 4°C, embedded in OCT-embedding medium
(Pelko Int., Torrance, CA, USA), cryostat-sectioned at
12 !m and thaw-mounted on poly-L-lysine-coated slides.
The remaining part of the ileum was opened along the mes-
enteric border and pinned out in a Sylgard-lined Petri dish.
Because of the faint staining within the neuronal somata for
the receptors and some neuropeptides used in this study, to
enhance the immunoreactivity (IR), this part of the ileum
was, prior to Wxation, maintained in organotypic culture, in
a medium containing colchicine as previously described
(Van Nassauw et al. 2002). Fixation and clearing for this
part of the ileum occurred as described for the tissue parts
processed for cryosectioning. Whole mounts containing the
myenteric and submucous plexus were then prepared by
dissecting the external musculature and submucosa/mucosa
apart and removing the circular muscle layer and mucosa,
respectively.

RNA treatment

Total RNA isolation and processing were performed as pre-
viously described (Van Op den bosch et al. 2007). BrieXy,
total RNA was isolated from ileal segments using Trizol
reagent (Life Technologies Inc., Gaithersburg, MD, USA).
Further, a puriWcation treatment was performed on 5 !g of
RNA using the Turbo DNA-free™ kit (Ambion, Austin,
TX, USA). A total amount of 1 !g DNase-treated RNA was
reverse transcribed using the Transcriptor First Strand
cDNA synthesis kit (Roche, Mannheim, Germany). The
eYciency of reverse transcription was veriWed using con-
trol RNA and primers included in this kit.

Reverse transcriptase (RT)-PCR

The primers for the mRNAs of MrgE, MrgF and the inter-
nal controls, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and hypoxanthine phosphoribosyltransferase
(HPRT), were designed using the Lightcycler Probe Design
2 software (Roche) and listed in Table 1. RT-PCR was per-
formed on an MJ Mini Cycler (Biorad, Hercules, CA,
USA), and cDNA of DRG of healthy control mice was used
as a positive control, while DNase-treated RNA samples
served as negative controls. PCR products were prepared in
a total reaction volume of 25 !l, containing 12.5 !l of Hot-
starTaq Master Mix (Qiagen, Hilden, Germany), 0.25 !l
(0.4 !M) each of forward and reverse primers and 1 !l
cDNA that was diluted 1:5. After denaturation at 95°C for
15 min, 40 ampliWcation cycles were performed consisting
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of a denaturation phase at 94°C for 1 min, an ampliWcation
phase at 54–60°C for 30 s and an elongation phase at 72°C
for 90 s, followed by a Wnal extension step at 72°C for
10 min. Using 2% agarose gel, the ampliWcation products
were separated and visualized under UV illumination.

Quantitative (q)-PCR

The same primers as mentioned above for RT-PCR were
used for q-PCR. All q-PCR experiments were performed
using the Lightcycler FastStart DNA Master PLUS SYBR
Green I kit (Roche) in a reaction volume of 20 !l, contain-
ing 3 mM MgCl2, 0.5 !M of each forward and reverse
primer, 2 !l SYBR Green Master Mix and 2 !l cDNA sus-
pension. After denaturation, 55 ampliWcation cycles were
performed, consisting of a denaturation step at 95°C for
15 s, a primer-speciWc annealing temperature for 10 s and
ampliWcation at 72°C for 15 s. Melting curve analysis and
agarose gel electrophoresis were performed at the end of
each reaction to ensure the speciWcity of the ampliWcation
products and the absence of artefacts. All reactions were
performed in triplicate. The MrgE and MrgF mRNA levels
in all experimental groups were quantiWed by q-PCR nor-
malized to the combined mRNA levels of GAPDH and
HPRT and statistically analysed using a Student’s t test.
Results are expressed as mean values § standard error of
means. SigniWcance was assumed at P < 0.05.

Immunohistochemistry

All immunohistochemical incubations were carried out at
room temperature. Unless indicated otherwise, washes with
PBS were performed between incubations. The antibodies
used in this study, as well as their respective dilutions, are
listed in Table 2. To block non-speciWc immunoglobulin
interactions and to enhance permeability, cryosections and
whole mounts were immersed in 0.1 M PBS (pH 7.4) with
0.05% thimerosal (PBS*), containing 10% normal horse
serum (NHS) and 1% Triton X-100 for 1 h. Next, they were
incubated for 16 h with a mixture of primary antibodies
raised in diVerent species and diluted in PBS* containing

10% NHS and 0.1% Triton X-100. Subsequently, after
being rinsed in PBS, the tissues were incubated for 1 h with
the appropriate secondary antibodies diluted in PBS* con-
taining 1% NHS to visualize immunostaining. The cryosec-
tions and whole mounts were evaluated with Xuorescence
and confocal microscopy.

Using two primary antisera that were raised in the same
species to detect putative co-expression of MrgE and
MrgF, a sequential immunostaining technique was per-
formed according to the method of Negoescu et al. (1994).
In this procedure, a biotinylated polyclonal monovalent
Fab fragment and Xuorochrome-conjugated streptavidin
were used to visualize the Wrst primary antibody. After
detection of the Wrst antigen, the samples were washed
prior to incubation for 2–4 h with unlabelled Fab frag-
ments diluted in PBS, directed against the Wrst primary
antibody to block residual binding sites on the Wrst pri-
mary antibodies (Lewis Carl et al. 1993). Next, they were
rinsed in PBS and the second antigen was detected and
visualized using a standard Xuorophore-labelled secondary
antibody.

Negative controls were those in which the primary anti-
bodies were omitted. The speciWcity of secondary antisera
was tested by omitting the primary antisera separately on
interference controls. Because the appropriate immunogens
were not commercially available, antibody speciWcity for
the antibodies directed against MrgE and MrgF was veri-
Wed by immunoblotting and immunoenzymatic staining of
paraYn-embedded brain sections of control mice, in which
the distribution of MrgE and MrgF was previously
described (Chang et al. 2009; Zhang et al. 2005). Further-
more, to reveal putative cross-reactivity with other proteins
including the other Mrg receptors, the speciWcity of the
immunogen sequences was veriWed by using the BLAST
program (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

Histological evaluation

Histological evaluation of the HE-stained paraYn sections
was performed by light microscopy by two independent
observers blinded to the disease status of the animals.

Table 1 5!!3! primer 
sequences used for RT-PCR and 
q-PCR

Gene Primer Sequence 5!!3! TA (°C) TM (°C)

GAPDH GAPDH FP
GAPDH RP

TGGCAAAGTGGAGATTGTTGCC
AAGATGGTGATGGGCTTCCCG

64 83

HPRT HPRT FP
HPRT RP

CCTAAGATGAGCGCAAGTTGAA
CACAGGACTAGAACACCTGCTAA

60 84

MrgE MrgE FP
MrgE RP

CCTTCCTTTAGTGAGGGATAAATGA
TTGCCTTCTGGCAGTGAT

57 83

MrgF MrgF FP
MrgF RP

CCGGAAACTGTTCATGGG
AGCAGCAGGAAGATATAGTTTG

57 84

Annealing temperatures (TA) of 
the primers and the temperature 
at which the Xuorescence signal 
was measured (TM) for q-PCR

FP forward primer, RP reverse 
primer

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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Quantitative analysis

Quantitative analysis of the immunostainings was per-
formed as previously described (Van Nassauw et al. 2002).
The immunoreactive nerve cell bodies in the myenteric and
submucous ganglia were counted per visual Weld (0.3 mm2)
in whole-mount preparations. Ten randomly chosen Welds
in each whole mount were analysed. The percentage of neu-
rons expressing MrgE, MrgF, or one of the neurochemical
markers—calretinin (CRT), calbindin (CB), neuronal nitric
oxide synthase (nNOS), substance P (SP) and vasoactive
intestinal peptide (VIP)—was calculated using protein gene
product 9.5 (PGP) as a pan-neuronal marker. Furthermore,
co-expression of MrgE or MrgF with other neuronal mark-
ers, such as CRT, CB, nNOS and SP, in the myenteric gan-
glia was also quantitatively analysed. The same methods
were applied to calculate the co-expression values of MrgE
or MrgF with CRT and VIP in the submucous ganglia. In
addition, the co-expression of MrgE and MrgF in myenteric
and submucous ganglia was also quantiWed. Two whole
mounts per animal and six animals per experimental group
were analysed for each double immunolabelling experi-
ment. Statistical analyses were performed by Student’s
t test and Mann–Whitney test. Results are expressed as

mean values § standard error of means. SigniWcance was
assumed at P < 0.05.

Results

Histology

No pathological signs of inXammatory activity were observed
in the ileum of the control animals (Fig. 1a). The ileum of
S. mansoni-infected mice was characterized by the presence
of granulomas surrounding the entrapped parasite eggs in the
submucosa and mucosa, thickening of the tunica muscularis
and broadening of the intestinal villi as previously described
(Fig. 1b). The inXammatory response consisted of a diVuse
mucosal inXammation and a granulomatous reaction as previ-
ously described (Bogers et al. 2000). Observations made in
TNBS-induced ileitis were similar to those described in
guinea pig (Pontell et al. 2009). The villi showed indications
of necrosis, resulting in debris in the lumen, and were ablated,
although signs of restoration of the mucosal epithelium were
observed. Subepithelial cysts and a high number of immune
cells within the lamina propria or closely associated with the
enteric ganglia were also seen (Fig. 1c).

Table 2 List of antibodies used for immunohistochemistry

Cy3 cyanine 3, FITC Xuorescein isothiocyanate

Antigen Host Dilution Source

Primary antibodies

Mas-related gene E Rabbit 1:2,000 Abcam, Cambridge, UK (ab65432)

Mas-related gene F Rabbit 1:1,500 Abcam (ab65546)

Protein gene product 9.5 Guinea pig 1:500 GeneTex Inc., San Antonio, CA, USA (GTX10410)

Protein gene product 9.5 Guinea pig 1:500 Chemicon, Poole, UK (AB5898)

Calcitonin gene-related peptide Goat 1:2,500 Abcam, Cambridge, UK (ab36001)

Calretinin Goat 1:12,000 Swant, Switzerland (CG1)

Calbindin Goat 1:200 Santa Cruz Biotechnology, Santa Cruz, CA, USA (sc-7691)

Neuronal nitric oxide synthase Goat 1:1,000 Abcam (ab1376)

Vasoactive intestinal peptide Goat 1:100 Santa Cruz Biotechnology (sc-7841)

Substance P Guinea pig 1:1,000 Abcam (ab10353)

Mouse mast cell protease-1 Sheep 1:2,000 Moredun ScientiWc, Edinburgh, UK (MS-RM8)

Antigen Dilution Source

Secondary antibodies

FITC-conjugated donkey anti-guinea pig IgG 1:150 Jackson ImmunoResearch Laboratories, 
West Grove, PA, USA

FITC-conjugated donkey anti-goat IgG 1:200 Jackson ImmunoResearch Laboratories

Cy3-conjugated donkey anti-rabbit IgG 1:400 Jackson ImmunoResearch Laboratories

FITC-conjugated donkey anti-sheep IgG 1:200 Jackson ImmunoResearch Laboratories

Biotinylated Fab fragments of goat anti-rabbit IgG 1:2,000 Rockland, Gilbertsville, PA

FITC-conjugated streptavidin 1:1,000 Jackson ImmunoResearch Laboratories

Unlabelled Fab fragments of goat anti-rabbit IgG 1:100 Jackson ImmunoResearch Laboratories
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RT-PCR and q-PCR

The non-reverse-transcribed RNA samples did not yield
any ampliWcation products, thus excluding contamination
with genomic DNA. RT-PCR detected the expression of
MrgE and MrgF mRNAs in all tissue samples of control,
S. mansoni-infected or TNBS-treated ileum (Fig. 2a, b,
respectively). QuantiWcation of the MrgE and MrgF mRNA
levels revealed that the mRNA levels for both these Mrg
members were virtually similar in the ileum of control ani-
mals. In comparison with the control ileum, MrgE and
MrgF mRNA levels showed a non-signiWcant trend towards
downregulation (MrgE: P = 0.096; MrgF: P = 0.095) in the
S. mansoni-infected ileum, while both MrgE and MrgF
mRNA levels were signiWcantly decreased (MrgE:
P = 0.028; MrgF: P = 0.010) in the TNBS-treated ileum
(Fig. 2c, d).

Immunohistochemistry

Omission of the primary antibodies did not yield any
immunoXuorescent signal. Interference control stainings
did not show any cross-reactivity of the secondary antibod-
ies. Immunoblotting detected MrgE and MrgF at their
predicted band sizes, i.e. at 35 and 38 kDa, respectively.
Immunostaining of the brain sections revealed MrgE and
MrgF IR in neurons as previously described (Chang et al.
2009; Zhang et al. 2005) (data not shown). The immuno-
gens used for the development of MrgE and MrgF antibod-
ies were synthetic peptides corresponding to an internal
part of mouse MrgE (aa 100–200) and of mouse MrgF (aa
130–230), respectively. The BLAST search showed that the
most potent topological domains within these regions for
MrgE and MrgF displayed no signiWcant cross-reactivity or
homology with other proteins, indicating that the antibodies
directed against MrgE and MrgF will speciWcally bind to

their respective proteins. The above observations thus con-
Wrm the speciWcity of the antibodies used in our study.

Cryosections of the control ileum showed MrgE and
MrgF IR in neuronal somata and nerve Wbres in both enteric
plexuses and in nerve Wbres in the tunica muscularis and in
the lamina propria (Fig. 3a, b). A similar distribution for
both Mrg receptors was observed in cryosections of the
S. mansoni-infected ileum (Fig. 3c, d). The acute phase of
intestinal schistosomiasis, i.e. at 8 weeks post-infection, is
characterized by a signiWcant recruitment of mucosal mast
cells in the mucosa and submucosa. Double immunostain-
ing including an antibody directed against the enzyme
mouse mast cell protease-1, which is exclusively expressed
in mucosal mast cells (De Jonge et al. 2002), did not show
expression of MrgE or MrgF in mucosal mast cells (data
not shown). However, an increased number of MrgE- and
MrgF-positive nerve Wbres were observed in the lamina
propria of the villi (Fig. 3c, d), in line with the observed
sprouting of nerve Wbres in the lamina propria in intestinal
schistosomiasis (De Jonge et al. 2003; Van Op den bosch
et al. 2007). Double immunostaining using an antibody
directed against calcitonin gene-related peptide (CGRP), a
valid marker for extrinsic primary aVerent neurons
(EPANs) in the murine ileum (De Jonge et al. 2003), dem-
onstrated that the MrgE- and MrgF-positive nerve Wbres in
the lamina propria of the villi extensively co-expressed
CGRP (Fig. 3e, f). The distribution for both Mrg receptors
in the TNBS-treated ileum was similar to that observed in
the control ileum. However, the IR observed in neuronal
perikarya in the enteric plexuses, nerve Wbres in the tunica
muscularis and the lamina propria was not prominent,
especially not in the villi, most of which were ablated
(Fig. 3g, h).

In whole mounts, MrgE and MrgF IR were expressed in
neuronal somata and nerve Wbres. The results of the quanti-
tative analysis of the whole mounts are shown in Table 3.

Fig. 1 Histological evaluation of the HE-stained paraYn sections of
control and inXamed ileum. a No pathological signs of inXammatory
activity were observed in the control ileum. b The S. mansoni-infected
ileum was characterized by the presence of granulomas with entrapped
parasite eggs (asterisk), broadening of the villi and thickening of the
tunica muscularis. c The TNBS-treated ileum showed ablated and

broken villi, signs of restoration of the mucosal epithelium (arrows),
subepithelial cysts and a high number of immune cells in the lamina
propria (arrowhead) and in the vicinity of enteric ganglia. Scale bar
200 !m. Control control ileum, S. mansoni S. mansoni-infected ileum,
TNBS TNBS-treated ileum
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In the ENS of the control ileum, 17 § 2% of the PGP-
immunoreactive (ir) myenteric neurons (Fig. 4a) and
16 § 3% of the PGP-ir submucosal neurons (Fig. 4b)
expressed MrgE IR. The chemical coding of the MrgE-ir
myenteric neurons revealed that 18 § 2% of these neurons
co-expressed CRT (Fig. 4c, d), 50 § 3% displayed CB IR
(Fig. 4e), 16 § 3% yielded nNOS IR (Fig. 4f, g) and only
6 § 3% exhibited SP IR (Fig. 4h). In the submucous
plexus, 80 § 3% of the MrgE-ir neurons expressed CRT IR
(Fig. 4i, j) and 58 § 3% displayed VIP IR.

In the S. mansoni-infected ileum, the proportion of PGP-
ir enteric neurons expressing MrgE IR showed a non-sig-
niWcant decrease in the myenteric plexus (11 § 3%) and
was signiWcantly lower in the submucous plexus (8 § 3%).
This signiWcant reduction in MrgE IR was found in CRT-
expressing, VIP-negative submucosal neurons (Table 3),
especially in the vicinity of the entrapped parasite eggs
(Fig. 4k, l). The proportional distribution of MrgE in
myenteric neurons was not signiWcantly changed in this
condition.

In the TNBS-treated ileum, a signiWcant reduction in the
proportional expression of PGP-ir myenteric neurons
expressing MrgE IR (5 § 2%) was observed (Fig. 4m, n),
although the percentage of PGP-ir submucosal neurons
expressing MrgE IR was non-signiWcantly reduced
(10 § 4%). In the myenteric plexus, a higher proportional
expression of CB (86 § 3%) was detected in the MrgE-ir
neurons, but overall there was a signiWcant reduction in
MrgE IR in CB-expressing neurons (Table 3). The percent-
age of MrgE-ir neurons exhibiting nNOS IR (5 § 2%)
(Fig. 4o, p) and the percentage of nNOS-ir neurons exhibit-
ing MrgE were reduced (Table 3). The submucosal neurons
did not show any signiWcant changes in the proportional
distribution of MrgE.

In the control ileum, MrgF IR was found in 12 § 2% of
the PGP-ir myenteric neurons (Fig. 5a) and in 9 § 2% of
the PGP-ir submucosal neurons (Fig. 5b). Double
labelling showed that 12 § 2% of these myenteric
neurons co-expressed CRT (Fig. 5c, d), while 68 § 3%
co-expressed CB (Fig. 5e, f), 15 § 2% nNOS and 25 § 3%

Fig. 2 RT-PCR and q-PCR for MrgE and MrgF in control and inXam-
ed ileum. RT-PCR detection of MrgE (a) and MrgF (b). Lane 1 DNA
ladder, lane 2 DRG cDNA from control animals as a positive control,
lane 3 cDNA of the control ileum, lane 4 S. mansoni-infected ileal cD-
NA, lane 5 cDNA of the TNBS-treated ileum. bp base pairs. MrgE and
MrgF cDNAs were detected in control, S. mansoni-infected and
TNBS-treated conditions. QuantiWcation of the MrgE (c) and MrgF

(d) mRNA levels in the control and inXamed ileum relative to the nor-
malized GAPDH/HPRT mRNA level. Compared to the control ileum,
MrgE and MrgF mRNA levels showed a trend towards downregula-
tion, which was not signiWcant in the S. mansoni-infected ileum, while
in the TNBS-treated ileum these mRNA levels showed a signiWcant
decrease (*P < 0.05). Control control ileum, S. mansoni S. mansoni-
infected ileum, TNBS TNBS-treated ileum
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Fig. 3 Immunohistochemical 
detection of MrgE and MrgF on 
cryosections. In the control 
(a, b), S. mansoni-infected 
(c–f) and the TNBS-treated 
(g, h) ileum, expression of MrgE 
(a, c, e, g) and MrgF (b, d, f, 
h) was detected in myenteric 
neurons (arrowheads), submu-
cosal neurons (open arrow-
heads), in nerve Wbres in the 
tunica muscularis (encircled 
open arrow) and the lamina pro-
pria of the villi (double arrow-
heads). Compared to the control 
ileum, the number of MrgE- and 
MrgF-ir neuronal perikarya in 
the enteric plexuses was lower in 
the S. mansoni-infected ileum, 
whereas the numbers of MrgE- 
and MrgF-ir nerve Wbres (double 
arrowheads) were increased in 
the lamina propria of the villi 
(c, d). Asterisks show entrapped 
parasite eggs. The increased 
MrgE- and MrgF-ir nerve Wbres 
(double arrowheads) in the 
S. mansoni-infected ileum 
co-expressed calcitonin gene-
related peptide (CGRP) to a 
large extent. In the inset, a high-
er magniWcation photograph of 
the MrgE- and MrgF-ir nerve 
Wbres co-expressing CGRP is 
shown (e, f). The TNBS-treated 
ileum showed a reduction in the 
number of MrgE- and MrgF-ir 
neuronal perikarya in the enteric 
plexuses, and immunostained 
nerve Wbres in the tunica muscu-
laris and lamina propria com-
pared to the control ileum (g, h). 
M mucosa, CM circular muscle 
layer, LM longitudinal muscle 
layer. Scale bar 20 !m. Control 
control ileum, S. mansoni 
S. mansoni-infected ileum, 
TNBS TNBS-treated ileum
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SP (Fig. 5g). Furthermore, 92 § 3% of the MrgF-ir
submucosal neurons displayed CRT IR and 80 § 3%
co-expressed VIP IR (Fig. 5h, i).

In the S. mansoni-infected ileum, the proportion of PGP-
ir enteric neurons expressing MrgF IR showed a non-sig-
niWcant decrease in the myenteric plexus (8 § 2%) and was

signiWcantly lower in the submucous plexus (5 § 2%)
(Fig. 5j, k). Similar to the MrgE expression, CRT-express-
ing MrgF-positive submucosal neurons, which were also
VIP-negative, were signiWcantly reduced (Table 3).

The TNBS-treated ileum showed a signiWcant reduction in
the proportional expression of PGP-ir neurons expressing

Fig. 4 Expression of MrgE on whole mounts. Co-expression of MrgE
and PGP in myenteric (a) and submucosal neurons (b) in the control
ileum. Co-expression of MrgE and CRT (c, d), MrgE and CB (e),
MrgE and nNOS (f, g) and of MrgE and SP (h) in myenteric neurons
in the control ileum. Co-expression of MrgE and CRT (i, j) in submu-
cosal neurons in the control ileum. In the S. mansoni-infected ileum,
the expression of MrgE was signiWcantly reduced in CRT-expressing

submucosal neurons in the vicinity of entrapped parasite eggs (aster-
isk) (k, l). In the TNBS-treated ileum, a signiWcantly decreased propor-
tion of myenteric neurons co-expressing PGP and MrgE (m, n) was
observed; in particular the percentage of MrgE-ir neurons exhibiting
nNOS IR was reduced (o, p). Arrowheads double-immunostained neu-
rons. Scale bar 20 !m. Control control ileum, S. mansoni S. mansoni-
infected ileum, TNBS TNBS-treated ileum



Histochem Cell Biol

123

MrgF IR (myenteric plexus: 4 § 2% (Fig. 5l, m); submu-
cous plexus: 4 § 2%). The proportional distribution of
MrgF IR myenteric neurons was only signiWcantly changed
for CB (90 § 3%) and nNOS (6 § 2%). Also, the percent-
ages of CB-ir and nNOS-ir neurons expressing MrgF IR
were signiWcantly decreased (Table 3).

Co-expression of MrgE and MrgF was studied in whole
mounts of the control ileum. In the myenteric plexus, only a
minor proportion of the MrgE-ir and MrgF-ir neurons dis-
played the other Mrg receptor (Fig. 6a). In the submucous
plexus, half of the MrgF-ir neurons also expressed MrgE
IR, while one-third of the MrgE-ir neurons displayed MrgF
IR (Fig. 6b–d). It was not possible to perform studies on co-
expression of MrgE and MrgF in the two inXammatory

models due to technical diYculties dealing with combined
immunostainings of MrgE and MrgF in inXammatory con-
ditions.

The results of the quantitative analysis of the neurochem-
ical markers are shown in Table 4. In the control ileum,
54 § 5% of the PGP-ir myenteric neurons co-expressed
CRT (Fig. 7a, b), 29 § 4% co-expressed CB (Fig. 7c, d),
31 § 3% yielded nNOS IR (Fig. 7e, f) and 30 § 3% dis-
played SP IR (Fig. 7g, h); 93 § 3% of the PGP-ir submuco-
sal neurons expressed CRT IR (Fig. 7i, j) and 51 § 3%
displayed VIP IR (Fig. 7k, l). Our Wndings indicate that the
proportional expression of neuronal markers used in our
study, in the control ileum, is similar to those reported in
previous studies (Mongardi Fantaguzzi et al. 2009; Sang

Table 3 Quantitative analysis 
of the immunostainings on 
whole mounts

Immunoreactive 
neurons

Co-expressing Control 
ileum (%)

S. mansoni-infected 
ileum (%)

TNBS-treated 
ileum (%)

Myenteric plexus

PGP MrgE 17 § 2 11 § 3 5 § 2*

MrgE CRT 18 § 2 27 § 3 30 § 3

CRT MrgE 8 § 2 8 § 2 5 § 2

MrgE CB 50 § 3 77 § 3 86 § 3*

CB MrgE 26 § 2 24 § 2 13 § 2*

MrgE nNOS 16 § 3 13 § 2 5 § 2*

nNOS MrgE 8 § 2 5 § 2 <1*

MrgE SP 6 § 3 5 § 2 3 § 2

SP MrgE 2 § 1 1 § 1 <1

PGP MrgF 12 § 2 8 § 2 4 § 2*

MrgF CRT 12 § 2 16 § 2 14 § 2

CRT MrgF 4 § 2 4 § 2 2 § 1

MrgF CB 68 § 3 70 § 3 90 § 3*

CB MrgF 22 § 2 18 § 2 13 § 2*

MrgF nNOS 15 § 2 14 § 2 6 § 2*

nNOS MrgF 6 § 2 4 § 2 2 § 1*

MrgF SP 25 § 3 30 § 3 25 § 3

SP MrgF 6 § 2 5 § 2 3 § 2

MrgE MrgF 6 § 2 nd nd

MrgF MrgE 9 § 2 nd nd

Submucous plexus

PGP MrgE 16 § 3 8 § 3* 10 § 4

MrgE CRT 80 § 3 85 § 2 88 § 2

CRT MrgE 15 § 3 8 § 3* 10 § 3

MrgE VIP 58 § 3 55 § 2 85 § 3

VIP MrgE 20 § 3 10 § 3 18 § 3

PGP MrgF 9 § 2 5 § 2* 4 § 2*

MrgF CRT 92 § 3 88 § 3 90 § 3

CRT MrgF 10 § 2 5 § 2* 4 § 2*

MrgF VIP 80 § 3 85 § 3 93 § 3

VIP MrgF 15 § 3 9 § 2 7 § 3

MrgE MrgF 32 § 3 nd nd

MrgF MrgE 50 § 3 nd nd

Results are expressed as percent-
ages of mean § standard error of 
mean

CRT calretinin, CB calbindin, 
MrgE Mas-related gene E, MrgF 
Mas-related gene F, nNOS neu-
ronal nitric oxide synthase, PGP 
protein gene product 9.5, SP 
substance P, VIP vasoactive 
intestinal peptide, nd not done

* P < 0.05
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and Young 1996). The proportional expression of neuronal
markers in the S. mansoni-infected ileum showed no sig-
niWcant change compared to the control ileum (Table 4).
However, in the TNBS-treated ileum, the proportional

expression of CB in the myenteric plexus (37 § 4%)
(Table 4; Fig. 7m, n) and of VIP in the submucous plexus
(57 § 4%) (Table 4; Fig. 7o, p) was higher than in the con-
trol ileum.

Fig. 5 Expression of MrgF on whole mounts. Co-expression of MrgF
and PGP in myenteric (a) and submucosal (b) neurons in the control
ileum. Co-expression of MrgF and CRT (c, d), MrgF and CB (e, f) and
MrgF and SP (g) in myenteric neurons in the control ileum. Co-expres-
sion of MrgF and VIP (h, i) in submucosal neurons in the control ile-
um. A signiWcantly reduced proportion of PGP-ir submucosal neurons

expressed MrgF in the S. mansoni-infected ileum (j, k). A signiWcantly
decreased proportion of myenteric neurons co-expressed PGP and
MrgF in the TNBS-treated ileum (l, m). Arrowheads double-immuno-
stained neurons. Scale bar 20 !m. Control control ileum, S. mansoni
S. mansoni-infected ileum, TNBS TNBS-treated ileum

Fig. 6 Co-expression of MrgE and MrgF on whole mounts. Co-expression of MrgE and MrgF in myenteric (a) and submucosal (b–d) neurons in
the control ileum. Arrowheads double-immunostained neurons. Scale bar 20 !m. Control control ileum
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Fig. 7 Expression of neurochemical markers on whole mounts.
Co-expression of CRT and PGP (a, b), CB and PGP (c, d), nNOS and
PGP (e, f) and SP and PGP (g, h) in myenteric neurons in the control
ileum. Co-expression of CRT and PGP (i, j) and VIP and PGP (k, l) in
submucosal neurons in the control ileum. In the TNBS-treated ileum,

a signiWcantly increased proportion of myenteric neurons co-express-
ing CB and PGP (m, n) and submucosal neurons co-expressing VIP
and PGP (o, p) were observed. Arrowheads double-immunostained
neurons. Scale bar 100 !m. Control control ileum, S. mansoni S. man-
soni-infected ileum, TNBS TNBS-treated ileum

Table 4 Proportional distribution of neurochemical markers in the enteric plexuses

Results are expressed as percentages of mean § standard error of mean

CRT calretinin, CB calbindin, nNOS neuronal nitric oxide synthase, PGP protein gene product 9.5, SP substance P, VIP vasoactive intestinal pep-
tide

* P < 0.05

Immunoreactive neurons Co-expressing Control 
ileum (%)

S. mansoni-infected 
ileum (%)

TNBS-treated 
ileum (%)

Myenteric plexus

PGP CRT 54 § 5 56 § 5 54 § 4

PGP CB 29 § 4 33 § 2 37 § 4*

PGP nNOS 31 § 3 30 § 3 29 § 4

PGP SP 30 § 3 35 § 3 33 § 4

Submucous plexus

PGP CRT 93 § 3 93 § 3 90 § 2

PGP VIP 51 § 3 53 § 2 57 § 4*
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Discussion

This study presents the Wrst data in mouse on the expression
of the MrgE and MrgF receptors in distinct subpopulations
of enteric neurons and nerve Wbres, in both physiological
and pathophysiological conditions, i.e. in healthy controls,
and in two distinct intestinal inXammation models, namely,
intestinal schistosomiasis and TNBS-induced ileitis.

It has previously been suggested that MrgE is expressed
at all tissue levels involved in pain sensation and that MrgE
inXuences the expression level of MrgF (Cox et al. 2008).
The GI tract is richly endowed with sensory elements, such
as the enteric neurons that monitor the gut environment and
activate local or central reXex circuits. Abdominal or vis-
ceral pain can be a manifestation of impending injury or
harm to the gut and may arise from several mechanisms
including intestinal inXammation. The spinal and vagal
nerve pathways play an important role in such abdominal
pain sensations, but the role of enteric neurons cannot be
neglected (Bielefeldt et al. 2009; Blackshaw et al. 2007).
Therefore, it is expected that Mrg receptors, such as MrgE
and MrgF, are expressed in some enteric neurons. A previ-
ous attempt to detect MrgE mRNA in the small and large
intestine failed (Zhang et al. 2005), whereas MrgF mRNA
had previously been demonstrated in the rat stomach and
intestine (Ross et al. 1990). In rat, MrgA mRNA and MrgC
mRNA were observed in the wall of the GI tract, but no
information on cellular expression was provided in this
study (Gustafson et al. 2005). Furthermore, the only other
Mrg receptor detected in the GI tract, more precisely in the
ENS, is MrgX2 in man (Allia et al. 2005; Robas et al.
2003). Gastrointestinal inXammation is known to be associ-
ated with enteric neuroplasticity and changes in neuro-
chemistry, the mechanisms of which may diVer amongst
the inXammatory models that have been used. In other
words, it has been shown that responses of the ENS to
inXammation may vary according to the site and type of
inXammation based on the inXammatory stimulus (Giaroni
et al. 1999; Lomax et al. 2005; Mawe et al. 2009; Vasina
et al. 2006). Therefore, in our study dealing with the eVect
of inXammation on the expression of MrgE and MrgF, two
distinct models of intestinal inXammation were used, to
allow for the identiWcation of possible model speciWc
eVects. We report in detail the expression and distribution
of MrgE and MrgF in enteric neurons in the non-inXamed
control, as well as in the two distinct intestinal inXamma-
tory conditions.

The present study clearly revealed that MrgE and MrgF
receptors are expressed in distinct neuronal types in both
enteric plexuses. In the myenteric plexus, we observed a
neuronal subpopulation expressing MrgE, another subpop-
ulation expressing MrgF and a small subpopulation (<1%
of the myenteric neurons) bearing both Mrg receptors. The

major part of MrgE-ir and MrgF-ir neurons displayed CB,
predominantly expressed in mouse in intrinsic primary
aVerent or sensory neurons (IPANs) (Qu et al. 2008).
Co-expression with CRT and nNOS was also observed in
some MrgE-ir and MrgF-ir neurons. In mouse, CRT is
expressed in one-third of the sensory neurons, in excitatory
motor neurons and in some interneurons, while nNOS is
found in inhibitory motor neurons and in some interneurons
(Qu et al. 2008). A small proportion of MrgE-ir and MrgF-
ir neurons also contained SP, which in mouse is present in
the excitatory motor neurons and ascending interneurons
(Qu et al. 2008). These observations lead us to assume that
MrgE and MrgF are not only found in myenteric sensory
neurons, but also in some motor neurons and interneurons.

In the submucous plexus, we observed three neuronal
subpopulations of equal proportion expressing MrgE, MrgF
or both Mrg receptors. Almost all MrgF-ir neurons dis-
played VIP and CRT IR, while only half of the MrgE-ir
neurons expressed VIP IR, in contrast to CRT, which was
found in almost all MrgE-ir neurons. It has previously been
reported that more than 90% of all submucosal neurons
contain CRT, while approximately half of the submucosal
neurons, being secretomotor or vasodilator neurons,
express VIP IR (Mongardi Fantaguzzi et al. 2009). This
indicates that the majority of the MrgE-ir and MrgF-ir sub-
mucosal neurons are secretomotor or vasodilator neurons.

InXammation was found to reduce the expression and
presence of MrgE and MrgF in enteric neuronal somata, as
demonstrated by both inXammation models, and this
decrease was more pronounced in the TNBS-treated condi-
tion. In the S. mansoni-infected ileum, there were no sig-
niWcant changes in MrgE or MrgF expression in the
myenteric plexus, in contrast to the submucous plexus
where less VIP-negative neurons expressed MrgE or MrgF.
Since there were no signiWcant changes in the proportional
expression of neuronal markers in the S. mansoni-infected
ileum, this decreased MrgE or MrgF subpopulation is
solely assumed to contain cholinergic secretomotor neu-
rons, according to the previous neurochemical coding study
of Mongardi Fantaguzzi et al. (2009). This decrease in
MrgE and MrgF IR, especially in the vicinity of entrapped
parasite eggs, may be related to the eVect of the granuloma-
tous inXammation around the eggs. The trend towards
downregulation of MrgE and MrgF mRNA levels in the
S. mansoni-infected ileum could therefore be attributed to
the decreased MrgE and MrgF expression in submucosal
neurons. Although the number of neuronal somata express-
ing MrgE or MrgF receptors was reduced in enteric neurons
during intestinal schistosomiasis, we observed an increase
in the number of nerve Wbres expressing MrgE or MrgF in
the lamina propria of the villi. Previous studies have shown
that CGRP-expressing extrinsic sensory neurons project to
the ileum and that the density and number of extrinsically
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derived CGRP-ir nerve Wbres in the lamina propria of the
villi are conspicuously increased during the acute phase of
intestinal schistosomiasis in mouse (De Jonge et al. 2003;
Van Op den bosch et al. 2007). Linking this information to
our Wndings of the extensive co-expression of MrgE and
MrgF IR nerve Wbres with CGRP and recalling that MrgE
and MrgF are expressed in spinal sensory neurons in mouse
(Cox et al. 2008; Zhang et al. 2005), it can be suggested
that the major part of the MrgE- or MrgF-expressing nerve
Wbres are extrinsic in origin during intestinal schistosomia-
sis. Taken together, the mechanisms of neuroplasticity of
MrgE and MrgF-expressing neurons in this parasitic model
possibly seem to diVer between intrinsic versus extrinsic
neurons.

During TNBS-induced inXammation, in the myenteric
plexus, less PGP-ir myenteric neurons, especially less nit-
rergic neurons, expressed MrgE or MrgF. The increased co-
expression of MrgE and MrgF with CB in this condition
may be interpreted as a consequence of the increased pro-
portional expression of CB in the myenteric plexus during
TNBS-induced inXammation, as observed from the Wndings
of the qualitative analysis of neurochemical markers. Fur-
ther, while no signiWcant changes were observed for MrgE
in the submucous plexus in the TNBS-treated ileum, less
VIP-negative neurons stained for MrgF. Acute TNBS-
induced inXammation is a model of acute mucosal damage
and a localized Th1/Th17-type inXammatory reaction,
which is self-limiting, with eventual production of regula-
tory cytokines shortly after the acute stage (Pontell et al.
2009; Ruyssers et al. 2009). Therefore, the decreased pro-
portions of MrgE or MrgF-expressing myenteric neurons,
in particular the nitrergic neurons in the TNBS-induced
ileitis model, are probably related to the severe and local
histological changes occurring during this type of
inXammation, which might have aVected the motoric or
interneuronal expression of MrgE or MrgF. Although the
qualitative analysis of neurochemical markers demon-
strated increased proportional expression of VIP in submu-
cosal neurons in this condition, there seem to be no
signiWcant changes with respect to the MrgE or MrgF
expression in VIP neurons. The decreased proportion of
MrgF-expressing submucosal neurons in this condition
may be MrgF-expressing cholinergic secretomotor neurons.
Furthermore, in this condition, we did not observe any
nerve Wbre sprouting in the lamina propria of the villi,
which is most likely due to the histological ablation of the
villi in this condition. The signiWcant downregulation of
MrgE mRNA level in the TNBS-treated ileum could be
attributed to the decreased expression of MrgE in myenteric
neurons, and that for the MrgF mRNA level to the
decreased expression of MrgF in myenteric as well as sub-
mucosal neurons. The present results, however, did not
reveal if the observed reduction was due to neuronal loss.

Previously, it has been reported in mouse that neuronal cell
death is rarely observed during intestinal schistosomiasis
(Bogers et al. 2000; Van Nassauw et al. 2001). A signiW-
cant loss of myenteric neurons was observed in the TNBS-
inXamed guinea pig colon, as early as 12 h after TNBS
administration (Linden et al. 2005), while in another study
on guinea pigs, TNBS-induced ileitis was shown to cause
phenotypic changes in the myenteric neurons (Nurgali et al.
2007).

A study on mouse involving deletion of MrgE reported
that this deletion increased the MrgF gene expression in the
spinal cord, suggesting that MrgE expression regulates
MrgF expression at some tissue levels (Cox et al. 2008). In
the present study, no increased expression of MrgF was
observed, although MrgE expression in enteric neuronal
cell bodies diminished during inXammation. This may be
due to the observation that only a minor proportion of
enteric neurons co-expressed both Mrg receptors, which is
in contrast to the spinal cord, where it has been assumed
that both Mrg receptors are co-expressed (Cox et al. 2008).

It is generally assumed that Mrg receptors are expressed
mainly in sensory neurons and implicated in nociception. In
concordance with the above, the present study demonstrates
the expression of MrgE and MrgF in enteric sensory neu-
rons. In addition to this, our results show that expression of
MrgE and MrgF is not limited to IPANs. A recent study
revealed that mechanosensitivity is a property of more
enteric neuronal subpopulations than generally assumed
and that every subpopulation of enteric neurons is to some
extent sensitive to mechanical distortion, which might
imply that the current concept of sensory transmission in
the ENS needs to be revised (Mazzuoli and Schemann
2009). In previous studies in rat, MrgA, MrgC and MrgF
mRNAs were detected in the cerebellum, i.e. the centre of
motor coordination (Gustafson et al. 2005; Ross et al.
1990); more interestingly, in the human cerebellum, MrgE
mRNA was found in Golgi cells, which are considered
inhibitory interneurons, and in Purkinje cells, which per-
form inhibitory motor functions (Zhang et al. 2005). Recent
studies in the cerebellar biology indicate that there may be a
role for this organ in nociception and mechanosensation
(Duggan et al. 2002; Edvinsson et al. 2011). Taken
together, all these data demonstrate that Mrg receptors are
not exclusively expressed in sensory neurons, but also in
some non-sensory neurons which may be involved in
mechanosensation and nociception.

To conclude, the present results demonstrate in the
murine ileum the expression and distribution of the Mrg
receptors, MrgE and MrgF in enteric neurons. Both MrgE
and MrgF receptors were present in distinct neuronal types,
such as sensory neurons, some motor neurons, interneurons
and secretomotor or vasodilator neurons. Only a minor pro-
portion of enteric neurons co-expressed MrgE and MrgF.
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The expression and presence of both MrgE and MrgF
receptors in enteric neurons were negatively aVected by
intestinal inXammation. In intestinal schistosomiasis, a
lower number of cholinergic secretomotor submucosal neu-
rons, especially in the vicinity of entrapped parasite eggs,
expressed MrgE or MrgF. Furthermore, there is an indica-
tion of extrinsic aVerent contribution of MrgE and MrgF in
this condition. In TNBS-ileitis, a lower number of nitrergic
motor or interneurons in the myenteric plexus expressed
MrgE or MrgF, and a lower number of cholinergic secreto-
motor submucosal neurons expressed MrgF. The downreg-
ulation of MrgE in enteric neurons did not result in a
compensatory eVect by MrgF in either of the intestinal
inXammatory models. The Wndings in this study indicate
plasticity of MrgE and MrgF-expressing neurons during
intestinal inXammation. Although ligands are identiWed for
some members of the Mrg family, the lack of knowledge of
speciWc (ant)agonists acting on MrgE or MrgF hinders
the possibility of further functional elucidation of MrgE
and MrgF. Further studies aiming at identifying speciWc
(ant)agonists acting on MrgE and MrgF will help unravel
the physiological role of these Mrg receptors in intestinal
inXammation. Given the presence of clear orthologues for
MrgE and MrgF in humans that bear some similarities to
their murine counterparts, these data from murine models
should provide valuable information about MrgE and MrgF
receptors both in mice and humans.
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